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ABSTRACT: A search for a massless beyond-standard-model particle is performed in the decay
=% — A + invisible using (1.0087 + 0.0044) x 1010 J/¢) events collected with the BESIII
detector at the BEPCII collider. No significant signal is observed and the upper limit on the
branching fraction B(Z° — A + invisible) is set to be 2.3 x 10™* at the 90% confidence level.
This is the first search for a flavor-changing neutral current process with missing energy in
20 decays. Throughout this paper, charge-conjugate processes are always implied.
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1 Introduction

The flavor-changing neutral-current (FCNC) transitions s — dvv are loop-induced and
Glashow-Iliopoulos-Maiani (GIM) suppressed in the Standard Model (SM), with the expected
branching fractions (BFs) below 10~ [1]. If new invisible particles beyond the SM contribute,
the BFs for some FCNC hyperon decays could be enhanced to 10~* [2]. The search for
such decays is therefore a sensitive probe for new physics (NP). NP particles such as the
QCD axion or the dark photon could contribute to the FCNC decay Z° — A + invisible via
tree-level or one-loop processes, as shown in figure 1.

The QCD axion is predicted by the Peccei-Quinn mechanism to resolve the strong CP
problem [3-6]. The QCD axion mass scales inversely with its decay constant, f,, which is
constrained to be much greater than 10°GeV [7]. Consequently, the mass of the axion is
expected to be significantly below the electronvolt scale. In this regime, the axion lifetime
exceeds the age of the Universe, so it is a viable dark matter (DM) candidate [8-10]. In
FCNC transitions relevant for axion searches, hyperon decays such as Z° — A + invisible
could provide good sensitivity to specific couplings between the axion and quarks [11]. The
possibility of a long-range gauge force associated with DM is considered, in the form of a new
unbroken abelian field, which has been termed the U(1)p dark photon, denoted as ~' [12-15].
If the U(1)p symmetry remains unbroken, its associated gauge boson will not acquire any
mass. Although a massless dark photon lacks direct couplings to SM fermions, it can still
induce FCNC processes through higher-dimensional operators.

In this paper, we search for the beyond-standard-model massless particle in the two-
body decay Z° — A + invisible, where the Z° candidate is identified by tagging a Z°
decaying to An® on the recoiling side. We employ approximately 10 million Z°Z° pairs from
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Figure 1. The possible Feynman diagrams for decay Z° — A + invisible in NP models: (a) tree-level
Feynman diagram (such as QCD axion) and (b)(c) one-loop Feynman diagrams (such as dark photon).

(1.0087 £ 0.0044) x 10 J/1) events [16] recorded with the BESIII detector. Throughout this
paper, charge-conjugate processes are always implied unless explicitly specified.

2 BESIII detector and Monte Carlo simulation

The BESIII detector [17] records symmetric ee™ collisions provided by the BEPCII storage
ring [18] in the center-of-mass energy range from 1.84 to 4.95 GeV, with a peak luminosity of
1.1 x 1033 cm™2s~! achieved at /s = 3.773 GeV. BESIII has collected large data samples
in this energy region [19-22]. The cylindrical core of the BESIII detector 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(T1) electromagnetic calorimeter (EMC),
which are all enclosed in a superconducting solenoidal magnet providing a 1.0 T magnetic
field. The magnetic field was 0.9 T in 2012, corresponding to 11% of the total J/1 data.
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 dE/dz 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 resolution 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 multigap
resistive plate chamber technology, providing a time resolution of 60 ps, and this upgraded
system was utilized for 87% of the data in this analysis [23-25].

