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Based on 10 billion J/ψ events collected with the BESIII detector, the matrix elements of η′ → ηπ0π0
3

decays are measured in general parametrization. The structure below π+π− mass threshold in invariant mass4

spectrum of π0π0 is observed, which is consistent with the cusp effect predicted by non-relativistic effective5

theory, the significance is 3.6σ. The combined ππ scattering length a0−a2 is determined by NREFT amplitude.6

The cusp effect which was firstly predicted in Ref. [1] and7

then observed in K+ → π+π0π0 decay by NA48/2 [2, 3]8

appears as a distorted structure on the π0π0 mass spectrum9

around the 2mπ± threshold. It is caused by final state charge-10

exchange rescattering of π+π− → π0π0 and mass differ-11

ence between charged and neutral pion mesons, which makes12

the amplitude behaviors quite different above and below the13

2mπ± threshold. Theoretical study shows that the cusp effect14

could be used for precise measurement of combined S-wave15

ππ scattering length a0 − a2 [4–8]. Similar effect was also16

researched in KL → 3π0 [5, 7, 9, 10] and η → 3π0 [11–15]17

both theoretically and experimentally.18

The η′ → ηπ0π0 decay is considered as another candidate19

for searching cusp effect. Based on the non-relativistic ef-20

fective field theory(NREFT) [16], the size of cusp effect in21

this channel is predicted to be 6% [17, 18](8% in the original22

work [16]). The cusp effect in η′ → ηπ0π0 has been searched23

at BESIII [17] and A2 [18] experiments. Previous BESIII24

work is based on 5.6 × 104 η′ → ηπ0π0 → 6γ events from25

J/ψ radiative decay and does not observe the cusp structure,26

and A2 experiment observes the cusp structure with 1.13×10527

γp → η′p → ηπ0π0p → 6γp events, the result of combined28

scattering length a0− a2 is in agreement with theoretical pre-29

diction within 1σ.30

At present, the available high-statistics of 10 billion J/ψ31

events at BESIII [19], which implies that the sample of η′32

decays increased by nearly an order of magnitude, offers a33

unique opportunity to make an further investigation of the34

cusp effect in η′ → ηπ0π0. In this Letter, we present the35

evidence of the cusp effect in η′ → ηπ0π0. Meanwhile, based36

on NREFT [16], the corresponding combined π−π scattering37

length a0 − a2 is also measured.38

To reconstruct the event of J/ψ → γη′ with η′ → ηπ0π0,39

the π0 and η are detected in the modes of π0 → 2γ and40

η → 2γ. The photon candidates are reconstructed using clus-41

ters of energy deposited in the EMC. The energy deposited42

in nearby TOF counters is included in EMC measurements to43

improve the reconstruction efficiency and the energy resolu-44

tion. Photon candidates are required to have a deposited en-45

ergy larger than 25 MeV in the barrel region (| cos θ| < 0.80)46

and 50 MeV in the endcap region (0.86 < | cos θ| < 0.92).47

A requirement on the EMC cluster timing with respect to the48

most energetic photon, −500 < T < 500 ns, is used to sup-49

press electronic noise and energy deposits unrelated to the50

event. To select the interested decays, the events containing51

at least seven photon candidates and no good charged tracks52

are selected.53

For each candidate event, the photon with the maximum54

energy in the event is assumed to be the radiative photon55

originating from the decay of J/ψ, while the remaining pho-56

tons are combined to reconstruct π0/η → γγ candidates. A57

one-constraint (1C) kinematic fit by constraining the invari-58

ant mass of the photon pair to be the nominal π0 or η mass59

is performed and the χ2 for this 1C kinematic fit is required60

to be less than 25. To suppress π0 miscombinations, the π0
61

decay angle θdecay , defined as the polar angle of one of the62

decay photons in the γγ rest frame with respect to the π0
63

flight direction, is required to satisfy | cos θdecay| < 0.95.64

Then an eight-constraint (8C) kinematic fit is performed for65

the γηπ0π0 combination enforcing energy-momentum con-66

servation and constraining the invariant masses of the three67

photon pairs and the ηπ0π0 combination to the nominal π0/η68

and η′ masses. If more than one combination is found in an69

event, only the one with the smallest χ2
8C is retained. After70

the requirement of χ2
8C < 100, 432,295 candidate events are71

accepted for further analysis.72

FIG. 1. The fit result of invariant mass spectrum of ηπ0π0 after
6C kinematic fit without the η′ mass constraints. The red line is the
signal described by double Gaussian function. The green line is the
background described by 2nd-order Chebychev polynomial, and the
blue dashed line is the peaking background from η′ → 3π0.

