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Abstract: Using data taken at 29 center-of-mass energies between 4.16 and 4.70 GeV with the BESIII detector at
the Beijing Electron Positron Collider corresponding to a total integrated luminosity of approximately 18.8 fb~!, the

process ete” — pppiin~ +c.c. is observed for the first time with a statistical significance of 11.5¢. The average
Born cross sections in the energy ranges of (4.160, 4.380) GeV, (4.400, 4.600) GeV and (4.610, 4.700) GeV are
measured to be (21.5+5.7+1.2) fb, (46.3+10.6+2.5) fb and (59.0+9.4 +3.2) fb, respectively, where the first un-
certainties are statistical and the second are systematic. The line shapes of the pn and ppr~ invariant mass spectra

are consistent with phase space distributions, indicating that no hexaquark or di-baryon state is observed.

Keywords: Multi-baryon channel, hexaquark, di-baryon states, cross section measurement

DOI: 10.1088/1674-1137/acbbeb

I. INTRODUCTION

One of the most fundamental questions in hadron
physics is related to the mechanism of color confinement
in Quantum Chromodynamics (QCD). Color-singlet had-
ronic configurations of quarks and gluons can form
bound states or resonances. Besides the well-known com-
binations of gg for mesons and ggq for baryons, other
combinations, such as ggg for hybrid states [1], multi-
gluons for glueball states [2], ggqg for tetraquark states
[3], gqqqq for pentaquark states [4] and hexaquark states
(999q9q9q) [5], are also allowed by QCD. Di-baryon [6]
and hexaquark states have been searched for in a range of
nucleon-nucleon scattering reactions. Recently, an iso-
scalar resonant structure was observed in the isoscalar
two-pionic fusion process pn — dn®n® [7] by the WASA
Collaboration and was later confirmed in the other two-
pionic fusion processes pn — drntn~ [8] and pp — dn*n®
[9], and the two-pionic non-fusion process pn — ppr°r~
[10] and pn — pna®z® [11]. This state was denoted by
d*(2380) following the convention used for nucleon excit-
ations. These observations indicate the possibility of the
existence of hexaquark and di-baryon configurations. In
2021, the BESIII Collaboration reported the search for
hexaquark and di-baryon states in examining the invari-
ant mass spectra of two baryons in the process ete™ —
2(pp) [12], and no significant signal was observed.

Analyzing data sets corresponding to a total integ-
rated luminosity of approximately 18.8 fb~! taken at cen-
ter-of-mass energies +/s between 4.16 and 4.70 GeV with
the BESIII detector, we present in this paper the first
measurement of the cross section of the process efe™ —
pppin~ +c.c.. We search for the d*(2380) and other pos-
sible hexaquark or di-baryon states with the data samples
with energies above 4.60 GeV, where the pn system with
a mass around 2.4 GeV for d*(2380) is kinematically ac-

cessible. The mass range of the pn system around 2.4
GeV/c?, in which the 4*(2380) might contribute, is
covered by the data samples with energies above 4.60
GeV. Throughout this paper, charge conjugation is al-
ways implied unless explicitly stated, and in discussing
systematic uncertainties.

II. THE BESIII DETECTOR AND DATA
SAMPLES

The BESIII detector [13] records symmetric e*e™ col-
lisions provided by the BEPCII storage ring [14], which
operates in the center-of-mass energy range from 2.0 to
4.95 GeV. BESIII has collected large data samples in this
energy region [15]. The cylindrical core of the BESIII de-
tector covers 93% of the full solid angle and consists of a
helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), and a CsI(TI)
electromagnetic calorimeter (EMC), which are all en-
closed in a superconducting solenoidal magnet providing
a 1.0 T magnetic field. The solenoid is supported by an
octagonal flux-return yoke with resistive plate counter
muon identification modules interleaved with steel. The
charged-particle momentum resolution at 1GeV/c is
0.5%, and the specific energy loss (dE/dx) resolution is
6% for electrons from Bhabha scattering. The EMC
measures photon energies with a resolution of 2.5% (5%)
at 1 GeV in the barrel (end cap) region. The time resolu-
tion in the TOF barrel region is 68 ps, while that in the
end cap region is 110 ps. The end cap TOF system was
upgraded in 2015 using multi-gap resistive plate cham-
ber technology, providing a time resolution of 60 ps [16,
17].