The Monte Carlo (MC) simulated data samples are produced with a GEANT4-based [26]
software package, which includes the geometric description of the BESIII detector [27-31]
and the detector response, are used to determine detection efficiencies and to estimate
backgrounds. The simulation models the beam energy spread and initial-state radiation
in the eTe™ annihilations with the generator Kkmc [32, 33]. The inclusive MC sample
includes both the J/1 resonance production and the continuum processes simulated in
KKMC [32, 33]. All particle decays are modeled with EVTGEN [34, 35] using BFs either taken
from the Particle Data Group (PDG) [36], when available, or otherwise estimated with
LUNDCHARM [37, 38]. Final-state radiation from charged final-state particles is incorporated
using the PHOTOS package [39]. To obtain the tag efficiency of 2% — Az, the single tag (ST)
MC sample J/19p — Z9(— A+ anything)=Z°(— Ax) is generated according to its helicity decay



amplitudes [40]. The signal MC sample for the decay J/1¢ — Z%(— A + invisible)Z%(— Ax?)
is generated according to its helicity decay amplitudes, where the decay-asymmetry parameter
of 2% — A + invisible is assumed to be the same as that of 2% — A7% decay. The subsequent
decays A — pr—, A — prt and 70 — ~vv are generated with the phase space model.

3 Single tag event selection

The analysis is performed using the BESIII offline software system [41]. The signal Z° —
A + invisible is searched for with A — pr~ from Z°Z° pairs at the center-of-mass energy
of /s = 3.097 GeV. The Z° candidates reconstructed through the dominant decay mode
=20 — A7¥ are denoted as ST side, with Bzo_, im0 = (99.524 + 0.012)% from the PDG [36].
The recoiling system opposite to the ST side in the space is defined as the double tagged (DT)

side and treated as the signal. The BF of the signal decay can be calculated as:

Npr X €sT

BEO—H\—anisible = 5 (31)

NsT X €pr X Bp_spr-
where Ngr (Npt) is the observed ST (DT) yield, est (epr) the corresponding detection
efficiency, and By_,,,- = (64.1 £0.5)% the BF of A — pr~ from the PDG [36].

Events are required to have zero net charge and at least two charged tracks. All charged
tracks must be detected in the MDC within the range of |cosf| < 0.93, where 6 is the polar
angle with respect to the axis of symmetry of the MDC. The distance of closest approach
from the interaction point must be less than 20 cm along the beam direction.

Particle identification (PID) is applied by combining the measurements of dE/dz in the
MDC and the time-of-flight in the TOF to calculate the likelihoods L£(h) for each hadron
hypothesis h = p, K,m. The 7w candidates are required to satisfy £(7) > 0, L(7) > L(K),
while the p candidates must satisfy L(p) > 0, L(p) > L(K) and L(p) > L(m). Due to the low
momenta of pions (less than 0.4 GeV/c) and protons (less than 0.9 GeV/c), the identification
efficiencies for pions and protons exceed 99%, with misidentification probabilities less than
1%. At least one 7 candidate and one p candidate are required for each event.

Photon candidates are selected from showers deposited in the EMC with energies of E, >
25 MeV in the barrel (|cosf| < 0.80) and E, > 50MeV in the end-cap (0.86 < |cosf| < 0.92).
Showers must be separated from the extrapolated positions of any charged track by at least
10° (20° for the anti-proton track) and occur within 700 ns after the event start time. At
least two photon candidates are required per event. The 70 candidates are reconstructed
by looping over all pairs of good photons and their invariant mass is required to lie in the
range of (0.115, 0.150) GeV /c?, which is approximately a +20 window around the nominal
mass of 7°. The X%ﬁ/ from a one-constraint (1C) kinematic fit constraining their invariant

mass to the known

mass [36] must be less than 25. The updated 7° four-momentum
from the 1C kinematic fit is used in later calculations.

The A candidates are reconstructed via the prt final state. Primary and secondary
vertex fits are performed to all pr+ candidates, where the primary vertex is the production
vertex of the A and the secondary vertex is its decay vertex. The y2 variables of primary and
secondary vertex fits are both required to be less than 100. The decay length L divided by

its uncertainty o, obtained from the secondary vertex fit must be greater than 2. The pr™
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Figure 2. The fit on the M, from the ST side. The black dots with error bars represent the data
and the red line represents the total fit, whose signal component is shown with the green dashed line
and the background component with the blue dashed line. The bottom panel shows the pull values,
defined as Pull’ = M where N!_ .. is the number of data events in the i-th bin, N, is the

data

corresponding total number of fitted events, and o?,, is the statistical uncertainty of the data.

