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We have measured the cross section for production of ¢ and ¥’ in pand 7w~ interactions with Be, Cu,
and W targets in experiment E537 at Fermilab. The measurements were performed at 125 GeV/c using
a forward dimuon spectrometer in a closed geometry configuration. The gluon structure functions of the
P and 7~ have been extracted from the measured do /dx spectra of the produced ¥’s. From the pW
data we obtain, for p, xG (x)=(2.15+0.7)[1—x]¢-83+0-5 [14(5.85+0.95)x]. In the 7~ case, we obtain,
from the W and the Be data separately, xG(x)=(1.4940.03)[1—x]1 %300 (for 7=W),

xG (x)=(1.10£0.10)[ 1 —x]-20%029) (for 77~ Be).

PACS number(s): 13.85.Ni, 12.38.Qk, 14.40.Gx

I. INTRODUCTION

A large fraction of the i hadroproduction cross section
is thought to be due to ‘““fusion” between projectile and
target gluons [1]. ¥ hadroproduction can, therefore, be
used to determine the gluon structure functions of the
target nucleon and beam hadron. We have measured ¥
production in a hadron beam from beryllium, copper,
and tungsten targets and have extracted the projectile
gluon distributions.

To determine accurately the gluon structure functions
knowledge of the quark structure functions of the in-
teracting hadrons is required, since some fraction of the
production of 1 and ¢’ is due to quark interactions. The
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quark structure functions of the nucleons have been in-
dependently measured in deep-inelastic-scattering experi-
ments [2]. The pion quark structure functions have been
determined through the study of Drell-Yan production of
high-mass muon pairs. As large-4 nuclei are involved,
the modified wave functions of quarks and gluons inside a
heavy nucleus must be considered [3,4]. We have ex-
tracted the gluon structure functions independently for
each target nucleus.

In Fermilab experiment ES537 [5], we have measured
the production of ¥, ¢’, and the Drell-Yan dimuon con-
tinuum by interactions of antiprotons and pions with Be,
Cu, and W targets at 125 GeV/c. We have determined
the quark structure functions for both p and 7~ from the
Drell-Yan measurements [6]. Use of quark structure
functions determined from the high-mass muon pair con-
tinuum in the same experiment as the measurement of ¥
and ¢’ production minimizes the systematic errors in the
determination of the gluon structure functions.

II. THE SPECTROMETER

The measurement of the production of high-mass
dimuons in experiment E537 has been performed using a
tertiary 125 GeV/c p and w~ beam in the High Intensity
Laboratory at Fermilab. The enriched antiproton beam
produced by A°, A and K decays contained 18% p and
82% m.

The large aperture spectrometer, described in detail
elsewhere [5], is shown in Fig. 1. The apparatus included
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FIG. 1. The E537 spectrometer.

Be, Cu, and W targets, a Cu hadron absorber, a large
aperture dipole analysis magnet, 20 proportional and
drift multiwire chamber planes used as tracking elements,
scintillation counter hodoscopes, and muon detector con-
sisting of three planes of scintillation counters embedded
in 300 tons of steel and concrete.

The first level fast dimuon trigger required at least two
threefold coincidences among aligned counters in each of
the three muon hodoscope planes, at least two hits in the
charged particle hodoscope, and a p or 7~ signal from
the beam tagging system. Events which satisfied the fast
trigger were then sent to a dedicated second level ECL-
CAMAC trigger processor [7] which kept only candi-
dates with an effective mass greater than 2.0 GeV/c2.

III. THE DATA SAMPLE

The total data sample accumulated using the W target
contained 12530 ¢ events produced by the p beam and
33820 9 events by the 7~ beam. Figures 2(a) and 2(b)
show the effective-mass distributions of the muon pairs.
Fits of Gaussian forms to the ¥ and Y’ peaks plus an ex-
ponential function of the u*u~ continuum are shown su-
perimposed on the data. In addition, 529 v events from p
Cu, 1958 from 7~ Cu, 588 from p Be, and 2881 from 7~
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FIG. 2. (a) u"p~ invariant mass for 125 GeV/c 7~ W in-
teractions. (b) 4™ u~ invariant mass for 125 GeV/c pW interac-
tions.
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Be interactions were collected. The mass resolution
(o0 =180 MeV/c? for the W target, o =140 MeV/c? for
the Cu target, and o =200 MeV/c? for the Be target) was
dominated by the target length and by the multiple
scattering in the target and the Cu absorber.

Monte Carlo simulations have been used to correct the
data for geometric acceptances, hardware inefficiencies,
reinteractions in the target, trigger processor inefficiency,
vertex cut inefficiency, accidental coincidences, and
reconstruction inefficiencies [6]. The dependence of the
cross section on the kinematical variables xj, p,, cos6,
and ¢ have been extracted from the corrected data using
a maximum likelihood technique [6(b)].

IV. DIFFERENTIAL AND TOTAL CROSS SECTIONS

In a previous publication we have reported our mea-
surement of the ¥ production cross section in p and 7~
interactions with Be, Cu, and W targets [4]. Using the
observed A dependence of the 7~ data together with the
H, and Pt results of Na3 [8], the total cross section per
nucleon at 125 GeV/c has been determined to be

o(pN -y +X)=52.59+1.7+3.15 nb/nucleon
and
o(mr”N—9+X)=63.06+2.01+3.78 nb/nucleon .

The first error is due to the statistical uncertainty of the
parametrization, and the second error is due to the sys-
tematic uncertainty in the beam flux normalization.

The ratio of 3’ to ¥ production for p’s and 7 ’s has
been determined from our high statistics W target data.
The observed ratios of the number of ¢ and ¢ decaying
intoutu” are

’ +,, —
Vb B —30+1.0% and 2.6+0.7%
Yvop'p
for pW and 7~ W, respectively. Correcting for the muon
pair branching ratios of 1 and ¥ we find

Z—((Il%z 18.50%+9.25 % for pW interactions ,

‘;((ﬁ_)) =24.05%6.50 % for w~ W interactions .

