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Search for new Higgs physics at the Fermilab Tevatron
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We discuss the Higgs boson mass sum rules in the minimal supersymmetric standard M&8l]) 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 Tevatrondata 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$8(#?) model. In addi-
tion, we discuss the physics of rare decays of MSSM Higgs bosons indi#ven andCP-odd sectors and
also some extra gauge bosons.
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. INTRODUCTION heavyH) scalar andCP-odd pseudoscald®) sectors. As for

] ] ) ) ] extra neutral gauge bosofs, their existence is required by

There are still some serious |ngredlents in the fundameny,gdels addressing the physics beyond the SM, such as su-
tal mt_eractlons of_e_lementary_ partlcle_s that have not beerﬁbersymmetry(SUSY), grand unification theory, superstrings
experimentally verified. The Higgs parti¢g and new heavy 514 so on. The prediction for the masdds, of the G’
neutral gauge bosor®' CZ', W*', Z", W*", etc., have not bosons is rather uncertain, although these bosons could be
yet been established and the physics of those particles stileavy enough with massésg > O(m;) (m; is the mass of
remains elusive. In recent years, the amount of work searchhe Z boson. The simplest version of existing’ bosons is
ing for the Higgs and extra gauge bosons has increased cofased on a model with extension of the standard SU(3)
siderably and this research subject is now one of the mosk SU(2)xU(1) gauge group by an extra U(1) fact(8].
exciting topics in searching for physics beyond the standardhere are also many other extended models of the SM, such
model(SM). On one hand, recent CER& e~ collider LEP  as the ones in which the SU(2) gauge group is extended to
2 experiments determined the lower bound of the Higgs boSU(2)x SU(2) [4—7] and to SU(2)X SU(2)xU(1) [8]. In
son mass to be approximately 114.1 GdV. Furthermore, it those models, the massive @Jextra gauge bosor(gorre-
should be pointed out that the Fermilab Tevatron {iafdor =~ sponding to the broken generatpoesuld couple to fermions
searching for the low energy effects of quark-lepton contacin different generations with different strengths and thus
interactions on dilepton production taken @=1.8 TeV  could give the answer to the question of why the top quark is
translate into lower bounds on the masses of extra neutr&lo heavy, since they might single out fermions of the third
gauge bosongZ’. On the other hand, recent theoretical generation. Precision measurements of the electroweak pa-
progress in the study of strong and electroweak interactiongameters narrowed the allowed region of extra gauge boson
and the fundamental concept of natural extensions of the SWhasses, keeping Higgs boson masses consistent with radia-
have changed the physics of interplay between the knowtive corrections including the supersymmetric ones.
matter fields and suggested exciting new phenomena related One of the goals of the present work is to examine the
to new matter fields via new interactions. potential of the run Il experiment at the Tevatron in search-

One of the most challenging current topics beyond theng for h, H, and A Higgs bosons and new extra gauge
SM is to study the physical implication of a set of Higgs bosons, and to give an estimation of the upper limits on the
particles and extra gauge bosons predicted by the minimanasses of top squarks as well as lower bounds on the masses

supersymmetric standard mod®SSM) in the Tevatrorﬁp of the scalar Higgs bosons in both the light and heavy mass
collider experiment at/s=2 TeV. The production of Higgs S€ctors. .
bosons or their decay@ia heavy quark or lepton interac- We first show how the existing Tevatron bounds on the
tions) are promising and useful processes which could b&¢@le of quark-lepton compositengg can be adopted to
searched for in the forthcoming high energy experimentszprov'de an upper limit on the quantityt, -, 1.e., the
With the advent of run Il at the Tevatron, it is expected to beproduct of the masses of top squark eigenstaeandt .
shown that the intermediate heavy quark loop can be a siaAe also discuss how the lower bounds on the scalar Higgs
able source of Higgs bosons in bo@P-even (light h and  boson masses can be obtained from the forthcoming Teva-
tron data. Furthermore, we emphasize that the forthcoming
experiments for discovering supersymmetry in both the
*Email address: kozlov@thsunl.jinr.ru Higgs and quark sectors could lead to estimations of the
"Email address: morii@kobe-u.ac.jp masses of the neutral and charged extra gauge bascensd
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w*, respectively. As an example, models in which the pre- A*=sinfd (cos¢ W§h+sinq§ W§‘|)+cose X#* (3
cision electroweak data allow the extra gauge bosons to be of
order O(0.5 TeV) are, e.g., the noncommuting extendedfor a photon and
technicolor models[5]. Z' and W*’ bosons with such ) )
masses are of interest, since they are within the kinematic =~ £1=C0S0 (cos¢ W +sing Wz)—sing X*, (4)
reach of the Tevatron’s run Il experiments.

