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A direct test is presented of higher-order QED (o.z) at large momentum transfers
(up to - 100 GeVz). These tests were carried out with the MARK-J detector at PETRA
by comparing the measured cross section for the process e+e -e+e p+ p with the
prediction of @ED for 12 GeV &~s &36.7 GeV. The cross sections and the various kine-
matic distributions agree with @ED.

PACS numbers: 12.20.Fv, 13.10.+q

There have been many tests of QED processes
over the last two decades, and they can be
grouped into two classes':

(a) Precision tests of QED such as the anoma-
lous magnetic moment (g-2) of muons and elec-
trons. These processes test higher-order QED
at small momentum transfers.

(b) High-energy processes such as photoproduc-
tion of lepton pairs, Bhabha scattering, and
muon-pair production from e 'e colliding beams.
These processes test first order QED at -large
momentum transfers and small distances.

We present new results from an experiment
which is a combination of both classes and which
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tests higher-order QED (a') at very large mo-
mentum transfers. This experiment enables us
to probe for the first time higher-order QED
theory at very small distances.

The first measurements of lepton pair produc-
tion from the two-photon process were performed
at VEPP II and ADONE' between 1970 and 1974.
Since the first observation of the two-photon proc-
ess at PETRA, '4

e+e -e+e p+ p,

the accelerator has reached a center-of-mass en-
ergy of vs =36.7 GeV, and the total integrated
luminosity has increased by a, factor of 20 (JLdt
~30000 nb '). The two-photon process e'e
-e'e p, 'p. has a large total cross section at
PETRA energies (v=120 nb at v's = 30 GeV) and
it thus allows for a direct test of QED to order
n~ (n ~+»).' The MARK-J detector and the meth-
ods of detection of muons, electrons, and photons
have been described previously. '

Most of the events from reaction (1) occur at
small q' so that the electron and the positron
scatter at small angles with respect to the beam
axis. ' For this reason it is usually not possible
to observe all four particles in the final state,
and we have classified the observed final states
in four categories: (a) p, lJ. observed (972 events),
(b) ~ observed (151 events), (c) e p, p observed,
(d) ee p, p, observed f (c) and (d) combined, 70
events].

In case (a) the two muons and the beam axis
tend to be coplanar because the electrons are
emitted close to the beams and because of trans-
verse momentum balance. In general, the muons
are not collinear and their momentum spectrum
is peaked at small values in contrast with the
muon pairs from the one-photon annihilation
channel.

The event selection is performed by requiring
two muons penetrating the detector iron with I',
& 1.5 GeV for at least one of the two muons; F. „
of each muon & 50/0 Eb„, E,~ & 20'/0 Eb„
where E,&

is the amount of electromagnetic en-
ergy measured in the shower counters. Figure
1(a) shows that the observed cross section for
muon pairs agrees well with the Monte Carlo
prediction of QED where, as in all of this study,
we have used the Monte Carlo program of Ver-
maseren' to calculate the predictions of QED for
two-photon processes to order o.4, Higher-order
radiative effects have been estimated by Defrise
et al. ' to be -10% and have not been included in
the Monte Carlo program. The data have been
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FIG. 1. Comparison of observed cross sections from
the reaction (I) with QED as a function of energy (~s).
The shaded area indicates the accuracy of the Monte
Carlo simulation. (a) The case when only p, +JL(, are
observed. Also shown is the cross section of e+e
—p, +p . (b) The data when pe are observed in the final
state. (c) The observed cross section for the combined
processes of reaction (1) (p pe or p, gee observed) and
8 e p p

corrected for background from e'e -(T'r, p, 'p, ).
This correction is -3.5% at the highest and
-2.8% at the lowest energies. Our Monte Carlo
study shows that for the undetected electrons
the average q'~ -0.2 GeV'.

The selection for case (b) is defined by one
muon reaching the outside drift chambers; F-,&

&20%Eh, , 16'&H,
~

&30', or 150'&|),h, &164',
$ &30', where (),~ is the angle between the elec-
tron momentum and the beam axis and $ is the
acollinearity angle between the muon and the ob-
served electron or positron. With these cuts the
background from e'e -() +p, ), T'T, e'e T'T,
e'e +hadrons) is 7% at Ks =35 GeV and 13% a.t
vs = 14 GeV, and has been corrected from the da, -
ta. Figure 1(b) shows the measurement of the
observed cross section compared with the pre-
diction of QED.

In cases (c) and (d) and p. py fina. l sta.tes, we
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FIG. 2. Angular distributions (circles) between muons from reaction (1) and comparison with QED predictions
(solid line). Also shown are s~~ular distributions (triangles) and predictions from QED (dashed line) for mucus
from e+e —p+p . (a) The accliinearity distribution; (b) the acoplanarity distribution.

require two muons to penetrate the iron with at
least one muon reaching the outer chambers.
Further conditions are

EeI &20'1/oEt m and 12'&8 I &168'.

Figure 1(c) shows the measurement of the com-
bined cross section for p, py events and for events
in classes (c) and (d). The measurements are
compared with the predictions of QED. Although
the cross sections (c) and (d) are small compared
with the radiative process p, p.y, the p. pe events
can be distinguished from p, py by the require-
ment that the missing momentum is ~» 4Eb,
and E

p
~ 50%E b ~.

