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Measurements of the absolute branching fractions
of Q- decays and test of the AI=1/2 rule

M. Ablikim et al.”
(BESIII Collaboration)

® (Received 13 September 2023; accepted 11 October 2023; published 21 November 2023)

Based on a dataset of (27.12 & 0.10) x 10® y(3686) events collected at the BESIII experiment, the
absolute branching fractions of the three dominant Q~ decays are measured to be Bgo-_zo,- =
(25.03 £0.44 £0.53)%, Bg-_z-, = (8.43+£0.52+£0.28)%, and Bg-_\x- = (66.3 £0.8 +2.0)%,

==

where the first and second uncertainties are statistical and systematic, respectively. The ratio between
Bo-_z0,~ and Bg-_z-,0 is determined to be 2.97 £0.19 + 0.11, which is in good agreement with the
PDG value of 2.74 4 0.15, but greater by more than four standard deviations than the theoretical prediction

of 2 obtained from the Al = 1/2 rule.

DOI: 10.1103/PhysRevD.108.L091101

Although the Q™ baryon was discovered 60 years
ago [1], its spin was not experimentally determined until
2006 [2], under the assumption that the spin of 2% is 1/2.
The first model-independent determination of the ™ spin
was conducted by the BESIII collaboration in 2021 [3], and
many of its properties still remain unknown. The Q~
baryon plays a unique role in the baryon family as the
only decuplet baryon that solely decays weakly. The weak
decays of the octet baryons and the decays of Q~ provide
important information about the interplay between the
strong and weak interactions [4—8].

Although isospin is not conserved in weak interactions,
there is an experimentally well-established AI = 1/2 rule,
which states that in weak interactions, the Al =1/2
amplitude is strongly enhanced, while the Al =3/2
amplitude is suppressed. In general, this rule is well
satisfied [9-12]. For example, the A — pz~ and A — nz°
branching fractions (BFs) [13] imply that the Al = 3/2
amplitude in A decays is less than 2% [14]. The only
significant violation of the AI = 1/2 rule is observed in Q~
decays. The BFs of the three dominant decays of Q~ listed
by the Particle Data Group (PDG) [13] were measured by
the CERN-WA-046 experiment nearly 40 years ago [15].
Using the 40-year-old data, the ratio between the BFs
of Q" - E% and Q - E7° By _z0,-/Bo—z-0)
is 2.74 +0.15 [13], while the value predicted by the
Al =1/2 rule is 2 [5,16]. These results have never
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been confirmed by any other experiment, leading to
some skepticism [6,10,12]. There are two points of
view: one suggests abandoning the A/ = 1/2 rule, and
obtaining more data to make phenomenologically reliable
predictions [6]; the other assumes the Al = 1/2 rule to be
true and that new measurements will overturn the previous
results [16,17]. To resolve this, new measurements of the
BFs for Q™ decays are urgently needed. With the world’s
largest y(3686) data sample, BESIII has an excellent
opportunity to measure the absolute BFs of Q™ decays
and test the Al = 1/2 rule.

In this Letter, we utilize a double-tag (DT) method to
measure the absolute BFs of the Q~ — E07~, Q~ —» &0,
and Q= — AK~ decays (unless otherwise noted, the
charge-conjugated decays are always implied). The sin-
gle-tag (ST) events of Q" baryons are reconstructed via the
decay Qt — AK™. The events where a signal candidate can
be reconstructed from the particles recoiling against the ST
Q7 baryon are called DT events. To improve the detection
efficiencies, only the 7=, z°, and K~ mesons from Q-
decays are reconstructed on the signal side for the three Q~
decay channels. The BF of a signal decay is determined by

Bg, = Nprest/(Nsrepr) = Npr/(Nsr€4g), (1)

where Nqr and Npr are the ST and DT yields, respectively.
The e, = epr/esr is the signal efficiency in the presence
of an ST Q* baryon, where egr and ey are the ST and DT
efficiencies, respectively.