Then we also study the processes such as Z5=—sin¢ W§h+ cos¢ ng (5)

Hp—>gg—>(h/H)x,AX, (1)  for the neutral gauge bosods,Z,, respectively, which de-
fine the neutral mass eigenstatésand Z’ at the leading

keeping in mind that the main channels in the MSSM are thérder of a free parameter[9],

scalar ones, i.ell, QQ, yyh, ggh (v, g, |, andQ mean a —code sing

photon, a gluon, a lepton, and a heavy quark, respecjively 1 _—

since the pseudoscalar mode is largely suppressed in the Z x cosd Z,

wide range of the MSSM parameters. Since in two-photon (Z,)z cosS¢ sing 1 '(Zz>’ (6)

(v7y) or two-gluon(gg) decays the invariant mass of the X COSf
or gg system would be identical to the mass of the decaying

boson, a promising way to detebtand H bosons at the ) o ) )
Tevatron is to search for the decapisH—yy and h,H where @ is the usual weak mixing angle arfl is an addi-
tional mixing angle due to the existence of SU(2)

—gg as well. It is known that in high energgp (or pp) % SU(2),
| -

collisions the contributions of gluonic interactions become The parametex in Eq. (6) is defined as the raticx
large due to the increase of gluon densities in the proton. The P d-

: , " =u?/v?, whereu is the energy scale at which the extended
Tevatron run Il experiment could observe the lightest Higgs u ' ; o
boson production via a two-gluon fusiggg— h with a cross weak gauge group SU(gx SU(2), is broken to its diagonal

sectiono of order o~ O(1.0 pb) atm,~110 GeV[10]. In- subgroup SU(2), while v=246 GeV is the vacuum expec-
creasing theh boson maés up to 1?30 GeV would 'Iead to tation value of thécomposité scalar field responsible for the
decreasing ofr up to order((0.2 pb). ForA Higgs boson symmetry breaking SU(2)<U(1)y—U(1)e . in the model

production the following important features are remarkable.Of extended weak interactions. The generator of the L1)

(i) The detection efficiency of the signal events has highd™UP IS the usual ele(.:trlc charge opera@eTs +Ts,
accuracy because the decay/oHiggs bosons can be pre- +Y. Atlarge values of sig, theZ, boson has an enhanced
cisely modeled in the kinematic region for various decaycoupling to the third generation fermions through the cova-

channels, e.gA—I1,yyh,ggh (here, the leptonkrun over ~hant derivative
electronse, muonsy, andr leptons.

(i) The massM, of the A Higgs boson can be recon- D#= gt —i Lﬁ Z‘f(T3h+T3|—sinz¢9~Q)
structed from its final state to test the mass relation in the cos
MSSM mass sum rulgll] at the tree level, _ siné cos¢g
—ig Z4§ " Cosd Ts + Sind LENE )
m2+M2=M3+mz2, ()

The Lagrangian density for an effective quark-lepton contact
with its deviation due to radiative corrections{ and M interaction looks like
are the masses of tl&P-evenh andH Higgs bosons, respec-

tively). 1 — —

The outline of the article is as follows. In Sec. II, we LD A—z[gg(ELmEL)(QLY“QL)
define the model. Estimation of the upper limits of the LL
masses of top squarks as well as the lower bounds on the 2= ~
masses of the scalar Higgs bosons will be discussed in Sec. TOL(ELYumaE (Quy Q)]
1. Section 1V is devoted to study of rare decayshpH, and 92 _ o
A Higgs bosons in the MSSM. Section V focusestoldiggs + —Ze(eRyMeR)(QLy/‘QL)
boson production in the decay of an extra gauge bason Afr

Finally, in Sec. VI, we give our conclusions.

1 1
+ A_Z(EL'VMEL)+ A_Z(eR')’MeR)
Il. THE EFFECTIVE MODEL LR RR

In the model of extended weak interactions governed by a 2 =
pair of SU(2) gauge groups SU(2¥SU(2) for heavy Xq:zu,d 9g(drY"UR), 8)
(third generatiopand light fermiongthe labelsh andl mean
heavy and light, respectivelythe gauge boson eigenstateswhereE, =(v.,€), ,Q, =(u,d) ; g; are the effective cou-
are given by{12] plings andA;; are the scales of new physics. The aim of the
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Collider Detector at FermilakCDF) Collaboration analysis L
[2] was to search for deviation from the SM prediction in the 2
dilepton production spectrum. If no such deviations are
found, the lower bound of thA scale can be obtained. The
embedding of the extra gauge bosons in the model beyonc
the SM gives rise to quark-lepton contact interactions in ac-
cordance with the following part of the Lagrangian density
(see[9)):

M, =0.8 TeV

1.5

cot¢o

ED_ | | M , 0.5
Mé, 2 |§ﬂ LYl ngsyc aLy™dv
9

whereg=e/sin §. We suppose that the couplings in the first
two generations are the same in strength.

