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Search for new Higgs physics at the Fermilab Tevatron

G. A. Kozlov*
Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russ

T. Morii†

Division of Sciences for Natural Environment, Faculty of Human Development, Kobe University, Kobe, Japan
~Received 15 November 2002; published 10 March 2003!

We discuss the Higgs boson mass sum rules in the minimal supersymmetric standard model~MSSM! in
order to estimate the upper limits on the masses of top squarks as well as the lower bounds on the masses of
the scalar Higgs boson state. The bounds on the scale of quark-lepton compositeness derived from the CDF
Collaboration~Fermilab Tevatron! data and applied to the new extra gauge boson search are taken into account.
These extra gauge bosons are considered in the framework of the extended SU(2)h3SU(2)l model. In addi-
tion, we discuss the physics of rare decays of MSSM Higgs bosons in bothCP-even andCP-odd sectors and
also some extra gauge bosons.
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I. INTRODUCTION

There are still some serious ingredients in the fundam
tal interactions of elementary particles that have not b
experimentally verified. The Higgs particle~s! and new heavy

neutral gauge bosonsG8,Z8, W68, Z9, W69, etc., have not
yet been established and the physics of those particles
remains elusive. In recent years, the amount of work sea
ing for the Higgs and extra gauge bosons has increased
siderably and this research subject is now one of the m
exciting topics in searching for physics beyond the stand
model~SM!. On one hand, recent CERNe1e2 collider LEP
2 experiments determined the lower bound of the Higgs
son mass to be approximately 114.1 GeV@1#. Furthermore, it
should be pointed out that the Fermilab Tevatron data@2# for
searching for the low energy effects of quark-lepton cont
interactions on dilepton production taken atAs51.8 TeV
translate into lower bounds on the masses of extra neu
gauge bosonsZ8. On the other hand, recent theoretic
progress in the study of strong and electroweak interact
and the fundamental concept of natural extensions of the
have changed the physics of interplay between the kno
matter fields and suggested exciting new phenomena re
to new matter fields via new interactions.

One of the most challenging current topics beyond
SM is to study the physical implication of a set of Higg
particles and extra gauge bosons predicted by the min
supersymmetric standard model~MSSM! in the Tevatronp̄p
collider experiment atAs52 TeV. The production of Higgs
bosons or their decays~via heavy quark or lepton interac
tions! are promising and useful processes which could
searched for in the forthcoming high energy experimen
With the advent of run II at the Tevatron, it is expected to
shown that the intermediate heavy quark loop can be a
able source of Higgs bosons in bothCP-even ~light h and
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heavyH) scalar andCP-odd pseudoscalar~A! sectors. As for
extra neutral gauge bosonsG8, their existence is required b
models addressing the physics beyond the SM, such as
persymmetry~SUSY!, grand unification theory, superstring
and so on. The prediction for the massesMG8 of the G8
bosons is rather uncertain, although these bosons coul
heavy enough with massesMG8@O(mZ) (mZ is the mass of
the Z boson!. The simplest version of existingG8 bosons is
based on a model with extension of the standard SU
3SU(2)3U(1) gauge group by an extra U(1) factor@3#.
There are also many other extended models of the SM, s
as the ones in which the SU(2) gauge group is extende
SU(2)3SU(2) @4–7# and to SU(2)3SU(2)3U(1) @8#. In
those models, the massive SU~2! extra gauge bosons~corre-
sponding to the broken generators! could couple to fermions
in different generations with different strengths and th
could give the answer to the question of why the top quar
so heavy, since they might single out fermions of the th
generation. Precision measurements of the electroweak
rameters narrowed the allowed region of extra gauge bo
masses, keeping Higgs boson masses consistent with r
tive corrections including the supersymmetric ones.

One of the goals of the present work is to examine
potential of the run II experiment at the Tevatron in sear
ing for h, H, and A Higgs bosons and new extra gaug
bosons, and to give an estimation of the upper limits on
masses of top squarks as well as lower bounds on the ma
of the scalar Higgs bosons in both the light and heavy m
sectors.

We first show how the existing Tevatron bounds on t
scale of quark-lepton compositeness@9# can be adopted to
provide an upper limit on the quantitymt̃ 1

•mt̃ 2
, i.e., the

product of the masses of top squark eigenstatest̃ 1 and t̃ 2.
We also discuss how the lower bounds on the scalar Hi
boson masses can be obtained from the forthcoming Te
tron data. Furthermore, we emphasize that the forthcom
experiments for discovering supersymmetry in both
Higgs and quark sectors could lead to estimations of
masses of the neutral and charged extra gauge bosonsZ8 and
©2003 The American Physical Society01-1
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W68, respectively. As an example, models in which the p
cision electroweak data allow the extra gauge bosons to b
order O(0.5 TeV) are, e.g., the noncommuting extend
technicolor models@5#. Z8 and W68 bosons with such
masses are of interest, since they are within the kinem
reach of the Tevatron’s run II experiments.