invariant mass M.+, obtained after the secondary vertex fit, is required to lie within the
interval (1.111,1.120) GeV/c?, which is about a +30 window around the nominal mass of A.
The A candidates satisfying all the above requirements are designated as good A candidates.
At least one good A candidate is required. The updated A four-momentum, obtained by
the secondary vertex fit, is used in all subsequent steps.
The Z° is reconstructed with the combination of A and 7° candidates using their updated
four-momentum after the fits. The best ST =° candidate is determined with minimum
E = |Ej0 — Eems/2| value from all possible A and 7° combinations, where Ej_, is the
total energy of the A and 7° candidates, and Fgns is the center-of-mass energy. M5z 0 —
ME% DG\ < 0.02GeV/c? is required for Z° candidate, where M Aro0 is the invariant mass of A
and 7, and Mzo s the nominal mass of Z° from the PDG [36]. The ST yield is extracted
from a binned maximum likelihood fit to the distribution of M), defined as

My = /B2, /Act — | P2, /2, (3.2)

Where P}-Wo is the total momentum of the A and 7% candidates. The signal process J J —

Z9(— Ar%)=%(— X) is dominant, while the background distribution is smooth and well
described by a polynomial. The signal shape is described by the MC-simulated shape
convolved with a Gaussian function, which represents the resolution difference between the
data and MC simulation. A second-order Chebyshev polynomial describes the background
shape in the fit. We obtain (1.254 4 0.004) x 10% ST events in the signal region, as shown
in figure 2, where the uncertainty is statistical only.

The ST detection efficiencies are evaluated using the signal MC sample, and are found
to be (8.15 £+ 0.01)%. As a consistency check, the BF of J/1) — Z°Z° is measured to be
(1.21240.004) x 1073 according to the observed ST yield and the corresponding ST efficiency,
which is consistent with the previous BESIIT measurements [40, 42].



4 Double tag event selection

After a 29 candidate is identified on the ST side, the signal decay Z° — A +invisible is probed
in the DT side, where the final state consists of p, 7~ and an invisible particle. Exactly two
additional charged particles are required, and they must be identified as a proton and a pion,
which are used to reconstruct the A candidate. The selection requirements for protons and
pions on the DT side are the same as those for the ST side, as introduced in section 3.

Two two-constraint (2C) kinematic fits are performed under the hypothesis of J/i —
pprtn~ 70 + invisible, which impose four-momentum conservation and assign the 7° mass to
the photon pair. In the first 2C kinematic fit, the invisible particle is assumed to be massless,
while in the second fit, it is assigned the nominal 7% mass. The X%C? obtained from the
first 2C kinematic fit, must be less than 8.5. The four-momenta of the invisible particle, p
and 7~ candidates on the DT side are obtained by this fit. To suppress the background
from Z° — A7, the chﬂo of the second 2C kinematic fit must be greater than x3-. The
invariant mass of pr~ and the invisible particle, denoted as M, ..., is required to be in
the range of (1.310,1.322) GeV/c?. For the background processes Z° — Ay and Z° — Ax?,
the missing photon carries the energy and momentum. Typically, the missing photon is either
outside the detector (|cosf| > 0.92) or located in the gaps between the barrel and the two
end caps (0.80 < |cosf| < 0.86). Therefore, the polar angle of the invisible particle must
satisfy |cosfiny.| < 0.8. To suppress the background J/¢ — %0(— Ay)29(— A7), the missing
momentum |ﬁinv.| from the first 2C kinematic fit, is required to be |ﬁinv_| > 0.15GeV/c.

If the number of photon candidates exceeds two, a five-constraint (5C) kinematic fit is
performed under the hypothesis of J/v — pprnt7~ 7"y, where the 7 is one of the photons
not originating from the 7° on the ST side. We loop over all such photons and require the
minimum ng to be greater than 1000. In addition, if the number of photon candidates
exceeds three, a six-constraint (6C) kinematic fit is performed under the hypothesis of
J/¢ — pprTn~ 7%, where the vy are two photons not originating from the 7° on the ST
side. We loop over all such photons and require the minimum X?lv to be greater than 1000.

The selection criteria on My, ch and My, i, are optimized by maximizing the
€

1.5+VB
MC sample and B is the number of background events obtained from background MC samples.