Using the ¢’ inclusive cross section derived from these ra-
tios and the measured branching ratio for the ¥’ —>¢+X
decay [9], we find the fraction of the observed 3 coming
from 9’ decay to be 9.8+4.5 % and 12.7%3.5 % for pW
and w~ W interactions, respectively. This is consistent
with the WA11 [10] measurement of 8% in 7 Be in-
teractions at 190 GeV/c.

The differential cross sections do/dxp, do/dp.,
do/d cosO, and do/d¢ (where 6 and ¢ are the
Gottfried-Jackson decay angles) for ¥ production in 7~ N
interactions are presented in Tables I (a)-(c) and in p in-
teractions in Tables II (a)—(c).

The differential cross sections per nucleon have been
obtained by scaling the measured value, per nucleus, by a
constant factor independent of x and p,. This factor is
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TABLE 1. (a) #~ W differential cross sections for ¥ production. (b) 7~ Cu differential cross sections for i production. (c) 7~ Be
differential cross section for ¢ production.

()
Xp do/dxp cosf do /d cosf
(nb/W nucleus) (nb/nucleon) (nb/W nucleus) (nb/nucleon)
0.025 16 5141540 132.0t4.3 —0.15 4028+111 32.2+0.9
0.075 17 5471482 140.3+3.9 —0.05 3898+106 31.2+0.8
0.125 16 621+396 132.9+3.2 0.05 3891+106 31.1+0.8
0.175 162124349 129.6+2.8 0.15 3824+107 30.6t0.9
0.225 15652+318 125.2+2.5 0.25 3969+114 31.7+0.9
0.275 13973+292 111.7+2.3 0.35 3905+117 31.2+0.9
0.325 12 509+286 100.0£2.3 0.45 3937+124 31.5%1.0
0.375 11482+296 91.8+2.4 0.55 3880+135 31.0+1.1
0.425 9584296 76.6+2.4 0.65 4161163 33.3+1.3
0.475 7 6001292 60.8+2.3 0.75 3816+181 30.5+1.4
0.525 67011318 53.6x2.5 0.85 39821257 31.8%+2.1
0.575 46341295 37.1+2.4 0.95 3835+416 30.7+3.3
0.625 3509+312 28.1%£2.5
0.675 28121367 22.5+2.9 ¢ (deg.) do/d ¢
0.725 14274333 11.4+2.7 (nb/W nucleus) (nb/nucleon)
0.775 602:+270 4.8+2.2 9.0 22.6+0.89 0.181+0.007
0.825 4221549 34+4.4
0.875 4744893 38471 27.0 22.5+0.89 0.180+0.007
0.925 214881 0.247.0 45.0 21.4+0.77 0.171+0.006
0.975 0493 0.040.7 63.0 22.24+0.77 0.178+0.006
81.0 22.5+0.77 0.180%0.006
99.0 20.310.64 0.162+0.005
) ) 117.0 23.0+0.77 0.184+0.006
pi L. do/adp; .. 1350 23.140.77 0.185+0.006
per W nucleus per nucleon 171.0 23.7+0.89 0.190+0.007
0.225 5395+77 43.141+0.62 189.0 23.2+0.89 0.186+0.007
0.675 3429+61 27.42+0.48 207.0 20.8+0.77 0.166+0.006
1.125 2353450 18.82+0.40 225.0 21.4x0.77 0.17140.006
1.575 1686+42 13.48+0.34 243.0 21.1+0.64 0.168+0.005
2.025 1162+34 9.29+0.27 261.0 19.910.64 0.159+0.005
2.475 868+30 6.94+0.24 279.0 20.8+0.64 0.166+0.005
2.925 608+25 4.86+0.20 297.0 21.1+0.64 0.168+0.005
3.375 459+21 3.67+0.17 315.0 22.0+0.77 0.176+0.006
3.825 338+18 2.70+0.15 333.0 20.9+0.77 0.167+0.006
4.275 282+17 2.26+0.14 351.0 22.6x0.89 0.181+0.007
4.725 217+15 1.73+0.12
5.175 160+13 1.28+0.10 (b)
5.625 118+11 0.94+0.09 XF do /dxp
6.075 97+10 0.78+0.08 (nb/Cu nucleus) (nb/nucleon)
6.525 75%9 0.60:£0.07 0.050 7 110+470 124.4+8.2
6.975 63+8 0.50:£0.06 0.150 7669371 134.246.5
7425 507 0.40:£0.06 0.250 5632285 98.5:£5.0
7.875 4217 0.34£0.05 0.350 5173295 90.5+5.2
8.325 204 0.16:£0.03 0.450 4137+323 72.4+£5.7
8775 25£5 0.20+0.04 0.550 3034380 53.1=6.7
0.650 1909+461 33.4%8.1
cosd do /d cosd 0.750 1297+813 22.7+14.2
(nb/W nucleus) (nb/nucleon) 0.850 0+760 0.0+13.3
—0.95 4131511 33.0+4.1 0.950 0+1045 0.0+18.3
—0.85 39761272 31.8%+2.2
—0.75 3645179 29.1£1.4 2 do /dp?
—0.65 3715E149 29.7£1.2 (GeV/c?) [nb/(GeV/c)] [nb/(GeV/c )]
—0.55 37914132 30.3+1.1 per Cu nucleus per nucleon
—0.45 3893+123 31.1£1.0
—0.35 3849+115 30.8+0.9 0.450 1983+70 34.70+1.23
—0.25 3971+112 31.7+0.9 1.350 856145 14.99+0.79
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TABLE 1. (Continued).

