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Higgs couplings in the integer-charge quark model
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Abstract. Colour SU(3) symmetry is broken spontaneously by the introduction of coloured
Higgs scalars in the standard SU(3) x SU(2) x U(1) model, so as to make the quarks integrally
charged. The resulting couplings of the Higgs bosons with the gauge bosons are worked out.
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1. Introduction

Gauge models of strong, weak and electromagnetic interactions have been proposed
based on integer-charge quarks (ICQ) and broken colour symmetry by Pati and Salam
(1973, 1976), Rajasekaran and Roy (1975, 1976) and others. At the phenomenological
level, calculations have been made within the framework of ICQ in deep inelastic
lepton-hadron scattering and jet production through e*e™ annihilation. These give
results that generally agree with experiments almost as well as the corresponding
predictions of standard quantum chromodynamics, the more popular theory of strong
interactions based on fractional charge quarks (FCQ) and exact colour symmetry.

The Higgs bosons in ICQ, used to break the colour symmetry spontaneously have
however not been studied in sufficient detail. The various couplings between the Higgs
bosons and the weak gauge bosons have not been worked out in the literature. These
couplings are needed in any complete calculation of the cross-section for hadronic jet
production in e*e” annihilation and other processes.

In this paper we consider the Higgs sector of the ICQ model of Rajasekaran and Roy
and obtain the above mentioned Higgs couplings explicitly. We also complete the
listing of all the gauge boson couplings.

In the next section we describe the relevant features of the ICQ model briefly. In §3
we consider the Higgs sector. In §4 we give the various couplings between the physical
gauge bosons and the Higgs bosons. In §5 we summarize our results.

* to whom all correspondence should be addressed.
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2. The gauge model

We consider the SU(3) x SU(2) x U(1) model of strong, weak and electromagnetic
interactions.

The quarks are assigned integer charges as proposed by Han and Nambu (1965).
They belong to the 3* representation of colour SU(3). Each generation can be described
by an array—for instance

0 + 4+
(W1 Uz U3
Qui = (di- dg dg ) 5 (1)

where the superscript in the array denotes the electric charges. The index i spans the
colour space and « represents the flavour (x = 1, 2).
Resolving the quarks g,; into their left and right-handed components we have

Goir = 3 (1= ¥s) g ,, | ~ (2a)

for the left-handed components, and

ur=3(1+ys)u | (2b)

W =3 4ys)d, @9

for each generation of the type given in (1). Thus the left-handed parts of g,; transform
as doublets and the right-handed components as singlets in the SU(2) space.

In this model, there is a colour octet contribution Qg to the total charge operator and
a colour singlet contribution Q, (Rajasekaran and Roy 1975). The electric charge
operator Q is given by

| Q=00+Qs =1, +U+ I, +3Y,, 3)
where Q=1,,+U, : (4a)
and QB zI3c'§‘%lzc- : * (4b)

Here I;c and Y, are the two diagonal generators of colour SU(3), I, is the diagonal

generator of weak SU(2) and U is the U(1) generator. The U quantum numbers are
given by : '

Ulgr) = 1/6; Uug)=2/3; Uldg)= ~1/3 ©)

and similarly for other generations. The mixing phenomena revealed in the definition of
the charge operator, so peculiar to this model, has led to interesting speculations in the
context of monopoles in grand unified theories (Rajasekaran and Ramachandran
1983).

The leptons are doublets under the weak SU(2) group and are represented by left-
handed-column matrices of the type

EL=(t) | | ©
L

for each generation. The corresponding right-handed parts e, etc are SU(2) singlets.
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Their U quantum numbers are
UE) = —1/2% Uled) = —L | Y

Here e refers to the electron and v, to the corresponding neutrino.

