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Observation of the decay 𝜼𝒄 → 𝜸𝜸 at BESIII

Zhi-Jun Li𝑎,∗ and Zheng-Yun You𝑎

𝑎School of Physics, Sun Yat-sen University, Guangzhou 510275, China

E-mail: lizhj37@mail2.sysu.edu.cn, youzhy5@mail.sysu.edu.cn

In the decays of 𝜂𝑐 → 𝛾𝛾 and 𝐽/𝜓 → 𝛾𝜂𝑐, there are discrepancies between the theoretical
calculations and the PDG experimental values, referred to as the charmonium QCD puzzle. We
observe the decay 𝜂𝑐 → 𝛾𝛾 in 𝐽/𝜓 → 𝛾𝜂𝑐 using (2712.4± 14.3) × 106 𝜓(3686) events collected
with the BESIII detector, and determine the product branching fraction B(𝐽/𝜓 → 𝛾𝜂𝑐)×B(𝜂𝑐 →
𝛾𝛾) = (5.23 ± 0.26stat. ± 0.30syst.) × 10−6. This measurement is consistent with the two most
recent lattice QCD calculations, providing significant input toward resolving the charmonium
QCD puzzle.
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Observation of the decay 𝜂𝑐 → 𝛾𝛾 at BESIII Zhi-Jun Li

1. Introduction

Charmonium systems serve as a valuable probe for investigating the nature of quantum chro-
modynamics (QCD), the fundamental theory governing strong interactions. However, in the decays
𝜂𝑐 → 𝛾𝛾 and 𝐽/𝜓 → 𝛾𝜂𝑐, discrepancies have been observed between theoretical predictions and
the experimental values fitted by Particle Data Group (PDG), referred to as the charmonium QCD
puzzle.

Regarding the decay 𝜂𝑐 → 𝛾𝛾, experimental evidence has been obtained through the process
𝐽/𝜓 → 𝛾𝜂𝑐 by both the CLEO and BESIII collaborations, but with large uncertainties [1, 2].
Additionally, 𝑝𝑝 annihilation experiments have measured the cross-section for 𝑝𝑝 → 𝛾𝛾 at various
energy points and observed a peak around the 𝜂𝑐 resonance [3–5]. Compared to these direct
processes, measurements of the time-inverse process (𝛾𝛾 → 𝜂𝑐) are currently more precise [6–11],
and the world-average value of the decay width Γ(𝜂𝑐 → 𝛾𝛾) from a global fit by the PDG is
predominantly dominated by these 𝛾𝛾 → 𝜂𝑐 measurements. Theoretically, two recent Lattice QCD
(LQCD) calculations [12, 13] deviate from the PDG world-average value by more than 3𝜎, as
illustrated in Figure 1 (a). Other theoretical calculations exhibit varying degrees of deviation; some
show greater discrepancies, while others remain consistent with the world-average value [14–25].
These inconsistencies highlight an unresolved understanding of the 𝜂𝑐 → 𝛾𝛾 decay within the
framework of QCD.

For the decay 𝐽/𝜓 → 𝛾𝜂𝑐, most theoretical calculations consistently show significant devia-
tions from the world-average value fitted by PDG [13, 26–29], as illustrated in Figure 1 (b) from
Ref. [26].
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Figure 1: (a) Comparison of the decay width Γ(𝜂𝑐 → 𝛾𝛾) between LQCD calculations (top) and experi-
mental measurements (bottom). (b) Comparison of 𝑉 (0) between LQCD calculations (colored points) and
experimental values (black point) [26], where |𝑉 (0) |2 ∝ Γ(𝐽/𝜓 → 𝛾𝜂𝑐).

