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The Mark J Collaboration at the DESY e+e collider PETRA presents results on the elec-
troweak reactions e+e ~p+p, ~+v, p+p y, and e+e p+p . The c.m. energy range is 12 to
46.78 GeV. In the p+p and ~+~ channels the total cross sections and the forward-backward
asymmetries are reported and compared with other experiments. The results are in excellent agree-
ment with the standard model. The weak-neutral-current vector and axial-vector coupling con-
stants are determined. The values for muons and ~'s are compatible with universality and with the
predictions of the standard model. In the p p y channel, all measured distributions, including the
forward-backward muon asymmetry, are in excellent agreement with the electroweak theory. Our
data on the two-photon process, e e p, +p, agrees with QED to order a over the entire energy
range and the Q2 range from 0.7 to 166 GeV'.

I. INTRODUCTION

At PETRA, the e+e collider at the DESY Laborato-
ry, the c.m. energy &s covered the range from 12 to
46.78 GeV, a significant fraction of the mass of the Z,
the weak-neutral-vector boson. In this paper, the Mark J
Collaboration presents concluding results for the produc-
tion channels e+e ~p+p, ~+~, p+p y, and

e+e p+p, which test the standard electroweak model
over this very large energy range.

II e+e ~p+p

In terms of the standard model of the electroweak
theory, ' the effect of the weak-neutral-current interaction
has been observed in the muon- and ~-pair production

38 2665 1988 The American Physical Society



2666 B. ADEVA et al.

channels. Generally the total or differential cross sec-
tions have three components (we use pp generically)

o (lMp) =o (QED)+o (int)+o(weak) .

The middle term is the interference between QED and
the weak interactions. In the lowest order, the Born ap-
proximation, the differential cross section is

[R„„(1+cos8)+B„„cos8].
d (cos8) 2s

(2) 1.0

and (3)

8„„= 4gaga—X+8gvgPg~ga&

gv, g„are the vector and axial-vector neutral-current
coupling constants. In the standard model,

g v = ———2Qf sin 8gr,
(4)

and g~ and gv are each the same for the three charged
leptons (universality). 8~ is the weak mixing angle,
defined as

cosO~ =
m p

(5)

Qf is the charge of the fermion. The propagator term X
can be written

4 sin O~cos 8~ m p
—sz

m~ and M p are the masses of the weak charged and

neutral bosons, respectively. We have taken the width of
the Z, I p & 3 GeV, and thus the imaginary part of the

propagator is small and is neglected.
In the differential cross section Eq. (2), the cos8 term

dictates that there will be a forward-backward asym-
metry. The coeScient B„„determines the magnitude of
the asymmetry:

p g 38'
(7)F+B 8R„„

We omit writing the second-order term in 7 in the
second line of Eq. (7). Figure 1 shows the general charac-
teristics of R„„and A„„predicted by the model with the
parameters

sin 0gr 0 23 mzp 9 1 9 GeV

rz ——3 GeV .

8 is the total angle between the produced p and the e
beam. R„„ is the total cross section normalized to the
point QED cross section, cr(QED)=4wa /3s=86. 85/s
nb (s in GeV ):

o(pp, )

o (QED)
= 1 —2gvgPX

+ [(gf )'+ (g& )'][(gIl)'+(g"„)']1'

1.0 l. . . l

40 60 80 100 120
vs [Gev]

0.0

FIG. 1. The standard-model predictions for R» and A» as
a function of &s.

dcT

d(cos8)
do(expt} Mo(cos8)

d(cos8} M(cos8)

In the calculation of the radiative corrections we use
the physical parameters e, m +, m p and define cosO

by Eq. (5). Additional parameters are the masses of lep-
tons and quarks. The masses of the Higgs-scalar particle
and the top quark are not known. If the Higgs-boson
mass is below 1000 Gev and the top-quark mass is less
than 200 Gev, the radiative corrections are very insensi-
tive to the values of these masses. If the top-quark mass

The equations and considerations apply equally to
e+e ~~+~ in Sec. III.

In the energy region available at PETRA, the total
cross section R„„deviates from the QED point cross sec-
tion by less than 1%. This arises from the fact that the
vector coupling g v = —0.04 for the measured value
(world averaging) of sin 8 =0.23. In Eq. (3) the interfer-
ence term in R„„is in fact smaller than the weak term.
In the asymmetry A„„, the situation is different since it
depends upon the axial-vector coupling and gzgz ———,

' in

the standard model. At 35 Gev the expected asymmetry
is —9.0% and at 44 GeV —15.7%.

