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A search for invisible decays of the A baryon is carried out in the process J/y — AA based on (1.0087 +
0.0044) x 10'° J/y events collected with the BESIII detector located at the BEPCII storage ring. No signals
are found for the invisible decays of A baryon, and the upper limit of the branching fraction is determined to be
7.4 x 1073 at the 90% confidence level. This is the first search for invisible decays of baryons; such searches
will play an important role in constraining dark sector models related to the baryon asymmetry.
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Understanding dark matter is a highly topical subject in
both astronomy and particle physics. Although strong
indirect evidence for the existence of dark matter is
obtained via astronomy, there is no direct evidence from
collider experiments yet. On the other hand, the asymmetry
between matter and antimatter in the Universe indicates that
baryon number (B) conservation is violated [1]. The baryon
matter density and the dark matter density are similar,
oM = 5.4Pparyon, Which may hint at a common origin of
these two unsolved questions. Dark matter may be repre-
sented by baryon matter with invisible final state [2]. In the
asymmetric dark matter scenario [3—8], the dark matter and
baryon asymmetry puzzles may be related and the dark
matter mass could be in the order of GeV. Simultaneous
generation of the necessary baryon asymmetry and dark
matter density is possible [9—11]. Those models usually
contain a neutron portal operator u“d“d® [12,13], where ¢°¢
is the right-handed quark, to couple directly with dark
matter or dark sector particles via effective operators
obtained after integrating out a color-triplet scalar. Such
operators can generally introduce B violation to the
Standard Model sector. This type of interaction has been
used to explain the discrepancy of neutron lifetime mea-
surements in the beam method [14—17] and the bottle
method [18-25], by requiring 1% of the neutrons to decay
into dark matter particles [26]. Neutrons and antineutrons
can also oscillate if the neutron portal couples to a
Majorana dark sector particle, leading to a AB = 2 process
[27]. A mirror world with mirror dark matter can lead to a
similar phenomenon [28,29]. Recently, exotic baryon
number violating decays of hydrogen atoms to dark sector
particles and neutrinos through the neutron portal have
been discussed [30]. Moreover, allowing for quarks from
the second and third generation in the neutron portal will
generally result in new portals, which can lead to heavy
flavor meson and baryon decays into dark sector particles.
Specifically, b hadrons like BY , B* and A, have been
discussed [31,32]; their exotic decays could be probed at
Belle IT and in the LHC experiments. As many theories and
experiments suggest a potential correlation between baryon
symmetry and dark sector, study of baryon invisible decays
is well motivated.

The search for invisible decays of neutral hadrons is
highly interesting, since such decays could involve a
potential dark matter candidate. Since the missing energy
cannot be fully measured at hadron colliders [33], such
studies are difficult to perform there. Electron-positron
collision experiments such as BESIII and Belle II have the
ability to probe invisible decays, benefiting from a well-
defined production process and a clean reaction environ-
ment. Stringent limits on the invisible decays of T [34],
J/w 351, BY [36], 1) [37], 2° [38], D° [39], @ [40], and ¢
[40] mesons have already been determined by several
experiments. However, no experimental study of invisible
baryon decays has been carried out yet. A search for

invisible decays of the A hyperon may provide information
which can help to understand invisible decays of neutrons.

In this paper, the first experimental search for invisible
decays of the A baryon is carried out using (1.0087 +
0.0044) x 10'° J/y events [41] accumulated at the center-
of-mass energy /s = 3.097 GeV with the BESIII detector
[42] at the BEPCII storage ring [43,44]. Taking advantage
of the clean environment of AA pairs produced in J/y —
AA, one A is explicitly reconstructed via A — pz™, allowing
to search for invisible decays of the recoiling A. Invisible A
decays are not pursued in this work, because the dominant
background from A — 7z° is hard to estimate due to the
difficulties in simulating the hadronic interactions of anti-
neutrons with the detector material. An antineutron can
induce a large number of showers spread over the detector,
which introduces difficulties of finding a clean antineutron
control sample to correct the Monte Carlo (MC) simulation.

