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We explore models with additional right-handed gauge bosons that couple predominantly to the third gen-
eration in the context dbb production at CERN LEP. In particular we investigate potential new contributions
to 8grp, that are needed if the measurly; at theZ peak is interpreted as a signal of new physics. We identify
two sources of largéggy, correctionsZ—Z' mixing at the tree level, and one-loop effects from a r&ug(2)
triplet of gauge bosons. We find that the latter can contribuiégtg, at the 1% level. We place bounds on the
mass of the additiona’ gauge boson that occurs in these models usingRtheeasurements from LEP-II. We
find that even in cases where thé couples almost exclusively to theandt quarks, masses lighter than about
500 GeV are already excluded.
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[. INTRODUCTION universal left-right model§17]. Our goal in this paper is to
extend our results in Ref17] by computing the dominant
The precision measurements at theesonance continue one-loop effects taSgg,, and by using the LEP-II data on
to exhibit a deviation from the standard model in the observe+e~ . bb to constrain the mass of the new gauge bosons.
able A2 by about—3.2 standard deviationgl,2]. At the In the standard model the one-loop correctionssty ,
same timeR,, deviates from the standard model by only 1.4that are proportional tM? are~0.006[18]. We can use this
standard deviationf2]. It has been pointed out by Chano- result as a benchmark féigg,, from new physics, suggesting
witz [3,4] that the deviation iMA2g presents a problem for that if it is to occur at one-loop there must be an enhance-
the standard model whether it is genuine or not. In particularment relative to the standard model electroweak corrections.
Chanowitz argues that if the anomaly,lh’&B is attributed to  This is precisely what can occur in models such as those we
systematic error and dropped from the CERNe™ LEP fits,  discussed in Ref[17], where the coupling strength of the
then the indirect determination of the Higgs boson mass is imew right-handed interactiogg, is significantly larger than
conflict with the direct limit[3,4]. One possible interpreta- the SU(2), couplingg, . In this paper we calculate these
tion of this result is that there is new physics associated witftorrections in a simple case and find tigk, from one-loop

the Zbb couplings, and we explore this possibility in the effects can be 1%.

context of non-universal right-handed interactions. Our paper is organized as follows. In Sec. Il we describe
We adopt the following notation for the effective cou- models with additional right-handed gauge bosons that could
plings between th& boson and thé andt quarks: change the valueéggy, significantly while respecting other

phenomenological constraints. In particular we discuss sev-
g — eral ways in which the predominant effects occur for lthe
L=~ ZCosgwa’”[(gLer ogL1) PL+ (grit 09r1) PRITZ,,, and t-quark couplings but not for the-lepton couplings
(1) throughZ—2Z" mixing. In Sec. lll we show how, even in the
absence oZ—Z’ mixing, one-loop contributions t&éggy,
with P_ g=(1F ys)/2, and tree-level standard model cou- can occur at the 1% level. In Sec. IV we present bounds on

plings g, ; and g as in the Appendix. In terms of these the mass of the new gauge bosons from the proeées
effective couplings, the results in Réfl] suggest that new —bb at LEP-Il. We state our conclusions in Sec. V and
physics could be responsible for as much dag,~0.04,  relegate some details to the Appendix.

69.p,~0.004 . At the same time, new physics contributions
to the 7-lepton couplings are constrained to be at most at the
0.001 level.

Several discussions of new physics effects regardipg The models to be discussed are variations of left-right
or R, have appeared in the literature. Among them are lighimodels[19,2Q in which the right-handed interactions single
supersymmetry partnef§] quark mixing with new fermions out the third generation. Our basic model was introduced in
[6—9] top-color [10-12 top-flavor [13—-16 and non- Ref.[17] and we start by recalling its salient features. The

gauge group of the model iISU(3)XSU(2) X SU(2)r

X U(1)g_, with gauge couplinggs, g, , ggr andg, respec-
*Email address: hexg@phys.ntu.edu.tw tively. The model differs from other left-right models in the
"Email address: valencia@iastate.edu transformation properties of the fermions.

II. NON-UNIVERSAL LEFT-RIGHT MODELS
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The first two generations are chosen to have the samghree Higgs boson
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representationsig=(1,1,2)(— 1),

transformation properties as in the standard model wittwhose non-zero vacuum expectation valM&V) vy breaks

U(1)y replaced byU(1)g_, ,
QL=(3,2,1)(1/3), Ugr=(3,1,1)(4/3),

Dr=(3,1,1)(—2/3),

L, =(1,2,1)(-1),

Er=(1,1,1)(—2). (2

The numbers in the first parentheses are 8ld(3),

the group down to SU(3)XSU(2)xXU(1), and the
two Higgs boson multipletsH, =(1,2,1)(—1) and ¢
=(1,22)(0), which break the symmetry toSU(3)
XU(1)em- For the purpose of symmetry breaking, only one
of H, or ¢ is sufficient, but both are required to give masses
to all fermions. It is possible to introduce additional Higgs
boson representations as mentioned in RET], but we will

not do so in this paper.

SU(2), andSU(2)g group representations, respectively, and The introduction of¢ causes the standard mod#| and

the number in the second parentheses idtfiE)g | charge.
The third generation is chosen to transform differently,

QL(3)=(3,2,1)(1/3), Qr(3)=(3,1,2(1/3),

The above assignments are unusual compared with the Zo=cosfzW;gz—Sin6gB,
conventional left-right model, but they enhance the differ-

Z, to mix with the newWg andZi gauge bosons. Hel&/y
is theSU(2) charged gauge boson aidg is a linear com-
bination of the neutral component of tisdJ(2)g gauge bo-
sonW;g and theU(1)g_, gauge bosomB. Specifically,

Z,=c0osOyWs — sin 6,cosOzB — sin H,Sin W3R,

4

ence between the right-handed couplings of the first two an@here tardg=g/gr.

the third generations. This model is anomaly free.