In Eqs. (2)—(7) we have used only Born terms of order
a: the single-photon- and Z -exchange diagrams. For a
precise comparison of the electroweak prediction with
the measurements, we must take into account radiative
processes. Following the usual procedure we correct the
measured data for acceptance and radiative effects such
that they can be compared to the Born-term electroweak
prediction. A Monte Carlo program generates events ac-
cording to the cross section of order a, including all
one-loop electroweak radiative diagrams. This program
permits the detailed simulation of the acceptance and the
resolution of the detector. For a given luminosity we
determine from the data M(cos8), the number of events
in an interval of cos8 accepted by the detector, and satis-
fying the selection criteria. This number is compared to
Mo(cos8), the number of events calculated by the Born-
term cross section for the same acceptance and luminosi-
ty The co.rrected cross section der/d(cos8) is then cal-
culated from the measured cross section da(expt)/
d (cos8) by
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is much larger than 200 GeV, the electroweak radiative
corrections change substantially due to the self-energy of
the Z'.

The uncertainty of the radiative corrections, due to the
unknown top-quark mass, can be avoided by rewriting
the asymmetry using the relation

e+e e+e p+ p

and

are about the 1% level since the cuts

(13)

7TCX 1

v'ZGFsin'e~ 1 —~rg
(10)

and

max(p „p )) —,'Eb.
P P

(14)

With Eqs. (5) and (10) we rewrite the prediction of the
asymmetry given in Eq. (7) in terms of the Fermi con-
stant GF and obtain

z'
4&2m.a m~0 —s 1 hrz-z

(12)

This prediction must be compared to measurements of
the asymmetry which are not corrected for the self-
energy of the Z . The radiative corrections b r~ and Arz
are practically identical, and hence cancel out in Eq. (12).
Therefore the predicted asymmetry is independent of the
self-energies of the weak-gauge bosons. At PETRA ener-
gies the asymmetry is insensitive to the precise value of
the Z mass. Consequently Eq. (12) must agree with the
measurements if the standard model is correct. Experi-
mental values which differ from the predictions of Eq.
(12) cannot be explained by a change of the values of the
electroweak parameters m o or sin 0~ or by a
modification of the radiative correction arising from a
heavy lepton or top quark of high mass. In conclusion,
this is one of the most stringent tests of the standard
model in the neutral-current sector. (See Behrends and
Bohm in Ref. 4.)

A description of the Mark J detector, including the de-
tails of triggering, selection, background suppression,
cuts, and acceptance can be found in previous publica-
tions. We note here that the background contribution
from the reactions

where GF is accurately measured at low energies using
the decay of the muon. Equation (10) has a correction
term for the W self-energy (1 hrz ) (—Ref. 6). The nu-

merical value of Ar~ is

hr ~——0.0713+0.0013,

and the masses of the top quark and the Higgs scalar are
taken, respectively, as 45 and 100 GeV (Ref. 7). A
correction of similar physical origin appears in the elec-
troweak radiative corrections of the asymmetry A„„.
The Z propagator is modified by the self-energy of the
Z . We denote this correction by hrz. Since this correc-
tion has the same dependence on the unknown top-quark
and Higgs-scalar masses, it is advantageous not to correct
the rneasurernents of the asymmetry for the self-energy of
the Z, but to compare the data to a modified prediction
of the standard model, which is

TABLE I. R» values. The integrated luminosity, number of
events, and measured R» values at different c.m. energies &s.

&s (aeV~

14.0
22.5
34.6'
35.0
36.4
38.3
40.4
42.0
43.8
46.1

JL dt (pb '}

1.5
3.0

76.3
68.0

1.4
9.5
2.6
3.4

37.5
5.9

472
357

3658
3196

65
403

87
116

1123
155

1.04+0.05
1.02+0.05
0.98+0.016
1.00+0.018
1.08+0. 13
1.07+0.05
0.93+0.10
1.04+0.09
0.99+0.03
0.96+0.08

'Run 1.
bRun 2.

acollinearity g, 0 & g & 20'

are eScient in removing these background events, as
verified by Monte Carlo studies. We note that the detec-
tor acceptance is large & 90% over the interval
—0.8 (cos8 (+0.8. 8 is the angle between the e beam
and the p . The probability for charge confusion of the
muons (that is, the fraction of like-charge events) is
—1%;hence, double-charge confusion is negligible.

For the total-cross-section determination, which is to
be compared to Eq. (3), the measured data are corrected
for acceptance and the full one-loop electroweak radia-
tive effects. The systematic error arises from two sources:
approximately 1% from details of the backgrounds and
detector-acceptance uncertainties, and —3% from the
normalization uncertainty in the luminosity. Between
neighboring energy points, the luminosity uncertainty is
much smaller. This can be seen, for example, by compar-
ing in Table I the data from the two energies 34.6 and 35
GeV, which were taken four years apart. Table I displays
all of the Mark J data on R„„.New unpublished data are
at 35 GeV, and above 42 GeV there are factor-2 addition-
al events. The data are plotted in Fig. 2 including statist-
ical errors. (Reference 7 has an exhaustive list of refer-
ences of measurements of R„„and A„„.)

The measured differential cross-section data are given
in Fig. 3 for the combined energies 34.6 and 35 GeV.
The data points have been corrected for detector-
acceptance and electroweak radiative eR'ects. The dashed
line is the symmetric QED cross section and the solid line
is fitted to the data by the asymmetric form
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TABLE II. A» values. Measured A» values compared
with the standard-model prediction at different c.m. energies
v's.

