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Spectroscopy of Higgs scalars and exotic mesons up to 1 TeV in a composite model
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Masses of Higgs mesons and exotic mesons are investigated in a composite model for leptons,
quarks, and Higgs mesons based on the left-right-symmetric model. It is predicted that three Higgs
scalars and four exotic mesons may appear in the energies lower than 1 TeV. They will be detected
as monojet, dijet, single-lepton, dilepton, and lepton + jet events. We also suggest that a rich new-
particle spectrum including the right-handed weak boson will appear in the energy region lower than

5 TeV.

The most crucial test of models is the observation of
new particles predicted by the model. The prediction of
the masses of the new particles is, however, not easy in the
models beyond the standard model,' especially, in com-
posite models. The difficulty arises from the ambiguity
of the Higgs mechanism, that is, the ambiguity of the
number of Higgs doublets, coupling constants, vacuum
expectation values, and so on. In the composite model
based on the left-right-symmetric model proposed in Ref.
2 we can write down the explicit form of the Higgs cou-
plings>3 and predict the masses of the Higgs mesons.’?
The characteristics of the model are the existence of exot-
ic mesons represented with the triplet (or antitriplet) rep-
resentation of SU(3)¢. In this paper we shall study the
masses of the exotic mesons as well as those of the Higgs
mesons in the model proposed in Refs. 2—4, and show
that some mesons have masses less than 1 TeV.

The model is written in terms of preons ¢/, ¢%, and S°
with the following representations of the left-right-
symmetric gauge group: G =SU(3)y XSU(3)c XSU(2),
XSU(2)g XU(1)p_r, where SUB3)y and SU@3)c, respec-
tively, stand for hypercolor and color interactions:*

SUB)y SUB): SUQR), SUQi Nz_, JP
the 3 1 20 10 -1 L7
#rn 3 3 2(1) 12) L4
s° 3 1 1 1 0 ot

(1)

where Np_; =(baryon number)—(lepton number) and
JP=(spin)P". The preons t' and 7 are, respectively,
described by the charge doublets (¢! (/=1 apnd
(19273 49(=173))  where Q in t*'? denotes the electric
charge of ¢°. The S° boson is introduced in order to gen-
erate the generation of fermions. (For details, see Ref. 2.)
It is noted that the assignment of SU(3)¢ in (1) referred
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from Ref. 4 is different from those given in Refs. 2 and 3.
When we take account of the anomaly-matching condi-
tion,” the above choice is better because the model is
anomaly-free and has no constraints on the number of the
generations.* Higgs mesons generating the spontaneous
parity violation® are described in terms of the bound

states _as A7 =t/1/S° Ax=tht4§° ¢'=tlth, and
#7=tft§, and also exotic mesons written

as E;=t} 1§ and E,=1t§th must exist in the model. They
are represented by the following representation of the
SU@B)c XSU(2), XSU(2)g group:

scalar

Ar Ag ¢ ¢? E, E;
SU@B)¢ 1 1 1 1 3 3
SUQ2), 3 1 2 2 2 2
SUQ)x 1 3 2 2 2 2
)

where it is noted that ¢’ couples only to leptons, while 7
couples only to quarks.>>7 The notation S ° is written in
terms of the linear combination of the triplet representa-
tions of SU(3) as

§0={S°4(S°'s%h), + [(5°S)5(S°S0);51;
+- - J/VN+I1,

where N stands for the number of fermion generations.
(For details, see Ref. 2.) In this paper we shall not touch
on scalar preons* with Yukawa couplings to ¢’ and 19
which allows us to avoid the Vafa-Witten theorem for the
vectorlike composite model,® because they do not change
anything derived in the following discussions. The effec-
tive couplings among these composite mesons are
described in terms of preon-line diagrams®? as
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Veir=(ao+a)[Tr(A} Ay + AR AR P+, THAL AL AL A, + AL AR AL AR)
+B T AL AL(¢'6" +E\E]) + Ak Ar(¢"'¢'+ E]E,)]

+B,Tr(AL g'Ag ¢!+ Af ' AL )+ BTr(A] Ay + AL AR)Tr

a=lgq i=1,2

2 ¢aT¢a+ 2 EiTEi}

+yTr| 3 ¢°'6%°'6°+ 3 E'EEE, +24"E\El¢'+ ¢'EIE 0" + $9E B 09" + $9'E, E]49)

a=lgq i=12

+2$EISE] + ¢ E$E,) ] +ye|Tr

a=lg

—p2Tr(AZAL +ALAR)+TI[ > m¢a2¢”¢a+ > mleiTEi

where V,(¢) does not contribute to the Higgs potentials
but to the mass terms of the imaginary parts of the neu-
tral Higgs mesons, and is written as

