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Abstract

Hadronic and leptonic cross-sections and forward-backward asymmetries are mea-

sured using 5.7 pb�1 of data taken with the ALEPH detector at LEP at centre-of-mass

energies of 130 and 136 GeV. The results agree with Standard Model expectations.

The measurement of hadronic cross-sections far away from the Z resonance improves

the determination of the interference between photon and Z exchange. Constraints

on models with extra Z bosons are presented.
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1 Introduction

The successful increase of the LEP centre-of-mass energy up to 140 GeV at the end of

1995 allows tests of the Standard Model (SM) at energies so far unexplored. In particular,

cross-sections and asymmetries are sensitive not only to the neutral current couplings, as

they were at the Z peak, but also to the interference between the Z and the photon, and

possibly to the interference with new channels, such as extra Z bosons.

This letter presents measurements of cross-sections and forward-backward

asymmetries for e+e� ! ff() and the resulting determination of the -Z interference

term, as well as limits on possible Z0 bosons.

A description of the ALEPH detector can be found in ref. [1], and an account of its

performance as well as a description of the standard analysis algorithms in ref. [2]. The

experimental conditions at higher energies di�er from those encountered so far in the

vicinity of the Z peak. The cross-sections of interest, e+e� ! ff() with an invariant

mass of the ff system at or near to the full centre-of-mass energy, are now more than

two orders of magnitude smaller than those at the Z resonance. Substantial backgrounds

from  processes and from the radiative tail of the Z resonance have to be removed

using new cuts. Therefore the analysis techniques have been modi�ed with respect to

those described in previous ALEPH publications [3, 4]. Similar analyses have been made

by other LEP experiments [5].

2 Luminosity measurements

Given the uncertainties concerning background in this new energy domain, it was decided

to use the LCAL calorimeter as the primary luminosity monitoring device for these data.

The luminosity is measured following the analysis procedure previously described in

[3, 4, 6]. The SICAL detector, placed in front of LCAL, shadows the LCAL at polar

angles below 59 mrad. The LCAL geometrical acceptance is therefore slightly reduced

with respect to that described in [6]. The integrated luminosities collected at 130 and

136 GeV are 2877 � 18 nb�1 and 2863 � 19 nb�1, respectively, where the errors are

statistical. About 50 nb�1 collected at 140 GeV are not included in the analysis presented

here.

The experimental systematic uncertainty on the integrated luminosity is estimated

to be �0:75%, dominated by the statistics of the Monte Carlo simulation (�0:54%).

The theoretical systematic uncertainty, associated with the Monte Carlo generator

BHLUMI [7], has been estimated in [8] to be �0:25%. The combined systematic

uncertainty is thus �0:8%. The LCAL luminosity is consistent with the luminosity

measured independently with the SICAL detector.

3 Cross-sections and forward-backward asymmetries

For a large number of events, initial state photon radiation (ISR) lowers
p
s0, the invariant

mass of the �nal state particles including possible �nal state radiation, to values close to

the Z mass. By demanding that
p
s0 approaches the nominal centre-of-mass energy

p
s,

thus allowing for only a few GeV of ISR, cross-sections and asymmetries become more
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sensitive to the relevant electroweak e�ects at high energy. Therefore results are given for

two conditions:

� exclusive interaction, i.e. excluding the radiative return to the Z resonance by

applying a tight s0 cut (
q
s0=s > 0:9).

� inclusive interaction, i.e. including hard ISR with a loose s0 cut (i.e.
q
s0=s > 0:1

for qq and
p
s0 > 2m` for leptons, where m` is the mass of lepton `).

The experimental cuts, however, di�er from these de�nitions, as will be explained in

the following. The selection e�ciency is therefore calculated by applying the experimental

cuts to fully reconstructed simulated events generated within the above de�ning cuts.

In the event generators used, PYTHIA [9] for qq, KORALZ [10] for �+�� and �+��

and UNIBAB [11] for e+e�, interference between initial and �nal state radiation is not

considered and the above cross-section de�nitions are straightforward. This interference

was studied separately using ZFITTER [12] and BHM [13], found to be less than 10% of

the experimental errors of this analysis, and therefore neglected. Final state radiation as

well as transverse momentum of the ISR photons are simulated with a precision adequate

for this analysis by all the generators used.

