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Abstract. The inclusive production cross-sections of A°, 5%, and (1385)i in neutron-carbon interactions
at ~ 51 GeV mean energy of neutrons have been measured. The parameters n and b of differential cross-
section parametrisation (1 — |zr|)™ - exp(—bp?), where zr is the Feynman variable, p; is the transverse
momentum, have been obtained. The kinematic region of validity of the parametrisation has been defined.

Results are compared with published experimental data.

1 Introduction

The behaviour of differential cross-sections for inclusive
production of antihyperons in nucleon-nucleon interac-
tions is poorly explored. The kinematic region of valid-
ity of existing theoretical models is also uncertain.

Most of the data on antihyperon production have been
obtained in charged kaon beams, as cross-sections of an-
tihyperon production by strange particles are higher than
those by nucleons. Some measurements have been per-
formed in proton beams [1-14], and only few in neutron
beams [15,16]. The existing data have very large uncer-
tainties. So it is still an open question whether total and
differential cross-sections of antihyperon production by
protons and neutrons are similar.

In this paper the results on inclusive antihyperon pro-
duction in neutron-carbon interactions at mean neutron
energy ~51 GeV are presented. The results have been ob-
tained in EXCHARM experiment carried out at the Ser-
pukhov accelerator.

Antihyperons have been identified by their decays:

A° — pr, (1)
E+ & Aot
) b prt 2)
2(1385)F — A%zt
L gt (3)

2 The EXCHARM experiment

The EXCHARM setup is installed in the neutron beam
(channel 5N) of the Serpukhov accelerator. Beam neutrons
are produced on the internal beryllium target by 70 GeV
primary protons at an angle of zero degrees to the proton
orbit. The target is followed by a set of collimators and
a lead filter for v rejection of remotely controlled thick-
ness up to 20 cm. Charged particles are swept out of the
beam by accelerator magnets and a special sweeping mag-
net SP-129 installed at the exit of the final collimator. The
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Fig. 2. The EXCHARM spectrometer

neutron energy [17] ranges from 20 GeV to 70 GeV. The
mean energy of the beam is ~ 51 GeV (Fig. 1).

The layout of the EXCHARM setup is presented in
Fig. 2. The detector is described in the right coordinate
system with OZ axis directed along the neutron beam,
and OY axis directed vertically up. The centre of coor-
dinate system coincides with the centre of the analysing
dipole magnet SP-40A. The magnet aperture is 274x49
cm?. The magnetic field is directed along the QY axis,
and has maximum value of = 0.79 T. The polarity of the
field was alternated every 5—6 hours during the data tak-
ing. The magnet causes a transverse momentum kick of ~
0.45 GeV/c.

Neutrons are interacting with the 1.3 g/cm? (1.5 cm)
long carbon target (7T') located in front of the spectrom-
eter. Produced charged particles are detected by 11 pro-
portional chambers (PC) with 2 mm wire spacing. Eight
chambers upstream the magnet (PC 1-8) have two coor-
dinate planes each. Two of these PC’s have wire orienta-
tion £22.5° with respect to vertical plane, the others have
horizontal and vertical wire orientation. Three chambers
downstream of the magnet (PC' A-C) have three coordi-
nate planes each. The wire orientations of the three planes
are horizontal, vertical and —22.5° with respect to the ver-
tical plane. The charged track momentum resolution of the
spectrometer is o, /p = 1072 - 1/0.65 - p% + 34.55, where p
is expressed in GeV/c.

Two scintillator hodoscopes H1 and H2 consisting of
15 and 60 counters, respectively, are used to form the
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trigger signal. Two multichannel threshold gas Cherenkov
counters C'1 and C2 filled with freon and air, respec-
tively, under atmospheric pressure, are intended to sep-
arate charged hadrons (p(p), K+, n%).

The trigger was designed as a coincidence of signals
from the hodoscopes H1 and H2, hodoscopic strips of
three PC planes, and an anti-counter A located upstream
the target. Trigger requirements selected events with at
least four charged particles passing through the spectrom-
eter.

A more detailed description of the apparatus can be
found elsewhere [18].

3 Event selection

The presented results are based on the analysis of ~1.84x
10® recorded nC-interactions. Experimental events have
been processed by the BISON program [19] to reconstruct
tracks of charged particles and to define their parame-
ters. To select the events with a particular topology and
to perform physical and statistical analysis, the program
BISMXC [20] was implemented.

