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Based on 1.0087 × 1010 J/ψ events collected with the BESIII detector operating at13

BEPCII in 2009, 2012, 2018 and 2019, the radiative decay Ξ0 → γΛ is studied at col-14

lider experiment for the first time. After background subtraction, XXX±XXX events are15

observed in total from the two charge conjugated processes, and the absolute branching16

fraction (BF) is determined to be B(Ξ0 → γΛ) = (xxx± xxxstat.± xxxsyst.)×10−3, the decay17

parameter is determined to be α(Ξ0 → γΛ) = (xxx ± xxxstat. ± xxxsyst.).18
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1 Introduction1

1.1 Motivation2

Hyperons, quasi-stable subatomic particles classified as baryons that are composed of three quarks, are3

more heavier than the nucleons (protons and neutrons). Distinct from nucleons, they contain one or more4

strange quarks. In order of increasing mass, the hyperon family includes the Lambda-zero (Λ0) particle,5

a triplet of Sigma (Σ) particles, a doublet of Xi (Ξ) particles, the Omega-minus (Ω−) particle and so on.6

In this work we will concentrate on the lightest hyperon: Λ .7

Hyperon decays fall into three categories: the nonleptonic decays, semi-leptonic decays and weak8

radiative decays[1]. The most dominant with the branching fraction of nearly 100%, are the nonleptonic9

(or pionic) decays, for example Λ → pπ−, Λ → nπ0. The semi-leptonic (or β) decays, like Λ → pe−ν̄e,10

are quite infrequent with the branching fraction(BF) in the range from 10−3 to 10−4. The weak radiactive11

decays refer to that contain only one hadron in initial state as well as final state with a γ emission, like:12

Λ→ γn.13

The weak radiactive decays of hyperon represent effective s → d quark transitions. These unique14

decays combine the strong, weak, and electromagnetic interactions in a hardronic system. Searching15

for the weak radiative hyperon decays provides an important tool for investigating the interplay of the16

electromagnetic, weak, and strong interactions[2]. The description of these processes in terms of well-17

undertood electroweak forces in complicated by the presence of strong interactions[3][4].18

The transition matrix element T for a general radiative decay of a hyperon Bi of momentum p to a19

baryon B f of momentum p′ and a photon momentum q,20

Bi(p)→ B f (p′) + γ(q) (1)

is given by[5],21

T = GF
e
√

4π
ενū(p′)(A + Bγ5)σµνqµu(p) (2)

where ū(p′) and u(p) are the spinor wave functions of the baryon and hyperon, respectively, εν is22

the polarization vector of the photon, A and B are the parity-conserving (M1) and parity-violating (E1)23

amplitudes, σµν and γ5 are the combinations of the Dirac gamma matrices, GF is the Fermi constant, and24

e is the electron charge. The decay asymmetry parameter is [6]25

αγ =
2Re(A ∗ B)
|A|2 + |B|2

(3)

The long-standing questions associated with the hyperon weak radiative decays is the “Hara theorem”[7],26

which indicates the parity-violating amplitudes B vanishing for weak radiative decays in the limit of uni-27
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tary symmetry within the pole approximation[8]. For broken SU(3), according to the size of hadron-level1

SU(3)-breaking effects elsewhere, the asymmetry parameter is expected to be of the order of ±0.2[5].2

However, fix target experimental measurements[2] for the weak radiative decays did not support the3

predictions and the decay parameters were found large as the order of ±1.0, according to Table 1.

Table 1: Branching fraction and decay asymmetry parameter measurement results for weak radiactive
decays. “−” indicates “not available”.

Bi → γB f BF(10−3) αγ

Λ→ γn 1.75±0.15 −

Σ+ → γp 1.23 ± 0.05 −0.76 ± 0.08

Σ0 → γn − −

Ξ0 → γΛ 1.17 ± 0.07 −0.70 ± 0.07

Ξ0 → γΣ0 3.33 ± 0.10 −0.69 ± 0.06

Ξ− → γΣ− 1.27 ± 0.23 1.0 ± 1.3

Ω− → γΞ− < 0.46(90%C.L.) −

4

Basically, there are four fix target experimental measurements for Ξ0 → γΛ, as shown in Table 2.5

According to the measurement results, we can see that the average value of the branching fraction of6

Ξ0 → γΛ is determined by Ref. [9], while the average value of decay parameter is determined by7

Ref. [12] with quite large statistic, however, the branching fraction is not determined in the experiment.8

Table 2: Summary of experimental measurements for Λ→ γn. “−” indicates the value not available.

Experiment BF(×10−3) αγ Signal yields

CERN SPS NA48[9] 1.17 ± 0.05 ± 0.06 −0.78 ± 0.18 ± 0.06 672

CERN SPS NA48[10] 1.91 ± 0.34 ± 0.19 − 31

FerrmiLab[11] 1.06 ± 0.12 ± 0.11 -0.43 ±0.44 161/87

CERN SPS NA48[12] − -0.704 ±0.019 ± 0.064 52000

PDG 1.17 ± 0.07 -0.704 ±0.019 ± 0.064 −

Abundant theoretical calculations and predictions for BF and decay parameter of weak radiative9

decay behind the Hara theorem are implemented. Recently, detailed dynamics for the hyperon weak ra-10

diative decay are revisited by theorists[13], predictions for Ξ0 → γΛ by different models are summarized11

in Table 3.12

The theoretical models help explaining the physical essences of the weak radiative decays, but obvi-13



June 22, 2022 – 19 : 43 BES MEMO 5

Table 3: Predictions for branching fraction and decay parameters.

Model BF(10−3) αγ

Broken SU(3) [14] 1.02 -0.97

ChPT [15] 1.17 0.46

Pole model I [16] 0.72±0.42 0.07

Pole model II [17] 3.0 -0.78

NRCQM [13] 0.96±0.32 -0.72±0.11

ous difference of the experimental and theoretical results was observed. Therefore , precise experimental1

measurements are urgent to cross-check with the models and the previous experiments.2

At BESIII, more than 10 billion J/ψ events have been accumulated in 2009, 2012, 2018 and 2019. It3

is a good oppurtunity to search the radiative decay of Ξ0 → γΛ by using J/ψ→ Ξ0Ξ̄0 process, the charge4

conjugate processes of Ξ0 → γΛ can cross-check with each other. Also it will be the first time to study5

hyperon weak radiative decays on e+e− collider with lower backgroud level than fix target experiments.6

Baryon polarization in baryon-antibaryon events from J/ψ→ Ξ0Ξ̄0 events was observed at BESIII [18],7

based on the measurement result and experimental method, the decay parameter for Ξ0 → γΛ will be8

measured for the first time with spin-correlation of J/ψ→ Ξ0Ξ̄0 decay.9

In order to experimentally reconstruct and measure the Ξ0 → γΛ, we can speculate that the most10

challenge lies in the requirement of γ detection in the presence of a generally large π0 background,11

considering Ξ0 → γΛ with a branching fraction BF ≈ 10−3, versus Ξ0 → π0Λ with BF ≈ 0.99 [1]. The12

decay channels and corresponding branching fraction of Ξ0 is list in Table 4.

Table 4: The decay channels and corresponding branching fraction of Ξ0 quoted from PDG.

Decay channels BF

Ξ0 → π0Λ (99.524 ± 0.012)%

Ξ0 → γΛ (1.17 ± 0.017) × 10−3

Ξ0 → γΣ0 (3.33 ± 0.1) × 10−3

Ξ0 → Λe+e− (7.6 ± 0.6) × 10−6

13

1.2 Analysis strategy14

In this analysis, the radiative decay of Ξ0 → γΛ are searching in the subsequent decay of process15

J/ψ → Ξ0Ξ̄0, thus a double tag (DT) method, which may cancel several uncertiainties and is described16
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below detailly, is implemented. Throughout the text, the charged conjugated modes is not implemented1

if there is not mentioned specially.2

To search for the decay of Ξ0 → γΛ, we first tag the J/ψ → Ξ0Ξ̄0 events (namely signal tagged3

(ST) thereafter ) by reconstructing a Ξ̄0 signal with its charged decay mode Ξ̄0 → π0Λ̄, where Λ̄ is4

reconstructed by Λ̄→ π+ p̄. The observed ST yields (NS T ) can be written as :5

NS T = NJ/ψ→Ξ0Ξ̄0 ×BΞ̄0→π0Λ̄ ×BΛ̄→π+ p̄ ×Bπ0→γγ × εS T , (4)

where NJ/ψ→Ξ0Ξ̄0 is the event number of event J/ψ → Ξ0Ξ̄0 in the using data sample, BΞ̄0→π0Λ̄ is the6

decaying branching fraction (BF) of Ξ̄0 → π0Λ̄, and εS T is the corresponding ST detection efficiency.7

We then search for the decay Ξ0 → γΛ recoiling against the ST Ξ̄0 (namely double tagged (DT)8

thereafter), and the corresponding DT yields (NDT ) is :9

NDT = NJ/ψ→Ξ0Ξ̄0 ×BΞ̄0→π0Λ̄ ×BΛ̄→π+ p̄ ×Bπ0→γγ ×BΞ0→γΛ ×BΛ→π−p × εDT , (5)

where BΞ0→γΛ is the BF of the signal interested, and the εDT is the corresponding DT efficiency.10

Divide Eq. 5 by Eq. 4, the BF of the decay Ξ0 → γΛ is obtained :11

BΞ0→γΛ =
NDT/εDT

NS T/εS T
×

1
BΛ→π−p

(6)