We have made a detailed study of the kinematic
properties of muon pairs from class (a) for vs
-30 GeV. In all cases there is very good agree-
ment with the prediction of QED for the two-pho-
ton process. In Figs. 2(a) and 2(b) we show the
comparison of acollinearity and acoplanarity dis-
tributions for the muon pairs from class (a) and
from e'e - p, 'p. with predictions of QED.

The invariant-mass (M) distribution of the
muon pair [Fig. 3(a)] does not show any obvious
structure to indicate a new state of charge parity
C =+1 decaying into a muon pair. The quantity

do/dP, ' [Fig. 3(b)], where P, is the transverse
momentum of the muon with respect to the beam
line, is of particular interest, partially because
it is a test of hard-scattering models' and also
because it might be expected to agree with the
distribution of the produced quark transverse
momentum in two-photon production via e 'e
-e 'e qq. ' We have fitted our measurement
with the form AI', for P, '&3.2 GeV', resulting
in & = 8.3 + 1.3 nb/Ge V' and 8 = 4.9 + 0.2, with )('
=17.0 and for 16 degrees of freedom. That this
measurement departs from a well known and ex-
pected P, ' behavior' is supported by the QED
Monte Carlo calculation, which also disagrees
with P, 4 but reproduces the data quite closely
()('= 21 for 18 degrees of freedom for P,'&3.2
GeV'). Indeed, a careful study of the P, depen-
dence indicates that for these center-of-mass en-
ergies the slope parameter 8 depends upon vs

and M, and approaches 4 only in the limit s -~.
It is interesting to note that Figs. 3(a) and 3(b)

show that QED is correct to o.' and up to 1VP

~ 100 GeV' and P,' ~ 50 GeV. ' In cases (b), (c),
and (d), the requirement of one electron or posi-
tron at large angle 0 & 16 allows the study of a
domain of phase space where one of the two pho-
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tons exchanged is far off the mass shell. In this
case (q') =33 GeV' for the electron recoiling at
large angle.

In conclusion, the properties of the two-photon
process e'e -e'e p, '(L(. have been found to
agree well with the prediction of QED to order
a4 over a large momentum-transfer range. In
our kinematical region, the quantity d&x/dP, ' is
proportional to I',
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FIG. 3. (a) Invariant-mass distribution for muon
pairs from the data of case (a). (b) do/dP, ~ as a func-
tion of P&2 for the sample obtained with use of one
entry for each muon. The lines are the @ED calculation.
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Parity uoucouservatiou iuPn scattering has been studied by comparing the cross sec-
tions o.+ and e for longitudinally polarized 46-MeV protons of positive and negative he-
licity. The longitudinal analyzing power is found to be A, =(0.3+1.3) x 10 ~. This result,
together with earlier measurements on parity uouconservatiou inpp scattering, gives new

limits for the weak pion-nucleon coupling constant.

PACS numbers: 11.30.Er, 25.40.Cm, 13.75.6x, 24.70.+s

According to present theory, the interaction be-
tween nucleons (VN interaction) contains a small
contribution from weak interactions (hadronic
weak currents) which can be described by weak-
coupling constants associated with the exchange of
various mesons (&, p, ~, etc.). Experimentally,
the weak +Ã potential can be detected because it
leads to a small parity nonconservation in nuclear
interactions. The presence of such effects has
been clearly demonstrated, e.g. , through the de-
tection of circular polarization I'z in the y decay
of various nuclei, but there is insufficient infor-
mation at present to determine the individual
weak meson-nucleon coupling constants (see Hae-
berli' and Desplanques' for reviews).

The work reported here is the first measure-
ment of parity nonconservation in pu scattering.
The experiment consists of comparison of cross
sections 0' and 0 for logitudinaQy polarized pro-
ton beams of positive and negative helicity. Re-
cent calculations'4 of the longitudinal analyzing
paver A, =(o'-o )/(c'+o ) predict values of the
order of a few times 10 ' and suggest that the
contribution from the weak pion-nucleon coupling
constant, f„should dominate A, . The value of

f, is of particular interest because this coupling
constant is strongly affected by the weak neutral

currents in the theory of Weinberg and Salam.
Study of the pn system is attractive because it is
the simplest one available (apart from the PP and
and a)b systems) and because its scattering states
are relatively well known.

The experimental technique was essentially the
same as in our earlier investigation on pp scat-
tering. "The arrangement is shown schematical-
ly in Fig. 1. Protons are scattered in a 100-bar
He target whose walls are sufficiently thick (2-mm
Al alloy) that charged particles from breakup re-
actions are stopped. Protons scattered by 23'-
97' are detected in a hydrogen-filled (1-bar)
cyclindrical ionization chamber which surrounds
the target. The proton beam was provided by the
Swiss Institute for Nuclear Research cyclotron
which is equipped with an atomic-beam-type po-
larized-ion source. The arrangement in Fig. 1 is
preceded by a spin-precession solenoid and a
47.6' deflection magnet, which, together, pre-
cess the vertical polarization of the beam from
the cyclotron (+ P,) into a beam of longitudinal
polarization + P, or+ P„depending on the sign
of the solenoid field. The helicity of the beam is
reversed every 30 msec by switching rf transi-
tions in the ion source. Every few hours the
overaQ phase of I', is reversed by reversal of
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