The analysis is based on a sample of (27.12 £0.10) x
103 y(3686) events [18] collected with the BESIII detector
at the BEPCII collider. The BESIII detector [19] records
symmetric e™ e~ collisions provided by the BEPCII storage
ring [20], which operates with a peak luminosity of

Published by the American Physical Society
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1 x 103 cm™2s7! in the center-of-mass energy range from
2.0 to 4.95 GeV. BESIII has collected large data samples in
this energy region [21,22]. The cylindrical core of the
BESII 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(TI) electromagnetic calorimeter (EMC), which
are all enclosed 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 1 GeV/c is
0.5%, and the 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 resolution in the TOF barrel region is
68 ps, while that in the end cap region was 110 ps. The end
cap TOF system was upgraded in 2015 using multigap
resistive plate chamber technology, providing a time
resolution of 60 ps, which benefits about 83% of the data
used in this analysis [23-25].

Monte Carlo (MC) simulation samples are used to
optimize the event selection and estimate the background.
The simulation is performed by the GEANT4-based [26]
BESIII software system [27], which includes the geometric
description of the BESIIl detector and the detector
response. The simulation models the beam energy spread
and initial state radiation in the e™ e~ annihilations with the
generator KKMC [28]. The known decay modes of y(3686)
are modeled with EvtGen [29], and the remaining unknown
decays are modeled with Lundcharm [30]. Final state radi-
ation from charged final state particles is incorporated using
PHOTOS [31]. The signal MC samples, Q= — X, used to
determine the ST efficiency, and Q- — E(— X)z~,
Q™ - E (- X)2°% and Q= — A(— X)K~, used to deter-
mine the DT efficiency, are generated uniformly in phase
space. Final state X indicates inclusive decay, and each
sample consists of 2.54 million events.

We first measure the absolute BFs for the decay channels
Q — =% and Q= — E~ 2% Charged tracks detected in
the MDC are required to be within a polar angle (¢) range of
| cos 8] < 0.93, where 0 is the polar angle with respect to
the symmetry axis of the MDC. Particle identification
(PID) for charged track combines measurements of the
dE/dx in the MDC and the flight time in the TOF to form a
likelihood L£(h)(h = p,K,x) for each hadron h hypoth-
esis. Charged tracks with L(p) > L(K), L(p) > L(x), and
L(p) > 0.001 are identified as protons, and those with
L(K) > L(x) are identified as kaons. The remaining
charged tracks are assigned as pions by default.

For A candidates, the pz™ pairs are constrained to have a
common vertex, and the invariant mass of a pz* combi-
nation is required to be within [1.111,1.121] GeV/c>.
Vertex fits are performed to the AK* pairs to improve
the mass resolution of the Q* candidates. If there is more
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FIG. 1. Fit to the RMg- distribution. The dots with error bars

are data, the blue solid line is the total fit, and the green short-
dashed and magenta long-dashed lines represent the fitted
background and signal shapes, respectively.

than one QT candidate, the one with the minimum value of
AE = |Eq+ — Epean| is kept for further analysis, where Eg-
is the energy of the reconstructed Q* candidate in the e e~
center-of-mass system and Ey,, is the beam energy. In
addition, the invariant mass of AK* (M) must lie in the
Q" signal region of [1.664,1.680] GeV/c?.

Events in the Q% sideband region, defined as
My €[1.648,1.656] U[1.688,1.696] GeV/c?, are used
to study the potential peaking backgrounds in data. No
peaking background is found. To determine the ST yields,
an unbinned maximum-likelihood fit is performed to the
recoil-mass spectrum against the reconstructed QF
(RMg+), as shown in Fig. 1. In the fit, the signal shape
is described by the MC simulated shape convolved with a
Gaussian function with free parameters, where the
Gaussian function is used to compensate for the difference
in mass resolution between data and MC simulation. The
background shape is described by a second-order
Chebyshev polynomial. The signal region of RMg+ is
defined as [1.652,1.695] GeV/c?, and the number of ST
Q* baryons is 25819 & 188, with a corresponding effi-
ciency of 23.55%, as listed in Table L.

The 7z (2°) candidates from the decay Q™ —
207~ (E-x") are reconstructed in the recoil side of the
Q*. The tracks that satisfy |cosf| < 0.93 and L(r) >
L(K) are regarded as pion candidates. The photons used to
reconstruct the z° candidates are detected in the EMC.
Each photon is required to have an EMC energy deposit
of more than 25 MeV in the barrel region (| cos 8| < 0.80)
or more than 50 MeV in the end-cap region (0.86 <
|cos 8| < 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. Furthermore, to reject showers that originate
from charged tracks, the angle between the shower and its
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TABLE 1. The ST yields (Ngr), ST efficiency (egt), DT yields (Npr), DT efficiency (epr) and the absolute BFs of the three dominant
Q™ decays, @~ —» E'27, Q= —» E72% and Q~ - AK~(Q* — AK™). Here the uncertainties are statistical only.

