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Comparative analysis of the nowdays model-independent searches for virtual states of new heavy
particles at LEP2 experiment energies is presented. Three approaches developed are discussed and
applied in order to find the signals of the heavy Z’ gauge boson in the annihilution processes ete™ —

wru, .
particle.

It is shown that the experimental data are in correspondence with existence of this
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1 Introduction

Recently finished LEP2 experiment program has
accumulated a huge amount of data on four-
fermion scattering processes for the center of mass
energies /5 = 130— 207 GeV [1] that gave a pos-
sibility to carry out the precision test of the stan-
dard model (SM) of elementary particle and fit
all its parameters and particle masses. No de-
viations from the SM predictions were observed.
This program has also included a part devoted
to searching for the signals of new heavy par-
ticles beyond the SM. LEP collaborations ap-
plied either the model dependent or the model
independent analysis of data. The former ap-
proach means that the cormparison of experiten-
tal data with the predictions of some specific
models which extend the SM at high energies
is fulfilled. In this way a number of popular
Grand Unified theories, the supersymmetry mod-
els were discussed and their parameters have been
restricted. Model-dependent bounds are widely
presented in the reports of LEP collaborations [1].
In the model-independent approach one fits some

low-energy parameters such as four-fermion con-
tact couplings. To find the expected signals the
LEP collaborations have used a “helicity model
fit”. In this analysis an effective Lagrangian de-
seribing contact interactions of massless fermion
states with a specific helicity (axial-axial (AA)
model, vector-vector (VV) model, etc.) was in-
troduced and the corresponding couplings have
been restricted.

On the other hand, it would be desirable to
perform a more general kind of analysis of the
data that simultaneously includes all terms of
the effective Lagrangian as free, potentially non-
vanishing independent parameters and, at the
same time, allows to disentangle their contribu-
tions to the basic observables in order to derive
separate constraints within finite regions around
the SM limit [2]. This consideration gives, in par-
ticular, possibility to derive a region in the pa-
rameter space comparable with the data in such a
way that all other searches for new heavy particles
(either model-dependent or model-independent)
have to be in a correspondence with these restric-
tions. In Ref. [3] the model-independent search
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for manifestations of heavy virtual particles with
the specific quantum numbers has been estab-
lished. It is intended to pick up the signal of the
heavy virtual particle without specifying a model
beyond the SM. To realize this program some re-
lations between the parameters of a theory be-
yond the SM following from the requirement of
its renormalizability as well as the kinematics fea-
ture of the specific processes under consideration
were taken into account.

The aim of the present report is to compare
the results obtained in the mentioned model-
independent fits of the experimental data for the
processes ete— — utu~, 7777 to search for the
heavy Z' gauge boson.

2 Four - parametric model - in-
dependent analysis

The SU(3) x SU(2) x U(1) symmetric eeff
contact-interaction Lagrangian with helicity-
conserving and flavor-diagonal fermion currents
can be expressed as [4]:

L= Zggﬂ €ap (éa'Yuea) (fﬂ’?"‘fﬁ) 3 (1)
af

where generation and color indices are not ex-
plicitly indicated, «,8 = L,R denote left- or
right-handed fermion helicities, and the parame-
ters e, = £1/ Aiﬁ specify the chiral structure of
the individual interactions, with A,g some high
energy scales that determine the size of the ef-
fects. Conventionally, the scales of A’s are chosen
by conventionally fixing g2 /47 = 1 as a reminder
that this new interaction, originally proposed for
compositeness, would become strong at the reac-
tion energy v/s ~ Agg.

Specifically, we consider here the electron-
positron annihilation:

et+e = f+7], (2)

with f ==y and 7, and the relevant precision data
at LEP2 for 130 < /s < 207 GeV, published
in Ref. {1], where the results of the four exper-
imental collaborations are combined. Such high

precision data can be regarded as a powerful tool
to severely test manifestations of non-standard
interactions through deviations from the SM pre-
dictions and, clearly, the numerical comparison
of such deviations to the experimental accuracies
quantitatively determines the attainable reach in
the free mass scales Ayg or, equivalently, the ex-
perimental sensitivity to the new coupling con-
stants €4p.

In practice, the situation is complicated by the
fact that, for a given flavor f, Eq. (1) defines eight
individual, independent, models corresponding to
the combinations of the four chiralities o, 3 with
the % signs of the €’s, and the general contact
interaction could be any linear combination of
these models. Accordingly, the aforementioned
deviations from the SM predictions simultane-
ously depend on all four-fermion effective cou-
plings and, for a fixed value of the energy /s,
their straightforward comparison to the experi-
mental uncertainties a priori could only produce
numerical correlations among the possible values
of different couplings, rather than separate, and
restricted, allowed regions around the SM limit
€ap = 0. This could be obtained only by a pro-
cedure based on suitable observables and/or the
analysis of the appropriate samples of experimen-
tal data.

