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Production of P(3100) and P'(3700) in p-Be Collisions at 400 Gev
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%'e report preliminary results on the production of electron-positron pairs in the mass
range 2.5 to 4 GeV in 400-GeV p-Be interactions. Production cross sections of the $(3100)
near x = 0 as a function of p&, x, and the decay angle are presented and implications of
these net data for single direct leptons are discussed, A g'(3700) signal is observed at
a level corresponding to o(g')/o(g) = (10+ 3)/&.

We have reported the observation of high-mass
(& 5.5 GeV) e'e pairs produced in 400-GeV pro-
ton-beryllium collisons. ' In the same experi-
ment we have observed a strong J/g(3100) signal.
This Letter presents the details of 8/( produc-
tion cross sections as a function of p„x, and
the decay angle and reports the observation of
g'(3700).

The two-arm magnetic spectrometer used to
make these measurements is described in detail
in Ref. 1, The techniques described in Refs, 1
and by Appel et a(t. of comparing the energy de-
posited in a lead-glass array with the measured
momentum and the use of the longitudinal shower
development in the lead-glass array permit re-
jection against hadrons of 4&10 4 per arm while
retaining an efficiency for electrons of 0.80
~ 0.08.

The observed mass spectra for electron-posi-

tron pairs are presented in Fig. 1 for three dif-
ferent settings of the spectrometer. To obtain
cross sections, der/dm, we assumed that the pro-
duction at all masses is similar to that observed
here for the g(3100) and specified below in Eg.
(3). Cross sections reported here have been cor-
rected for trigger and reconstruction efficien-
cies which lead to a combined efficiency before
electron cuts of 0.8 +0.1 for electron-pair events.
Corrections have also been made for electron-
cut inefficiency, target absorption of the proton
beam, and for events lost as a result of brems-
strahlung of the electrons (estimated to be 0.075
+0.025 of the events at 3 GeV).

Figure 1(a) shows the data taken with spectrom-
eter settings (600 and 800 A) optimized for the m
= 3-GeV region. A strong g(3100) signal is seen.
The acceptance varies slowly over this mass in-
terval and these data are used to study g produc-

(03l

0
CD

CJ

8

N
E gg

60-

NO
EVTS

40-

20-

10 .
elm

((P2
O
6&

C3

C

i033

2.5 3 35 4
me e-(GeV)

3.0 3.5 4.0
me. e-(GeV)

l

30 3.5 4.0
mp e-(GeV)

FIG. l. Electron-positron mass spectra: (a) do/dm per nucleon versus the effective mass. A linear A depen-
dence is assumed. Spectrometer settings, 600 and 800 A. (b) Mass spectrum of observed events at 1100 A. (c) «/
dm per nucleon for data in (b).
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FIG. 2. $(8100) cross sections: (a) Invariant cross
section versus x ptt~~/p ™(integrated over p& ).
(b) Invariant cross section versus p, near x = 0. (c) De-
cay-angle distribution in the helicity frame of the g.
(Plotted errors are statistical only. )

tion. Figures 1(b) and 1(c) show data at 1100 A

which ls optimal for masses Rbove 5 GeV At 1100
A the acceptance is increasing rapidly for mass-
es of 3.1 to 3.7 GeV. However, the integrated
sensitivity at the |It' mass is increased here by
an order of magnitude over the data in Fig. 1(a).
Both sets of data give consistent tit(3100) cross
sections. A g'(3700) peak is observed in the raw
data in Fig. 1(b) and persists after correction
for the acceptance as shown in Fig. 1(c).

The tit(3100) resonance observed in Fig. 1(a) has
a width of 40 MeV (rms) which is in good agree-
ment with the calculated resolution of the appara-
tus. We measure a mass value of 3.096+0.030

GeV. The cross sections for ttI production times
its branching ratio to e'e are shown in Figs.
2(a) and 2(b) plotted versus x=pt, ' /p „'~ and

p, . No dip or significant variation in the invari-
ant cross section is observed in our narrow
range of x acceptance near x=0. The average
invariant cross section on beryllium for x near
0 is found to be well described by a quadratic ex-
ponential in p, :

E,B = (1.7 + 0.4) && 10 "exp(- ap, ')
d 0

(em'/GeV')/(Be nucleus) (1)

with a= 1.1+0.35 GeV ', where B is the branch-
ing ratio of |It(3100) to e'e and the p, range meas-
ured is 0&@,&2.0 GeV. An equally valid descrip-
tion of our data is given by

d 0'
E , B= (2.—5+ 0.6) x 10 "exp (- bp, )

(cm'/GeV')/(Be nucleus) (2)

with b=1.6+0.35 GeV '.
The errors on the cross sections presented

here are dominated by the systematic uncertainty
in the absolute normalization. The decay-angle
distribution in the ti rest system (helicity frame)
is shown in Fig. 2(c) to favor 1+cos'6* (confi-
dence level 0.20).' The approximately 5% of
background' under the tit has not been subtracted
in Fig. 2, but this does not significantly change
any of these distributions.

The differential cross sections for the g(3100)
are measured to be

(da/dx)„Q = (2.6 + 0.7) &&10 "cm'/(Be nucleus), —0.06 ~ x ~ 0.08,

(da/dy), OB= (6.4+1.6) &10 "cm'/(Be nucleus), —0.28 -y -0.32,

—1 ~x'~1 (3)

which characterizes data from this and other ex-
periments at high x,"we obtain a total cross
section times branching ratio on beryllium of

aB = (1.00+0.25) &&10 "cm'/(Be nucleus).

