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ABSTRACT
We report measurements of inc]usivé p-pair production by
150 GeV protons and n mesons on beryllium. Absolute
cross sections as well as the Feynman-x and PT dependence

are presented in the mass region 0.211 to 3.5 GeV. Upper

Timits are also given for the inclusive production of r and
p'(1600) mesons.

We have recently completed a measurement at Fermilab of inclusive p-pair

production by 150 GeV protons and 7 mesons on beryilium. Results for J

production have already been reported.! In this paper we report on some of

the lower mass resonances and the p-pair continuum.



The measurements were carried out with the Chicago Cyclotron Spectrometer
in Fermilab's Muon Laboratory. The beam, spectrometer, and trigger logic

have already been described.! For most of the results presented here eight

additional planes of multiwire proportional chambers were used. A module of -
four planes {XYUV) was placed at the upstream face of the hadron shield,
centered on the beam 100 cm downstream from the target.' A second module of
four planes was placed with similar orientation halfway through the shield.
The (X,Y) and (U,V) wire planes each formed an orthogonal coordinate system
and were oriented at 45° to each other. These detectors improved the effective
mass resolution by a factor of 2.5 and providgd strong discrimination against
p-pairs arising from secondary interactions in the shield. Using fhe metﬁods<
discussed below we determined that the rejection power is greater than 15 at
a mass of 300 MeV and rises sharply with increasing y-pair mass to over 100
at a mass of 1 GeV. |

To study the effectiveness of the event reconstruction in the presence
of the extra hadron tracks in the upstream detectors, Monte Carlo generated
u-pairs were superimposed on the actual data recorded in these chambers. The
standard reconstruction program was used and the reconstruction_efficiency
measured as a function of Feynman-x (xF), P;s and the mass of the pair. At
a typical Xp of 0.3, the reconstruction efficiency was independent of p-pair

mass above 500 MeV. It was lower by a factor of 2 at 325 MeV. The kinamatic

minimum is 2Mu = 211 MeV.

A similar method was used to determine the rejection power against
background from the shield. Monte Carlo generated y-pairs originating in
the first absorption. length of the shield, were added to the data of normal

events. The reconstruction efficiency for such events was deteyrmined and



we obtained the rejection power described above.

Figure 1 shows the u+u" mass spectrum for data with Xg greater than
0.15 after correction for detector acceptance.? The measured line width
for the p-w signal is 100 MeV. Both the pion and proton induced data have
a strong continuum signal at low mass which falls steeply with increasing
mass. |

In considering possible background sources for the continuum signal
'there are several important points. First, the muons of the low mass pairs
are overwhelmingly of opposite charge. Like-sign pairs occur at the level
of_one percent, so that any background source must produce correlated muons.
Secdnd, the requirement Xg > 0.15 provides suppression against low energy
background. Thifd, since the event trigger and data analysis require an
interaction in the target, the only background from the shield is through
secondary interactions rather than primary beam interactions. We have
estimated the magnitude of this seconddry production by using only track
trajectories seen downstream from the shie]d and searching for J - pfu"
events originating in the shield. Such events can be clearly identified
and occur at 30% of the level of J = u+u" from the target. Finally because
of our upstream analysis, we have an additional rejection power against
~shield produced background which is greater than 15.

Among the background sources we have considered quantitative]y‘are bhoton
conversion into u-pairs in the target or shield, p-w production in the shield,
and K'K™ associated production and leptonic decay. A1l these sources combined
can account for no more than 10% of the observed signal. We conclude that the

signal is real and discuss below possible sources for the continuum.



To study the dependence of p-pair production on the longitudinal and
transverse momenta of the pair (xF and PT), the data were divided into six
mass intervals as specified in Tab]e I. Figure 2 compares Edcr/dxF for
u-pair production by protons and positive pions. In all mass intervals,
pions are more effective than protons in producing u-pairs of large Xg-

The XE dependence is substantially steeper at low masses than at high.

The dependence has been fit to the form U—xF)C and the resulting fits

are shown in Fig. 2 and recorded in Table I. For the mass regions III and

IV, which contain the p-w and ¢ signals, fits have also béén done after a
subtraction of the continuum component. Within statistical errors, the shapes
are independent of the subtraction. The results for the shapes, specified in
Table I and Fig. 2,are those without subtraction. |

It should be noted that in order to gain statistics in mass interval VI,
vihich corresponds to J production, the proportional chambers upstream of the
shield were not used in the analysis. These detectors weve only avaf]ab]e
for the latter portion of the data taking run.

The PT dependence of p-pair production has been studied in a similar way
to the Xp dependence. Figure 3 shows the data for proton and n+-production.
The data are fit to the form dg/dPT/PT « exp(-bPT). Because this function is
a poor representation of the data at very low PT we eliminate the first bin
from the fit. Within statistical errors there are no significant differences
between the proton and pion induced Py spectra. There is the definite trend
however that the mean transverse momentum of the pairs increases With-increasing
mass. This is as true for the continuum regions as for the vector mesons.

If the Lorentz invariant cross section is parameterized as

Ed3o/d3p = A(]—xF)c exp(—bPT), the normalization parameter A is given in



Tab]é I for each of the mass regions. Becaﬁse a clear signal for p-w
production is seen even without the use of the upstream detectors it is
possible to check the normalization using only detectors downstream of the
shier. The normalizations from the two analyses agree to better than 10%.