Then we also study the processes such as

p̄p→gg→~h/H !X,AX, ~1!

keeping in mind that the main channels in the MSSM are
scalar ones, i.e.,l̄ l , Q̄Q, ggh, ggh (g, g, l, andQ mean a
photon, a gluon, a lepton, and a heavy quark, respectiv!
since the pseudoscalar mode is largely suppressed in
wide range of the MSSM parameters. Since in two-pho
(gg) or two-gluon~gg! decays the invariant mass of thegg
or gg system would be identical to the mass of the decay
boson, a promising way to detecth and H bosons at the
Tevatron is to search for the decaysh,H→gg and h,H
→gg as well. It is known that in high energyp̄p ~or pp!
collisions the contributions of gluonic interactions becom
large due to the increase of gluon densities in the proton.
Tevatron run II experiment could observe the lightest Hig
boson production via a two-gluon fusiongg→h with a cross
sections of orders;O(1.0 pb) atmh;110 GeV@10#. In-
creasing theh boson mass up to 180 GeV would lead
decreasing ofs up to orderO(0.2 pb). ForA Higgs boson
production the following important features are remarkab

~i! The detection efficiency of the signal events has h
accuracy because the decay ofA Higgs bosons can be pre
cisely modeled in the kinematic region for various dec
channels, e.g.,A→ l̄ l ,ggh,ggh ~here, the leptonsl run over
electronse, muonsm, andt leptons!.

~ii ! The massMA of the A Higgs boson can be recon
structed from its final state to test the mass relation in
MSSM mass sum rule@11# at the tree level,

mh
21MH

2 5MA
21mZ

2 , ~2!

with its deviation due to radiative corrections (mh and MH
are the masses of theCP-evenh andH Higgs bosons, respec
tively!.

The outline of the article is as follows. In Sec. II, w
define the model. Estimation of the upper limits of t
masses of top squarks as well as the lower bounds on
masses of the scalar Higgs bosons will be discussed in
III. Section IV is devoted to study of rare decays ofh, H, and
A Higgs bosons in the MSSM. Section V focuses onh Higgs
boson production in the decay of an extra gauge bosonZ2.
Finally, in Sec. VI, we give our conclusions.

II. THE EFFECTIVE MODEL

In the model of extended weak interactions governed b
pair of SU(2) gauge groups SU(2)h3SU(2)l for heavy
~third generation! and light fermions~the labelsh andl mean
heavy and light, respectively! the gauge boson eigenstat
are given by@12#
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Am5sinu ~cosf W3h

m 1sinf W3l

m !1cosu Xm ~3!

for a photon and

Z1
m5cosu ~cosf W3h

m 1sinf W3l

m !2sinu Xm, ~4!

Z2
m52sinf W3h

m 1cosf W3l

m ~5!

for the neutral gauge bosonsZ1 ,Z2, respectively, which de-
fine the neutral mass eigenstatesZ and Z8 at the leading
order of a free parameterx @9#,

S Z
Z8 D.S 1

2cos3f sinf

x cosu

cos3f sinf

x cosu
1 D •S Z1

Z2
D , ~6!

whereu is the usual weak mixing angle andf is an addi-
tional mixing angle due to the existence of SU(2h
3SU(2)l .

The parameterx in Eq. ~6! is defined as the ratiox
5u2/v2, whereu is the energy scale at which the extend
weak gauge group SU(2)h3SU(2)l is broken to its diagona
subgroup SU(2)L , while v.246 GeV is the vacuum expec
tation value of the~composite! scalar field responsible for th
symmetry breaking SU(2)L3U(1)Y→U(1)e.m. in the model
of extended weak interactions. The generator of the U(1)e.m.
group is the usual electric charge operatorQ5T3h

1T3l

1Y. At large values of sinf, theZ2 boson has an enhance
coupling to the third generation fermions through the co
riant derivative

Dm5]m2 i
g

cosu
Z1

m~T3h
1T3l

2sin2u•Q!

2 ig Z2
m S 2

sinf

cosf
T3h

1
cosf

sinf
T3l D . ~7!

The Lagrangian density for an effective quark-lepton cont
interaction looks like

L.
1

LLL
2 @g0

2~ĒLgmEL!~Q̄LgmQL!

1g1
2~ĒLgmtaEL!~Q̄LgmtaQL!#

1
ge

2

LLR
2 ~ ēRgmeR!~Q̄LgmQL!

1F 1

LLR
2 ~ĒLgmEL!1

1

LRR
2 ~ ēRgmeR!G

3 (
q:u,d

gq
2~ q̄RgmqR!, ~8!

whereEL5(ne ,e)L ,QL5(u,d)L ; gi are the effective cou-
plings andL i j are the scales of new physics. The aim of t
1-2
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SEARCH FOR NEW HIGGS PHYSICS AT THE . . . PHYSICAL REVIEW D 67, 055001 ~2003!
Collider Detector at Fermilab~CDF! Collaboration analysis
@2# was to search for deviation from the SM prediction in t
dilepton production spectrum. If no such deviations a
found, the lower bound of theL scale can be obtained. Th
embedding of the extra gauge bosons in the model bey
the SM gives rise to quark-lepton contact interactions in
cordance with the following part of the Lagrangian dens
~see@9#!:

L.2
g2

MZ8
2 S cotf

2 D 2S (
l :e,m

l̄ Lgml LD S (
q:u,d,s,c

q̄LgmqLD ,

~9!

whereg5e/sinu. We suppose that the couplings in the fir
two generations are the same in strength.