In the bases\{,, Wg) and ,, Zg) for the massive

The correct symmetry breaking and mass generation ajauge bosons, the mass matrices were given in[R&éf.and
particles can be induced by the vacuum expectation values afe reproduce them here for later convenience:

Mi= 397 (v L2 +[v1|+|val?),

Man=39&(vRI2+ |12+ [v4]?),

o

Miw= —9L0rREV1V3), milzzz m(|vL|2+|v1|2+|v2|2),

1 G
222 2 cos b

1 sin Oy

miZZ:ZngR—HULthan Or— (Jv1|?+]v2|?)cot O]

cosfyy,

[|v|?sin* 0+ (Jv1]?+]va|?) cod O+ |vgl?],

(5

After diagonalization of the mass-squared matrices, thection, there are both left and right handed interactions. In

lighter and heavier mass eigenstatésZ’) and \W,W’) are

given by

W) coséy  sinéy (WL

W) | —sin&y coséy/ | Wg/)’

z cosé,  singz\ ([ Z,

Z') \ —sing coséy )\ Zg) ©
whereé; \y are the mixing angles,

2m?
tan2éy )= ——— o2 (7

> .
My1z,w) ~ Ma2z,w)

In this model there are new interactions between the mas-
sive gauge bosons and quarks. For the charged current inter-

the weak eigenstate basis, the charged gauge b@$on
couples to all generations, but the charged gauge bdgon
only couples to the third generation. There is a similar pat-
tern for the neutral gauge interactions. This pattern gives rise
to interactions between the fermions and the lightest physical
gauge bosons that can be made to resemble the standard
model couplings plus enhanced right-handed couplings for
the third generation. In the mass eigenstate basis the quark-
gauge-boson interactions are given by

oL — . ’
—=U ¥*VgmDL(CoséwW,, —sin&yW,, ")

V2

‘CW: -

Or— . ’
— —SURYVETVRb dRi(SINEWW,, + COSEWW,, )

2 i

+H.c, 8
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whereU=(u,c,t) andD=(d,s,b). Vi is the Kobayashi- 8Qrb~ — SIN O COLORV RV Rtz
Maskawa mixing matrix an&";{'ﬂ are unitary matrices which
rotate the right-handed quarks; and dg; from the weak
eigenstate basis to the mass eigenstate basis. The repeated
indicesi andj are summed over three generations. For the

89y~ Sin Oy Cot OV RV Ruéz

neutral sector the couplings are Ogr,~ —SiN Oy COtOré7 . (11
g — _ , This last equation constrains the product &gt to be at the
L=~ mqvf”(gv—9A75)Q(COS§zZM—S|n§zZM) 1072 level or less, whereas one would need @gy~0.08

[17] to explain A2 through this mechanism. Nevertheless,
there are several ways around this constraint. One possibility
is to eliminate the relation between thequark andr-lepton
couplings to the new gauge bosons. To maintain a model that
is anomaly free, this is accomplished by introducing addi-
tional fermions and can be done in more than one way. Two
- o examples are given below. A second possibility is to require
X (Ui Y*ViiViUrj— driV“VahVapdr)) the Z—Z’ mixing to be smallior zerg and in this way sat-
isfy the constraints fromr leptons. As we discuss in Sec. I,
there is a second mechanism at the loop level by which the
model can induce significant shifts ofgg, and not on

In this expressiongy=gcosér=grsindr, q and q. are  sg .

summed ovew,d,c,s,t,b quarks, and repeated]j indices We now discuss two ways to modify the model so that it

are summed over the three generations. The first line corremains anomaly free but does not have enhanced couplings
tains the standard model couplings to @eén the limit £ for the  lepton in the case of large cé

=0. The first two lines also contain couplings of the t&o
bosons to quarks that arise through mixing of the neutral
gauge bosons.
Similarly, the couplings to leptons are given, in the weak In this first example we keep the quark sector as above
eigenstate basis, by but make some modifications to the lepton content. The lep-
ton sector consists of the usual three generatjaiistrans-

Oy — — =
+ ?tanaR(%QLY’LQL"' $URY*Uri— 5driv*dRi)

X(singzZ,+cos¢Z,)— %(tan Or+cotog)

X (siné;Z,+cosésZ),). )

A. Modified lepton sector

g — forming as in Eq.(2)] plus
L7(lepton = — 20059w€ Y*(9v—0ays) € (COSEZZ, )
14
Lg= ( e’R) =(1,1,2(-1), e =(1,1,)(-2). (12
R

—sing;Z,)+ %tan Or(— €, y"€,

Compared with the particle content of Eq8) and(3), the
net new particles are| and Ex(3). Their contributions to
gauge anomaly cancel each other, and therefore the theory is

— 2Egiy“Eri)(SiN&;Z,,+ COSE,Z),)

- %(tan O+ COtOR) (VR, Y VR, — TRY*TR) anomaly free.
The new particlee’ can be made heavy becaudg pro-
X(sin&;Z,+cosézZ),). (10) vides its mass. The neutral new particlg can be made

heavy by introducing a\y(1,1,3)(—2) Higgs boson repre-
In this case{ and¢, are summed oveg, u, 7, v, v sentation with Iarge VEV. Therefore, at low energy one does
andEg, are summed over three generations. not need to qon3|der the effect of the new fer_mlons.
The most interesting terms in Eq®) and (10) occur in The couplings for the usual three generations of leptons

the third line and are potentially large if céf is large. In the become,
weak interaction basis they affect only the third generation
whereas in the mass eigenstate baass written in Eq.(9)]
they also give rise to flavor changing neutral currents. To
satisfy the severe constraints that exist on flavor changing
neutral currents we have to require that W%andV‘F‘{ ma-
trices be nearly diagonal.

