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ABSTRACT: This article examines the two-step
formation process of the A(1232) resonance using
the Nuclotron’s internal target. Kinematic
calculations of the pion production cross-section in
pA interactions are employed for reaction analysis.
A practical method is proposed for determining the
A(1232) resonance production cross-section on the
Nuclotron’s carbon-12 (22C) target. This method
allows estimation of the total A(1232) resonance
formation cross-section based on estimating the
energy of incident protons (p) and deuterons (d)
striking the internal target. Calculations are also
presented for the yield of Y(n~ p) events resulting
from the in-medium decay of the n-meson, based on
the proposed method.
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I. INTRODUCTION

The investigation of exotic nuclei produced
through the fusion of various mesons (n, p, ®, @...)
with a residual nucleus in wA, pA, dA, and other
reactions remains a topic of significant
contemporary interest. Experimental determination
of the properties of n-meson nuclei — such as their
binding energies and widths — alongside the testing
of theoretical models concerning chiral symmetry in
dense nuclear matter, and the study of the
interaction mechanisms between 1 mesons and
nuclear nucleons, is of considerable importance.
These objectives drive the development of novel
research methods and dedicated experimental
setups.

In experiments on the study of m-meson
nuclei, a two-arm spectrometer is usually used,
located on both sides of the internal target station,
perpendicular to the axis of the incident ion beam.
The operating principle of such a spectrometer is
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based on measuring the speed and kinetic energy of
a particle. The energy is determined by the time of
flight (AT) and the absorbed energy (E-AE) in the
detector material. The SCAN facility (JINR, High
Energy Physics Laboratory) is designed to study the
structure of exotic nuclei and investigate the
properties of the bound state of various mesons and
nucleon resonances in the nuclear environment [1].

It is distinguished by high efficiency of
registration of protons and charged pions from the
decay of S;1(1535) resonance, in the momentum
range for pions ~ 90% and ~ 95% for protons. The
geometric acceptance of each of the arms of the
SCAN facility is 6 = 60 and ¢ = 350. The resolution
of the TOF system is ~ 150 ps. Identification of
the bound meson-nucleus state is carried out by the
decay of the generated resonance, which arises as a
result of the fusion of the meson and the nuclear
residue. For example, in the “n-meson — nucleus”
coupling, the correlated components of the (zN)-pair
from the decay of the nearly stationary S;;(1535)
nucleon resonance are registered (in energy and
expansion angle ~180°. Since the decay of the
S11(1535) resonance (with equal probability ~50%)
occurs both on the nN and on the mN pair, a
sequence of MN— S;,(1535) — nN... transitions
arises in the n-meson nucleus.

This sequence can break up into a (m + N)-
pair, the kinetic energies of which are sufficient to
escape from the nucleus. Its decay into a (m + N)
pair occurs at an angle of ~180°, since the impulse
of the S;1(1535) resonance formed near the birth
threshold is almost equal to zero. In the experiment
to search for m-meson nuclei [2], the following
reaction was used in the internal beam of the
Nuclotron:
ptA—(A-I)n+ntp
N+N—-811(1535)—=n+N— ...— S33(1535)—n+N
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For such (r and N) pairs, a correlation arises both in
the angle of expansion <@,,> and in the energies of
the components of the (m and N) pair.

Since the minor impulse of the S;,(1535)
resonance is oriented randomly and the scattering

Py

angle is <@n> ~ 180°, then the particle energy will
be distributed as <E,> = 300 MeV, <Ey> = 100
MeV. It is these events that were recorded in the
experiment [2], where the decay of the S;(1535)
resonance into a correlated (m-p) pair was studied.
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Fig 1. The SCAN facility for searching and studying exotic nuclei on the internal target of the LHEP Nuclotron,
consisting of two arms (P- and K-arms)

However, precise measurement of the yield
of precisely such pairs is difficult due to the
smallness of the total cross section for the formation
of m-nuclei. In addition, the simulation results and
experimental data differ significantly.

This problem can be solved by considering
another reaction with a similar final decay product.
For example, the formation of a resting A(1232)-
isobar in the nucleus of the residue after the pA
interaction, since one of the mechanisms of the
process of formation of the A(1232)-isobar in the
target nucleus similarly repeats almost all stages of
the formation of the m-meson nucleus. The only
difference is that the cross section for the production
of the A(1232) isobar in the pA reaction is of the
order of tens of mb, while the total cross section for
the production of n nuclei in the same reaction is
only a few pb.

Thus, the delta isobar could be used as a defining
points in measurements to find n nuclei.