1.0

0. 9

0 500 1000 1500 2000 2500
s [GeV']

&s (GeVj

14.0
22.5

34.8
36.4
38.3
40.4
42.0
43.8
46. 1

fLdt (pb ')

1.5
3.0

144.3
1.4
9.5
2.6
3.4

37.5
5.9

&» (%)'

+ 5.3+5.0
—4.3+6. 1

—10.4+1.3
—13.6+13.5
—12.3+5.3
+ 5.0:"10.5

—15.9+9.3
—15.6+3.0
—17.6+8.3

—1.2
—3.3
—8.6
—9.5

—10.7
—12.2
—13.4
—14.9
—17.0

FIG. 2. Measured R„„values. Statistical errors are shown.

""~(1+cos 8+8 cos8) .

This is the lowest-order form for the cross section.
Table II contains the measured values of the asym-

metry A „„corrected for electroweak radiative effects,
detector acceptance, and extrapolated to the full range of
cos8 (

~

cos8
~

&1). The quoted error is statistical. The
systematic error (+0.5%) is from detector-asymmetry
measurement.

The data are plotted in Fig. 4 and compared to the
standard model, Eq. (7), with sin 8=0.23 and m o ——91.9
GeV. It is clear that the measured values at the different
energies agree very well with the expected behavior from
the standard model. QED alone cannot account for the
data. The interference between QED and the weak in-
teraction in the standard model is impressively confirmed
by the data. In fact, this is a strong test of the standard
model of Glashow, Weinberg, and Salam.

We note from Eqs. (3), (6), and (7) that A„„and R„„

'+0.5% systematic error.

depend upon the electroweak parameters sin 8~ and
m o. We cannot obtain independent values of these pa-Z'
rameters, essentially because R„„has errors larger than
the predicted difference between its QED value of unity
and the electroweak values. However we can construct
contours in the sin 0~-m o plane using a X function

with sin 6I~ and m o as variables. Figure 5 displays the
68%- and 95%-confidence-level (-C.L.) contours for the
Mark J data, as well as two data points from the CERN
experiments of the UA1 and UA2 Collaborations. ' The
sin 8 values for these two experiments were derived us-

ing Eq. (5). The error bars drawn in Fig. 5 for the UA1
and UA2 measurements have been increased by a factor
of 1.5 in order to correspond to the 68%-confidence-level
contour for a simultaneous measurement of two pararne-
ters and to correspond to the 68%-C.L. contours given
for the Mark J measurement. The agreement is excellent
between these experimental determinations. If one of the
parameters is fixed at the world value, the other can be
evaluated:

sin 0~=0.21+o 02+0.01 for m o
——91.9+2 GeV,

1 dN
N dcose

1.2

[ 1 I
t

l I '
1 I '

1 I T I I t I t I I I I I I I f
' I I

MARK, J
e+e p, p

or

m =89+3+1 GeV for sin 8~——0.230+0.005 .

02

(16)

O.B 0.1

MARK J
p e ~p )l

—@ED

Gsw

O.O

0.1

0.0

v s =34.8GeV

II I I l I I I I ( I I I j I I I I I I I I i I ) l I I I ( I i I i I I i I I } I I I I I I I I

0.0 0.4
cos 8

0.2

0 500 1000 1500 2000 2500
s (Gev~]

FIG. 3. The differential cross section for e+e ~p+p at
&s =34.8 GeV. FIG. 4. Measured A„„values. Statistical errors are shown.
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TABLE III. sin'0~ values. Measured values of sin'0+ by different experiments and techniques.

Experiment

Mark J
PETRA and PEP

UA1

UA2

CCFRR
CDHS

CHARM
FMM

CHARM and E734

Method

e+e ~p+p
e+e ~p+p
1 —(m ~/mz )

(38.65 GeV/m ~)2
1 —(mg /mz)

(38.65 GeV/mg )
NC /~CC
vN vN
NC g CC

+vN ~ +vN
NC/ CC

+vN +vN
~AC g CC
+vN ~ +vN

o /o.

0.21+
Q QP+0. 01

0.20+0.02+0.01
0.194+0.032
0.214+0.006+0.015
0.232+0.025+0.010
0.232+0.003+0.008
0.242+0.011+0.005
0.225+0.00520.006'
0.236+0.005+0.006'
0.247+0.012+0.013
0.212+0.021+0.009

v e v e

'Theoretical error includes c-quark mass m, =(1.5+0.4) GeV.

7TCX 1

&2GFsin H~cos Os, 1 —~rg
(17}

which is derived from Eqs. (5) and (10).
Tables III and IV compare the Mark J results for

sin 0~ and m Q with the world values from combining
data from similar experiments and also with different ex-
periments. '

The rows labeled PETRA and PEP include data from
the CELLO, JADE, Mark J, PLUTO, and TASSO Colla-
borations at PETRA, the Mark I Collaboration at the
SLAC storage ring SPEAR, and the HRS, MAC, and
Mark II Collaborations at the SLAC storage ring PEP.
The consistency of the results is remarkable.

