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We have analyzed the polarization and Q2-dependence of muoproduced tjJ+Jl+ll- in 

a magnetized-steel calorimeter at Fermilab. The reaction yVN+tjJN is found to 

be helicity-conserving. Even allowing for possible Q2-dependence of the decay 

angular distribution, the tjJ muoproduction cross section falls more steeply in 

Q2 than predicted by tjJ dominance. 
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We have measured the polarization of J/w(3100) produced by 209-GeV muons, 

analyzed by the decay W+ll+]J-. These are the first data on the polarization of 

any charmonium state produced by real or virtual photon-nucleon collisions, 

Measurement of the w polarization is an essential component of the study of 

w-leptoproduction mechanisms, which was begunl with a subset of these data, 

If w-N elastic scattering is helicity-conserving, the polarization of elasti

cally leptoproduced w's in the vector-meson-dominance (V:MD) picture2 is simply 

related to that of the exchanged photon, In this case, the data measure R, 

the ratio o
1

/oT of~ production cross sections by longitudinally and 

transversely polarized virtual photons (y
1 

and yT). Since R must vanish at 

Q2=0, it is a function of Q2 which must be incorporated in any complete 

description of the Q2-dependence of ~ leptoproduction. 

The magnetized-iron multimuon spectrometer and ~ reconstruction analysis 

have been described l, With a slightly different analysis, the dimuon mass 

spectrum of ::::10 6 trimuon final states (7596 of the data) has been published3, 

The present 2500-event (~ and ~~) sample, based on the same data, is more 

tightly cut, The sample is characterized as elastically produced, with events 

depositing less than (4,5±2.5) GeV in the calorimeter. The real and Monte 

Carlo (MC) simulated widths of the ~ mass peak are 8. 896 and 8, 3% rms, respec-

tively. After the production mechanisms in the simulation are adjusted to 

yield detailed agreement with the data, the calculated average efficiency for 

detection and analysis of ~ 1 s elastically produced within the fiducial target 

is 21%, 

The angular distributions of the decay products of electrOJJToduced lower

mass vector mesons4 have shown the production process to be consistent with 

s-channel helici ty conservation (SCHC) and natural parity exchange (NPE). 

With these assumptions, the distribution of dimuons from ~ decay isS 
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w (n ,R ;6, ¢) =[ 3/ 16n (l+E:R)J { 1+cos2e +E: (2l?-n cos2¢) sin28+Fsin28}. 

Here 6 is the polar angle of the beam-sign daughter muon in the l/J rest frame, 

with 8=TI taken as the direction of target recoi 1, The azimuthal "polarization 

angle" in this "helicity frame" is ¢=cos-l (nd'np)-cos- 1 (np·ns), where ns, np, 
A 

and nd are the unit normals to the incident muon scattering, ljJ photoproduc-

tion, and l/J decay planes, respectively, We use E: to denote the ratio of yL to 

yT fluxes, and introduce the factor n to monitor the size of the cos2¢ term: 

n= 1 if SCBC and NPE are exactly obeyed, The function F, arising from the sin-

gle spin flip elements of the density matrix, is 

F=I2ER sin28{/l+E cosocoslJ!-H~ sinosinl)J}, 

where H is the muon polarization and cS is the phase difference between ampli-

tudes for ljJ production by yL and yT, This term produces effects too small to 

be observed in these data, 

To avoid statistical problems with low bin populations we have folded 8 and 

¢ into one quadrant, eliminating any sensitivity of W to F. The data were di-

vided into a 4x5x3 grid in Q2 , I cosel, and ¢p=:}zcos- 1 1 cos2¢ I; dimuon-mass

continuum subtractions were performed in each of the 60 bins to obtain the 

acceptance-corrected ljJ yields displayed in Table L Unfolding resolution ef-

fects by using the average values of Q2, E:, cos2e, and cos2¢ from the MC simu-

Jation for each bin, these yields were fit to the product of W(n,R) and the 

propagator P(J\)=f1+Q2fi\2)~2. Thereby, allowance was made for the possibility 

that the decay angular distribution is a function of Q2 through the QL 

dependence of R, e.g. Ro:Q 2 jml/! 2 as suggested2 by VMD. Since the experimental 

acceptance is not uniform in cos6, such a dependence could have biased our 

measurement of J\ if the data had been summed over all <:mgles. 