Wedenoteby VE(p=1,...,8),Xj(a=1,23)and U, the gauge vector bosons of
the groups SU(3), SU(2) and U(1) respectively and by g3, g> and g; the corresponding
coupling constants. The vector boson Lagrangian L, is given by

Vhs+gs ™ VEVE)

Mo

L,= -

k

1]
-

e

Sl A=

(X5s+ 92 & X7 X3)* — % U ®)

1

It e

p

with f*mn being the structure constants of the SU(3) group and
Vis=0s V=0V | &)

Similar definitions hold for X and Ug,. |

The eight gauge bosons V' § transform as an octet under the colour group. In the ICQ
model there are two pairs of charged bosons and the remaining are neutral, analogous
to the octet of vector mesons of flavour SU(3). The U(1) gauge boson U, is neutral.
Suitable combinations of the X% (2 =1,2,3)and U, will produce, as in the standard
electroweak model, two charged weak bosons, a neutral weak boson and the photon.

We do not give the fermionic part of the Lagrangian and the interaction between the
fermions and the vector bosons. These have been given in detail by Rajasekaran and
Roy (1975). '

3. The Higgs sector

All gauge bosons except the photon and all fermions except the neutrino get masses
through the Higgs mechanism.
The colour SU(3) symmetry is broken by the introduction of the coloured scalars:

0 + +
_ g1 012 013
— - 0 0 .
Oy = | 021 022 023 (10)

- 0 0
031 032 033

a set of nine complex scalar fields with « = 1, 2, 3 and i spanning the colour space. The
superscripts +, — and 0 are used to denote the charges of the scalars. ¢ transforms as
(3%,2,1/6)+ (3%, 1, —1/3) under SU(3) x SU(2) x U(1). Note that the flavour index o
taking values 1 and 2 refer to the SU(2) doublet whereas o = 3 corresponds to the SU(2)
singlet. '

To break the SU(2) x U(1) symmetry we retain the complex Higgs doublet , of the
standard electroweak model

na=('f70) =12, | ()
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where 7, transforms as (1, 2, 3) under SU(3) x SU(2) x U(1)
The Higgs Lagrangian Ly is then given by

_ lg3 Ik k gZ > 6 é
LH“Z 5 Oyi — Z Vﬂ aj 2 R aﬂXuUﬁi
95 « .. gy
191 ”aﬁ U Uﬂl +Z urfa"-z“ Z TaBXu "ﬁ—TUurla
+V(e,m+Y(o,n41). (12)
In the above equation 12 (p = 1, 2, 3) are the Pauli matrices and 7* = — (4*)* , where A*

are the usual Gell-Mann matrices. We have chosen the 3* representation of the SU(3)
matrices because ¢ transforms as a 3* under SU(3). 4,5 denotes the U quantum numbers
of the o fields written as a matrix in the SU,(2) space (x = 1, 2 refers to the SU,(2)
doublet part of ¢ and o = 3 refers to the SU,(2) singlet):

 fr 0o 0
ty=2{0 1 0] (13)
00 -2

V (o, n)is a quartic polynomial in o, 7 which is so chosen as to give the required vacuum
expectation values:

(ou) = ()

o O -

00
10 |; <na>=<n>((1)), (14)
01 |

where (o) and (n) are real constants. We shall not describe the precise form of
V(o,n). Y contains the Yukawa couplings among the fermions and scalars. The
Yukawa couplings with # are the same as in the standard model. Yukawa couplings
with o are not possible if baryon number is assumed to be conserved. Here we shall
assume baryon number conservation. However, parenthetically we may note that the
colour triplet scalars o present in the ICQ model provide a new source of baryon
number violation. The consequences of this have been discussed elsewhere
(Rajasekaran 1982).

In the rest of this section we show that with the form (14) for {o,; ), ten coloured
Higgs scalars survive after colour symmetry is spontaneously broken. For this, we work
in the unitary gauge. We can then write

R 8 Ly
Ouk = Z[expz Yy = a :l I:expl(z "6, +U9u>] P> (15)
P p=1 2 u i -

where 6, 6, and 6, are real scalar fields with vanishing expectation values. p and o are
each 3 x 3 matrices and U is the generator of the U(1) group. T* are the SU(2)
generators written as the following 3 x 3 matrices:

At (16a)

g
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1 0 —-i O 1
T? =3 i 00 =—7:).2; (16b)
\0 00
i 1 00 1
T3=§ 0 -1 0 =:-il3; (16c)
0 00 .