3.1 A9 selection

A%s are selected by their decay (1) which corresponds to
the so called neutral vertex topology. A neutral vertex con-
sists of a pair of oppositely charged reconstructed tracks.
The closest distance of approach (CDA) of these tracks
should not exceed 0.5 cm (5 standard deviations), which
excludes ~17% of all the possible candidates. To reduce
the background caused by interactions in the target, the Z
coordinate of the decay vertex Z 1 is required to be in the
region situated at a distance at least 10 cm downstream
the target:

1
Zi— <ZT + 2LT> > 10 cm, (4)

where Zp = —460 cm is the coordinate of the target cen-
tre, and L = 1.5 cm is the target thickness. The crite-
rion has been selected to minimise the relative error of the
number of events in the signal. This condition decreases
background by a factor of ~ 2 while removing only ~ 10%
of the signal.

The lower limit of probability of the antiproton hy-
pothesis for the negatively charged track calculated on the
basis of the Cherenkov detector data is chosen in order to
exclude unambiguously identified 7~ and K, which al-
lows to decrease the background by a factor of ~ 11.5
removing only ~ 16% of the signal.

Thus about 0.65 - 10° combinations are selected. The
prt effective mass distribution for the selected pairs of
tracks is shown in Fig. 3. A clear signal of A° decay (1) is
seen in the spectrum. The background is caused mainly
by combinations of reconstructed charged particles pro-
duced in the target (= 40%), and in the air within the
decay region (=~ 60%). The spectrum is approximated
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Table 1. Characteristics of antihyperon signals

Decay Mass Mo, MeV/c?  Resolution o, MeV/c>  Width I'r, MeV/c?  Observed number
A° = prt 1115.7 £ 0.3 1.440.1 - 100300 + 440
=t = A0t 1321.8+0.8 1.7+0.1 - 1020 =+ 40
X(1385)" — A%~  1380.0+1.4 31.7+3.4 1760 £ 180
2(1385)" — A% 1380.0 4+ 2.1 35.9+ 7.6 1180 £ 190
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Fig. 3. Effective mass spectrum of pr+

using a MINUIT [21] minimisation routine by a sum of
three Gaussian functions describing the signal and a lin-
ear function for the background. For a satisfactory quality
of the fit (x?/ndf=1.2) at least three Gaussian functions
are necessary because the experimental mass resolution
depends on the A° momentum. An average mass resolu-
tion o = 1.4 MeV/c? is obtained as a root-mean-square of
the three Gaussian widths weighted by the corresponding
Gaussian amplitudes. An event is identified as a candi-
date to AY decay if the effective mass M (prt) is within
4 MeV/c? (close to 30) from the nominal mass M 4:

|M(prt) — Ms| < 4 MeV/c?. (5)
The selected mass interval is marked with vertical arrows
in Fig. 3.

These requirements leave about 0.14 - 10° candidates
to the decay (1). The number of observed A%s is calcu-
lated by integration of the Gaussian part of the approx-
imating function, and equals 0.10 - 10°. The number of
background events is calculated by integration of the back-
ground function within the interval 44 MeV /c? from the
nominal mass, and equals 0.04-10°. Characteristics of the
obtained A° signal are presented in Table 1.

3.2 £ selection

The search for candidates to =T decay (2) is carried out by
combining the A° candidates with each of the additional
positive tracks in the event. The CDA of the reconstructed
A9 trajectory and the additional track should not exceed
0.5 cm. The point of their closest approach is considered
as the decay vertex. To reduce the background caused by

M(A°x), GeV/c?

Fig. 4. Effective mass spectrum of A%z

interactions in the target, it is required that the Z coor-
dinate of the decay vertex Zz is situated at least 10 cm
downstream the target:

1
Zz— (ZT + 2LT) > 10 cm. (6)
For further reduction of the background, it is required that
the distance between A" and =+ decay vertices along the
beam axis is greater than 5 cm:

Zi—Z=z>5cm.

(7)

About 15-10° combinations survive these criteria. The
A7 effective mass spectrum of the selected combinations
is shown in Fig.4. A clear signal of =% decay (2) is seen
in the spectrum. The spectrum is approximated by a sum
of a Gaussian function describing the signal, and a lin-
ear function for the background. The number of observed
decays is calculated by integration of the Gaussian term
in the approximating function. Characteristics of the ob-
tained =71 signal are presented in Table 1.