The detai 1 s of the fits are presented in Table 2. Three-parameter fits to 
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n. R, and A are made both with R~Q2 (fits 1 and 6) and with R~constant over 

the Q2 range (fit 2), The parameter A describes the Q2-dependence of the ef-

fective sum o 
e oT+scrL of yT and yL cross sections, or, in the case of fit 6, 

only of crT. An additional complication is the possible Q2-dependence of any 

nuclear shadowing in the Fe target. We have used data which recently were 

summarized6 for A~200, scaled the data to A=56, and fit a universal curve in 

All fits are made both with and without S(x"') multiplying w. As the results 

in Table 2 indicate, including S(x"') lowers the propagator mass A, but hardly 

affects the angular results. 

The results of fits 1-4 are shown in Fig. 1. For purposes of this display 

only, the data and fits plotted vs. jcosel (<l>p) are summed over <Pp (jcosej). 

The main feature of these angular distributions is a strong dependence upon 

<Pp• in the form predicted by SCHC. Unpolarized 1j; 1 s would yield a flat angular 

distribution (fit 3), which is ruled out. The data show no strong dependence 

on jcosej, but do not rule out R=O (fit 4); significant Q2-dependence of R is 

not required (fit 2). The photon-gluon-fusion (yGF) model 7, which has sue-

cessfully described 8 other features of elastic 1j; muoproduction, has yielded no 

prediction for the 1j; polarization. This is que in part to complications asso-

ciated with the exchange, required by color conservation, of at least two vee-

tor gluons, 

Figure 2 presents the Q2-dependence of oeff' summed over v and normalized to 

unity at Q2=0. For purposes of this display only, the data and fits to !\ are 

summed over I case I and <Pr When the angular distribution is parameterized in 

the SCHC form with R~Q2 and S(x"') included, J\=2.03~8: i~ GeV/c 2 , where the sta-
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tistical errors take into account the uncertainties in n and ~2 (Table 2, fit 

1). If instead R=constant and S(x-") is left out, .11=2.43±0.15 GeV/c2 (fit 2). 

The other fits to A, either for oeff or aT (fit 6), are within this 2.0-2.4 

GeV/c 2 range; this ±0.2 GeV/c2 uncertainty is the principal systematic error 

in J\. We conclude that 1\ is between 1.9 and 2.6 GeV/c2, The simplest V~1D 

prediction, A=m~ (fit 5), is ruled out. 

We also have fit the data in Fig, 2 to the yGF prediction (fit 7), assuming 

a charmed quark mass m =LS GeV/c2 and a gluon fractional-momentum distribu
c 

tion G(x)=3(1-x) 5/x. The data fall faster than the yGF curve, giving a barely 

acceptable fit (7% confidence) only if S(x-") is omitted. We have reached a 

similar conclusion9 comparing yGF predictions with open-charm muoproduction, 

using a different analysis. Varying m , the exponent of (1-x) in G (x), or the c . 

definition of the strong coup ling constant can affect the yGF fit. A combined 

determination of these parameters must be based on both the Q2 and \J spectra 

of the ~ data. 