The BESIII detector records symmetric e e~ collisions
provided by the BEPCII storage ring. The cylindrical core
of the BESIII detector covers nearly 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 enclosed in a superconducting solenoidal
magnet providing a 1.0 T (0.9 T in 2012) magnetic field.
About 91% of the data was taken with the larger field. The
solenoid is supported by an octagonal flux-return yoke with
resistive plate counter muon identification modules inter-
leaved with steel. The charged-particle momentum reso-
lution at 1 GeV/c is 0.5%. The EMC measures energies of
photons with a resolution of 2.5% (5%) at 1 GeV in the
barrel (end cap) region. The time resolution in the TOF
barrel region is 68 ps, and it was 110 ps in the end cap
region before 2015. An end cap TOF system upgrade in
2015 using multigap resistive plate chamber technology
improved the time resolution to 60 ps [45] for about 87% of
the dataset.

Simulated data samples produced with a GEANT4-based
[46] MC package, which includes the geometric description
and response of the detector, are used to determine the
detection efficiency and understand background contribu-
tions. The simulation takes into account the beam energy
spread and initial state radiation in the e e~ annihilations
with the generator KKMC [47]. A sample of 1.0011 x 10'°
simulated inclusive J/y decays is used. The inclusive MC
sample includes both the production of the J/y resonance
and the continuum processes incorporated in KKMC. The
known decays are modelled with EvtGen [48] using branch-
ing fractions taken from the Particle Data Group [49]. The
remaining unknown J/y decays are modelled with
LundCharm [50]. Final state radiation of charged final state
particles is incorporated using the PHOTOS package [51].
For the signal MC sample, the helicity formalism [52] is
applied for J/w — AA followed by the A decaying
invisibly and the A decaying into pz™.
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In the two-body decay of J/w — AA, the A can be
inferred by detecting the A decay, which provides a model-
independent way to study A decays without relying on the
total number of J/y decays. In this philosophy, the number
of events with a A detected is denoted as Ny, and the
number of events in which the signal decay of the
accompanying A is also detected is denoted as Ngg.
Therefore, the branching fraction for the signal decay is
given as

L. N sig
- =—— .

B(A — invisible) Now - (es/ ) (1)
Here, &g, is the detection efficiency when both A and A
decays are selected and ¢, is the efficiency of only
detecting the A in J/y — AA. A semiblind analysis is
performed to avoid possible bias, where 1% of the full data
sample is used to validate the analysis strategy. The final
results are obtained with the full data sample only after the
analysis method is frozen.

To select A tag events, at least two charged particle tracks
must be reconstructed in the MDC. They are required to
have a polar angle 8 with respect to the symmetry axis of
the MDC satisfying | cos 6] < 0.93. Particle identification
uses measurements of dE/dx in the MDC, forming like-
lihoods L(h)(h = K, x, p) for each hadron A hypothesis.
The p is identified by requiring L£(p) > L(z~) and
L(p) > L(K™). The z™" is identified by requiring L(z") >
L(p) and L(z") > L(K™"). At least one z and one p are
required.

To reconstruct the A, the pz+ tracks are constrained to a
common vertex by applying a vertex fit, and the corre-
sponding y? is required to be less than 200. To further
suppress background contributions, a constraint of the A
momentum vector pointing to the interaction point is
implemented and the corresponding y*> must be less than
10. The fitted decay length is required to be larger than
three times its resolution. The updated momentum of the
prt pairs after the constrained fit is used in the subsequent
analysis. In addition, the cosine of the polar angle of the A
candidate is required to be less than 0.70 to ensure that the
A decay products are in the acceptance of the EMC barrel
region which covers polar angles of |cos6| < 0.83. To
obtain a good resolution of the event start time and hence
ensure that all the showers are in time with the event, one of
the two charged tracks is required to leave cluster infor-
mation in one of the TOF layers. The relative efficiency of
this requirement is (89.67 £ 0.15)%. The invariant mass of
prt is required to be within 5 MeV/c? of the nominal A
mass. Those events with exactly one A candidate are
retained for further studies.

The A single tag yield Ny 1s obtained from a binned
maximum likelihood fit to the recoil mass distribution
RM (pr") as depicted in Fig. 1. In the fit, the signal

x10°
350 - —4— Data
(\Io é — Fit
S 300:_ ------ Signal
(0] E —— - Background
S 250F
7o) E
o 200 e
~ E
o 150F
GC) E
g 100F
L F
50 e
0 E N R BT, —-—m
1.00 1.05 1.10 1.15 1.20 1.25

RM(pr*) [GeV/c?]