III. MASS BOUND ON TOP SQUARKS AND SOME HIGGS
BOSON MASS ESTIMATIONS

In the MSSM, the mass sum rule~2! at the tree level is
transformed into the following form because of the loop c
rections@13#:

MZ85
mh

22MA
21dZZ82D

MZ81MH

1MH , ~10!

whereMZ8 is the mass of theZ8 boson;dZZ85MZ8
2

2mZ
2 .

The correctionD reflects the contribution from loop dia
grams involving all the particles that couple with the Hig
bosons@14,15#

D5S ANc gmt
2

4 p mW sinb D 2

logS mt̃ 1
•mt̃ 2

mt
2 D 2

, ~11!

whereNc is the number of colors, andmt and mW are the
masses of the top quark andW boson, respectively. tanb
defines the structure of the MSSM. The values ofD
;O(0.01 TeV2) have been calculated@14# for any choice of
parameter space of the MSSM. We suggest that the mea
ment of MZ8 would predict the masses of the mass eig
statest̃ 1 and t̃ 2, sincemt and mW are already measured i
the experiments andmh is restricted by the LEP 2 data@1# as
mh,130 GeV @16#; MA and MH are free parameter
bounded by combined data coming from the MSSM para
eter space and the experimental data@17#.

Comparing Eqs.~8! and ~9!, one can get the relation be
tweenMZ8 andL as @9#

MZ85Aae.m. L cotf/~2 sinu!, ~12!

where the value ofL was constrained from the CDF data
As51.8 TeV asL.3.7 TeV or 4.1 TeV, depending on th
contact interactions for the left-handed electrons or muo
respectively, found at the 95% confidence level@2,9#.

In the decoupling regime of the MSSM Higgs sect
where the couplings of the lightCP-even Higgs bosonh in
the MSSM are identical to those of the SM Higgs bosons
thus the CP-even mixing anglea behaves as tana→
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2cotb with the MA@mZ relation, one can getMH
2 .MA

2

1mZ
2sin2(2b)1m2, which leads to disappearance of theH

Higgs boson mass in Eq.~10!. Here,m is the positive mas-
sive parameter which can, in principle, be defined from
experiment searching for separation of two degenerate he
Higgs bosonsA and H. This behavior, verified at the tre
level, continues to hold even when radiative corrections
included. It has been checked that this decoupling regim
an effective one for all values of tanb and that the pattern o
most of the Higgs couplings results from this limit.

In studying the mass relation~10! from the extended elec
troweak gauge structure, we must be aware of the iss
related to the structure ofMZ8 in both sides of Eq.~10!. We
suppose thatMZ8 in the left-hand side~LHS! of Eq. ~10! is
the mass to be determined using the CDF analysis data@2,9#.
Therefore, one can approximate its mass via the phenom
logical relation ~12! while the RHS of Eq.~10! is model
dependent, where, to leading order, the massMZ8 in the ex-
tended weak interaction model is MZ8
5mW Ax/(cosf sinf) @9# in the region where cosf
,sinf. With the help of the CDF restriction forL @2# en-
tering into Eq.~12!, one can easily find the upper limit of th
product ofmt̃ 1

•mt̃ 2
from the following relation@13#:

D,~B1MH
! !~B2 f C!1mh

22mZ
2 ~12sin22b!1m2,

~13!

where MH
! 5(MA

21mZ
2sin22b1m2)1/2, f [ f (f)

5cotf Aae.m./(2 sinu), B[B(x,f)5mWAx/(cosf sinf),
andC is the minimal value of theL scale extracted from the
CDF analysis@2#. The masses ofZ and W bosons are cur-
rently known with errors of a few MeV each@18#, whereas
the mass of the top quark is known with errors of a few G
@18#. Note that the dependence of particle couplings via tab
enters into the radiative correctionD in Eq. ~11! and the
massMH defined in the decoupling regime. Thus, the upp
limit on mt̃ 1

•mt̃ 2
can be accurately predicted by precisio

measurements of the lower bound ofMZ8 and the masses o
the Higgs bosonsh andA.