-
|I||||I||||||I|||I||

0 - S B S
0.76 0.78 0.8 08 sino

FIG. 1. The upper limit ot =log[(n, - n; )/n¥] as a function of
sin ¢ for different values ok=2 and 3;u=m,=120 GeV(dashed

IlI. MASS BOUND ON TOP SQUARKS AND SOME HIGGS line), w=0 (solid line) for M ,=0.8 TeV; tan8=230

BOSON MASS ESTIMATIONS

In the MSSM, the mass sum ru(@) at the tree level is —cotB with the M,>m; relation, one can geM?=M3
transformed into the following form because of the loop cor-+ m2sin?(28)+u?, which leads to disappearance of the

rections[13]: Higgs boson mass in E@10). Here, x is the positive mas-
5 5 sive parameter which can, in principle, be defined from an
My Ma+ 07z —A experiment searching for separation of two degenerate heavy
Mz = M.+ M, +My, (10 Higgs bosonsA and H. This behavior, verified at the tree
level, continues to hold even when radiative corrections are
where My, is the mass of th&' boson; s,z =M3,—m2. included. It has been checked that this decoupling regime is

The correctionA reflects the contribution from loop dia- 2" effective one for all values of tghand that the pattern of

rams involving all the particles that couple with the Higgs MOSt of the Higgs couplings results from this limit.
gosons[14 15 9 P P 99 In studying the mass relatiqii0) from the extended elec-

troweak gauge structure, we must be aware of the issues
\/Nc gmtz 2 ;- g, 2 related to the strgcture afl, in bot'h sides of Eq(10). We
A= _ lo , (11)  suppose thaMy, in the left-hand sidéLHS) of Eq. (10) is
4 o mysing 2 the mass to be determined using the CDF analysis[@a@
Therefore, one can approximate its mass via the phenomeno-
where N, is the number of colors, anoh, andm,y are the |ogical relation(12) while the RHS of Eq.(10) is model
masses of the top quark al boson, respectively. tg9  dependent, where, to leading order, the mdss in the ex-
defines the structure of the MSSM. The values &f tended weak interaction model is My
~(©(0.01 TeV?) have been calculatdd4] for any choice of =my VX/(cosgsing) [9] in the region where cos
parameter space of the MSSM. We suggest that the measuresin ¢. With the help of the CDF restriction fok [2] en-
ment of Mz, would predict the masses of the mass eigen+ering into Eq.(12), one can easily find the upper limit of the
statest; andt,, sincem, andmy, are already measured in product ofrrrtl-rrrt2 from the following relation 13]:
the experiments anahy, is restricted by the LEP 2 dafd] as
[)nh<130 GeV [16]; M, and My, are free parameters A<(B+MY)(B—fC)+mi—m2 (1—sirf28)+ u?,
ounded by combined data coming from the MSSM param- (13)
eter space and the experimental ddtd).
Comparing Eqgs(8) and(9), one can get the relation be-

t

where M} = (M2+ masir?2B+ u?)*2, f=f(¢)
tweenMz: andA as[9] =coteh Jaem /(2 sind), B=B(X,d)=myX/(cos¢sing),
M, = m A cotel(2 sing) (12) andC is the minimal value of thé\ scale extracted from the

CDF analysig2]. The masses o and W bosons are cur-

where the value oA was constrained from the CDF data at rently known with errors of a few MeV eadii8], whereas
Js=1.8 TeV asA>3.7 TeV or 4.1 TeV, depending on the the mass of the top quark is known with errors of a few GeV
contact interactions for the left-handed electrons or muond 18- Note that the dependence of particle couplings vigtan

respectively, found at the 95% confidence leiB]. enters into the radiative correctiah in Eqg. (11) and the
In the decoupling regime of the MSSM Higgs sector MassMy, defined in the decoupling regime. Thus, the upper
where the couplings of the ligEP-even Higgs bosom in  limit on n_-mi, can be accurately predicted by precision

the MSSM are identical to those of the SM Higgs bosons ananeasurements of the lower boundMf,, and the masses of
thus the CP-even mixing anglea behaves as tam— the Higgs boson& and A.
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FIG. 2. The lower bound om? as a function of sirp for dif- FIG. 3. The lower bound OME(212=1M§|1)1/2 as a function of
ferent values ofx=2 and 3;u=m,=120 GeV (dashed ling u sin¢.
=0 (solid line) for M,=0.8 TeV; tan3=30. The regions of the - -
parameter space lying above a given line are allowed by the preseftere, we did not use the mass difference betwigeandt,
model. mass eigenstates, and we sgt=mp =1 TeV (see Fig. 2