3.3 $(1385)* resonances selection

Candidates to the decays (3) of X(1385)% are searched
for in combinations of A° candidates with each of the ad-
ditional positive (negative) tracks. The CDA of the re-
constructed A° trajectory and the additional track should
not exceed 0.2 cm. The point of closest approach of the
A trajectory and the additional track is considered as
the resonance decay vertex. The Z coordinate of the ver-
tex Z g should be situated within twice the experimental
resolution (67 =1 cm) from the edges of the target:

1
|Zs — Zr| < =L7 + 207.

: (3)
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Fig. 5. Effective mass spectrum of A%~

About 33-10% combinations with a negative additional
particle and 46 - 10? combinations with a positive addi-
tional particle have been selected. The effective mass spec-
tra of A%~ and A%t hypotheses for the selected com-
binations are shown in Fig.5 and 6, respectively. Wide
signals in these spectra correspond to the decays (3). The
background is mainly combinatorial.

The spectra of A7~ and A%t effective mass are ap-
proximated by the functions

(dN ) - = BG(M) + BW(M),

FiYi (9)

and

(dN> — BG(M) + BW(M) + G(M),  (10)

M ),

respectively. Here the background, including the be-
haviour at the production threshold (M), is described
by a smooth function

BG(M) = by (M — My,)* exp(bsM + byM?), M > My,
(11)

where b1,..., by are free parameters. The signal is approx-
imated by the relativistic Breit-Wigner function

A-My T - M
(M2~ M) + MZTR

BW (M) = (12)

where the free parameters are: A — scale factor, My —
position of the resonance maximum, and I'rp — resonance
width. The experimental mass resolution is significantly
lower than resonance widths I'r. Therefore the obtained
widths have not been corrected for mass resolution.

A Gaussian function G(M) is added in the case of
3)(1385)" to account for a peak in the spectrum due to
E+ — A% decays occurring within or near the target
(Fig. 6).

The amounts of detected resonance events are calcu-
lated by analytical integration of the Breit-Wigner terms
in (9) and (10); the errors of the number of events are
therefore obtained taking into account the errors of the
parameters of the approximating functions. Characteris-
tics of the £(1385)* signals are presented in Table 1.
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The measured masses of A° and =+ coincide within the
errors with the nominal ones of the PDG [22]. The mea-
sured masses of ¥(1385) resonances are slightly lower
than the nominal ones: the corresponding deviations are
2.8 MeV/c? for £(1385)~, and 7.2 MeV /c? for X(1385)7,
and are caused by uncertainties in the value of magnetic
field. The measured widths of the resonances are in agree-
ment with the nominal ones.

4 Antihyperon production characteristics

Overall and differential acceptances have been calculated
by a Monte-Carlo (MC) simulation. The events were gen-
erated in such a way that for each considered antihyperon
H the corresponding hyperon H was chosen as an accom-
panying particle:

n+N— H+H+ X. (13)
Here X represents a set of accompanying particles gener-
ated by JETSET [23] in accordance with the conservation
laws.

A GEANT based program [24] was used to trace the
particles through the experimental setup. The simulated
events were treated by the same reconstruction and anal-
ysis programs that were used to process the experimental
data.

The inclusive production cross-section has been para-
metrised in the form

d?o

— 14
dx pdp? (14)

~ (1= |zp|)" - exp(—bp}),

according to the quark counting rules [25,26]. Here zp =

pi/py*** is the Feynman variable, p; is the longitudinal
momentum of the produced particle, p;*** is its maximum

possible momentum (p; and p]*** are defined in neutron-

nucleon centre of mass system), p; is its transverse mo-
mentum.

Since the neutron beam is not monochromatic, the en-
ergy of the incident neutron is not known for each exper-
imental event, and the value of zF can not be obtained,
in order to fit experimental distributions with (14). To
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Table 2. Production parameters in the region zr > 0.1

State Pt GeV/c n b, (GeV/c)™?
A° 12 8.0+£0.2 2.7+0.1
st 13 7.54+1.0 2.840.3
3(1385)~ 13 5.340.3 2.440.2
X (1385)* 14 50+0.4 2.7+£0.2

estimate the values of the parameters n and b for the
production of antihyperons by neutrons, p; (longitudinal
momentum in laboratory frame) and p? spectra of recon-
structed antihyperons have been compared with those of
simulated MC events. Each of the MC events has an in-
coming neutron energy generated according to the beam
spectrum (Fig. 1), and the MC samples have been gener-
ated according to (14) for various values of n and b. The
(p1,p7) distributions of MC events better matching the
experimental ones are found on the basis of a x? crite-
rion, and the values of the parameters corresponding to
the minimum X2 are selected. Errors of the parameters
are evaluated in accordance with the method of multi-
parameter error calculation described in [21].