4 4
V,,(¢)=p21 zlum'rrcp,hb, 2. @)
t=l]=
In (3) and (4 the definitions A,=7A,/V2,
O, =(¢'+81/V2, ©,=(¢'—4")/V2, 3=(¢7+49/V2,
&,=(¢7—49/V2, and $°=71,4°*1, are used, Tr4 and
ImX, respectively, stand for the trace of the matrix 4 and
the imaginary part of X and the meson matrices are
represented as

A+/\/§ A++
a=| a0 _atpvz|, A=LR),
a0 g
¢°= l¢al<—) ¢a((:)) (a=lq),
¢ é2
EP? BNV
E, = E,~%/3 E12_2/3] ,

E212/3 E25/3
E,= E,~\ B2 |0

z ¢aT¢a+ 2 E,-TE,-

a=lg

i=12

2

i=1,2 '

+V,(4), 3)

where Q in EZ denotes the electric charge of the meson.
Since the terms with a,, B, 7. and p are introduced as
the corrections,”>’ we should take account of the rela-
tions |ae| < |aol, |Bel < [Bil, |Vel ~|p| <[7]. In
(3) it must be noted that only A mesons can have a nega-
tive squared mass, —u?, via the S%boson condensation,>?
whereas the ¢° and E; mesons still have the positive
squared masses m 2 and m;?, in the model. Following

the discussion on the S%boson condensation, we always
take account of the relation p’>>m ¢azzm,-2 hereafter.
The vacuum expectation values appear as?

V, = (A% =@l OF 0y
~0
Ve =(AY =005y
a=( O =l L0)
R (5)
bl—=-<¢ém)=tll,(—)t11((_)) ,
a,= (4]0 =1§ /315273y
q— - ’

b,= (490 =gg(—1/3g(=173)y

and the Higgs potential is given by

TABLE 1. Squared masses of Higgs and exotic mesons where Vz?>>«?%, |Be| <<By, and |y| <<¥

are taken into account and Am*=mg®—m g*.

Mesons m? Mesons m?
AF*, AT 2|a;| Vg? ImA? 2| a; | Va?
AL 2| a;| V? Img," BiV&?
Mixing states of B1Vg? Mixing states of 36pK?

AR+ and ¢”—)‘ 0 Im¢£{0)’ Im¢1(0), 12PK2

and Im¢3? 0

PUEH) 0 ImA% 0
Mixing states of 4yi?

¢q(+) and ¢q(—)t 0 E212/3, E2—1/3 BIVR2
ReA) 2]|a; | Vg2 E,=E, ~¥* Am?
ReA} 4avy? Ey=E,"'/* Am?
Reg® BiVz? Mixing states of 4yx?
Res” 4y’ E,~*” and E,*** Am?
Reg{® 4yx? Mixing states of 4yK?
Re¢z(0) 4’)"(2 E12-2/3 and EZZZ/Jt Am2
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Va=av*+a (Vi *+ Vr*)+BVa*+ BV ?
+2B,VLVrar+y(a+ b +a,> +b,?)
+rda?+v2 P —p?V:4m yHa +b)
+m *ag’+b) (6)

where V2=V 2+ Vz, vi=b; +aq2+bq , @=ay+a,, and
B= Bi1+B.. As was discussed in Refs. 3 and 9, the Higgs
potential has the absolute minimum at the point
represented with the relations, VR2>>blzzaq2=qu and
V; =a;=0, provided that the constraints @+a;>0,
Y+ve>0, a;<0, B1>0, B> |B,| or —2a;v>(B;
— | B2 ), and B, <O are satisfied. From now on we shall

confine our interest in this solution, where the nonzero
vacuum expectation values are given as