Punzi significance = [43], where € denotes the signal efficiency obtained from signal

5 Signal extraction

After the full event selection, the residual background is dominated by J/i¢ — Z0(—
A7) Z0(— An0) and J/1p — E0(— An®) £*9(— AxC). Since the invisible particle should
not deposit energy in the EMC, the total energy of all EMC showers excluding the ST 7,
denoted as Fextra, provides powerful discrimination. The Feytra can be divided into two parts

_ DT#° other
Eextra - Eextra + Eextra’ (51>

EDTﬂ'O

DI™ is the energy of the ¥ on the DT side, expected to be zero for signal events.

E‘DTWO

extra

of the photon and electron interactions with the detector materials is sufficiently accurate.

where
The value of in the background is obtained from MC simulation, whose modelling

The E2E comes from other contributions, including from unrelated sources such as detector
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Figure 3. The E2her distribution. The red histogram represents the Signal MC before the correction,
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panel shows the pull values defined as Pull’ = ¢ where N, .. is the number of data events

ata
data

in the i-th bin, Nét is the corresponding total number of fitted events, and aéata is the statistical
uncertainty of the data.

and electronic noises. After suppression of the induced showers through the isolation-angle
requirements, the interactions of the p track with the detector materials are estimated to
dominate the residual energy. Owing to the limitation of the GEANT4 in modelling the
anti-proton interactions with detector materials, the raw simulated ES%er disagrees with the

distribution from the data, as shown in figure 3. Therefore, the shape of ES is corrected
using a data-driven approach based on a J/1 — Z%(— An®)Z%(— Ax®) control sample. The
contribution of BT is assigned by sampling a random value from a shape template extracted

from the control data sample, binned in the momentum and the polar angle of the anti-proton.



A binned extended maximum likelihood fit is performed to the corrected distribution
Of Fextra to determine the signal yields Ngt, as shown in figure 4. The probability density
functions of signal and background are derived from the shape of the signal MC and inclusive
MC simulation after the data-driven correction. The fitted yield Ng; is —12.5 + 16.7. The
peaking background from Z° — Ay, with the expected yield Npeaking = 8.5 from a 20 5 Ay
MC sample, mimics the signal but is absent from the inclusive MC sample. The DT signal yield
Npr is obtained by subtracting the peaking background Npeaking from the fitted yield Ng;.
The result indicates no significant excess of observed signal above the expected backgrounds.

6 Systematic uncertainties

The DT analysis technique cancels most systematic uncertainties related to the ST selection.
The remaining systematic uncertainties are divided into multiplicative uncertainties and
additive uncertainties.

The multiplicative systematic uncertainties arise from the MC generator, the interme-
diate BF, the peaking background, and the selection requirements on X%C, €08 iy, |]31m,_],
M

P
multiplicative systematic uncertainty of 9.5%, as summarized in table 1.

= inv.s ng, and X?l“f‘ Adding the individual components in quadrature gives a total

e MC generator. To study the uncertainty arising from the signal MC generator, the
decay parameters azo used in the mDIY model are varied from 0 to -0.5 and +0.5 [40].
The largest efficiency difference of 5.0% between the alternative and nominal signal MC
samples is assigned as the uncertainty.

o Intermediate BF. The uncertainty of B(A — pr—) from the PDG [36] is 0.8%.

e Peaking background. The uncertainty on the peaking background Z° — A~ is estimated
to be 6.9%, combining the BF uncertainty quoted from the PDG [36] with the limited
MC statistics.

e Requirements on X3q, c0Sbiny., | P My Liny.s ng Xi'y' A control sample J/i) —
2029, where 20 — A7® and 2% — An°, is used to study the selection requirements
uncertainties. The same ST selections as those in section 3 are applied to the control
sample. To suppress the background, further selections M, € (1.304,1.321) GeV/c? and
X?lv < 100 are applied. Specifically, the X?h < 100 requirement is omitted when studying
the uncertainty associated with this specific criterion. Under the same selections, the
efficiency differences between the MC and the data are taken as the corresponding
uncertainties. The uncertainties from the ch, cosbiny. |13inv,], My tiny.s X%,w XZV
requirements are found to be 2.1%, 1.1%, 1.7%, 1.4%, 1.9% and 1.8%, respectively.

