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Differential production cross sections have been measured for X, :-,A, X+, X, and:- rela-
tive to pion production at several x+ and I'& with 0.24&x~ &0.90 and P& &2 GeV using 400-GeV

—BP~
protons incident on a Cu target. The data can be described by the function A (1—xz)"e, where
A and n depend only on the hyperon type, and B is quadratic in xF, and also depends on hyperon
type. Comparison with previous experiments supports scaling in xF over the range 200—400
GeV/c.

I. INTRODUCTION II. APPARATUS AND TRIGGER LOGIC

We report here measurements of charged-hyperon and
-antihyperon production over a broad range of Feynman
x (x~) and transverse momentum (Pz. ). The measure-
ments were made in the Fermilab Proton Center charged-
hyperon beam' using 400-GeV protons incident on a
copper target. A narrow-band charged-hyperon beam was
tuned to momenta in the range of 100—360 GeV/c, ena-
bling us to explore the kinematic range 0.24&xF &0.90
and Pz- 2 GeV/c. In this kinematic region, we describe
the ratios of hyperon to pion production by the functional
form

A plan view of the detector is shown in Fig. 1. A 400-
GeV/c incident beam of between 10 and 10' protons per
1-sec pulse was incident on a 14.8&0.2&&0.2-cm copper
target. The primary beam had an angular divergence of
0.33-mrad full width at half maximum (FWHM), and a
spot size of less than 1-mm F%'HM at the target. The
charged secondary beam was defined by a curved tungsten
channel with a radius of curvature of 350 m, turning the
secondary beam through 21 mrad. The rectangular aper-
ture of the channel which was varied along its length was
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where A, n, and B depend on the hyperon type and 8 is a
quadratic function of xF.

In Sec. II of this paper, we describe the apparatus and
trigger requirements for the various event topologies. Sec-
tion III outlines the data reduction and analysis. Section
IV describes the parametrization of the differential cross
sections and compares our results with other, lower-
energy, measurements of hyperon production.
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FIG. 1. Plan view of the experimental arrangement. Note
the scales, different in x and z, are indicated in meters.
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32 CHARGED-HYPERON PRODUCTION BY 400-GeV PROTONS

thickness. All of the scintillators were joined together on
each of two opposite edges with light pipes, each of which
was viewed by a single Philips 56 DVP 2-in. phototube.

The events of interest fell into three classes. The broad-
est class was defined as a simple straight track in the
high-resolution PWC s, and required hits in B1, B2, and
B3 and no hits in VH1 and VH2. The topology of these
"beam upstream" (BUPS) triggers is shown in Fig. 3.

The second class of events was designed to include can-
didates for the decays

X ~n+m

'~n+m

These events required an upstream beam particle (BUPS),
no downstream beam particle (BV), and the detection of a
neutral particle (NC. NV). The topology of these "one
track plus a neutral" (1TN) event is shown in Fig. 4. In
the final data sample, we required both a single charged
nonbeam particle and a reconstructed vertex for an event
to fall into this class.

The third class of events corresponded to a sequential
decay, with two charged particles associated with the
secondary vertex and one charged particle associated with
the primary vertex. Events in this class were candidates
for the decays

of the multiplicity counter (M2), a proton signal (P) and
no downstream stable beam particle (BV). The topology
of these three track events (3T) is shown in Fig. 5.

A summary of the hyperon decay modes which were
studied is given in Table I.

The geometrical acceptance of the apparatus for decays
within the decay region of our detector was 100%, except
for the shorter decay region used at 100 GeV/c. Here the
acceptance fell to 90%. Triggering efficiency for X and

(1TN events) decaying within the decay region was
77%. The short length of the neutron calorimeter was the
primary cause of the trigger inefficiency. The 3T events,
Q and:-, which decayed in the decay region had a
smaller triggering efficiency of 60%. For these 3T events,
the primary loss of triggers was due to A decays down-
stream of the multiplicity counter.