1.3 BESIII and BEPCII12

The BESIII and BEPCII is major upgrade of the BESII and BEPC experiment for hardron spectroscopy13

and τ−charm physics. The BEPCII is a double-ring e+e− collider designed to provide a peak luminosity14

of 10 33cm−2s−1 at the center of mass energy around 3770 MeV. The BESIII, a general purpose detector15

running at BEPCII, is cylindrically symmetric with a geometrical acceptance 93% of 4π. A supercon-16

ductive solenoid magnet provides a 1.0 T magnetic field aligned with the beam axis for BESIII. The four17

main sub-detectors of BESIII is:18

• MDC a drift chamber (MDC) with 43 layers, which is filled with helium-based gas. The average19

single wire resolution is 135 µm, and the momentum resolution in MDC is 0.5% for transverse20

momenta of 1 GeV/c;21

• TOF a time-of-flight system (TOF) for particle identification composed of a barrel and two endcap.22

The barrel part is made of plastic scintillators in two layers, and the endcap part is made of multi-23

gap resistive plate chambers (MRPC) upgraded in 2015. The time resolution is 80 ps of the barrel,24

and 60 ps of the endcap, corresponding to a 2σ K/π separation for momenta up to about 1.0 GeV;25
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• EMC a electromagnetic calorimeter (EMC) for electron identification and photon detection. The1

EMC is totally consist of 6240 cells of CsI(Tl) crystal in the barrel section and endcap section.2

For 1.0 GeV photons, the energy resolution is 2.5% in the barrel and 5% in the endcap. and the3

position resolution is 6 mm in the barrel and 9 mm in the endcap;4

• MUC a muon chamber system(MUC) made of 1000 m2 of Resistive Plate Chamber (RPC) ar-5

ranged in 9 layers in the barrel and 8 layers in the endcap. The position resolution of MUC is6

around 2 cm.7
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2 Data Set and Monte Carlo Samples1

2.1 Data set2

This analysis uses the sample of 10 billion J/ψ events collected with the BESIII detector in 2009, 2012,3

2018 and 2019.4

2.2 Software framework and monte carlo samples5

These data samples are reconstructed using the BOSS (BESIII Offline Software System), which is devel-6

oped based on Gaudi. This analysis is implemented in BOSS version 7.0.5.7

Monte Carlo (MC) simulations of e + e− annihilations are used to understand the backgrounds and8

also to estimate the detector efficiency of each channel. The response of the detector to the events is9

simulated with GEANT4 [19][20]. At BESIII, the simulation of the beam energy spread and the initial-10

state radiation (ISR) of the e + e− collisions is considered with KKMC [21]. The subsequent decay of11

ΛΛ̄ are produced with BesEvtGen [22][23]. We have used three types of MC events:12

• 10 billion J/ψ inclusive MC sample, which is provided by the BESIII offline group. The inclusive13

MC sample is used to investigate possible backgrounds, of which the branching fractions of the14

known physics processes are set to world average values according to PDG;15

• 400,000 DIY signal MC, which is used to evaluate the signal detection efficiency and extract the16

signal shape used for the fit. This is about 40 times the number of signal events in data.17

• 4 million Phase Space (PHSP) signal MC, which is used to to caluculate the normalization factor18

of the maximum likelihood fit of the decay parameter. This is about 400 times the number of signal19

events in data.20

• 20 million DIY background MC, which decay channel is J/ψ → Ξ0Ξ̄0, Ξ̄0 → π0Λ̄,Ξ0 → π0Λ.21

The sample is used to study the dominant background. This is about five times the number of22

background events in data.23
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3 ST analysis1

In this section, the interested ST decay process Ξ̄0 → π0Λ̄ is studied in the subsequent decay of process2

J/ψ → Ξ0Ξ̄0, where the Λ̄ is reconstructed by Λ̄ → π+ p̄ and π0 is reconstructed by π0 → γγ. The ST3

analysis, including event selection, background study, ST signal extraction and efficiency study etc will4

be presented detailly.5

To have a clear physical image, the basic distribution of kinematics of final state particles for the6

ST process Ξ̄0 → π0Λ̄ are shown in Fig. 1, where Ξ̄0s are of momenta between 0.8 and 0.84 GeV/c,7

and Λ̄s are of momenta between 0.5 and 0.9 GeV/c, π0s are of momenta between 0.0 and 0.3 GeV/c.8

The openning angle between Λ̄ and Ξ̄0 is relatively very small, which indicates the Λ̄ inherits most of9

the momentum and emits almost in the same direction of its mother particle Ξ̄0. The momenta scales of10

anti-protons (p̄) and pions (π+) are of large difference, which can be used to distinguish p̄ and π+. The11

charge conjugate process, Ξ0 → π0Λ are of identical distributions.12
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Figure 1: The kinematic distribution of ST final states from MC truth, (a) the momentum of Ξ̄0; (b) the
openning angle between Λ̄ and Ξ̄0; (c) the momentum of Λ̄ and π0, (d) the openning angle between Λ̄

and π0; (e)the momenta of anti-protons and pions; (f)the openning angle between anti-protons and pions;
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3.1 Objects selection1

• Good charged tracks2

Since Ξ0 is long life particle (cτ = 8.71cm), there are no requiements on Vxy and Vz of the good3

charged particles, where Vxy and Vz are the closest distance of the charged tracks to interaction4

point (IP) in the plane perpendicular to and along the beam direction, respectively. The polar angle5

of the charged tracks is required within the acceptance of MDC, as:6

→ | cos θ| < 0.937

where θ is the corresponding polar angle in the laboratory system.8

• Particle identification (PID)9

According to Fig. 1, in the subsequent decay of J/ψ → Ξ0Ξ̄0, Ξ̄0 → π0Λ̄, Λ̄ → π+ p̄, anti-protons10

and π+ can be seperated through the momenta. Therefore, charged tracks with momenta larger than11

0.3 GeV/c is assigned to be anti-protons, otherwise charged tracks with momenta smaller than 0.312

GeV/c is assigned to be pions. To further increasing the purity, dE/dx and TOF information are13

combined to form the PID confidence level for (anti-)protons, kaons, and pions. And we have14

requirement as:15

→ prob( p̄) > prob(π+)&&prob( p̄) > prob(K+)16

where, prob( p̄/π+/K+) are the probilities of charged tracks to be identified as anti-proton, π+ and17

K+, respectively.18

• Good EMC showers19

The candidates of good EMC showers are required to have deposited energy beyond the threshold.20

A time window of TDC, tT DC , is required to suppress the electronic noise and the cluster un-21

related to events. The clusters are further required to be apart from the charged tracks to eliminate22

the showers originating from charged tracks.23

→ E > 25 MeV in barrel region (| cos θ| < 0.8) or E > 50 MeV in endcap region (0.86 < | cos θ| <24

0.92), where θ is the polar angle of EMC showers.25

→ 0 ≤ tT DC ≤ 700 ns.26

→ θ(γ, track) > 20◦ for anti-proton, while θ(γ, track) > 10◦ for other tracks, where θ(γ, track) is27

the opening angle between an EMC shower and a charged track.28

• Reconstruction of π0
29
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For a π0candidate, at least two good EMC showers are needed. The π0 candidates are recon-1

structed with two γs using one-constraint (1C) kinematic fit by enforcing the energy-momentum2

conservation under the hypothesis of π0 → γγ, inwhich the invariant mass of the γγ is fixed to π0
3

mass quoted from PDG. All possible combinations of γγ are looped in the 1C fit and reconstruct4

π0 candidates. Candidates of π0 are kept for further usage. In order to improve the purity of π0s,5

invariant mass of the two γs, Mγγ is required as:6

→ 115 MeV ≤ Mγγ ≤ 150 MeV7

the width of the mass window is corresponding to three times of Mγγ resolution.8

3.2 ST candidate selection9

The ST Ξ̄0 candidates are reconstructed through its dominant decay mode Ξ̄0 → π0Λ̄ with Λ̄→ π+ p̄ and10

π0 → γγ. Candidate events are required to have at least one p̄ and π+, and one π0.11

The ST Λ̄ is reconstructed with one p̄ and one π+. A secondary vertex fit is carried out with the12

combinations of any p̄s and π+s. If there are more than one combinations of p̄ and π+ passing the fit, the13

one with the minimum χ2
sec is retained, where χ2

sec is the chi-square of the secondary vertex fit. According14

to the χ2
sec distributions of signal and backgrounds are shown in Fig 2, and the signal significance under15

different χ2
sec cut values are shown in Fig. 3, therefore we apply no requirement for the χ2

sec. Due to16

the Ξ̄0 has relatively long lifetime in the laboratory frame (cτ = 8.71cm), the reconstructed Λ̄ decay17

length (L) of signal process is expected longer than other combinatorial backgrounds, according to the18

decay length distributions in Fig. 4. To reject backgrounds, the decay length is required larger than 2.5,19

according to the signal significance distribution under different cut value, as shown in Fig 5. In order20

to improve the purity of Λ̄ candidates, the distribution of the invariant mass of p̄ and π+ is required as21

|M( p̄π+) − MPDG
Λ
| < 6 MeV/c2, as shown in Fig. 6. 6 MeV/c2 corresponds to five times of resolution of22

the M( p̄π+) distribution.23

→ Np̄ ≥1 , Nπ+ ≥1,24

→ L > 2.5.25

→ |M( p̄π+) − MPDG
Λ
| < 6 MeV/c2

26

The ST Ξ̄0 is reconstructed by one Λ̄ and one π0. If there are more than one combinations of Λ̄ and27