As it was mentioned above, the simplest and
commonly adopted procedure consists in assum-
ing non-zero values for just one of the e4g at
a time, and in constraining it to a finite inter-
val by essentially the x? fit analysis of the mea-
sured cross sections and forward-backward asym-
metries, while all the other parameters are set
equal to zero [5, 6]. In this way, only tests of
specific models could be performed.

To present the analysis in Ref. [2] we restrict
ourselves to the case of f = u,7. Neglecting all
fermion masses with respect to /s, and taking
into account the Born v and Z exchanges in the
s channel plus the contact-interaction term (1),
the differential cross section of process (2) reads
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2):
do _ 3

3 3 [(1+cos )% + (1 — cos8)%0_],
cos

®)
where 8 is the angle between the incoming elec-
tron and the outgoing fermion in the c.m. frame.
In terms of helicity cross sections, o,g with o, 8 =
L,R:

or = lwtom), ()
o = % (oLr + ORL) - (5)

In Eqgs. (4) and (5):
ap = opt|Mapl?, (6)

where oy = ofete” — " — ITI7) = 4nal /38
(for quark-antiquark production a color factor
N¢ =~ 3(1+ ag/n) could be needed). The helicity
amplitudes Mg can be written as

Mag = QeQ + 95 9 xz + ——€ap,  (7)

Qe.m

where: x7 = 8/(s—MZ+iMzI'z) is the Z prop-
agator; g = (I, — Qrs¥y)/swew and gf =
—~Qyst, /swew are the SM left- and right-handed
fermion couplings of the Z with s}, = 1~ ¢}, =
sin? By Qe = Q ;= —1 are the fermion electric
charges.

The measured observables o and App are given

by the relations:

1
a=[1dj;9dcos9=

= llou + ove) + (oun + o)) ®)

and

1 {t] do
=0 App = - =
OFB = 0 AfB (/0 /-x) dcOsgdcog()

= % [(ULL + UR.R) — (ULR + JRL)] . (9)

Finally, their relation to o4 is given by

4
oy = g (1 + §AFB) . (10)

Taking Eq. (7) into account, Egs. (8) and (9)
show that ¢ and opp (or App) simultaneously
depend on ail four contact interaction couplings,
and therefore by themselves do not allow a model-
independent analysis, but only the simplified one-
parameter fit of individual models. However, o
and orp depend on the two combinations of helic-
ity cross sections, (o1 + org) and (oLr + ORL)-
Accordingly, a combined analysis of ¢ and org
enables to separately constrain the pairs of pa-
rameters {€Lr, err ) and (eLr, €rr). Moreover, the
combination of experimental data on o and opgp
at different values of the c.m. energy allows to
further restrict such separate bounds in a model-
independent way.

The detailed analysis of the LEP2 experiment
data based on this consideration is given in Ref.
{2] where the method of least squares is used. Its
the main results are present in the Tables 1.

Table 1. Central value €%, global limits (allowed in-
tervals) obtained as projections of the 95% CL four-
dimensional region on the axes and 95% CL one-
dimensional model-dependent constraints on the CI
parameters.

Parame- Model independent
ter central global Model dependent
[TeV—2] | value limits
L 0.0085 | (~0.175,0.095) | --0.0047%3-307
epm | —0.0195 | (—0.187,0.111) | —0.0052+3:307%
LR 0.0120 | (~0.225,0.060) | —0.0012+3511
ery | —0.0160 | (~0.225,0.060) | ~0.001230511%

In Table 1 the components of the central value
€® (over-all minimum of x?) and the global Lim-
its (intervals (€min, €max))are shown for combining
the p and T data which are obtained as projec-
tions of the confidence region on the correspond-
ing axes. These intervals have to be considered
as global, model-independent, constraints on the
CI parameters €4g.
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3 Model - independent search
for Z' boson

To develop the model-independent searches for
the manifestations of heavy particles with specific
quantum numbers without specifying a model be-
yond the SM it is necessary to take into account
some model-independent relations between the
couplings of the heavy particle as well as the fea-
tures of the kinematics of investigated scattering
processes. We focus on the problem on model-
independent searches for Z’ boson (8] within the
analysis of the LEP2 data on the lepton processes
ete” — pTu~ and ete” 77. This particle
is a necessary element of different models extend-
ing the SM. In what follows we assume that the
Z' boson is heavy enough to be decoupled at the
LEP2 energies.