III. DATA REDUCTION AND ANALYSIS

The raw distribution of hits in the PWC's and drift
chambers along with the trigger information was recorded
on magnetic tape by a PDP 11/45 data-acquisition com-
puter. Off-line a least-squares multitrack reconstruction
algorithm was then applied to the data. Decay vertices
were calculated from the fitted tracks and the differing
decay hypotheses were imposed to calculate effective mass
combinations. The events were then required to fall into
one of the three classes (BUPS, 1TN, 3T) described previ-
ously. The various components of the secondary beam
were identified as follows.

and

I p+m

For an event of this class, we required an upstream
beam particle (BUPS), signals from at least two quadrants

A. m—

The charged-pion signals were obtained from the non-
decaying particles recorded with the BUP$ trigger. To
ensure that these beam particles did not decay, the
momentum of these tracks as measured independently by
the PWC's and the drift-chamber spectrometer were com-
pared. Figure 6 shows a plot of the residuals variable

TABLE I. Hyperons and decay modes studied. Antihype-
rons and their decay products are studied for all modes except
(1) and (6).

(2)

Branching ratio

0.48

1.00

c 480—
CD

320—
CD

(3) ~A+~
L n+~0

1.00
0.35

1.00
0.64

0.68
0.64

0 4.5 9

LA+~'
Qp+m—

0.23
1.00
0.64

Flay. 6. A histogram of the residuals (gi, representing the
difference in momentum measured in the P%'C's and in the
drift-chamber spectrometer, relative to the rms resolution of the
momentum measurements for nondecaying beam particles.
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Cut 1T negative beam
No. &160 GeV & 160 GeV

TABLE II. Cuts and tolerances applied to the data. The cut number code is as follows: (1)
Minimum Pz- of meson from bean vertex, (2) minimum vertex z, (3) maximum vertex z, (4) number of
standard deviations in fit integration limits, (5).reject events within this tolerance of K mass, (6) max-
imum momentum nonconservation of decays, and (7) minimum mass calculated using Am hypothesis.

1T positive beam 3T only
&160 GeV ~160 GeV &160 GeV ~160 GeV

1 0.0188 GeV
2 361.2 cm
3 1337.8 cm
4 4
5
6
7

0.028 GeV 0.032 GeV
450.0 cm 261.2 cm

2602.8 cm 1187.8 cm
4 8

0.02 GeV
0.02
1.341 GeV

0.02
1.341 GeV

0.032 GeV 0.0188 GeV 0.0188 GeV
311.2 cm 261.2 cm 261.2 cm

2452.2 cm 1187.8 cm 2602.8 cm
8 4

where b, ; is the difference in the ith component of the
momentum vector as measured by the PWC's and the
drift-chamber spectrometer and 5b, ; is the rms resolution
in 6;. By demanding that g lie within 4 standard devia-
tions (4o ) of the mean of this distribution we identify par-
ticles that do not decay within the decay volume of the
apparatus. The known production cross sections can
then be used to infer the number of charged pions within
this sample. All of our subsequent particle yields are
given relative to pion production. Thus, the uncertainties
in the pion-production cross sections introduce a sys-
tematic error in our results on hyperon production.

All of the hyperon-event candidates were identified by
requiring at least one reconstructed vertex. In addition to
the probability requirements imposed during track and
vertex reconstruction, several additional requirements
were imposed. (1) Nondecaying beam particles were elim-
inated by imposing a minimum transverse momentum re-

quirement on the charged decay meson. This requirement
also improved the decay vertex resolution. (2) All recon-
structed vertices were required to lie within the vacuum
decay region. This requirement reduced the background
due to particle interactions. (3) For each hyperon an ap-
propriately restricted mass region was studied. (4) For
the 100-GeV data, 1TN class events which had a fit con-
sistent with the hypothesis

were eliminated. At this energy, IC is a sourc—e of back-
ground to the X+ and X signals and must be eliminated.
Table II summarizes these criteria and others to be
described below.