VR=[2(y+3yu’— | Be| (m 2 +2m 2D~
={|Belvu’=[2aly +2y)—BeIm ’
+4ay—Bém G (yD)7!, (7
a2 =bg*={ | B¢ | Y+ 28y c— B /2)m
—[2a(y +7)—B3/2Im Y (yD)7!,

where D=4a(y+3y.)—3B: and @=ap+a;+a. The
three equations may be written as

V& 22}1«2/ 2a ,

Kr=bl~a =b2~( | B | p*—2am4?) /4dy
We can estimate «*=(100 GeV)? from the relation
3kt av2a2g ’m WLZ, where my, and g are, respectively,
the mass of left-handed weak boson and the coupling con-

stant of SU(2) gauge interaction. From the equations it is
estimated that

(8)

VR >mg?/|Be| , mg?~2yx?. )

Since my is of the order of the characteristic energy scale
(Ap) of SU(3)y which may be estimated to be larger than
1 TeV, we shall study mesons with masses of the order of
| Be| k% | ve| €% and pk?, and less than those order.
Squared masses derived from (3) are listed in Table I,
where the relations Vg2>>k% |B.| <<By, and | 7| <<¥
are taken into account. Since we do not find any reason
to derive m;#£m, in the model, the definition
Am2=m52—m¢’q2 with mg=m,=m, is also used. We
see that two mixing states among the three 1magmary
parts of ¢2?, ‘%, and ¢3'” have the masses given by
6V/pk and 2V/3pk, which are estimated to be 600V'p GeV
and 350Vp GeV from k~100 GeV. For the reasonable

H< +

N N
) + +
N\ VR
A ol A o! ot o! A
(c) Big: Big (d) B2g
N—
. NN
¢° 0 @ o A
(e) Ya. . Ya.Yg" Qeg, agg
3 9c P9t QH
A o o0 o Y R
(g)Beg. Begr () veg, Yeg' (i) mass corrections

FIG. 1. Diagrams corrected in terms of the exchange of one
gauge boson of SUQ3)¢, SU(2), g, or U(1), where A=A, or Ag,
¢°=¢' or #9, and wavy lines stand for gauge bosons of SU(3)c,
SU(Z)L,R, and U(1).

choice of p<1 we obtain 6Vpk<600 GeV and
2V/3pk <350 GeV.

Squared masses of the four exotic states,
E,=E, , E;=E,'**, one of the mixing states of
E, s’ and E s/ and that of E,~2/3 and E,,?/3*, are
given by Am?2 The mass difference between the exotic
and ¢? mesons arise only from the interactions of
SU@B)c XSU(2)g XSU(2), XU(1)g_,;. Taking account
of such mass differences, we also have to take account of
the corrections of the effective potentials in terms of the
same interactions at the same time. We may estimate
such corrections by the one-gauge-boson-exchange dia-
grams shown in Fig. 1, where g, g, and g’, respectively,
stand for the gauge couplings of SU(3)¢, SU(2), and U(1),
and the coupling constants for the correction diagrams are
represented with g, o' and so on.

The contributions of the correction diagrams to the
Higgs potential are given by

Vi =4a0g V*+2(2a05 +a1g + a1+ 20 +2ae (Vi *+ Vo) + Big Via > +2b2)

+8Byg VL VRA +2Beg Via — b +a,> — b))+ 2vg(ar* +b* +4a,’b* +a* + b, * +4a,%b,2)

+2¥g @+ ) + 2Ty + Ve N ag + by + 2y (a2 — b +a, — b2 . (10)
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For the minimum with V; =a;=0 we can derive

m ,2—m¢122231gVR2+7/(2b12——aq2——qu) ’

¢ (1

by —a,’~2Beg V> —2v b)) /7 »

where the relations ¥ >> | vel, |¥4. |, |7, and lvg |
are taken into account.

The important effect of the corrections appears in the
masses of the charged Higgs mesons, Af, ¢''*), ¢!‘—'*,
#7*), and ¢9~'*. After the introduction of the correc-
tions the five mesons are mixed and rearranged into the
new states having the masses m2~B Vg% 4yk%,
67eg(b,2—a,?) and the two massless bosons. The two
massless bosons are absorbed into the left- and right-
handed weak bosons as well as two massless bosons of the
imaginary parts of the neutral Higgs mesons. Since two
heavy mass states with B, ¥z? and 4y«? are not interesting
at the moment, let us estimate a rather light mass given
by, m~6y (b2 —a,?). From (11) it is estimated as

6Yeg(bq2_'aq2)2127’sg(ﬁeg VR2-27£gK2)/V

~24g*y (C—y /YK, (12)

where V¢, ~8%V e, Beg ~8°Be, and BV r?=2yCk? are used.
From the relation given in (9) the choice C <10 may be
reasonable. Taking account also of y.<1 and xk~100
GeV, we obtain

m [ 6y ¢(by*—a,?)]'* <500 GeV . (13)

In the critical estimation for C~1 we have m <150 GeV.