p? do /dp?
(GeV/c?) [nb/(GeV/c)?] [nb/(GeV/c)?] Xp do/dxp
per Cu nucleus per nucleon (nb/Be nucleus) (nb/nucleon)
2.250 478434 8.36+0.60 0.750 180+133 20.3415.0
3.150 206422 3.60+0.38 0.850 116+158 13.1+17.9
4.050 117+16 2.0640.29 0.950 0+131 0.0+14.8
4.950 62412 1.09+0.20
5.850 45410 0.79+0.18 p? do /dp?
6.750 1245 0.2240.09 (GeV/c)? [nb/(GeV/c)?*] [nb/(GeV/c)?]
7.650 12+5 0.21+0.09 per Be nucleus per nucleon
8.350 1427 0.2420.11 0.450 332411 37.44+1.19
1.350 12046 13.49+0.70
cosf do /d cosb
(nb/Cu nucleus) (nb/nucleon) gfgg géf‘; g-fl‘z:fg'gg’
—0.90 13024280 22.8+4.9 4.050 1442 1.5740.23
—0.70 1646+162 28.842.8 4950 1042 1.17+0.21
—0.50 1516119 26.5+2.1 5.850 541 0.57+0. 14
—0.30 1696+114 29.742.0 6.750 5+1 0.58+0. 14
—0.10 16924109 29.6+1.9 7.650 241 0.1840.09
0.10 1839+114 32242.0 8.550 11 0.08+0.08
0.30 15874109 27.8+1.9
0.50 1658+128 29.0+2.2
0.70 1901+185 33.3+3.2 cost do /d cosf
0.90 20484375 35.846.6 (nb/Be nucleus) (nb/nucleon)
—0.90 226+44 25.545.0
¢ (deg) do/dé —0.70 260+24 29.3+2.7
(nb/Cu nucleus) (nb/nucleon) —0.50 232+17 26.1+1.9
18.0 10.140.86 0.176+0.015 —0.30 270+16 30.5+1.8
54.0 9.640.75 0.168+0.013 —0.10 254+15 28.7+1.7
90.0 8.740.66 0.152+0.011 0.10 270+16 30.5+1.8
126.0 10.140.76 0.177+0.013 0.30 286+17 32.2£1.9
162.0 10.340.86 0.180+0.015 0.50 257£19 28.9+2.1
198.0 9.4+0.82 0.165+0.014 0.70 242423 27.3£2.6
234.0 9.640.75 0.167+0.013 0.90 175435 19.7£3.9
270.0 9.640.68 0.167+0.012
306.0 8.340.69 0.146+0.012 4 (deg) do/dé
342.0 9.240.83 0.161+0.014 (nb/Be nucleus) (nb/nucleon)
s © do Jdxs 18.0 1.5+0.12 0.1734+0.014
(nb/Be. muclens) (nb,/mucieon) 54.0 1.440.11 0.15940.012
90.0 1.4+0.10 0.15940.011
0.050 103067 116.2+7.5 126.0 1.340.10 0.15140.011
0.150 1049+51 118.3+5.7 162.0 1.4+0.12 0.15840.013
0.250 912+42 102.9+4.7 198.0 1.6+0.12 0.180+0.014
0.350 861+44 97.145.0 234.0 1.4+0.10 0.15740.011
0.450 642+46 72.545.1 270.0 1.5+0.10 0.17440.011
0.550 442453 49.9+6.0 306.0 1.340.10 0.148+0.011
0.650 333474 37.5+8.4 342.0 1.6+0.12 0.175+0.014

the ratio between the measured total i production cross
section for a given beam and nucleus and the extrapola-
tion for 4 =1 quoted above for that beam [4].

The errors quoted in the 7~ differential cross sections
per nucleon do not include a 3, 4, and 4.5 % error due to
the A-dependence extrapolation for the 7~ W, 7~ Cu, and
7 Be data, respectively. Similarly a 3.5, 5, and 5 % error
in the pW, pCu, and pBe data is not included in the an-
tiproton differential cross sections per nucleon.

V. COMPARISON OF THE p DATA
TO THE SEMILOCAL DUALITY MODEL

For the purpose of extracting the gluon extraction
function we have used the semilocal duality model
(SLDM) [11] which contains quark-antiquark and gluon-
gluon fusion contributions to charmonium production.
We have assumed that the SLDM describes the produc-
tion of all the charmonium states. The prediction of the
SLDM is
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TABLE 1I. (a) pW differential cross sections for 3 production. (b) pCu differential cross sections for i production. (c) pBe
differential cross sections for ¢ production.