Decay mode Ngr est (%) Npt ept (%) BF (%)
Q - 207 25819 + 188 23.55 5411 £95 19.72 25.03 £ 0.44
Q > E 794 + 49 8.59 8.43+0.52
Q™ - AK~ 12111 £ 127 22.78 4877 £ 72 13.64 67.25 +0.99
QF - AK™ 13705 + 139 24.31 5427 + 78 14.75 65.26 £ 0.94

closest charged track must be greater than 10°. The photons
are combined into pairs and at least one photon is required
to come from the barrel region. The photon pairs with
invariant mass within the range [0.115,0.150] GeV/c? are
denoted as 7° candidates. A kinematic fit [32] constraining
the yy invariant mass to the known z° mass [13] is
performed, and the resulting »*> must be less than 200. If
there is more than one 7~ (z") candidate, the one with the
highest energy is kept for further analysis.

For the measurement of Bg-_=-,, it is necessary to
veto the background from the decays Q- — AK~ and
Q- — =%, which also have z%s in the signal side. To
veto the background from Q- — Z%z~, if the highest
momentum track on the signal side carries the opposite
charge to the tagged Q, it is assigned as a pion and the recoil
mass against the Q" 7z~ system, RMg;: -, is calculated. We
require RMg:,- > 1.38 GeV/c? to exclude events from
Q- — E%~, where there would be a peak around the known
=% mass in the RMg: ,- spectrum. For the background from
Q™ — AK,if there are K~ tracks on the signal side, the K~
with the highest £(K) is used to calculate the recoil mass
against the QFK~ system, RMg: g, and RMg: g >
1.2 GeV/c? is required to veto this background.

Potential peaking backgrounds in the measurements
of Bgo-_ =0, and Bg-_z-,0 are investigated by analyzing
the inclusive MC sample and the events in the Mg+
or RMg- sideband regions from data. The RM g+ side-
band region is defined as RMg+ €[1.608,1.630] U
[1.718,1.739] GeV/c?. The number of peaking back-
ground events is estimated to be 46120 for the
Q- — =%~ mode, while there is no peaking background
for the Q- — E~7° mode.

For the signal events of the DT sample, the recoil-
mass spectrum against the QFz~(Q*z°) system,
RMg:,-(RMg: ), peaks around the E°(E~) mass. An
unbinned maximum-likelihood fit is performed on
RMg:,-(RMg: ) to determine the DT yields, as shown
in Fig. 2. In the fit, the signal shape is described by the
MC simulated shape convolved with a Gaussian function.
To obtain the MC simulated shape of RMg: 0, a truth
matching method is used, where the opening angle between
the reconstructed and MC-truth momentum directions of 7°
is required to be less than 10° and the energy difference
between them is required to be less than 0.1 GeV.

The background shape is described by a second-order
Chebyshev polynomial. After subtracting the number of
peaking background events, the number of DT events
of the Qfz~(Q*z°) sample is determined to be
5411 +95(794 £ 49), as listed in Table I. The polar angle
and energy distributions of z° in data from Q= — =~z are
well described by the PHSP model. The polar angle
distribution of 7z~ from Q~ — Z%z~ is also consistent
between data and MC simulation, while the transverse
momentum distributions of z~ (p7 ,-) is not. To obtain a
more accurate DT efficiency in the measurement of
Bo-_.z0,-, the events of the signal MC sample are weighted
according to the pr .- distribution in data. The weight
factors are the ratios ni,./ni,c which are obtained in
different py - bins, where n',,,, and ni,- are the numbers of
DT Q*z~ candidates in the i-th p; .- bin from data and
MC samples, respectively. The resultant DT efficiencies are
19.72% and 8.59% for Q*z~ and Q*z°, respectively, as
listed in Table I.

The absolute BFs of Q~ — 2%~ and Q — 2 7°
are determined to be Bg-_zo,- = (25.03 £0.44)% and
Bo- =0 = (8.43 £0.52)%, respectively, as listed in
Table 1. Here, the uncertainties are statistical only.

