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reported by Reines and Gurr. Even using their
most conservative estimate of cr„, =100& z we
should have observed 11 events in the first bin
of Fig. 1.

The author is indebted to Professor Helmut
Faissner for suggesting the present analysis and
for his continued interest. He wants to thank Dr.
JQrgen von Krogh for checking the computations
and for numerous discussions. He also wishes
to thank Dr. Max Reinharz for helpful comments.
Finally, he extends his grateful appreciation to
the members of the CERN Neutrino Spark Cham-
ber Group on whose work this analysis is based.

F. Reines and H. S. Gurr, University of California,
Irvine, Report No. UCI 10 {unpublished), pp. 19-28.

M. Gell-Mann, M. L. GoMberger, N. M. Kroll, and
F. E. Low, Phys. Rev. 179, 1518 (1969).

3R. P. Feynman and M. Gell-Mann, Phys. Rev. 109,

193 (1958).
J. K. Bienlein, A. B5hm, G. von Dardel, H. Faiss-

ner, F. Ferrero, J.-M. Gaillard, H. J. Gerber, B. Hahn,
V. Kaftanov, F. Krienen, M. Reinharz, R. A. Salmer-
on, P. G. Seiler, A. Staude, J. Stein, and H. J. Steiner,
Phys. Letters 13, 80 (1964). A detailed study of elastic
electron production was made by H. J. Steiner, Di-
plomarbeit, Universitat Erlangen, 1967 (unpublished).

J. ¹ Bahcall, Phys. Rev. 136, B1164 (1964).
6The CERN neutrino spectra were computed by S. van

der Meer and K. M. Vahlbruch, CERN Report No. 63-
37 (unpublished), p. 97. If later meson production data
[A. Orkin-Lecourtois, C. Franzinetti, T. Pedersen,
and H. Yoshiki, CERN Report No. 65-32, 1965 (unpub-
lished), p. 111] are used in the calculations, the neu-
trino flux given by van der Meer and Vahlbruch is in-
creased [M. Holder, A. Staude, A. B5hm, H. Faissner,
H. J. Steiner, J. K. Bienlein, G. von Dardel, F. Fer-
rero, J.-M. Gaillard, H. J. Gerber, V. Kaftanov,
F. Krienen, C. Manfredotti, M. Reinharz, and R. A.
Salmeron, Nuovo Cimento 57A, 338 (1968)]. This has
been taken into account in the computation of the v~
spectrum (Fig. 2).

SEARCH FOR T-INVARIANCE VIOLATION IN THE INELASTIC SCATTERING
OF ELECTRONS FROM A POLARIZED PROTON TARGET*

Stephen Rock, Michel Borghini, f Owen Chamberlain, Raymond Z. Fuzesy,
Charles C. Morehouse, Thomas Powell, Gilbert Shapiro, and Howard Weisbergf

Lawrence Radiation Laboratory, University of California, Berkeley, California 94720

Roger L. A. Cottrell, John Litt, Luke W. Mo, 5 and Richard E. Taylor
Stanford Linear Accelerator Center, Stanford University, Stanford, Caljtfornia 94305

(Received 24 February 1970)

We have searched for an asy. . .metry in the inelastic scattering of electrons from a
polarized proton target in the region of resonance excitation, at values of four-momen-
tum transfer squared of 0.4, 0.6, and 1.0 (GeV/c)t. Data were also taken using an inci-
dent positron beam in order to distinguish any possible effect of time-reversal invari-
ance violation from that due to higher-order (n3) contributions to the scattering. No
sizable violation of time-reversal invariance was found.