Table I gives the integrated cross sections for x- > 0.15. To obtain

F
the total cross section for the whole forward hemisphere three methods have
been used: (1) extrapolate the fit of Edc/dxF to xp = 0, (2) extrapolate

the fit of do/dx; to xp = 0, (3) assume that Edo/dx. is constant for Xp < 0.15.
Methods (2) and (3) give total cross section estimates which agree to 10% for
all mass intervals. The estimate of method (1) is within this tolerance in

the high mass interval but becomes systematically larger as the p-pair mass
decreases reaching a 60% excess in the lowest mass interval. The results of
method (2) are presented in Table I and the error associated with the
extrapolation is increased in the lower mass intervals.

Production cross sections from a free nucleon target are determined from

our measurements with beryllium, using the A dependence obtained by Binkley

et al.® We use an A0‘67

variation for Muu < 1.13 GeV, AO’85 for
1.13 < Muu < 2.0, and A for Muu < 2 Gev.

The data of Table I, together with known branching ratios* can be used
to deduce the total inclusive production cross sections for the vector mesons.
If we take cp =0, s is consistent with the observed 1line width, we obtain

8.6+2.5 mb for each of p and w production by protons, 660+200 ub for ¢ .
production, and 94+3] rb for J production.

For the observed continuum signal there are a number of simple sources

which must exist at some level. The branching ratio I'(n -~ u+u"y)/r(n + vy)



is calculated to be® 7.5 x 10~4. If all the data with Muu < 450 MeV are

attributed to this source we obtain an upper limit for inclusive n production
by protons of 11 mb/nucleon. This is to be compared with the 8.6 mb/nucleon
for p production.

The process w R n°u+u' is calculated to have a branching ratio of
Mw > moutu")/T(w > 1) of® 5.5 x 1074, Thus the expected p-pair signal .
from this source is approximately 60% of that from w +—u+u' or 13% of the
Tow mass continuum using the assumption that ¢ = o . |

An upper 1imit on the production of the p'(1600) and decay to p-pairs
can be based on the data in mass interval V. Ue obtain an upper 1imit of

Bo < 6 nb/nucleon from the proton induced data.
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TABLE CAPTION
Table I Results of fitting the Lorentz invariant cross section to the
form Ed30/d3p = A(]-xF)C exp(—bPT) for different mass regions. .
The Xg and PT projections of the data were fit independently.
Calculation of the integrated cross sections is described in

the text.

FIGURE CAPTIONS
Figure la Muon-pair effective mass. Pion and proton-induced data are
combined to show more clearly the resonance line Shapes and

the proportion of continuum signal. Events are weighted to

correct for acceptance.
Figure 1b Effective mass spectrum for proton induced p-pairs.
Figure lc Effective mass spectrum for pion induced p-pairs.

Figure 2 Dependence of p-pair production on Feynman-x. The -1ines
represent fits of the form (1-x)€. The best-fit parameters

are given in Table I.

Figure 3  Dependence of p-pair production on transverse momentum. The
lines represent fits of the form do/dPL/P = exp(—bPT). The
Towest Py bin is excluded from the fit. Best-fit parameters

are given in Table I.



Region

II
II1

Iv
VI
II
Il

v

VI

Mass

GeV
0.21 - 0.45
0.45 - 0.65
0.65 -,0.93
0.93 - 1.13
1.13 - 2.0
2.7 - 3.5
0.21 - 0.45
0.45 - 0.65
0.65 - 0,93
0.93 - 1,13
1.13 - 2,0
2,7 =« 3.5

Source

Continuum
Continuum

p-u
Continuum

¢

Continuum
Continuum

J .

Continuum
Continuum

p~w
Continuum

¢
Continuum

Continuum

J

X
nb/Gev2/c3

2.67+.53 x
9.03:1.8 x

4.69+.95 x
1.831,40 X

- 1.06.21 x

B55£.11 x
250100
36+12

2.20%+.44 x
4,02+,80 x

3.41x.,70 x
1,46%,30 %

4,90+1.5 x
1.47%,44 %

89+53
81+27

10%

103
10°
103

103
103

4
3

10
10
103
103
102
102

Tau?e I

b
(GeV/c)'1

Proton Production

4.63:.15  6.03%.22
4.58+.14  4.34%.2]
3.79£.09  2.79.12
3.93:.28  4.06+.40
3.41+.85  3.78.80
2.08£.26  2.94%.32
Pion Production
5.07+.25  4.30%.33
4.64:.24  1.92+.25
4.31£.16  1.34+.14
3.61£.40  1,73%.44
3.2¢2.4  1.33%1,0
2,57£.36  1.72+.38

Cross Section
/Nucleus

Xg > 0.15
nb

1470+300
800160

960£190
37275

12738
6620

39+16
14%5

1660+£330
780£160

960£190
41082

160248
48+14

)

Cross Section/Nuclieon

> 0.15
nb

*F

340+70
185+37

22044
8617

299
1545

6.0+2.5
1.6%.6

383+76
180+37

220+44
9420

6.2+3.7
3.91,3

xF >0
nb

1550£620
620+£220

510+150
20060

16+7
3.3#1.1

1250+500

- 370£130

370110
160+50

70£21
21£6.4

10£6
6.5+2,2
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