2. Results

We present the measurement of 𝜂𝑐 → 𝛾𝛾 via the decay chain 𝜓(3686) → 𝜋+𝜋−𝐽/𝜓 with
𝐽/𝜓 → 𝛾𝜂𝑐 using (2712.4±14.3) ×106 𝜓(3686) events [30–32] collected with the BESIII detector
at the BEPCII collider. The final states consist of two charged pions and three photons, with no
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additional particles generated. A four-constraint kinematic fit [33] is performed, imposing the
conservation of total four-momentum between the final state and the initial state. We require the
chi-squared of the fit, 𝜒2

4C, to be less than 19 to ensure four-momentum conservation, as illustrated
in Figure 2 (a). The three selected photons are labeled 𝛾1, 𝛾2, and 𝛾3, sorted by energy from highest
to lowest. The 𝜂𝑐 signal is expected to peak in the invariant mass of 𝛾1𝛾2 (𝑀12), while background
processes involving 𝜋0, 𝜂, or 𝜂′ typically peak in 𝑀13 or 𝑀23, as shown in Figure 2 (b). These
backgrounds are suppressed by vetoing events in the 𝑀13-𝑀23 spectrum. Further details of the
event selection criteria can be found in Ref. [34]. The 𝑀12 distributions before and after applying
the 𝑀13-𝑀23 veto are shown in Figures 2 (c) and (d), respectively. After all selection criteria are
applied, three signal candidates are presented as examples in Figure 3.
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Figure 2: (a) Distribution of 𝜒2

4𝐶 . All selection criteria have been applied except for the 𝜒2
4𝐶 requirement.

(b) Distribution of 𝑀13 − 𝑀23 for the data samples. (c) Distribution of 𝑀12 before applying the 𝑀13 − 𝑀23
veto. (d) Distribution of 𝑀12 after applying the 𝑀13 − 𝑀23 veto. In (a), (c), and (d), the black points with
error bars represent the observed data, while the colored histograms correspond to different background
components as modeled by the MC simulation.

To extract the signal yield of 𝜂𝑐 → 𝛾𝛾, we perform an unbinned extended maximum likelihood
fit on the 𝑀12 distribution. In this fit, the signal probability density function is modeled as
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(a) (b) (c)
Figure 3: Three signal candidates from real data in the event displays [35–37], collected on March 7, 2009
(a), December 31, 2011 (b), and June 28, 2021 (c), respectively. In these displays, the blue barrel represents
the electromagnetic calorimeter (EMC) sub-detector, the red hits within the EMC correspond to showers
from photons or charged tracks, and the internal hits denote charged tracks in the multilayer drift chamber
(MDC).

PDF (𝑚) ∼ [𝜖 (𝑚) × F (𝑚)] ⊗ 𝐺 (𝜇, 𝜎), where 𝜖 (𝑚) represents the mass-dependent efficiency
derived from signal MC simulations, as shown in Figure 4 (a). The function 𝐺 (𝜇, 𝜎) is a Gaussian
with free parameters 𝜇 and𝜎 that account for the detector resolution, andF (𝑚) denotes the lineshape
of 𝜂𝑐 as described in Ref. [34]. The background shapes are obtained from the MC samples using
kernel density estimation [38]. The fitting results are illustrated in Figure 4 (b), yielding a signal
yield of 𝑁sig = 677.7 ± 33.5. The product branching fraction (BF) B(𝐽/𝜓 → 𝛾𝜂𝑐) × B(𝜂𝑐 → 𝛾𝛾)
is calculated to be (5.23 ± 0.26stat. ± 0.30syst.) × 10−6. Here, the relative systematic uncertainty is
estimated to be 5.8%, and more details can be found in Ref. [34].
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Figure 4: (a) Mass-dependent efficiency derived from the signal MC simulation. (b) Fit to the 𝑀12
distribution. The black points with error bars represent the data, the red line denotes the fit result, the green
line corresponds to the signal, and the lines in other colors illustrate various background contributions.
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A comparison of our results with previous measurements [1, 2], the world-average values [39],
and LQCD calculations from HPQCD [13] and Meng et al. [12, 26] is shown in the B(𝜂𝑐 → 𝛾𝛾)
versus B(𝐽/𝜓 → 𝛾𝜂𝑐) plane in Figure 5 (a). In the plot, the value from the process 𝑝𝑝 → 𝛾𝛾

