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Abstract. The production of collinear muon pairs
has been studied using the JADE detector at the
et e storage ring at PETRA. Results for the total
cross section and the angular distribution were ob-
tained at centre of mass (cm) energies ranging from
12 to 46 GeV. The data correspond to an integrated
luminosity of {Ldt>90pb~"', of which 71.2 pb~!

were taken at (}/s>=344GeV and 17pb~! at
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<]/ s> =424 GeV. The results are compared to elec-
troweak theories, in particular the “Standard Mod-
el”.

Introduction

The JADE detector [1] at the e¢* e~ storage ring
PETRA has been used to study the production of
collinear muon pairs. First results using a fraction of
the presently available data have already been pub-
lished [2]. In addition to the data in the barrel part
of the detector which covers a polar angular region
of |cos 0] <0.80, data have now also been obtained in
the forward region at an average |cos 6] =0.890.
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The production of collinear muon pairs has also
been measured by the CELLO, MARK J, PLUTO
and TASSO [3] collaborations at PETRA and by
the MARK II and MAC [4] collaborations at
PEP.

Data Analysis

The data analysis has remained essentially un-
changed compared to our previous publication [2].
The main points will be repeated for completeness.
Two different triggers were used in the barrel
(30° < f<150°) and the endcap regions (20° <0< 35°
and 145°<0<160°). In the barrel part, signals from
scintillation counters and the track detector trig-
gered events with two tracks coplanar within 21°. In
order to reduce the trigger rate, events were rejected
with more than 6 out of the 42 scintillation counters
firing. The effects of this veto signal were carefully
monitored by 3 independent methods.

In the endcap region, 2 arrays of scintillation
counters triggered events with two tracks at opposite
ends of the detector. In addition, at least one track
was required to penetrate through a segmented con-
crete absorber, the muon filter.

Off line, events were selected which contained at
least two tracks with momenta greater than E,/3,
where E, was the beam energy. The tracks were
required to be collinear within 0.200 rad. If they
projected into the array of lead glass counters, which
was the case for almost all barrel events but only for
~409% of the forward events, the energy deposition
was limited to E,/3. This cut, together with the re-
quirement that at least one particle should penetrate
at least three absorption lengths of the muon filter,

-eliminated background from Bhabha scattering. In-

fact, 87 % of the particles penetrated more than 5
absorption lengths.

Background from cosmic ray muons was re-
moved by requiring the tracks to come from a cylin-
der of radius 3 mm around the interaction point
and, in addition, by a time-of-flight (TOF) cut.

At the highest PETRA energies, for E, >20 GeV,
background due to low energy photons from syn-
chrotron radiation strongly increased. This sometimes
led to additional hits in the TOF counters before
the muon could be registered. Therefore, the removal
of cosmic rays was not as efficient as at low
energy. This contamination, which was negligible
around 17 GeV, was determined to be 3% above
E,>20 GeV and subtracted statistically.

Muon pairs from two photon collisions
eTe” —ete ptu~ were calculated to constitute 0.7
—0.8% of the events. The background from tau pair
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production was computed by Monte Carlo simu-
lations to amount to 2 %,

All selected events were visually scanned to ver-
ify that they correspond to the desired pattern. Re-
maining background - mainly due to deficiencies of
the programs - was eliminated at this stage.

In order to obtain the final cross sections, cor-
rections of typically 5-109%, were applied for losses
by accidental vetoes in the trigger. Furthermore the
losses (~49%) due to the cuts applied were cor-
rected.

Finally, radiative corrections due to QED dia-
grams up to order «® were calculated [5, 6] using
Monte Carlo programs provided by Berends, Kleiss
and collaborators. The detector resolutions and cuts
were taken into account. The radiative corrections
were applied bin by bin to the angular distributions.
The resulting correction on the total cross section is
small for the cuts used, but the radiative effects
cause an integrated forward backward asymmetry of
+29% for |cos 8] <0.8.

The luminosity was determined by Bhabha scat-
tering in the barrel region, |cos 6| <0.76. It agreed
well with the luminosity derived from Bhabha scat-
tering measured in the endcaps. A systematic un-
certainty of ~39% is attributed to the luminosity
measurement.