FIG. 1. The upper limit onL[ log@(mt̃1
•mt̃2

)/mt
2# as a function of

sinf for different values ofx52 and 3;m5mh5120 GeV~dashed
line!, m50 ~solid line! for MA50.8 TeV; tanb530.
1-3
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G. A. KOZLOV AND T. MORII PHYSICAL REVIEW D 67, 055001 ~2003!
Figure 1 shows the upper limit onL[ log@(mt̃1
•mt̃2

)/mt
2# as

a function of sinf for x52 andx53 at fixed values ofm
and MA . We use the range of the mixing parameter 0
<sinf<0.85 for aZ8 boson@9# where the luminosity re-
quired to exclude SU~2! Z8 bosons of various masses is low
est. The corresponding range of the lower bound onx is
3.9>x>1.6 ~left-handed muons and up-type quarks a
taken into account! for the sinf range above mentioned. Th
regions of the parameter space lying below a given line
allowed by the present model. At present, the LEP bounds
the mass of theA Higgs boson areMA.88.4 GeV@1#. This
result corresponds to the large tanb region. We see that the
function L is rather sensitive within the changing of sinf,
i.e., the ratio of gauge couplingsg/gl . Here, g225gl

22

1gh
22 , wheregl is associated with the SU(2)l group and

defines the couplings to the first and second generation
mions, whose charges under subgroup SU(2)l are the same
as in the SM, whilegh originates from the SU(2)h group,
which governs the weak interactions for the third generat
~heavy! fermions. In the range of sinf presented in Fig. 1
the width GZ8 of the Z8 boson falls to a minimum in the
neighborhood of sinf50.8 @9#, due to the decreasing cou
plings to the first two generations of fermions. In the ran
sinf.0.8, GZ8 grows large, due to the rapid growth in th
third generation coupling.

The CDF analysis of the contact interaction between l
handed muons and up-type quarks is taken into accounC
54.1 TeV) in our calculations. The lower bounds ofmh

2 are
illustrated in Fig. 2. The constraints are given for differe
ratios of x52 and 3 as a function of sinf. In our calcula-
tions, the parameters of the model are typically chosen
mh5120 GeV, tanb530. The value of the neutralCP-odd
Higgs bosonA mass is set to beMA50.8 TeV within the
typical upper limit ofMA kinematically allowed at the Teva
tron run II energy. Herewith, we suppose thatA Higgs boson
can be identified, e.g., via two-lepton decays in theAZ asso-
ciated production processpp̄→AZ1X with As.MA1mZ .

FIG. 2. The lower bound onmh
2 as a function of sinf for dif-

ferent values ofx52 and 3;m5mh5120 GeV ~dashed line!, m
50 ~solid line! for MA50.8 TeV; tanb530. The regions of the
parameter space lying above a given line are allowed by the pre
model.
05500
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Here, we did not use the mass difference betweent̃ 1 and t̃ 2
mass eigenstates, and we setmt1

˜5mt2
˜51 TeV ~see Fig. 2!.

The regions of the parameter space lying above a given
are allowed by the present data.

In more extended SUSY models, their mass sum rules
give some useful estimations with the help of the CDF d
@2#. For example, in the minimalE6 superstring theory, the
particle spectrum consists of three scalar Higgs bos
h,H1 ,H2, a pseudoscalar HiggsA, a charged Higgs boson
pair H6, and two neutral gauge bosonsZ and Z8. Among
these particles, there exists a mass sum rule, at the tree l
of the form @19#

MZ8
2

5mh
21MH1

2 1MH2

2 2MA
22mZ

2 . ~14!

The analytical expressions for the loop corrections are
known yet. However, it is known that the one-loop corre
tions can be summarized into a term logarithmically dep
dent on the SUSY sector mass scale@19#. Considering that
mh can be identified with the lower bound on the Hig
boson mass, we obtain the lower bound on the sumMH1

2

1MH2

2 at fixedMA as a function of sinf:

(
j 51

2

MH j

2 .MA
21mZ

22mh
21

ae.m. C2cot2f

4 sin2u
. ~15!

The results of the calculation of the lower bound onM
[(( j 51

2 MH j

2 )1/2 as a function of sinf are given in Fig. 3.

We have used the scales of new physicsL.C coming
from the CDF analysis@9# at 95% confidence level in which
contact interactions were assumed only between left-han
electrons~muons! and up-type quarks:L.4.1 TeV andL
.3.7 TeV for left-handed muons and left-handed electro
respectively.

IV. RARE DECAYS OF THE HIGGS BOSONS

As is well known, Higgs bosons dominantly couple
heavy particles even in the MSSM. Observation ofh, H, and
A Higgs bosons depends on the model parameters inclu
the massesmh , mH , andMA .

nt

FIG. 3. The lower bound onM[(( j 51
2 MH j

2 )1/2 as a function of
sinf.
1-4
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A. The decaysh,H\gg,gg

Let us begin with study of the decaysX→gg and X
→gg (X5h,H), where the former dominates over the la
ter. The decay width ofX→gg ~the radiative corrections ar
not included! is given by

G~X→gg!5
g2 as

2 mX
3

128 p3 mW
2
•uF̃Qu2, ~16!

where the transition form factorF̃Q is provided by an inter-
mediate quark loop containingb and t quarks@20,21#:

F̃Q5rXb tbH~tb21!