(a)
Xp do/dxp cos@ do /d cosf
(nb/W nucleus) (nb/nucleon) (nb/W nucleus) (nb/nucleon)
0.025 24262+974 185.3+7.4 —0.05 34411153 26.3+1.2
0.075 22578+792 172.4+6.0 0.05 3653+153 27.9+1.2
0.125 20178+646 154.1+4.9 0.15 3773+153 28.84+1.2
0.175 16 566+527 126.5+4.0 0.25 3446+153 26.3+1.2
0.225 14 473+465 110.5+3.6 0.35 3600+153 27.5+1.2
0.275 11 6241403 88.8+3.1 0.45 3511+153 26.8+1.2
0.325 8043+326 61.4+2.5 0.55 3446+186 26.3+1.4
0.375 6435+301 49.142.3 0.65 31524208 24.1+1.6
0.425 44014260 33.6+2.0 0.75 3496+280 26.7+2.1
0.475 2946+221 22.5+1.7 0.85 36881393 28.2+3.0
0.525 2004+199 15.3%1.5 0.95 3752+676 28.745.2
0.575 1114£158 8.5+1.2
0.625 705+127 5.4%1.0 ¢ (deg) do/dé
0.675 388+101 3.0+0.8 (nb/W nucleus) (nb/nucleon)
8'332 }ggigs igfg 3 9.0 19.7£1.15 0.150-£0.009
. .3+0.8
0.825 19122 01402 27.0 19.3+1.15 0.147+0.009
0.875 28142 0240.3 45.0 19.1£1.02 0.146-+0.008
0.925 0141 0.040.3 63.0 19.9+1.02 0.152+0.008
0.975 0£13 0.040.1 81.0 19.34+1.02 0.147+0.008
99.0 18.8+0.89 0.143+0.007
o neor e
2 2 2 . By puy .150=£0.
(Gev/e) [’;‘r’/ ég’ :Yl/c ie)uls [“be/r (Czizlg fn)l] 153.0 21.6+1.28 0.165+0.010
P p 171.0 202+1.15 0.154+0.009
0.225 5132+107 39.1940.81 189.0 19.4%1.15 0.148+0.009
0.675 3222484 24.60+0. 64 207.0 19.8+1.15 0.151+0.009
1.125 2077+66 15.86+0.50 225.0 19.8+1.02 0.151+0.008
1.575 1432454 10.93+0.42 243.0 18.3+1.02 0.139+0.008
2.025 1022+47 7.81+0.36 261.0 17.4+0.89 0.133+0.007
2.475 724+38 5.53+0.29 279.0 17.9+0.89 0.136+0.007
2.925 521433 3.98+0.25 297.0 19.0+1.02 0.145+0.008
3.375 348+26 2.65+0.20 315.0 17.94+1.02 0.136-0.008
3.825 263+23 2.01+0.18 333.0 19.7+1.15 0.150+0.009
4.275 201+20 1.54+0.15 351.0 19.0£1.15 0.145+0.009
4.725 125+16 0.95+0.12
5.175 79+12 0.60£0.09 (b)
5.625 7512 0.57+0.09 Xp do /dxp
6.075 81+13 0.61+0.10 (nb/Cu nucleus) (nb/nucleon)
6.525 54+11 0.41£0.09
6.975 42+10 0.3240.08 0.050 9 694+996 181.1+18.6
7425 3549 0.2740.07 0.150 8730+732 163.1+13.7
7.875 1946 0.15+0.05 0.250 50401498 94.249.3
8.325 1446 0.11+0.04 0.350 3022+421 56.4+7.9
8.775 1846 0.13+0.05 0.450 17274394 32.3+7.4
0.550 5974315 11.245.9
cosO do /d cosd 0.650 0+0 0.0+0.0
0.750 0+0 0.0+0.0
(nb/W nucleus) (nb/nucleon) 0.850 040 0.0+0.0
—0.95 3704+830 28.3+6.3 0.950 0+0 0.0+0.0
—0.85 28704345 21.942.6
—0.75 3158+255 24.1+1.9 Dt do /dp}
—0.65 34644221 26.4+1.7 (GeV/c)? [nb/(GeV/c)?] [nb/(GeV/c)?]
—0.55 3278+176 25.0£1.3 per Cu nucleus per nucleon
—0.45 3657+153 27.9+1.2
—0.35 3478+153 26.6+1.2 0.450 1931+125 36.08+2.33
—0.25 3440+153 26.3+1.2 1.350 682+72 12.75+1.35
—0.15 3406+153 26.0%+1.2 2.250 338+50 6.32+0.94
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TABLE I1. (Continued).
p? do/dp}
(GeV/c)? [nb/(GeV/c)?*] [nb/(GeV/c)?*] Xp do/dxy
per Cu nucleus per nucleon (nb/Be nucleus) (nb/nucleon)
3.150 126+30 2.36+0.56 0.750 38+28 44+3.2
4.050 101+27 1.90+0.51 0.850 72187 8.2+10.0
4.950 56+19 1.04+0.36 0.950 0x7 0.0+0.8
5.850 7+10 0.14+0.19 ) ,
6.750 1410 0.27+0.19 pi do /dp;
7.650 6+12 0.12+0.22 (GeV/c) [nb/(GeV/c)?] [nb/(GeV/c)?]
8.550 649 0.1140.17 per Be nucleus per nucleon
cosd do/d cosd 0.450 309+21 35.26+2.37
(nb/Cu nucleus) (nb/nucleon) 1.350 127+13 14.45+1.51
2.250 6219 7.04£1.03
—0.90 950+461 17.8+8.6 3.150 17£5 1.99+0.54
—0.70 1382+285 25.8+5.3 4.050 10+4 1.11£0.41
—0.50 12264195 22.9+3.6 4.950 4+3 0.47+0.36
—0.30 1387181 25.9+3.4 5.850 5+2 0.53+0.27
—0.10 16961185 31.7+3.5 6.750 0x2 0.00%0.21
0.10 1601+185 29.9+3.5 7.650 0x2 0.00+0.22
0.30 17441204 32.6+3.8 8.550 1+2 0.08+0.21
0.50 13871209 25.9+3.9
0.70 1140+257 21.3+4.8 cos@ do/d cosf
0.90 10411466 19.4+8.7 (nb/Be nucleus) (nb/nucleon)
—0.90 195499 22.2+11.3
de do
¢ (e (nb/Cu nucleus) e (nb/nucleon) —0.70 227149 25.9£5.6
—0.50 242+37 27.61+4.2
18.0 7.9+1.38 0.147+0.026 —0.30 249+32 28.41+3.7
54.0 8.6+1.28 0.161+0.024 —0.10 236+29 26.913.3
90.0 8.0+1.14 0.149+0.021 0.10 287+32 32.7+3.7
126.0 9.5+1.38 0.178+0.026 0.30 246132 28.0+3.7
162.0 8.6+1.43 0.162+0.027 0.50 232+37 26.41+4.2
198.0 8.0+1.38 0.1494+0.026 0.70 209+47 23.915.4
234.0 8.2+1.24 0.153+0.023 0.90 18665 21.2+7.4
270.0 6.8+1.05 0.128+0.020
306.0 7.2+1.19 0.1341+0.022 6 (deg) do/dd
342.0 9.0+1.43 0.169+0.027 (nb/Be nucleus) (nb/nucleon)
(c)
xp do /dxy 18.0 1.5%0.25 0.1741+0.028
54.0 1.310.21 0.14710.024
(nb/Be nucleus) (nb/nucleon) 90.0 1.1£0.18 0.123+0.020
0.050 1699+189 193.7+21.6 126.0 1.5+0.22 0.176+0.026
0.150 12894127 147.0+14.5 162.0 1.3£0.23 0.146+0.026
0.250 891490 101.7£10.3 198.0 1.1+0.21 0.130+0.024
0.350 472+65 53.9+7.4 234.0 1.5+0.22 0.169+0.026
0.450 242+49 27.6t5.6 270.0 1.5+0.21 0.167+0.024
0.550 120+36 13.7+4.1 306.0 1.3+0.21 0.151+0.024
0.650 48+31 5.5+3.5 342.0 1.2+0.22 0.141+0.026

