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Using (10087 £ 44) x 10°.J/1) events collected with the BESIII detector operating at the BEPCII
storage ring in 2009, 2012, 2018, and 2019, we perform a search for the reaction Z°n — AAX, where
X denotes any additional final particles. Given the highly suppressed phase space for producing
extra pions, the X consists of either nothing or a photon, corresponding to the processes Z°n — AA
and Z°n — AX® — AAy. The E° comes from the decay of J/v — Z°Z° while the neutron
originates from material of the beam pipe. A signal is observed for the first time with a statistical
significance of 6.40. The cross section for the reaction Z° + °Be — A + A 4+ X is measured to be
(43.6 &£ 10.5g¢at + 11.15y5¢) mb at Pzo & 0.818 GeV/c, where the first uncertainty is statistical and

the second systematic. No significant H-dibaryon signal is observed in the AA final state.

Scattering experiments with high-energy particle
beams incident on target materials have been of great
significance for studying the inner structure of matter
and the fundamental interactions [1-3]. However, due
to their significantly shorter lifetimes and higher masses,
hyperon beams, such as those of A, 3, or =, are more dif-
ficult to produce, and corresponding experiments remain
rare. Nevertheless, measurements using hyperon beams
incident on target materials are crucial for advancing our
understanding of nonperturbative Quantum Chromody-
namics (QCD).

Theoretical models, such as the constituent quark
model [4-6], the meson-exchange picture [7], and the chi-
ral effective field theory approach [8-11], have studied
the =N interaction, where N represents a nucleon. The
measurements of hyperon—nucleon interactions (Ap —
Ap,YX"p — X p/An/¥%n and tp — Btp) were first
carried out in the 1960s and 1970s using hyperons with
momenta less than 1 GeV/c [12-16]. More recently, the
CLAS and J-PARC E40 collaborations reported new re-
sults on A/¥-—nucleon interactions through the reactions
Ap — Ap, ¥Fp — YFp, and ¥7p — An [17-20]. In
contrast, measurements related to the =N interaction of
strangeness S = —2 are even more scarce. Only a few
events have been observed for each reaction [16, 21-26],

and additional measurements are essential to better con-
strain theoretical models.

The H-dibaryon is hypothesized to be a spin and
isospin singlet state of positive parity composed of six
quarks (uuddss). It was first predicted within the bag
model in the 1970s [27, 28]. Since then, the H-dibaryon
has generated considerable interest within the theoreti-
cal community [29-31]. In particular, Refs. [27, 28] pre-
dict that an H-dibaryon may appear as a bound state of
¥3¥ decaying strongly into =N or AA. Another theoret-
ical calculation shows that the H-dibaryon could exist
as a resonance-like state decaying into AA close to the
AA threshold [32]. Although the H-dibaryon has been
searched for by many experiments, no significant signal
has been found so far [33-40]. Recently, the reaction
=% — Z7p has been studied [41]. Similarly, the pro-
cess Z°n — AA can be explored to search for the H-
dibaryon. The study of ZN interactions is also helpful
to understand the formation of = hypernuclei, on which
experimental information is very scarce [42-44].

The BESIII detector records symmetric ete™ colli-
sions at the BEPCII collider [45]. Details of the BE-
SIIT detector can be found in Ref. [46]. With a sam-
ple of (10087 & 44) x 10% J/¢ events collected by the
BESIII detector [47], an intense monoenergetic beam of



= baryons can be produced through the decay J/¢ —
2920, These E baryons can interact with the material
of the beam pipe adjacent to the interaction point, pro-
viding a novel source for studying the =Z-nucleon inter-
action [48, 49]. The beam pipe material consists of gold
(1% Au), beryllium (°Be), and oil (2C:'H =1:2.13), as
shown in Ref. [41].

In this work, the process 2%n — AAX is studied for the
first time, where the =% baryon is produced via J/¢ —
2029 and the n is from the ?Be, 12C, or 6 Au nuclei in
the beam pipe. This method has been applied in a recent
study of Z°-nucleus interaction at BESIII [41]. Since the
momentum of the incident Z is relatively high (P=zo ~
0.818 GeV/c¢), its interaction with atomic nuclei tends to
be a direct nuclear reaction [50]. In this analysis, it is
assumed that the Z° interacts directly with a neutron
in Be. To determine the cross section of Z°+%Be— A +
A+X from the composite material, the reaction is further
assumed to occur as a pure surface process [41].