4 Fp22 ln2S 11jb

12jb
D G21J

1rXt t tH ~t t21!Farcsin2S mX

2 mt
D •u~2 mt2mX!

1
1

4 Fp22 ln2S 11j t

12j t
D G•u~mX22mt!G21J. ~17!

Here, tQ5(2 mQ /mX)2, jQ5A12tQ, rhQ52sina/cosb,
and rHQ5cosa/cosb for b quarks; rhQ5cosa/sinb and
rHQ5sina/sinb for t quarks; the mixing anglea diagonal-
izes theCP-even Higgs squared-mass matrix. For compa
son, the decay widthG(X→gg) can easily be obtained from
the corresponding decay to two gluons~16! by a simple re-
placementas→(3/A2)a eQ

2 ~the heavy quark chargeseQ are

included in the form factors! and F̃Q→FQ1FW1FH
6 :

G~X→gg!5
g2 a2 mX

3

1024p3 mW
2
•uFQ1FW1FH6u2, ~18!

where the form factorFQ contributed from heavy quarksQ
is given by

FQ52HrXb

tb

3 F ~tb21!

4 S p22 ln2
11jb

12jb
D21G

1
4

3
rXt t tF ~t t21!S arcsin2S mX

2 mt
D •u~2 mt2mX!

1
1

4 S p22 ln2
11j t

12j t
D •u~mX22 mt! D G21J, ~19!

and theFW from weak bosonsW6 and FH6 from charged
Higgs bosonsH6 are @22#

FW5rXWH 213tW13tW~22tW!

3Farcsin2S mX

2 mW
D •u~2 mW2mX!

1
1

4 S p22 ln2
11jW

12jW
D •u~mX22 mW!G J ~20!

and
05500
i-

FH65rXH6S mW

MH6
D 2S 12tH6arcsin2

mX

2 MH6
D , ~21!

respectively. Here,rhW5sin(b2a), rHW5cos(b2a), rhH6

5rhW1@cos 2b sin(b1a)#/2 cos2uW, and tH6

5(2 MH6 /mX)2. The calculated results for G(H
→gg),G(h→gg) and G(H→gg),G(h→gg) are given in
Figs. 4, 5 and 6, 7, respectively, where the mass of theCP-
odd A Higgs boson was typically taken to beMA
50.8 TeV.

In our calculations, the couplings betweenh Higgs bosons
and left- and right-handed fermions as well as betweeh
Higgs bosons and charginos were neglected. The follow
relation between the mixing anglea and tanb:

cota52tanbF112S mZ

MA
D 2

cos 2bG1OS mZ
4

MA
4 D ~22!

FIG. 4. The decay widthG(H→gg) as a function ofMH for
different as ~from the bottomas50.110, 0.115, 0.119, 0.123! and
tanb510 and 30.

FIG. 5. The decay widthG(h→gg) as a function ofmh for
differentas ~from the bottomas50.110, 0.115, 0.119, 0.123! in the
decoupling limit.
1-5
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is useful in evaluatingh Higgs boson couplings tob and t
quarks in the decoupling regime.

Here, we point out that the run II at the Tevatron cou
observe the Higgs bosonh through the promising final state
of the gg andgg channels or theb̄b final state.

B. The decaysA\ l̄ l

In the MSSM, the decay amplitude of aCP-odd neutral
Higgs bosonA ~with massMA and four-momentumPm) into
a lepton l and antileptonl̄ with four-momentapm and (P
2p)m , respectively, is given by the following Feynman am
plitude:

Am~A→ l̄ l !5 i (
Q:b,t

ū~p! g5 FQ~MA
2 !v~P2p!,

~23!

whereFQ(t5MA
2) is the complex function~form factor! pro-

viding the transition from theA Higgs boson into a lepton
pair. One can consider this transition via the intermedi
off-shell spin-1 bosonsV* ~photons,W6 bosons, and so on!
within the vertexAV* V* :

FIG. 6. The decay widthG(H→gg) as a function ofMH for
different tanb510 and 30.

FIG. 7. The decay widthG(h→gg) as a function ofmh in the
decoupling limit.
05500
e

Gmn5emnab ka ~P2k!b FA@k2,~P2k!2# ~24!

with

FA@k2,~P2k!2#5 (
Q:b,t

rQ eQ
2 f VV

Q F̂QA@k2,~P2k!2#.

~25!

Here,rQ5tanb for the b-quark loop andrQ5cotb for the
t-quark loop;km is the four-momentum of aV* boson. There
is a natural normalization conditionFA(0,0)5 f VV in Eq.
~24! where the decay constantf VV is given for the decay of
anA Higgs boson into two realV bosons. The form ofFA in
Eq. ~25! should be taken so that the Feynman integrals
not divergent. Here, we simply takeF̂QA@k2,(P2k)2# as

F̂QA@k2,~P2k!2#5
lQ

2

lQ
2 2k22~P2k!2

~26!

which has good analytical properties, and carries both
vector dominance features and the properties of the r
static limit. The parameterlQ must be large enough, and fo
numerical estimations we putlQ

2 5MA
2 where MA

;O(1 TeV). To be more precise in the calculations of t
decay width of the processA→ l̄ l , one has to take into ac
count the fact that the form factorFA@k2,(P2k)2# should be
a complex function with the following real part:

ReFA~MA
2 !5

P

pE0

`Abs@FA~ t !#

t2MA
2

dt. ~27!