The data sets were collected at 29 center-of-mass en-
ergies between 4.16 and 4.70 GeV. The nominal energies
of the data sets from 4.16 to 4.60 GeV are measured by
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the di-muon process e*e” — (yisr/psr)u e [18, 19],
where the subscript ISR/FSR stands for the initial-state or
final-state radiation process, respectively. Those for the
data sets from 4.61 to 4.70 GeV are calibrated by the pro-
cess ete” — ATA; [20]. The integrated luminosity Ly is
determined using large-angle Bhabha scattering events
[20, 21]. The total integrated luminosity of all data sets is
approximately 18.8 fb~!.

The response of the BESIII detector is modeled with
Monte Carlo (MC) simulations using the software frame-
work BOOST [22] based on geant4 [23], which includes
the geometry and material description of the BESIII de-
tector, the detector response and digitization models, as
well as a database that keeps track of the running condi-
tions and the detector performance. Large MC simulated
event samples are used to optimize the selection criteria,
evaluate the signal efficiency, and estimate background
contributions.

Inclusive MC simulation samples are generated at dif-
ferent center-of-mass energies to study potential back-
ground reactions. These samples consist of open charm
processes, the ISR production of vector charmonium and
charmonium-like states, and the known hadronic con-
tinuum processes incorporated in KKMC [24, 25]. The
known decay modes are modeled with EVTGEN [26, 27]
using branching fractions taken from the Particle Data
Group (PDG) [28], and the remaining unknown decays of
the charmonium states are simulated with LUND-
CHARM [29, 30]. Final-state radiation from charged fi-
nal-state particles is incorporated with PHOTOS [31].
The signal MC simulation sample of e*e™ — pppan~ at
each energy point is generated with the events being uni-
formly distributed in phase space.

III. DATA ANALYSIS

Events with two positive and two negative charged
tracks are selected. For each charged track, the polar
angle in the MDC with respect to the z direction must sat-
isfy |cosf] <0.93. All charged tracks are required to ori-
ginate from the interaction region, defined as R, <1 cm
and |V, <10 cm, where R,, and |V,| are the distances
from the point of closest approach of the tracks to the in-
teraction point in the x—y plane and in the z direction, re-
spectively. The combined d£/dx and TOF information are
used to calculate particle identification (PID) confidence
levels for the pion, kaon, and proton hypotheses. Each
track is assigned as the particle hypothesis with the
highest confidence level. The final state in the ete™ —
ppphn~ process is reconstructed with two protons, one
antiproton and one n~. In this paper, charge conjugated
process is implied.

Since the neutron can not be well reconstructed with
the BESIII detector, the signal process is determined via
the recoiling mass of the reconstructed charged particles,

defined as

Zurecc2 = \/(Ee*e’ - Eppﬁ/r )2 - (ﬁe*e’ - ﬁppﬁ/r’ )2 : CZ’ (1)

where E,., and P,., are the center-of-mass energy and
the momentum of the e*e™ system, respectively; E,ppr
and P,,;r are the total reconstructed energy and total
momentum of the pppn~ system, respectively. Events
with M. greater than 0.8 GeV/c? are kept for further
analysis.

Studies based on the inclusive MC simulation
samples [32] show that no peaking background events
survive the selection criteria. To further suppress back-
ground events, two additional selection criteria are im-
posed on the accepted candidate events. First, the invari-
ant mass M, of the reconstructed pn~ systemis re-
quired to be outside the A signal region, i.e. |Mp, —
1.115>0.010 GeV/c?,to remove the possible back-
ground associated with A decays. Here, 1.115 GeV/c? is
the known A mass [33], and 0.010 GeV/c? corresponds to
about three times the mass resolution. Second, the invari-
ant mass of ppp (M,,;) must be less than 3.6 GeV/c?
due to the remaining neutron and pion in the event.