π0, the one with minimum |M(π0Λ̄) − MPDG
Ξ0 | is retained. The M(π0Λ̄) is the invariant mass of π0 and Λ̄,28

and MPDG
Ξ0 is the nominal mass of Ξ0 quoted from PDG. As shown in Fig. 7, a mass window requirement29

|M(π0Λ̄) − MPDG
Ξ0 | < 12 MeV/c2, which corresponds to the three times of resolution, is applied.30

→ |M(π0Λ̄) − MPDG
Ξ0 | < 12 MeV/c2.31
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Figure 2: The distribution of chisqure of the vertex fit(χ2
sec ) for (a) Λ → π−p in ST Ξ0 → π0Λ process

and (b) Λ̄→ π+ p̄ in ST Ξ̄0 → π0Λ̄ process. Dots with error bars indicate data and pink dashed lines show
the inclusive MC. The blue solid and red solid lines represent the signal and backgrounds, respectively.

sec
2χ

0 100 200 300 400 500

S
+

B
S

/

0

20

40

60

Figure 3: The optimization curve of χ2
sec, where S and B stands for signal and background yields, respec-

tively.
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Figure 4: The distribution of decay length for (a) Λ in ST Ξ0 → π0Λ process and (b) Λ̄ in ST Ξ̄0 → π0Λ̄

process. Dots with error bars indicate data and pink dashed lines show the inclusive MC. The blue solid
and red solid lines represent the signal and backgrounds, respectively.
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Figure 6: The distributions of (a) M(π−p) and (b) M(π+ p̄). The red arrows in the plot indicate the cut
value.
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value.
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3.3 ST background studies1

10 billion J/ψ inclusive MC sample provided by the offline software group is used to study the potential2

backgrounds. To identify the events J/ψ→ Ξ0Ξ̄0 and reduce the background contributions from J/ψ→3

Ξ̄0 + anything, which are not due to J/ψ → Ξ0Ξ̄0, a recoil mass, Mrecoil
Ξ̄0 =

√
(Ec.m. − EΞ̄0)2 − P2

Ξ̄0 is4

defined. This mass is required to be within 1.2 < Mrecoil
Ξ̄0 < 1.45 GeV/c2, where Ec.m. is the center-of-5

mass (c.m.) energy, EΞ̄0 and PΞ̄0 are the energy and momentum of ST Ξ̄0 cadidate.6

After applying all the criteria, topology of survived events from inclusive MC shows the potential7

background processes, as summaried in Table 5. To reject these contributions from the non-J/ψ→ Ξ0Ξ̄0
8

processes, the yield of ST events will be extracted from the recoil mass of tagged Ξ̄0 (Mrecoil
Ξ̄0 ), which9

is shown in Fig. 8. The signal region is defined as 1.2 < Mrecoil
Ξ̄0 < 1.45 GeV/c2. Within this signal10

region, the total estimated backgrond after normalizing to the total J/ψ event number is 1146508 and11

14494726 for tagging Ξ0 and Ξ̄0, respectively, corresponding to 53.64% and 61.47% for the suvived12

events, individually.13
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Figure 8: The recoil mass distribution of tagging Ξ̄0 within the signal region, defined as 1.2 < Mrecoil
Ξ̄0 <

1.45 GeV/c2. (a)ST Ξ0 → π0Λ process and (b) ST Ξ̄0 → π0Λ̄ process.

Besides the already known background processes, unknow processes are also a concern for the back-14

ground estimation. In order to study these potential processes, we studied the Mrecoil
Ξ̄0 distribution of15

events in the sideband region of tagging M(π0Λ) spectrum, defined as 0.03 GeV/c2 < |M(π0Λ)−MPDG
Ξ0 | <16

0.042 GeV/c2. The corresponding distributions of these events are shown in Fig. 9, where no peaking17

background is observed.18

3.4 ST efficiency19

Signal MC samples, including a sample of 3.9 × 106 J/ψ → Ξ0Ξ̄0,Ξ0 → π0Λ, Ξ̄0 → π0Λ̄ are generated20

to estimate the ST signal efficiencies, as shown in Table 6.21
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Table 5: Main background processes after single tag event selection.

Percentage(%)

Process ST Ξ0 → π0Λ ST Ξ̄0 → π0Λ̄

J/ψ→ π+π−ΛΛ̄ 4.39 6.09

J/ψ→ Σ∗0Σ̄∗0 5.32 5.81

J/ψ→ γΛΛ̄ 4.35 4.04

J/ψ→ Ξ−Ξ̄+ 2.45 3.81

J/ψ→ Ξ∗0Ξ̄0 0.20 0.66

J/ψ→ Σ̄0Σ∗0 2.00 0.73

J/ψ→ Σ0Σ̄∗0 1.15 0.65

J/ψ→ Σ̄0Σ0γ 1.20 1.30

Self BKG 11.25 11.84

Others 21.35 26.53

Total 53.64 61.47
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Figure 9: The recoil mass distribution of tagging Ξ̄0 of the sideband events which is in cyan-filled
histogrms.
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Table 6: The ST signal MC efficiencies of each step of event selection.

Efficiencies ST Ξ0 → π0Λ ST Ξ̄0 → π0Λ̄

Truth 100.0% 100.0%
Charge Tracks (Ntrk ≥2) 95.24% 95.24%

PID 59.62% 58.78%
Vertex fit 46.19% 45.50%
L > 2.0 37.17% 36.74%

|M( p̄π+) − MPDG
Λ
| < 6 MeV/c2 31.91% 31.60%

Shower (Nγ ≥2) 31.55% 31.26%
Nπ0 ≥1 27.59% 27.37%

|M(π0Λ̄) − MPDG
Ξ0 | < 12 MeV/c2(truth match) 13.17% 11.91%

1.2 < Mrecoil
Ξ̄0 < 1.45 GeV/c2 13.15% 11.89%

3.5 ST yields extraction1

The yield of ST (NS T ) is extracted by performing a binning extended maximum likelihood fit on the2

Mrecoil
Ξ̄0 distributions between 1.2 and 1.45 GeV/c2, as shown in Fig. 10. In the fit, the signal is modeled3

by the MC-simulated shape extracted from the signal MC, which is convoluted with a Guassian function4

to represent the resolution difference between data and MC simulation. The background is described by5

a 1st order polynomial function. The signal yield from the fit as well as the detector efficiency estimated6

from the signal MC sample J/ψ → Ξ0Ξ̄0,Ξ0 → π0Λ, Ξ̄0 → π0Λ̄ are summarized in Table 7. It is7

worth noting that the signal yields exist 2.0% difference between two charge conjugated modes after the8

detection efficiency correction. Detail studies indicate that this difference is due to the MC efficiency9

which is corrected.(Details in Appendix D). Since the DT method is used in BF measurement, thus this10

effect do not affect the results, but improved the purity of ST sample.11
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Table 7: The ST yields of charged conjugated processes.

Modes J/ψ→ Σ+Σ̄−,Σ+ → π0 p, Σ̄− → anything J/ψ→ Σ+Σ̄−, Σ̄− → π0 p̄, Σ+ → anything

Yield 319859 ± 703 276468 ± 642

Default efficiency 39.72% 35.02%
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4 DT analysis1

The interested decay process Ξ0 → γΛ is studied in the subsequent decay of process J/ψ → Ξ0Ξ̄0 by a2

DT approach. In this section, the DT analysis, including event selection, background study, DT signal3

extraction and efficiency study etc will be introduced detailly.4

Before we start the analysis of the DT process, the distributions of kinematics of the final state5

particles in the DT Ξ0 → γΛ process are checked in Fig. 11. We can get information: the DT Ξ0s are6

of momenta between 0.8 and 0.84 GeV/c, and Λs are of momenta between 0.5 and 0.9 GeV/c, γs are7

of momenta between 0.1 and 0.35 GeV/c. The openning angle between Λ and Ξ0 is relatively very8

small, which indicates the Λ inherits most of the momentum and emits almost in the same direction of its9

mother particle Ξ0. The momenta scales of protons (p) and pions (π−) are of large difference, which can10

be used to distinguish the them. The charge conjugate process, Ξ̄0 → γΛ̄ are of identical distributions.11
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Figure 11: The kinematic distribution of DT final states from MC truth, (a) the momentum of Ξ0(γ); (b)
the openning angle between Λ and Ξ0; (c) the momentum of Λ and γ, (d) the openning angle between Λ

and γ; (e)the momenta of protons and pions; (f)the openning angle between protons and pions;
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4.1 Objects selection1

Since the charged tracks and neutral showers are already selected in the ST event selection, here we have2

no more introductions on the objects selection.3

4.2 DT candidate selection4

• Good charged tracks5

Since the final state of interested signal Ξ0 → γΛ includes one photon, one proton, and one π− in6

the final states, so we require:7

→ Np ≥1 , Nπ− ≥1,8

where the Np and Nπ− are the track numbers for proton and π−. Good charged tracks are of same9

defination as those in sec. 3.110

• Good shower number11

As mentioned above, in the process Ξ0 → γΛ, the candidate events are required at least one good12

shower for DT, and there already exist two good showers from π0 decay in ST process, thus at least13

three good showers are required:14

→ Nshower ≥ 3.15

• Λ reconstruction16

With the same method as ST Λ̄ reconstruction, the DT Λ is reconstructed with one proton (p) and17

one π−. A secondary vertex fit is carried out with the combinations of any ps and π−s. If there18

are more than one combinations of p and π− passing the fit, the one with the minimum χ2
sec is19

retained, where χ2
sec is the chi-square of the secondary vertex fit. In order to improve the purity of20

Λ candidates, the distribution of the invariant mass of p and π− is required as |M(pπ−) − MPDG
Λ
| <21

6 MeV/c2, as shown in Fig. 12. 6 MeV/c2 corresponds to five times of resolution of the M(pπ−)22

distribution.23

→ |M( p̄π+) − MPDG
Λ
| < 6 MeV/c2

24

It is worth noting that there are no requirement for the χ2
sec and decay length of the DT Λ, because25

we will use another more strict criteria to suppress the backgrounds with short-life hyperons, such26

as J/ψ→ Σ∗0Σ̄∗0.27

• Kinematic fit28
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Figure 12: The distributions of (a)M(π+ p̄) and (b)M(π−p) in process DT Ξ0 → γΛ and Ξ̄0 → γΛ̄,
respectively. The red arrows in the plot indicate the cut value.