2 A2 —
8 g M%AD(1—7)

do _ f4M,§dM2 B e (M*,A*)(1—7)G (x,)Gy(x;)
dxg 4M? s(x;+x,)

where M is the invariant mass of the ¢¢ pair, M, and M,
are the charm quark and D-meson masses, respectively, N
is the fixed fraction of the ¢¢ production cross section
leading to a particular charmonium state, x; (x,) is the

s(x;+x,)

n

S felx ) (x)+ Fr(x g (x,) |

k=1

(1a)

fraction of the momentum of the beam (target) hadron
which is carried by the parton:

x12=0.5[V x2(1—7)*+4rtxp(1—7)] . (1b)
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T=M?/s=x,x, is the scaling variable, G;(x) and G,(x)
are the gluon distribution functions, f;(x) and g, (x) are
the quark distribution functions, and & - and ﬁgg are the
pointlike cross sections for the subprocess gg—c¢ and
gg —cc with

2 2
=% 4 2202 4 M*+A
Oo=rrs |(MH MM+ MO | 5 ]
2 2 A
—(TM +31MC)I
. 817'(13 ) )
8 g = 5o s M+ 2MIN, (1c)

N=M*—aM’M?,

with a, being the coupling constant.

¥ is either produced directly or as the decay product of
the ¥’ or the ¥’s. We have ignored the small fraction of
¥’s that come from 3’ production and decay in the
analysis that follows. However, we must allow for the
relatively large fraction of ¥’s from the decays of y states.
The following expression [12] gives the do /dx distribu-
tion of the indirectly produced ¥’s as a function of the
do /dxy of the parent Y state:

do % do

dxp o, dxp

2 —
MX 1 T¢
XMi,—Mi (x1+x2)X

dxp| ,

()

where do /dxp| y—y 1is the observed xj distribution of ¢
from y—y+y decays, do /dxpl|, is the xp distribution
of the given y state, M, and M, are the masses of the x
and ¥ meson, and

1—7, My +M]}
L2 § 12
0.5
a XF|./,1_ M%
- [(xp)|3(1—7)2+47,]"% M} —M],
1—7, M}

with 7,=M i/s and 7,=M )2( /s. We have assumed that
in the rest frame of y the azimuthal and cos@ distribu-
tions of the photon are uniform (where 0 is the angle be-
tween the photon direction and the beam axis). We com-
bine this prediction of the x distribution of the indirect-
ly produced y¥’s with the x distribution of the directly
produced ¥’s to get do /dxy of the total ¥ sample given
by

do
dxp

do
dxg

do

+
w dxgp

direct ¢

=(1—w)

observed

b

X—¥
(3)

where w is the fraction of ¥’s coming from the decay of
the y states.

The fractions of ¥’s produced via Y decay in proton-
proton interactions has been measured at the CERN In-
tersecting Storage Rings (ISR) by experiment R806 [13]
(Vs =62 GeV) to be 0.471+0.08, a similar value of
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0.47+0.23 was reported by Fermilab experiments E673
[14] (Vs =18.9 GeV) in pBe interactions and more re-
cently a value of 0.3010.04 has been reported by experi-
ment E705 [15] for pLi (V's =23.76 GeV). No measure-
ment has been reported for ¥’s produced in pN interac-
tions at 125 GeV/c. Although the value of w=0.47
(from the data closest in energy to ours, Vs =15.36
GeV) was adopted for the purposes of the analysis in this
paper, varying the value of w from 0.30 to 0.47 (a range
that includes all the measured ratios in proton interac-
tions quoted above and those for 7~ interactions quoted
in Sec. VII below) changes the extracted structure func-
tion parameters by less than 2%. The xp distribution of
the indirectly produced ’s is also found to be insensitive
to the p, distribution of the parent Y or to the angular
distribution of the photon in the y — ¢+ decay.

The Duke and Owens (DO) set 1 quark structure func-
tions for the nucleon [16] describes well our Drell-Yan
data [6] for (Q?)=25 (GeV/ c%)’.. We have used these
structure functions with the SLDM and find that the Q2
dependence of the structure function within our limits of
integration 4M?2 < M?* <4M3} is not strong. Therefore, we
fix Q*=M_’ and ignore the evolution of the structure
functions with Q2. The choice of the value of the param-
eter A (=0.2 GeV/c?) and the mass of the charmed
quark (=1.5 GeV/c?) affect only the overall normaliza-
tion and not the shape of the d o /dx spectra.

We have fitted the x distribution of the #’s from our
PpW data using the SLDM prediction [Egs. (1) and (3)]
with the DO set 1 quark and gluon structure functions
determined at Q2=M 2¢ leaving the overall normalization
N free. A value of N=0.188+0.002 is found. Figure 3
shows the excellent agreement (x? per degree of freedom
equal 1.0) between the fit and the data. From the results
of this fit we estimate that 48% of y’s are produced
through gluon-gluon fusion.

We can also write the prediction of the SLDM for the

1

1 llllllll

(nb/nucieon)

papul

do
dXF

L1l lLlﬂl

o

FIG. 3. do /dxy for i production by 125 GeV/c pW interac-
tions. The solid line is the SLDM prediction using DO set 1
structure functions and keeping the overall normalization as a
free parameter. The dashed and the dot-dashed line are the gg
and the ¢g contributions, respectively.
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TABLE III. Cross-section ratio for ¥ production by p’s and
p’s on nuclear targets at different energies. We have used the
Lyons [18] parametrization for pN interactions as a function of
V7 to estimate the cross section for ¥ production by protons at
the E537 energy of V's =15.3 GeV.