The M, distribution of the accepted candidates after
the above selection criteria from the combined data sets is
displayed in Fig. 1, where a significant neutron signal is
observed. The signal yield is determined by a maximum
likelihood fit to this distribution. In the fit, the signal is
represented by the luminosity weighted MC-simulated
shape convolved with a Gaussian function and the re-
maining background is described by a linear function.
From the fit, the signal yield is determined to be 123 + 14.

[3e] (9%
(=} (=)

Events/0.005 (GeV/c?)
S

M,.. (GeV/c?)

(color online) Distribution of the recoiling mass My,

Fig. 1.
of the candidate events for the reaction e*e™ — pppiin~ with
the fit results overlaid. The dots with error bars are from the
combined data sets, the black curve shows the total fit result,
and the dashed blue (red) curve represents the signal (back-
ground) shape. The pair of blue arrows marks the neutron sig-
nal region, whereas the neutron sideband regions are visual-
ized by the two pairs of pink arrows.
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The statistical significance of the signal is determined to
be 11.5¢0-, which is evaluated as V—2In(Lo/Lmax), Where
Lmax 18 the maximum likelithood of the nominal fit and
Lo is the likelihood of the fit without involving the sig-
nal component. The change of the degree of freedom is 1.
The neutron signal region is defined as M., € (0.925,
0.968) GeV/c? and the corresponding sideband regions
are defined as M. € (0.857, 0.900) U (0.990, 1.033)
GeV/c?.

Figure 2 shows the comparisons of the momentum
and polar angle distributions of the neutron of the accep-
ted candidate events between data and signal MC simula-
tion samples, where the data distribution is from the com-
bined data sets and the MC simulation distribution has
been weighted by the signal yields in data. The invariant
mass of any two or three particles, the momentum and
cos@ distributions of the other final state particles have
also been examined. The agreement between data and
MC simulation allows to determine the detection effi-
ciency with the signal MC simulation events generated
uniformly distributed in the five-body phase space.

To search for hexaquark and di-baryon states, the pn
invariant mass spectrum is examined. Figure 3 shows the
pprn~ and pn invariant mass spectra of the candidate
events for the reaction e*e™ — pppnn~. In the fit to M,
the signal is represented by the luminosity weighted
phase space MC simulation shape and the remaining
combinatorial background is described by a linear func-
tion. The goodness-of-fit is y*/nd f = 38.21/37. Here, ndf
is the number of degrees of freedom. Compared to the
phase space hypothesis, no obvious structure is observed.

IV. AVERAGE CROSS SECTIONS

In a data set for each energy point, only a few events
have been observed in the neutron signal region, with a
statistical significance of less than 3c0-. To obtain signific-
ant neutron signals the data sets are combined into three
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(color online) Momentum (left) and polar angular distributions (right) of the neutrons of the candidate events for the reaction
ete” — pppin~. The dots with error bars represent the combined data sets. The green histograms represent the sideband events. The red
histograms represent the weighted signal MC simulation events plus the normalized neutron sideband regions in data.

Fig. 2.

sub-samples in the energy ranges of (4.160, 4.380),
(4.400, 4.600) and (4.610, 4.700) GeV for further analys-
is.

The average observed cross section for e*e™ —
pppnn~ is calculated by

NS
—obs J
bs _ 7 2
0-j Eieji '-[,ji ( )

where N® is the number of signal events from the j-th
combined data set, £; and ¢ are the integrated luminos-
ity and efficiency of data set i, respectively, i represents
the i-th energy point in j-th combined data set. The detec-
tion efficiency is corrected by correction factors for the
PID and tracking efficiencies, fpip and fi«, which are de-
termined to be 0.92 and 0.98 by weighting the differ-
ences between efficiency experimentally determined and
that in the MC simulation in different momentum ranges,
respectively. Inserting the numbers which are listed in
Table 1 into Eq. (2) yields the average observed cross
sections (19.4 +5.1+1.0) fb, (42.8 £9.8 +2.3) fband (54.2+
8.6+£2.9) fb for the three combined data sets, respect-
ively, where the first uncertainties are statistical and the
second are systematic.