In Ref.[17] we studied the case with,# 0, in whichZ — ) )
—Z' mixing is responsible for the shifts in the effective —2Bgiy*Eri)(SinézZ, +c0sézZ,). (13
right-handed coupling of thé quark. Within this scenario,
the model given above also induces large shifts in the rightOnce agairf and€, are summed oveg, u, 7, ve, v,, v,
handed coupling of the lepton, making it phenomenologi- andEg is summed over three generations. The couplings of
cally unacceptable. One finds for large 6g{21], the new leptons are

wr Vr

ga. —

L;(lepton) = — 5 COS&W€ Y*(9v—9avys)t(cosé&;Z,

—sing;Z,)+ %tan Or(— € y*,
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ics effects mainly affect the third generation of quarks; our
model is in some sense “leptophobic.”

In Ref. [17], we pointed out that the procebs-sy se-
verely constrains the mixing of the charged gauge bosons
&w . This constraint is not in conflict with the mixing needed
v — ) in the neutral sectoé; to fit A2; as discussed in Ref17].
+Stantr(—2e"y*e')(singzZ,+C0S622,)  Here we point out that there is another way to obtain(Ed).
without affectingb—svy. This involves a new model in

L;(lepton = — g—;[ﬁyﬂegwng H.c]—

2

X (—2qsirtoy)e’ y'e' (cosé;Z, —siné;Z),)

9L
2C0S6Hy

Oy — S , which the SU(2)y is replaced by &J(1)g with up quarks
— 7 (1anbr+ cotbr) (vRy"vR— €Y €R) (leptons and down quarkdleptons in SU(2) doublets car-
) rying 1 and—1 of U(1)g charges, respectively. This model
X(sinézZ,+cosézZ,). (14 will also give dgry~ £,C0t 6 as in Eq.(11), but it now arises
in the context of models wher@) there are no large contri-
B. Modified quark sector butions toZ— 77", and (b) there are no new charged

, .
In this case we have three generations of leptons transg;‘rjluge boson®V', so that there are no constraints frdim

- : : . : sy. The contributions to the parametér that occur
forming as in Eq(2) with couplings as in Eq(13), and we - , . :
introduce additional quarks to cancel the anomalies: through mixing of theZ a_ndZ are |de_nt|cal to Ref17] and
lead to the allowed region of Fig. 1 in that reference.

u The most important new feature common to all the mod-
Q= ( , ) =(3,1,2(1/3), ug=(3,1,1)(4/3), els that we have discussed is the existence of aZfegauge
di boson which has enhanced couplings to top and bottom
quarks(and perhaps to the lepton provided its mixing with
dg=(3,1,D(-2/3). (19  thezis sufficiently small. In Sec. IV we explore the bounds

. that exist on the mass of th&' from LEP-1l measurements.
The usual three generations of quarks have the same quan-

tum numbers as in Eq&2), (3) and couplings as in Eg$3),
(9). Again the above particle content gives a gauge anomaly
free theory, and the new particles can be made heavy because|n models such as the ones presented in Sec. II, with a

they receive their mass from the VEV ¢ir. The new newSU(2)g gauge interaction, there is a one-loop contribu-

Ill. ONE-LOOP CONTRIBUTIONS TO éggrp

quarks have couplings tion to 5ggy, that is present even when there is no mixiAg.
g priori we can expect this contribution to be similar in size to
- _°t i q’ ' he standard model contribution 8y, , proportional toM?.
Ly(quark = (—2qsirf6y)q’ y*q' (cosé,Z t rd m nog,p t
z 2 cosbyy " “ow One can imagine a suppression of the forh‘l\,(/M\,\,R)2

_ Oy _ _ with respect to the standard modé&d), ,, but this can be
—sing;Z),)+ ?tanBR(éu’y#u’—éd’y"d’) compensated by an enhancemegk/g, )?~ cofédg in the
right-handed gauge couplings.

It would be impossible to present a complete one-loop
calculation forZ—Dbb in the general case of Sec. Il because
o . we do not have sufficient information at present to determine
X(u{ y*u —d{ y*d[)(sin¢zZ,+cosézZ,,). all the parameters in those models. At the same time, we are

interested more in exploring the idea of a potentially strong

(16) right-handed interaction affecting theandt quarks than in
the specific details of the models in Sec. Il. For this reason,
C. Discussion we consider a slightly simpler calculation that has the ingre-

The previous two examples illustrate how it is possible todi€nts we need. First, we will only concern oursezlvgs with
single out theb andt quarks with a new right-handed inter- the one-loop corrections that are enhanceddy/§, ) with
action without affecting ther lepton very much. The price respgct to one-loop electroweak Correctlons.-S-eco.nd, we will
paid is, of course, the introduction of additional fermions.require that there be nd—2z' nor W—W" mixing in the
The additional fermions can be made heavy and this allowgodel. Finally, we will treat all standard model fermions as
us to ignore them at this stage, where we are interested onfj}@ssless except for the top quark.
in the effect of potentially strong right-handed couplings of
the b andt quarks in LEP observables. The new heavy fer-
mions are only used to illustrate that it is possible to con-
struct a renormalizable, anomaly free, model of this type. To eliminate the tree-level mixing in the models of Sec. I

The couplings of theb quark to the new right-handed in a simple manner we first requite,=0 in Eq. (5). This
gauge bosons remain as in the original model so that, accorémmediately makesg,,=0 and allows us to simplify the no-
ing to Eq. (11), we requireézcotfz~0.08 to explainAtF’B tation by calling the remaining VEV i@ v=v,. We further
[17] throughZ—Z" mixing. With cot6i large, the new phys- make&,=0 at the tree level by imposing the condition

X(sinézZ,+cosé;Z;)— %(tan Or+cotbR)

A. Model with no tree-level mixing
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v_=vcotlr

in Eq. (5). The parameteé, describing theZ—Z' mixing is

the only onglbeyond those already appe_aring in the standarc

mode) that enters the result for the—bb partial width at

PHYSICAL REVIEW D 68, 033011 (2003

——

the tree level. As such, it is the only new parameter that

needs to be defined at one-loop in our calculationZof

—bb, and we will return to this point at the end of the
section.