Using a GEANT4-based [51] software package, Monte
Carlo (MC) simulated event samples are produced in-
corporating the geometric description [52] of the BESIII
detector and the detector response. An ‘inclusive’ MC
sample containing 10 billion generic J/v decays is used
to investigate potential backgrounds. The production of
the J/1 resonance is simulated by the MC event gen-
erator KKMC [53], taking the beam-energy spread and
initial-state radiation (ISR) in the e™e™ annihilation into
account. The known decay modes are generated by EVT-
GEN [54, 55] using branching fractions taken from the
Particle Data Group (PDG) [56], while the unknown de-
cay modes are modeled with LUNDCHARM [57, 58]. Final-
state radiation from charged final state particles is incor-
porated using the PHOTOS package [59)].

The signal process considered in this analysis is J/¢ —
2020 =% — AAX (where X is typically nothing or a
photon due to limited phase space for pions), A — pr—,
20 - An% A — prt and ¥ — vy. To distinguish
between the two A candidates, the one with the higher
momentum is defined as Ay, and the other as Ay,. In or-
der to determine the detection efficiency, 2.25x 106 signal
MC events are simulated, with the angular distribution
of J/1p — Z9=° generated according to the measurement
in Ref. [60]. The reaction =°n — AA is simulated un-
der the assumption that the neutron is free, neglecting
its Fermi momentum. Since the momentum of the mo-
noenergetic incident =° is much greater than the Fermi
momentum, this approximation is reasonable. The im-
pact of this assumption is accounted for in the systematic
uncertainty evaluation. The angular distribution of the
reaction process is generated using an isotropic phase-
space distribution.

Charged tracks detected in the multilayer drift cham-
ber (MDC) are required to be within a polar angle ()
range of |cosf| < 0.93, where 0 is defined with respect
to the z axis, which is the symmetry axis of the MDC.
The 70 is reconstructed in its decay to 7y using elec-
tromagnetic calorimeter (EMC) showers. The deposited

—

energy of each shower must exceed 25 MeV in the barrel
region (|cosf| < 0.8) and 50 MeV in the end cap region
(0.86 < |cosf| < 0.92). To suppress electronic noise and
showers unrelated to the event, the difference between
the EMC time and the event-start time is required to be
within [0, 700] ns [61, 62]. The angle between photon can-
didates and all other charged tracks must be larger than
10° to suppress showers originating from charged-track
showers. Particle identification (PID) for charged tracks
combines measurements of the specific ionization energy
loss in the MDC (dFE/dx) with the flight time in the time-
of-flight system to form likelihoods L(h) (h = p, K, ) for
each hadron h hypothesis. Tracks are identified as pro-
tons if the proton hypothesis has the greatest likelihood
[L(p) > L(m) and L(p) > L(K)], and as pions if the pion
hypothesis has the greatest likelihood [£(7) > L(p) and
L(m) > L(K)].

Since the final state of the signal process is
2(pr~ )prt 2y, we require two p candidates, two 7~ can-
didates, one p candidate, one 7T candidate, and at least
two photon candidates. For the tag side 20 — An® with
A — prt, a vertex fit is performed on the prt combina-
tion. The A signal region is defined as |M (prt) —myz| <
3 MeV/c?, where mj is the nominal mass of the A.
Throughout this work, all nominal masses are taken from
the PDG [56]. The invariant mass of the two photons is
required to be in the 7° mass window [0.11, 0.15] GeV /2.
A 1C kinematic fit constrains the two-photon invariant
mass to the nominal 7 mass. If there is more than one
79 candidate in the event, only the one with the mini-
mum value of [M(An%) —mzo| is retained. The =° signal
region is defined as M (A7) — mzo € [—15,10] MeV/c?,
where mszo is the nominal =° mass. For the reaction
=00 — AA with subsequent decay A — pr—, the Ay and
Ay, candidates are formed by considering all p7— combi-
nations that have disjoint p and 7~ candidates in Ag and
Ar,. Vertex fits are then performed for the (pr~)g and
(pm~)L combinations. The combination with the mini-
mum value of (|M(pr~)u — ma| + |[M(pr~)r, — mal) is
retained, where mp is the nominal A mass.