Results

The results for the barrel region and the endcap
region will be discussed separately. The acceptance
corrected total cross sections s-g,, for the barrel
region are given in Table 1 for several cm energies.
A large part of the data was obtained by scanning in
small steps of energy. Therefore, the columns E, and

s give luminosity weighted averages. The errors for

Table 1. Total Cross Sections for ete™ —>p* u~

Epam S (Ldt Events s-0,, R,,
(GeV) (Gev?* (nb™1 (GeV?-nb)

6.0 144.0 106.4 36 81.45+13.60 0.94+0.16

7.0 197.0 1,462.6 385 87.63+ 4.46 1.01+0.05
11.0 484.0 24059 253 88.55+ 5.57 1.024+0.06
12.5 628.0 480.1 46 100.26+14.78 1.15+0.17
15.77 995.3 3,1204 154 87.95+ 7.09 1.01 +£0.08
1692 1,1454 9,127.8 387 84.36+ 4.29 0.97+0.05
17.30 1,197.1  20,789.0 947 83.56+ 2.72 0.96+0.03
17.31 1,198.8  16,520.0 743 84.54+ 3.10 0.97 +0.04
17.44 1,217.3 152528 748 91.07+ 3.33 1.05+0.04
17.60 1,239.2 58528 174 84.30+ 6.41 0.971+0.07
18.80 1,413.6 2,005.6 94 97.55+10.06 1.12+£0.12
21.17 1.793.4  11,163.5 363 8526+ 4.47 0.98+0.05
2296 2,108.6 3,879.1 114 89.11+ 8.35 0.99 +0.09
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Fig. 1. Total cross section for e"e~ —>u*u~ as a function of s,
corrected for QED contributions up to order o>
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Fig. 2a-d. Angular distributions for e*e” —u* u~ corrected for
QED contributions to order «® for 4 cm energies. The full lines
are fits allowing for an asymmetry, the dashed lines are symmetric
fits

2

s-a,, and R, where R,,=0,, is the ratio of

e

the total cross section to the point like QED cross
section, are statistical only. The total systematic
error is estimated to be 59, which accounts for the
systematic error in the luminosity determination and
the event selection. The cross section o,, is dis-
played in Fig. 1 as a function of s. The agreement
with the 1/s behaviour predicted by QED is seen to
be good.

d
For the angular distributions S-é in the barrel

region which are shown in Figs. 2a-d, the data were
combined into 4 energy bins. 8 is defined to be the
angle between the incoming positron and the outgo-
ing positive muon. At low energies the 1-+cos?0
behaviour expected from pure QED is observed
(Figs. 2a and b), but at high energies a deviation is
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apparent (Figs. 2¢ and d): the measured cross sec-
tion shows an asymmetry between the forward
(cos 0>0) and backward (cos 0 <0) directions.

The measured angular distributions were fitted to
the following function suggested by electroweak
theories:

f(6)~1+cos?04Bcos 0.

The parameter B describes the asymmetric be-
haviour of the data. The results of the fits are shown
as full lines in Fig. 2. At the two highest energies
this asymmetric fit clearly describes the data better
than the one where B is 0 (dashed lines).

The integrated forward-backward asymmetry is
defined as:

ch (0)d(cos ) — (f () d(cos 0)
A: +c = =AB'_—7
[ £(6)d(cos 6) 2 3+e

where c=cos0,, 1s the limit of the acceptance,
which in the barrel region extends to cos #=0.8. The
resulting asymmetries for the 4 energies are listed in

Table 2. At the two highest energies, ]/E =34.4 and
42.4 GeV, a negative asymmetry is observed with a
statistical significance of 6.4 and 4.6 standard de-
viations, respectively.

In Table 2 the asymmetry extrapolated to full
acceptance (c=1) is also given.

The analysis of the data in the endcap region
was similar to the one described above. The accep-
tance, which was centered around |cos 6]=0.89, was
limited by the acceptance of the trigger counters to
|cos 8)>0.82 and by the requirement of a reliable

charge determination to |cosf]<0.94. At <1/ s>
=347 GeV an integrated luminosity of 40.05 pb~*
was analysed and yielded 206 muon pair con-
didates.