The generator U is given by

(froo oy
v=2{o01 o |="228 (16d)
6\o 0 2| 23

(Though T*and U have been written in terms of the SU(3) A matrices, it must be kept in
mind that they operate on the flavour space). Thus (15) becomes

8 Zp 3 /16 118 |
Ok = ex —0 exp i( —05+——0 )] ; (17
k le;l: pp§1 5 pl‘j[ 5§1 5 Vs 2\/3 v 5 Ppi )

The condition that there can be no quadratic couplings between the gauge fields
and the scalar fields in the unitary gauge, leads to the following constraints on the
scalar fields pg;:

Z‘[<Pai>* A’Z paj"P:i'Uicj <paj>] =0 (k= 1729 .. "8)9 (18)

Xy i, J

};,_ [0 Y* 225 ppi— P Aap (pui)1=0 (6=123) (19)
and

2;::- [<Pat>* Aag Ppi— P Azp <pﬁi>] =0. , (20) |

In (18) to (20) the vacuum expectation values {p,;) are chosen to be

(paiy = {0u) = {0} bui (21)

from (14). This choice of vacuum expectation value leads to a breakdown of the local
SU(3) x SU(2) x U(1) gauge symmetry to the level of electromagnetic U(1) while an
approximate global SU(3) symmetry is also preserved. Hence the masses m, of all the
eight gluons are equal, in the zeroth order in electroweak couplings. .

Corresponding to the transformation (17), the gauge boson, quark and lepton fields
also get transformed. However, the new Lagrangian with p,; replacing o,; and the new
gauge boson, quark and lepton fields replacing the old ones resembles the -old
Lagrangian in its form,

We write

Pai = {Pui) + P (22a)
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with
(P> =0. (22b)

On substituting (21) and (22) into (18) and remembering that o, f and i go from 1 to 3, in
the summation we obtain

Tr(A* p)=Tr (') =0 (k=1,...,8) . (23)
Substitution of (21) and (22)‘into (19) and (20) will give us |

Trace (A? p')— Trace (pT 2%) =0 (6 =1,2,3) (24)
and Trace (A8 p')— Trace (p'' 1%) = 0. (25)

Thus we see that the constraints given by (24) and (25) are contained in (23). Hence
even if 0 and 6, were set equal to zero in (17) we will still obtain the complete set of
constraints. This is clearly because of the type of the Higgs scalars o chosen and the
choice of the vacuum expectation values, given in (21). It is the factor J,; that is
responsible for collapse of the constraints (19) and (20) in the electroweak sector to
those in the colour sector (18). This also explains why the result of the symmetry
breaking was the same in an earlier work (Rajasekaran and Rindani 1982) where the
weak SU(2) was ignored as an approximation and a model based on SU(3) x U(1) was
considered.

Equation (23) implies the following set of constraints:

pij = pit (#J) o (26)
and

(P —P'11) = (P35 — P22) = (P35 — P33). (27)
These amount to 8 constraints and so, out of the 18 real fields p,;, only 10 are
independent physical scalar fields. These survive as 10 massive Higgs particles. The 8

massless Goldstone bosons have been eaten by 8 gauge bosons which become massive.
These are the gluons. The ten Higgs fields can be written in terms of new independent

fieldsy;(i=0,1,2, ..., 8 whichis a colour nonet and ¢ a colour singlet i.e. we write,
18 i
pij = =3 ; )ij l//k+76‘5ij¢- (28)

Here A* are the usual SU(3) matrices fork = 1to8and A° = (2/3)f I where I is the 3 x 3
unit matrix. Because of the conditions (26) and (27), ¥, and ¢ are real. Thus, apart from
the neutral Higgs particle of the standard model, in the present model the Higgs sector
consists of a colour nonet ¥, and a colour singlet ¢.