The additive systematic uncertainties mainly come from the bin width, the background
shape and the signal shape. Since we perform the binned maximume-likelihood fit on the Feytra
distribution using 20 MeV bin width, the uncertainty arising from the choice of bin width is
considered by using alternative bin widths of 10 MeV and 40 MeV. To consider the influence
of the fluctuations caused by the background shape, we change the smoothing parameter
(p value) of the RooKeysPDF function from 1 to 2 or 3. The uncertainty associated with



Sources Relative systematic uncertainties (%)
MC generator 5.0
Intermediate BF 0.8
Peaking background 6.9
X%C requirement 2.1
cosbiny. requirement 1.1
|]5;nv.| requirement 1.7
Mz~ tiny. TEquirement 1.4
X?’w requirement 1.9
Xi«y requirement 1.8
Total 9.5

Table 1. Summary of the multiplicative systematic uncertainties for the BF measurements. The
total value is calculated by summing up all sources in quadrature.

the signal shape is considered by replacing the nominal model with alternative models in
which the decay-asymmetry parameter of Z° — A + invisible is varied between -0.5 and 0.5.
We obtain an upper limit (UL) for each alternative case and take the most conservative
UL as the final result.

7 Result

Since no significant signal is observed, we set the UL on B(E? — A + invisible) at the 90%
confidence level (C.L.) after considering the systematic uncertainties. For each fixed signal
yield, a BF value is obtained according to eq. (3.1), and a likelihood value is obtained from
the fitting. We scan the signal yields 200 times by varying the number of events with a
step size of 0.3 to obtain the likelihood distribution £; and the maximum likelihood L ax.
The relative likelihood L is defined as

L;

£ - ['maX.

(7.1)

A Gaussian fit is performed to the distribution of the relative likelihood. Then we obtain a
mean value and an uncertainty of the BF, denoted B and op. The related likelihood function is

(B-— B)Q]

.2
20% (7 )

L(B)g o exp l—

By following a method [44] which incorporates the systematic uncertainties into the UL of
the BF, we obtain the smeared likelihood function,

(eB/é — B)? 1 (e —&)?
207 X NoT I exp 7 2 de, (7.3)

where € is the nominal efficiency and oy denotes the multiplicative systematic uncertainty.

1
L(B)smear o</ expl
0
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Figure 6. The 90% C.L. exclusion limits of s — d flavor-violating axion couplings obtained by various
experiments, $* — pa [47], KT — 7ta [46], KT — 77 7% [48], K — K(Amy) [36], K — K (ex) [49].

Also considering the additive systematic uncertainties detailed in section 6, we obtain the
most conservative UL at the 90% C.L. on the BF to be B(Z% — A + invisible) < 2.3 x 1074,
as shown in figure 5. Under the hypothesis of a massless dark photon, the maximum allowed
BF of 2% — Ay’ is 1.2 x 10~* [45], which remains consistent with our experimental bound.
For the QCD axion, the vector coupling F: 8‘2 is already tightly constrained by K+ — 7t a [46]
searches, as shown in figure 6. However, a lower bound of the axial-vectorial part Fs‘?i is
set using the UL obtained in this study, which is significantly better than the constraint
from K — K mixing (Amg) [36] and competitive with that from searches for ¥+ — pa [47],
K+ — 777% [48] and measurements of the CP-violating parameter e [49] in the kaon
system, as shown in figure 6.

8 Summary

A massless particle beyond the SM is searched for in the Z° FCNC decay Z — A + invisible
for the first time, using (1.00874:0.0044) x 10? .J /4 events collected with the BESIII detector.



No significant signals are observed above the expected backgrounds. The UL on BF is set to
be B(E% — A+invisible) < 2.3x 1074 at the 90% C.L. after taking into account the systematic
uncertainties. Throughout this paper, charge-conjugate processes are always implied. This
result provides the first experimental constraint on this decay mode and imposes stringent
limits on various new physics models involving a massless BSM particle.
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