A five-constraint (5C) kinematic fit by enforcing the energy-momentum conservation with the1

hypothesis of J/ψ → Λ̄γ1γ2Λγ is performed. Here the kinamatic variables of Λ̄ as well as their2

uncertainties are from the second vertex fitof ST side. The invariant mass of γ1 and γ2 which are3

from the π0 in the ST side, are constrained to the nominal mass of π0. For the events with more4

than three good showers, all the photons (except γ1 and γ2) are looped in the 5C-fit and the one5

with the smallest χ2
3γ(Ξ0 → γΛ) is kept. The distributions of χ2

3γ(Ξ0 → γΛ) is shown in Fig. 136

(a-b) for the signal and background samples from inclusive MC. A requirement χ2
3γ < 15, which7

is considering both the signal efficiency and significance, is further implemented.8

Detail background studies (as shown following) indicate that the dominate background is from9

Ξ0 → π0Λ. To suppress this background, we performed the similar 5C kinematic fit for the10

hypothesis of J/ψ → Λ̄γ1γ2Λγγ. For the events with more than four good showers, all the pho-11

tons (except γ1 and γ2) are looped in the 5C-fit and the one with the smallest chisqure (χ2
4γ) is kept.12

Finally we require13

→ χ2
4γ > χ

2
3γ14

Figure 14 shows the the energy distribution of photon in the Ξ0 rest frame Ecms
γ , which is the15

variable to extract the yields of signal, after each step of event selection.16

• Further suppresion of Σ-related background17

After above selection criteria, the energy distributions of photon candidates in the Ξ0 rest frame18

(Ecms
γ ) are shown in Fig. 14(e)(f), in which the backgrounds are dominanted from the processes19

like J/ψ→ Σ̄0(→ Λ̄γ)Σ∗0(→ Λπ0), which are involving Λ(Λ̄) from the Σ̄0(Σ∗0) decays. Due to the20

extremely short life time of Σ0 or Σ∗0, the crossing point of the Λ̄ and Λ tracks is expected very21

close to the initial point (IP). We performed a vertex fit with the Λ and Λ̄ and reconstruct the decay22
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Figure 13: (a) The distribution of the 5C-fit χ2
3γ(Ξ0 → γΛ) and (b) χ2

3γ(Ξ̄0 → γΛ̄) and (c)optimazation
curve, where the S stands for Signal events number and B stands for Background events number

length (LΛΛ̄), which refers to the closest distance between the crossing point of the Λ̄ and Λ tracks1

to the IP. The LΛΛ̄/σLΛΛ̄ is used as a selection criteria to improve the signal efficiency, as shown2

in Fig. 15 (a). According to the optimized curve in Fig. 15 (b), events passing the vertex fit and3

LΛΛ̄/σLΛΛ̄ < 2.5 is rejected.4

→ reject events passing the vertex fit and LΛΛ̄/σLΛΛ̄ < 2.55
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Figure 14: The energy distributions of photon candidates in the Λ(Λ̄) rest frame (Eγ) after every step of
event selection about the kinematic fit.
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• Event selection efficiency1

After above selection criteria, the signal efficnecies are summaried in Table 8. The final efficiency2

is 0.84% for Ξ0 → γΛ and 0.92% for Ξ̄0 → γΛ̄.

Table 8: The DT signal MC efficiencies of each step of event selection.

Efficiencies Ξ0 → γΛ Ξ̄0 → γΛ̄

Truth 100.0% 100.0%
Single tag 39.6% 45.2%

Kinematic fit(χ2
3γ <100) 31.6% 34.6%

χ2
4γ > χ

2
3γ 31.0% 33.9%

L/σL 21.8% 23.8%
χ2

3γ <30 19.1% 20.9%
Truth match 19.0% 20.9%

3
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4.3 DT background studies1

We use 10 billion inclusive J/ψ MC sample to study the potential backgrounds after applying all above2

selection criteria, and the distributions of Ecms
γ for the Ξ0 → γΛ and Ξ̄0 → γΛ̄ are shown in Fig. 16,3

respectively, where the signals of Ξ0 → γΛ and Ξ̄0 → γΛ̄ are observed clearly, but with large background4

from Ξ0 → π0Λ and Ξ̄0 → π0Λ̄. The 10 billion inclusive J/ψ MC sample is performed with the same5

approaches, and the survived events are summaried in Table 9.6
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Figure 16: The distributions of γ energy in the Ξ0(Ξ̄0) rest frame after applying all the above selection.
The dot with error bars are data, with histogrms with colors for different processes in inclusive mc.

Table 9: The yields of signal and backgrounds after the kinematic fit from inclusive MC sample.

Source Ξ0 → γΛ channel Ξ̄0 → γΛ̄ channel
Ξ0 → γΛ 91 79
Ξ0 → π0Λ 478 447

Others 13 12
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4.4 DT yields extraction1

The double tag yield Ndouble−tag is extracted by fitting the distribution of photon candidate energy in the2

Λ(Λ̄) rest frame. As shown in Fig. 17, a 1-D unbinned extended maximum likelihood fit is performed3

on the distribution of the accepted events. The fitting range is from 0.08 GeV to 0.24 GeV. The PDFs4

are modeled by the shapes extracted from signal MC and background MC. Considering the resolution5

difference between data and MC, MC-simulated shapes of signal and BKG A are convoluted with a6

Gaussian function with same parameters.7

Shape of BKG A is extracted from exclusive MC which photon candidates are matched with with8

the truth direction (< 10◦). The BKG B is related to noise showers generated by reaction of n(n̄) with9

matter, the MC cannot simulate these complex processes. The PDF for BKG B is described with a10

gaussian function which parameters are extracted from a data control sample of the BKG B (The details11

are introduced in Appendix B). The yields of the signal and background are set floated in the fit.12
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Figure 17: Fit of the energy distribution of photon candidates in the Ξ0(Ξ̄0) rest frame. The left plot is
the fit for Ξ0 → γΛ process, right plot is the fit for Ξ̄0 → γΛ̄ process.

Individual fits with accepted events for two charge conjugte processes are performed firstly. In fact,13

we assume the charge conjugate processes share a same branching fraction, a simultaneous fit with all14

accepted events is performed. The yields of individual and simultaneous fit are shown in Table 10.15

Table 10: The DT yields obtained by individual and simultaneous fit.

Process Ξ0 → γΛ Ξ̄0 → γΛ̄

Yields Individual fit Simultaneous fit Individual fit Simultaneous fit

Signal 52±9 45±6 42±9 51±7

Ξ0 → π0Λ 393±22 392±22 409±23 412±23

Others 30±14 34±14 31± 17 23±15
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4.5 Result of branching fraction1

The BF of Ξ0 → γΛ is calculated with the yields determined by the individual fit and simultaneous fit,2

as shown in Table 11. The statistical uncertainties are indicated after the BF results by absolute values.3

Table 11: Branching fraction results of Ξ0 → γΛ based on individual and simultaneous fit.

Modes BF
Ξ0 → γΛ (1.23 ± 0.21stat.) × 10−3

Ξ̄0 → γΛ̄ (0.88 ± 0.19stat.) × 10−3

Simultaneous fit (1.06 ± 0.14stat.) × 10−3
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5 Determination of Decay Parameter1

5.1 Joint angular distribution2

The total cjoint angular distribution amplitude for e+e− → J/ψ → Ξ0Ξ̄0 is shown in Appendix A.3

And experimentally β and γ are reconstructed by an observable φ(β = (1 − α)1/2sinφ). So the final4

expression is a formula with 8 decay parameters space η (αJ/ψ,∆Φ, αΞ0 , αΞ̄0 , φΞ0 , φΞ̄0 , αΛ, αΛ̄) and 95

kinematic variables space ξ (θΞ0 , θΛ, φΛ, θΛ̄, φΛ̄, θP, φP, θP̄, φP̄).6

Where the kinematic variables are defined in the reference frame shown in Fig. 18. The θΞ0 is7

the angle between momenta of positron and Ξ0 in the e+e− C.M. frame and the polar angle θΛ(θΛ̄)) and8

azimuth angle φΛ(φΛ̄) of Λ(Λ̄) are defined in it’s mother particle Ξ0(Ξ̄0) rest frame and the corresponding9

coordinate system is rotated from e+e− C.M. frame to make the momentum direction of Ξ0(Ξ̄0) pointing10

along Z axis and Y axis is perpendicular to the decay plane which is defined by the e+ momentum11

direction and Ξ0 momentum direction. The polar angle θP(θP̄)) and azimuth angle φP(φP̄) of proton and12

anti-proton are defined in it’s mother particle Λ(Λ̄) rest frame.13

Figure 18: Definition of the helicity frame and coordinate system for e+e− → J/ψ→ Ξ0Ξ̄0.