For the Q= — AK~ channel, the BFs (Bg-_x-) of the
charge conjugate modes Q= — AK~ and Q© — AK™ are
determined separately, since we observe the same decay
mode of Q — AK on both the tag and signal sides. In this
channel, the selection criteria of the ST events are the same
as those in the Q= — E%27(272°) BF measurement. The
ST yield is determined to be 12111 + 127(13705 + 139),
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FIG. 2. Fits to the distributions of (a) RM g+ ,- and (b) RM g+ 0.
The dots with error bars are data, the blue solid line is the total fit,
and the green short-dashed and magenta long-dashed lines
represent the fitted background and signal shapes, respectively.
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represent the fitted background and signal shapes, respectively.

and the ST efficiency is 22.78% (24.31%) for the tagged
Q+(Q7), as listed in Table 1.

For the signal side, at least one good charged K~ (K™)
track is required. If there is more than one K~ (K ™), the one
with the highest £(K) is kept for further study. Potential
peaking backgrounds for the DT events in the measurement
of Bg-_ ax- are investigated by analyzing the inclusive MC
sample and the events in the M g+ (M zx-) or RM g+ (RMg-)
sideband regions from data. We find 22 4+7(24 +9)
peaking background events for the DT Q*K~(Q™K*)
sample.

For the signal events of the DT sample, the recoil-
mass spectrum against the QFK~(Q K*) system,
RMg: - (RMg-g+), should peak around the A(A) mass.
Therefore, an unbinned maximum-likelihood fit is per-
formed on RM g+ x-(RMq-k+) to determine the DT yield,
as shown in Fig. 3. In the fit, the signal shape is described by
the MC simulated shape convolved with a Gaussian func-
tion. The background shape is described by a first-order
Chebyshev polynomial. After subtracting the number of
peaking background events, the number of DT events of
Q™ - AK~(Q" — AK") is determined to be 4877 £+ 72
(5427 £ 78), as listed in Table I. Similar to the pion case, the
PHSP model also cannot correctly simulate the K~ (K™)
transverse momentum distribution. To obtain a more accu-
rate DT efficiency, the events of the PHSP MC sample are
weighted according to the observed distribution of K~ (K ™)
transverse momentum. The resulting DT efficiency is
determined to be 13.64% (14.75%), as listed in Table 1.

The absolute BFs of the charge separated decays
Q™ — AK~ and Q' — AK™ are determined to be BY,- =

(6725+0.99)% and B, . = (65.26 £ 0.94)%, respec-
tively, as listed in Table I. Weighting these two BFs and
considering the correlation of the 1292 overlap events
between the QT K~ and Q™K+ samples [33], we obtain the
average BF of Bg-_ x- = (66.3 +0.8)%, where the
uncertainty is statistical only.

With the DT method, most uncertainties related to the ST
selection cancel. The sources of the systematic uncertain-
ties are summarized in Table II. Each of them is described
in the following paragraphs.

TABLE II. BF Relative systematic uncertainties in %.
Source Bo-Lz0  Bo-_Lz Bo k-
Photon detection e 2.0

7° reconstruction e 1.0 e
Pion/kaon tracking 0.3 e 1.0
Pion/kaon PID 0.2 e 1.0
ST signal shape 0.9 0.9 0.9
DT signal shape 0.0 1.4 0.2
ST background shape 0.7 0.7 0.7
DT background shape 0.2 0.9 0.8
ST background fluctuation 0.4 0.4 0.4
Weighting procedure 1.7 e 2.2
E0z~ veto 1.3 o
Truth match e 0.5 R
MC statistics 0.1 0.2 0.1
Total 2.1 33 3.0

The systematic uncertainty associated with the photon
reconstruction efficiency is estimated to be 1.0% per
photon [34], while that due to the z° reconstruction is
also 1.0% [35]. The uncertainties arising from the tracking
and PID efficiencies are both 1.0% per kaon track [36]. A
control sample J/yw — pprta~ is used to estimate the
uncertainties of the pion tracking and PID efficiencies. The
efficiency differences between data and MC simulation for
the control sample are used to reweight the signal MC
sample of Q= — E%z~. The differences between the nomi-
nal and re-weighted detection efficiencies are taken as the
systematic uncertainties, which are 0.3% and 0.2% for pion
tracking and PID efficiencies, respectively.