4. Couplings among gauge bosons and Higgs bosons

The replacement of all the scalar fields in the Lagrangian by their vacuum expectation
values leads to some combination of gauge fields acquiring masses. The resulting boson
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mass terms in the Lagrangian are given by

-g3 2(g)? 2 6t on+ 92 Tyl Wu(g2 +g‘)<n>22 25 (9)

Here,
i P 92 0
G, = V”—i X, (i=1,23), (30a)
GL = Vi i=4,567, | (30b)
G:=V8-— \/_g U, (30¢)
3
\/2 (X} +iX73), (30d)
\/2 X —iX?2), (30e)
_ gZ X}i — gl Up
BTO(gRH+gR (300
We also define

g1 Xi+g: U,

= T2 ok 30

TR 0

The gluon fields G. (i = 1, . . . 8)are not orthogonal to the weak and electromagnetic

fields W,, Wi, 4, and Z,. Due to this definition of the gauge boson fields, quadratic

couplmgs between the vector boson fields are introduced (Rajasekaran and Roy 1975).
The kinetic energy terms in L, are given by

1 8 3
—-Z[Z A)Z Z Xm%%]. (31)
t=1 i=1
The cubic terms are
I 3
ooy g m ViV -2 Y ep X X X (32)
t,mn=1 Ljk=1 '

In order to define the physical gauge boson fields and coupling constants we first
define the following quantities:

B=(1+g2/g})'", (33a)
42 g2 1/2

- [1 +_M_] , (33b)
393 (g1 +g%) ‘

and

g5 gy te
D=|1+ - + - - . 33c
[ g3 (g7 +d7) 393(93+g§] (33)
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Then the physical electroweak gauge fields are given by

W,=BW,, A,=CA,; Z,=DZ, (34)
and the physical electroweak coupling constants are
g = QIZ/B )
g1 92 (35)

Also e = ¢, sinf,,, (36)

8,, being the Weinberg angle. The physical gluon fields are Gi(i=1,....8)and the
strong coupling constant is g3 .

The kinetic energy and cubic interaction terms of L,, given in (31) and (32) have been
recast in terms of the physical gauge fields in earlier work (Rajasekaran and Roy 1975)
which also contains a discussion of the 51gn1ﬁcance of the quadratic vector-dominance
couplings in the ICQ model.

The quartic terms are given by

—d gy YL VR VY~ g gd e g0 XA X XM X (37)

In terms of the physical vector fields these are given below (earlier literature does not
contain these): (a) The quartic terms with 4 gluons are the same as in standard QCD. (b)
The quartic terms with 3 gluons are

_g3ftmnftpq GZI G: qu [92 (51:1 Wul +5p2 W/,zZ)

+e(5"3 +-\—/1-3— 5?8) A"+(a5"3 ——\% 6"8) Z“} (38)

where we have defined W, = WL+iw})

\/2
a=-ecoth, and b=etand,. A’ (39)
(c) Quartic terms with 2 gluons are
%f‘"‘"f‘” (G G (6°* WP +6P2 Wh) (69 W™ + 6P W *2)
+G" G (6™ W 5™ W) (5P W + 0P W)+ G GE (6 WF!
+ 892 WE2) (5™ Wt + 6™ W‘z)} f"""f“’“ (5"'3 L "‘8)

\/3

1 1
nGhL 4 AT p3 4~ sp8 np AB At 543 4.~ 548
{GﬁG : (6 +\/36 >+G,,GIA A(a +\/35 )}

___]_' tmn £1pg m3___l_)__ m8 n fg 7t 71 3 b 8
A \/35 Gy GP Z° 27 ad? —7551’
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+636228 z+(as — s |l

[ 1 \/3 :
__eg.zftmnftpq {G’E G'; Aﬂ (51)3 +_\% 5p8> (6q1 er +5q2 W-:Z)

+G2 Gﬂq At <5p3+_\71§_5p8) (5m1 Wr1+5m2 Wr?.)