B. X, :-,and:"+

The X, :-, and:- signals were obtained from
events in the 1TN class, assuming the decays

X Mass Mass

800—

I600—

UJ

IZOO—

C3

CL
LLj
CQ

48—
LLj

O 32—

Q3

l6—

400

l. l77 I.I97 1.2I7

I.3OI I.315

Mass (GeV)

I. 330

Mass (GeV)

FIG. 7. The measured X mass distributions. In this distri-
bution, there are 24471 entries. Of these after subtracting back-
ground, there are 24294+191 X events.

FIG. 8. The measured:- mass distribution. The range of
this histogram was chosen to minimize the background from the
X . There are 709 entries in this histogram, of which 642+35
are = events.
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40,—

CD0'
UJ

20—
CD

IO—

MOSS tion was fit to a Gaussian peak plus a linear background
term. The background arises from misidentified events
and from interactions in and downstream of the channel.
Table III summarizes these fitting functions. The number
of hyperons was defined as those events within 4o. of the
mean effective mass of the peak less the integral of the
background term over this mass region.

C. X+ and X+

The 1TN class of events is also a source of candidates
for the decays

X+~n+~+,
X+~n+~+ .

I.504 1.5I9

Mass (GeV)

X ~n+m

n+m.

The appropriate two-body effective-mass distributions
are shown in Figs. 7—9. In each case, the mass distribu-

FIG. 9. A histogram of the = mass. In this distribution,
there are 359 entries. Of these, 136+30 are estimated to be = +

over a background of 223+24 events.

The m.++ (neutrals) effective mass at xz ——0.27 is plotted
in Fig. 10. Since the X+ —X+ mass difference (8 MeV) is
less than twice our effective-mass resolution (4.5 MeV),
we fit this data to two Gaussian peaks plus a linear back-
ground term. The Gaussians were constrained to have the
same width and a fixed separation of 8 MeV. The total
number of X+ and X + was defined as the total number of
events in the plot less the integral of the background term.
The relative number of X+/X+ was defined as the ratio
of the amplitudes of the fitted Gaussians.

A further test of the two-peak hypothesis for the rr++
(neutral) effective-mass plot is based on the X+/X + life-
time difference. Requiring the decay vertex to lie in the
upstream half of the decay region enhances the X+ signal;
requiring vertices in the downstream half enhances the
X + signal. Figure 11 superimposes the m++ (neutral)
effective-mass plots for these two requirements. The plots
are normalized to the same number of events and show
the anticipated mass shift.

Decay mode Fitted function

TABLE III. Decay modes and fit functions. The a; are the
fitted parameters. m is the hyperon mass assuming the stated
decay mode. Antiparticles are treated in the same manner as
particles unless explicitly stated.

loo—

g and g Mass

X —+n+m
:--~A+~-

L.n+ sr'
—+A+a

Lp+~
0 ~A+K-

L.p+~-
X+~n+m. +

X+~n+m+

F'

None
F+6
F+6

CA

(D

ld
60—

C)

(D

20—

Functions

F=a&+a2m+ exp[ —(m —a5) /2a4 ]
a4 277

l.l68 l.l95

Mass (GeV)

l.2l8

F'=F+ exp[ —(m —a, }'/Sa4 ]
2a4 27/

G= exp[ —(m —a5 —5) /2a4 ]
a4 2'

5=X+—X+ mass difference

FIG. 10 The effective mass for m+ + (neutrals) at 100-
GeV/c incident momentum and xF ——0.27. These represent the
X+ and X+ sample plus background. Shown are 1895 entries
with 1.0-MeV bin width. The fits described in the text result in
703+50 X+, 643+50 X +, and 549+33 background events.
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and g Mass—lst Fiducial Half—-2st Fiducial Half
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FIG. 13. The X /m production ratios as a function of I' T
at a number of xF. The fitted function f is also shown.