The Z' signal in the noted processes ete™ —
171~ can be detected by using a sign-definite ob-
servable, which is ruled by the center-of-mass
energy and an additional kinematic parameter.
From the requirement that new unknown theory
is renormalizable one has been derived the re-
lations between the low-energy couplings of the
Abelian Z’-boson to the SM fermions [3]:

St

ag =Ty (¥,
qu'] = Y¢’2 = Yd” (11)

Vf - Qf = U= A

where af, vy are the couplings to the axial-vector
and vector fermion currents, 7% 7 is the third com-
ponent of the fermion weak isospin, I7¢,1,l.’¢‘2
are the parameters describing the Z’ interactions
with the components of the scalar doublet and f*
means the isopartner of f (namely, I* = v, =
Ly...).

As it follows from these relations, the couplings
of the Abelian Z’ to the axial-vector fermion cur-
rents have the universal absolute value propor-
tional to the Z’ coupling to the scalar doublet.
So, we will use the short notation ¢ = q; =
~¥,4/2. Note also that the Z-Z' mixing is ex-
pressed in terms of the axial-vector coupling a.
An important benefit of the relations (3) is the
possibility to reduce the number of independent

parameters describing new physics.

In the lower order in mg? the Z’ contribu-
tions to the differential cross-section of the pro-
cess ete™ — |11~ are expressed in terms of four-
fermion contact couplings, only. The incorpora-
tion of the next-to-leading terms in m},z allows to
consider the Z’ effects beyond the approximation
of four-fermion contact interactions {9]. As a con-
sequence, the four-fermion contact couplings and
the Z’ mass can be fitted. In the present analysis
we keep the terms of order O(m3?) to fit both of
these parameters.

To take into consideration the correlations (3)
one is able to introduce the observable o;(z) de-
fined as the difference of cross sections integrated
in some ranges of the scattering angle ¢ {10}:

dcosd,

It dey ? doy
2)’-/2 a’c:s@dws""/_lacoso
(12)

where z stands for the cosine of the boundary
angle. The idea of introducing the z-dependent
observable is to choose the value of z in such a
way that to pick up the characteristic features of
the Abelian Z’ signals.

The deviation of the observable from its SM
value can be derived by the angular integration
of the differential cross-section and has the form:

Doyz) = oiz) -

_ EZ[ (s,2) + Biy(s, 2)¢] asay+

i=1 j=1

SM (Z) -

7T i 3

+ZZZZ ]kn 8,2z azagakan, (13)

i=1 j=1 k=1n=1

where the dimensionless quantities

2

_ mZ g mza
mz, 4rm3,
(an, b =T7) = ‘/ (a Ves Uy, Ur, Ud Vs, Up)

(14

are introduced. In what follows the index ! = p, 7
denotes the final-state lepton.
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The coefficients A, B, C are determined by
the SM couplings and masses. Each factor
may include the tree-level contribution, the one-
Joop correction and the term describing the soft-
photon emission. The factors A describe the
leading-order contribution, whereas others corre—
spond to the higher order corrections in mz, .

There is an interval of the bounda.ry a.ngle val-

ues at which the factors A, Bu, and Cl;,; at the
sign-definite parameters e, ¢, and €2 contribute
more than 95% of the observable value. It gives
the possibility to construct the sign-definite ob-
servable Agi(z*) < 0 by specifying the proper
value of z* [11]. The boundary angle z* = 0.378
at /s = 200 GeV and decreases with the growth
of the center-of-mass energy.

To search for the model-independent signals of
the Abelian Z'-boson we will analyze the intro-
duced observable Ag;(z*) on the base of the LEP2
data set. In the lower order in m;? the observable
(13) depends on one flavor-independent parame-
ter €,

AoP(z) = Aly(s,2")e + Cliy(s,27)é%,  (15)
which can be fitted from the experimental values
of Ao,(z*) and Aor(z*). As we noted above,
the sign of the fitted parameter (¢ > 0) is the
characteristic feature of the Abelian Z’ signal.

In what follows we will apply the usual fit
method based on the likelihood function. The
central vajue of ¢ is obtained by the minimization
of the x?-function:

ex *Y __ thy * 2
2o =y LB 0]
— doex,(2*)

where the sum runs over the experimental points
entering a data set chosen.

We introduce the contact interaction scale
A? = 4m%e! and use again the likelihood
method to determine a one-sided lower limit on
the scale A at the 95% confidence level.

We also introduce the probability of the
Abelian Z' signal as the integral of the likeli-
hood function over the positive values of & P =
Jo L(e)de'.