In summary, the polar and azimuthal angle distributions for muoproduced 

~-+JJ+JJ- decay demonstrate that the reaction yVN-+~N is consistent with s-channel 

helicity conservation and natural parity exchange. There is some indication 

of longitudinally polarized production (R10). The Q2-dependence of either 

oeff or aT clearly is steeper than (1+Q2/m~2)-2, 

This wor1< was supported by the High Energy Physics mvision of the U.S, 

Department of Energy under Contract Nos, W-7405-Eng-48, DE-AC02-76ER03072, and 

EY -76-(>02- 3000, 
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TABLE 1. Effective cross section, differential in cos8 and ¢, for the reaction 

yVFe+~X (energy(X)<4,5 GeV), in arbitrary units, Data and statistical errors 

are given in 60 bins, defined by average Q2 (top row), average cos2e (left 

column), and one of three¢ bins (second-left column). The average cos2¢ 

in each ¢. bin is given vs. <Q2> in the bottom three rows; values of average t: 

are in the right column. At lowest Q2 , average cos2¢ in ¢bin 1 (2) grows 

by 0.32 (0.23) as cos 28 rises from 0.02 to 0,54, The variation of average 

cos2¢ with cos 28 is much weaker in other bins, and negligible at highest Q2 , 

2 2 
<Q >(GeV/c) 0.10 0.53 1.60 6.34 

-~ ¢ 2 
d2cr(eff)/d¢dcos8(arbitrary units) cos 6 bin <e::> 

1 0.52(07) 0.37(09) o. 30 (10) 0.05(07) 
0.02 2 0.55(07) 0.61(11) o. 36 (11) 0.10(05) 0.82 

3 0.59(06) 0.64(13) 0.44(09) 0. 35 (11) 

1 0.51(06) 0.24(07) 0' 36 ( 13) 0.05(04) 
0.06 2 0.61(07) 0.68(13) 0 0 35 (10) Oo27(10) 0.81 

3 0.50(06) 0. 76 (14) 0.54(11) 0.22(06) 

1 0.54(07) 0.25(11) 0.22(10) 0.04(05) 
0.16 2 0.64(08) 0.52(12) 0. 36 (11) 0.09(04) 0.80 

3 0.52(07) 0.56(11) 0.49(11) 0.11(05) 

1 0.58(08) 0.32(12) 0 0 36 (13) 0.04(06) 
0.32 2 0. 46 (08) 0.47(16) 0.27(09) 0.12(07) 0.76 

3 0.62(09) 0.66 (14) o. 39 (10) 0.11(06) 

1 0.55(28) 0.91(34) 0.31(25) 0.12 (10) 
0.54 2 0.67(20) 0.15(28) 0.48(22) 0.05(10) 0.65 

3 1. 09 (29) 1.21(48) o. 35 (28) 0.12(10) 

1 --- -0.09 0,54 0.73 0.80 
cos2~ 2 -0.26 -0.11 -0.07 -0.03 

3 -0.46 -0.72 -0,74 -0.81 
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TABLE 2. Fits to the Q2 , ~. and 8-dependence of the effective cross section 

oe·ff for the reaction y/e+ljJX (energy(X)<4.5 GeV). The angular function W(n,R), 

propagator P(l\). and nuclear screening factor S(x .. ) are defined in the text. 

Each of seven fits (numbered in the first column) is performed both with S(x"') 

included (multiplied "in") and ignored ("out") in the function fitted. Values 

of chi-squared and the degrees of freedom are given in the fourth column. 

Errors on the fit parameters 1\, n. and ~ 2 (fits 1 and 6) orR (fit 2) are 

statistical. Fit 6 is the same as fit 1 except that fi is multiplied by (l+ER); 

A then parameterizes the Q2-dependence of aT rather than oeff' Fit 7 compares 

the data integrated over ~ and cose with the Q2-dependence predicted by yGF. 

Fit Ftmction 2 
1\(GeV/c2) 2 S(x) X /DF n E; or R 

No. 