FIG. 11. The X+ and X+ mass histogram divided into the
first and second half of the decay fiducial volume. In order to
see that Fig. 10 is composed of two distinct signals, events
which decay in the second half of the decay volume are removed
from Fig. 10 and the result shown by the solid histogram. The
X+ signal is thereby reduced relative to the X+. Events which
decay in the first half of the decay volume are removed from
Fig. 10 and the area normalized result is shown by the dashed
histogram. The X+ signal is thereby enhanced relative to the
y+

The events in the 3T class are candidates for the decays

The A is identified using two of the tracks in the drift-
chamber spectrometer. The AE and Am. mass hy-
potheses are then used to distinguish the Q 's from the

background. Figure 12 is a scatter plot of the two
effective-mass combinations. For both the Q and:-
yields, the density of nonresonant points within the
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I
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4 4++

~ ~," ' ~ '&r's &2+b3~ J3
,X ~ ~ ~ ' ~ t ~ ag+o1 os ] ~

+0+

l,688 GBV

I.656 GBV

O.I—

0.001—

O.OOOI—

+XF=.27
=.55

+ =.67
+

I.472 —,
I.121 1.32 I

A7T. Mass (GeV)

l, 521
0 05 I

P (GeV)

I

1.5
I

2

FICjr. 12. The effective scatter plot of mass Am vs AK for
the 3T class representing = and Q candidates, respectively.

FIG. 14. The " /~ and 0 /m production ratios as a
function of Pr. The fitted function f as described in the text is
also shown.
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PT (GeV/c)PT (GeV/c) Ratio

(a) X /~
7.03
4.68
3.50
2.71
1.62
1.05
1.02
0.938
0.946
0.284
0.387
0.510
0.123
0.069
0.064
0.086
0.077

(d) X+/m. +

3.26
3.35
2.09
0.78
1.00
0.371
0.235
0.260
0.323
0.071
0.065
0.081
0.065
0.059

0.35 (0.82)
0.60 (0.84)
0.49 (0.53)
0.16 (0. 14)
o. i7 (0. iS)
0.040 (0.046)
0.031 (0.030)
0.031 (0.032)
0.039 (0.041)
0.022 (0.003)
0.019 (0.003)
0.023 (0.004)
0.014 (0.003)
0.017 (0.003)

0.37+0.12
0.49+0. 12
0.35+0.10
0., 40+0. 10
1.11+0.11
0.31+0.09
0.10+0.09
0.94+0.09
1.27+0. 10
0.28 +0.07
0.23+0.07
0.72+0.07
0.01+0.05
0.21+0.04
0.01+0.04
0.37+0.04
0.51+0.04

0.90+0.03
0.89+0.03
0.78+0.03
0.77+0.03
0.76+0.03
0.67+0.03
0.67+0.02
0.66+0.03
0.66+0.03
0.54+0.02
0.53+0.02
0.53+0.02
0.39+0.01
0.27+0.01
0.27 +0.01
0.27+0.01
0.27+0.01

0.30 (0.90)
0.20 (0.60)
0.16 (0.06)
0.14 (0.04)
0.1 1, (0.03)
0.025 (0.010)
0;055 (0.010)
0.031 (0.009)
0.047 (0.009)
0.032 (0.003)
0.027 (0.004)
0.027 (0.005)
0.024 (0.000)
0.010 (0.000)
0.011 (0.000)
0.019 (0.000)
0.017 (0.000)

0.78+0.03
0.77+0.03
0.77+0.03
0.64+0.02
0.64+0.02
0.54+0.02
0.53+0.02
0.S3+0.02
0.52+0.02
0.27+0.01
0.26+0.01
0.26+0.01
0.26+0.01
0.26+0.01

1.46+0. 12
2.15+0.13
1.00+0.11
0.84+0.09
1.21+0.10
1.01+0.08
0.69+0.08
0.55+0.07
1.42+0.09
0.81+0.05
0.57+0.04
0.51+0.04
0.01+0.03
0.20+0.04

TABLE IV. Measured production ratios at the target. The errors listed are statistical (systematic). The asterisk denotes an aver-

age over a wide range of PT. For the X+ for xF ~ 0.6 no correction has been made for contributions from X +.