In the simplified model, the gauge boson masses becom

2 2

Mzzg_f( 24 42y = 9r 2 2_ M
W LT T otarfew” ' 2 cooy
2 2 2
gr 9r[ VUr
M\ZNR:?(Ué-FUz), Mgf?(cos’-e;l}z)

(18)

so thatM w~Mz, for large cotfr (and equal toMy, and

Mz, since in this case there is no mixingRecalling the
relation ggsin fg=g, tanéy, we see that this sector of the
model is characterized by the two ratios of VEV's,

My,

R Mwtanéy

v

L R
— =CotbR,
v R

(19

where the last expression follows fog/v>1. It will also
be convenient to define,=v?/(v2+0v3).

In the approximatiom,= 0, the Yukawa Lagrangian nec-
essary to generate the top-quark mass is given by

tr

Ly=—k(t, E)d)(bR +H.c. (20)

All the couplings in this Yukawa potential can thus be writ-
ten in terms ofm; andv as in Eq.(A4).

B. Loops with right-handed gauge bosons

We are ready to calculate the one-loop correctionsgtg,
that are enhanced by éék. We start by considering the

FIG. 1. Unitary gauge diagrams f@—bb that do not involve
scalars.

5 g M7 1|1 7 | M2
(gRb)GB_leﬂ_Z M2 4le 2 0g 12
Wr
M?
—3log > (22
Wg

Later on we will show numerical results ftd ,# 0. Unlike

the counterpart of this calculation in the standard model, Eq.
(28), Eqg. (22) is divergent. This indicates the presence of
additional contributions to this process in our model.

There are two additional diagrams of the form of Fig. 1
that give corrections to the right-handed coupling and that
are enhanced bgé. They look like Figs. 1b) and Xc) with
an exchange of @i (and thereforé quarks in the interme-
diate lines. Both of these turn out to be finite and their finite
parts precisely cancel each other out in Me=0 limit.

C. Loops with scalars

We consider next the contributions from diagrams in
which scalars appear in the loops, as in Fig. 2.

T

A

diagrams in Fig. 1 that do not involve scalar mesons in the
loop. We work in unitary gauge with the vertices given in the
Appendix, and we use dimensional regularization with the
notation

1

€

2
[ _ 2
- y+log(4m)—logu”. (21

Relegating details for each diagram to the Appendix, we
can write a simple analytical result for the sum of the dia- -
grams in Fig. 1 in the limiM =0, FIG. 2. Z—bb one-loop diagrams involving scalars.
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b WE all the one-loop corrections needed to yield a firditg;, and
f we now turn our attention to its possible size.
Z ZR Z ZR
E. Numerical results
WR‘ Adding the results from all diagrams discussed above, we

find in theM ;=0 limit,
FIG. 3. Z—Z' mixing at one-loop.

92 M2 M\%v M2
.. . . R t R H
The finite part that results from these diagrams is model 8gRb=W TR —6+3log > +log W)
dependent. In particular it depends on the details of the scalar MWR t t

potential, which we have not specified, and which deter- (29)
mines the masses of the physical scalar and pseudo-scalar

mesons present in the model. We are 0n|y interested here |-Fp illustrate the magnitude of this correction consider the
estimating the size of the vertex corrections in Fig. 1, and-as€

wish to consider the diagrams in Fig. 2 only insofar as they

are needed to render the result finite. For this purpose it is to UL U_R~10 (25)
sufficient to identify a basis for the scalars that is orthogonal cotbr= v v
to the would-be Goldstone bosons that give the gauge bosons
their mass. We consider all physical scalars to be degenerajghich implies
and to have a large mass, of the ordethva. With details
relegated to the Appendix, we find that the sum of these 0% g’
diagrams contributes the following terms that are enhanced vz M2 (26)
by cotbk: M,  Mw
1 (m\? 1 1 2\ 5 and therefore
(09ro)s= 12| 5| | ~2%(17X) Zlogl—=z|+5
2
2GEM?2 M M?
gr MP 1] 1 M} 5gRb=L —3+§Iog —WZR ﬂL}Iog(—;I :
ZWM—ZZ——-HOQ — _E (23) 872 2 Mt 2 Mt
We (27

Notice that the left-handed couplingg,, does not receive This is to be compared with the corresponding correction to

corrections from the sum of diagrams in Fig. 2. With this 5g, , in the standard model which is given py8]

result, Eq.(23), we find that the divergent terms precisely

cancel the leftover ones from the gauge boson sector in Eq. 2GM?2
(22) leaving us with a finite answer. 5ng:# (28)
8

D. Renormalization and Z—Z" mixing ) . . .
This shows that with large c@k as in Eq.(25), 5ggp, in our

Finally we comment on_the renormalization scheme usedy,gqel is of the same order as the one-loop correctiofyig
At the tree level, theZ— bb decay width(or AEB) takes the  proportional toMf in the standard model.