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

F|gu_re ! shqws the upper limit drlzlog_[(rrqlqu)/nf] as In more ext)clende(!ioSUSY models, their mass sum rules can
a function of sing for x=2 andx=3 at fixed values olx  ive some useful estimations with the help of the CDF data
andM,. We use the range of the mixing parameter 0.732]. For example, in the minimak, superstring theory, the
<sin¢=<0.85 for aZ’ boson[9] where the luminosity re- particle spectrum consists of three scalar Higgs bosons
quired to exclude S(2) Z' bosons of various masses is low- h,H,,H,, a pseudoscalar Higgs, a charged Higgs boson
est. The corresponding range of the lower boundxois  pajr H*, and two neutral gauge boso@sand Z’. Among

3.9>x=1.6 (left-handed muons and up-type quarks arethese particles, there exists a mass sum rule, at the tree level,
taken into accountfor the sin¢ range above mentioned. The of the form[19]

regions of the parameter space lying below a given line are
allowed by the present model. At present, the LEP bounds on M2, =m2+ M +M§ —Mz—m3. (14)
the mass of thé Higgs boson aré/ ,>88.4 GeV[1]. This
result corresponds to the large fauregion. We see that the The analytical expressions for the loop corrections are un-
function L is rather sensitive within the changing of in  known yet. However, it is known that the one-loop correc-
i.e., the ratio of gauge couplingg/g,. Here,g 2=g, > tions can be summarized into a term logarithmically depen-
+9g,,2, whereg, is associated with the SU(2roup and ~ dent on the SUSY sector mass sceld]. Considering that
defines the couplings to the first and second generation fefn can be identified with the lower bound on the Higgs
mions, whose charges under subgroup SU&2$ the same boson mass, we obtain the lower bound on the Mﬁl
as in the SM, whileg,, originates from the SU(2)group, +|\/|ﬁ at fixedM , as a function of simb:
which governs the weak interactions for the third generation 2
(heavy fermions. In the range of si presented in Fig. 1, 2 g m C2cofe
the width ', of the Z' boson falls to a minimum in the > ME>ME+mi-mi+ —"———— (15
neighborhood of sig=0.8[9], due to the decreasing cou- =1 4 sirfg
p_Iings o the first two generations of fermiqns. In the. raNg€  The results of the calculation of the lower bound Mn
smq§>0.8, Fz_, grows I_arge, due to the rapid growth in the E(E'Z=1Ma.)1/2 as a function of sigp are given in Fig. 3.
third generation coupling. ! i )

The CDF analysis of the contact interaction between left- e have used the scales of new physics C coming
handed muons and up-type quarks is taken into accadnt (from the' CDF a_naIyS|§9] at 95% confidence level in which
—4.1 TeV) in our calculations. The lower boundsrof are contact interactions were assumed only between left-handed

illustrated in Fig. 2. The constraints are given for different&l€ctrons(muons and up-type quarksA>4.1 TeV andA
ratios ofx=2 and 3 as a function of si. In our calcula- >3.7 TeV for left-handed muons and left-handed electrons,
tions, the parameters of the model are typically chosen a&€SPectively.

mp=120 GeV, tarB=30. The value of the neutr&P-odd

Higgs bosonA mass is set to b&1,=0.8 TeV within the IV. RARE DECAYS OF THE HIGGS BOSONS

typical upper limit ofM  kinematically allowed at the Teva- ~ As is well known, Higgs bosons dominantly couple to
tron run Il energy. Herewith, we suppose tiatliggs boson  heayy particles even in the MSSM. ObservatiorhoH, and

can be identified, e.g., via two-lepton decays in #asso- A Higgs bosons depends on the model parameters including
ciated production procegsp—AZ+X with s>M+m,. the masses,, my, andM,.
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A. The decaysh,H—gg,yy

Let us begin with study of the decays—gg and X
—vyvy (X=h,H), where the former dominates over the lat-
ter. The decay width oK—gg (the radiative corrections are
not included is given by
g° al mg

3

[(X—gg)=——r
(X~99) 128 73 md,

Fol?, (16)

where the transition form factcﬁfQ is provided by an inter-
mediate quark loop containingandt quarks[20,21]:

= (1p—1) 1+¢
Fo=prxb Tb‘ Tb4 m?—In? 1_52) —1]
. My
+pxt 71[(71—1) arcsﬁ(2 m).g(z m,— my)
t
1 1+
+t7 w2_|n2<1_§z”.a(mx—th)}—l]_ (17)

