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Abstract

The study of hyperon decays at the Beijing Electron Spectrometer I1I (BESIII)
is proposed to investigate the events of J/ decay into hyperon pairs, which
provide a pristine experimental environment at the Beijing Electron—Positron
Collider IT. About 105108 hyperons, i.e., A, ¥, =, and €, will be produced in the
J/ and (2S) decays with the proposed data samples at BESIIIL. Based on these
samples, the measurement sensitivity of the branching fractions of the hyperon
decays is in the range of 107>-1078. In addition, with the known center-of-mass
energy and “tag technique,” rare decays and decays with invisible final states
can be probed.

Full Text

Preamble

We propose studying hyperon decays at the Beijing Electron Spectrometer I11
(BESIII) to investigate J /v decays into hyperon-antihyperon pairs, which pro-
vide a pristine experimental environment at the Beijing Electron—Positron Col-
lider II. With the proposed data samples at BESIII, approximately 10°-108
hyperons (A, ¥, =, and §2) will be produced in J/v and ¥(2S5) decays. Based
on these samples, the measurement sensitivity for hyperon decay branching
fractions will reach the range of 1075-10~8. Furthermore, leveraging the known
center-of-mass energy and “tag technique,” rare decays and decays with invisible
final states can be effectively probed.

Keywords: BESIII, J/¢ decay, Hyperon, Rare decay, FCNC, Lepton flavor
violation
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Introduction

This paper surveys the hyperon physics program at the Beijing Electron
Spectrometer 111/Beijing Electron—Positron Collider II (BESIII/BEPCII) and
prospects for its upgrade. FEven with the designed luminosity of BEPCII,
substantial J/v¢ and 1(2S) event samples can be collected within a one-year
running period. The inclusive hyperon production rate can reach 1073, while
the hyperon-pair production rate in J /v decays is a few percent. With these
data, the decay properties of the spin-1/2 baryon octet can be revisited, and
decay parameters can be probed through the coherent production of hyperon
pairs in J /1 decays (where the spin-1/2 hyperon pairs are produced in the 17~
state). This survey focuses on hyperon decays that can be studied at BESIII,
particularly rare decays for which searches have not yet begun.

II. Status of BESIII

The BESIII detector consists primarily of a cylindrical main drift chamber
(MDC) providing momentum resolution o, /p, for charged particles with mo-
mentum at 1.0 GeV, a time-of-flight (TOF) system with two layers of plastic
scintillator counters located outside the MDC, and a highly hermetic electromag-
netic calorimeter (EMC) with energy resolution ogx/E = 2.5%/+/E(GeV) [1].
The MDC has its first sensitive layer at a radius of 6.0 cm from the interaction
point (IP), and combined with a 1.0 T magnetic field, it provides precise mo-
mentum measurements for charged particles with transverse momentum > 50

MeV.

BESIII has so far acquired 10® events each on the ¥(2S) and J/¢ peaks. In
the next few years, 10° events on the v(2S5) peak will be collected by the end
of 2018. The expected data samples to be collected at BESIII/BEPCII per
year are summarized in Table I [2]. In this paper, sensitivity studies are based
on5fh " luminosity at the J/¢ or ¥(2S) peaks for probing hyperon decays.
Approximately 10! events on the J /¢ peak will be collected, producing 10%
hyperons.

[TABLE 1]

As indicated in Table II, the branching fractions for J/¢ decays into hyperon
pairs are on the order of 1072, and 10*-10° hyperon-antihyperon pairs will be
produced per year at BESIII. The Q= can only be produced in 1(2S) decays
due to phase space limitations. Since there is always a neutron or neutrino
produced from ¥~ hadronic decays or semileptonic decays, one must use a “tag
technique” to study X~ decays. The decay J /v — /_\Z*wt + c.c. can be used to
study X~ decays by examining the recoiling mass of the A" system.

[TABLE II]
Three-body J /v decays producing hyperons are listed in Table III.
[TABLE III]
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I1I. Semileptonic Hyperon Decays

The Cabibbo-Kobayashi-Maskawa matrix elements characterize quark mixings
in d - ue v, and s — ue v, processes [4,5] within the Standard Model (SM).
Thus far, the most precise determinations have been obtained from superallowed
Fermi transitions together with pion decays and from leptonic and semileptonic
kaon decays [6-8]. However, hyperon semileptonic decays can also provide in-
dependent constraints on the CKM matrix elements [9,10].