Here, the absorptive part Abs@FA(t)# can be found if we take
theS0

1 leptonic pair in the final state and take into account
unitarity condition for the decay amplitude:

Abs@FA~ t !#5
1

2 i A2 t
E dV I d4S P2(

I
qI D

3^I uTu~ l̄ l !S
0
1&* Am~A→I !. ~28!

In Eq. ~28!, the integration over the phase-space volumeV I
for all possible intermediate statesI, i.e., the off-shellg* g*
state, the heavy quark–antiquark state, the heavy quark,
the off-shellg* quantum are taken into account. The dec
width G(A→ l̄ l ) normalized to two-photon decays is calc
lated as follows@20#:

Br~A→ l̄ l /gg![
G~A→ l̄ l !

G~A→gg!

52 j l

1

~4 p!2 S ml

MA
D 2 1

p2
uRu2 ~29!

with
1-6



e

a

he

th

t,
i-
t t
g-

t

r

ay

SEARCH FOR NEW HIGGS PHYSICS AT THE . . . PHYSICAL REVIEW D 67, 055001 ~2003!
R5
1

j l
F i p

2
ln

12j l

11j l
1

1

4
ln2

11j l

12j l
2 ln

11j l

12j l
1

p2

12

2FS 12j l

11j l
D G , ~30!

where F(x)5*0
xdt ln(11t)/t, j l5A12(2 ml /MA)2. The

normalized decay rate~29! is very convenient because th
dependence on tanb is canceled for theVV channel. The
corresponding SM background comes from the Drell-Y
production

q̄q→g* ,Z* ,Z8* → l̄ l .

The signals we are looking for would be identified by t
peaks of the invariant mass oft1t2 and/orm1m2 pairs. In
Table I we show the calculated results of the decay wid
A→m1m2 andA→t1t2 normalized togg- channel as the
function of MA . At the end of this part, we conclude tha
apart from reducing theA→t1t2 signal due to some exper
mental constraints, this decay mode could be detected a
Tevatron’s run II~almost! as easily as the corresponding si
nal of A→m1m2 decay.

C. The decaysA\ggh,ggh

In addition to the proposal for searching forA Higgs
bosons via the decayA→Zh @10#, we suggest investigating
the decaysA→ggh and A→ggh which can be relevant a

TABLE I. The values Br(A→ l̄ l /gg) as a function ofMA where
l 5m2 andt2.

MA (TeV)
0.10 0.25 0.50 0.75 1.00 1.20

Br(A→m1m2/gg)3108 3.00 1.00 0.28 0.15 0.10 0.007
Br(A→t1t2/gg)3106 0.84 0.27 0.11 0.06 0.04 0.02
t

-
-

e

d

05500
n

s

he

the Tevatron’s run II forMA.mh at large tanb. We first note
that the rate of theggh channel might be more promising fo
discovery ofA Higgs bosons than those of thet1t2 and
m1m2 channels.

The matrix element of the decay ofA Higgs bosons with
momentumP into g, g, andh with momentak1 ,k2, andk3,
respectively, has the following form:

M ~A→ggh!5
ANc p a ig

mW AMA

3TrF (
Q:b,t

g5 rQ eQ
2 mQ

3~MA2 P̂!GQ rhQ TQG , ~31!

whereTQ is the amplitude providing the transition of theQ̄Q
virtual quark pair into theggh final state~the permutations
are taken into account!; GQ is the vertex function describing
the couplingshQ̄Q taking into account therQ flavor-
dependent factor. The differential distribution of the dec
width A→ggh over the invariant masss̃ of the final state’s
two-photon pairs and normalized to thegg width is given by

TABLE II. Br( A→ggh/gg)31022 as a function ofk for
tanb55,10,20, and 50;MA is taken to beMA50.8 TeV as a typical
value.

k5mh /MA

0.05 0.1 0.2 0.3 0.4 0.5

tanb55 0.066 0.054 0.044 0.032 0.025 0.014
tanb510 0.26 0.22 0.18 0.13 0.10 0.058
tanb520 1.09 0.91 0.73 0.54 0.42 0.24
tanb550 6.54 5.43 4.43 3.28 2.54 1.43
1

G~A→gg!

dG~A→ggh!

ds̃
5rhQ

2
GF a3 s̃ MA

2

8 A2 p2 ~a22 s̃2!2 ~a1 s̃/2!
, ~32!
art

o-
out
de-
where a5(12k2)/2, k5mh /MA , s̃5s/MA
2 , s5(k1

1k2)2. In Table II, we present Br(A→ggh/gg) as a func-
tion of k for different values of tanb55,10,20, and 50 a
fixed MA50.8 TeV.