Hadronic and leptonic �nal states are analysed at centre-of-mass energies of 130.2 GeV

and 136.2 GeV. The uncertainty on these energies is �60 MeV [14], which has a negligible

impact on the physics interpretation of the results.

3.1 Leptonic event selection

The lepton pair selections proceed as described in [3, 4], with some di�erences which are

outlined below.

For all lepton species, the acollinearity cut is removed. An approximate value of s0,

s0m, is obtained from the following equation:

s0m = s
sin �+ + sin �� � j sin(�+ + ��)j
sin �+ + sin �� + j sin(�+ + ��)j

; (1)

where �+ and �� are the measured angles of the �nal state `+ and `� with respect to

the direction of the incoming e� beam. This expression would be exact, in absence of

experimental errors, if only one ISR photon were emitted along the beam line. For the

tau leptons, �+ and �� are approximated by the directions of the jets reconstructed from

the visible particles of the tau decay. In order to determine the exclusive cross-sections,

events with
q
s0m=s > 0:9 are selected.

Leptons are accepted in the angular range j cos ��j < 0:9, where �� is the estimated

scattering angle between the incoming e� and the outgoing `� in the `+`� rest frame,

de�ned as cos �� = cos 1
2
(�� + � � �+)= cos

1
2
(�� � � + �+).

For the e+e� channel, which is dominated by the t-channel photon exchange, only

the exclusive selection is made. Contrary to what was done at the Z, cross-sections and

asymmetries are measured without subtracting the t-channel contribution.

In the �+�� selection the kinematic cuts described in [3, 4] have been replaced by cuts

on s0m and on the invariant mass of the two most energetic tracks. It is required that the

3



Table 1: E�ciencies and background corrections for the di�erent channels at

centre-of-mass energy of 130 and 136 GeV with loose and tight s0 cut. The e�ciency

gives the fraction of events above the chosen s0 cut passing the experimental selection.

In the e+e� channel the e�ciency is calculated within the angular acceptance �0:9 <
cos �� < 0:9.

e�ciency (%) background (%)

130 GeV

q�q 92:6 � 0:7 1:5� 0:5

�+�� 72:7 � 0:5 2:6� 1:4

�+�� 54 � 1 9� 2

136 GeV

q�q 94:3 � 0:7 2:1� 0:7

�+�� 70:9 � 0:5 2:6� 1:4

�+�� 51 � 1 11 � 2

130 GeV,
q
s0=s > 0:9

q�q 82:1 � 1:5 13:3 � 2:7

e+e� 97:3 � 0:2 negl.

�+�� 75:5 � 0:7 1:1� 0:2

�+�� 63 � 2 16 � 2

136 GeV,
q
s0=s > 0:9

q�q 88:2 � 1:5 12:3 � 2:7

e+e� 97:2 � 0:2 negl.

�+�� 75:5 � 0:7 1:7� 0:2

�+�� 60 � 2 15 � 2

invariant mass be greater than 80 GeV for the inclusive selection and 110 GeV for the

exclusive one. The residual background quoted in table 1 originates from  events in the

inclusive analysis, and from events with hard ISR photons in the exclusive analysis.

The �+�� selection rejects identi�ed �+�� and e+e� pairs to reduce the background

from  ! �+��, e+e� and from Bhabha events. Low polar angle events (j cos ��j > 0:75)

with only one identi�ed electron are removed if their total visible energy exceeds 0:9
p
s.

The  background is further reduced by requiring that the quantity
q
P 2
ch;1 + P 2

ch;2 be

in excess of 0:1
p
s, Pch;i being the vector sum of the momenta of all charged tracks in

hemisphere i. These cuts reduce the total background to a level of 10% in the case of the

inclusive selection (dominated by  ! �+��, �+��), and to about 15% for the exclusive

selection (dominated by �+�� events with hard ISR photons).
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Table 2: Cross-sections with statistical and systematic errors, respectively, for di�erent

channels at the centre-of-mass energy of 130 and 136 GeV with loose and tight s0 cuts.