The differential cross-section parametrisation (14) is
expected to be valid only at values of xr corresponding to
the fragmentation region, while in the central region the
cross-section behaves differently. An appropriate cut in
longitudinal momentum (p; > pj*) can be applied to ex-
perimental and MC generated events to ensure that both
sets of events correspond to the values of xr contained
in a certain region xp > ™. Figure7 shows how the
p}ni“ boundary value can be chosen to select events with
zp > 220 for simulated A° events. For pi* = 12 GeV/c
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Fig. 8. A° production parameters n and b at various =2

(solid line, Fig. 7a), almost all MC events with p; > pinin
have zp > 2™ = 0.1 (dashed line), as seen in Fig.7b.
The same selection applies also to experimental events.

By varying the p;ni“ cut for A° selection in order to
span a 2’2" interval from 0 to 0.4 (in steps of 0.05), and
performing the above procedure of matching MC sam-
ples generated at various values of n and b parameters
to the experimental data, the estimated n and b values
display a significant variation (Fig.8) across the region
0 < 28" < 0.4, giving an indication of a change of regime
around %" = 0.1, which might correspond to the point
of transition from the central to the fragmentation region.

In order to minimise model dependence of the results,
the determination of the parameters and cross-sections of
antihyperon production has been carried out in the kine-
matic region of model validity (RMV). It was assumed
that the RMV is defined by the condition xrp > 0.1 for
all the studied antihyperons, which is in accordance with
the result obtained for A°. The values of the p™i" cut
corresponding to the condition zz > 0.1, production pa-
rameters (n and b) in the RMV, and their errors for each
antihyperon under consideration are presented in Table 2.
As an example, normalised experimental and simulated p;
and p? spectra of reconstructed A° obtained in the RMV
at minimal x? are presented in Fig.9. The spectra of the
simulated events are in good agreement with the experi-
mental ones.

A comparison of the obtained values of production pa-
rameters for A° and =1 with other experimental data
obtained in nucleon-nucleon interactions in a wide energy
range is presented in Fig. 10. It can be concluded that the
production parameters are in agreement for antihyperon
production by protons and neutrons, and are almost en-
ergy independent. The parameters of ¥(1385)* produc-
tion by nucleons have been measured for the first time.

5 Inclusive production cross-sections
5.1 Cross-sections in the region of model validity

Inclusive production cross-sections of antihyperons in the
RMYV are calculated by the formula
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where Ny — the number of events in the signal; A = 12 —
target nucleus atomic weight; M,, = (2.43 4 0.08) - 101! —
the number of neutrons that have passed through the tar-
get (neutron monitor); N4 — Avogadro constant; Ly = 1.3
g/cm? — target thickness; e — overall efficiency of decay
acceptance and selection; Br — branching ratio of a con-
sidered decay channel [22].

The number of the signal events N, is defined as de-
scribed in Sect. 3, but with an additional criterion on lon-
gitudinal momenta applied: p; > p™". The efficiency ¢ is
obtained from the MC simulation with the previously de-
fined values of production parameters n and b. Event losses
due to p; cut, numbers of events in the remaining signal
(Ns), and values of overall efficiency (g) for the consid-
ered decays are presented in Table 3. Significant part of
the rejected events are situated in the region zp > 0.1 as
well.

Calculated cross-sections of antihyperon inclusive pro-
duction on carbon nuclei in the RMV are presented in
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Table 3. Numbers of decays and efficiencies of registration

Decay Loss at p; cut N; e, %

A — prt 59% 41100 4290 2.28 +0.07
X(1385)— A7~ 32% 1186+ 179 0.91 £0.04
X (1385) = A7 T 30% 830+ 275 0.794+0.05
Et 5 A7t 32% 724434  0.76 = 0.05

Table 4. Cross-sections per carbon nucleus in region xr > 0.1

State onc, pub

A° 178.0 + 1.2 (stat) =4 8.3 (syst)
X(1385)~ 146 + 2.2 (stat) + 0.8 (syst)
2(1385)T  11.8 £ 3.9 (stat) + 0.8 (syst)
oas 94 £ 05 (stat) £ 0.6 (syst)

Table 4. Statistical errors are caused by the errors of ex-
perimental signals, which are presented in Table 3. Sys-
tematic errors include uncertainties of the neutron mon-
itor (0M,,/M,, = 3.3%), overall efficiency ¢, and decay
branching ratio [22] combined in quadrature.