1
n p AB 5q3 _ = 548 m1 er 5m2 Wr2
+GpGh A ( +\/35 )(5 + )}
__ngzmnftpq {Gzn G: Zﬂ (aé"3 _?/_b_é_ 5”8) (5q1 th +5q2 W:Z)
+GyGHZ, (aav-" ~% 5?8) (™ Wt 4 6m We)

+Gy 62 28 [ as =2 gu8 ) (omt et 4 om2 w2y

1 b
_ tmn {tpq Bn T m3 om p3 __ p8
ef™f {G%G A. Z (5 \/3 )(aé \/35 )
b .
P AB 7t | sm3 o p3 __ m8 R 4
+GGR A Z (5 \/3 )(aé 75 )} (40)
(d) Quartic terms with one gluon are

\/3

b
[ W all m3 m8 nl 21 n2 T2 p3 __ p8
+2Z, A G,(a +—\/35 )(5 W 4s w )(aa 73 )

ftmnf!pq {Z Aﬂ Gn (5411 W-:l +5q2 W1:2) (5’"3 1 ) (a(sp&l ___\_/93 51’8)

+Z5 A, G™ (57" W 4 572 WP2) (543 +:/% 548) (a5m3 _L 5"'8)

V3
1 b
Bp (sni 1 n2 W:z g3 m3 __ m8
+Zy A, G (M W45 )(5 +\/35 )(aé ---\/35 )}

2
_ngum.fzpq yA G',' (6q1 Wzl +5q2 WrZ) (5m1 W EL +5m2 WﬁZ) 0573—-~—b—— 6118
g3 g V3
+Zﬂ Gﬂn (5m1 W% +6m2 W%) (5}:1 er +5p2 WrZ) (aéq3 _t/b__g_ 548)
+Zy GY (64 W + 67 W) (57! WP 4 672 W P2) (aé’"3 —7113- 5'"8)}

2 |
o {Aﬂ GY (6% W™ +89 W'2) (6™ WP +5m WH2) (eé” +—r 5”*’)
3.

J3
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+ Ay GP (5™ W4 0™ W R) (5P WL+ 5P W) (e5‘13 +T/e'§ 548)
+Aﬂ G': (5q1 th +5q2 W:z) (5;;1 Wﬂl +5p2 WﬁZ) <25'"3 +78__§5m8)}

2
_“e ngtmnfrpq {Aﬁ Aﬂ G: (6q1 er +5q2 er)(ém:'; _I___\;_j_ 5m8) (5;’3 +__l__ 5118)

gds -\/3
1 1
™n g3 q8 pl g1 p2 W:pz 5m3 ‘
+A; 4. G (é +—-——\/35 )(5 Wk 46 )( \/3 )}

b mi_ D m
__g__ﬁs_ftmnftpq {Zﬂ ZE Gm (5111 W:+5q2 W%) (a5p3 _7§5p8) (aa 3 _\_/_3_ 5 8)

b b
. wm rspl A1 p2 B2 q3 __ q8 m3 _ 5m8
+ZyZ G (P WP + 67 W )(aé -———\/3 0 )(aé ~\/—3 )}

3
_igg_'?_ftmnftpq {G; (5ml W% +6m2 W%) (541 Wﬂl
3

+ 092 WE2) (6P WL 4 52 Wﬂ)}. (41)

(¢) Quartic terms with no gluons are identical to that in FCQ and are therefore not
given.