Cross-sections are extrapolated to the full angular range, except for the e+e� where they

are given only for j cos ��j < 0:9. The second column gives the number of events after

experimental cuts and before e�ciency and background corrections. The last column

shows the SM predictions.

events � (pb) SM predictions (pb)

130 GeV

q�q 889 327:7 � 11:0� 2:8 336.3

�+�� 49 22:9 � 3:4� 0:4 24.8

�+�� 47 28:2 � 4:4� 1:0 22.7

136 GeV

q�q 755 272:8 � 9:9� 2:7 279.9

�+�� 43 20:6 � 3:2� 0:3 21.4

�+�� 38 22:4 � 4:1� 0:9 19.5

130 GeV,
q
s0=s > 0:9

q�q 203 74:2 � 5:2� 3:3 76.9

e+e� 614 219:4 � 9:0� 1:0 212.4

�+�� 23 9:6 � 1:9 � 0:1 8.0

�+�� 26 11:8 � 2:3� 0:4 8.0

136 GeV,
q
s0=s > 0:9

q�q 166 57:4 � 4:5� 1:8 62.5

e+e� 551 197:0 � 8:6� 1:0 194.2

�+�� 17 7:1 � 1:7 � 0:1 6.9

�+�� 11 5:8 � 1:7 � 0:2 6.9

3.2 Hadronic event selection

Hadronic events are �rst selected by requiring at least �ve good charged tracks. Good

tracks are reconstructed from at least four hits in the Time Projection Chamber and

originate from within a cylinder of 2 cm radius and 20 cm length, coaxial with the beam

axis and centered on the nominal interaction point. The polar angles � of these tracks,

measured with respect to the beam axis, should be such that j cos �j < 0:95. The visible

invariant mass mvis is then calculated from all charged and neutral objects [2] with a polar

angle greater than 190 mrad with respect to the beam axis. The resulting distribution

(�g. 1a) shows a large background from  interactions at low mass values; therefore only

events with mass above 50 GeV are selected. The remaining event sample consists of

three di�erent components: radiative events with hard ISR photons escaping detection,
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for which mvis is peaked at the Z mass; radiative events with hard ISR photons detected

in the apparatus; exclusive interactions with no hard ISR. For these last two components

mvis is close to the centre-of-mass energy. To separate them, energetic isolated photons are

tagged by reconstructing jets with the JADE algorithm with a ycut of 0.008 and requiring

that the jet electromagnetic component (de�ned as the fraction of the jet energy carried

by photon and electron candidates) be larger than 95% (�g. 1b). The energy spectrum

of the jets with high electromagnetic fraction matches the Monte Carlo expectation for

ISR photons (�g. 1c). As expected, the energy spectrum of these photons is peaked at

(s � m2
Z)=2

p
s. The visible invariant mass is then recalculated without these photon

candidates and is shown in �g. 1d.

For the exclusive interaction cross-section, the measurement of s0m is performed as

follows. All events are forced into a two-jet topology, after removal of the photon

candidates, by adjusting the ycut parameter. In this case, �+ and �� of eq. 1 are the

angles of the two jets with respect to i) the detected photon direction, ii) the beam

axis, if no photon is detected. Figure 2a shows the
q
s0m=s distributions for data and

Monte Carlo samples at a centre-of-mass energy of 136 GeV. For inclusive cross-section

measurements, a cut of
q
s0m=s > 0:45 is applied, reducing the residual  background

by a factor of two. The visible invariant mass distributions for data reconstructed in the

regions
q
s0m=s > 0:45 and

q
s0m=s > 0:9 are shown in �gure 2b.

Monte Carlo simulations are used to calculate the e�ciencies and background

contaminations shown in table 1. The backgrounds for the inclusive selections are

dominated by the  processes, to which an uncertainty of 30% is attributed after

comparing the simulated events with data reconstructed at low invariant mass. Therefore

these errors are fully correlated between the two centre-of-mass energies. Beam-gas and

cosmic ray backgrounds are found to be negligible in the present selection. For the

exclusive selections, events where both incoming electron and positron radiate represent

the main remaining source of background. This background is monitored by comparing

the visible invariant mass spectra of events with
q
s0m=s > 0:9 both in data and Monte

Carlo samples in the region of mvis < 105 GeV. The statistical error on the number of

events in this region in each data sample is used to estimate the background uncertainty.