0.5

0.4

The second error is an upper bound for the systematic er-
ror. The determination of sin 8~ involves only neutral-
current interactions of leptons and the measurements of
the W and Z masses. It avoids the complications arising
in the measurements of sin 8~ using nuclear targets.
This measurement of sin 8~ is at high energy and is thus
complimentary to the low-energy neutrino-electron
elastic-scattering determination of sin 6I~ which is also
purely leptonic in nature. " Note in Fig. 5 the dashed
curve is a plot of the equation

It is also possible, using the total cross section and the
asymmetry at each energy, to determine the vector and
axial-vector coupling constants of the muon. The mea-
surement of R„„determines mainly the product gfgP
and measurement of A„„ the product g„'g~~, as can be
seen from Eqs. (3) and (7). We rewrite the parameter X
defined in Eq. (6) in terms of GF using Eqs. (5) and (9) and
obtain

2
GF zo 1 —Arx=

2na&2 m o —s 1 hrz—
Z

(18)

In this parametrization we have included the radiative
corrections Ar~ and b rz in the same way as in the asym-
metry given by Eq. (12) in order to cancel the corrections
due to the self-energy of the bosons. The use of this pa-
rametrization of g in the prediction of R„„and of A„„
has the advantage that the resulting predictions are very
insensitive to parameters other than the vector and
axial-vector couplings of the electron and the muon. In
the asymmetry we obtain Eq. (12), in which we have not
written the purely weak terms for simplicity, but they are
included in the determination of the electroweak parame-
ters. Note that we must not correct the measurements of
R„„and A„„ for the self-energy of the Z when we com-
pare measurement to the prediction using Eq. (18), since
it is already included in the theoretical prediction.

From the Mark J data we obtain

g vga ' —0.02

0.3

and

g„'g"„=0.280+0.015,
(19)

0.2

0. 1

TABLE IV. m Q values. A comparison of measured m QZ Z
values from different experiments.

Experiment Method m Q (GeV)

0. 0
70 80 90 100 110 120 130 140 150

mzo [Gev]

FIG. 5. Calculated contours in the sin 9~-m Q plane.
Z

Mark J
PETRA and PEP

UA1
UA2

e+e ~p+p
e+e ~p+p
pp —+Z +X
pp Z'+X

89+3+1
88+2+1
93.0+ 1.4+3 ~ 0
91.5+ 1.2+ 1.7
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and (20)

g~g~ =0.25 .

The agreement is very good between our values and the
standard-model expectations. Combining all pp data
from PETRA and PEP the values of the coupling con-
stants are'

gVg V —0.03

and the errors are those from independent measurements
of each paraineter. In the standard model [Eq. (4)] we ex-
pect

g'vga=0. 002 (sin Oiv=0. 23)

overall acceptance appears small, 40% to 40 GeV. The
entire background is less than 5% of the final-data sam-
ple, and the major contribution is from e+e ~p+p y
events.

The cross section for v-pair production with the re-
quired decay characteristics is experimentally determined
by

Na(rr~pX) =
eL ' (24)

where N is the number of observed w events minus the
number of expected background events and e is the total
acceptance. L is the integrated luminosity. The total
cross section for ~-pair production is

and (21) o (rr~pX)
O' 77 28(r~p)[1 —8 (w~p)]

(25)

gag~~ =0.283+0.023 .

In the standard model only one Higgs doublet is in-
volved. For models with a Higgs structure more compli-
cated than doublets or in theories having additional
neutral-vector bosons, Eq. (12) is modified by a parameter

p which multiplies the right side of that equation, and Eq.
(5) becomes

2m
p=

m ocos 8~
(22)

From our data and the modified Eq. (12), including p, we
find

p = 1.08+0. 10+0.03, (23)

which is nearly independent of sin 0 and m o. This

determination is free of the uncertainty in the top-quark
mass. It is a powerful test of the simple standard model.

III. e+e ~s+v

We have studied ~-lepton production over the c.m. sys-
tem (c.m. s.) energy region from 14 to 46.8 GeV (Ref. 14).
The data reported here have an integrated luminosity of
214 pb '. ~ leptons are detected by their decay products,
since their decay path is very short. In the Mark J detec-
tor, the cleanest reaction is the channel
e+e ~+~ ~@+—vv+X+, where X =evv or had-
rons+ v. Results are given on (1) the cross section, (2)
the decay branching ratio into p,vv, and (3) the elec-
troweak parameters.