Under the assumption of R linear A dependence,

where y is the center-of-mass rapidity. To ob-
tain the total cross section, a distribution in x
away from the x=0 region must be assumed. Us-
ing

E d'a /dP ' cc (1 —IxI)"exp( —1.6p, ),

aB = (1.1 +0.3) &&10 "cm'/nucleon.
For the It'(3700), the ratio of the differential

cross section times branching ratio at y = 0 to
that of the tc(3100) is

(Bda/dy)~,
(1 7

(Bda/dy) t,

under the assumption of tit' dynamics similar to g
dynamics. This assumption is consistent with
our data near y =0. The resulting ratio of pro-
duction cross sections is cr(tit'(3700))/a(ttl(3100))
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TABLE &. $(3100): Comparison with other experiments.

Experiment

This expt.
Busser et al.
This expt.
Knapp et al.
Blanar et al.
This expt.
Anderson et al.
This expt.
Antipov et al.
This expt.
Aubert et al.

4s

(GeV)

27.4
Mostly 52

27.4
21.7
21.2
27.4
16.8
27.4
12.0
27.4
5.1

Bdo/dy~, ii

&der/Al„=o

aB

Cross section

(7.1+ 1.8) x 10 ~3 cm~/nucleon
(7.5g 2.5) x 10 cm /proton

(1.1+ 0.3) x 10 cm /nucleon
—1.px 10 ~~ cm'/nucleon
(] .5+. p.8) x 10 ' cm'/nucleon

(5.4 + 1.5) x 10 3~ cm'/(Be nucleu. s)
4.] x 1p cm /(Be nucleus)

(1.0 s 0.25) x 10 ' cm /(Be nucleus)
(0.5+ 2.5) x lp cm /Be nucleus)

]..1x 10 cm /nucleon- 10 34 cm /nucleon

Additional
assumptions
necessary

Linear A dependence

Linear A, (1—l&l)4'3

(1—ixi) '

(1—lxi) '3, linear A
exp(- 6p, ), pll independent
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FIG. 3. Cross section for single direct leptons com-
ing from the g(8100). The short-dashed and dot-dashed
curves are two possible extrapolations beyond p~ values
for which this cross section is determined by this ex-
periment.

= (10+3)%.
Table I shows a comparison of the results of

this experiment with other measurements of
g(3100) production in hadron collisions. ' Al-
though some additional assumptions, indicated in
the table, are necessary to compare these exper-
iments, the agreement seems to be quite good
with experiments with v's & 20 GeV. Below that
value, a substantial s dependence is apparent:
There is a change of a factor of 10 between our
results at 27.4 GeV and those of Antipov et al. at
12.0 GeV and a factor of 100 between our results
and those of Aubert et al. at 5.1 GeV.

Finally, we calculate the yield of single direct

leptons resulting from the (Ii(3100) production
cross section measured here. Figure 3 shows a
comparison of this yield, using Eqs. (1) and (2),
with the long-dashed curve representing —,'(tr'+ tr )
&10 4 which is consistent with the direct lepton
yield measured previously by this and other
groups. " We find that for single-lepton P, less
than 2.0 GeV, the g(3100) contributes less than
3 F/~ to the single-direct-lepton signal, in agree-
ment with earlier results. '
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Scaling violation in deep inelastic lepton-proton processes is shown to be related to the
apparent pz behavior of the large-pz pion inclusive distribution at vs & 28.5 GeV, with-
in the framework of the quark-quark hard-collision model. Power-law scale-breaking
fits of the structure functions as determined by the ep and pp data are used as inputs in
our calculations. Excellent agreement with the high-energy data on large-pz pions is
obtained in both the energy and xz dependences. No adjustable parameters are used ex-
cept for one overall normalization.

The discovery of apparent scaling in deep in-
elastic scattering prompted the speculation that
the production of particles with large transverse
momenta in hadronic processes might proceed
via the wide-angle scattering of pointlike constit-
uents of the incident hadrons. ' The prediction
that at large Pr, inclusive cross sections should
fall as (1/pr)' was, however, contradicted by
subsequent CERN intersecting-storage-rings
(ISR) data' which suggested an exponent close to
8. Thus an alternative parton model, ' in which
the basic parton-parton interaction is discarded,
leaving only those processes that can be pictured
as involving the ezchange of partons (rather than
gluons), has been used to gain a phenomenologi-
cal understanding of the existing data above 100
GeV.

The recent discoveries of scaling violation in
lepton-induced processes imply that the hadronic
constituents are probably not pointlike. This
would, in turn, imply that in the Blankenbecler-
Brodsky-Gunion (BBG) model3 there is no sub-
process that falls off slowly enough in pr to ac-
count for the above-mentioned exponent of 8. If
that is the case, the only way to rescue a con-
stituent picture of high-pr processes would be
via the parton-parton subprocess, modified to in-

elude the effects of scale breaking. A previous
attempt4 has been made along these lines using
the logarithmic violations of scaling that arise in
asymptotically free theories. The results were
negative. However, the observed pattern of scal-
ing violation in no way demands asymptotic free-
dom; indeed, more conventional powerlike viola-
tions of scaling are equally consistent with the

It is this latter type of scale breaking
which we shall investigate.

In this Letter we adopt the point of view that
quarks are, in fact, not pointlike. Our aim is to
relate the scaling violation in deep inelastic scat-
tering to the large-P r behavior in hadron-induced
processes and to show that they are mutually con-
sistent within the hard-collision model.

The differential probability dI', && that a hadron
A. is seen by a probe with momentum transfer
Q2 to contain a constituent a with a fraction x, of
its longitudinal momentum is

dP.,„=f„„(x., Q') ~x. ,
-

where f„„canbe inferred from the deep inelas-
tic lepton scattering data. Similarly, the prob-
ability that a constituent c yields a hadron C car-
rying a fraction y of the constituent's momentum
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