is normalized using B(𝜂𝑐 → 𝑝𝑝) = (1.33 ± 0.11) × 10−3 [39]. We find that the world-average
values ofB(𝜂𝑐 → 𝛾𝛾) andB(𝐽/𝜓 → 𝛾𝜂𝑐) [39] do not simultaneously align with our measurement.
Interestingly, the highly precise LQCD predictions from HPQCD, and those from Meng et al. [12, 26]
both agree with our measurement, while the corresponding individual calculations of B(𝜂𝑐 → 𝛾𝛾)
and B(𝐽/𝜓 → 𝛾𝜂𝑐) are inconsistent with the world-average values [39]. No other theoretical
calculations provide both B(𝜂𝑐 → 𝛾𝛾) and B(𝐽/𝜓 → 𝛾𝜂𝑐) simultaneously.

UsingB(𝐽/𝜓 → 𝛾𝜂𝑐) = (1.41±0.14)% and Γ𝜂𝑐 = (30.5±0.5) MeV from PDG [39], the decay
width of 𝜂𝑐 → 𝛾𝛾 is determined to be Γ(𝜂𝑐 → 𝛾𝛾) = (11.30 ± 0.56stat. ± 0.66syst. ± 1.14ref.) keV,
with the first uncertainties statistical, the second systematic, and the third from B(𝐽/𝜓 → 𝛾𝜂𝑐) and
Γ𝜂𝑐 used from the PDG [39]. Figure 5 (b) presents a comparison of the decay widths Γ(𝜂𝑐 → 𝛾𝛾)
from various theoretical calculations, experimental measurements, and the PDG world-average
values. A notable discrepancy is observed between different experimental measurements and
theoretical predictions. Note: Our determination of Γ(𝜂𝑐 → 𝛾𝛾) depends on the chosen value
of B(𝐽/𝜓 → 𝛾𝜂𝑐). Several theoretical calculations of B(𝐽/𝜓 → 𝛾𝜂𝑐) are significantly larger
than the value fitted by PDG [13, 26–29].
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Figure 5: (a) Comparison of B(𝜂𝑐 → 𝛾𝛾) versus B(𝐽/𝜓 → 𝛾𝜂𝑐) at the 1𝜎 confidence level. The red-
filled region represents our measurement, the yellow-filled and green-filled regions correspond to the LQCD
calculations [12, 13, 26]. Other colored lines or filled regions indicate results from previous experimental
measurements or PDG. (b) Comparison of Γ(𝜂𝑐 → 𝛾𝛾). In the plot labeled “This work”, the black solid line
represents the total uncertainty, including the reference uncertainties of 𝐽/𝜓 → 𝛾𝜂𝑐 and Γ𝜂𝑐

[39]. The dark,
dark-to-light, and light red-filled regions correspond to the 1𝜎, 2𝜎, and 3𝜎 confidence levels, respectively.

In summary, we observe the decay 𝜂𝑐 → 𝛾𝛾 in 𝐽/𝜓 → 𝛾𝜂𝑐, and the measured product
BF is consistent with theoretical predictions, potentially alleviating the long-standing charmonium
QCD puzzles. However, this study does not provide individual measurements of 𝜂𝑐 → 𝛾𝛾 or
𝐽/𝜓 → 𝛾𝜂𝑐, as determining one requires assuming the value of the other. Future experiments that
independently measure either 𝜂𝑐 → 𝛾𝛾 or 𝐽/𝜓 → 𝛾𝜂𝑐 will be essential in further clarifying the
current discrepancies.

5



P
o
S
(
E
P
S
-
H
E
P
2
0
2
5
)
2
6
7

Observation of the decay 𝜂𝑐 → 𝛾𝛾 at BESIII Zhi-Jun Li

Acknowledgements

This work is supported by the National Key R&D Program of China under Contracts Nos.
2023YFA1606000; National Natural Science Foundation of China (Grant No. 12175321, 11975021).