To investigate the background contamination, we have73

made extensive studies of potential background processes us-74

ing both data and MC. For the above candidate events, we also75

make an attempt by performing a 6C kinematic fit instead of76

8C kinematic fit, in which the constraints on the masses of η77
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and η′ are removed. With the requirements of photon pairs is78

in η mass region, |mγγ −mη| < 0.03 GeV, and χ2
6C < 100,79

the ηπ0π0 invariant mass is displayed in Fig. 1, where a very80

clean η′ peak is observed. In addition, using the dedicated MC81

sample of 1 × 1010 J/ψ inclusive decays generated with the82

LUND model, a MC study is also performed to checked for83

possible backgrounds, which shows that the surviving back-84

grounds mainly consist of the peaking background η′ → 3π0
85

and a flat contribution from J/ψ → ωη with ω → γπ0 and86

η → 3π0. And the background contamination is about 0.82%,87

which is in agreement with the estimation obtained from a fit88

to M(ηπ0π0) as displayed in Fig. 1. We therefore neglect the89

background contribution in the further analysis below. For the90

above selected candidate events, the mass spectrum of ηπ0
91

and π0π0 divided by phase space distribution are displayed in92

Fig. 2(c)(d).93

The Dalitz plot variables of η′ → ηπ0π0 are labeled by:94

η′(Pη′)→ π0(p1)π
0(p2)η(p3)

si = (Pη′ − pi)2
(1)

In addition, the distribution of Dalitz plot can be described95

by the general parameterization on dimensionless variable X96

and Y [16–18]:97

|M(X,Y )|2 = |N |2(1 + aY + bY 2 + dX2)

X =

√
3 |s1 − s2|
2mη′Qη′

=

√
3
∣∣∣Tπ0

1
− Tπ0

2

∣∣∣
Qη′

Y =
(mη + 2mπ0)[(mη′ −mη)

2 − s3]
2mη′mπ0Qη′

− 1

=
(mη + 2mπ0)Tη

mπ0Qη′
− 1

Qη′ = mη′ −mη − 2mπ0

(2)

Here |N |2 is the normalization factor, Ti denote the kinetic98

energy of mesons in the rest frame of η′, and a, b, d are param-99

eters. The general parameterization and tree level amplitude100

of NREFT are connected by matching a, b and d in polyno-101

mial above and coupling coefficients in NREFT [16].102

Using an unbinned likelihood fit, we performed the Dalitz103

plot analysis of s3 (M2
ηπ0 ) versus s1 (M2

π0π0 ) within the104

framework of NREFT [16].105

− lnL = −
N∑
i=1

ln p(s3, s1) (3)

The probability density function is106

p(s3, s1) =
(|M(s3, s1)|2 ⊗ σ(s3, s1))ε(s3, s1)∫

(|M(s3, s1)|2 ⊗ σ(s3, s1))ε(s3, s1)ds3ds1
(4)

where |M(s3, s1)|2 is the NREFT amplitude, σ(s3, s1) is res-107

olution function, and ε(s3, s1) is efficiency function. The108

resolution is described with double modified Gaussian func-109

tions [20], and the detection efficiency with respect to s3 and110

s1 are obtained from the MC simulation.111

(a) (b)

(c) (d)

FIG. 2. The projections of fit result of Fit I to variable X(a), Y (b),
M2
ηπ0 (c) andM2

π0π0 (d). The black dots with error bars are from data
and blue line is the fit result of tree level amplitude.