To select the signal events of J/¢p — ZZ°, the in-
variant mass of the system recoiling against the =0,
Miecoit(2Y), is required to be in the Z° signal region,
defined as [1.295, 1.325] GeV/c?, where M,econ(Z°) =
\/ E2 .. — |P=0]2c?/c?, Epeam is the beam energy, and
P=o is the measured momentum of the =° candidate in the
ete™ rest frame. The main background is .J/1 — Z°=0,
=0 —» An% = — Ax®. For this background process,
M,ecoit (YD) is expected to be around the 7° mass. If the
missing energy Fiiss = Fheam — Fa is less than the miss-

i = _ 2 2 4 Pso -
ing momentum |fFiniss| = —1/Efeam — M20C Tt — PAs

we force the recoil-mass squared to be positive, and set
the recoil mass itself to be negative. Ex and p are the
energy and momentum of the A in the rest frame of the
ete” system. To remove this background, we require
Mmcoﬂ(EOAH(L)) <0 GeV/cQ.

To select events where both A originate from the beam




pipe, we reconstruct the AA vertex using a vertex fit
applied to the two A candidates and consider its dis-
tance Ry, from the z axis. The distribution of R,
versus the invariant mass M (pn~) in data is shown
in Fig. 1. The beam pipe signal region is defined as
R,y € [2.9,3.6] cm, taking into account the detector res-
olution. Clear enhancements are seen in the beam pipe
and A signal regions, due to =° interactions with the ma-
terial in the beam pipe that produce A hyperons via the
process Z°n — AAX. The A signal region is defined as
|M (pr=) —ma| < 3 MeV/c?, while a sideband region is
defined as 9 MeV/c? < |M(pr~) — ma| < 15 MeV/c2.
A cluster of events is also visible in the inner wall of the
MDC region, defined as [6.0, 6.8] cm, but the signal is
not statistically significant.

P s
E 6fF . : ;E: 6:’ . -
oF A of A
b - L 2, . .' .
109 1.1 111 112 113 1.14 109 11 TAT 112 113 114

M(prr), (GeV/c?) M(pT), (GeV/c?)

Fig. 1. Distribution of the transverse distance R, of the
AA pair from the z axis versus M (pn~) for data. The blue
horizontal dashed lines denote the beam pipe region, the green
horizontal dashed lines denote the position of the inner wall
of the MDC, and the red vertical dashed lines mark the A
signal region.

Figure 2 shows the R, distribution from data after
the final event selection. It should be noted that when
presenting any one M (pr—) distribution in Fig. 1, the
A mass window has been applied on another M (pr™)
distribution. Therefore, these events in the red vertical
dashed lines are same in the two M (pr~) distributions
of Fig. 1, the R,, distribution can be obtained from any
figure in Fig. 1. A clear signal corresponding to the re-
action 2% — AAX is observed. A detailed study of
the J/v inclusive MC sample indicates that there is no
peaking background contribution in the R, signal re-
gion. Additionally, no significant peak is found in the A
sideband events from data. To determine the signal yield,
an unbinned maximum likelihood fit is performed to the
R, distribution. The signal shape is taken from the MC
simulation, with its yield treated as a free fit parameter.
The background is described by a linear function, with
both the number of events and the slope allowed to vary.
The fit result is shown in Fig. 2; the fitted R, signal
yield is N5'® = 24.6 + 5.9. The statistical significance is
determined to be 6.40 by comparing the likelihood val-
ues of the fits with and without the R,, signal, account-
ing for the change in the number of degrees of freedom.
The selection efficiency for the reaction Z°n — AAX is
e =1.577%.

Using the same method as in Ref. [41], the cross section
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Fig. 2. Distribution of R, in data (dots with error bars).
The red solid curve is the fit result and the blue dashed curve
is the background component.

of the reaction Z° + 9Be — A + A + X is extracted as

Nsig

E'4+%Be s A+A+X) =
o(E°+"Be - A+ A+ X) Bl

(1)

where B is the product of the branching ratios of all inter-
mediate resonances, defined as B = B(Z° — Ar)B(A —
prT)B(n? — 77)82([\ — pr~), and Leg is the effective
luminosity of the Z° flux produced from J/v — Z°Z°
and the distribution of target materials, as shown in the
following formula:

NJ/wBJ/

['eff 2+ 2

¥
// (14-acos®8)exp(— sm95’yL)N(I)C(x)d0dx'
(2)

In the formula for the effective luminosity, the angu-
lar distribution of the Z° flux, the attenuation of the =°
flux, the number of target nuclei, and the weight of dif-
ferent target materials are considered in turn. In the for-
mula, N/, is the total number of .J/1) events [47], By,
is the branching fraction of J/¢ — Z°Z° « is the pa-
rameter of the angular distribution of J/v — Z°=° [60],