References

[1] G. S. Adams et al. (CLEO Collaboration), Phys. Rev. Lett. 101, 101801 (2008),
arXiv:0806.0671 [hep-ex] .

[2] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 87, 032003 (2013), arXiv:1208.1461
[hep-ex] .

[3] C. Baglin et al. (Annecy(LAPP)-CERN-Genoa-Lyon-Oslo-Rome-Strasbourg-Turin), Phys.
Lett. B 187, 191 (1987).

[4] T. A. Armstrong et al. (E760), Phys. Rev. D 52, 4839 (1995).

[5] M. Ambrogiani et al. (Fermilab E835), Phys. Lett. B 566, 45 (2003).

[6] Q. N. Xu et al. (Belle Collaboration), Phys. Rev. D 98, 072001 (2018), arXiv:1805.03044
[hep-ex] .

[7] S. Uehara et al. (Belle Collaboration), Eur. Phys. J. C 53, 1 (2008), arXiv:0706.3955 [hep-ex]
.

[8] Z. Q. Liu et al. (Belle Collaboration), Phys. Rev. Lett. 108, 232001 (2012), arXiv:1202.5632
[hep-ex] .

[9] P. del Amo Sanchez et al. (BaBar Collaboration), Phys. Rev. D 84, 012004 (2011),
arXiv:1103.3971 [hep-ex] .

[10] J. P. Lees et al. (BaBar Collaboration), Phys. Rev. D 81, 052010 (2010), arXiv:1002.3000
[hep-ex] .

[11] W. Braunschweig et al. (TASSO Collaboration), Z. Phys. C 41, 533 (1989).

[12] Y. Meng, X. Feng, C. Liu, T. Wang, and Z. Zou, Sci. Bull. 68, 1880 (2023), arXiv:2109.09381
[hep-lat] .

[13] B. Colquhoun, L. J. Cooper, C. T. H. Davies, and G. P. Lepage (Particle Data Group, HPQCD,
(HPQCD Collaboration)‡), Phys. Rev. D 108, 014513 (2023), arXiv:2305.06231 [hep-lat] .

[14] A. Czarnecki and K. Melnikov, Phys. Lett. B 519, 212 (2001), arXiv:hep-ph/0109054 .

[15] G. T. Bodwin and Y. Chen, Phys. Rev. D 64, 114008 (2001), arXiv:hep-ph/0106095 .

[16] N. Brambilla, H. S. Chung, and J. Komijani, Phys. Rev. D 98, 114020 (2018),
arXiv:1810.02586 [hep-ph] .

6

http://dx.doi.org/10.1103/PhysRevLett.101.101801
http://arxiv.org/abs/0806.0671
http://dx.doi.org/10.1103/PhysRevD.87.032003
http://arxiv.org/abs/1208.1461
http://arxiv.org/abs/1208.1461
http://dx.doi.org/10.1016/0370-2693(87)90098-0
http://dx.doi.org/10.1016/0370-2693(87)90098-0
http://dx.doi.org/10.1103/PhysRevD.52.4839
http://dx.doi.org/10.1016/S0370-2693(03)00805-0
http://dx.doi.org/10.1103/PhysRevD.98.072001
http://arxiv.org/abs/1805.03044
http://arxiv.org/abs/1805.03044
http://dx.doi.org/10.1140/epjc/s10052-007-0451-z
http://arxiv.org/abs/0706.3955
http://dx.doi.org/10.1103/PhysRevLett.108.232001
http://arxiv.org/abs/1202.5632
http://arxiv.org/abs/1202.5632
http://dx.doi.org/10.1103/PhysRevD.84.012004
http://arxiv.org/abs/1103.3971
http://dx.doi.org/10.1103/PhysRevD.81.052010
http://arxiv.org/abs/1002.3000
http://arxiv.org/abs/1002.3000
http://dx.doi.org/10.1007/BF01564698
http://dx.doi.org/10.1016/j.scib.2023.07.041
http://arxiv.org/abs/2109.09381
http://arxiv.org/abs/2109.09381
http://dx.doi.org/10.1103/PhysRevD.108.014513
http://arxiv.org/abs/2305.06231
http://dx.doi.org/10.1016/S0370-2693(01)01129-7
http://arxiv.org/abs/hep-ph/0109054
http://dx.doi.org/10.1103/PhysRevD.64.114008
http://arxiv.org/abs/hep-ph/0106095
http://dx.doi.org/10.1103/PhysRevD.98.114020
http://arxiv.org/abs/1810.02586