I.THE DELTA ISOBAR METHOD IN
THE STUDY OF RESONANCE
DECAY

To calculate the 4-impulse of m-mesons
produced in proton-nucleus collisions, the Gen Bod
simulation program [3] was used. Based on the
obtained data, the distribution of pions Ny.(Tm) is
constructed depending on the kinetic energy, which
is then normalized to the total number of events
(Fig. 2).

The problem of determining the probability
of m-meson production in a pA reaction can be
solved from known data on mA scattering. For
example, Figure 3 shows the total cross section of
n'C scattering as a function of the kinetic energy of
pions (data from ([4-6]).If we multiply these two
distributions (Fig. 2 and Fig. 3) in the same interval
of pion kinetic energy (0 < Tr < 320 MeV) we get a
histogram [o(Tm)*Ng«(T,)] (see Fig. 4). We obtain
the value of the cross section for the formation of A-
resonance in inelastic p-A collisions by integrating
the histogram (Fig. 4) over the kinetic energy of
pions Tm. In this calculation model, a nearly
quiescent A- resonance is formed by the capture of a
secondary -meson produced in the pA reaction by
the target nucleus.

The cross sections of produced m-mesons in
inelastic p'“C collisions are as follows: c,= 66.56
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mb; 62.87 mb; 53.12 mb and 47.10 mb,
respectively, for the working energies at the internal
target of the Nuclotron: Tp = 1.4 GeV; 1.5 GeV; 1.7
GeV and 1.9 GeV.
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For these proton energies, the data from [7-
9] show that with a cross section value of c;, =~ 248
mb for inelastic p*?C interaction, the fraction of the
cross section with pion production is 6,= 49 mb.
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Fig. 2. Distribution of pions from the kinetic energy produced as a result of an inelastic p**Ccollision. Fig.3.
Total cross-section of n**C scattering depending on the kinetic energy of pions.
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Fig.4. o, x Nevents - multiplied histogram (Fig. 2 and 3) from the kinetic energy of pions T,

We obtain the cross section of the production of delta resonance for the specified proton energies

taking into account the value of the ratio (c./ci, ):

Interaction B }
energy, El_l T,=1.5 Ta=1.7 54—1.
GeV :

Eelgt?or:: Sl R A T )
mb 3. 42 80 86

The delta resonance decays with a high
probability of = 0.99 into a pion-proton pair. The
products can be registered under experimental
conditions, since the A-resonance and the pion-
nucleon pair fly apart relative to each other at an
angle of about ~180° (in a 4 solid angle).

We used the Breit-Wigner formula to
describe the A- resonance and modeled the protons
and pions from the decay of this resonance. These
pions will then be recorded by the SCAN facility.
Protons with impulse greater than > 240 MeV/c
(Fig. 5, c- speed of light in vacuum) were
registered using the GEANT program (taking into
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account the resolution of the two-arm SCAN
spectrometer). The pair produced during the decay
of a resting A-resonance (n-p) has a low impulse
due to ionization energy losses. In most cases,
protons stop in the substance (scintillator) of the
recording detectors of the SCAN facility, and at the

same time, slow m-mesons also decay in the same
interval. Monte Carlo calculations show that the
SCAN facility registers only 1/10 of the delta
resonance decay products [10] (10% of the total
number of particles falling within the angular
acceptance of the detectors, see Fig. 5).
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Fig. 5. Graph of the distribution of the effective mass of two particles from the decay of A-resonance,
constructed using the Monte Carlo method using the Breit-Wigner formula.

Taking into account the above factors, for
the above energies of the incident proton beam, the
effective cross-sections of secondary protons have
the following values: 6,= 1.315 mb (1.4 I'3B);0,=
1.242 mb (1.5 I3B);05=1.08 mb (1.7 I'3B);0,=
0.986 mb (1.9 I'3B).

The obtained data provide an estimate of
the expected yields of Y(pzn-) events with the
formation of delta resonance during experiments on
the internal beam of the Nuclotron [11]:
Y(p.m)=o(p*C—

—>N1N2' (A-

DN Neg BraN)E @ ne ke f(Q/2,)9(1)
N=0.85-10%° nuclei/sm? - the number of **C nuclei
in 10 pm of carbon target filament;

Ness = 3.0-1015 — effective flux of protons falling
on the target during a cycle time of 5's;

Q.= 810-3 sterad. - solid angle of particle
registration of the SCAN setup;

Br(nN) = 0.99 - probability of decay of A in 7N
channels;