The error of efficiency is composed of a statistical error,
which is the error of MC signal, and a systematic uncer-
tainty. The latter is calculated as the variation of efficiency
at various values of parameters n and b within their errors.
For a cross-check the systematic error of efficiency was cal-
culated as the variation of efficiency when the MC events
were weighted independently in each p; interval in order
to vary the normalised p; spectrum of accepted simulated
events within the errors of the normalised experimental
pr spectrum. The two methods of error calculation ob-
tain close results. The errors of € presented in Table 3 are
obtained as quadratic sums of statistical and systematic
errors.

Systematic errors of cross-sections are dominated by
the error of neutron monitor, and the systematic uncer-
tainties of overall efficiency. Contributions of statistical
errors of efficiency, and decay branching errors are negli-
gible.

5.2 Extrapolation into the whole kinematic region

Our results were compared with the results of other exper-
iments performed in proton and neutron beams, using the
following relations for the total cross-sections of inclusive
production for every considered antihyperon H:

onn(H) = opn (H) = opp(H), (16)
based on the additive quark model.

The cross-sections o,y per nucleon have been obtained
assuming o,c = onn - A%/3, i.e. an A-dependence corre-
sponding to a geometric nuclear cross-section, which is
valid for soft processes at high zp.

The extrapolation of cross-sections from the RMV into
the whole kinematic region has been carried out under the
assumption that the differential cross-section is a sym-
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Table 5. Total cross-sections per nucleon

State OnN, Ub

A° 154.0 + 1.0(stat) + 7.2(syst) & 18.0(ext)
X(1385) 10.2 £ 1.6(stat) #+ 0.6(syst) & 0.6(ext)
X(1385)t 8.2 4 2.8(stat) + 0.6(syst) & 0.5(ext)
=t 7.9 + 04(stat) £ 0.5(syst) = 0.9(ext)

metric function of zx in the forward and backward hemi-
spheres, as theoretically expected, and currently assumed.

In the central region |zr| < 0.1, the differential cross-
section (at least for A% production) tends to increase for
|zp| — 0 [3,9,12], though with a slope less steep [11] than
implied by parametrisation (14), as apparent also in Fig. 8.
Therefore the lower limit for total cross-section was deter-
mined under assumption that differential cross-section is a
flat function of zF in the region |zp| < 0.1, and the upper
limit was calculated assuming that the differential cross-
section obeys the parametrisation (14) in this region. For
=T and ¥(1385)* the value of n in the region |zp| < 0.1
used for the extrapolation was the same as that obtained
in the RMV. For A° the value n = 7.5 obtained for the
lowest considered #2® = 0 (and corresponding p"i® = 8
GeV/c) was used.

The extrapolated cross-sections per nucleon presented
in Table 5 are average values of upper and lower limits.
Extrapolation errors (ext) have been calculated as half of
the difference between the two limits.

6 Summary

The inclusive production of A°, =+, and X(1385)F in nC-
interactions at a mean neutron energy 51 GeV has been
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investigated. Differential cross-sections for these processes
are compatible with the parametrisation of the quark
counting model (14) in the kinematic region xp > 0.1.
The relevant parameters n and b were determined (Ta-
ble 2). Their values for A° and =% are in agreement with
those obtained in other experiments, including the ones
performed in proton beams. The parameters of £(1385)*
production by nucleons have been measured for the first
time.

The inclusive cross-sections o,,¢ in the region xp > 0.1
have been determined (Table 4), as well as the correspond-
ing cross-sections per nucleon o, y, which have been ex-
trapolated into the whole kinematic region (Table 5). In
Fig. 11 our results on the total A° inclusive production
cross-section per nucleon are compared with other results
covering a wide energy range of pp and nN interactions:
the present measurement is the most precise (statistic, sys-
tematic, and extrapolation errors are combined in quadra-
ture), and agrees well with the overall trend of the data.
Our results on = and X(1385)~ inclusive production
cross-sections also agree with the ones of [15] obtained
in nC-interactions at 40 GeV mean neutron energy. The
cross-section of ¥(1385)% inclusive production by nucle-
ons has been measured for the first time.
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