P
o
S
(
E
P
S
-
H
E
P
2
0
2
5
)
2
6
7

Observation of the decay 𝜂𝑐 → 𝛾𝛾 at BESIII Zhi-Jun Li

[17] Q. Yu, X. Wu, J. Zeng, X. Huang, and H. Yu, Eur. Phys. J. C 80, 362 (2020), arXiv:1911.05342
[hep-ph] .

[18] Y. Chen, M. Gong, N. Li, C. Liu, Y. Liu, Z. Liu, J. Ma, Y. Meng, C. Xiong, and K. Zhang
(CLQCD Collaboration), Chin. Phys. C 44, 083108 (2020), [Erratum: Chin.Phys.C 46, 059001
(2022)], arXiv:2003.09817 [hep-lat] .

[19] J. J. Dudek and R. G. Edwards, Phys. Rev. Lett. 97, 172001 (2006), arXiv:hep-ph/0607140 .

[20] T. Chen et al. (CLQCD Collaboration), Eur. Phys. J. C 76, 358 (2016), arXiv:1602.00076
[hep-lat] .

[21] J. Chen, M. Ding, L. Chang, and Y. Liu, Phys. Rev. D 95, 016010 (2017), arXiv:1611.05960
[nucl-th] .

[22] R. Li, Y. Feng, and Y. Ma, JHEP 05, 009 (2020), arXiv:1911.05886 [hep-ph] .

[23] C. Liu, Y. Meng, and K. Zhang, Phys. Rev. D 102, 034502 (2020), arXiv:2004.03907 [hep-lat]
.

[24] R. Zhang, W. Sun, Y. Chen, M. Gong, L. Gui, and Z. Liu, Phys. Lett. B 827, 136960 (2022),
arXiv:2107.12749 [hep-lat] .

[25] F. Feng, Y. Jia, and W. Sang, Phys. Rev. Lett. 119, 252001 (2017), arXiv:1707.05758 [hep-ph]
.

[26] Y. Meng, C. Liu, T. Wang, and H. Yan, Phys. Rev. D 111, 014508 (2025), arXiv:2411.04415
[hep-lat] .

[27] L. C. Gui, J. M. Dong, Y. Chen, and Y. B. Yang, Phys. Rev. D 100, 054511 (2019),
arXiv:1906.03666 [hep-lat] .

[28] D. Becirevic and F. Sanfilippo, JHEP 01, 028 (2013), arXiv:1206.1445 [hep-lat] .

[29] G. C. Donald, C. T. H. Davies, R. J. Dowdall, E. Follana, K. Hornbostel, J. Koponen, G. P.
Lepage, and C. McNeile, Phys. Rev. D 86, 094501 (2012), arXiv:1208.2855 [hep-lat] .

[30] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 42, 023001 (2018), arXiv:1709.03653
[hep-ex] .

[31] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 48, 093001 (2024), arXiv:2403.06766
[hep-ex] .

[32] M. H. Liao, J. S. Liu, X. N. Wang, S. S. Sun, and Z. Y. You, Nucl. Sci. Tech. 36, 218 (2025),
arXiv:2509.16066 [hep-ex] .

[33] L. Yan et al., Chin. Phys. C 34, 204 (2010).

[34] M. Ablikim et al. (BESIII), Phys. Rev. Lett. 134, 181901 (2025), arXiv:2412.12998 [hep-ex] .