Experiment Beam momentum Vs R(Vs;p/p)
(GeV/c) (GeV/c?)
Q (Ref. [17)) 39.5 8.6 5.2640.83
ES537 125.0 15.3 2.0+0.3
NA3 (Ref. [8]) 150.0 16.8 2.35+0.3
NA3 (Ref. [8]) 200.0 19.4 1.46+0.25

ratio of the p-nucleon to p-nucleon total ¥ production
cross sections at a particular V's as

[o5 (Vs )05 (Vs )]
[Uzq(Vs )+ ok (Vs)]

RSLDM(‘/;;ﬁ/p)z

where Uzq((]gg) is the integral over x of the g7 (gg) part
of Eq. (1), and & denotes the beam hadron. The depen-
dence of the ¥ production cross section on the atomic
number is similar for p and 7~ beams [4]. Providing the
same is true for proton-nucleus interactions, then the ra-
tio R should be approximately independent of the specific
target nucleus. In Table III, we list measured cross-
section ratios R(V's ;p /p) for 9 production with antipro-
ton and proton beams on nuclear targets.

We have checked the possibility that there may be a
relative normalization of the g and gg processes (beyond
the expectation of the SLDM) by fitting the variation of
the ratio R as a function of Vs with two different nor-
malization factors, N @ and Ng,:

T T T T T T T T T I
7 + O Ref.17 ]
A This Exp.
er O NA3Ref. 8

‘75/%

1 1 1

L
160 200

1 1 1 1

L
0 40 80 120

Beam Momentum (GeV/c)

1

FIG. 4. Comparison of the ratios of inclusive ¥ production
cross sections from pN and pN interactions (Table III) with the
prediction of the SLDM using DO set 1 structure functions.
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U{;(\/} )+ Ko (Vs )
0P (Vs )+ Ko g(Vs)

Rsom(Vs;p/p)=

with K= k . @
Nlﬁ

Fitting the ratio of Eq. (4) to the data of Table III and us-
ing the DO set 1 structure functions for quarks and
gluons, we obtain a value of K =1.08%0.3. Therefore,
we have fixed K =1.0 for the remainder of the analysis.
In Fig. 4, we compare the measured values of
R(V's;p/p), from Table III, with the Rg; py, prediction
(K =1.0) showing very good agreement.

VI. ANTIPROTON GLUON STRUCTURE FUNCTION

Although the DO set 1 gluon structure function agrees
well with our pW data, we investigated a simpler form for
the gluon structure functions. We use as inputs the
valence and sea quark structure functions given by DO
set 1 and parametrize the gluon structure functions of the
beam antiproton and the target nucleons in the form

xG(x)=B(1—x)*(1+yx) . (5)

The parameters a,f3,7, and the overall normalization N
of the SLDM are determined from this fit. Although the
parameters N and 8 have different physical origins, they
are correlated since both contribute to the overall nor-
malization.

The parameter B can be expressed as a function of the
other parameters of Eq. (5) using the momentum sum
rule as an extra constraint. Our choice of the valence and
sea quark structure functions implies that 52% of the nu-
cleon momentum is carried by the quarks. Therefore, to
conserve momentum the gluon structure function must
satisfy

J 'xG(x)dx=0.48 . ©

Because we do not measure 3 production over the entire
x range of the integral, Eq. (6), but only for

TABLE 1IV. Extracted gluon structure function parameters
from the fit E537-p, including the fraction of momentum carried
by gluons overall (0.0 <x < 1.0), that for (0.038 <x <1.0) and
the fraction of ¢ produced by gluon fusion. Also shown is the
DO set 1 results for comparison. (Note that the uncertainty due
to the scaling of the cross sections to nb/nucleon is 3.1%.)

Parameter E537-p Duke and Owens set 1

X*/Npr 1.0 1.0

N 0.188 (fixed) 0.188+0.002

a 6.83%0.5

B 2.15+0.7

Y, 5.85+0.95

J xG(x)dx 46%+3% 48%

S, 7O xdx 38%+2.5% 38%

Ogg /(Tget0,2) 48% +3% 48%
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FIG. 5. do /dxy for i production by 125 GeV/c pW interac-
tions. The solid line represents the best fit of the parametriza-
tion of the gluon structure function xG (x)=p(1—x)*(1+yx).
The dashed and the dot-dashed line are the gg and the gg contri-
butions, respectively.

0.038<x <1.0, we have assumed that the gluon struc-
ture function parametrization is valid for all regions of x
in order to apply the constraint of Eq. (6). Rather than
determining B a priori, we constrain the overall normali-
zation N and determine all the gluon structure function
parameters. In this way, the degree to which Eq. (6) is
satisfied by the fitted G (x) can be used as a criterion for
deciding on the correctness of the extracted structure
function. Table IV shows the results of the fit to the pW
data, E537-p, including the integrated gluon momentum
fraction for the entire x region (0.0 <x < 1.0), for the re-
gion of sensitivity of the experiment (0.038 <x < 1.0) and
the fraction of i’s produced through gluon fusion.

The results of the fit E537-p are in good agreement
with the DO set 1 gluon structure functions, and give a
reasonable value for the integrated gluon fraction. Fig-
ure 5 shows the results of the fit to the differential cross
section d o /dx for our pW data.

The effects of heavy nuclear targets are most important
at high xp [4]. To check for the sensitivity to these
effects, we have extracted the gluon structure function
from the pW data at x; =0.5 using our parametrization.
The values of the parameters of the gluon distributions
obtained using this limited x region are consistent
within statistical errors with those obtained using the en-
tire range of x.

Our results for the parametrization for the p gluon
structure is

xG (x)=(2.1540.7)[1—x ]¢83+0-5[1+(5.85+0.95)x ] .

VII. 7~ GLUON STRUCTURE FUNCTION

The 7~ quark structure functions are not as well deter-
mined as the nucleon quark structure functions and, since
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a larger percentage of ¢’s produced in 7~ collisions are
in the high x, region, we expect stronger nuclear target
effects [4].

The fraction of ¢’s produced via x decay in 7~ nucleon
interactions has been measured by experiment WA 11 [10]
(Vs =18.6 GeV) to be 0.305 (0.177+0.035+0.015 from
x! and 0.128+0.023+0.15 from y? decays), by experi-
ment E673 [14] (Vs =18.9 GeV) as 0.31 (0.2+0.08 from
x! and 0.1140.06 from x? decays) and more recently ex-
periment E705 [15] published a value of 0.371+0.03 for
7 Liat 300 GeV/c.

