
VOLUME 58, NUMBER 24 PHYSICAL REVIEW LETTERS 15 JUNE 1987

I/ liter
Longitudinal Polarization from xN Interactions

C. Biino, '" J. F. Greenhalgh, P. Kaaret, W. C. Louis, K. T. McDonald, S. Palestini, '
F. C. Shoemaker, and A. J. S. Smith

Joseph HenryLaboratories, Princeton University, Princeton, Ãew Jersey 08544

C. E. Adolphsen, ' J. P. Alexander, K. J. Anderson, J. S. Conway, ' J. G. Heinrich,
J. E. Pilcher, and A. Possoz

Enrico Fermi Institute and Department of Physics, University of ChicagoCh, icago, Illinois 60637

and

E. I. Rosenberg
Ames Laboratory and Department of Physics, Iowa State University, Ames, lovva 5001I

(Received 20 April 1987)

The spin alignment of 2.2x10 J/Vt particles produced in 252-GeV ttN interactions bas been rnea-
sured via their decay to It+@ in an experiment at Fermilab. Whereas J/ttr's are produced unpolarized
over most of the kinematic range, they are found to become longitudinally polarized as xF 1.

PACS numbers: 13.88.+e, 13.20.Gd, 13.85.Ni

The angular distribution of the muons from the decay
J/tlt p+p provides a measure of the J/tlt spin align-
ment which in turn reflects the production mechanism.
Previous experiments' have generally determined that
J/y's are produced unpolarized in nN interactions over a
wide kinematic range of longitudinal and transverse mo-
menta (pt and pT, respectively). However, the interest-
ing high-xF region was not explored, where xF=pL/
pl „. „ is the Feynman x evaluated in the ~Ã center-of-
mass frame. We report here on an experiment per-
formed at Fermilab which collected data sufficient to
study J/ tlt events produced near xF = I for the first time.

The experiment has been described in detail else-
where. Pions of 252-GeV energy interacted in a 20-
cm-long W target which was located 1 m upstream of a
7.3-m-long magnet filled with Be, C, and BeO. Hadrons
and electrons were absorbed in the magnet, allowing
muons to pass through a spectrometer located farther
downstream. The spectrometer consisted of a second
magnet with multiwire chambers, drift chambers, and
scintillator hodoscopes on either side. An on-line mass
processor triggered the detector on muon pairs with mass
o 2 GeV/c .

For the ofI-line analysis we required that events have
two and only two reconstructed tracks, which resulted in
a data set containing 1.6X 10 J/ttt events with an in-
cident tr beam and 0.6&10 J/ttr events with an in-
cident z+ beam. To reduce the background of proton-
induced interactions, only J/ ttr events with xF & 0.75
were used in the analysis of the z+-beam sample. With
this cut we estimate that 93% of the total J/ttt sample
was pion induced, 5% was kaon induced, and 2% was
proton induced. It was also required that negative (posi-
tive) muons from the n (tr+) data sample have angles
relative to the beam of & 5 mrad and momenta & 200

GeV/c in order to eliminate beam muons.
Even with our large data sample the measurement of

the J/tlt decay angular distribution involved averaging
over sizable regions of xq and pT. A proper acceptance
correction required detailed knowledge of the depen-
dence of the J/tlt production cross section on these vari-
ables. In the first stage of the analysis the number of
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FIG. 1. (a) The raw p
+

p mass distribution in the kine-
matic range 0.80 & xF & 0.85 and 0.5 & pr & 1.0 GeV/c. The
solid line is the result of a seven-parameter fit described in the
text. (b) The raw mass distribution in the kinematic range
0.95 & xI; & 1.0, —0.2m& p &0.2z, and —0.2 & cos6 &0.2,
where the decay angles I9 and p are defined in the text.
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J/ y's in each region (bin) of xF and pT was found by a
fit to the raw p

+
p mass distribution. The production

cross section was then ascertained by a fit to the numbers
of J/y's found in the various bins. This procedure is de-
scribed in more detail in the next two paragraphs.