5.2 Maximum likelihood fit14

The maximum likelihood fit is a common procedure used for parameter estimation in analysis of ex-15

perimental data, which is adopted to estimate the decay asymmetry parameter. The probability density16

function (PDF) for a single event is defined by:17

p.d. f (ξ, η) =
ω(ξ, η)ε(ξ)∫
dξω(ξ)ε(ξ)

(7)

In this formula, ω(ξ, η) is the joint angular distribution amplitude, and the ε(ξ) is the detection ef-18

ficiency. ξ is the kinematic variables (θΞ0 , θΛ, φΛ, θΛ̄, φΛ̄, θP, φP, θP̄, φP̄), and η is the decay parameters19

space η (αJ/ψ,∆Φ, αΞ0 , αΞ̄0 , φΞ0 , φΞ̄0 , αΛ, αΛ̄) . The integral term
∫

dξω(ξ)ε(ξ) is the normalization factor.20
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Considering the naive case, there are N independent signal events without backgrounds, the likeli-1

hood function is defined as:2

L = p.d. f (ξ1, ξ2...ξN ; η)

=

i=N∏
i=1

p.d. f (ξi, η)

=

i=N∏
i=1

ω(ξ, η)ε(ξ)∫
dξω(ξ)ε(ξ)

(8)

Take the -log value:3

−lnL = −

i=N∑
i=1

ln(
ω(ξ, η)∫

dξω(ξ)ε(ξ)
) −

i=N∑
i=1

ln(ε(ξ)) (9)

The second term −
∑i=N

i=1 ln(ε(ξ)) is a constant number only depending on the acceptance. Supposing4

the normalization factor
∫

dξω(ξ)ε(ξ) is S , the result is simplified as:5

−lnL = −

i=N∑
i=1

ln
ω(ξ, η)
S

= −

i=N∑
i=1

lnω(ξ, η) + NlnS

(10)

The S can be obtained using PHSP MC integration. Suppose we have generated the signal MC6

sample in PHSP and reconstruct it, truth event number of this PHSP sample is Ntruth and reconstructed7

event number is Nrec.The nomalization factor S can be obtained using PHSP MC which is at least 108

times of accepted data to improve the measurement accuracy:9

S =

∫
dξω(ξ)ε(ξ)

=
1

Ntruth

∫
dNtruth � ω(ξ) � ε(ξ)

=
1

Ntruth

∫
dNrec � ω(ξ, )

=
1

Ntruth

Nrec∑
k=1

ω(ξ)

(11)

In fact, the survived events are not pure and containing backgrounds, including: Ξ0 → π0Λ (BKG10

A) and other combinatorial backgrounds (BKG X). The contributions of BKG A and BKG X (lnLBKGA,11

lnLBKGX ) are substracted, only the signal process is left: −lnLS IG, as the equation below:12
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−lnLS IG =−lnLDAT A+lnLBKGA+lnLBKGX

= −

NDAT A∑
i=1

lnω(ξi, η) +

NBKGA∑
j=1

lnω(ξ j, η) +

NBKGX∑
l=1

lnω(ξl, η)

+ (NDAT A − NBKGA − NBKGX)lnS

(12)
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5.3 Fit and result1

The likelihood function of signal events for Ξ0 → γΛ and Ξ̄0 → γΛ̄ is defined as −lnLI
S IG and −lnLII

S IG,2

respectively, as shown in equation 13 and 14. The NDAT A, NBKGA, NBKGX are the yields of data, BKG A3

and BKG X, respectively. In the fit, we only float two parameters αΞ0 (denoted as αγ) and φΞ0 (denoted4

as φγ) of signal process Ξ0 → γΛ, with other parameters fixed. The normalization factors SI and SII are5

constructed with PHSP signal MC.6

−lnLI
S IG =−lnLI

DAT A+lnLI
BKGA+lnLI

BKGX

= −

N I
DAT A∑
i=1

lnωI(ξi, αγ, φγ) +

N I
BKGA∑
j=1

lnωI(ξ j, αγ, φγ) +

N I
BKGX∑
l=1

lnωI(ξl, αγ, φγ)

+ (N I
DAT A − N I

BKGA − N I
BKGX)lnSI

(13)

−lnLII
S IG =−lnLII

DAT A+lnLII
BKGA+lnLII

BKGX

= −

N II
DAT A∑
i=1

lnωII(ξi, ᾱγ, φ̄γ) +

N II
BKGA∑
j=1

lnωII(ξ j, ᾱγ, φ̄γ) +

N II
BKGX∑
l=1

lnωII(ξl, ᾱγ, φ̄γ)

+ (N II
DAT A − N II

BKGA − N II
BKGX)lnSII

(14)

Only the accepted events in the region from 0.175GeV to 0.19 GeV on Ecms
γ distribution in the Ξ0(Ξ̄0)7

rest frame are used in the fit, as shown in Fig. 19. The yields of N I,II
BKGA and N I,II

BKGX in region Ecms
γ ∼8

(0.175 GeV to 0.19 GeV) are shown in Table 12.9
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Figure 19: Distribution of Ecms
γ in the Ξ0(Ξ̄0) rest frame in the region from 0.175 GeV to 0.19 GeV. The

accepted events in this region are used in the fit.

In the fit, the αγ and the phase φγ are the only two floating parameters, other 7 decay param-10

eters (αJ/ψ,∆Φ, αΞ̄0 , φΞ̄0 , αΛ, αΛ̄) are fixed to values of in the analysis[shenhong f ei]. With package11

MINUIT from the CERN library, all possible αγ and φγ values are scaned and the optimized αγ and φγ12
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are determined with a minimized objective function. Individual fit is firstly performed using Ξ0 → γΛ(or1

Ξ̄0 → γΛ̄) process data, and the results are shown in Table 13. A simultaneous fit using two charge2

conjugated processes data are implemented, and the decay asymmerty αγ and ᾱγ share the same val-3

ue with opposite signs. The likelihood functions of the charge conjugate processes are added together,4

−lnLI
S IG−lnLII

S IG, as the object function(O f it). The measured decay asymmetry parameter of Ξ0 → γΛ5

is shown in Table 13.6

O f it =−lnLI
S IG−lnLII

S IG (15)

Table 12: Yields of backgroud in the region Ecms
γ ∼ (0.175 GeV to 0.19 GeV).

Process Yield(Ξ0 → γΛ) Yield(Ξ̄0 → γΛ̄)

Signal 35 39

BKG A 1 3

BKG X 7 2

Table 13: Results of the αγ using individual fit and simultaneous fit.

Modes αγ φγ
Ξ0 → γΛ −0.186 ± 0.3stat. −0.77 ± 0.54stat.

Ξ̄0 → γΛ̄ 0.08 ± 0.3stat. 0.15 ± 0.70stat.

Simultaneous fit 0.03 ± 0.2stat. −0.1 ± 0.56stat.
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Figure 20: Moments for accepted data as a function of cosθ for the (16 plots on the top) p̄π+nγ and (16
plots on the bottom)pπ−n̄γ. The points with error bars are the data, and the red solid-line is the global
fit. The blue solid-line shows the signal and the green dashed-line shows the no polarization scenario
ω(ξ, αJ/ψ,∆Φ, α−, αγ) = 1.
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6 Systematic Uncertainty1

Basically the systematic uncertainties in this analysis involve two parts: (1) Systematic uncertainty of2

branching ratio measurement. (2) Systematic uncertainty of the decay parameter measurement.3

The sources of the uncertainties are mainly from the MC efficiency, the fit method, backgrounds4

estimation and the decay parameter of Λ → nγ when generating signal MC, etc. All the systematic un-5

certainties are summarized in Table 14. The detail of each systematic uncertainty is described following6

the table.7

Table 14: Summary of the systematic uncertainties from different sources . The branching fraction
uncertainties are showed as the percentage while the decay parameter uncertainties are shown as the
absolute value.

Types Sources BRs. uncertainty αγ uncertainty

Common
Photon detection efficiency 1.0% -

Eγ > 0.15 GeV - -

Event selection (Λ→ nγ)

χ2
1C < 10 2.0% 0.024

|M(γγ) − Mπ0 | > 20 MeV/c2 1.6% 0.070
θ(γ, n) > 20◦ 0.5% 0.025

BDT>0.3 0.15% 0.060

Event selection (Λ̄→ n̄γ)

χ2
3C > 15 1.5% 0.022

|M(γγ) − Mπ0 | > 20 MeV/c2 1.4% 0.040
θ(γ, n̄) > 20◦ 1.9% 0.012

BDT>0.3 0.2% 0.013
n̄ correction 0.5% -

Fit

Signal shape 0.4% 0.001
BKG A shape 1.0% 0.002
BKG B shape 4.8% 0.078

Fit range 0.3% 0.001
Signal MC efficiency αγ measurement 0.6% 0.000

Total 6.4% 0.110

• Photon detection efficiency8

At BESIII the photon detection efficiency is estimated to be 1.0% per photon[27] , and there is9

at least one photon in the signal process (Λ → γn), so the systematic uncertainty associated with10

photon detection is 1.0% .11

• Anti-neutron detection efficiency12

The anti-neutron detection efficiency is corrected by the package based on a data-driven algorithm[24].13

The uncertainty caused by the package can be obtained through the input-output check in Appendix I,14

the efficiency difference of the IO check is 0.5%, so we take it as the systematic uncertainty.15
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• χ2 of kinematic fit1

For kinematic fit, by changing the cut value of χ2
1C(χ2

3C), the maximum variation of the BF and αγ2

is taken as the systematic uncertainty. There is no obvious tendency of BF and αγ, as shown in3

Fig. 21.
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Figure 21: The BF. and αγ variation tendency for different χ2
3C cut values.