The selection of events and the understanding of the
potential sources of background are crucially important.
These are discussed in detail in Refs. 14 and 9. It is clear
that the collinearity of the production process and the
missing energy due to the emission of neutrinos are the
major factors in selecting events. The acollinearity angle
between muon and jet must be less than 30'. The selec-
tion criteria yield a sample of 2197 ~~~@Xevents. The
overall detection efBciency including geometrical accep-
tance and kinernatica1 cuts is center-of-mass energy
dependent. Note that the acceptance is calculated with
all radiative events (to order a ) included. The kinematic
cuts preferentially remove hard-radiative events, thus the

8(r~p, ) is the branching ratio for the r decay to muon
(r +pvv). —The weak correction to the QED prediction is
small. However, the first-order QED radiative correction
5r to the one-photon-exchange diagram is large
(5r =35% for &s =35 GeV) and is included. This
correction is before kinematical cuts are applied. After
cuts, the actual correction to accepted events is about
10%, since the hard radiative events are, in large mea-
sure, eliminated by the cuts. We normalize the measured
cross section o(rv) to the. QED cross section calculated
to 0 (a ) so that variations from the QED prediction will
be seen as a deviation from unity. Thus to O(a ) we have

R (rr)= cr(rr)
0 (~~)

o (rr)
o'(~) (1+5r )

N 1

o& e(1+@ )I, 28(r~p)fl B(~~p))—

8 (r~p) =(17.4+1.0)% . (27)

Both statistical and systematic errors are included. This
value agrees well with the world average of 17.6+0.4%.
Our sample of this ~-decay channel is the largest yet re-
ported. '

Only events with
~

cos8
~

&0.8 were included in the

Any variation from the QED prediction shows up as a
deviation of R(rw) from unity. The values of R (rr) as a
function of &s are shown in Table V, where 8 (w~p)
was taken as 17.6%. The systematic error on R (rr) is
5%, mainly from the uncertainty in the luminosity mea-
surement. Clearly the data are consistent with R (rr) = l.
Figure 6 is a plot of data in Table V. The solid line is the
QED prediction, and the dashed lines are given using the
derived cutoff values A for the assumed form factor for
the ~. The lower is A g206 GeV, the upper A+ ~262
GeV. Figure 7 presents the R values from all PETRA
and PEP experiments. '

If we require R (ir) to be unity, then from Eq. (25) we
find
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TABLE V. R„values. The integrated luminosity, number of events, and measured R„values at
di6'erent c.m. energies &s.

&s (GeV)

14.0
22.4

(34.7&

(39.4)
43.8
46.1

JL dt (pb ')

1.57
3.87

148.45
16.49
37.83
5.&5

N(~~pvv)

79
92

1551
144
287

44

R (n)'

1.13+0.14+0.07
1.02+0. 12+0.06
1.00+0.03+0.05
0.98+0.08+0.05
0.97+0.0620.05
1.02+0. 16+0.05

'The first error is statistical, the second systematic.

data sample for the angular distribution. This criterion
ensures a uniform acceptance over the complete angular
region. We use data above 30 GeV since it has an equal
amount of luminosity at both magnet polarities and sys-
tematic effects due to detector asymmetries cancel out.
The original v direction was estimated by the vectorial
difference of the muon momentum and the energy of the
jet. The original flight direction of the r is known from
this procedure to a precision of 2.5'. The measured
differential cross section at 34.7 GeV is shown in Fig. 8.
The data are corrected for acceptance and 0(a ) QED
radiative effects as explained in Sec. II. Following the
method outlined there for muon pairs, we determine the
forward-backward asymmetry of ~'s over the full angular
range:

34.7 GeV, 1401 events, A„=—10.6+3.1%(—8.5%),
(28)

43.8 GeV, 287 events, A„=—8.526.6%%uo( —15.4%) .

The values in parentheses are the standard-model predic-
tions using sin 8 =0.23+0.005 and m 0 ——91.9+2 GeV.
The errors shown are statistical. Systematic errors are at
the 1.5% level, resulting from detector asymmetry
(+0.05%), charge confusion (&1%) and QED-induced

asymmetry ( & 0.2%). Figure 9 plots A „values from PE-
TRA and PEP experiments.

Our measurements of A, and R„can be used to
determine the vector and axial-vector neutral-current
coupling-constant products. We find the values

g f g)'. ——0.07+0.07 (0.02+0.03),

gqgq
——0.223+0.064 (0.227+0.016) .

The errors include both statistical and systematic errors
on A„and R„and the above-quoted errors on sin ea
and m 0. The values in parentheses are the PETRA and

PEP averaged values.
The ~ data, that from the Mark J alone, or the corn-

bined PETRA and PEP data, strongly support lepton
universality and the standard-model predictions.

IV p p y

A study of p+ p y events provides a method of testing
the validity of electroweak theory at higher order. As in
the p+p channel, the Z exchange does not significantly
effect the total cross section, but it does effect the
forward-backward muon asymmetry. The photon can
simply be classified as being radiated either in the initial
or the final state. Interference between the initial- and
the final-state radiation does not contribute to the QED
total cross section because it is antisymmetric. We also
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FIG. 6. Measured R „values. Statistical errors are shown. FIG. 7. R „data from all PETRA and PEP experiments.
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FIG. 10. For e+e ~p, +p y, the photon angular distribu-
tion of the initial- and final-state radiation. Cuts are given in
the text.