The width G(A→ggh) can be obtained from the corre
sponding decay width forA→ggh by making the replace
ment a eQ

2 →(A2/3) as . The relative decay width ofA
→ggh normalized toA→gg gives an identical value to th
one listed in Table II atMA50.8 TeV.

Compared with theA→t1t2/m1m2 cases as discusse
in Sec. IV B, we conclude that theA→ggh channel in the
MSSM could be observed for 0.15<k<0.2 (120 GeV<mh
<160 GeV) and for tanb.5.

V. THE DECAYS Z2\Z1H

To reach a unified theory of all interactions one could st
with the grand unification theory~GUT! group SU(5)@23#
which is the minimal unification group of strong and electr
magnetic interactions. However, this example was ruled
by several experiments such as searching for the proton
cay. The natural extension leads to SO(10)@24#. It is known
1-7
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that all unification groups larger than SU(5) have ex
gauge bosons, the neutralZ8 bosons and the chargedW68
ones. Experimental signals of those extra gauge bos
would give very important information about the underlyin
GUT and its origin. The search forZ8 andW68 is therefore
an important subject for the physical program at the Te
tron’s run II, where very high precision measurements c
give valuable information onZ8 andW68 because they are
sensitive to rare processes, including their decays.

The cross sections( p̄p→Z8 l̄ l ) for Z8 production at the
Tevatron is inversely proportional to the total decay wid
GZ8 . Obviously, the inclusion of extra channels inZ8 decays
leads toGZ8 becoming larger ands( p̄p→Z8 l̄ l ) smaller. As
already pointed out@25,26#, if the decays ofZ8 into h

1$Q̄Q%s51 ,h l̄ l are kinematically allowed, searches forh
Higgs bosons or exotic heavy quark–antiquark bound st

$Q̄Q%s51 with spins51 would be interesting channels. Th
study of the decayZ8→h1$Q̄Q%s51 @25,26# would provide
useful information about the nature of the extended ga
structure such as the couplings ofZ8 with heavy quarks in
both the vector and axial-vector sectors, the couplings oh
with heavy quarks,Z2Z8 mixing effects, the physics o
mass eigenstatesZ1 and Z2, and interplay with the matte
fields.

In an effective rank-5 model, including only one ext
neutral gauge bosonZ8, the interaction Lagrangian is give
in the standard manner:

2Lint5
1

2
g1ZmF(

f
C̄ fg

m~gv
f 2ga

f g5!C f G
1

1

2
g2Zm8 F(

f
C̄ fg

m~gv
f82ga

f8g5!C f G , ~33!

whereC f is the fermion field with flavorf. The first term in
Eq. ~33! is written down within the SM wheregv

f 5T3 L

22 Qfsin2uW, ga
f 5T3 L ; g15g/cosuW is the SM coupling

constant, andT3 L and Qf are the third component of th
weak isospin and the electric charge, respectively. The p
(gv

f ,ga
f ) and (gv

f8 ,ga
f8) represent the chiral properties of in

teractions ofZ and Z8 bosons withC f , respectively. The
mass eigenstatesZ1 and Z2 are parametrized by a mixin
angle u originating from the mixing between weak eige
statesZ andZ8:

S Z1

Z2
D5S cosu sinu

2sinu cosu D •S Z
Z8 D . ~34!

Therefore, the Lagrangian~33! is replaced by

Lint5
2g

2 cosuW
(

f
@Z1m

C̄ fg
m~Vf2Afg5!C f

1Z2m
C̄ fg

m~Vf 82Af 8g5!C f #, ~35!
05500
ns

-
n

es

e

irs

where

Vf5gv
f cosu1

g2

g1
gv

f8sinu, Af5ga
f cosu1

g2

g1
ga

f8sinu

~36!

and

Vf85
g2

g1
gv

f8cosu2gv
f sinu, Af85

g2

g1
ga

f8cosu2ga
f sinu

~37!

with g25g1A(5/3) sin2uW l.g1•0.62Al, l;O(1) @27#. We
use the LEP measured value sin2uW(MS)50.23117@18#.

The decays ofZ2 are a promising place to search for
CP-even light Higgs bosonh. Here, the effects of heavy
quarks cannot be neglected. As a result, there exists an
fective h-gluon-gluon interaction which arises from the tr
angle diagram with a heavy quark loop and does not
couple in the limit of large quark masses. One can sepa
out the heavy quark contribution and use an effective l
energy theorem@28–30# for the Higgs boson interactions. I
the limit MZ2

@mh @mh;O(100 GeV), MZ2
is the mass of

Z2] when h is a constant field, the interaction ofh is repro-
duced by rescaling all the mass termsmj5mj (11h/v), j
5quarks, W,Z,Z8, . . . , and as→as1das with das

5as
2 h/(3 p v) @28–30#. Here, the number of heavy quark

is restricted to one, that is, only the top quark loop will
involved in the game. The interaction Lagrangian becom

Lint5~11h/v !rhtmt t̄ t1
as rht

12pv
hGmnGmn

2~11h/v !2S mW
2 Wm

1Wm1
1

2
mZ

2ZmZm

1
1

2
MZ8

2 Zm8 Zm 8D , ~38!

where Gmn is the standard gluon field strength tensor a
hgg interactions are induced by the top quark loop.