Here, 7o=(2 mq/my)?, éo=1\1—7q, pno= —Sinalcosp,
and pyq=cosal/cosg for b quarks; p,o=cosa/sing and
pro=Sina/sing for t quarks; the mixing angler diagonal-

izes theCP-even Higgs squared-mass matrix. For compari-=Phw+[€0S Bsin(8+))/2 cogay,

son, the decay width'(X— yvy) can easily be obtained from
the corresponding decay to two gluo{i®) by a simple re-
placementrs— (3/y2)a €3 (the heavy quark charges, are

included in the form factobganderHFQJr Fw+Fpy:

g% o® my )
F(X—=yy)= 5 [FotFwtFu=l% (18

1024 73 mg,

where the form factoF contributed from heavy quarkQ
is given by

_ 7o (75— 1) 1+,
FQ—Z{prg T(wz—lnzl_gb) —1}
4 2 My
+§ pxt T (1q—1)| arcsi (2 mt)~0(2 me— My)
1 1+¢
+2 (Wz_lnzl—gz -O(my—2 mt)”—ll, (19

and theF,y from weak bosonsV* andF,= from charged
Higgs bosondd* are[22]

FW: PXW 2+3Tw+ 3Tw(2_ Tw)

m
X arcsiﬁ(ﬁ)-e(z My — My)
1 1+
+3 (w2—|n21_§x)-9(mx—2 mW)H (20)

and
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'H-gg) (MeV)
2~ tanp =10
15
1 __
0.5 tanp = 30 ag=0.123
C e
o« / R R I B
200 400 600 800 1000
M, (GeV)

FIG. 4. The decay widtHi’(H—gg) as a function ofM, for
different a (from the bottomas=0.110, 0.115, 0.119, 0.12&nd
tanB=10 and 30.

My

2
) (1—TH:arcsir‘F2 M . (21

FH—:PXHi(
H*

MHi

respectively. Herep,w=Ssin(B—a), pyw=C0SB—a), pnu=

and TH*

=(2 My=/my)?. The calculated results forI'(H

—g9),I'(h—gg) andI'(H— yvy),I'(h— yvy) are given in
Figs. 4, 5 and 6, 7, respectively, where the mass ofGRe
odd A Higgs boson was typically taken to bé,
=0.8 TeV.

In our calculations, the couplings betweehliggs bosons
and left- and right-handed fermions as well as betwhen
Higgs bosons and charginos were neglected. The following
relation between the mixing angte and targ:

cota=—tang

1+2( mz>2 28|+0 me (22)
— | COS —_—
Ma M4A

T (h—>99) (MeV)

6

5

«— o =011

|
180
m, (GeV)

120

FIG. 5. The decay widtH (h—gg) as a function ofm,, for
differentag (from the bottome=0.110, 0.115, 0.119, 0.128 the
decoupling limit.
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F(Hx1—0>_1w) (MeV) L= €uvap K* (P—K)P Falk?(P—k)?] (24)

0.008 With

0.006 FA[kZ,(P—k)2]=Q_bth €5 9y Ralk%(P—k)2].
(25

0.004

Here, po=tang for the b-quark loop ancpo=cotg for the
t-quark loopik,, is the four-momentum of ¥* boson. There
is a natural normalization conditiof 5(0,0)=f, in Eq.
st P R A T (24) where the decay constafi,, is given for the decay of
200 400 600 800 o Gev)  anAHiggs boson into two real bosons. The form of , in

" Eqg. (25) should be taken so that the Feynman integrals are

FIG. 6. The decay width'(H— yy) as a function oM for not divergent. Here, we simply tal%A[kz,(P—k)Z] as

different tangd=10 and 30.

0.002

2
is useful in evaluatindh Higgs boson couplings tb andt %A[kZ,(P—k)2]: 5 Ao (26)
quarks in the decoupling regime. No— k= (P—k)?
Here, we point out that the run Il at the Tevatron could
observe the Higgs bosdnthrough the promising final states which has good analytical properties, and carries both the
of the gg and yy channels or théb final state. vector dominance features and the properties of the right
static limit. The parametexg must be large enough, and for
numerical estimations we put\=M3 where M,
~O(1 TeV). To be more precise in the calculations of the
In the MSSM, the decay amplitude of@P-odd neutral  decay width of the process— |1, one has to take into ac-
Higgs bosomA (with massM , and four-momentun®,) into  count the fact that the form factér[ k?, (P —k)?] should be
a leptonl and antileptonl with four-momentap, and (P a complex function with the following real part:
—Pp) ., respectively, is given by the following Feynman am-
plitude:

B. The decaysA— Il

ReFA(M3)= ;Fw dt (27)