4

• θ(γ, n(n̄))5

For opening angle between γ and n(n̄), by changing the cut value of the θ(γ, n(n̄)) , the maximum6

variation of the BF. and αγ is taken as the systematic uncertainty. The variation tendency of BF7

and αγ is shown in Fig. 22.8

• BDT9

The efficiency of BDT is corrected according to chapter ??, the systematic uncertainty is the statis-10

tical error of the correction coefficient, since the amount of the control sample J/ψ → ρπ is huge,11

the statistical errors are 0.15% and 0.2% for the charge conjugate process, respectively.12

• Eγ13

The energy of photon candidate in the laboratory frame, the Eγ, is required as Eγ > 0.15 GeV.14

While after BDT, the energy of majority of the photon candidates is larger than 0.2 GeV, so the15

systermatic uncertainty is omitted.16
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Figure 22: The BF and αγ variation tendency for different θγ,n(n̄) cut values.

• |M(γγ) − Mπ0 | > 20 MeV/c2
1

Two different method are tried to study the systematic uncertainty caused by this cut. The first2

way, by changing width of the mass window by 1 resolution (σ) of π0 mass, as |M(γγ) − Mπ0 |3

> 27 MeV/c2 the variation of the BF. and αγ is taken as the systematic uncertainty, as shown in4

table 15. However, this method is quite rough and determined the uncertainty might include the5

statistical fluctuation and influence of the fit. The second way, we try to select a control sample6

to study the efficiency difference of data and mc. The event selection is as follow: first, selecting7

the sample of Λ → π0n (Λ̄ → π0n̄) process (same way as in Appendix B ); second, applying8

the default event selection of signal process, performing kinematic fit for hypothesis J/ψ → Λ̄γn9

and J/ψ → Λ̄γγn. It needs to be emphasized that we don’t use the softer photon from π0 decay10

when looping all photons. Thus, we can get distribution of invariant mass of two γs (M(γγ)) from11

control sample, as shown in Fig. 23. The difference of efficiencies between data and mc in control12

sample is obtained to be 1.6% and 1.4% for Λ→ γn(Λ̄→ γn̄), respectively, what are taken as the13

systematic uncertainties.14

• Fit range15

The systematic uncertainty related to fit range is estimated by varying the range from [0.08GeV, 0.2416

GeV] to [0.09 GeV, 0.23GeV] or [0.07 GeV, 0.25GeV], the variation of the BF and αγ is taken as17
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Table 15: Systematic uncertainties of the π0 mass window obtained by variation 1 resolution (σ) of the
π0 mass.

Modes BRs. uncertainty αγ uncertainty
Λ→ γn 1.5% 0.07
Λ̄→ γn̄ 0.9% 0.04
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Figure 23: Distributions of invariant mass of two γs. The dots with error bars and red color filled
histogrms are control samples of data and mc, respectively. The blue lines are from signal mc.

the systematic uncertainty.1

• Signal / BKG A shape2

The PDFs of signal or BKG A are extracted from MC samples, the convoluted Gaussian function3

of signal / BKG A shape represents resolution difference between data and MC simulation. By4

variating ±1 resolution (σ) and repeating the fit, the max difference of the results is taken as the5

systematic uncertainty.6

• BKG B shape7

The PDFs of signal or BKG A are extracted from data samples, which is a Gaussian function. To8

study the systematic uncertainty, firstly generating 300 groups of BKG B shape whose Gaussian9

parameters(mean and resolution) are correlative based on the nominal results in Table 32, the10

distributions of mean and resolution are shown in Fig. 24; secondly repeating the simultaneous11

fit with the generated 300 groups of BKG B shapes, the distribution of the results of branching12

fraction and decay parameter is shown in Fig. 25. whose resolution is taken as the systematic13

uncertainty.14

• Signal MC αγ15

The measurement of αγ has an uncertainty. By changing the αγ value ±1σ and generate new DIY16

MC to estimate the efficiency, the variation of the fit result is taken as a systematic uncertainty.17
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Figure 24: The parameters of the generated 300 groups of Gaussian functions of BKG B shape, µ denotes
the mean value and σ denotes the resolution of the Gaussian functions. Dashed blue lines indicate the
nominal value in Table 16.
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7 Summary1

In summary, by analyzing the accumulated 10 billion J/ψ data collected with the BESIII spectrometer in2

2009, 2012, 2018 and 2019, the weak radiative decay Λ → γn is studied through the J/ψ → ΛΛ̄,Λ →3

pπ−,Λ̄ → γn̄ process. After background subtraction, 1215±40 events are observed from the charge4

conjugate processes. The absolute branching fraction (BF) is determined to be B(Λ → γn) = (0.846 ±5

0.039stat.±0.054syst.)×10−3, the decay parameter is determined to be α(Λ→ γn) = (−0.160±0.101stat.±6

0.110syst.).7
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Appendices1
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A Expression of the joint angular distribution1

The expression of the joint angular distribution of e+e− → J/ψ→ Ξ0Ξ̄0 is shown:2
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Figure 26: joint angular distribution of e+e− → J/ψ→ Ξ0Ξ̄0(a)
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Figure 27: joint angular distribution of e+e− → J/ψ→ Ξ0Ξ̄0(b)
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Figure 28: joint angular distribution of e+e− → J/ψ→ Ξ0Ξ̄0(c)
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Figure 29: joint angular distribution of e+e− → J/ψ→ Ξ0Ξ̄0(d)
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Figure 30: joint angular distribution of e+e− → J/ψ→ Ξ0Ξ̄0(e)



June 22, 2022 – 19 : 43 BES MEMO 45

! !

*
! !

*
!" ! # '() '() '()" # $%& $%&" # $%&" # $

! !

*
! !

*
!" ! # '() * '() '() '()" # $%& $%&" # $%&" # !

" ! # '() * '()" # '()" # $%& * $%&" # $%&" # !

! !

*
!" ! # '() '() * '()" # '()" # $%& * $%&" # $%&" # $

! !
!

*
!

*
!" ! # '() '()" # $%& $%& $%&" # $%&" # $

! !
!

*
!

*
!" ! # '() * '() '()" # $%& $%& $%&" # $%&" # $

! !
!

*
!

*
! !" ! # '() '() '()" # $%& $%& $%&" # $%&" # $

! !
!

*
!

*
! !" ! # '() '() * '() '()" # $%& $%& $%&" # $%&" # $

!
! !

!

*
! ! !

!
! !

!

*
! ! !

" ! # '()" # $%& $%& $%&" # $%&" # $

" ! # '() '()" # $%& $%& $%&" # $%&" # $

" ! # '() * '()" # $%& $%& $%&" # $%&" # $

" ! # '() '() * '()" # $%& $%& $%&" # $%&" # !

! !
!

*
!

*
! !" ! # '() '()" # $%& $%& $%& $%&" # $%&" # !

! !
!

*
!

*
! !" ! # '() '() * '()" # $%& $%& $%& $%&" # $%&" # !

" ! # '()" # '()" # $%& * $%& * $%&" # $%&" # !

! !

*
!" ! # '() '()" # '()" # $%& * $%& * $%&" # $%&" # !

" ! # '()" # '() * '()" # $%& * $%&" # $%&" # $%&" # !

! !

*
!

! !

*
!

! !

*
!

! !

*
!

" ! # '() '()" # '() * '()" # $%& * $%&" # $%&" # $%&" # !

" ! # '()" # $%&" # $%&" # $%&" # $%&" # !

" ! # '() '()" # $%&" # $%&" # $%&" # $%&" # !

" ! # '() * '()" # $%&" # $%&" # $%&" # $%&" # !