By = /B2 um — MZoct/mzoc? is the ratio of the mo-

mentum and the mass of the 2, L = cr is the decay
length of the Z°, N(x) is the number of target nuclei per
unit volume, a and b are the distances between the in-
ner and outer surface of the beam pipe and the z axis,
f and z are the polar angle and the distance to the z
axis, respectively [41]. The beam pipe can be regarded
as infinitely long compared to the Z° mean flight dis-
tance ByL. The C(z) is the cross section ratio rela-
tive to 0(2° + Be — A + A + X), under the assump-
tion that the reaction is dominated by the interaction
of a Z° baryon with a single neutron on the “Be nu-
cleus surface [63-67], as discussed in Ref. [41]. The
derivation of the formula can also be found in Ref. [41].
The relevant parameters are summarized in Table 1.



The following measured cross sections are not indepen-
dent as they are derived from the same basic quanti-
ties; the =—nucleus cross sections are determined to be
o(E949Be = A+A+X) = (43.6+10.551ar 11115y ) mb,
o(EY94+12C = A+ A+ X) = (48.7£11.75tat £12.05y5 ) mb.

Table 1. Input parameters for the effective luminosity calcu-
lation using Eq. (2).

Parameter Result
Ny (10087 & 44) x 10°
By (0.117 £ 0.004)%
a 0.514 4+ 0.016
By 0.622
L (8.69 & 0.27) cm
5.91 x 10%? em™2,3.148564 cm < z < 3.15 cm
1.24 x 102 em™3,3.15 cm < z < 3.23 cm
N(z) 22 -3
3.45 x 10" cm™7,3.23 cm < z < 3.31 cm
1.24 x 102 cm™2,3.31 cm < z < 3.37 cm
8.437, 3.148564 cm < z < 3.15 cm
1, 3.15ecm <z <3.23 cm
C(z)
1.090, 323 cm <z <3.31 cm
1, 33lcm <z <3.37 cm

We also search for an H-dibaryon signal in the AA
final state. Since the mean lifetime of the H-dibaryon
is unknown, it could decay either within the beam pipe
region or after traveling some distance. Figure 3 shows
the M(AA) distributions for events with two selected A
candidates, both inside and outside the beam pipe re-
gion. It is worth mentioning that the efficiency near the
AA threshold is about half of the average efficiency, so
even if the H-dibaryon appears near the AA threshold,
our method can still detect it. Based on the available
statistics, no obvious peaks are observed in either M (AA)
distributions. Therefore, no significant short-lifetime or
long-lifetime H-dibaryon signal is found in the process
=00 — AAX.

~ 8 ~ 6
Y @ ryqeessem T Data Y o) Reys6eem T+ Data
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0 4f 0
~ ~ 2
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5} 5}
2 2
22 225 23 235 24 245 22 225 23 235 24 245

MAA) (GeV/cd) MAA) (GeV/c?)

Fig. 3. Distributions of M (AA) for data in the regions 2.9 <
Ryy < 3.6 cm (a) and Rzy > 3.6 cm (b). The green shaded
histograms correspond to the normalized events from the 2D
sideband region of Ax and Ar,, while the red line corresponds
to the signal MC distribution of the scattering process that is
normalized by the total number of events for data. The red
arrows mark the AA mass threshold.

The sources of systematic uncertainties related to the
measurement of cross sections are discussed in the fol-
lowing.

The uncertainties due to tracking, PID and photon
reconstruction are each 1% per track or photon, respec-
tively [68, 69]. The uncertainty from the requirement on
the number of tracks is studied using the control sample
of J/¢p = E7Et = AAntn~ — pprtr—ntn~ decays.
The uncertainties from A/A/Z°/Z° mass windows are
evaluated with the Barlow test method [70], where the
largest difference relative to the nominal result is taken
as the uncertainty. Similarly, the uncertainty from the
M:ecoit(E°A) requirement is also evaluated with the Bar-
low test method, and found to be negligible.

In the MC simulation of the signal process, the neu-
tron in the nucleus is assumed to be at rest. However, due
to the presence of Fermi momentum, a difference arises
between the momentum distribution of the AA system,
P(AA), in data and MC. Since the monoenergetic mo-
mentum of the incident Z° is much larger than the Fermi
momentum, this effect is expected to be small. To es-
timate the uncertainty from P(AA), the momentum of
the free neutron is varied by +0.1 GeV/c along the in-
cident =% direction in the generated signal MC, and the
largest deviation from the nominal result is taken as the
uncertainty.