_ o ) o t—M3
AM(A—11)=i szt u(p) s Fo(MR)v(P—p),
o (23)  Here, the absorptive part Alfs,(t) ] can be found if we take

theSé leptonic pair in the final state and take into account the
whereF o(t=M3) is the complex functiotform factop pro-  unitarity condition for the decay amplitude:
viding the transition from thé\ Higgs boson into a lepton
pair. One can consider this transition via the intermediate 1
off-shell spin-1 boson¥* (photonsW* bosons, and so on Abg Fa(t)]= —\/—f dQ, 54( P-> Q|)
within the vertexAV*V*: 21 N2t I

F(ho ) (MeV) X(UT|(Mp)* Am(A=1). (29)

0008 In Eq. (28), the integration over the phase-space voluhe

for all possible intermediate statési.e., the off-shelly* y*
state, the heavy quark—antiquark state, the heavy quark, and
the off-shelly* quantum are taken into account. The decay

width T(A—I1) normalized to two-photon decays is calcu-
lated as followd 20]:

0.006

0.004

0.002 — I'(A—11)

Br(A— 11/ =0

( YY) (A= 77)

P YT A N T ST SR RN SR ST S RN SR
100 120 140 160 180 _s 1 m, 21 |R|2 (29
m, (GeV) =2 § 4 m2 \Mal 72 )
FIG. 7. The decay width'(h— y¥y) as a function ofn,, in the
decoupling limit. with
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TABLE I. The values BrA*)n/')/’)/) as a function oM 5, where
l=p~ and7 .

M, (TeV)

0.10 0.25 0.50 0.75 1.00 1.20
Br(A—utu /yy)x10® 3.00 1.00 0.28 0.15 0.10 0.007
Br(A—7"7/yy)x10® 0.84 0.27 0.11 0.06 0.04 0.02

1fi = 1- 1 .1+ 1+ 2

=—|—1n gl+—In2 é'—ln §|+_

1 2 T1+g 4 1-§ 1-¢ 12

1-¢§

where ®(x)=[5dtin(1+t)/t, &=1—(2 m/Mp)% The
normalized decay rat€29) is very convenient because the
dependence on tah is canceled for thé/V channel. The

PHYSICAL REVIEW D 67, 055001 (2003

TABLE Il. Br(A—yvyh/yy)x10 2 as a function ofx for
tan3=5,10,20, and 500 4 is taken to beM ,=0.8 TeV as a typical
value.

K= mh /MA
0.05 0.1 0.2 0.3 0.4 0.5
tanB=5 0.066 0.054 0.044 0.032 0.025 0.014
tanB=10 0.26 0.22 0.18 0.13 0.10 0.058
tanB=20 1.09 0.91 0.73 0.54 0.42 0.24
tanB=50 6.54 5.43 4.43 3.28 2.54 1.43

the Tevatron’s run Il foM ,>m;, at large tarB. We first note
that the rate of thesyh channel might be more promising for
discovery of A Higgs bosons than those of thé r~ and
u u” channels.

The matrix element of the decay &fHiggs bosons with
momentumP into vy, y, andh with momentak, ,k,, andks,

corresponding SM background comes from the Drell-Yanrespectively, has the following form:

production

aq—>’)/*,z*,2'*—>ﬂ.

The signals we are looking for would be identified by the

peaks of the invariant mass of 7~ and/oru™ u~ pairs. In

Table | we show the calculated results of the decay widths

A—u*u” andA— 77~ normalized toyy- channel as the
function of M, . At the end of this part, we conclude that,
apart from reducing thA— 7" 7~ signal due to some experi-

N, 7 aig
My VM p

XTr

M(A— yyh)=

2
e Mm
Q%t V5 PQ €q Ma

X(Ma— la)FQ pho Tols (31)

mental constraints, this decay mode could be detected at the

Tevatron’s run ll(almosj} as easily as the corresponding sig-

nal of A—u* ™ decay.

C. The decaysA— yyh,ggh

In addition to the proposal for searching fér Higgs
bosons via the deca&— Zh [10], we suggest investigating
the decaysA— yyh and A—ggh which can be relevant at

1 dI(A—yyh)

2

whereTy, is the amplitude providing the transition of tQEQ
virtual quark pair into theyyh final state(the permutations
are taken into accountl'q is the vertex function describing
the couplingshQQ taking into account thepy flavor-
dependent factor. The differential distribution of the decay
width A— yyh over the invariant mass of the final state’s
two-photon pairs and normalized to the width is given by

3% 2
Gg a°> s Mj

I'(A—yy) ds

where a=(1-«%)/2, k=m,/M,, s=s/Mi, s=(k;
+k,)2. In Table Il, we present B&— yyh/yy) as a func-
tion of « for different values of ta=5,10,20, and 50 at
fixed M,=0.8 TeV.