W(n,R)xP(A;} in 45.4/56 2 03+0.18 1 02+0.28 3 3+4.9 
1 • -0.12 • -0.23 • -3.0 

2 18+0.18 1 04+0.28 4 0+4.8 R=(I;Q/mljl) out 45.5/56 • -0.13 • -0.23 • -3.4 

W(n,R)xP(A)} in 42.0/56 2.24±0.13 1 09+0.31 35+.26 
2 • -0.24 • -.18 

R=constant out 42.4/56 2.43±0.15 1 10+0.31 37+.27 
• -0.24 • -.22 

3 1><P(l\) in 73.3/58 2. 06±0.11 
out 73.3/58 2.22±0.13 

4 W ( 1 • 0) ><P ( 1\) 
in 48.6/58 2.21±0.12 :n EO out 49.3/58 2.40±0.14 

S W(n,O)><P(mtJ) 
89.1/58 :3.1 0.96±0.13 ::::0 out 68.5/58 0.93±0.14 

in 47.0/56 2.08±0.24 0.86±0.17 24+.61 
6 (l+E:R)xFi t 1 

• -.39 

out 47.6/56 2.20±0.29 0.87±0.17 34+. 75 
• -.43 

7 in 32.1/8 
mc=l. 5 GeV /c

2 
ection out 14.6/8 
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Figure Captions 

FIG. 1. Angular dependence of the effective cross section for the reaction 

yVFe-r~X (energy(X)<4,5 GeV). Data and statistical errors are presented vs. 

!coso! (left column) and ¢F (right column), where ¢F is ¢folded into one 

quadrant; 0 and cp are defined in the text. All data (<Q 2>=0, 71) are shown 

in (a); (b)-(e) divide the data into four Q2 regions. Numbered solid lines 

exhibit the result-s of fits 1-4 in Table 2, Fits 1, 2, and 4 are to the SCHC 

formula with o 1/oT=s 2Q2 /m~ 2 , constant, and zero, respectively; fit 3 cor

responds to the production of unpolarized ~'s. Each fit is made to all the 

data with one adjustable normalization constant. 

FIG. 2, Q2-dependence of the effective cross section for the reaction 

yVFe+~X (energy(X)<4,5 GeV). Statistical errors are shown. Typical Q2 

resolution is 3.1 (0,6) (GeV/c) 2 at Q2=17 (L2) (GeV/c) 2 • The data are fit to 

(l+Q 2/A2)- 2 multiplied by the function W(n,R) shown in Table 2. The weak 

Q2-dependence of W results from the Q2-dependence of R=o
1
/oT and the particular 

average values of the angular factors cos 2 o and cos2¢, as given in Table 1. 

The best fits with free[\ (Table 2, fit 1) and fixed A=3.1 (Table 2, fit 5) 

are shown. The data are normalized so that fit l is unity at Q2=0. Also ex

hibited is the yGF prediction (Table 2, fit 7). At high Q2 , fits 1 and 7 are 

displayed as a solid band, with the upper (lower) edge including (omitting) 

the screening factor S(xp). 

- 10 -



~-

0.4 

-en 
-+=-
c:: 
:=;, 0.2 0.2 

l -+=-
.c 
k- (a ) all Q2 
c 

""--""' 0 1,14 0 

=c 0.4 2 3- 0.4 
+ 

-c ( b ) < Q2 > = 0 .1 0 
~ 0 0 ----1 -- 1 f 4 I 

0.4 4 ;- :~~2 0.4 c 2 3 3 

-c 0 ( c ) < Q2 > = 0 . 53 0 - ( d)< Q2> = 1.6 
~ 

4 
0.4 4 2\--L 0.4 t 1 

0.2 3 0.2 

0 0 - ( e ) Q2 > = 6.3 "'+-- 0.2 } 0.2 
"'+-- 2, bel) 

1 0 .1 0.1 c-.J 
-c 

3 

0 0 0.2 0.4 0.6 0.8 0 0.5 1 1.5 
0 

I cos 8 I 4>. = [cos1 (cos 2¢)] /2 
f 

Fig. l XBL 809-1801 

- ll -



II 

0.5 

0.2 

0.1 

yGF ( me = 1.5 ) 
~ 0.05 

0.02 
0.1 1 10 

Q2 ( GeV I c )2 

Fig. 2 XBL 808-1800 

- 12 -