7

http://dx.doi.org/10.1140/epjc/s10052-020-7967-x
http://arxiv.org/abs/1911.05342
http://arxiv.org/abs/1911.05342
http://dx.doi.org/10.1088/1674-1137/44/8/083108
http://arxiv.org/abs/2003.09817
http://dx.doi.org/10.1103/PhysRevLett.97.172001
http://arxiv.org/abs/hep-ph/0607140
http://dx.doi.org/10.1140/epjc/s10052-016-4212-8
http://arxiv.org/abs/1602.00076
http://arxiv.org/abs/1602.00076
http://dx.doi.org/10.1103/PhysRevD.95.016010
http://arxiv.org/abs/1611.05960
http://arxiv.org/abs/1611.05960
http://dx.doi.org/10.1007/JHEP05(2020)009
http://arxiv.org/abs/1911.05886
http://dx.doi.org/10.1103/PhysRevD.102.034502
http://arxiv.org/abs/2004.03907
http://dx.doi.org/10.1016/j.physletb.2022.136960
http://arxiv.org/abs/2107.12749
http://dx.doi.org/10.1103/PhysRevLett.119.252001
http://arxiv.org/abs/1707.05758
http://dx.doi.org/10.1103/PhysRevD.111.014508
http://arxiv.org/abs/2411.04415
http://arxiv.org/abs/2411.04415
http://dx.doi.org/10.1103/PhysRevD.100.054511
http://arxiv.org/abs/1906.03666
http://dx.doi.org/10.1007/JHEP01(2013)028
http://arxiv.org/abs/1206.1445
http://dx.doi.org/10.1103/PhysRevD.86.094501
http://arxiv.org/abs/1208.2855
http://dx.doi.org/10.1088/1674-1137/42/2/023001
http://arxiv.org/abs/1709.03653
http://arxiv.org/abs/1709.03653
http://dx.doi.org/10.1088/1674-1137/ad595b
http://arxiv.org/abs/2403.06766
http://arxiv.org/abs/2403.06766
http://dx.doi.org/10.1007/s41365-025-01789-y
http://arxiv.org/abs/2509.16066
http://dx.doi.org/10.1088/1674-1137/34/2/009
http://dx.doi.org/10.1103/PhysRevLett.134.181901
http://arxiv.org/abs/2412.12998


P
o
S
(
E
P
S
-
H
E
P
2
0
2
5
)
2
6
7

Observation of the decay 𝜂𝑐 → 𝛾𝛾 at BESIII Zhi-Jun Li

[35] Z. J. Li, M. K. Yuan, Y. X. Song, Y. G. Li, J. S. Li, S. S. Sun, X. L. Wang, Z. Y. You, and
Y. J. Mao, Front. Phys. (Beijing) 19, 64201 (2024), arXiv:2404.07951 [physics.data-an] .

[36] K. X. Huang, Z. J. Li, Z. Qian, J. Zhu, H. Li, Y. M. Zhang, S. S. Sun, and Z. Y. You, Nucl.
Sci. Tech. 33, 142 (2022), arXiv:2206.10117 [physics.ins-det] .

[37] T. Z. Song, K. X. Huang, Y. J. Zeng, M. H. Liao, X. S. Wang, Y. M. Zhang, and Z. Y. You,
Front. Phys. (Beijing) 21, 26201 (2026), arXiv:2507.10261 [hep-ex] .

[38] A. Poluektov, JINST 10, P02011 (2015), arXiv:1411.5528 [physics.data-an] .

[39] S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024).

8

http://dx.doi.org/10.1007/s11467-024-1422-7
http://arxiv.org/abs/2404.07951
http://dx.doi.org/10.1007/s41365-022-01133-8
http://dx.doi.org/10.1007/s41365-022-01133-8
http://arxiv.org/abs/2206.10117
http://dx.doi.org/10.15302/frontphys.2026.026201
http://arxiv.org/abs/2507.10261
http://dx.doi.org/10.1088/1748-0221/10/02/P02011
http://arxiv.org/abs/1411.5528
http://dx.doi.org/10.1103/PhysRevD.110.030001

	Introduction
	Results