The widthT'(A—ggh) can be obtained from the corre-
sponding decay width foA— yyh by making the replace-
ment a e3— (v2/3) as. The relative decay width ofA
—ggh normalized toA—gg gives an identical value to the
one listed in Table Il aM ,=0.8 TeV.

Compared with thed— 7" 7 /u*u~ cases as discussed
in Sec. IVB, we conclude that th&— yyh channel in the

PG a2 (a2-2)2 (atsl2)

(32

MSSM could be observed for 0.8%=<0.2 (120 Ge\emj,
<160 GeV) and for tapp>5.

V. THE DECAYS Z,—ZH

To reach a unified theory of all interactions one could start

with the grand unification theoryGUT) group SU(5)[23]
which is the minimal unification group of strong and electro-

magnetic interactions. However, this example was ruled out
by several experiments such as searching for the proton de-
cay. The natural extension leads to SO([[®4]. It is known
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that all unification groups larger than SU(5) have extrawhere
gauge bosons, the neuti@l bosons and the chargat=’
ones. Experimental signals of those extra gauge bosons
would give very important information about the underlying
GUT and its origin. The search f@' andW=' is therefore
an important subject for the physical program at the Teva-
tron’s run 1l, where very high precision measurements can (36)
give valuable information oZ’ andW=' because they are
sensitive to rare processes, including their decays.

The cross section(pp—Z’11) for Z' production at the and
Tevatron is inversely proportional to the total decay width
I';, . Obviously, the inclusion of extra channelsah decays
leads tol',, becoming larger and-(pp—2Z'11) smaller. As
already pointed ouf25,26, if the decays ofZ’ into h Vf'=% g/’ cosf—g'siné, Af’=% gl coso—gfsing
+{QQ}s_;,hlIl are kinematically allowed, searches for 91 9 37
Higgs bosons or exotic heavy quark—antiquark bound states
{QQ}s- with spins=1 would be interesting channels. The

study of the decag’ —h+{QQ}s_; [25,26 would provide  with 0>=01+(5/3) sirfey A=0g;-0.62/\, A\~O(1) [27]. We
useful information about the nature of the extended gauggse the LEP measured valuegig(MS)=0.23117[18].
structure such as the couplings &f with heavy quarks in The decays o, are a promising place to search for a
both the vector and axial-vector sectors, the couplingd of ~p_ayen light Higgs bosorh. Here, the effects of heavy
with heavy quarks,Z—dZ mmgg effecI:ts, theh pr?ysms of quarks cannot be neglected. As a result, there exists an ef-
fm"’lljs eigenstates, and Z,, and interplay with the matter (o0 h-gluon-gluon interaction which arises from the tri-
IeIns.an effective rank-5 model, including only one extra angle diagram with a heavy quark loop and does not de-

, . o g only one ¢ couple in the limit of large quark masses. One can separate
peutral gauge bosar’, the interaction Lagrangian is given out the heavy quark contribution and use an effective low
in the standard manner: energy theoremi28—-3(Q for the Higgs boson interactions. In

Vf=gf)cosa+% g!’sing, Afzggcosa+% gl’sing
1 1

1 _ the limit Mz >my, [m,~O(100 GeV), Mz, is the mass of
~Lin=5091Z, Z \Iw“(gi—g;ys)*lff} Z,] whenh is a constant field, the interaction bfis repro-
duced by rescaling all the mass terms=m;(1+h/v), |
1 , T it =quarks, W,Z,Z’, ..., and ag—astdag Wwith Sag
+50922, Ef V"9, =92 vs) Wi, (33 — 42 /(3 7 ) [28-30. Here, the number of heavy quarks

is restricted to one, that is, only the top quark loop will be
whereW; is the fermion field with flavof. The first term in  involved in the game. The interaction Lagrangian becomes
Eq. (33 is written down within the SM whergy =T
—2 Qssirtby, g;=T3L; g1=9/coshy is the SM coupling
constant, andl'; | and Q; are the third component of the

wefakfisospin a}nd tfhe electric charge, r_espectivel)_/. The pairs Lin=(1+N/v)ppmtt+ %s_Pht hG,,G*"
(9,.92) and @, ,9;") represent the chiral properties of in- 12y

teractions ofZ and Z’ bosons withW;, respectively. The 1

mass eigenstated; and Z, are parametrized by a mixing —(1+ h/v)z(m\z,\,WZWH— Em%ZMZ“

angle ¢ originating from the mixing between weak eigen-

statesZ andZ’:
(Z1> - corsa siné@ ( Z) )
Z; —sing cosf ||z’ where G, is the standard gluon field strength tensor and
hgg interactions are induced by the top quark loop.
Therefore, the Lagrangiai83) is replaced by If the mass of then Higgs boson is low enough for the
decayZ,—Z;h—1I1h to be kinematically allowed, the Teva-
tron bounds on this transition could severely constrain the
__ 9 z [z qu YAV — Al ye) W, structure ot couplings. The relative differential distribution
2 cosby 7 L ° of the decay widtH'(Z,— I1h) over the dimensionless vari-
able x=(p|+p|—)2/M§2 (p; and p; are the momenta of a