The data were divided into fifteen regions of x~ and
six regions of pT in the kinematic range xq) 0.25 and

pT & 5.0 GeV/c. For each bin of xr and pT the raw
p+p mass distribution was fitted by a seven-parameter
form involving Gaussian distributions for the J/y and y'
and a quadratic polynomial plus an exponential of a
first-order polynomial for the continuum muon-pair
background. For the Gaussian distributions we used the
actual J/y and y' masses and a constant mass resolution
of cr =180 MeV/c, which was determined from a Monte
Carlo simulation of the experiment. A 2.5% systematic
error was added in quadrature to the error in the number
of J/y's from the fit since the Monte Carlo simulation
observed slight deviations of the J/y raw mass distribu-
tion from a purely Gaussian form. As an example of the
fitting procedure, Fig. 1(a) shows the raw mass distribu-
tion and resulting fit for the kinematic region 0.80 & xq
& 0.85 and 0.5 & pT & 1.0 GeV/c.

The fitted numbers of J/y's in the ninety bins of xt:
and pT were then corrected for acceptance, and the re-
sulting J/y production cross section was fitted by the
empirical form

d'c/dxFdpT ~ (1 —xr) ~/(1+pT~/5) T,

where 5=C+D(1 —xt;) and T=E+F(1 —xr) . This
form allows the pT distribution to change with x~ and
the cross section to approach zero as xq 1. The fit has

=72.4 for 83 degrees of freedom, and the result of the
fit is given in Table I. Also shown in Table I are the re-
sults of fits for the kinematic regions 0.25 & xq & 0.50,
0.50 & xq & 0.75, and 0.75 & xq & 1.0, which show that
the xq distribution tends to flatten as xq 1. The xq
distribution is shown in Fig. 2(a), together with another
measurement with similar incident pion momentum.
An 2 ' cross-section dependence has been assumed,
where A is the atomic mass of the target nucleus. As
seen in Fig. 2(b) the (pT) decreases as xF 1. For
xq ) 0.25 we measure a cross section times branching
ratio for J/ tel p

+
p of Bcr(xF )0.25) = 3.8 nb/

nucleon, where there is a 20% systematic error due to
uncertainty in our beam normalization.
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FIG. 2. (a) The xF distribution for J/y production at 252
GeV/c (dots, this experiment) and 280 GeV/c (squares, Ref.
3). The solid line is the result of the fit described in the text.
The dashed curve is the prediction of a qq annihilation model,
also described in the text. (b) The (pr) as a function of xr.

As xr is defined to be the J/y longitudinal momen-
tum in the center-of-mass frame divided by the max-
imum possible momentum, we take into account the
mass and pT of the J/y when calculating xt;. Near
xt;=1 we estimate our resolution to be o(xF) =4%,
which is due to a 3% spread in the beam momentum plus
contributions from Fermi motion and measurement er-
ror. These effects are included in our Monte Carlo simu-
lation of the experiment. In addition, we estimate that
there is a 1% uncertainty in the beam momentum, which
corresponds to a 1% uncertainty in x~ at x& =1.

To determine the J/y decay angular distribution we
divided the data into fifteen regions of xq-, five regions of
cosO, and five regions of p in the kinematic range
xq) 0.25, —

1 & cosO& 1, and —z& p & z. The angles
0 and p are measured in the muon-pair center-of-mass
frame, and represent the polar and azimuthal angles of
the p+ with respect to the r-channel (Gottfried-Jackson)
axes. For each bin of x I;, cosO, and p the raw p

+
p

TABLE I. The result of fits of the J/y production cross section by the empirical form de-
scribed in the text.

xF range

0.25 &xF &1.0
0.25 & xF &0.50
0.50 & xF &0.75
0.75 &xF &1.0

1.88 + 0.02
2. 13 ~ 0. 19
1.88 ~ 0.04
1.70 ~ 0.05

1.54 w 0.02
1.61 + 0.03
1.53 w 0.03
1.45+ 0.03

5. 1 ~ 0.2
3.4 + 0.4
4.8 + 0.2
5.5 ~ 0. 1

66+ 6
40~2
55+ 1

162~ 3

10.0 ~ 0. 1

7.0 + 0.6
8.8 ~ 0. 1

12.5 ~ 0.2

54~6
30~ 1

50~1
149~9
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mass distribution was again fitted by a seven-parameter
form, and as an example Fig. 1(b) shows the raw mass
distribution and resulting fit of the kinematic region
0.95 & x & 1.0, —0.2 & cosH & 0.2, and —0.2rr & p
& 0.2z. Although the resonance-to-continuum ratio de-

creases as xq 1, this ratio is still about 1.0 and 1.5 for
the regions 0.95 & xI= & 1.0 and 0.90 & xI: & 0.95, respec-
tively. There are over 1200 J/y events found in the re-
gion 0.95 & xp & 1.0.