To measure the average Born cross section of e*e™ —
pppin~, a similar lineshape as that of e*e™ — 2(pp) [12]
is assumed to determine the ISR and vacuum polariza-
tion correction factors, (1+67) and g, as they are sim-
ilar reactions where one of the p has been exchanged by
nn~. The lineshape is constructed as

1 -
aPom(s) = - xeP (VM 3)
N

where po and p; are free parameters, My = (3m, +m,+
My-), My, my, and m,- are the known masses of p, n, and
7~ taken from the PDG [33]. The average Born cross sec-
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Table 1.
tion e*e” — pppiin~ +c.c.. Summary of the number of signal

The average observed cross sections for the reac-

events (N ), integrated luminosity (£), detection efficiency
(€), radiative correction factors (1+¢7), the average observed
cross section (7°*) and average Born cross section (g£°™) at
different c.m. energies (+/s). The uncertainties are statistical

only.
V5/GeV L/pb™l €(%) (1+6")  Nsig /b TN
41574 40870 42  0.8408
41780 3189.0 6.0 0.8388
418890 52670 7.1  0.8430
41990 52600 8.1 0.8456
42092 517.10 88  0.8485
42188 51460 9.6 0.8509
42263 105640 10.1 0.8489
42358 53030 114 08530
42439 53810 12.0 0.8552 227460 194+51 21.5+57
42580 82840 135 0.8559
42668 531.10 140 0.8587
42777 17570 148 0.8593
42878 50240 142 0.8612
43121 50120 162 0.8628
43374 50500 18.6 0.8646
43583 54390 218 0.8693
43774 52270 210 0.8668
43965 507.80 22.6 0.8674
44156 1043.90 248 0.8764
44362 569.90 250 0.8683
a7l 11100 274 ogpoq 09T 428%98 463106
45271 11212 307 0.8838
45995  586.90 340 0.8876
46152 103.83 335 08712
46304 52152 341 08710
46431 55241 345 08708
k63 2063 357 ogyly OAEIN0 542286 590294
46842 166931 363 08711
47008 53645 36.6 08710
tion is calculated by
Eqbs
T = ! ) 4)
@)

The obtained Born cross sections are then used as input in
the generator and the cross section measurements are iter-

ated with the updated detection efficiencies. This process
is repeated until the (1 +467)-e values become stable at all
energies, i.e. the difference of (1+¢6”)-€ between the last
two iterations is less than 4%. Figure 4 shows the ob-
tained average Born cross sections in the defined sub-
samples. The average Born observed cross sections are
calculated with Eq. (4), and the results are (21.5+5.7+
1.2) fb, (46.3+10.6+2.5) fb and (59.0+9.4+3.2) fb for
the three combined data sets, respectively, where the first
uncertainties are statistical and the second are systematic.
Two different functions are used to compare the trend of
the average Born cross section to a reaction where a sim-
ilar behaviour is expected. The first one is a simple five-
body energy-dependent phase space lineshape [12, 34]
and the second one is an exponential function [12, 35],
which are shown in Fig. 4. However, it should be noted
that the two functions in Fig. 4 are not fit results, but
drawn with arbitrary scale factors for comparison since a
qualitative fit is not possible due to the limited statistics.
The systematic uncertainties in the cross section
measurements will be discussed in the next section.

V. SYSTEMATIC UNCERTAINTY

In the cross section measurements, the systematic un-
certainties mainly comes from the integrated luminosity,
tracking efficiency, PID efficiency, ISR correction, M.
fit, and veto of background events associated with A de-
cays.