Following the discovery' of CI' invariance vio-
lation in the decay of the Kl' meson, Bernstein,
Feinberg, and Lee' pointed out that the violation
might result from the existence of a part of the
hadronic electromagnetic current that violates
time-reversal (T) invariance. Christ and Lee'
proposed a test of this hypothesis involving the
inelastic scattering of electrons from a polarized
proton target, in which only the scattered elec-
tron is detected. Let o ~ (o i) denote the cross
section, summed over all outgoing hadronic
states I", for the reaction

eP -eI',

where the target proton spin is along (opposite
to) the normal n to the electron scattering plane,

pouc~~~io pout~~

defined by the momentum vectors of the incident
(p;„) and scattered (p,„,) electron. Then, in the
single-photon-exchange approximation, the asym-
metry

A =(o&-&x&)j(o&+o&)

must vanish unless T invariance is violated.
(For elastic scattering, A can be shown to vanish
independently of T, from current conservation
and Hermiticity alone. ) A nonzero value of A
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can also arise from higher-order (n') effects'
(such as the interference between one-photon-ex-
change and two-photon-exchange amplitudes)
without requiring T-invariance violating ampli-
tudes. This contribution should be small, how-

ever, because it involves an additional power of
e. Furthermore this contribution will depend on
the sign of the lepton charge and, therefore, will
change sign when the experiment is repeated
with a positron beam. A T-invariance violation
effect will have the same sign for electrons or
positrons.

Such a test of tirae-reversal invariance has
several advantages. It involves only a single ex-
periment. It probes the hadronic current at
large momentum transfer. Since the target spin
direction is reversed by making a small change
in the frequency of the microwaves irradiating
the target, without any other changes in the ex-
perimental setup, this experiment is relatively
free from systematic error and is potentially
sensitive to very small effects.

In the absence of definite models of T-invari-
ance violating currents, it is difficult to calcu-
late a "maximal" asymmetry with which to com-
pare experimental results. Effects of such cur-
rents might be observable in the region of reso-
nance excitation, where only a few partial waves
contribute to the cross sections. An asymmetry
due to T-invariance violation can only be due to
an interference between the cross sections for
longitudinally (vz) and transversely (vr) polar-
ized photons. Some data exist on the ratio o'z /o r
for the 6(1236) ' and N*(1512) ' resonances near
the four-momentum transfer values of this ex-
periment; however, the errors are large.

It has been argued on theoretical grounds' that
any T-invariance violating hadronic electromag-
netic current would have to be isoscalar (b,l = 0).
It is reasonable to assume that the resonant am-
plitudes in the 1512-MeV mass region involve
4I =0 transitions to the I =

& nucleon isobars
which are known to exist near this region. Fur-
thermore, there is experimental evidence of
longitudinal excitation in this region' near the
four-momentum transfers studied in this experi-
ment. Therefore, one might expect, on the hy-
pothesis of maximally T-invariance violating
electromagnetic currents, to see a nonzero
asymmetry in the 1512-MeV mass region that
would be detected in our experiment.

If one abandons the BI=0 rule, it is possible
to make a crude estimate of the maximum asym-
metry due to T-invariance violation at the A(1236)

A= ~/(a, )e„ (5)

where P& is the target proton polarization and
P+ is the fraction of the counts due to hydrogen
in the target. The asymmetry A would be equal
to e for a 100% polarized target consisting of
pure hydrogen.

The incident beam currents, of typically 2& 10"
electrons/sec, were monitored by two toroid in-
duction monitors' placed upstream of the target,
and a secondary emission quantameter. " The
beam, typically 2 to 3 mm in diameter, was
swept once per second over the full area of the
polarized target to insure that there was uniform
radiation damage of the target.

resonance [which, at the momentum transfers of
this experiment, is excited more strongly than
the N*(1512)]. Assuming that the entire cross
section in this mass region arises from the (~, &)

resonance, that its transverse excitation is mag-
netic dipole, ' and that there is maximum inter-
ference between the measured' transverse and
longitudinal cross sections, a T-invariance vio-
lating asymmetry as large as 35% could occur
here at a four-momentum transfer squared (q')
value of 0.6 (GeV/c)'.

A similar experiment has been performed re-
cently by Chen et al, "at the Cambridge Elec-
tron Accelerator. To an accuracy of 4 to 12%,
they found no asymmetry (A) at q' values from
0.2 to 0.7 (GeV/c)'. The measurements which
are here reported provide a detailed study of the
resonant states at q' values o.' 0.4, 0.6, and 1.0
(GeV/c), and include some data. on positron scat-
tering.