XF Error XF Ratio Error

0.90+0.03
0.89+0.03
0.77+0.03
0.76+0.03
0.68+0.03
0.67+0.03
0.67+0.03
0.66+0.03
0.54+0.02
0.54+0.02
0.53+0.02
0.40+0.02
0.28+0.01
0.28+0.02
0.28+0.01
0.27+0.01

0.37+0.12
0.49+0. 12
0.40+0. 10
1.11+0.11
0.32+0.09
0.10+0.09
0.94+0. 10
1.27+0. 10
0.28+0.07
0.23+0.07
0.72+0.08
0.01+0.05
0.21+0.04
0.37+0.04
0.01+0.04
0.01+0.04

(b) =--/~-
0.0574
0.0360
0.060
0.091
0.0531
0.0339
0.0616
0.0830
0.0196
0.0302
0.0501
0.0192
0.0120
0.0139
0.0113
0.0117

0.0098 (0.0074)
0.0058 (0.0046)
0.032 (0.001)
0.021 (0.001)
0.0029 (0.0005)
0.0041 (0.0003)
0.0036 (0.0006)
0.0057 (0.0008)
0.0025 (0.0002)
0.0030 (0.0003)
0.0047 (0.0005)
0.0040 (0.0002)
0.0019 (0.0000)
0.0033 (0.0000)
0.0020 (0.0000)
0.0026 (0.0000)

0.54+0.02
0.53+0.02
0.53+0.02
0.52+0.02
0.27+0.01
0.26+0.01
0.26+0.01
0.26+0.01
0.26+0.01

1.01+0.08
0.69+0.08
0.55+0.07
1.42+0.09
0.81+0.05
0.57+0.04
0.51+0.04
0.01+0.03
0.20+0.04

(e) X+/m. +

0.0141
0.0069
0.0089
0.0154
0.0040
0.0036
0.0055
0.0038
0.0036

0.0018 (0.0017)
0.0018 (0.0008)
0.0018 (0.0011)
0.0024 (0.0002)
0.0012 (0.0002)
0.0010 (0.0002)
0.0014 (0.0002)
0.0007 (0.0002)
0.0009 (0.0002)

0.90+0.03
0.77+0.03
0.67+0.03
0.67+0.03
0.67+0.03
0.67+0.03
0.67+0.03
0.54+0.02
0.54+0.02
0.54+0.02
0.27+0.01

0.43*
0.52*
1.22+0. 10
0.95+0.10
0.33+0.09
0.10+0.09
0.24+0.09
0.28+0.07
0.23+0.07
0.73+0.08
0.23*

(c) 0 /~
0.000 56
0;000 86
0.001 22
0.001 02
0.00047
0.000 59
0.000 78
0.000 17
0.001 09
0.001 64
0.000 35

0.000 17
0.000 16
0.00007
0.000 23
0.000 16
0.000 12
0.00048
0.000 45

(0.00056)
(0.000 86)
(0.000 01)
(0.000 01)
(0.000 01)
(0.000 01)
(0.000 01)
(0.000 002)
(0.000 01 )

(0.00002)
(0.000 25)

0.27+0.01
0.26+0.01
0.26+0.01
0.26+0.01
0.26+0.01

0.81+0.OS

0.57+0.04
0.51+0.04
0.01+0.03
0.20+0.04

(f) =-+/~+
0.001 56
0.000 84
0.001 71
0.001 22
0.001 29

0.000 56 (0.00004)
0.00045 (0.00004)
0.000 62 (0.00007)
0.00045 (0.00005)
0.000 5 i (0.00008)

respective mass bands is assumed to be the same as that
outside the bands. The 0 events are defined as those
with M& & 1.341 GeV and 1.656 &M & 1.688 GeV.

While not used in quoting = yields, the number of:"
events obtained from the 3T class can be compared with
that obtained from the 1TN class. To within the statisti-
cal accuracy of the data, the yields are identical. Thus we
are confident that the relative acceptance for the two

events classes is well understood. This enables us to com-
bine ratios (II /:- )3T and (:- /vr )&TN in obtaining the
&elative 0 to ~ yields.

The hyperon yields at the production target are deter-
mined from the number of hyperons observed in the vari-
ous mass plots. We apply corrections for various loss
mechanism: reabsorption in the target, upstream decays,
trigger inefficiency, geometric acceptance, and reconstruc-
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a2 —PT(a3+a4x++a5xF )
TABLE V. Fit results for the function a&(1 —xF) e ' . The+ /DF is the fit g per degree of freedom.