In the simplest case (Fit I), only tree level contribution is112

included. The projections of fit reuslt toX and Y are shown in113

Fig. 2(a)(b) , which indicates that the tree level could provide114

a good description of data. The fitted parameter values, shown115

in Table II, are also consistent with previous BESIII measure-116

ment [17]. However, the comparisons of the invariant mass117

spectrum of ηπ0 and π0π0 between the data and the fit pro-118

jections are displayed in Fig. 2(c)(d). It is found that the tree119

level amplitude provides a good description of data for Mηπ0 ,120

while an evident abrupt change in the π0π0 mass spectrum, as121

it crosses the 2mπ± threshold, is seen, which is expected to be122

caused by the cusp effect. We therefore perform an alternative123

fit by including the loop contributions within the framework124

of NREFT [16] to evaluate this effect.125

At the loop level amplitude [16], only ππ scattering is con-126

sidered and ηπ scattering is ignored. Isospin limit are also127

used to constrain the coupling coefficients in charged loop128

function and neutral loop function. The loop level amplitude129

contains one loop function J+−(s3) and J00(s3):130

J+−(s3) =
i

16π

√
s3 − 4m2

π±

s3
,

J00(s3) =
i

16π

√
s3 − 4m2

π0

s3
.

(5)

The J00(s3) could not lead to the cusp effect since the131



3

s3 − 4m2
π0 term is always positive. While the J+−(s3) func-132

tion, which appears in the π+π− → π0π0 rescattering terms,133

shows very different behaviors below and above the threshold134

s3 = 4m2
π± and this could lead to the cusp effect.135

The S-wave ππ scattering length a0 and a2 are included in136

the loop level amplitude by matching between NREFT ampli-137

tude and partial wave decomposition:138

C00 =
32π

3
(a0 + 2a2)(1− ξ)

Cx =
32π

3
(a2 − a0)(1 +

ξ

3
)

C+− =
16π

3
(2a0 + a2)(1 + ξ)

ξ =
m2
π± −m

2
π0

m2
π±

(6)

The distribution of M2
π0π0 is determined by the whole am-139

plitude and all five parameters a, b, d, a0 and a2, and the dis-140

tribution of M2
ηπ0 is mainly determined by parameter d.141

To verify the prediction of NREFT and evaluate the com-142

bined scattering length a0−a2, we perform an unbinned max-143

imum likelihood fit in different cases after including the con-144

tributions from the amplitudes at one- and two-loop level.145

In case of all the parameters are free (Fit II), the fit quality146

is improved as implied by the statistical significance of 3.4σ,147

which is determined by the change of the log-likelihood value148

and the number of degrees of freedom (ndf) in the fit com-149

pared to the assumption only with the tree level contribution150

(Fit I). A comparison (Fig. 3(a)(b)) between fit and data for151

the projections in different variables and the residuals show152

that the fit can provide a good description of data, in particular153

for the region below the mass threshold of 2mπ± . However,154

the correlation between four parameters a, b, a0 and a2 which155

determineM2
π0π0 shape is very large, and correlation between156

parameter d which determines M2
ηπ0 shape and the others is157

small. This strong correlation may be caused by the loop level158

amplitude contribution to the non-cusp term, which is deter-159

mined by a, b, a0 and a2. And the combined scattering length160

is calculated to be a0 − a2 = 0.174± 0.066.161

To reduce the correlations between parameters, we also162

made an attempt (Fit III) by fixing C00 and C+− with163

a0 + 2a2 = 0.1312 since only the Cx contribute to the cusp164

effect and 2a0 + a2 = 0.3956 [16]. The fit indicates that165

the decay amplitude also could provide a good description166

of data, in particular for the region below mass threshold of167

2mπ± , as indicated in Fig. 3(c)(d) and the fitted parameter168

values are summarized in Table II, where we found that the169

a0 − a2 = 0.225± 0.062 is in good agreement with theoreti-170

cal value of 0.2644± 0.0051 [16].171

Comparing to the tree level amplitude, the loop contribu-172

tions with C00 and C+− is expected to be little. We then per-173

form an alternative fit (Fit IV) by only introducing the decay174

amplitude with Cx for the description of the cusp effect. It175

turns out that the fitted values of different parameters summa-176

rized in Table II are in agreement with those of Fit I, while177

(a) (b)

(c) (d)

(e) (f)

FIG. 3. The projections of fit result of Fit II(a, b), Fit III(c, d)
and Fit IV(e, f) to variable M2

ηπ0 (a, c, e) and M2
π0π0 (b, d, f). The

black dots with error bars are from data. The blue lines are fit result
from tree level amplitude in Fit I, and red lines are fit result from
corresponding loop level amplitude.