If the mass of theh Higgs boson is low enough for th
decayZ2→Z1h→ l̄ lh to be kinematically allowed, the Teva
tron bounds on this transition could severely constrain
structure ofh couplings. The relative differential distributio
of the decay widthG(Z2→ l̄ lh) over the dimensionless vari
able x5(pl1pl̄ )

2/MZ2

2 (pl and pl̄ are the momenta of a

lepton and antilepton, respectively! is given by
1-8
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Rl̄ lh~x![
1

G~Z2→ l̄ l !

d G~Z2→ l̄ lh !

dx

5
g2 V8VMZ2

2 rht
2

4 cos2uW V̄8 24 p2 v2 x
@~12ah!21x2

22x~11ah!#1/2S 12
4

x
al D 1/2

3S 11
2

x
al D ~12ah!21x212x~22ah!

~12x!21c2
, ~39!

where V850.62l1/22u gv , V5gv10.62l1/2 u @27#, V̄8
5(A3/2)(124 sin2uW)1/2 @31#, aj5(mj /MZ2

)2 with j

5 l ,h, andc5GZ2
/MZ2

. To get V̄8 we have taken into ac

count the same normalization for theZ2-lepton couplings as
the usual one for theZ-lepton interplay within the SM. In the
formula ~39!, the Drell-Yan processp̄p→Z2→ l̄ l is used as
normalization. For numerical estimations, we used the
rameters determined by electroweak data analysis@27# with
pure vector couplings ofZ2. One would expect the ampli
tude for the processp̄p→Z2→ l̄ lh to be enhanced by th
factor rht

2 V8 V with respect to the standard model pred
tion. The calculated results for the decay width forZ2
→m1m2h normalized toZ2→m1m2 are given in Fig. 8.

We used the typical value for the mixing angleu
520.02 for a reasonable approximation sinu.u and the

FIG. 8. Thex5(pl1pl̄ )
2/MZ2

2 distribution of Rm1m2h in the
decayZ2→m1m2h for MZ2

50.3 TeV, 0.5 TeV, 0.8 TeV, and 1
TeV.
05500
-

trial valuec50.02 for the ratioGZ2
/MZ2

@27#. Note that the

changing of the parametersu andc in the window of allowed
electroweak parameters@27# does not lead to visible new
effects with respect to the estimation done in Fig. 8.

VI. CONCLUSION

To summarize, we have demonstrated that the bound
the scale of quark-lepton compositeness and theZ8 boson
mass in the extended SU(2)h3SU(2)l model, which are de-
rived from the data taken at the Tevatron~CDF analysis!, can
be combined to constrain the upper limit of the masses
mass eigenstatest̃ 1 and t̃ 2 and thus can be used to sens
tively probe radiative corrections to the MSSM Higgs sect
Comparison of experimentally measured radiative corr
tions combined intoD with calculations can give a precis
estimation of the lower bound on theh ~as well asA) Higgs
boson masses. The analysis of the scaleL as well as the
precise measurement of the lower bound on theZ8 boson
mass at the Tevatron run II can probe theCP-violating mix-
ing between two heavy neutralCP eigenstatesH andA, and,
as a consequence, the nonminimality of the MSSM Hig
sector. It is expected that the Tevatron run II experiments w
be able to excludeZ8 bosons with masses up to 750 Ge
This leads to a restriction of model scale parameters likx
5u2/v2, which would grow. Note that recent experiment
limits on WLR8 and ZLR8 gauge bosons in the canonical lef
right symmetric model@32# require that their mass be highe
than about 800 GeV. An important question is whether
forthcoming data at the Tevatron run II atAs52 TeV will
progress far enough to determine the lower bounds on thL
scale and theZ8 boson mass within the models considered
this work.

A large decay widthh→gg arises due to a sum of one
loop intermediate heavy quark states largely decaying
two gluons~a new interaction of theh Higgs boson is ex-
tended only to the third family!. Theh→b̄b channel will be
diminished, otherwise it must have already been establis
at the Tevatron. Thel̄ l mode via gluon fusion may be sig
nificantly enhanced in the MSSM. Thus, this mode is a v
promising channel to discover theCP-odd Higgs bosonA.
The discovery region for thet1t2 mode might be enlarged
as well as them1m2 channel, if a precise reconstruction o
the mass of theA Higgs bosons were available. The detecti
modesA→ggh andA→ggh may be good channels for dis
covery of two Higgs bosons predicted in the MSSM.

From the above considerations, we note that the Teva
run II might obtain evidence of Higgs bosons (h, H, and/or
A) whose dominant final states could be gluon jets and
pairs oft1t2 or m1m2 instead ofb̄b.
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