FIG. 8. The measured angular distribution for e+e ~g+~
corrected for QED contributions to 0(a') for v's =34.7 GeV.
The solid line is the best fit to the data including electroweak in-

terference. The dashed line is the lowest-order QED prediction.
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FIG. 9. The charge asymmetry A„as a function of s from
PETRA and PEP experiments. The solid line is the QED pre-
diction and the dashed line the standard-model prediction with
sin 0 =0.23 and m o——91.9 GeV.

note that the photons radiated in the initial (final) state
tend to go in the direction of the electron beams (muons);
hence, the angular distribution is quite sensitive to the
cuts applied to obtain the distribution. Figure 10 is the
angular distribution of the photon obtained by applying
the following cuts to the Monte Carlo events:

Max(p, p ) )Eb/3,

g(acollinearity ) & 160',
(29)

i
cos8„

i
(0.8,

E& &0.03&s

From Fig. 10, it is clear that when we impose the condi-

tion that
~
cos8„~ &0.8 in our accepted event sample, the

fina-state radiation is a factor of 2 larger than the
initial-state radiation. We also note that events with very
energetic photons are always accompanied by a pair of
muons which are at small angles with one another. Some
of these events are lost since the detectors cannot always
resolve the muons. The p+p y events are selected using
these criteria in addition to those in Eq. (29)

(1) There are two coincident muon-trigger counter hits
and two drift-chamber tracks coming from the interac-
tion point.

(2) The direction of the electromagnetic shower is com-
puted with the assumption that the particle is from the
vertex point. The energy of a shower which is collinear
with one of the muons (8„&& 5') is required to be larger
than 6%&s. This reduces the effect of the minimum-
ionizing energy left by the muon.

(3) There must not be a drift-tube track associated with
the electromagnetic shower, if the shower is not collinear
(8„&10') with the muon track.

(4) The acceptance of the shower is limited to
i
cos8r

i
& 0.9.

(5) The drift tubes do not cover +7' at the four corners
(/=+45') above and below the particle-orbit plane;
hence, events in electromagnetic showers at these posi-
tions are not included.

(6) Coplanarity is assured by requiring the opening an-
gles to satisfy 360 —(8 +8 ++8„&)&5'.

rv
Taking advantage of the good muon angular resolution

of the Mark J detector, the mornenta or energy of the
muons and photon can be most precisely reconstructed
from the orientation of the rnuons and photon using ener-

gy and momentum conservation. The greatest uncertain-
ty is in the measurement of the direction of the photon.
If the photon is collinear with a muon, E is determined
from the calorimeter energy. The uncertainty in the in-
variant py mass is estimated to be about 3% at 35 GeV
from a Monte Carlo study.

The backgrounds are from the following sources.
(1) The two-photon reaction e+e ~e+e p+p, in
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TABLE VI. A comparison of the number of observed and

calculated (Monte Carlo) p+p y events.
500~ ' I I I I I I I I I I [ I I I

e 8

Energy band
(GeV)

28.7-37.0
37.0—46.0

(&s }

(GeV)

34.7
42.8

jL dt (pb ')

120
60

N
{obs)

568
227

N
(MC)

580
231

~ 100
~ 50
LLJ

O
IO

CD

which only one electron is detected in the electromagnet-
ic calorimeter, but its track is not reconstructed in the
drift tubes.

(2) r-pair production, in which one r decays into a
muon and the other into hadrons, one of which punches
through the hadron calorimeter and triggers a muon
counter.

(3) rry events, in which the r's decay into muons.
(4) e+e p+p y events in which both electrons are not

detected.
Monte Carlo studies simulate these processes and esti-

mate their acceptance. Monte Carlo events are passed
through the analysis programs and are visually scanned
as are the real-data events. The contamination from the
processes above is less than 1%.

This experiment has accumulated a much larger set of
events in the p+p y reaction than other published re-
sults. ' ' Table VI shows the observed number of events
compared to that expected from our Monte Carlo predic-
tion at mean energies of 34.7 and 42.8 GeV. We find the
data in excellent agreement with the electroweak theory
to order a . We show this agreement in Figs. 11-17.

The photon energy distribution is shown in Fig. 11. It
peaks at low energy as expected, but the expected large
peak at Ey Ebzzm is suppressed by the detector, which
cannot resolve very close muon pairs. The acceptance is
essentially zero for events in which the muon acollineari-
ty is larger than 160'. This distribution is given in Fig.
12. Figure 13 is a plot of the muon-pair invariant mass
normalized to the center-of-mass energy +s. Figure 14
is the py invariant-mass plot. Since the radiated photon

I

0.5 I I I I I I I I I II I I I

40 80 I 20
4 (deg)

160

FIG. 12. The muon acollinearity distribution in p+p, y.

tends to be in the low-energy region and collinear with
one of the muons, the normalized py invariant-mass dis-
tribution shows peaks at 0 and 0.25. Figure 15 is the py
opening angle distribution.