Furthermore, one can test the V' — A structure of charged currents in semilep-
tonic hyperon decays [10-12]. These decays provide essential information on
the structures of nucleons and low-lying hyperons, revealing experimentally the
pattern of flavor SU(3) symmetry breaking [13]. In exact flavor SU(3) sym-
metry, the ratios of axial-vector to vector constants g,/ f; are expressed solely
in terms of two constants F' and D. Similarly, the ratios of vector constants
fo/f1 are written in terms of the anomalous magnetic moments of the proton
and neutron under flavor SU(3) symmetry [9]. Details of semileptonic hyperon
decay constants can be found in a review paper [9], with recent developments
described elsewhere [14-18].

However, experimental data for semileptonic hyperon decays show that flavor
SU(3) symmetry may be manifestly broken [14], and further precision data are
needed, particularly for Z° ==, and Q~ decays as listed in Table IV. Current
measured values for the form-factor ratio g;(0)/f;(0) in the Cabibbo model [19]
are also shown. The decays ¥~ — X% 7, and =~ — =%, have not yet been
observed. Since the lepton pairs (e"v,) are too soft to be detected by BESIII,
alternative strategies are required.

To study £~ — X% o, in J/p — AX 7" decay, the Ax" system can be fully
reconstructed as the “tag side” By examining the recoiling mass of the An™
system to clearly define the ¥~ signal region, one can finally reconstruct a X°
in the rest of the event to represent the ¥~ — %%~ 1, signal, even if the lepton
pairs are missed. To study =~ — Z% v, in J/¢p — Z"E' decay, one can
reconstruct the =t — Aznt decay as a “tag,” then examine the =~ signal on
the recoiling mass of the fully reconstructed =*, and finally reconstruct a Z°
(via 2% — A7 mode) to represent the =~ — =%~ 1, signals. All these analyses
benefit from the well-known center-of-mass energy of the initial ete™ collision
at BESIII/BEPCII. The expected sensitivity on branching fractions will be in
the range of 107°-107,

[TABLE 1V]

For rare and forbidden semileptonic hyperon decays with AS = —AQ or AS =
2, examples are listed in Table V with available data from the PDG [3], which
originate from experiments conducted nearly forty years ago. Most of these
upper limits can be improved with BESIII data, with expected sensitivities
ranging from 1076 to 10~ for these branching fraction measurements.

[TABLE V]
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IV. Radiative Hyperon Decays

Since their discovery, the nature of (weak) radiative hyperon decays has re-
mained an open question [20,21]. Study of these decays provides an important
tool for investigating the interplay of electromagnetic, weak, and strong interac-
tions. Describing these processes in terms of well-understood electroweak forces
is complicated by the presence of strong interactions [22,23]. Hyperons in the
baryon octet provide multiple reactions of this class with varying quark content
in the initial and final state baryons, as listed in Table VI.

[TABLE V|

The transition matrix element T for a general radiative decay of a hyperon
B; with momentum p to a baryon B; with momentum p’ and a photon with
momentum ¢ is given by [24]:

B;(p) = B;(p") +(q), T =Gpe,ulp’)(A+ Bys)o,,q"u(p),

where u(p’) and u(p) are the spinor wave functions of the final baryon and
initial hyperon, respectively, €, is the photon polarization vector, A and B are
the parity-conserving (M1) and parity-violating (E1) amplitudes, o, and v;
are combinations of Dirac gamma matrices, G is the Fermi constant, and e is
the electron charge. The asymmetry parameter is [25]:

. _ 2Re(4'B)
Y AR+ B

Both nonzero A and B amplitudes are required for nonzero asymmetry.

For a polarized spin-1/2 hyperon decaying radiatively via a AQ = 0, AS =
1 transition—a flavor-changing-neutral-current (FCNC) process—the angular
distribution of the direction p of the final spin-1/2 baryon in the hyperon rest
frame is (1+0¢7Pi -D), where P, is the polarization of the decaying hyperon. If the
decaying hyperon is unpolarized, the decay baryon has longitudinal polarization
given by Py = o, [26].

Hara’s theorem [27] states that parity-violating B amplitudes for weak radiative
hyperon decays should vanish in the SU(3) limit. For broken SU(3), one would
expect this asymmetry to be of order 0.2 [24], not of order 1 as indicated in
Table VI. The situation is further complicated by theoretical calculations that
violate Hara’s theorem even in the SU(3) limit [21]. In particular, the large
asymmetry observed in ¥© — pvy decay has fueled numerous discussions over
many years and remains poorly understood at the parton level [21].

As listed in Table VI, the uncertainty on the asymmetry parameter in 2= — X7~
decay is still very large and can be improved, and no measurement exists for the
decay parameter of A — n7y. Current data come from fixed-target experiments
conducted several decades ago, and improved or cross-checked measurements
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are needed. BESIII will collect 10 billion J /1 events, with hyperon production
numbers estimated in Tables IT and III.