Ratio

0.0194
0.379
0.007 7
0.047

0.00669
0.000 1

al

+0.0024
+0.025
+0.001 2
+0.039
+0.006 1

+0.000 1

—3.60+0. 11
2.10+0.11

—1.33+0.17
1.42+0.77
2.66+0.82

—1.5 +1.0

a3

0.45+0.84
0.87+0.48
4.6 +1.1

—0.46+0. 14
—1.15+0.16
—0.94+0. 17

a4

—7.5+2.5
—0.8+2.0

—22.2+ 3.7

a5

10.3+2.0
—2.2+ 1.6
21.3+3.2

g /DF

19/12
12/11
19/11

10/5
10/5
10/5

X+/m+
r+/~+
X+/X+
w +/~+
= +/y+
=+/y +

g+ /p

0.0245 +0.0027
0.001 87+0.000 36
0.0824 +0.0058
0.001 20+0.000 37
0.0182 +0.0032
0.318 +0.056
0.0310 +0.003 5

—2.88+0. 16
—1.65+0.40

1.13+0.20

—0.38+0.16

—0.35+0.12
—0.59+0.21
—0.09+0.11
—0.08+0.64

0.0 +0.34
0.02+0.35

—0.35+0.013

8/11
8/6
6/6
2/3
2/3
2/3

8/11

tion inefficiency. The uncertainty in the yields due to ap-
plying these corrections is less than 5%. Most of our re-
sults are expressed in terms of relative yields so that
dependence on the channel acceptance is minimized. In
addition, by comparing particles in the same trigger class
and with similar topologies we minimize the dependence
on trigger and reconstruction inefficiences. This reduces
the errors on the relative yields. A summary of the yield
results is given in Table IV.

IV. RESULTS

We represent our hyperon-to-pion production ratios in
a conventional form given by Eq. (1), based on first-order
perturbative QCD models. We determine the function
&(x~) by fitting the data to the form Ce at each
measured value of xz. From the variation of 8 with xz,
we find 8 (xF ) can be described as a quadratic polynomial
in xz for each hyperon studied.

The ratios are then fit to the function

( 1 )s2
—Pr(03+04xF+Qsx~ )

2

=ai 1 —xF e

Figures 13 through 15 show the ratios measured as a
function of PT along with the fitted function f. Table V
gives our fits to the parameters a& through a5 for each
measured ratio. The fits are not particularly good as can
be seen from the values of the X /DF, indicating the
inadequacy of the first-order QCD models to represent
this production mechanism. Using these fitted parame-
ters, the ratios are calculated at I'T ——0, yielding the solid
curves shown in Figs. 16 and 17. The I'T ——0 curves are
added to help guide the eye.

Also shown in Figs. 16 and 17 are our measurements of

these production ratios. We plot only the extreme values
as a function of xF and indicate the PT region in which
these measurements are made. For comparison with
nonstrange-baryon production, we have scaled the mea-
surements of p/~+ at 400 GeV/c to a beryllium target
containing the same number of interaction lengths as our
copper target. In all cases, we note the sharp rise of the
hyperon to pion yield as a function of xz.

To compare our data to lower-energy measurements
of charged-hyperon production, made at a number of dif-
ferent energies with different targets and mostly in the
forward direction, we extrapolate our fits of the relative
hyperon to pion production to I'T ——0. The absolute hype-
ron production cross sections are obtained by combining
these extrapolations with the pion invariant cross sections
as parametrized in Ref. 7. In Fig. 18, we plot the 1o ex-
tent of these absolute cross sections along with the lower-
energy data. In the region of overlap, our extrapolated fit
well represents the measurements of Bourquin et al. and
supports xF scaling in the energy regime 200—400
GeV/c. Neither of the high-energy experiments scales
with the 20—30-GeV/c data. ' The leading particle ef-
fect is evident in the rather slow decrease in E d o/dp as
a function of xF. It is also apparent in the change in
slope when comparing = to X production.
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