The muon charge asymmetry in the ju+JLI y reaction
arises from the electroweak interference and also from
the QED interference between the photons radiated in

the initial and final states. These di6'er in their depen-
dence upon the kinematic cuts. The asymmetry from the
electroweak interference is more or less independent of
the cuts since it depends essentially upon the momentum
transfer of the virtual Z, while it is easily seen that the
QED interference is extremely sensitive to the kinematic
cuts. For example, the QED interference decreases as the
photon energy increases. Figure 16 shows this general
dependence. The angular distribution of the produced
muons with respect to the beam direction is shown in
Fig. 17. Each event has two entries: one from the angle
of the p with respect to the e beam and one from the
angle of the p+ with respect to the e+ beam. The asym-
metry is defined as
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FIG. 11. The photon energy distribution in p+p y.
FIG. 13. The muon-pair invariant-mass distribution in
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FIG. 14. The py invariant-mass distribution in p+p y.
FIG. 16. The muon charge asymmetry as a function of pho-

ton energy in p+p y.

A= N(8&90') —N(8& 90')
N(8 & 90'}+N(8&90'} (30)

+1.0(systematic),

A (electroweak) = —18.4+ l.3,
A(QED)= —11.6+1.3 .

The systematic error in A(observed} is from detector
asymmetry We note that two-thirds of the predicted
asymmetry is from the QED part alone. The QED asym-
metry of the spy events together with virtual-photon
processes, to order a, has been used as a correction to
the electroweak asymmetry of the dimuon sample. The
correction is small (about I'//o under kinematic cuts) as a
result of the cancellation between the asymmetry of the

where N is the number of muons. The observed and ex-
pected asymmetries (%) are

A (observed) = —14.7+3.5(statistical)

ppy events and that of virtual-photon processes. Hence,
it is essential to be able to separate the contributions and
test the calculations. Our measurement of the asymmetry
of pjuy events confirms the validity of the QED calcula-
tion. The agreement with the electroweak theory is good
for all of the distributions which we have shown, includ-
ing the asymmetry as well.

In all Monte Carlo simulations, only the lowest-order
diagrams for radiative muon-pair production are includ-
ed. Depending upon the kinematic cuts, the higher-order
corrections are estimated to be about +3'flo for the cross
section and less than 1.5% for the charge asymmetry in
the acceptance.

V e+e p+p,

This two-photon product;ion process can be used to test
QED to order a . In particular, the experimental groups
at PETRA have data up to 46.8 GeV and thus data at
larger values of Q (the square of the four-momentum

200 I I I I »» l I I I I i I I r

e+ e

Oy20 I I I I l I I I I ) I I 1 I l 1 I I I

e+e =+++ &

+ 150—

o 100
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FIG. 15. The py opening-angle distribution in p+p y.
FIG. 17. The muon angular distribution in p+p y. hN/N

is the fraction of the sample N in the given 6(cosO„) bin.
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TABLE VII. Selection criteria for e+e ~e+e p p events.

Category

eel, eepp

P, (p) &1.5 GeV

&1 muon
&1 muon

&1 muon

P(P) &0.5Eb

2 muons
&1 muon

E,

& 0.2Eb
& 0.2Eb

& 0.2Eb

Other

Unbalanced momentum

& 0.25Eb
2 tracks in em calorimeter,
one electron identified.

400

300—
ee = ee~p

o 200—

transfer between the incoming and outgoing electron),

M„„,and P, (the muon transverse momentum) can be in-

vestigated.
The elements of the Mark J detector which were used

for this reaction were the drift-tube vertex detector, the
electromagnetic calorimeter, the time-of-liight counters,
and the muon spectrometer. Details can be found in Ref.
19.

The ee pp events detected were classified into three
categories: (1) pp (untagged); (2) epp (single tagged); and
(3) eepp, and eel (double tagged). To distinguish two-
photon muon events from single-photon muon events, we
have used the fact that the momentum spectrum of
muons from the single-photon process peak at the beam
energy while the muons produced in the two-photon in-
teractions have much lower momentum. Figure 18
displays this clearly, and the momentum cut indicated on
the figure shows that the contamination from the single-

photon pp interaction is small. The selection criteria are
listed in Table VII.

We have studied the contamination from the processes

spy, r~y, and cere QED Monte Carlo events. The result
is a background of 1 —2. 5 % depending upon the type of
final state and the center-of-mass energy. These have
been subtracted from the data sample.

A complete a -order QED Monte Carlo program was
used to generate eepp events including detector simula-
tion. A11 interference terms between the Feynman dia-
grams (Fig. 19) and lepton masses have been included in
the calculation. The higher-order radiative correction,
estimated to be at the 1% level, is not included.