&(n-p) = 0.50 - probability of decay of A into a (n-
p) pair;

f(Qy/Q,) = 0.2 is the correlation geometric function
of mp-decay, determined by the “blurring” of the

particle expansion angle due to the Fermi motion of
nucleons;

n. = 360 — number of acceleration cycles of
charged particles of the Nuclotron in 1 hour;

k = 3.3-10-3 — ratio of transverse dimensions of the
p-beam and target;

g — fraction of the Gaussian beam hitting the thread
target = 0.5;

Using these numerical values for the factors in (1),
we obtain:

Tp=1.4 GeV Y(pn-) = 158,000 events/hour
Tp=1.5GeV Y(pn-) = 149,000 events/hour
Tp=1.7 GeV  Y(pn-) = 130,000 events/hour
Tp=1.9 GeV Y(pn-) ~ 118,000 events/hour

For the Nuclotron deuteron beam, these yields are
expected to be twice as high.

1. ESTIMATION OF THE EVENT
YIELD FOR THE DECAY OF ETA-
MESON NUCLEI
The same event yields Y(x-p) in the
reaction of formation of n-nuclei in pA-collisions,
for the carbon target *C can be written as in
formula (1):

DOI: 10.35629/5252-0703429434

[Impact Factorvalue 6.18| ISO 9001: 2008 Certified Journal  Page 432



\IQE , International Journal of Advances in Engineering and Management (IJAEM)

S

IJAEM

Volume 7, Issue 03 Mar. 2025, pp: 429-434 www.ijaem.net

Y(n-p) =on (N"C - (m(A-1)X) N; Nt Br(rn
N) £Q nc k f(Q, /1 Q) 9 (2)

here on(N?C—n(A-1)X)is the total cross section
for the production of n-nuclei in the pA reaction,
which is taken to be equal to 5% of the cross
section for the production of -mesons in

((pp = ppn) + (pn — pnm) + (pn — dnn))
collisions (by analogy with the cross section for the
photoproduction of n-nuclei).

Taking into account the above considerations, for
the total cross section o, of n-nucleus production in
the p*°C reaction we obtain the

following value:

o [ué]

o 10

on(p?C—y(A-1)X)=[6 o(pp(n) —n p(n)p) x F
(11B)] x 0.05 = 6 x110 x10-30x 0.1 x 0.05 = 3.3 x
10-30 sM* = 3.3 x 10®harn = 3.3 pb (3)

here F(*'B) is the form factor of the *'B core, taken
equal to 0.1. When determining the total cross
section for the production of n-mesons in pA
collisions, the sum of the wvalues of the
experimental cross sections of elementary
processes was used [12] (see Fig. 6):
ot(pp—>ppn)=5ub

ot(pn—>pnn)=35ub

ot(pn—>dn)=70ub

e
T
e
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Fig. 6. Total cross sections of reactions pp—ppn, pn—pnn and pn—dn [12].

A Thus, when calculating the expected yield of
events - (n-p) of a pair of particles from the decay
of S1;(1535) in the pA reaction, we use the
following values:

the number of "2C nuclei in 10 um of the target-
filament is: N, = 0.85-10%° nuclei/sm?;

the flux of protons N falling on the target per
cycle: Negs = 3-10™ /cycle (for 5 sec);

solid angle Q. of the spectrometer: Q, = S/(4nR?) =
8-107 sterads;

Br(nN) = 0.5 (the probability of decay of S1;(1535)
in N and nN channels is approximately the same);
&(n-p)= 0.33 - the probability of decay of S;;(1535)
into a (n-p) pair;

f(Qp / Qn) ~ 0.2 is the correlation geometric
function of m-p-decay, determined by the
“blurring” of the angular divergence of particles
due to Fermi motion.

Using all the given numerical values of
the factors in relation (2), for the expected yield of
(n-p ) pairs from the decay of the S;1(1535)
resonance in the target nucleus for p12C collisions
(Ep = 2 GeV/nucleon) we obtain: Y(n- p) ~ 133
events/hour.

IV. CONCLUSION

It has thus been shown that by measuring
the masses of mesons and their interactions with
nuclei, new information can be obtained in the
detailed understanding of dynamical symmetry
breaking in low-energy quantum chromodynamics
(QCD). The data from experiments at the SCAN
(LHEP) facility help to study the properties of
bound n-meson states. In particular, measuring the
parameters of resonance decay products (for
example, (m-p)-pairs) allows us to study the
conditions for the birth of the S;;(1535)-resonance
on the internal target of the Nuclotron in pA- and
dA-reactions. The small recoil of the reaction, the
small momentum received by the target nucleus,
allows the decay products (m-p-pair) to fly out of
the nucleus at an angle of ~180° relative to each
other. Registration of paired particles flying out at
such angles is the main idea for isolating the decay
of n-meson nuclei.
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