For our extraction of the gluon structure functions of
the 7~, we have used the WA11 [10] (Vs =18.9 GeV)
measurements to set the fraction of i’s coming from x’s
for our 7N data (V's =15.3 GeV), the target nucleon
DO set 1 gluon, valence and sea quark structure func-
tions (as they describe well our pW data), the NA3 [8]
determination of the sea quark pion structure function as
0.238(1—x)%7 which predicts that 15% of the total
momentum is carried by the sea quarks, and the 7~
valence quark structure functions determined from our
own measurements of Drell-Yan production of high-mass
muon pairs [6,19,20].

The parametrization of Ref. [6(b)] for the valence
quark structure function of 7 :

xV(x)= Ax%1—x)b (7)

has been scaled to Q*=M 3 using the method of
Altarelli-Parisi [21] to obtain the values of 4, a, and b
given in Table V. Also shown for comparison in the
Table is the NA3 [8] valence quark structure function.
Different E537 7~ fits corresponding to different normal-
ization constraints to our Drell-Yan data [6,20] have lit-
tle effect on the overall result.

With this choice for the quark structure function, we
parametrize the gluon distribution of 7~ as

xG(x)=p(1—x)* . (8)

We have fitted both our 7~ W and 7~ Be data using the
quark distributions of Table V as input to the SLDM,
leaving the overall normalization and the exponent «a free
to vary. The results for W and Be targets are shown in
Table VI, the fraction of momentum carried by the
gluons [B/(a+1)] has been fixed for the fit as shown. In
addition, the calculated fraction of the 3 produced via
gluon fusion in #”W and 7 Be interactions is also
shown.

The resulting value of the overall normalization con-
stant is in agreement with that obtained using the SLDM
with our p data. Although the extracted gluon structure
functions are not sensitive to the choice of the quark

TABLE V. Valence quark structure function parameters of
Refs. [6,19,20] evolved to Q*=M?7 and of Ref. [8] used in ex-
tracting the gluon structure function of the 7.

Set A a b folx V(x)dx
(%)
E537-m~ 0.681 0.454 1.125 35
NA3 (Ref. [8)]) 0.52 0.40 0.78 36
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TABLE VI. The parameters of the 7~ gluon structure function obtained by fitting with the input
valence quark distribution, ¥ (x), for the W and Be data. The fraction of ¢ produced via gluon fusion
obtained from the fit is also shown. Note that the error due to the scaling of the cross section to

nb/nucleon is an additional 3.1%.

Vi(x) B/a+1 a(W) a(Be) N(W) N(Be) O /0 (W) oy /O'W_ (Be)
(fixed)
(%) (%) (%)
ES37-r~ 50 1.98+0.06 1.2+0.2 0.187+0.002 0.17%0.004 74+2 7618
Na3 (Ref. [8]) 49 2.03+0.06 1.3£0.2 0.193%0.002 0.17+0.004 73£3 75+7

structure function set, as seen in Table VI they depend
strongly on the particular target nucleus used. In Fig. 6,
we present our data for W, and in Fig. 7 for Be, and the
predictions of the SLDM model using the E-537-7" pion
valence quark structure function. The solid line
represents the prediction for the gluon structure function
extracted from the Be data. In Fig. 7, we include the
gluon structure function based on the fit to the W data to
show the strength of the A4 dependence.

As in the case of determining the p gluon structure
function we use the ratios of the ¢ production cross sec-
tions to check the validity of the fits. The ratios of the

production cross sections for pN—yY+X to
7 N—->y+X,
R(Vsip/m)= o(pN —>9y+X)

o(r"N—y+X) '’

are sensitive only to the integral of the parton distribu-
tion functions. In Table VII we summarize the measured
ratios as function of beam energy from several experi-
ments.

The gluon structure functions extracted from the Be
and the W data have been used to predict the ratio of the
total cross section o, / o _-asa function of beam momen-

- 1 1 I 1 I T T T T
IO2 - —
s - .
3 C
[*] - -
2
B - - —
£ .
w 5 _
3|2
10 | -
o 3
- -
1 1 1
o 0.2 0.4 0.6 0.8 1

FIG. 6. Best fit (solid line) using the E537-7~ quark structure
functions to the do /dx, distribution for ¥ production in 125
GeV/c 7~ W interactions. The dashed and the dot-dashed line
are the gg and the gg contributions, respectively.

tum. This prediction is compared in Fig. 8 to the data in
Table VII. The momentum dependence of the ratio
0,/0 - is described satisfactorily by both sets of struc-
ture functions.

For comparison, experiment NA3 [8] has extracted the
gluon structure function of 7 from the “hard com-
ponent” of ¢ production in 7~ Pt interactions using an
analysis with significantly different assumptions about the
production model for the 9’s:

xG (X)~( 1 __x)2.38i0‘06:t0.1 .

WAI11 [10] using a Be target has extracted a gluon struc-
ture function

xG(x)~(1—x)1'9i°‘3 .

Our best estimation of the 7~ gluon structure function
from experiment E537 is

l40" T T T 1 T T T
120
100
s
@
S 80
(=3
P}
= 60
8l€
40
20
0
*F

FIG. 7. do/dxg for ¢ production in 125 GeV/c 7~ Be in-
teractions. The solid line is the best fit using E537-7~ quark
structure functions. The band shows the range of predictions
from the SLDM varying the 7~ gluon structure function pa-
rameters extracted from the W data by + one standard devia-
tion from the best fit. The difference in structure functions ex-
tracted from Be and W targets is manifest.



1 PRODUCTION IN pN AND 7~ N INTERACTIONS AT 125... 5077

TABLE VII. Cross-section ratios for 1 production by p and 7~ beams on nuclear targets measured
at different energies. To obtain the ratio for this experiment we have used the Lyons [18] parametriza-
tion to estimate the cross section for ¥ production by protons at 125 GeV/c.