The uncertainties associated with the ST and DT signal
shapes are estimated by replacing the Gaussian resolution
function with a double-Gaussian function. The differences
in the signal yields are taken as the systematic uncertainties,
which are 0.9% for the ST yield, and 0.0%, 1.4%, and 0.2%
for the DT yields of Q= Z%~, Q — = 7% and
Q™ — AK™, respectively. The uncertainty due to the ST
background shape is studied by changing the second-order
Chebyshev polynomial to a first-order or third-order
Chebyshev polynomial, and the largest difference on the
ST yield, 0.7%, is taken as the uncertainty. The uncertain-
ties caused by the DT background shapes are investigated
by increasing the order of the nominal Chebyshev poly-
nomial by one, and the changes of the DT yields are taken
as the systematic uncertainties, which are 0.2%, 0.9%, and
0.8% for Q~ - &2, Q- - E72% and Q — AK",
respectively. In addition, the uncertainty due to the back-
ground fluctuation of the ST yield, 0.4%, is also considered
as a systematic uncertainty.

To obtain reliable signal efficiencies, the signal MC
samples of Q™ — E%2~ and Q= — AK~ are weighted to
match the data. To estimate the associated systematic
uncertainty, the weight factors are randomly changed
within one standard deviation in each bin one thousand
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TABLE IIl. The obtained BFs (in %) and comparison with the PDG values. The first and second uncertainties
presented in this work are statistical and systematic, respectively.

BFs Bo- g0, Bo- .z Bo-—ak-
This work 25.03+£0.44+0.53 8.434+0.52 +£0.28 66.3+0.8+2.0
PDG 23.6 0.7 8.6 +04 67.8+0.7

times to reobtain the DT efficiencies. The distributions of
the resulting DT efficiencies are fit with Gaussian func-
tions, and their standard deviations are taken as the
systematic uncertainties, which are 1.7% and 2.2% for
Q — =% and Q- — AK~, respectively.

The systematic uncertainty of vetoing the background of
Q- — E% in the measurement of Bg-_z- o is studied by
varying this requirement from RMg: - > 1.38 GeV/c? to
RMg:, > 1.36 GeV/c? or RMg: - > 1.40 GeV/c?. The
resulting largest difference to the original BF, 1.3%, is
taken as the systematic uncertainty. Since there is no signal
efficiency loss of vetoing the background of Q™ — AK™,
the systematic uncertainty due to this requirement is
negligible.

The systematic uncertainty of the truth matching method
in the Q= — E~7° mode originates from the requirements
on the opening angle between the reconstructed and
MC-truth momentum directions of the z°, and the energy
difference between the reconstructed and MC-truth z°s.
The relevant uncertainties are estimated by varying the
opening angle value to be 5° or 15° and the energy
difference to be 0.05 GeV or 0.15 GeV. The resulting
largest difference to the original BF is assigned as the
uncertainty, which is 0.5%.

The uncertainties due to the MC statistics are estimated
to be 0.1%, 0.2%, and 0.1% for Q= — Z%72~, Q= — E~20,
and Q™ — AK™, respectively.

Adding these systematic uncertainties in quadrature, we
obtain the total systematic uncertainties for the measure-
ments of Bg-_=0,-, Bo-_5-0, and Bgo-_zx- to be 2.1%,
3.3%, and 3.0%, respectively.

In summary, utilizing (27.12 4 0.10) x 10® (3686)
events collected with the BESIII detector, the absolute
BFs of Q= — 2%, Q= - 520, and Q= — AK~ have
been measured. The results are shown in Table III. The ratio
between Bg-_z,- and Bgo-_z-,0 is determined to be
297+0.19 £0.11, where the systematic uncertainties
associated with the ST yields cancel in the calculation.
Our result is consistent with the PDG value 2.74 £ 0.15
(combining statistical and systematic uncertainties in quad-
rature), but differs from the expectation (equal to 2) based
on the Al = 1/2 rule by more than four standard devia-
tions. Our measurement and the PDG value both suggest a
surprisingly strong admixture of a Al = 3/2 amplitude,
which is very different from the behavior observed in

other measured weak decays, especially the decays of the
octet baryons [6]. To understand this phenomenon, the
current effective-field-theory picture about the inter-
play of the strong and weak interactions needs to be
improved [16].
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