The observed cross section for ee~eepp is shown in
Fig. 20 as a function of &s for tagged and untagged
events separately. The statistical error is given on the
data points, and the systematic error is about 4% includ-
ing errors of luminosity and detector efficiency. cr(pp)
increase 1ogarithmically as the energy increases. The
measured cross section agrees well with the QED predic-
tions. The number of events in the data and the expected
number from a Monte Carlo calculation are shown in
Table VIII for v's ~ 30 GeV. The integrated luminosity
is 108 pb

Other parametrical distributions agree very well with
QED predictions. ' Figure 21 has the acoplanarity and
acollinearity plots for the untagged events at an average
v's =44 GeV. Acoplanarity p and acollinearity g are
defined, respectively, as / = 180 minus the angle between
the two-muon-momentum projections in the plane per-
pendicular to the beam axis, and (=180' minus the angle

LJJ
CD

X
CUT

ee

100—
(a) {c)

rl I I I I I I I I I I I'0 0.5 I.O

P „/P& OF p. OR p.

2.0
(b)

FIG. 18. The maximum momentum P,„distribution
demonstrates how a cut in P,„separates the two-photon chan-
nel e+e p+p from the single-photon channel p+p

FIG. 19. Feynmam diagrams contributing to
e+e ~e+e p+p: (a) multiperipheral, (b) bremsstrahlung,
(c) conversion, and (d) annihilation.
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FIG. 20. The measured cross section including acceptance, in

pb, for e+e ~e+e p+p as a function of &s. The
e+e ~p+p cross section is given for comparison.

FIG. 21. (a) The acollinearity and (b) acoplanarity for two
muons in the untagged case (40 & &s & 46.78 GeV).

with a =0.45+0.07 nbl(GeV/c) and b =4.47+0. 15.
Also shown in the figure are the predictions of a DEPA
(double equivalent-photon approximation) 3 and the
QED Monte Carlo prediction, both of which describe the
untagged data equally well.

Our study shows that the complete a QED calculation
describes the two-photon production data very we11 over
the energy range 14&v's &46. 8 GeV and the Q range
from 0.7 to 166 GeV .

do. /dP, =aP, (31)

TABLE VIII. A comparison of the number of e+e p+p
events in the data and the number expected from the Monte
Carlo study for &s & 30 GeV.

eep and eepp

between the directions of the muon momenta. Figure 22
is for the tagged data, including lower energies in order
to have the largest number of events possible. We note
that QED Monte Carlo calculations fit the data well.
The invariant-mass distribution of the two muons is given
in Fig. 23 for the single-tagged sample. Again the agree-
ment is good. Similarly, although we do not show them,
the untagged invariant-mass distribution and the Q dis-
tributions for the tagged events are described well by
QED.

The agreement between data and the QED Monte Car-
lo calculations after detector-response simulation allows
us to apply a bin-by-bin acceptance correction to the
data. This has been done for the data in Fig. 24 which
displays the differential cross section as a function of the
muon transverse momentum P, with respect to the beam
line. The data are fit well by a power law
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VI. SUMMARY

All electroweak data from the Mark J experiment,
indeed from all e+e collider experments, agree within
experimental uncertainty with the predictions of the stan-
dard model. The agreement is striking.

The forward-backward asymmetry data in muon and
r-pair production (A„„,A„) as a function of &s, is fit

precisely by the standard model. From the total cross
section R„„and A„„,we calculate

sin 8~=0.21 o 02+0.01

assuming m 0
——91.9+2 GeV. Or vice versa, if we use

Z
sin 8~——0.230+0.005, the world value using all existing
measurements, we determine

FIG. 23. The invariant-mass distribution of muon pairs in
the single-tagged case (30&&s g46. 78 GeV).

m o
——89+3+1 GeV .

Parametrizing A„„as in Eq. (12) and using R„„,we

determine the vector and axial-vector couplings in a
manner which is insensitive to the mass of the Z and
sin 8~. We obtain

10

IO

CV

C9

-3
IO

Al ~
CL

b

IO

I I I
I

I I I I] I I I I I I II

DATA (Js )= 44.Q GeV

BEST FIT da-/dPt =a Pt

44 Gev

gVgk 0'04 —0.02 &

g q g~q
——0.280+0.015

in excellent agreement with predictions of the standard
model and the combined world data. Comparing this re-
sult with that for r's it is clear that the data strongly sup-
port lepton universality.

From the Mark J data, we determine p = 1.08+0. 10
+0.03, a sharp test of the theory, which is free of the
current uncertainty in the top-quark mass.

For the ~-pair production reaction, we find the branch-
ing ratio w~p, +X= 17.4+1.0% in excellent accord with
the world average of 17.6+0.4%.

In p+p y production, all measured distributions in-
cluding the forward-backward asymmetry are in excellent
agreement with the electroweak theory.

Our data on the two-photon process
e+e ~e+e p+p, agrees in detail with QED to order
a, over the energy range 14—46. 8 GeV and the Q range
from 0.7 to 166 GeV .
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