same value as in the standard model in the absencg of |n order to include kinematic effects froml,+0, we
—Z' mixing. We can therefore express it in terms of thecompute the integrals over Feynman parameters numerically.

input parameter§&e, the physicalZ mass andv(Mz) asis |t is convenient to present the result in the form
usually done for the standard model case. It is clear from the

vertices given in the Appendix, Sec. 3, that none of these \/EGFMZ
guantities receives one-loop corrections that are enhanced by 5gRb:—t
cofdr. The only input parameter that receives enhanced cor- 2
rections is theZ —Z' mixing angle¢, through diagrams such

as those in Fig. 3. These diagrafasd a few othenshave an ~ for the caseyf/M{,~gz/M{, . We showFy in Fig. 4@). In

enhancement of cak through thez'tt or Z’bHcoupIing in  the more general case it is convenient to write
the first case and through thé; W Z' coupling in the sec-

ond case. When th&’ line is connected tdb, a second

cot g factor is picked up leading to corrections f—bb
that are enhanced by éék. In view of this, our simplest
option is to adopt a renormalization scheme in whgh — and we showr, in Fig. 4(b). These results indicate that a
=0 at one loop. That is, we absorb the corrections from Figcontribution tosggr;, at the percent level is possible in mod-
3 into the definition of¢;. This completes the discussion of els with cotfz~10.

Fa(Myw,) (29)

2
Or
99rb= 352 F2(Mw,) (30)
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3 I A e e e e I e e e L A m T LA L E
14 — My=300GeV 2
M, =400 GeV
--= M, =500GeV
2 —= My=600GeV
=
2]
N B \ . . . L1 %ﬂ
oo 450 500 550 600 650 700 750 ‘f: 1
0.24_ — T T T T T T T T T ] %
>
— -4
| 08
] 06 _
= I N AU NN R N B N
L . 1 . 1 1 . 1, 1, 1 1 4 130 140 150 160 170 180 190 200 210
400 450 500 550 600 650 700 750 Egy, (GeV)

M, (GeV)
. FIG. 5. R, at LEP-II energies for caizr=15 with noZ—2'

”FIG' 4 'Toém L?Ctorfl_(MVfoR) an?F2(MWR) evaluatefd nl;megl mixing. The different curves correspond kb, of 300, 400, 500
ca y_to include kinematic effects from a non-zekd, for fixe and 600 GeV. The data points from REf] are shown with their
My =700 GeV. 1-0 and 3¢ error bars.

IV. CONSTRAINTS FROM LEP-II corresponding ratios Rp)exp/(Ry)sm Where Ry)exp are
The mass of additionaZ’ gauge bosons that occur in the averages of LEP-1l measurements as repqrted in[REef.

many models is constrained to be larger than about 500 Ge®"d Ro)sw is the full standard model expectation computed
[2]. These bounds arise mostly from processes involving foulVith ZFITTER as reported in Table 8.7 of Réfl]. Schemati-
first or second generation fermions and do not apply to non¢@lly for the cross section,
universalZ’ gauge bosons that couple strongly to third gen-
gration fe_rmions but very Weak_ly to first and s_econd_ 9enera-  grheory Osmtree Tsmioopt 0z Tsmtreet 07/
tion fermions. Roughly speaking, when Z like this is = ~

. —. Osm TspmtreeT TsM-| Tsmt
exchanged in a process suchkds—bb it generates an am- ee oop ee
plitude of the order of electroweak strength times égt For 14 4 (31)
the models that we have in mind at~10 this can be a T Osmaree

very significant enhancement. On the other hand when the
sameZ' is exchanged between fermions of the first two gen-ln this way the error that results from our using only the

erations, in processes such@s—uu, it generates an am- yee_jevel result for the standard model prediction froom-
plitude of electroweak strength times fa@a which is drasti- PHEP becomes higher order in our comparison with data.
cally suppressed. In models withZ—Z' mixing, we need to remove the
The best bounds one can have at present on SUCh @ enpanced coupling’ 7" =~ as discussed in the previous sec-
come from a process in which a first or second generatiogon | that case the only relevant LEP-II process to bound
fermion pair produces &b pair. Sincebb production in a7’ s e*e~—bh. There are two observables that can be
hadron colliders is mostly a strong interaction process, th%lsed:Rb andA2; . In Fig. 5 we showR, /(Ry) sy for differ-

‘i ; ; e ata— T -
most promising reaction to constrain off is e'e”—bb  ent values oM. In this figure we have assumed no mixing

studied at LEP-II. Notice that for a process such as this One(fZ:O) and used caliz=15[23]. The LEP-II data points are
the exchange of ' results in a correction of electroweak ghown with their 1 and 3+ error bars. It is evident al-

strength, suppressed only by the mass ofZheThe cross ready from this figure thaM,. will be constrained to be
section for this process is largely independent of the value qfarger than about 500 GeV.
cotfr. At leading order, cofiz only appears through the |, Fig. 6 we show similar results for the forward-
width of theZ’ that one must include in the propagator for p,-kward asymmetry. It is evident from this figure M%B
s-channel exchange. _ does not constrain th¢’ as much a®, does due to its larger
In this section we use the LEP-II data ehe” —bb and  experimental errofin this case we only show the &-error
e"e — 7" 7 to constrain the mass of these non-universalpars.
Z' gauge bosons. The calculation is performed numerically As discussed in Sec. Il, it is possible to alla~Z’
using the prograncomMPHEP[ 22] with the following strategy.  mixing in models where the couplings t8° are not en-
We useCOMPHEPto calculate tree level cross sections for hanced. We illustrate the effect of including this mixing in
ete” —ff at LEP-Il energy both for the standard model andFig. 7. For each value dfl;,, we have allowed; to vary
for the standard model plus th& of Sec. Il. We then use between zero ané,= +0.08/cotbg, the value required to fit
these cross sections to construct the ratipg(Rp) spetree AEB from LEP-I. We see that mixing is a small effect By
and similarly forA2;. We then compare these ratios to the at LEP-II energies.
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FIG. 6. Same as Fig. 5 foh2,. Only the 1¢ error bars are

. FIG. 8. ion foe" e~ —bb with M, =4 V f
shown for the data points from Refl]. G. 8. Cross section foe"e™ —bb wit 7 00 GeV for

cot6=10,15 and for a contact interaction approximating #ie
exchange amplitude.