Therefore these errors for the two centre-of-mass energies are uncorrelated.

3.3 Results

E�ciency and background contamination for the di�erent channels are summarized in

table 1, and the corresponding cross-sections in table 2. Cross-sections are extrapolated

to the full angular range, except for the e+e� where they are given only for j cos ��j < 0:9.

The systematic errors include both e�ciency and background subtraction errors. The

luminosity systematic error of 0.8%, common to all channels, is not included in the

numbers quoted in the table. The measured qq, e+e�, �+�� and �+�� cross-sections

are shown in �g. 3 as functions of the centre-of-mass energy. Agreement with the SM

prediction is observed.

Lepton forward-backward asymmetries are given in table 3. All lepton asymmetries

are calculated by counting events in the forward and backward hemispheres within the

angular range j cos ��j < 0:9. The e+e� forward-backward asymmetry is about 95% in the
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Table 3: Results on lepton forward-backward asymmetries with statistical errors for loose

and tight s0 cuts. The last column shows the SM predictions.

AFB SM predictions

130 GeV

�+�� 0:39+0:14
�0:16 0.25

�+�� 0:60+0:13
�0:16 0.27

136 GeV

�+�� 0:23+0:16
�0:17 0.24

�+�� 0:30+0:18
�0:21 0.27

130 GeV,
q
s0=s > 0:9

e+e� 0:93+0:01
�0:02 0.95

�+�� 0:65+0:16
�0:23 0.66

�+�� 0:91+0:08
�0:20 0.66

136 GeV,
q
s0=s > 0:9

e+e� 0:94+0:01
�0:02 0.95

�+�� 0:53+0:22
�0:29 0.64

�+�� 0:70+0:18
�0:42 0.64

chosen angular acceptance due to the large contribution of t-channel photon exchange at

these high energies. Errors are statistical only. No systematic errors are given since they

are negligible compared to the statistical errors. Agreement with the SM prediction is

also observed.

For hadronic events, the average di�erence of charge between the forward and

backward hemispheres, QFB, is obtained from the momentum-weighted charge of particles,

as described in reference [15]. The hemispheres are de�ned by the thrust axis in events

selected with
q
s0m=s>0:9 and j cos �thr j< cos �max

thr , where cos �
max
thr = 0:9.

In contrast to the Z resonance, where this asymmetry is dominated by the contribution

of the d-type quarks, at these high energies QFB is dominated by the contribution of u-

type quarks. Consequently, the optimal sensitivity is obtained for a di�erent value of

the momentum weighting exponent � (i.e. � = 0:3 while � = 1:0 is used at
p
s � mZ).

For this choice of � the measured value of hQFBi is 3:6 � 1:8%, where the events from

centre-of-mass energies of 130 and 136 GeV are combined.

The theoretical expectation of this observable is given by

hQFBi = hQF �QBi =
X
q

�q
�q

�had
A
q
FB

4 cos �max
thr

3 + cos2�max
thr

; (2)

where the summation is made over quark avours q = u;d; c; s;b. The charge separation

for each avour, �q, describes the average di�erence in hemisphere charge between

the hemisphere containing the primary quark q and that containing the corresponding

7



antiquark �q. The charge separations are determined from a Monte Carlo sample atp
s = 140 GeV, with additional corrections obtained from the more precise analysis at the

Z resonance [16]. The estimated values for � = 0:3 and
p
s=133 GeV are given in table 4.

The uncertainties are dominated by Monte Carlo statistics. The expected value for QFB

using these charge separations and the SM cross-sections and asymmetries is 2:5� 0:5%,

in good agreement with the measurement.

Table 4: Charge separations for each avour at
p
s = 133 GeV and � = 0:3, as determined

from simulation.