In addition to two-body radiative decays, weak hyperon dilepton decays provide
complementary information. According to PDG2016, the only observed hyperon
dilepton decay is Z° — Aete™ with branching fraction (7.6 + 0.6) x 1076 [30],
consistent with an inner bremsstrahlung-like production mechanism for the ete™
pair, further supported by the ete™ invariant mass spectrum. The decay param-
eter was determined to be az,,, = 0.2 [30], consistent with that measured for
=0 — Ay decay as listed in Table VI. Detailed discussion of radiative dilepton
decays appears in the next section.

V. Rare and Forbidden Hyperon Decays
A. B; — B¢~ Dilepton Decays

Hyperon dilepton decays B; — By{*{~ (where { = e,pu; i.e., Dalitz decays)
proceed through both short-distance and long-distance contributions. In the
SM, the leading short-distance contribution comes from an FCNC interaction
allowed only at loop level [32]. As discussed in Section IV, these decays help
us understand the dynamics of radiative hyperon decays, with rates suppressed
by two orders of magnitude assuming an inner bremsstrahlung-like mechanism
for eTe™ pair production [31]. In the Type A region listed in Table VII, the
process is dominated by long-distance contributions from B; — By* (where
the virtual photon converts to £*¢~) and B; — B;V* (where V could be p/w
vector mesons) processes—the so-called vector dominance model mechanism
[24]. For example, the branching fraction of Xt — pete™ is estimated to be
10® [32] when considering long-distance contributions, while short-distance SM
contributions are suppressed to 1072, Dalitz decays are particularly interesting
as they allow direct searches for new scalar or vector particles that could induce
s — d transitions at tree level [33].

Recently, the LHCb experiment searched for ¥+ — pu*p~ decay, observing an
excess of events over background expectations with a signal significance of 4.0
standard deviations. No significant structure appears in the dimuon invariant
mass distribution. Due to normalization difficulties in the absence of a clear
signal, only an upper limit on the branching fraction is set: B(Xt — putp™) <
6.3 x 1078 at 95% C.L. [34], which agrees with SM predictions [32]. Sensitivities
for B; = By£*{" decays with BESIII data are estimated to be 107°-1077, as
listed in Table VII (Type A).

[TABLE VII]

B. B, — B;vv Decays via Z-type Penguin

Analogous to rare K — mvv decays [40], rare B; — Byvv decays are important
tools for testing the SM and searching for new physics. Proceeding through
FCNC processes, they are highly suppressed in the SM but show exceptional
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sensitivity to short-distance physics [36,37]. Many new physics models may
contribute to s — dvv transitions at loop or even tree level; for a recent review,
see Ref. [38]. Unfortunately, no B; — B;vv decays have been experimentally
searched for thus far.

Assuming ¥t — pvv is dominated by short-distance contributions, one can
estimate its branching fraction based on the relation [39,40]:

(Kt — ntwp) 't — pow)
[(K+ — n0ety) — T(Z+ — netv)’

Thus, in the SM, one can estimate the branching fraction to be approximately
107'3 by considering the lifetime difference between X+ and ¥~ and isospin
rotation [39]. Obviously, BESIII cannot reach this sensitivity. Since neutrinos
in the final states are invisible at BESIII but the initial eTe™ energy and mo-
mentum are known, the “tag technique” can be used to fully reconstruct one
hyperon and examine the recoil side in ¢ decays into hyperon pairs. It would be
interesting to perform a first study of ¥* — pvv decay, achieving a sensitivity
of 107® with 100 .J /v decay events. Additional examples are listed in Table
VII (Type B), representing unique accomplishments possible with BESIII.

C. Lepton-Number-Violating Decays with AL = 2

Nonzero neutrino mass is now well established [41-44], making it crucially im-
portant to study the properties of these massive neutrinos. A key question
is whether neutrinos are Majorana or Dirac particles [45,46]. Lepton-number-
violating (LNV) interactions with AL = 2 are widely viewed as the most robust
test of the Majorana nature of massive neutrinos [45,46]. Currently, neutrinoless
double S (0vB3) decays of heavy nuclei [47] provide the most sensitive probe
for very light Majorana neutrinos. However, theoretical analysis is complicated
by nuclear matrix elements that are difficult to calculate reliably.