The integrated luminosity of the data set is measured
by large-angle Bhabha scattering events, and the uncer-
tainty in the measurement is 1.0% [21], which is domin-
ated by the precision of the MC generator used for effi-
ciency correction. The tracking and PID efficiencies have
been studied with high purity control samples of
JIw — pprtr~ and ¥(3686) —» nta J/Yy — ntn pp de-
cays [36, 37]. The differences of the tracking and PID ef-
ficiencies between data and MC simulation in different
transverse momentum and total momentum ranges are
obtained separately. The averaged differences for the
tracking (PID) efficiencies are corrected by the factors
fuk (fpip) as mentioned in Sec. IV. The uncertainties of
the tracking and PID efficiencies are reweighted by the
p/p and 7n*/n~ momenta of the signal MC simulation
events. The reweighted uncertainties for tracking (PID)
efficiencies, 0.1% (0.3%) per p, 0.1% (0.4%) per p, 1.0%
(0.5%) per n* and 0.8% (0.4%) per n~, are assigned as
the systematic uncertainties. Adding them linearly gives
the total systematic uncertainties due to the tracking and
PIDefficienciestobe 1.1% and 1.6% forthe process e*e™ —
pppin~, and 1.3% and 1.9% for the process e*e™ —
pppnn*, respectively.

The input Born cross sections in the generator are it-
erated until the (1+67)-€ values converge. The largest
difference of (1+67)-€ between the last two iterations at
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Fig. 4.  (color online) Average Born cross sections for the

process ete” — pppiin~ +c.c.. The dots with error bars are the
measured values, the blue line shows the exponential function
curve and the red-dashed line shows the five-body energy-de-
pendent phase spase (PHSP) lineshape curve.

all energy points, 3.2%, is taken as the corresponding
systematic uncertainty.

Three different tests were performed to estimate the
uncertainty associated with the M. fit. The fit range is
increased or decreased by 5 MeV/c?. The background
shape is replaced with a second-order Chebychev polyno-
mial function, and the signal shape is replaced with an
MC simulation-derived shape. The quadrature sum of
these changes, 3.6%, is taken as the relevant uncertainty.

The systematic uncertainty due to the veto of A back-
ground events is estimated by changing the A veto mass
window from 30 to +50, where o is the invariant mass
resolution and the value is 3 MeV/c?. The change of the
measured cross section, 0.03%, is assigned as the uncer-
tainty.

Adding the above systematic uncertainties summar-
ized in Table 2 in quadrature yields the total systematic
uncertainties of 5.3% and 5.4%, for the processes ete™ —

T — T T T 4
{: 15 ; + Data ;
~
% . Sideband
<)
10
v
—
<
=]
<
g s
o
>
[8a]
0

2 2.2 2.4
M, (GeV/c?)

(color online) The ppn~ (left) and pi (right) invariant mass spectra of the candidate events for e*e™ — pppiin~. The dots with
error bars represent the combined data sets. The green histograms are the normalized neutron sideband events in data. The red histo-
gram represents the weighted signal MC simulation events plus the normalized neutron sideband events in data. The black solid curve
shows the total fit result, the blue dashed curve is the signal shape derived from the signal MC simulation sample, and the red dashed
line is the linear background shape.

Table 2. The relative systematic uncertainties (in %) from
the integrated luminosity of data set (£), the tracking effi-
ciency (Trk), the PID efficiency (PID), the ISR correction
(ISR), the M, fit (Fit), and the A veto in the cross section
measurements.

Mode L Trk PID ISR Fit A veto Total

pppRin~ 10 L1 16 32 36 003 53
ppprrt 10 13 19 32 36 003 54

pppnn~ and e*e” — pppnn*, respectively. The average
systematic uncertainty, 5.35%, is taken as the total sys-
tematic uncertainty in the cross section measurement for
the process ete™ — pppan~ +c.c..

VI. SUMMARY

By using the data sets taken at the center-of-mass en-
ergies between 4.16 and 4.70 GeV, the process ete™ —
pppin~ +c.c. has been observed for the first time with a
statistical significance of 11.50-. The average Born cross
sections in the three energy ranges of (4.160, 4.380),
(4.400, 4.600) and (4.610, 4.700) GeV are measured to be
(21.5+5.7+1.2) fb, (46.3+10.6+2.5) fb and (59.0+ 9.4+
3.2) fb, respectively, where the first uncertainties are stat-
istical and the second systematic. The shape of the invari-
ant-mass spectra of pn and ppr~ are in good agreement
with the phase-space distributions, thereby indicating no
hexaquark or di-baryon state observed with the current
data sample size.
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