Table 2. The contact coupling ¢ with the 68%
confidence-level uncertainty, the 95% confidence-level
lower limit on the scale A, the probability of the Z’
signal, P, and the value of { = m%/m%. as a result
of the fit of the observable recalculated from the total
cross-sections and the forward-backward asymmetries.
Data € x 10° A, P ¢
set LTeV l l

Winter 2002

up 482+4%8 1157 | 0.83 | 0.007
£0.215
T 0.16+8%% | 16.0 | 0.51 | —0.052
+8.463
ppandrr | 3137338 1 181 ) 0.78 | 0.006
£0.264

. Summer 2002
b 3667382 | 164 | 0.77 | 0.009
+0.278
T ~2.667343 | 17.4 | 0.34 | —0.001
+0.501
ppandrr | 1.33%382 [ 19.7 | 063 | 0.017
+0.609

The fitted value of the contact coupling € comes
mainly from the leading-order term in the in-
verse Z' mass in Eq. (13). The analysis of the
higher-order terms then allows to estimate the
constraints on the Z' mass alone. Substituting ¢
in the observable (13) by its fitted central value,
£, one obtains the expression

Baa®) = [Ay(s,2) +¢(Bli(s, )] &+
+Chn(s,2)é, (1)

which depends on the parameter { = m%/m%..
Then, the central value of this parameter and the
corresponding 1o confidence level interval are de-
rived in the same way as those for e.

The results are presented in Table 3. As is seen,
the more precise uu data demonstrate the signal
of about 1o level. It corresponds to the Abelian
Z'-boson with the mass of order 1.2-1.5TeV if one
assumes the value of & = §2/4n to be in the inter-
val 0.01-0.02. No signal is found by the analysis
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of the 77 cross-sections. The combined fit of the
up and 77 data leads to the signal below the 1o
confidence level.

4 Confronting analysis of the Z’
boson searches

Now, let us turn to comparison of the four-
parametric fit and the model-independent search-
ing for Z’ gauge boson. The key point in this
analysis is the fact noted in Ref. [11] that AA
“helicity mode]” of the one-parametric fit carried
out by LEP collaborations is responsible mainly
for the signal of Z’ gauge boson. Hence, one
should derive in the parametric space determined
in section 2 the domain which corresponds to the
AA-model. As we shown in section 3, due to the
relations (3) the signal of the Z' is correlated with
the sign at the a? parameter. So, we have to con-
struct from the variables 011, 0LR,01LR and orr
the observable corresponding to the a?. It is easy
to check that this variable is

€2 = OLL + ORR — OLR ~ ORL =

a? 2m?
= (14 -2 1
m27( +s—m22)’ (18)

where the explicit values of the scattering ampli-
tude parameters are substituted. As one can see,
this expression is proportional to the a? and neg-
ative. So, the direct comparison of both methods
is possible.

The region in the parametric space correspond-
ing to €,2 lays in the interval

—0.1 TeV ™2 < ¢,2 < 0.24 TeV™2, (19)

To compare this with the results of the model-
independent method in section 3 we estimate €,
(in TeV~2) for the energies /s = 136,173,207
GeV, corresponding to the lower, middle and
maximal values of the LEP2 experiment. We find
correspondingly,

—0.027 < €2 < 0.004, 5 =136 GeV,
—0.018 < €2 £0.003, /s =173 GeV,

~0.015 < g2 <0.002, /5 =207 GeV. (20)

As it is seen, the all values in Eq. (20) lay the in-
terval Eq. (19) as it should be in a consistent de-
scription. It is important that this property holds
for all energies investigated. Hence we conclude
that the model-independent search for Z’ gauge
boson is in correspondence with general analysis
which does not assume any specific kinematics or
relations taken into consideration.

As a conclusion on the carried out analysis we
weuld like to note that both model-independent
methods do not exclude the Z’ boson existence.

The present analysis shows that the lo devia-
tion from the SM prediction is found by treatment
of the LEP2 data. This deviation is in accor-
dance with the existence of the Abelian Z’ boson.
One would believe that the deviation is inspired
by the Abelian Z’ boson, but the LEP2 experi-
ment accuracy is insufficient to detect the signal
at more than 1o confidence level. Evidently, the
signal could be picked up more clearly by increas-
ing the experimental statistics. In this regard, it
is of interest to estimate the parameters of future
electron-positron colliders required to verify the
Z' signal. Inorder to pick up the signal at 20 con-
fidence level at a collider with the center-of-mass
energy /s = 500 GeV the luminosity of 168 pb~!
is required. This luminosity has to be reached at
the first run of such a collider. Therefore, we
hope that the Z’ boson has a good chance to be
discovered soon.
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