In Fig. 8 we illustrate the effect of varying cé and thus
the Z' width for Mz, =400 GeV. We use values c@f approximation. It is important to notice, for example in Fig.
=10,15 and also show the result of approximating #ie 5, that the LEP-II data are consistently below the standard
exchange with a contact interaction. The results illustrate thahodel prediction. This, combined with the fact that the in-
below the resonance, the bound on e mass becomes terference between th&@andZ’ amplitudes in our model is
slightly tighter for narrower resonancésmaller cotdg). In always constructive in this energy region, implies that the
our model, the interference betwegrandZ’ exchange am- standard model is always a better fit than any of @ur
plitudes is always constructive in the energy region betweemodels. If we require that the new model does not deviate
the two resonances. The figure also illustrates that foras  from the standard model by(® standard deviations, we can
light as 400 GeV, a contact interaction is a reasonable applace the boundsl,,>700(540) GeV for cotlk=15. Given
proximation for effects at LEP-II energies. We shall use thisthat the LEP-Il data are consistently below the standard
later when comparing our bounds with those extracted by thenodel expectation, it is conceivable that there is some com-
LEP-II analysis group for contact interactions. mon systematic error not accounted for in the quoted error

To quantify the bounds on th&' mass we construct @  bars. To account for this possibility, we naively rescale the
for a fit to LEP-II data with our model. In Fig. 9 we present data by a common factor in such a way as to minimizexthe
this result after subtracting the? from a standard model fit of the standard model fit. Doing this results in lower bounds
(using thezrITTER results quoted in Ref1]). Once again we on theZ’' mass. For example, for c64=10 the Z3) sigma
show the three cases at=10,15 and a contact interaction bounds move from 780695 GeV to 530(460 GeV.

We can also use the contact interaction approximation to
bound theZ’ mass. The correspondence to Table 8.12 of Ref.

I ! I
L4 M, =300Gev [1] is (for no mixing
— M,=350Gev
& Mz,=4OOGeV 40 | Y T
o __ - cotB, =10 N
% 35_ -~ cotf, =15
o — Contact
= 301~ .
«
A L
g 251 -
o = L
o i
>T< 20— ~
o F
At = 15— ~1
0.6~ - L
R NP TR (NI N (U R B 100 =
130 140 150 160 170 180 190 200 210 L
Egy (GeV) sk -
FIG. 7. Same as Fig. 5 but allowing f&—2Z' mixing. The e Y N R )
00 400 500 600 700 300 900 1000

bands shown correspond to &g, ranging from 0 to*0.08 with
cot;=15. For each mass, the upper end of the band corresponds to
¢,=—0.005 and the lower end of the band correspondsto
=0.005. Once again the data points are from RE[.

M, (GeV)

FIG. 9. XZ—XéM for fits to R, at LEP-Il energies as a function
of M, settingé,=0.
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an example of a renormalizable model that can give rise to
relatively large new interactions involving only theandt
quarks while respecting low energy constraints.

Finally we have used the LEP-Il data for the process

e"e”—bb to place bounds on the mass of tAé in our
models. This is aZ’ that couples weakly(by a factor
tanfr~ 1/10 weaker than standard electroweak coup)ings
fermions of the first two generations. For this reason, stan-
dard bounds oz’ gauge bosons do not apply. We find that

I T e | the LEP-II data constrain it to be heavier than about 500
xj;somzv & GeV in all cases.
08 = = My =600GeV 7 The contribution of the new gauge bosons in our models

T T e e e o a0 to the procese’e” —bb is of electroweak strength because

B (GV) the enhancement in th& bEcoupIing is compensated by the
FIG. 10. o(e*e”— " 7") for cotds=15. The data points are Suppression in th&’e"e" coupling. In this way, our model
from Ref.[1]. is an example of a kind of new interactions that will only
show their full strength in processes involving four third gen-
eration fermions. It may be possible for the LHC to study
(32 certain processes of this type, and we are currently investi-
4\ gating this possibility.

g tanéy

Mz':\/;

Our model of Sec. Il generates both. R contact interaction
with 7 g=1 and aRR contact interaction withygg=2. For

constructive interference we thus infer the 95% confidence ACKNOWLEDGMENTS
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Finally, since models without mixing also allow large
couplings to ther lepton, we show in Fig. 10 the cross-
section fore*e”— 7" 7~ at LEP-II. A calculation of they?
for the fit in this case indicates that the bounds on Zlie
mass are slightly higher than those obtained from studying
Ry, but not significantly so.

G.V. thanks the Department of Physics at the National Tai-
wan University for their hospitality while part of this work
was completed.

APPENDIX: VERTICES AND ONE-LOOP RESULTS
V. CONCLUSIONS 1. Basic conventions

Motivated by the 3e discrepancy between the standard ~ The general conventions adopted are
model prediction and the measured forward-backward asym-
metry A2, at theZ peak we have studied models which can
generate a sufficiently largégg,, through new non-universal
right-handed gauge interactions.