The measured asymmetry at |cosf|=0.89 was
+(09+72+1.0)%. The asymmetry predicted by
QED including diagrams up to order o® is Agpp=
+6.39% at this angle and the prediction from the
Standard Model is Aggw= —11.7%. The total ex-
pected asymmetry to be compared to the data is
then —549,. The statistical accuracy of the
measurement does not allow a distinction between
the predictions of QED alone and the Standard
Model. The two data points in the forward direc-
tion, corrected for QED to order a3, are included in
Fig. 2c. The fitted asymmetry for s=1182 GeV?
changes only slightly if the two forward points are
included in the fit, as indicated in Table 2.

Before we turn to the interpretation of the asym-
metry in the framework of electroweak theories the
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Table 2. Measured asymmetries A obtained from fitting differential cross sections. The experimental results are compared to the Standard
Model prediction at the one-loop level using parametrization II with sin ?8,,=0.21740.014, M ,=93.7 GeV and a,a,=1

s(Gev?) fLdt(pb~") Nyu A(%) A7) Ao 50)
jcos <1 |cos 0] <0.8 |cos 6] <0.8
192 1.57 458 +2.7+49 +24+143 —-1.2
484 241 264 —10.6+6.4 —93456 -3.0
1,182 71.16 3,199 —11.70+1.84 +1.0 —10.30+1.62+09 —~76+0.7
(3,405 —11.10£1.75+1.0%
1,798 17.05 571 —20.10+4.284+1.7 —17.69+3.77+1.5 —125+1.1

2 Endcap points included

systematic error of the measurement should be as-
sessed. There are two main sources for a systematic
error of the asymmetry: one is remaining back-
ground, the other could be problems in the charge
determination.

Background from cosmic rays or from
ete” —ete  ut u~ does not have an asymmetry but
would dilute any genuine effect. The contamination
from ete~—eTe putu is less than 0.7% and the
error can be neglected. Background from cosmic

rays at ]/§=34.4 GeV 1s found to be less than 0.7 9
and thus results in a negligible correction of A.

Around ][=42 GeV the contamination is 39, and
was corrected for; it gave a correction of A4=
—0.4 9, with a negligible error. Events from Bhabha
scattering have a strong positive forward backward
asymmetry. Any contamination would therefore re-
duce a genuine negative asymmetry. The upper limit
for Bhabha contamination at the 909 confidence
level is found to be 0.5%. This would distort the
asymmetry by +0.4 %, Finally, the background from
7 pairs is expected to have the same asymmetry as
muon pairs, and therefore does not cause an error.

The error of the asymmetry due to false charge
assignment can be estimated, assuming the charge
determination to be independent for the two tracks,
by the number of muon pairs with equal charges.
The fraction of like sign muon pairs is ~4 %, around
Vs =34GeV and ~7% around }/s=42GeV. The
probability of the charge being incorrect for both
particles is therefore negligible.

In addition, however, errors in the charge de-
termination could be caused e.g. by systematic errors
of the driftchamber calibration or by a twisted ge-
ometry. These effects were studied by examining the
peak positions of the 1/p distributions separately for
both charges in both the forward and backward
parts of the detector. From this study a possible
systematic error in the measured asymmetry of
+05% and +19% was estimated at }/s=34 and
42 GeV, respectively.

In summary, the total systematic error of the
asymmetry is estimated to be AA<703% at /s
=34 GeV and 44<1.5% at /s =42 GeV.

Comparison of the Data to Electroweak Predictions

The asymmetry in the angular distribution of muon
pairs was predicted by electroweak theories as an
effect of the interference of the electromagnetic and
the neutral weak amplitude. We first restrict the
discussion to the Standard Model [7, 16], in which
the neutral weak interaction is mediated by one
neutral boson Z° The differential cross section for
e"e”— ut u” in the Born approximation is given by

[81:

d 2
d_%:%. [R,,(1 +cos? §)+ B cos 0]
where

— 2 2 2 2 2
Ruu— 1 +2”eUuX+(Ue +ae)(vu +a;¢) X
B=4a,a,x+8v,0,a,a,%

The v, , and a, , are the vector and axial vector
weak charges of the electron and muon respectively.
In the Standard Model they are:
v,=v,= —1+4sin’0,

e

=a,=—1

I

a

where sin® 8, is the electroweak mixing angle. The
present world average for sin?6, is 0.217+0.014
[14] including radiative corrections. This leads to a
small vector weak charge v,=v,= —0.13 and there-
fore to a negligible effect of the electroweak terms
on the total cross section R,, (see also Fig. 3). Ne-
glecting the width of the Z° compared to its mass, ¥
is given by:

_pGyMy s

LMz s (1
81/ 2na s—M;
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Fig. 3. Data for R,, as a function of s. Full line: QED prediction,
dashed line electroweak prediction for sin®6,=0.217

Here, besides the mass of the Z°, the Fermi coupling
constant G, and p=Mgy,/M}cos? 0, enter; p is pre-
dicted to be 1 in the Standard Model and M,

=27 noc/]/EGF/sin 20,,. Inserting the precisely known

values for « and G,=G, [12] and the values for
sin?@,, quoted above one obtains M,=90.4 GeV.
Radiative corrections increase this value to 93.8
+2.4 GeV [14], where the error is mainly due to the
error of sin*@,. The parametrization (I) was tradi-
tionally used because Gp=G, has been measured
precisely in muon decay [12]. Alternatively, one can
express x entirely by parameters from the neutral
current sector of the theory, namely the electroweak
mixing angle and the Z-boson mass [16, 17]:
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1 s
* 16 sin 6, cos* 0, s—M?3

(1)

The integrated forward-backward asymmetry is
given by:

B c
» 2
RW 3+c
B a,a,y+2v,v,a,a,y" 6¢
14200, 3+ (v +ad) (vl +a7) x> 3+c*

3
A="
2

where ¢ is defined as above. Neglecting the terms of
order x> and the term 2v,0,7<1 in the denomi-
nator, one obtains the convenient approximation

6¢
x 3+¢?

which is still good to 1% at s=1800 GeV? in the
Standard Model.

The two parametrizations of y, (I) and (II), lead
to slightly different expected asymmetries in the
Born approximation, if the currently best known
values of the parameters are used (Table 3). This
difference is roughly a factor three smaller than the
present measurement errors. It disappears if the one
loop corrections, which have recently been calculat-
ed by several authors, are taken into account. The
corrections depend on the renormalization pro-
cedure [9, 18] and give - at present energies - a
finite correction for case (I) [10] and a negligible
one for (II) [6, 9, 11] (Table 3). The errors quoted

A=a,a,

Table 3. Angular Asymmetries in % at the Born level (4;) and at the one-loop level (4°"*'*°?} predicted by the Standard Model for

|cos 8] < 0.8 for the two different parametrizations of y, (I} and (II).

Note: For parametrization II part of the one-loop corrections were calculated by Berends et al. [6]. Brown et al. [9] computed the
missing diagrams. Combining the two results one obtains the first value for A°*¢'*°®. B6hm et al. [11] did independently a complete

calculation, which yields the second value of 4°e-loop

s=1,182 GeV? 5s=1,798 GeV?
0 o,2f Gp M2 s Born approximation one-loop correction: Ag —8.1 —134
A . v Wetzel [10] A4 —06 +1.0
_ Aeneloer = 4+ A4 —7.5+0.05 —124+02
a,=a,=-1
p=1
M,=(93.84+2.4) GeV
1 s Born approximation one-loop corrections: A, —-7.5 —124
(I leésinz(?w cosZGW‘S*Mﬁ Berends et al. [6] AA, +0.6+02% +12+02"
) Brown et al. [9] A4, —0.54 —0.86
a,=a,=—
sin20:=0.217i0.014 AP = Ay + A4+ 44, —74£07 —121+11
M,=(93.842.4) GeV
one-loop corrections:
Bohm et al. [11] AA, —0.09 —0.11
Aeneleor= 4+ AA, —7.6+0.7 —-125+1.1

* Error due to finite Monte Carlo statistics
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Fig. 4. 4,, as a function of s. Data from JADE are shown
together with data from SPEAR, PEP and other PETRA experi-
ments. Note that the data taken by several detectors at the same
energy were slightly displaced in s. The full line is the prediction
of the Standard Model with sin®#,=0.22, and M, =93.7 GeV,
the dash-dotted line with sin?#,=0.17 and the same Z-mass

for the final predictions in Table 3 are due to the
error of M, in case (I) and due to the errors of M,
and sin® 0, in case (II). For parametrization (II) of ¥
the error is considerably larger.