Experiment Beam momentum Vs o, /a"_=R(1/;;p /7))
(GeV/c) (GeV/c?)
Q (Ref. [17]) 39.5 8.6 0.17+0.02
E537 125.0 15.3 0.45+0.05
NA3 (Ref. [8]) 150.0 16.8 0.42+0.04
NA3 (Ref. [8]) 200.0 19.4 0.53+0.05

xG (x)=(1.4940.03)[ 1 —x ](1-98%0.06)

— T T T T T T T T =
from the 7~ W data = (@) 7
and 7
xG (x)=(1.10%0.10)[ 1 —x ](1-20+0.20) o
10 —
from the 7~ Be data . 3 3
]
VIII. TRANSVERSE MOMENTUM OF ¢ ? .
2
. g 'E E
In Figs. 9(a) and 9(b), we present the do /dp? spectra ©ls - =
for pW and w~ W. The experimental data is well de- - ]
scribed by the empirical form B .
(1+p}/a®)P ) .
10" |
with @=2.79+0.2, B= —8.0310.96 for the pW data and o , , X , , , ,
a=2.67%0.12, B=—6.87+£0.5 for the #~ W data. (o) 2 4 6 8
In Figs. 10(a) and 10(b), we show the variation of {p, ) 2 2 4
. . . . . Pte  (Gev7/c))
as a function of x;. In an earlier publication [6], it was
O7rr—T— 7T T T T T F T T T ! T T L 3
- (b)
06 - .
= —4
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:‘g 10 | _
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FIG. 8. Comparison of the ratios of the inclusive ¥ produc-
tion cross sections from p and 7~ of Table VII with the predic-
tions of the SLDM using the E537-7" quark structure functions
and the gluon structure function extracted from this
experiment’s Be data (solid line) and W data (dashed line).

FIG. 9. (a) do/dp? vs p} for ¢ production in 125 GeV/c pW
interactions. The solid line is an empirical fit. (b) do /dp? vs p?
for ¥ production in 125 GeV/c w~ W interactions. The solid
line is an empirical fit.
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shown that nuclear effects distort the shape of the p, dis-
tribution independently of the xy region examined.
Therefore, the systematic decrease of the mean p, vs xp
appears not to be caused by heavy nucleus effects.

IX. ANGULAR DISTRIBUTIONS

Finally, we have studied the angular distributions of
the ¢’s to gain additional information about the ¢ pro-
duction mechanism [22]. We show the Gottfried-Jackson
[23] frame angular distributions in 6, the angle of the pos-
itive muon with respect to the beam in the rest frame of
. Figures 11(a) and 11(b) show that the angular distribu-
tions are essentially flat. Fitting the angular distributions
to the form

do /d cos «< 1+ Acos?6 ,

we obtain A=—0.115%0.061 for p’s and
A=0.028+0.004 for 7 ’s. Similarly, the azimuthal angle
¢ distribution is flat within errors. The isotropic

1.2 T T T T T T
(a)
[ .
ol g :
0.9 .
}— -
)
> 0‘8 L L 1 L 1 1
3
.2 T T T T T T
/AN
o | (b) ]
vV
Il —
—— { } ]
1.0 - } i { -
| ' 4
09 -
0'80.0 dz ' 6.4 ol.s
XF

FIG. 10. {p,) vs xy for 3 production in 125 GeV/c interac-
tions, (a) pW and (b) 7~ W data.
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behavior of the data is independent of the x and p, re-
gions in both p and 7~ interactions as shown in Figs. 12
and 13.

We have also studied the 4 dependence of the ¢ pro-
duction cross sections as a function of cosf and ¢ by
forming the ratios

(oS- W /Be) = 1/Aw[do/d cosfly
rilcosth W/Be)= 1/ Ag.[do /d cosO]g,
and
1/Ay[do/d
r,(¢; W /Be)= hd ¢lw .
1/Ag.[do/dd]g.
T T T T T T T T T
s
]
2
~
2
\-'CD 6 -
b| 8
"’{,’ 12f A
s} _
r (a)
ST a— Y ) o o.'4 l o.le
cos 8
40 T T T T T T T T T 3
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FIG. 11. Gottfried-Jackson cosf distributions for ¥ decay
from 125 GeV/c interactions, (a) pW and (b) 7~ W data.
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Both ratios r; and r, are flat within statistical errors as a
function of cos@ and ¢ for both the p and =~ data. The
average value of the ratios, 0.7310.04 for the p data and
0.70+£0.02 for the 7w~ data, are consistent with an overall
suppression of ¥ production in the heavy targets. If one
parametrizes the 4 dependence in the form o ~ 4%, these
ratios give a=0.9010.05 and 0.88+0.03, respectively.

X. CONCLUSIONS

We have studied ¥ hadronic production in pN and
7~ N interactions at 125 GeV/c. We have measured the
total cross section for the production of ¥ and ¢, the
differential cross section do/dxp for both p and 7~
beams with Be, Cu, and W targets and determined the
gluon structure functions of the p’s and 7 ’s by fitting
the x5 distributions. For the antiproton we find a param-
etrization which is in good agreement with our pW data
and the Duke and Owens (set 1) structure functions:

xG (x), =(2.1520.7)[1—x ]'*3+03[1+(5.85+0.95)x] .
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FIG. 12. A, the coefficient in the (1—Acos20) fit to the
Gottfried-Jackson decay angle of s, as a function of P, and in-
tegrated over all x; for 125 GeV/c interactions, (a) pW data and
(b) 7~ W data.
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Nuclear target effects significantly change the shape of
the observed xj distributions in our 7~ data. Our data
were sufficient to give statistically different results for the
m~ gluon structure functions extracted separately from
the 7~ W and 7~ Be data:

xG (x)__=(1.49+0.03)[ 1 —x ](1-98+0.00

from 7~ W production

and

xG (x)_-=(1.1020.10)[ 1 —x]1-2040:20)

from 7~ Be production .

We have also measured the transverse momentum and
decay angular distributions of the v¥’s. Isotropic angular
distributions are observed.
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