�u �d �c �s �b

0:16 � 0:02 �0:09 � 0:02 0:19 � 0:02 �0:13 � 0:03 �0:10 � 0:01

4 Determination of the -Z interference in the

hadronic channel

The data taken at 130 and 136 GeV are �tted together with those taken at the

centre-of-mass energies close to the Z peak in order to determine the parameters that

quantify the -Z interference contribution.

The total hadronic cross-section (after deconvolution of the ISR) can be expressed in

the S-Matrix formalism [17] as

�0h(s) =
4

3
��2

 
gtothad

s
+
srtothad + (s�m2

Z)j
tot
had

(s�m2
Z)

2 +m2
Z�Z

2

!
: (3)

The parameters mZ and �Z are related to the usual de�nitions of the Z mass and width

through the transformations mZ = mZ + 34MeV and �Z = �Z + 0:9MeV. The terms

gtothad, r
tot
had and jtothad express the size of the  exchange, Z exchange and the -Z interference,

respectively. The parameters rtothad and jtothad can be interpreted in terms of quark couplings

through the approximate relations

rtothad /
X

q=u;d;c;s;b

(g2Aq + g2Vq) (4)

jtothad /
X

q=u;d;c;s;b

Qq � gVq (5)

The -Z interference contribution is below 0.6% in the centre-of-mass energy regionp
mZ � 3 GeV and it changes sign (equation 3) when crossing the Z pole. Its size

parameter, jtothad, is �xed to the SM value in the lineshape �ts to the data taken near

the Z resonance. The error on mZ increases sizeably if jtothad is left free in the �ts due to a

strong anticorrelation of jtothad and mZ. Inclusion of data far away from the Z resonance,

more sensitive to the -Z interference contribution, allows a simultaneous �t of jtothad and

mZ with higher precision. The results given in this section are obtained by �xing the pure

QED contribution gtothad to the SM value.
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The expected errors on mZ and jtothad are shown in �g. 4 as a function of the
q
s0=s

cut. The requirement that
q
s0=s be greater than 0.9 excludes the radiative return to the

Z resonance and improves the precision on jtothad by about 30% with respect to the case

without s0 cut. Therefore, in the following, the hadronic cross-sections of table 2 with the

cut
q
s0=s > 0:9 have been used.

Table 5 shows the �t results for mZ, �Z, r
tot
had and jtothad obtained with program [18]

modi�ed to �t the S-Matrix parameters. All the published ALEPH data [3, 4]

(ALEPH 92), the new high-energy (h.e.) data and the published TOPAZ [19] data are

used in the �t. Indeed the TOPAZ Collaboration at TRISTAN (KEK) has recently

published a measurement of the hadronic total cross-section at
p
s = 57:77 GeV,

�0h = 143:6 � 1:5(stat:)� 4:5(syst:) pb. This measurement has a strong impact on the

determination of jtothad, since the relative contribution of the hadronic -Z interference term

to the total cross-section is larger at that energy.

Table 5: Results of the �ts to the hadronic lineshape using data from: (1) ALEPH 92,

(2) ALEPH 92 + h.e., (3) ALEPH 92 + TOPAZ, (4) ALEPH 92 + h.e. + TOPAZ. The

SM predictions correspond to mZ = 91.188 GeV, mt = 180 GeV, mH = 300 GeV, �s(m
2
Z)

= 0.125 and 1/�(m2
Z) = 128.896.

(1) (2) (3) (4) SM pred.

mZ(GeV) 91:205 � 0:015 91:200 � 0:012 91:192 � 0:010 91:193 � 0:010 -

�Z(GeV) 2:496 � 0:012 2:498 � 0:012 2:499 � 0:012 2:499 � 0:012 2.498

rtothad 2:975 � 0:029 2:979 � 0:029 2:985 � 0:028 2:984 � 0:028 2.970

jtothad �0:82� 0:73 �0:47 � 0:42 0:05 � 0:25 �0:01� 0:20 0.22

�2=d:o:f 17:1=23 17:6=25 18:7=24 19:1=26

The experimental value of jtothad, as obtained by combining the new high energy results

with the published ALEPH data and with the TOPAZ hadronic cross-section, is given by

jtothad = �0:01� 0:20: (6)

This is to be compared with the SM prediction jtothad = 0:22. As seen from table 5, the

e�ect of the high-energy data is to reduce the error on jtothad from �0.73 to �0.42, using
ALEPH data alone.