The numbers of J/y's in the 375 bins of xt:, cosO, and

p were then corrected for acceptance and for each of the
fifteen regions of xF the J/tie angular distribution was
fitted by the general form

d rY/dcosOdpa:1+icos O+ psin2Ocosp

+ —,
' vsin Ocos2&.

The fit has X =355.4 for 315 degrees of freedom, and
the values of X, p, and v are given in Figs. 3(a)-3(c) for
the fifteen bins of xq. As expected for unpolarized pro-
duction, X, p, and v are consistent with zero over a wide
range of xq. However, X approaches —

1 at high xp,
which corresponds to longitudinally polarized J/y pro-
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duction. Figs. 4(a)-4(e) show the cosO distributions
for the five regions of p in the highest xF bin, 0.95
& xF & 1.0, while Fig. 4(f) is the cosO distribution

summed over all p. The histograms are the result of the
fit.

Our result is consistent with earlier results which had
much smaller data samples. The previous best measure-
ment of the J/y angular distribution at high xF deter-
mined that X =0.06 ~ 0.25 for the interval 0.8 & xF
& 1.0. This agrees with the value of k= —0.02~0.06

which we find on averaging over the same interval. The
J/y angular distributions and production cross sections
from the z and ~+ data samples have furthermore
been determined separately and are found to be the same
within errors for xq & 0.75. No strong pT dependence of
the angular distribution has been observed.

We have performed a number of checks on the
analysis procedure to ensure that our result of
X = —0.80 ~ 0.17 for J/ y production in the interval
0.95 & xF & 1.0 is stable. For example, if the raw mass
data are summed over the variable tl) before fitting so
that the J/y stands out clearly from background in all
bins, we obtain k = —0.65+ 0.24. If only an exponential
of a first-order polynomial is used for the continuum
background, then X= —0.74+ 0.17. We also find that
k= —0.74+ 0.19 if the (pT) used in the Monte Carlo
decreases from 0.82 to 0.74 GeV/c. This is an important
test since the cosO acceptance is most sensitive to the as-
sumed pT distribution.

We have further tested our mass-fit procedure by
studying y' production. Problems with this procedure
would show up most vividly in the y' sample since the
signal-to-background ratio is much smaller for the y'
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FIG. 3. The xF dependence of the parameters fitted to the
J/y decay angular distribution described in the text: (a) X,
(b) p, (c)
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FIG. 4. The J/y decay angular distribution vs cosO for the
five regions of p, and summed over all p in the highest xF bin,
0 95 & xF & 1 0. The histograms are the result of the fit
described in the text. (a) —sr & tlt & —0.6x, (b) —0.6m& p
& —0.2rr, (c) —0.2z & p & 0.2rr, (d) 0 2rr & p & 0.6rr, (e) 0 6'. .

&y&~, (f) —~&y&~.
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than for the J/y. However, the (pT) and xt; distributions
of the y' and the observed y'/(J/tlat) cross-section ratio
all vary smoothly with xF up to the highest interval,
0.95 (xp ( 1.0. Additional analyses of y' production
and of the angular distribution of the continuum back-
ground will be presented elsewhere.

A possible explanation for the change in spin align-
ment of the J/ y at high x F involves higher-twist eAects.
Gluon-gluon annihilation mechanisms and charmonium
decays dominate J/y production at low and moderate
x~. ' ' However, if quark-antiquark annihilation mecha-
nisms (qq cc) dominate near xt;=I, then gluon-
exchange interactions between the annihilating quarks
and the spectator quarks (higher-twist interactions)
would cause the J/y to become longitudinally polarized
as xp 1.

The number of J/ y events produced by quark-
antiquark annihilation can be estimated by replacing the
one-photon qq annihilation cross section in the Drell-Yan
model with the Breit-Wigner resonant production formu-
la. ' The calculation for J/y production by qq annihila-
tion is shown as the dashed curve on Fig. 2(a). For
x&) 0.95 the qq annihilation model accounts for the
J/y signal to within a factor of 2.

Our evidence for longitudinal polarization of J/y's at
high xI; is then consistent with the higher-twist eAect ob-
served in Drell-Yan continuum production. ' '' Other
evidence for this effect has been found in deep-inelastic
scattering, '-' high-pT jet production, ' and prompt p
production. ' The present result confirms the impor-
tance of such effects in particle interactions occurring
near the limits of phase space.
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