Main corrections in the exotic meson masses appear in
the masses of E,*/* and E,*”. The correction 2B, Vx>
is added to their squared masses. From the first relation
of (11) its order is estimated to be that of the mass differ-
ence between ¢' and ¢, i.e., 2B;, ¥z’ ~m ¢q2——m ¢,2. The
mass difference can be described in terms of one-gauge-
boson-exchange contributions of the SU(3)¢ and U(1) in-
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teractions; that is, the attractive force induced by one-
U(1)-gauge-boson exchange acts on both states, while that
induced from SU(3)c acts only on the ¢? state. Then it is
estimated as

1 PNA!

zﬂ—(—%gc2+%g 2)<7> . (14)
where (1/r) stands for the expectation value of the in-
verse of the relative distance between ¢° and 7° which
may be taken as (1/7) ~Ay ~m,4. We derive

m¢q—m¢,z

l ’
Blg VR2~m¢(m¢q—m¢1)fza(——2gc2+ ’;‘g 2)m¢2 .

(15)
Then we may estimate
[2B1g VR?| <<my~2yi* . (16)
In the same consideration the mass difference
Am?=mg*—m? is written as
1
Amzzg(%gcz-{- 58m gt <<my?~2yK* . 17

Now we may say that the mixing states of E,~>/> and
E,*/3* and those of E,*/* and E,,?/** are not much af-
fected by the corrections. Considering that ygk’
~Ygk? <BigVr?~Am?, we also see that the corrections
to the E, and E; masses are small. Then we still find
four exotic states having the masses of the order of the
mass difference Am? after the introduction of the correc-
tions. Provided that the next sublevel appears at an ener-
gy less than 10 TeV, these four exotic states may be ob-
served in the energies less than 1 TeV. We may say that
the observation of these exotic states like the bound states
of leptons and quarks is the most crucial test of the
model.

Here let us summarize our results for the light new
mesons:

J
Mesons m? Main decay modes

Two imaginary parts <600 GeV qu+3u, 9a4+7as (dijet)

of the neutral Higgs <350 GeV and [/~ +I* (dilepton)

One charged <500 GeV 9u+34, 9a+7. (dijet)

Higgs boson (<150 GeV) 1= 4%, v+I1* (single lepton)

E,=E,; ~*** <1 Tev q. +7v (monojet)

E;=E,'\** <1 TeV ga+7v (monojet)

Mixing states of <1 TeVv 1~ +g, (lepton + jet)

(E1~5/3’ EZS/J‘)

and (E;,727, E»*?*) <1 TeV I~ +g, (lepton + jet)

T

where I=(e,u,r,...), gq,=(uct,...), and g4 Here we estimate the order of my. If there is no ac-
=(d,s,b,...), and g, and q; can be jets. We may say cidental cancellation in the equation |J| ,uz—-25z'm¢,2 of

that these seven new particles will be detected as dijet,
dilepton, single-lepton, monojet, or lepton + jet events.
They can also be sources of new generations if the new
generations exist in sufficiently low energies.

(8), we can put my2~2yck* with ¢ <10. Requiring that
the correction of the ¥ coupling in terms of the one-loop
diagram estimated as ~72/8m*~ 10~2y? does not exceed
the original coupling ¥, we should take y < 102. These
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choices of ¢ and y give us
my < 50k=~5 TeV . (18)

For the choice |B¢| >10""' we also derive the upper
bound for the right-handed weak boson as

my ~g'my/V [Be] <my<5TeV . (19)

These equations mean that a very rich new-particle spec-
trum may be expected below 5 TeV. If this is not the
case, the model must give a meaning to the accidental
cancellation.

Finally we would like to comment on quark masses. As
was shown in (7) and (11), we have a,2~b,>>>(b,*—a,?)
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in this model. This relation, however, does not mean
mg =my, , because there exist loop corrections which dis-

tinguish between the coupling constant of g, with ¢{'*
and that of g; with ¢3‘®) (Ref. 10). Such corrections for
the Higgs couplings are absorbed into the diagrams with

ae Be, and 7.
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