The distribution of the AA invariant mass, M (AA), is
almost flat in data from 2.23 to 2.40 GeV/c?, consistent
with expectations when accounting for the influence of
Fermi momentum. The center-of-mass energy of the re-
action system is adjusted to match the M (AA) distribu-
tion between data and MC simulation, as shown in Fig. 3
(left). The systematic uncertainty from the M(AA) dis-
tribution is obtained by comparing the efficiencies of the
nominal signal MC and the weighted signal MC, where
the latter is reweighted to match the signal distribution
in data. The reaction Z°2 — AA is simulated with a
uniform angular distribution over the phase space to es-
timate the nominal efficiency. The correction of signal
events is derived from data, and the difference between
the nominal and weighted efficiencies is taken as the un-
certainty.

The uncertainty from the contribution of the reaction
=% — AX0 is estimated by generating a signal MC sam-
ple above the mass threshold of AX? and determining
the weighted efficiency under isospin conservation, where
(2% — AA) = 0(E%7 — AXP). The difference between
the nominal and weighted efficiencies is taken as the un-
certainty.

The uncertainty from the MC statistics is estimated
according to the number of generated signal MC events.
The uncertainty from the fit procedure includes contri-
butions from the signal shape, the fit range and the back-
ground shape. The uncertainty from the signal shape is
evaluated by comparing the nominal fit with an alterna-
tive fit that uses the MC-determined signal shape con-
volved with a free Gaussian function. The uncertainty
from the fit range is obtained by varying the limit of



the fit range by 40.5 cm, and the uncertainty associ-
ated with the background shape is estimated by replac-
ing the first-order polynomial function with a constant.
The uncertainty on the total number of J/1 events is es-
timated in Ref. [47], and the uncertainty of the branching
fractions is taken from the PDG [56]. The uncertainty
from the position of the eTe™ interaction point is ob-
tained by changing the integral range by £0.1 cm, and
the largest difference in the result is taken as the corre-
sponding uncertainty. To estimate the uncertainty from
the assumption of the cross section ratio, we adopt an ex-
treme scenario in which the cross section is proportional
to the number of neutrons in the nucleus, and the differ-
ence between the nominal and the extreme assumption
is taken as the uncertainty. Finally, we vary the angular
distribution parameter « ;,y,_,zozo and the =Y mean life-
time by +10 to estimate systematic uncertainties; this is
found to be negligible.

All the systematic uncertainties are assumed to be in-
dependent and are combined in quadrature to obtain the
total systematic uncertainty, as shown in Table 2.

Table 2. Summary of the relative systematic uncertainty (in
%); oBe represents the cross section o(2°4+°Be — A+A+X),
and o represents the cross section o(2° +12C — A+ A+ X).

Source OBe oc

Track efficiency 6.0 6.0
Photon efficiency 2.0 2.0

PID efficiency 6.0 6.0

Track number 3.0 3.0

Mass window 6.8 6.8

(A + A) momentum 9.0 9.0
M(AA) distribution 1.3 1.3
Angular distribution of 2% — AA 16.3 16.3
200 — AXO 9.3 9.3

MC statistics 0.1 0.1

Fit procedure 1.8 1.8

Total number of J/v events 04 0.4
Branching fractions 3.7 3.7

eTe™ interaction point 2.7 2.7

=0 mean life time 2.8 2.8

Ratio of cross section for nuclei 7.1 2.3
Sum 25.5 24.6

In summary, the inelastic scattering = + “Be —

A+ A+ X is observed with a statistical significance of
6.40 at BESIII, where Z° is from the process J/¢ — Z0=°
and n is from the material in the beam pipe. The cross
section is measured to be 0(Z° +°Be — A + A + X) =
(43.6 & 10.54a1 =+ 11.155) mb at Poo ~ 0.818 GeV/c. If
the effective number of reactive neutrons in a ?Be nucleus
is taken as 3 [19], the cross section of Z'n — AAX for
a single neutron is determined to be o(Z% — AAX) =
(14.5 4 3.5g¢at £ 3.7sys¢) mb, which is consistent with the-
oretical predictions in Refs. [22, 25, 26]. The measured
reaction Z%n — AAX is mainly composed of the reac-
tions 2% — AA and =% — AX? — AA~y. Furthermore,
we do not observe any significant H-dibaryon signal in
the AA final state for this reaction process.
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