The asymmetries expected at the one loop level
from parametrization (II) are also shown in the last
column of Table 2. Within the errors one finds rea-
sonable agreement between measurement and pre-
diction although the measured values tend to be
systematically larger than those predicted.

In Figs. 3 and 4 the JADE data for R,, and 4
(for |cosf|<1) are shown together with QED and
electroweak predictions as a function of s. In Fig. 4
in addition to the JADE asymmetries, results from
other PETRA detectors [3] and from SPEAR and
PEP [4] at lower energies are also shown. The
measurements at all values of s are within one or
two standard deviations from the prediction of the
Standard Model with sin?0,_,=0.22 (corresponding
to M,=93.8 GeV). However all the data at high
energy have a larger asymmetry than predicted.
Averaging the PETRA data one gets —(11.0+1.1)%
at  s~1190GeV? and  —(17.8+3.7)%  at
s~1726 GeV?2 These values are by 2 and 1 standard
deviations larger than the theoretical expectations of
—8.6%, and —13.59 respectively.

A combined fit to the total cross section and the
forward-backward asymmetry using parametrization
(I) with M,=938+24 GeV fixed, was performed.
Assuming p=1 one obtains a,a,=1.15+0.08 for the
JADE data alone and a,a,=1.10+0.04 for all data.
This is in agreement with the prediction of the
Standard Model, a,a,=1, and in conjunction with
measurements of a, from v, scattering confirms e —u
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Fig. 5. a Measurement of sin’6, determined in ete™ —pu* u~
compared to other results from vN, ve, pp, ed scattering. b De-
termination of the mass of the Z-boson from e*e™— u* u~ com-
pared to direct measurements from UA1l and UA2

universality. Alternatively one can get constraints on
p if a,a,=1 is fixed, p=134+0.16 and p=120
+0.09 for the JADE data and all data respective-
ly.

In parametrization (I) of y A is rather insensitive
to M, or sin?6,. In parametrization (II) however,
sin®0,, and M, are free parameters and the sensi-
tivity to sin® 6, improves if M, can be fixed. The Z
mass has recently been measured at the pp collider
[13], by the UAl and UA2 collaborations. Their
results average to M,=93.7+2 GeV. Using this
mass and assuming a,a,=1 one obtains:

sin®,=0.16 +£0.03 for the JADE data;
and

sin”6,=0.17+0.02 for all data.

In Fig. 4, a curve for A as a function of s using
this fitted value of sin? 8, is also shown.

The JADE value of sin 6, agrees well with the
MARK J result obtained previously in a similar way
[3, 17]). The values for sin’#, derived from
ete —>putpu~ are shown in Fig 5a together with
results from other processes. The e* e~ result agrees
within 2 standard deviations with the value from vN
scattering, which has the smallest errors.

One can also obtain good constraints on the Z
mass leaving sin®6,, fixed: M,=(8215) GeV for the
JADE data and for all data M,=86+3 GeV. This
indirect method yields values which are in agree-
ment with the results from the UA1l and UA2 ex-
periments as shown in Fig. 5b.

In  summary, a study of the reaction
et e  —put u~ using the JADE - detector at PETRA
yields the following results: The integrated cross sec-
tion is well described by QED up to order a3 for cm
energies between 14 and 46 GeV. At high energies

(]ﬁ) =34.4 GeV and <]/§ >=42.4 GeV, the angular
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distributions show forward-backward charge asym-
metries of A= —(11.70+1.844+1.0)%, and A= —(20.1
+43+1.7)%, respectively. The asymmetries, al-
though in agreement with the predictions of the
Standard Model, (—8.6 % and —14.2% using sin® 6,
=0.217 and M ,=93.8 GeV) are both slightly larger.
This small deviation is confirmed by the measure-
ments of the other PETRA detectors at high en-
ergies. Combining the PETRA data, the measured
asymmetries are higher than the predictions by 2

and 1 standard deviation around }/s ~34.5 GeV and

Vs ~41.5 GeV, respectively. This is reflected in similar
deviations from the expectation when fitting the
electroweak parameters a,a,, p and sin’ . These
parameters were determined for the JADE data
alone and also using all published data from experi-
ments at SPEAR, PEP and PETRA.
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