FIG. 1. Fit to the recoil mass of pz*. The black dots with
uncertainties represent data and the blue solid line shows the total
fit. The red curve and green long-dashed curve are the fitted
signal and background contributions, respectively.

is modeled with a double Gaussian function, while
background contributions are described with the shape
derived from the inclusive MC sample. We find Ny, =
(4154428 + 2040) by integrating the signal function within
+40 MeV/c? of the nominal A mass. The signal purity is
99.85% and the tagging efficiency is estimated to be &,, =
(32.11 £0.01)% based on a MC sample of J/y — AA
with A — pz+t and inclusive A decays.

To select signal candidates of the invisible A decays,
RM(pn™") is required to be within 40 MeV/c? of the
nominal A mass. It is required that there is no addi-
tional charged track; this has a relative efficiency of
Egio/ €ag = (94.64 £ 0.17)%. The efficiency loss is mainly
due to secondary tracks originating from the antiprotons
interacting with the detector material. As the invisible A
decay final states do not deposit any energy in the EMC,
the sum of energies of all the EMC showers not associated
with any charged tracks, Egyc, can be used as a discrimi-
nator. Suppression of EMC showers from charged tracks is
achieved by an isolation requirement: the angles between
any shower included in the sum and the momenta of the 7"
and p tracks must be greater than 10° and 20°, respectively.

As inferred from studies of the inclusive MC sample,
A — na® is the dominant background after applying all
selection conditions. However, due to the inaccurately
modeled neutron interactions in the detector material by
the GEANT4 package, the simulation of the energy deposits
of neutrons in the EMC is unreliable, as illustrated in Fig. 2.
Therefore, the MC-derived shape of this background
contribution is corrected based on a neutron control sample,
which can be used to model the energy deposit in the EMC
from the penetrating neutron. The energy deposit in the
EMC can be divided into three parts, as detailed below

Egme = EE(I)VIC + Efyc + Eftes (2)
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FIG. 2. The Efyc + Eg‘f\}fg distribution in J /y — pr*n control
sample. Data points with error bars represent neutron control
sample in data. The purple full filled histogram shows the
GEANT4-based simulated shape, and the green cross filled
histogram shows the corrected shape.

where EE?VIC is the energy due to electromagnetic showers
from 7° decays, Epyc is the energy deposited by neutrons,
and E™Se is the energy of showers unrelated to the event.
Among them, Eﬁwc is retained based on MC simulations as
the interactions of photons or electrons with material are
reliably described in the simulation. The information of
EE(;\AC is recorded by switching off the interactions of p, z™"
and n with the detector material in the exclusive simulation
of the background process of J/y — A(nz®)A(px*). For
the sum of E%\- and ER, a neutron control sample of
J/y = A(na®)A(pr*), z° — yy is selected, where all final
state particles are detected except the neutron. A series of
shape templates as a function of the momentum and polar
angle of the neutron is derived by summing up the energies
of all the showers except the photon showers from z°
decays, which are not associated with the pz™ tracks. The
corrected Egye shape for A — nz® background contribu-
tions is derived by combining EE(I)VIC with a random value of
the sum of El and ENXES from the shape template
according to the momentum and polar angle of the neutron
in the exclusive MC simulations. The above mentioned
correction procedure has been validated based on the
control sample of J/y — ppa° and pa*n, where ppn®
is used to check the z° simulation and pz"n to cross check
the two-dimensional resampling method on the EMC
shower energy of the neutron control sample. Figure 2
shows that the resampled shape of Ely + ERiS well
reproduce the original shape in J/w — pz*n control
sample.

The corrected distribution of Egyc is shown in Fig. 3,
where the resulting Epyc distribution for the A — nz°
background and for other remaining minor A decay back-
ground contributions, such as A — ny with size of 0.5% of

—e— Data

- -- Signal Shape
Corrected Background
Other Background

Events / 20.0 MeV

FIG. 3. The Egyc distribution. The dots with uncertainties
represent data. The dashed line shows the signal shape, where the
corresponding yield is normalized arbitrarily for clarity. The solid
line shows the A — nz" background shape including the cor-
rection. The grey filled area shows the other background
contributions mentioned in the text.

A — nz° background, in the inclusive MC sample is
overlaid. The signal of invisible A decays is expected to
peak close to zero, as the dashed line in Fig. 3 shows. The
signal shape can be modeled by MC simulations from noise
plus a small contribution from charged-particle showers
leaking through the isolation requirement.