One possible mechanism to generate #iggy, is the mix-
ing of theZ with a Z’. We had already discussed a model
such as this in Ref{17]. In this paper we have illustrated
several variations on that model that are also renormalizable .9
and anomaly free. At the cost of introducing additional fer- ' #~ ' 2cosgy, Vul(GLo+ 89Lo)PLF (Grot OGro) Prl
mions, we showed two models that produce the required
8grp While satisfying the LEP constraints @igg,. We have
also indicated how it is possible to modify these models so 1
that they are not constrained by-svy. —

We have identified a second mechanism to genefgig €
even in cases with nd—Z’ mixing. This occurs in models
with an SU(2)R triplet of gauge bosons at one-loop, and can
give rise todgrp at the 1% level. By itself, this mechanism
is not sufficient to explain the fulbgg,~ 0.04 favored by the We start with the following parametrization for the sca-
data. The simple model used to illustrate this effect providesars:

Ogui=1- %Sinzaw, Ort™ — %Sir‘zew-

ng=—1+%Sin20W, gRb: %S|nzgw,

2
=m—y+log(47r)—log,u,2. (A1)

2. Scalar sector
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h —i¢ he—id The Feynman rules for couplings of gauge bosons to fer-
S - v quuR mions are already given in Egé) and (9). The Feynman
HL= V2 , Hgr= V2 ; rules involving the scalars which couple to top and bottom
b br proportionally to the top-quark mass can be extracted from
the Yukawa Lagrangian:
hy =i Y N _ 1 i
1 1 Ly=—m| tt+ ——(tth;+bbh,) — —(t yst

- \/§ % t \/Ev( 1 2) \/Ev( Ystoy

_ hy—igy N _ o 1 o o .

2 2 V2 +bysbey) + ;(bLth’z +brt ¢y +t broy

This parametrization contains both the would-be Goldstone — N
bosons that give mass to thé,Z,Wg,Zg and the remaining +trb o)
physical scalafor pseudo-scalamparticles.

Since we do not specify a scalar potential, we cannot ) ] )
identify the scalar mass eigenstates. Rather we work with i terms of the physical scalars defined as in E) the
basis of physical scalars chosen to be orthogonal to th80uplings we need become
would-be Goldstone bosons, under the simplifying assump-

. (Ad)

tion that they all have the same large mass. The physical my _ _
scalars defined this way are Ly=— > cosfr(bPgtH] +tP bH])
M =g (0 6 00 65) U ot + TPk + LB
2 2 —_— i
v2+v? W L2 RV 2 \/E 2
HE = (0 +rd?) iHys)b (A5)
o= -0 o 13} ’ - 75 .
2 \/UZTU% R R%1 1
o X ) o 1 o 0 The vertices of the fornZHH are obtained from the La-
sz—m —SiNOre+ 5 drtCOSORY, grangian
: 2
HI=¢2 (A3)  ,_ 'O 60— —R | Z6(Hs 9 HE
L 2C0$0W ZSIFFGW m}; Z (H2 (7MH2

with x=vg/(v cosfg) with H‘fvz being neutral pseudo-
scalar.s.. The only ngutral §cala_r that _enters thel calcglation is  _ H;&MHZ_)_—QLCOS 20, Z*(H I%Hf — HI%H 1)
the originalh,. Working with this basis we can identify the 2 cosbyy
divergent contributions arising from diagrams with scalar ex-
change(they are independent of scalar mags@he finite + LZ“(hza HO—H% ,h,). (AB)
contributions that depend on the masses of the different sca- 2 cosby . a
lars can only be obtained after fixing all their masses.
Finally, the vertices of the forrd WH can be read from the

3. Feynman rules Lagrangian
In unitary gauge, the verticeyW, W, , yyW, W, ,
YZW/ W[, ZW' W, andZZW W, are as in the standard _ 9rSinfr  wvug v F
. oo =——=—— ———=7Z*Wg,H5 . (A7)
model. The analogous vertices withi; taking the place of \J2 sinby Vu?+v3 #

W[ can be obtained by multiplying the corresponding vertex
with W[~ by a factor of—tarfé,, for eachZ. In particular,
these vertices ar@ot enhanced byggr/g, . There are no
“mixed” vertices with oneW, and oneWg. For vertices Here we present results for the individual diagrams in Fig.
involving a Zg, the ZRWLiWg vertex is given by 1.

tandy,cot fz/cosh,, times the corresponding vertex for

4. Loops involving gauge bosons

ZW, W, and is, therefore, enhanced with respect to the lat- Figure 1(a)

ter by a factor of coti. Finally theZZgWr Wy vertex can To check our results we first evaluate this diagram for the
be obtained by multiplying theZZW,W, vertex by case of the standard model in unitary gauge. In this case the
— tart 6y,cot 6r/cOShy,. internal wavy lines ar&/" andW~ and one finds
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Po__i 9 gcoshyfll-M; 4M; MM} 9 Vel ME[[ 1 (M) 1
w= 2 costy T 1607 | €| 12M3, 3MZ, T aMd, = T S costn 7 1672 MZ|| €09 Mz) 2|9
3M¢ 1 1 (M? 1
+ +fa, |P.. A8 — — Joal — ==
M2, a_|PL (A8) by 4Iog(M§) 8gRt}PL. (A12)