Incident electron beams of 15 and 18 GeV (and
a positron beam of 12 GeV) from the Stanford
Linear Accelerator were momentum analyzed to
a total LP/P of 0.2 to 0.3% and focused onto a
polarized butanol target. " Scattered electrons
(typically 3' lab) were momentum analyzed and
identified using the 20-GeV/c magnetic spectro-
meter. " The detection apparatus consisted of
scintillation counters and a shower counter for
discriminating electrons from pions. The target
polarization was reversed every 3 min in order
to determine the asymmetry in counting rate,

e = (N)-N )/(N(+N ), (4)

where N& (N&) is the number of counts per unit
incident beam for target polarization gong (op-
posite to) the direction n. The asymmetry p, de-
fined in Eq. (3) above, is related to the experi-
mentally measured asymmetry e by
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The polarized target" consisted of a mixture
of 95'%%uo 1-butanol and 5% water, saturated with an
additional 2% of porphyrexide (a free radical).
About 35/o polarization of the free protons (hy-
drogen nuclei) was obtained. The 4-cm-thick
target presented to the beam about 10% (polar-
izable) hydrogen, 10% plastic, 9% liquid helium,
and 10% beam windows and helium gas bag; the
rest was mainly carbon and oxygen from the
alcohol mixture. The target polarization de-
creased approximately exponentially with the
radiation dose; a fiux of about 4&& 10'4 electrons/
cm' reduced the polarization to 1/e of its initial
value. A phase transition in solid butanol' en-
abled us to anneal out most of the radiation dam-
age by warming the target to about 140'K for 10
min. The performance of the target deteriorated
after several annealings and, therefore, a new
solution was installed each day. Over the entire
experiment, the weighted average of the target
polarization was about 20'%%uo.

The scattered electrons were detected by a ten-
element scintillation-counter hodoscope which
was positioned so that each counter detected
electrons whose kinematics corresponded to a
constant missing mass of the recoiling hadronic
state. Electrons were identified from their
pulse heights in a total-absorption lead-scintilla-
tor shower counter. Pion contamination in the
data was found to be less than 0.2% and therefore
can have only a negligible effect on the measured
asymmetry. An SDS-9300 computer analyzed,
checked, and displayed the data online" and re-
corded the data on magnetic tape.

From Eq. (5), with typical values of I'r =0.2
and HF = 0.1, an error of 0.05% in e leads to an
error of 2.5% in A. Since 4 million counts per
missing-mass bin were collected at q'= 0.6
(GeV/c)', corresponding to a statistical error of
0.05'%%uo in e, it was necessary to reduce system-
atic errors to below this level. Random Quctua-
tions in factors such as the detector or beam-
current monitor efficiencies, if uncorrelated
with polarization sign reversals, would tend to
cancel out over many target polarization rever-
sals.

In the analysis of the data, cuts were made to
reject data which had large beam-intensity Quc-
tuations, accidental-rate fluctuations, misread
scalers, and monitor inconsistency, usually at
the level of 5 standard deviations. About 15%
of the data were thus rejected. The results were
insensitive to the strictness of these cuts.