The total Egyc distribution from the simulated J/y
decay background is found to agree well with the data, no
obvious signal is observed. An upper limit (UL) at
90% confidence level (C.L.) on the branching fraction of
invisible A decays, B(A — invisible), is evaluated by a
binned maximum likelihood fit to the Egyc distribution,
after taking into account the effects of statistical and
systematic uncertainties. Here, the number of signal events
N, 1s obtained by integrating the signal fraction of the fit
function.

The systematic uncertainties on B(A — invisible) due to
the selection criteria used for tagging A candidates cancel
in Eq. (1). The systematic uncertainty related to the
determination of N, is found to be negligible. The sources
of the dominant systematic uncertainties are the selection
condition regarding the separation angle between the EMC
shower and the anti-proton, the choice of binning in fitting
to the Egyc distributions and the requirement of no
additional charged track. In the former two cases, we vary
the condition (the binning) as summarized in Table I.

Antiproton interactions with the EMC material can
produce a large number of fake photon signals over a
large area. The requirement on the opening angle between
the shower direction and the p track extrapolated to the
EMC can affect the Egyc shape in both signal and
background processes. To take this effect into account,
different choices of separation angles are tested in the
analysis procedure. In the likelihood fit, five different
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TABLE I.  Sources of systematic uncertainties, which are taken
into account in estimating the UL of the invisible A decay rate.

Source Choice or uncertainty

18°, 20° and 22°
10, 20, 30, 40, 50 MeV

0.6%

Shower separation angle
Bin width

No additional charged track

choices of bin widths are considered with a minimum width
of 10 MeV. The requirement of no additional charged tracks
affects the estimation of the detection efficiency and the
Egyc distribution. To study this systematic effect, a clean
control sample of J/y — A(pa~)A(pa™) is selected
requiring a full detection of all final state charged tracks.
The efficiency difference of the further requirement of no
additional charged tracks between data and MC simulations
is found to be 0.6%.

A modified frequentist approach [53,54], which incor-
porates all the systematic and statistical uncertainties, is
adopted to estimate the UL of B(A — invisible). In the
procedure, thousands of pseudodata samples are generated
according to the Egyc distributions in data. In each sample,
the number of events is randomly chosen with a Poisson
distribution with a mean value corresponding to the data.
This approach incorporates the statistical fluctuation. A
binned maximum likelihood fit is implemented, where the
signal model is taken from the signal MC sample, and A —
nn® background contributions are described with the MC-
determined shape after correction with the neutron control
sample. The sizes of these two components are free
parameters in each fit. The size and shape of the remaining
A decay backgrounds are fixed according to the inclusive
MC sample; this is found to cause negligible uncertainty.
Values of bin width and the shower separation angle, as
listed in Table I, are randomly selected and applied to the
corresponding signal and background models. To calculate
B(A — invisible), the involved efficiency ratio &,/ in

—
(=}
1

7.40 x10° @ 90% C.L.

Number of experiments

\S]
(4]
AL LA LAY LAY LARAY LALRY RARAY LAARY LR |

20 ' 2
B(A—s invisible)x10™
FIG. 4. Distribution of the estimated B(A — invisible) in

pseudosamples. The shaded area corresponds to the 90% cover-
age in the physical region.

Eq. (1) is scaled with a factor randomly sampled from a
Gaussian function with mean of 1 and width of 0.006. The
resulting distribution of the calculated branching fractions
in the pseudosamples is shown in Fig. 4, described by a
Gaussian function. The UL on B(A — invisible) at
90% C.L. is determined by integrating in the physical
region (B > 0). The corresponding UL is obtained to be
7.4 x 107>, including the systematic uncertainties.

In summary, with a sample of (1.0087 + 0.0044) x
10' J/y events collected by the BESIII detector, the first
search for invisible decays of the A hyperon is carried out.
This is the first direct experimental search for invisible
decays of baryons. No obvious signal is observed and the
UL on the decay rate is B(A — invisible) < 7.4 x 107> at
90% C.L., which is consistent with the prediction of
4.4 x 1077 from the mirror model [29]. This result sheds
light on the neutron lifetime measurement puzzle [14-25]
and helps to constrain dark sector models related to the
baryon asymmetry.
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