We now consiucr the interactions between the gauge bosons and the Higgs bosons.
We have two sets of Higgs particles (;, ¢) and n. Couplings between n and the gauge
bosons are identical to that in the standard model. We do not give them here. The
couplings between the coloured Higgs (y:, ¢) and the gauge bosons are given below:

(i) The scalar-scalar-vector couplings are

LY SPR k(om0 g
( S b= et o+, wk)c («s Nk )
Fiim Outi¥; Z”—(85"3+~\;§5"8)f,-j,, B, Wiy AP
— 92 fijo Ou i W, (42)
where ¢ =1,2 and i, j, k=1, ..., 8. The couplings respect SU(3) x SU(2) x U(1)

invariance as expected of gauge couphngs
(i) The only vector-vector-scalar coupling is

2 .
L()GL Ay, @)

We notice that this also respects global SU(3) x SU(2) x U(1) symmetry. The y; do not
couple to the electroweak gauge bosons. Hence this expression for vector-vector-scalar
couplings is identical to what we would have even if we ignore weak interactions.
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(iif) Vector-vector-scalar-scalar couplings are given below:

93

B e s 10 G 97+ 22 4 G,

2 93 Gﬁ ‘l’s ‘//tfpskf;kp (Wﬁl 5p1 + WBZ 5p2)

"E' gs Gﬂ dnpsf;pp (Wﬁl 5p1 sz 5p2)

+_g2_3 '//s ‘l’t Gﬁ Zﬁfpsmf;mp <a5p3 —'\_/% 6p8>
9 4y, G325, (aaﬂﬁ—iaﬂs)
JE OB 2 e (= 7

eg3 08
%5 g, . Gf 4 f,,mf,.,,,(a +73-a )

- # p3 _L, 08
75%4»%65/1 fs,,,,(é +\/35 )
i |
+972 Vs U fose fis (W 81 + W2 807) (WAL 881 4 W32 502)

2
=g s W18 T RS 5 4 W %)
2 Y3 Y1 Za Sy fomg 1187 4 W42 897 (aaoa __\7”3 ane)

+eg; ‘/’s ‘pz Alfpsmf;mﬂ (WA'1 531 + W“’ 5'92) (5‘03 +‘% 5’8>

1

+azzi.zl 'l’s‘l’t{4\/3 st8 — d3sm tm3+ f3smﬁm3}

{ .
+ b2 Zl Z)'_ ‘l/s l//t {_mé’ ds:B _'ﬁ dssm drms +‘1'§f8smf;m8}

1

+ ab ZA Zl 'l’s l)l/t { st3 +2\/3 dSsm drmB 2\/3 f8smﬁm3}

1 1

+e A). Al d/s '//t {6\/3 s18 dstS ""’j:'/"j‘ d3sm dth _E stm dth

1 1
_Z d3sm dtm3 +‘mf8smf;m3 + 1—2'f83mftm8

1, . 1 1
+'4‘f3sm.f;m3}+ea ZJ. Al ‘/’s Wt {2\/3 dtsB - 2\/3 dasm

drmB

1 1 1 1
+’6' ds13 _'?: d3sm dtm3 +‘2'f33mﬁm3 + mfl%sm ﬁmS}
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| 1 1 1

+€b Z). Al‘l’sd’: {6\/3 dr58+2\/3 d3sm drmS +_6' dstS

"lds dt B‘E‘fssm.ﬂnxS"_ L f3smf;m8 . (44)
2 “eemTm8 g 2./3

5. Conclusions

We have given in this paper a more complete description of the ingredients of the ICQ
model (Rajasekaran and Roy 1975, 1976) than that available in previous literature. All
the interactions between the Higgs bosons and the gauge bosons have been worked out
here. :

These couplings together with the quartic couplings between the gauge bosons (also
worked out fully in this paper) are very important in studying several aspects of weak
interaction phenomenology. These studies are of relevance currently, since the
discovery of the weak bosons in the laboratory has opened up the possibility of carrying
out various experiments related to the electroweak theory.

The Higgs bosons of the ICQ model also play an important role in the cancellation of
mass singularities in physical processes like Z — 3 jets and e*e™ — 3 jets (Rajasekaran
and Rindani 1982; Lakshmibala et al 1981). A study of these phenomena requires
knowledge of the couplings derived here. The results of these studies will be reported
elsewhere.
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