" ! # '() '() * '()" # $%&" # $%&" # $%&" # $%&" # $

" ! # '()" # '()" # $%& * $%& * $%&" # $%&" # $%&" # $

" ! # '() '()" # '()" # $%& * $%& * $%&" # $%&" # $%&" #

Figure 31: joint angular distribution of e+e− → J/ψ→ Ξ0Ξ̄0(f)
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B Control sample of BKG B1

For Λ → γn (Λ̄ → γn̄) process, the BKG Bs are events of Λ → π0n (Λ̄ → π0n̄) process, whose photon2

candidate determined by the kinematic fit for Λ̄Λn̄γ hypothesis is none of the π0 decay photons, but3

other noise showers( possibly secondary showers of the n(n̄) reaction with matters in the EMC). At this4

point Geant4(MC) can not simulate the noise showers accurately so we try to obtain the shape of BKG5

B through a data control sample.6

The control sample is obtained from J/ψ → ΛΛ̄, Λ → pπ−, Λ̄ → π0n̄ (J/ψ → ΛΛ̄, Λ̄ → p̄π+,Λ →7

π0n) process, respectively. The general steps of event selection is: first, reconstruct the Λ → pπ− with8

a proton, a π−; second, reconstruct Λ̄ → π0n̄ with two photons(π0) and a anti-neutron; third, applying9

kinematic fit of signal final state hypothesis of Λγn̄; finally, require the photon candidate of Λ̄ → γn̄ is10

not the two photons of reconstructed π0 in second step. The detail selection creteria are introduced at the11

end of this chapter.12

The shape extraction of BKG B from control sample is shown in Fig. 32. There are three components13

to describe the distribution of data sample. The green line is the shape of BKG B, which is modeled by14

a gaussian function whose parameters are floated and determined by the fit, as shown in Table 16. The15

blue line is the shape of process of Λ→ γn, which is modeled by the MC shape extracted from exclusive16

MC of Λ → γn. The red line corresponds to the special cases that the photon candidate is the signal γ17

from π0, these events refers to the two γs of π0 are not signal photons during the reconstrction of π0.18
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Figure 32: Distribution of the Eγ in Λ(Λ̄) rest frame of the control sample. The left (right) plot is
for Λ → γn (Λ̄ → γn̄), respectively. To extract the BKG B shape, a gaussian function with floated
parameters is used to model the shape, which is in dashed green line. The other two constituents are
modeled with shapes obtained from exclusive MC, as mentioned in previous content.

Actually the control sample of BKG B is obtained from J/ψ → ΛΛ̄, Λ → pπ−, Λ̄ → π0n̄ process,19
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Table 16: Parameters of the BKG B shape described by Gaussian function

Fit Parameters mean (MeV) sigma (MeV)
Λ→ γn 165.6±2.6 22.1±1.5
Λ̄→ γn̄ 148.3±2.9 20.4±1.7

however, sometimes the π0 can not be reconstructed when the signal photons are not detected by the1

EMC. So we use MC to validate that the shape of BKG B in control sample can represent the shape of2

all the BKG B events, as shown in Fig. 33, the shapes of BKG B whether the π0 is reconstructed are3

basically consistent.4
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Figure 33: Comparison of distribution of the Eγ in Λ(Λ̄) rest frame of BKG B for Λ → γn (left) and
Λ̄ → γn̄ (right). The blue line indicates the case that π0 is reconstructed and the red line indicates the
case the π0s is not successfully reconstructed. The stone blue indicates all BKG B events.

The detail selection criteria of BKG B control sample from J/ψ→ ΛΛ̄, Λ→ pπ−, Λ̄→ n̄π0 process,5

the detail creteria are listed as :6

• Good charged tracks7

→ Vxy <10 cm, |Vz| <30 cm, |cosθ| < 0.938

→ Np ≥1 , Nπ− ≥1,9

• p±, π± identification10

→ p± : p > 0.5 GeV/c and prob(p) > prob(π)&&prob(p) > prob(K)11

→ π± : p < 0.5 GeV/c12

• Vertex fit13

→ χ2
sec < 20, L/σL > 2.014



June 22, 2022 – 19 : 43 BES MEMO 48

→ |M(pπ−) − 1115.7| < 8 MeV/c2,1

• Good EMC showers2

→ E > 25 MeV (barrel:|cosθ| < 0.8), E > 50 MeV (endcap:0.86 < |cosθ| < 0.92)3

→ Nshower ≥ 2 for Λ→ nπ0, while 3 for Λ̄→ n̄π0.4

→ 0 ≤ tT DC ≤ 700 ns.5

→ θ(γ, track) > 20◦ for anti-proton, while θ(γ, track) > 10◦ for other tracks, where θ(γ, track) is6

the open angle between the charged tracks and the showers in EMC.7

• n̄ selection8

→ The most energetic shower in the EMC,9

→ En̄ > 400 MeV.10

• π0 selection11

→ 1C kinematic fit for all possible combinations of photons .12

→ χ2
π0 < 25.13

→ Nπ0 > 0.14

• Kinematic fit15

→ χ2
1C(Λ→ nπ0) < 100 (optimized according to Figure 34(a b).)16

→ χ2
3C(Λ̄→ n̄π0) < 200 (optimized according to Figure 34(c d).)17

• Selection criteria for Λ→ γn (Λ̄→ γn̄)18
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Figure 34: (a b) The distribution of χ2
1C(Λ → nπ0) and χ2

3C(Λ̄ → n̄π0) (c d) the optimization curve,
where S and B stands for Signal and background yields, respectively.
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C Performance comparison of MVA models1

To further reject the BKG B, BDT(G) model has been adopted. In fact, the several Multivariate Data2

Analysis(MVA) models are compared. As mentioned in the previous content, the input vaiables of MVA3

models are emc shower information, as shown in Table 17. Trainning and testinf samples of MVA models4

of photon candidates are obtained from signal MC and BKG B MC. The correlation matrix of the input5

variables are shown in Fig. 35, which indicate the relational degree between two shower variables. The6

performace of MVA models is evaluated by the signal efficiency vs background rejection rate curve,7

which is shown in Fig. 36, obviously the BDT(G) has the best performace.8

The energy of photon candidate is also used in BDT because the performace will be better when9

using the energy as one of the iuput variables of BDT, according to Fig. 37.10

Table 17: MVA input variables of EMC shower information of photon candidates.

Photon Shower Information Description
Eγ Energy
Nhit Hit number∑i=N

i=1 Eir2
i /
∑i=N

i=1 Ei Second moment
M42 A42 moment

(e5x5 − e3x3)/e5x5 Shower shape
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Figure 35: The correlation matrix of the input variables of signal and BKG B.
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Figure 37: Performace comparison of BDT(G). When using the Eγ as input variables(5 input parameters
of photon candidate) , the performace is much better than that not using the Eγ as input variables(4 input
parameters of photon candidate).

D Correction of ST efficiency1

To reconstruct the Λ signal with its decay mode Λ→ π−p. Candidate events are required to have at least2

one proton and one π−, vertex fit and secondary vertex fit for Λ → π−p decay are used to reconstruct Λ3

. Since the signal yields of single tag exist 3.5% difference between two charge conjugated modes after4

the efficiency correction. Detail studies indicate that this difference is due to the MC efficiency of single5

tag. Detail check for the single tag efficiency of (anti-)proton selection, π+ (π−) selection and vertex fit6

and secondary vertex fit will be introduced in this chapter.7

The efficiency of single tag includes three parts: tracking, PID, and (second)vertex fit. The process8

of J/ψ→ ΛΛ̄,Λ→ π−p, Λ̄→ π+ p̄ is used to study the efficiency. All the J/ψ data and equal luminosity9

of generated exclusive MC are used.10

• Tracking efficiency11

The tracking effiency is defined by the formula:12

εtrk =
N

N + n
, (16)

where N is the number of events in which the missing particle is found and n is the number of13

events in which the missing particle is not found. Taking proton for example, to get the tracking14

efficiency, the recoil mass of proton is obtained by using other particles of the final state: first15

use signal tag (ST) to reconstruct a Λ̄ with its charged decay mode Λ̄ → π+ p̄, same as the event16

selection in chapter 3; second recoil the proton with the tag Λ̄ and one π− to get the recoil mass17

distribution of proton, which is shown in Fig. 38. The N is the yield of recoil mass distribution18



June 22, 2022 – 19 : 43 BES MEMO 53

of proton with no requirement for the number of the track. The n is the yield of recoil mass1

distribution of proton with requirement of track number of proton: Ntrk
proton > 0. Note that for2

Ntrk
proton the protons are identified by the momentum, as the the charged track pion and proton3

are well seperated in kinematic and (anti-)proton inherits most of the energy of (anti-)Λ, thus, a4

charged track with momentum larger than 0.5 GeV/c is assigned to be (anti-)proton, otherwise5

pion.6

The efficiency vs cosθ and transverse momentum of (anti-)proton is shown in Fig. 39. Combining7

all the phase space, the tracking efficiency of the (anti-)proton and π+/π− is sumarized in table 18.8
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Figure 38: Distribution of the recoil mass distribution of proton(topleft), anti-proton(topright), distribu-
tion of the square of the recoil mass of π+(bottomleft) and π−(bottomright).

9

Table 18: Tracking efficiency of the (anti-)proton and π+/π−.

Efficiency Data MC
proton 98.5% 98.7%

anti-proton 97.7% 98.1%
π+ 72.8% 71.8%
π− 72.9% 70.9%
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Figure 39: Tracking efficiency vs the cosθ and transverse momentum of charged particles. From the top
down, the plots are for proton, anti-proton and π+ and π−, respectively.
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• PID efficiency1

The Pid effiency is defined by the formula:2

εPID =
n
N
, (17)

where N is the number of signal events without PID requirement for the given particle and n is the3

number of events with PID for the given particle. We use the same sample of checking tracking4

efficiency. The PID efficiency vs cosθ and transverse momentum of (anti-)proton is shown in5

Fig. 40. Combining all the phase space, the PID efficiency of the (anti-)proton is sumarized in6

table 19.7
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Figure 40: PID efficiency vs the cosθ and transverse momentum of charged particles. From the top down,
the plots are for proton, anti-proton, respectively.

Table 19: PID efficiency of the (anti-)proton.