The impact of the data taken far from the Z peak on the determination of jtothad is clearly

visible in �g. 5 where the contours of equal probability in the plane mZ vs j
tot
had are plotted

for the four �ts of table 5. The plot also shows how the anticorrelation between mZ and

jtothad (which was �76% for ALEPH 92) is considerably reduced when adding the data taken

at 130-136 GeV (�56%), and even more after adding the TOPAZ measurement (�31%).

5 Limits on extra Z bosons

As an example of the potential of a precise measurement of the energy dependence of

the total hadronic cross-section in testing possible departures from the SM, a search for
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extra Z bosons is presented here for three E6-based models [20]. After specifying the

model (and without any assumption on the structure of the Higgs sector), only two free

parameters remain: i) the mixing angle �3 between Z and Z0, ii) the mass of the heavier-

mass eigenstate, mZ0. Data taken at the Z resonance have already put stringent limits

on �3 (see for example [4, 21]), but they are only weakly sensitive to mZ0, while far away

from the Z peak the mZ0 sensitivity increases.

The program ZEFIT [22] (with the parameter �3 �xed to zero) is used to compute the

�2 of the �t to the ALEPH and TOPAZ hadronic cross-sections as a function of mZ0. This

allows the following limits on extra Z bosons to be obtained for three particular models

mZ0 > 196 GeV at 95% C.L. (�model)

mZ0 > 148 GeV at 95% C.L. ( model)

mZ0 > 167 GeV at 95% C.L. (�model):

These limits do not change signi�cantly if the lepton forward-backward asymmetries are

also included. The limits obtained from direct searches [23] are mZ0 > 340; 320 and

340 GeV at 95% C:L: for the �,  and � models, respectively.

6 Conclusions

The results on hadronic and leptonic cross-sections and forward-backward asymmetries

obtained at centre-of-mass energies of 130 and 136 GeV are in good agreement with

the SM expectations. An improvement of the accuracy on the hadronic -Z interference

has been obtained. For the Z mass measurement this implies a reduced dependence on

the assumption of the validity of the SM for the -Z interference. Due to the limited

integrated luminosity, the bounds on new physics from electroweak measurements are not

very stringent compared to those obtained from direct searches.
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Figure 1: a) Invariant mass of all charged and neutral objects at an angle greater than

190 mrad with respect to the beam axis at centre-of-mass energy of 136 GeV. The arrow

shows the 50 GeV cut on the invariant mass. b) Electromagnetic fraction in jet. Jets with

an electromagnetic fraction above the cut indicated by the arrow are rejected. c) Energy

distribution of jets with high electromagnetic fraction for data (points) and Monte Carlo

(histogram). d) Visible invariant mass including (points) and excluding (histogram) jets

with high electromagnetic fraction seen in the detector.

11



Figure 2: a) Distribution of
q
s0m=s for data (points) and Monte Carlo (histogram) at

centre-of-mass of 136 GeV. The shaded area gives the contribution of Monte Carlo events

generated with
q
s0=s > 0:9. b) Distributions of the visible invariant mass without

photonic \jets" for data reconstructed in the regions
q
s0m=s > 0:45 and

q
s0m=s > 0:9

(shaded).
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Figure 3: Measured cross-sections and their comparison with the SM predictions.

The closed symbols correspond to the inclusive cross-sections, the open ones to the

measurements with
q
s0=s > 0:9. For reader's convenience the �+�� and �+�� points

have been slightly shifted in energy.
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Figure 4: Expected errors on mZ and jtothad as a function of the applied cut on
q
s0=s

calculated for the luminosity, centre-of-mass and experimental e�ciencies of the data

used for this analysis.
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Figure 5: Contours of equal probability containing the 68% probability region in the

parameters space. The band correspond to the SM predictions for jtothad when 168 GeV <

mt < 192 GeV and 60 GeV < mH < 1000 GeV.
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