lepton and antilepton, respectivglg given by

1 2 51 !
+5M3z2m (39)

int
+22#\5fy“(vf AT )W, (35
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Rw h (x) trial valuec=0.02 for the ratiQFZz/MZ2 [27]. Note that the
i changing of the parametefsandc in the window of allowed
¢ =0.020=-0.02 electroweak parametef27] does not lead to visible new
0.15 effects with respect to the estimation done in Fig. 8.
m,, = 120 GeV

VI. CONCLUSION

0.1 To summarize, we have demonstrated that the bounds on
the scale of quark-lepton compositeness andZhéboson
mass in the extended SU(2J SU(2) model, which are de-
rived from the data taken at the Tevati@DF analysi, can

be combined to constrain the upper limit of the masses of

mass eigenstatels andt, and thus can be used to sensi-
tively probe radiative corrections to the MSSM Higgs sector.
0 L Comparison of experimentally measured radiative correc-
0 0.2 0.4 0.6 0.8 tions combined inta\ with calculations can give a precise
estimation of the lower bound on the(as well asA) Higgs
- boson masses. The analysis of the scileas well as the
FIG. 8. Thex=(p,+p;)“/Mz, distribution of R+, in the  precise measurement of the lower bound on ZHeboson
decayZ,—u*pu"h for Mz,=0. 3Tev, 05 Tev, 08 TeV, and 1 mass at the Tevatron run Il can probe tBE-violating mix-
TeV. ing between two heavy neutr@lP eigenstate$l andA, and,
as a consequence, the nonminimality of the MSSM Higgs
sector. It is expected that the Tevatron run Il experiments will
be able to exclud&’ bosons with masses up to 750 GeV.

0.05

()= 1 d I'(Z;—1lh) This leads to a restriction of model scale parametersike
h r(zz_ﬂ) dx =u?/v?, which would grow. Note that recent experimental
limits on W[ g and Z| ; gauge bosons in the canonical left-
g% VvV’ VM22 pht right symmetric modeJ32] require that their mass be higher
= , 5 [(1—ap)?+x? than about 800 GeV. An important question is whether the
40086y V' 24 77 v? X forthcoming data at the Tevatron run Il @=2 TeV will
4 \12 progress far enough to determine the lower bounds omthe
—2x(1+ah)]1’2( 1- -4 scale and th&’ boson mass within the models considered in
X this work.
2\ (1—ay)?+x2+2x(2—ay) A Ifirge dec_ay widthh—gg arises due to a sum of_ one-
x| 1+ _al) (39 loop intermediate heavy quark states largely decaying into
X (1-x)%+c? two gluons(a new interaction of thé Higgs boson is ex-

tended only to the third family The h—bb channel will be
diminished, otherwise it must have already been established

' 12 172 v/’ =
where V' =0. 62);]2 1‘,92911’ V= gv+0 62\ 0 [27], V' 4t the Tevatron. Thél mode via gluon fusion may be sig-
_(\/—/2)(1 4 sirt ) [31] =(m;/Mz)? with ] nificantly enhanced in the MSSM. Thus, this mode is a very
1 1 2 2' . . + — .

count the same normalization for tlg-lepton couplings as The d|”scov;ahry rfg'fm :lor th? 7]; modg might betenl?rgedf

the usual one for th&-lepton interplay within the SM. In the as well as theu " channel, It a precise reconstruction o
— — the mass of thé Higgs bosons were available. The detection

formula (39), the Drell-Yan procespp—Z,— 11 is used as

| | h modesA— yyh andA—ggh may be good channels for dis-
normalization. For numerical estimations, we used the pag Govery of two Higgs bosons predicted in the MSSM.

rameters determlned by electroweak data analy$ with ) From the above considerations, we note that the Tevatron
pure vector couplings oZ,. One would expect the ampli- ,, | might obtain evidence of Higgs bosoris, (H, and/or
tude for the procespp—2Z,—Ilh to be enhanced by the A) whose domlnant final states could be gluon jets and/or
1‘actorpht V' V with respect to the standard model predic- pairs of 77~ or u* .~ instead ofob.
tion. The calculated results for the decay width By
—u u”h normalized toZ,— u* ™ are given in Fig. 8.
We used the typical value for the mixing angie
=—0.02 for a reasonable approximation 8#6é and the We thank G. Arabidze for help in numerical calculations.
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