Efficiency Data MC
proton 99.7% 99.8%

anti-proton 99.5% 99.6%
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• Vertex fit efficiency1

To reconstruct a Λ signal with its decay mode Λ→ π−p, the efficiency of vertex fit and secondary2

vertex fit is defined by the formula:3

εvtx f it =
n
N
, (18)

where N is the number of signal events before vertex fit and secondary vertex fit and n is the4

number of events after vertex fit and secondary vertex fit.5

To obtain the efficiency of vertex fit and secondary vertex fit for Λ̄→ π+ p̄, first, we need to select6

the J/ψ → ΛΛ̄,Λ → π−p, Λ̄ → anything by using the ST method in chapter 3.1. then, require at7

least one anti-proton and one π+ and obtain the N; finally, perform vertex fit and secondary vertex8

fit for Λ̄ with the anti-proton and π+ and obtain the n. The efficiency of vertex fit and secondary9

vertex fit of the Λ(Λ̄) is sumarized in table 20.10

Table 20: Vertex fit and second vertex fit efficiency of the Λ (Λ̄)

Efficiency Data MC
Tag Λ 79.1% 79.1%
Tag Λ̄ 77.9% 78.7%

Accordingly, the efficiency of the data and mc exist differences, therefore the signal MC efficiency of11

tracking, PID and (second)vertex fit is corrected to eliminate the bias, after which we got the consistant12

yields of the two charge conjugate modes. The result is shown in table 21.13

Table 21: The ST yields of charged conjugated modes with efficiency.

Modes J/ψ→ ΛΛ̄,Λ→ pπ−,Λ̄→ anything J/ψ→ ΛΛ̄,Λ̄→ p̄π+,Λ→ anything

Yield 6922930 ± 2788 6736380 ± 2750

Efficiency(default) 51.2% 51.2%

Efficiency (corrected) 52.5% 51.1%
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E Check the resolution of MDT
Λ

after fix the MS T
Λ

to PDG1

Since kinematic fit is used to reconstruct the DT Λ, to further improve the resolution of MDT
Λ

, a test is2

tried after fixing the the single tag Λ mass (MS T
Λ

) to PDG or use the vertex fit result, the resolution of3

MDT
Λ

(Eγ) are very close, according to Fig. 41. Note the efficiency of signal will decrease about 15%,4

this is because when we fix the MS T
Λ

to PDG, we need to create resonance by pπ−, but the pπ− don’t5

from initial point but from the Λ decay, so the χ2 of kinematic fit will much larger, as shown in Fig. 42
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Figure 41: Comparison of the resolution of invariant mass of DT (anti-)Λ or photon energy in rest frame
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F Comparison of observables of Eγ and Mγn1

The Eγ in the Λ rest frame and invariant mass of γ and (anti-)neutron (Mγn(n̄)) are the potential variables2

to extract the yields of signal, as shown in Fig. 43. Actually the two variables are completely correlated,3

according to the 2D distribution of Eγ and Mγn, as shown in Fig. 44
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Figure 43: The distributions of gamma energy in the Λ(Λ̄) rest frame (Eγ) (left) and the invariant mass
of γ and (anti-)neutron (Mγn/n̄) (right) after applying all the above selection criteria.

4

)2c(GeV/nγM
1.02 1.04 1.06 1.08 1.1 1.12 1.14 1.16 1.18

 r
es

t f
ra

m
e 

(G
eV

)
Λ

 in
 

γ
E

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0.24

0

500

1000

1500

2000

2500

3000

3500

4000

4500

Signal MC

)2c(GeV/nγM
1.02 1.04 1.06 1.08 1.1 1.12 1.14 1.16 1.18

 r
es

t f
ra

m
e 

(G
eV

)
Λ

 in
 

γ
E

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0.24

0

500

1000

1500

2000

2500

3000

3500

4000
BKG A MC

)2c(GeV/nγM
1.02 1.04 1.06 1.08 1.1 1.12 1.14 1.16 1.18

 r
es

t f
ra

m
e 

(G
eV

)
Λ

 in
 

γ
E

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0.24

0

10

20

30

40

50

60

70

80

90
BKG B MC

Figure 44: The 2D distributions of gamma energy in the Λ rest frame (Eγ) (left) and the invariant mass
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G Input and output check of the fit for decay parametor1

To check the reliability of the fit method, an input/output check is implemented by using 40 sets of MC2

samples mixed with sianal, BKG A and BKG B with the same number as yields of data, as shown in3

Table 12. The distribution of the output value of αγ is shown in Fig.45, with fit result shown in Table 22.4

γαFit result of 
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

C
ou

nt
s

0

20

40

60

80

100

120
Signal MC

Total fit

MC truth

γαFit result of 
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

C
ou

nt
s

0

5

10

15

20

25

30
Signal MC

Total fit

Reconstructed

Figure 45: Distribution of output value of αγ by using 200 sets of signal MC truth (left) and 40 sets of
MC samples mixed with signal and BKG A B with same number of the yield (right). The distribution is
fitted with a gaussian function, The dashed green line in the plot indicates the input value of αγ.

Table 22: Input/Output check result.

Parameters Input value Output value
αJ/ψ 0.461 0.461 (Fixed)
∆Φ 0.74 0.74 (Fixed)
α− 0.75 0.75 (Fixed)
α+ −0.758 −0.758 (Fixed)
αγ −0.227 −0.259 ± 0.025
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H Input and output check of the fit for the DT yield extraction1

As mentioned in Sec.4.4, the double tag yield Ndouble−tag is extracted by fitting the distribution of γ2

energy in the Λ(Λ̄) rest frame. A 1-D unbinned extended maximum likelihood fit is performed on the3

distribution of the accepted events. As shown in Fig 46, we have generated 100 groups of Toy MC4

accordig to the Eγ distribution of signal and BKG A B with yields same as that in data, after which we fit5

the samples with the same stategy (BKG B is described with a Gaussian function whose parameters are6

extracted from data sample) as that for data and record the fitting results in Fig. 47. If we try to describe7

the BKG B with a Gaussian function which parameters are floated, the errors of the yield caused by8

fitting will be larger, as shown in Fig. 48. If we try to describe the BKG B with a Gaussian function9

which sigma are 5% larger than that extracted from data sample, the errors of the yield caused by fitting10

will also be larger, as shown in Fig. 49
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generated toy MC
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Figure 47: The yield of signal, BKG A and BKG B of the toy MC for 100 times, the green dashed line
indicates the inout value of the signal/BKG A/B. BKG B is described with a Gaussian function whose
parameters are extracted from data sample.

Signal yield
300 350 400 450 500 550 600 650 700 750

C
ou

nt
s

0
10
20
30
40
50
60
70
80
90

100
Toy MC

Fit
6.2± = 521.8µ

4.4± = 61.1σ
 = 0.3%µd

BKG A yield
8000 8100 8200 8300 8400 8500 8600 8700 8800

C
ou

nt
s

0
10
20
30
40
50
60
70
80
90

100
Toy MC

Fit
8.4± = 8452.1µ

5.9± = 83.1σ
 = 0.5%µd

BKG B yield
200 300 400 500 600 700 800 900 1000

C
ou

nt
s

0
10
20
30
40
50
60
70
80
90

100
Toy MC

Fit
13.0± = 589.6µ
9.7± = 128.4σ

 = -7.0%µd

Figure 48: The yield of signal, BKG A and BKG B of the toy MC for 100 times, the green dashed line
indicates the inout value of the signal/BKG A/B. BKG B is described with a Gaussian function whose
parameters are floated.
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I Input and output check of the the anti-neutron efficiency correction1

The strong interaction of anti-neutrons can not be described accurately by the MC, especially the shower2

information and efficiency. But in 3C kinematic fit, the n̄ exact shower properties are required, including3

the spatial position θ , φ and the spatial position error dθ, dφ. To guarantee the consistency of data and4

MC simulations for the anti-neutron, including the efficiency and kinematic properties, a data-driven5

algorithm has been adopted to correct the n̄ selection efficiency and shower parameters.6

Input-output check is done to check reliability of the package by using signal MC. We have compared7

the efficiencies of the same MC with/without applying the package to correct the efficiency. The default8

MC don’t apply the package while the corrected MC apply the package which anti-neutron efficiency9

is obtained from the MC control sample (J/ψ → pπ−n̄). The cosθ and moment distribution of the anti-10

neutrons are shown in Fig. 50. The efficiencies of each selection creteria are shown in table 23, indicating11

that the systematic uncertainty of the correction is negligible.
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Figure 50: The cosθ and moment distribution of anti-neutrons. The blue dots are based on the default
mc sample and the red dots are based on the mc sample whose anti-neutron efficiency is corrected by the
package.

12

Table 23: The input-output check result of anti-neutron correction. The efficiencies of each selection
creteria of default mc and corrected mc are compared.

Selection criteria Defalut MC efficiency Corrected MC efficiency
Truth 100.00% 100.00%

Good charged track 70.96% 70.96%
Pid 66.63% 66.63%

Single Tag 51.09% 51.09%
3C kinematic fit 25.30% 25.44%
χ2

3C(Λ̄→ γn̄) < 15 9.09% 9.18%
|M(γγ) − Mπ0 | > 20 MeV/c2 8.17% 8.18%

Eγ > 0.15 GeV 6.15% 6.16%
θ(γ, n̄) > 20◦ 5.45% 5.47%

BDT>0.3 2.80% 2.81%
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