Here we focus on AL = 2 transitions between spin-1/2 hyperons, B; — B(~ ('~
(where ¢,/ = e or pu). Examples are listed in Table VII (Type C). Only one
experimental upper limit has been reported thus far: B(E~ — pu~p~) < 4.0 x
1078, In these decays, two down-type (d or s) quarks convert into two up-
quarks, changing the hyperon charge according to the AQ = AL = 42 rule.
These transitions are assumed to occur at the same space-time location and are
therefore driven by local four-quark operators [48-50]. Studying the relatively
simpler case of O0v53 hyperon decays may shed light on approximations used to
evaluate hadronic matrix elements relevant for nuclear decays [48-50].

In Ref. [49], based on a model where ¥~ — pe e~ decay is induced by a
baryon loop with light Majorana neutrinos, the predicted branching fraction
is < 10733, In Ref. [50], based on a model with four-quark operators, the
prediction is < 10723, still too small for any future high-intensity experiment.
Thus, any observable rate for these decays must indicate new physics beyond
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the SM. With 10%° J /4 decays into hyperon-antihyperon final states producing
107-10® hyperons, BESIII can achieve sensitivities on the order of 107 with
clean backgrounds. Note that B; — By~ p~ decays can also be searched for at
LHCb with higher sensitivity due to the huge production cross sections there.

D. Other Decays Violating Lepton Number and Baryon Number

The SM has proven extremely successful. As discussed in Subsection V C,
nonzero neutrino mass indicates that lepton number (L) may be violated. There
are also compelling reasons to consider baryon number violation: (1) Sakharov’s
theory suggests that CP violation combined with baryon-number-violating
(BNV) interactions can explain the baryon asymmetry of the universe [51]; (2)
many grand unified theories allow proton decay [52]; (3) B — L is an important
symmetry, so if AL exists, AB interactions may also exist. In particular, in
the electroweak phase transition, AB, AL transitions that conserve B — L are
possible, an essential component of leptogenesis theories [53].

Recently, the CLAS experiment searched for BNV and LNV decays of A using a
photoproduction data set on protons collected at Jefferson Laboratory contain-
ing KA events [54]. Sensitivities on branching fractions for studied processes
ranged from 1077 to 2 x 107> [54]. All BNV and LNV decays can be further
studied with J/v¢ decay data into hyperon pairs, as listed in Table VIII. Some
modes (X and E hyperon decays) have never been searched for, and BESIII will
achieve sensitivities of 1077 or better. Additionally, baryon-number violation
with AB = 2 processes can be searched for in A — pr" decays, first presented
by CLAS [54]. At BESIII, baryon-number violation can be probed in AA decay
with better sensitivity than CLAS. Furthermore, A — A oscillations can be in-
vestigated using coherent AA production in .J U — AA decay; for details, see
Refs. [55,56].

In conclusion, searching for baryon and lepton number nonconservation repre-
sents an important probe of physics beyond the SM, particularly new physics
at very high mass scales.

VI. Summary

Since the discovery of hyperons and their weak decays, precision measurement
of their decay properties has been a challenge for testing the SM and beyond.
Hyperon semileptonic and radiative decays remain challenging on both exper-
imental and theoretical fronts. Rare and forbidden hyperon decays will play
an important role in searching for new physics [3,57-67]. This paper proposes
studying hyperon decays at BESIII using J/v or ¥(2S) decays into hyperon
pairs. The two-body decays of J/¢ and (2S) provide a pristine experimen-
tal environment where rare decays and decays with invisible final states can
be probed using the “tag technique” with eTe™ collisions. With one year’s
integrated luminosity at BESIII, 10-10% hyperons (A, ¥, Z, and Q) will be
produced in J /¢ and 1(25) decays. Based on these samples, the sensitivity for
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measuring hyperon decay branching fractions will be in the range of 107°~1078.
Study of hyperon decays will undoubtedly prove to be a rewarding research field
at BESIII.

Furthermore, the hyperon program provides strong motivation for collecting
data at the J /¢ and ¢(2S5) peaks at the planned super-7-charm factory [68,69].
Meanwhile, decay modes with p™p~ final states can be probed using LHCb,
where production cross sections are enormous [34].

Discussion: Theoretical input is needed for these rare decays. For example,
radiative dilepton decays B, — B fﬁf should be revisited with recent develop-
ments in chiral perturbation theory [70]. More theoretical effort should focus on
AL = 2 LNV decays B, — B fé_f/ ~, which may have implications for massive
neutrinos [71]. There are no theoretical estimations for B; — B,vv decays, but
recent lattice QCD calculations on Z-penguin-like kaon decays [72-74] could
be applied to analogous hyperon decays. Note that sensitivity estimates for
BESIII are based on educated guesses of detection efficiencies and may deviate
from true values; future studies should incorporate correct angular distributions
[75,76].
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