As a means of determining whether the accura-

cy of the data was commensurate with the statis-
tical errors, 27 "test" asymmetries were calcu-
lated. These were based on the same data as the
real asymmetry, but were calculated by pretend-
ing that the sign of the target polarization fol-
lowed a pattern in time different from the real
one. These patterns were chosen so that they
should give a zero test asymmetry, even if there
were a real effect. One test asymmetry had a
reversal frequency which was the same as (but
90' out of phase with) the real polazization, and
the other test asymmetries used both higher and
lower reversal frequencies and with positive,
negative, and zero phase lags. If the random
fluctuations had roughly equal Fourier compo-
nents at all these frequencies the test asymme-
tries should have given us a measure of the ran-
dom signal, i.e. , the errors to be expected in the
real channel, independent of any assumptions
about their source. The errors calculated from
the root mean square of the test asymmetry val-
ues for each missing-mass bin were completely
consistent with error bars calculated from count-
irg statistics alone. The test asymmetries and
errors followed closely a Gaussian distribution
calculated from counting statistics. For exam-
ple, at q'=0. 6 (GeV/c)', out of 1053 test asym-
metry values, the fractions exceeding 1, 2, 3,
and 4 standard deviations were 0.322, 0.049,
0.0019, and 0, respectively (0.317, 0.046, 0.0027,
and 0.0001 were expected). In one of the test
asymmetries we were able to detect a systematic
effect" (at the 0.06% level in e) which was out of
phase with the real asymmetry, and thus did not
affect the results. Thus, we believe that our
measurement errors can be represented by
counting statistics alone.

The fraction of counts due to hydrogen in the
target, H~, was determined to an accuracy of
+20% in supplementary runs with carbon and
polyethylene targets. Because of the difference
between the missing-mass spectra from hydro-
gen and other elements, the fraction H~ must be
obtained for each missing-mass interval. (For
further details, see Powell et al. ") For the
range of missing mass in this experiment, H~
had values between 0.06 and 0.11. Since it is on-
ly a normalization factor, the uncertainty in the
determination of H~ cannot introduce or hide an
asymmetry.

Figure 1 shows the asymmetry values A as a
function of missing mass for our different run-
ning conditions. The errors shown are the stan-
dard deviations calculated from counting statis-
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FIG. 1. The asymmetry values A are shown as a function of missing mass, where the errors are standard devi-
ations calculated from counting statistics. On each graph we indicate the incident beam (electrons or positrons),
the incident energy, and the four-momentum transfer squared (q2). Although these data are binned corresponding
to the counter size in the detection apparatus, the final missing-mass resolution is equivalent to 1.5 of these bin
intervals.

ties. Table I shows the values of A averaged
over each of the resonances &(1236), N*(1512),
and N*(1688) using the resonance widths quoted
in the table. The results of Chen et al."are in-

eluded for comparison.
The data are everywhere consistent with A =0.

On the basis of T-invariance violating hadronic
electromagnetic current with 4I =0, we would

Incident
beam

N*{1688)

Table I. The percentage asymmetry values A averaged over missing-
mass bins corresponding to the resonances 4(1236), &*(1512), and N*(1688),
using widths of 0.15, 0.12, and 0.11 GeV, respectively. In addition, a
measurement in the deep inelastic region (mass 2.37-2.62 GeV), for &0
= 18.0 GeV and qm = 0.54 (GeV/c)2, found A = (-1.6 + 8.5) /o. The data of
Chen et al. (Ref. 11) are shown for comparison.

Incident Four-
electron momentum Asymmetry value, A(%)
energy, transfer 2

En sguared g
GeV' (GeV/c)

18.0

12.0

15.0

18.0
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0.42

0.37

0 96
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-3.0+ 1.8
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I
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8
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5.98
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0, 52

3~ 8+4.3
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Q

-0.5 + 4.4

3.6+. 7.3 ls

At 1.512-GeV missing mass. bA& 1.236-QeV missing mass.
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have expected to see an effect near the N*(1512)
resonance. Our failure to see an asymmetry in
this mass region, to a statistical error in A. of
+1.7% at q'=0. 6 (GeV/c)', is evidence against
the hypothesis of Bernstein, Feinberg, and Lee. '

The data. at q' = 0.6 (GeV/c)' in Fig. 1 show that
there are three adjacent bins centered at 1200
MeV which, when combined, result in an asym-
metry of (4.5+1.4) /0. We estimate (on the basis
of counting statistics, from independently gener-
ating random data graphs, and from the test
asymmetries) that there is about a 10% probabili-
ty that a random fluctuation of this prominence
would occur somewhere in the data of Fig. 1.