the coefficient a0−a2 = 0.226±0.060 is consistent with that178

in Ref. [16].179

The systematic uncertainty contributions for Dalitz plots180

are listed in Table I. We calculated the total systematic un-181

certainty by assuming that all contributions are independent182

and adding them quadrature.183

The photon detection efficiency is studied with the clean184

control sample of J/ψ → ρ0π0 events. It was found that185

the photon detection efficiency for data is in agreement with186

that from the MC simulation. To evaluate the impact from the187

slightly discrepancy, we performed a correction on the photon188

detection and the changes of the fitting results are taken as the189

systematic uncertainties.190

To estimate the uncertainties from the 1C kinematic fit for191

π0 and η, we select clean samples, J/ψ → π+π−π0 and192

J/ψ → γη′ with η′ → ηπ+π−, without the kinematic fit.193

After taking into account the small discrepancy between data194

and MC simulation, repeating the fit with the wighted events195

leads to changes of the parameter values, which are assigned196

as the systematic uncertainties.197
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TABLE I. Relative systematic uncertainties of Dalitz plot.(%)

Parameterization General Cusp
Source a b d a b d a0 − a2

Photon detection efficiency 0.7 0.4 1.0 0.6 0.4 0.9 1.8
η 1C kinematic fit efficiency 0.1 0.6 0.0 0.1 0.7 0.0 0.2
π0 1C kinematic fit efficiency 0.1 0.2 1.0 0.1 0.2 0.9 0.3

Photon mis-combination 0.0 0.2 1.1 0.0 0.2 1.1 1.6
Efficiency presentation 0.7 1.0 0.4 0.7 0.9 0.4 1.9

Kinematic fit 0.5 1.3 0.7 0.4 0.9 0.8 10.1
Total 1.1 1.8 2.0 1.0 1.5 1.9 10.6

To check if the photon miscombinations can effect the fit-198

ted parameters, an alternative fit is performed by removing199

the photon miscombinations and the changes of the results are200

taken as systematic uncertainties.201

To evaluate the uncertainties associated with the efficiency202

parameterization, we change the variable of Dalitz plot to203

M2
ηπ and cos θ, where θ is the angle between directions of204

two π in the rest frame of ηπ. Repeating fit with the effi-205

ciency correction based on the newly defined Dalitz plot vari-206

able, and the result changes of the parameters with respect to207

the nominal results are assigned as systematic uncertainties.208

The uncertainty of the 8C kinematic fit mainly comes from209

the inconsistency of photon resolution between data and MC210

simulation. We then adjust the energy resolution in the recon-211

structed photon error matrix to ensure that the MC simulation212

could provide a good description of data. After that an alter-213

native fit is performed and the changes of the fitted parameters214

with respect to the nominal result are taken as the systematic215

uncertainties.216

In summary, using the sample of 1.0×1010J/ψ events col-217

lected by the BESIII detector, we performed an analysis of218

η′ → ηπ0π0 with the framework of NREFT [16]. And Ta-219

ble II summarizes the results for different cases.220

For the simplest case, at the tree level the decay ampli-221

tude provides a reasonable description of data, which is the222

same as the general parameterization. The results, supersed-223

ing the previous BESIII measurement [17] obtained from a224

subsample of the present data, are consistent with the previous225

measurements and have a better precision. However, the ev-226

ident discrepancy between the theoretical amplitude and data227

around the 2mπ± threshold implies the existence of the cusp228

effect.229

After taking into account the contributions at one- and two-230

loop level, the evidence of cusp effect is found in the invariant231

mass spectrum of π0π0 in η′ → ηπ0π0 and the significance232

is more than 3σ. For the case of ignoring the loop contribu-233

tions with C00 and C+−, the combined scattering length is234

measured to be a0 − a2 = 0.226± 0.060± 0.024.235
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TABLE II. Experimental values of the matrix element parameters for η′ → ηπ0π0.
Parameters Fit I Fit II Fit III Fit IV

a −0.075± 0.003± 0.01 −0.207± 0.013 −0.143± 0.010 −0.077± 0.003± 0.01
b −0.073± 0.005± 0.01 −0.051± 0.014 −0.038± 0.006 −0.066± 0.006± 0.01
d −0.066± 0.003± 0.01 −0.068± 0.004 −0.067± 0.003 −0.068± 0.004± 0.01

a0 − a2 - 0.174± 0.066 0.225± 0.062 0.226± 0.060± 0.024
a0 - 0.497± 0.094
a2 - 0.322± 0.129

Stat. Significance 3.4σ 3.7σ 3.6σ
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