Notice that the first two divergent terms in H#8) that are For our model the only terms enhanced byZ2@gtare

not proportional taVi? are not included in the finite quantity obtained with the intermediate wavy line representinga
59, Of Eq. (28). These divergent terms cancel against othefyng the intermediate state quark being top. As before, we
contributions from the renormalization @, Mz anda  present an approximate analytical result obtained by setting
when one calculates observables such as the partiadth  \,=0 in the loop integrals and expanding the resulting ex-
[24]. It is possible to obtain a simple expression for the f'n'tepression in powers df12/M2, . This yields

partfa, in the limit M3/M2<1. It is given by v We

M2 [ 1 (Mf) } 9 Gr (1MW (gu . ) 3,
fa~— —51{—%-—|2log —%|—3 - 2l e mz2 |4 IR 4 ERt
L 8ME | coghy 9 M2 2 costy 167\ € M3, | 4 4
Mf) J M2 M2\ 1 [ (m?
+12log — | — 10} . (A9) Lt B e O Tt
%Mg M2, log| 7|~ 3|9ri™ 7| log| 72
R
For our model, the terms that are enhanced byékaire M2 7
obtained when the internal wavy lines avé; and Wg, +3log LI I gut | (A13)
resulting in M\ZNR 2
r—_;_9 —gﬁsinzew[ 1 M7 4M3 We only consider the case witl,#0 numerically and in-
w= | 2co9y Y 1672 [; 12M3v - 3M\2/v clude it in the sum of all diagrams in Fig. 4.
R R
MfM% 3Mt2 Figure 1(c)
T | tfar|Pr. (A10) Finally we evaluate the wave-function renormalization
4MWR ZMWR diagrams of Fig. (c). Once again we begin by considering

] _ o ) the standard model in unitary gauge. For this diagram we can
The first two divergent terms in this expression, the ones Nokresent an exact analytical result

proportional toM?, do not contribute to the vertex correc-

tion 8ggp, that we are computing because they are not en- L@ 3M2 1 3M? M?Z
hanced by cé#. Although they appear to be proportional to 1=2y =162 P amMZ e " am2 log| —
2 : : w w K
Or. they really are not when one considers the relations from
Eq. (18). The finite part can be calculated numericajye 3M2MmZ, M3,
only present these results for the sum of all diagnarRer - ng M2
example, forMy, =500 GeV, we findfag=1.32 with a tomw t
renormalization scal@g =M. 6My,+5M2M3,—5M;
It is possibl i i - (A14)
possible to present approximate analytical results by 8M\2N(Mt2_ M\ZN)
taking M,=0 in the integrals. Doing so and expanding the
resulting expression in powers d/M§, we find Similarly, for the case of our model, the terms that are

enhanced by cbt; are obtained from the exchange of

2 3 M2 1+ 3 N M2 [ 11 chargedWy gauge bosons and we find
€ 2

gL IR
2 cosbyy 16m°

2 M\ZNR

(—sirtOy) y ,

2
M
WR

Lg1_ OR 3M{ 1 3M{ (Mf)
" b T16n2 RAMZ e aMZ, 9| W2
3 " 202 2
_Elog 2 . (A11) - 3M2MZ, o M_vv
AME=M3)2 % W2
Figure 1(b) 6My,+5M2M3,—5M;
Once again we first evaluate Fig. 1 for the standard model -~ 8MZ(MZ-M3) (AL5)

in unitary gauge. In that case the internal wavy line is a
chargedW and the intermediate state quarks are top. The As a check of our calculation we have evaluated the cor-
result can be written in the Iimit/l\z,\,/Mt2<1 as responding expressions for the standard model in unitary
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gauge. From these we can obtain, by adding the three con- Figure 2(c)
tributions, the vertex correction term%y, ;, proportional to . ] )
M?Z. This result, Eq(28), is finite and in agreement with the  This type of diagram involves the exchange of a charged

known resulf18]. H, or of a neutraH{ or H, scalars for the left-handed cou-
pling as well as exchanges of a chardegl scalar or a neu-
5. Loops with scalar mesons tral A(l’ or H, scalars for the right-handed coupling,

We now turn our attention to the diagrams in Fig. 2. As
described in the main text we use the basis of EAR)
assuming all scalars to be degenerate and to have a large

mass. gL 1 (m\31 1 M2
15 Costy m(—) z+§"°9(—2”
Figure 2(a) w ®

This type of diagram involves one gauge boson and one x[ _ Esinze I EJF zsinza )x p
physical charged scalar in the loop. There is only a contribu- 3 W 2 3 WP R
tion to the right-handed coupling involving théz H, inter- 1
mediate state. Our result in the limit where the Higgs boson +| = sirfoy(1-2 C0§9R)) pL}_ (A18)
masses are much larger than other masses is 3

g1 (myF1 3 (M}
~1 3 Costy m( 7) PR '09(7> Xy(1=%,)PR- Figure 2(d)

(Al6)

This diagram representswave-function renormalization
Figure 2(b) through scalar loops. Once again, for the left-handed cou-

This type of diagram involves two scalars in the interme-p”ng one obtains contributions from exchanging a charged

diate state. The left-handed coupling receives contribution&' and neutraIHg an'd Ho, yvhereas for the right-handed
from chargedH, scalars as well as from a diagram with one coupling the COh(t)I’IbUtIOhS arise through exchange of charged
neutral H? pseudo-scalar and orie, neutral scalar. The H2 @nd neutraHj andH, scalars,

right-handed coupling receives contributions from the same

diagram with neutral scalars as well as from the diagram

with chargedH, scalars,

g0 1 (miA1 1 M} g 1 (mF1 o1 M
—lo—— | —]| |-t 5 log|— —lo—— 7| —| |-t 5 logl —=
2 cosbyy 167\ v € 2 M 2 cosbyy 1674\ v e 2 7
_ 1, 2 1
X S|n20W+cosz6WxU—§xv Pr X —§S|n26W+ §SII‘120WXU Pr
1 cosby 1 1
+| =5 —5cosBy |Py|. (A17) +(1+cogbR) §—§SIn20w P (A19)
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