It is difficult to find a satisfactory physical ex-
planation for an effect of this magnitude near
1200 MeV; for example:

(a) As noted above, T-invariance violation with
~I= 1 is improbable on theoretical grounds.

(b) On the basis of T-invariance violation with
&I =0, a 5/o asymmetry near the A(1236) (where
isovector currents dominate) would correspond
to a rather large amount of T-invariance viola-
tion. In this case, it is surprising that an even
larger effect did not appear near the N*(1512)
resonance.

(c) The positron data in Fig. 1 are consistent
with A. =0. However, when averaged over the
A(1236) resonance (see Table I) the positron re-
sult suggests an asymmetry with opposite sign
as compared with the electron data (at slightly
different q' values). Thus, one cannot rule out
the possibility that this effect may be due to high-
er-order contributions to e-P scattering. Our ex-
perimental results" for the elastic scattering of
electrons from a polarized proton target do not
show any asymmetry (to within an accuracy of
about n). Thus, to interpret the bump as being
due to two-photon exchange would require a theo-
retical mechanism for enhancing the magnitude
of the two-photon effects in the region just above
inelastic threshold.

We conclude that a reasonable interpretation of
our data is that they are everywhere consistent
with no T-invariance violation.
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We have measured the asymmetry in the elastic scattering of electrons from a polar-
ized proton target. An interference between the imaginary part of the two-photon-ex-
change amplitude and the one-photon-exchange amplitude could produce a polarization
effect. The results indicate no asymmetry within the experimental accuracy of 1 to 2 Vo

at four-momentum-transfer-squared values of 0.88, 0.59, and 0.98 {GeV/c}'.

The customary reliance on one-photon-ex-
change calculations in electron-proton scattering
makes it important to study those processes
which could only arise from higher-order effects.
A measurement of nonzero proton polarization in
elastic electron-proton scattering would be evi-
dence for a two-photon-exchange amplitude,
since the polarization must vanish for pure one-
photon exchange. The interference between one-
photon-exchange and two-photon-exchange ampli-
tudes is expected to be smaller than the one-pho-
ton-exchange contribution by an order of n, but
it may be enhanced due to the presence of some
resonance process. '

In electron-proton elastic scattering, one-pho-
ton exchange leads to the Rosenbluth formula' for-
the differential cross section. Higher-order ef-
fects, which could show up as deviations from
the Rosenbluth form, have not been observed so
far.

The interference between the one-photon ampli-
tude and the real part of some two-photon ampli-
tudes can be obtained by comparing electron-pro-
ton and positron-proton elastic scattering. These
measurements' (after allowing for radiative
losses') have shown no evidence of two-photon ef-
fects, to an accura. cy of about the order n, up to
four-momentum-transfers squared of 5.0 (GeV/
c)a

Information relating to the imaginary part of a
different combination of two-photon-exchange
amplitudes can be measured by performing a po-

larization experiment. Two kinds of experiments
are possible. One can measure the polarization
P of the recoiling nucleon in the elastic scatter-
ing of unpolarized electrons from an unpolarized
proton target. Alternatively (as in the present
experiment), one can measure the asymmetry A
in the scattering of electrons from a polarized
proton target, defined as

A=-(7~ -0~
c~-o~ lp rlfIF'

where o~ and 0~ denote the cross sections on hy-
drogen polarized para. llel and antiparallel to the
normal (fl) to the electron scattering plane. The
quantity e is the asymmetry in the raw counts
from the polarized target, and the factors P &-

and HJ.- allow for the target proton polarization
and the fraction of hydrogen counts present in
the data, respectively. We define n a,s

Pi n POlltX

,.„Xp,, l
'

where p;„and p,„, are the momenta of the initial
and final electron, respectively.

The asymmetry A is related to the polarization
P. If only one photon is exchanged, then A =P =0
because Hermiticity and current conservation
combine to prohibit any polarization of the re-
coil proton or, equiva. lently, any dependence of
the cross section on the initial proton spin direc-
tion. ' If T invariance holds, then A =P to all or-
ders in the electromagnetic interaction. Four


