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Motivation

Perturbative and nonperturbative QCD are appliable for ηc → 2γ

ηc → 2γ provides an ideal ground to test the validity limit of various
approximations and techniques e.g.

NRQCD
DSE
Lattice method
· · ·
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ηc → 2γ: experiments

Exp Br × 104 Refs
CLEO 1.4+0.7

−0.5 ± 0.3 PRL 101,101801(2008)
BESIII 2.7± 0.8± 0.6 PRD 87,032003(2013)

World average 1.9+0.7
−0.6 PDG(2021)

Global fit 1.61± 0.12 PDG(2021)

Difficulties: Multi-intermediate state
contamination

Opportunities: As the largest
τ−charm factory, BESIII has
accumulated 1010 J/ψ events.

J/ψ → 3γ from BESIII, ∼ 3× 107J/ψ
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ηc → 2γ: theories

Smaller results on lattice
J. J. Dudek et al. Phys. Rev. Lett.97,172001(2006)
T. Chen et al. Eur. Phys. J. C 76, 358 (2016)
C. Liu et al. Phys. Rev. D.102,034502(2020)

Other bigger results:
NRQCD F. Feng,Y. Jia,W.-L. Sang Phys.Rev.Lett.119,252001(2017)
DSE J. Chen,D.-H. Ding,L. Chang,Y.-X. Liu,Phys.Rev.D.95,016010(2017)

We firstly include various systematic errors at the same time

→ lattice discretization effect
→ excited-stated effect
→ mass scaling effect
· · ·
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ηc → 2γ

ηc(q)

γ(p)

γ(p′)

Amplitude:

M = e2εµ(p)εν(p′)Hµν(p, q)

Hµν(p, q) =
∫
d4xe−ipxHµν(x, q), Hµν = 〈0|Tr[Jµ(x)Jν(0)]|ηc(q)〉

Form factor: Hµν(p, q) = εµναβpαqβF (p2)

Decay width:

Γηcγγ = α2
em
π

4m
3
ηc |Fηcγγ |

2, Fηcγγ = F (0)
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Traditional method for on-shell form factor

Off-shell form factors by projecting discrete momentum ~p = 2π~n
L

F (p2) Cont.Limit−−−−−−−→ F (0)
Leading to additional computation cost and systematic source.

J. J. Dudek et al. Phys.Rev.Lett.97,172001(2006)
Chuan Liu et al. Phys.Rev.D.102,034502(2020)

Without considering various systematic effects

Lattice discretization effect: only one or two lattice spacings used

Excited-state contamination: without considering the excited-state
effect on the lattice
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Direct approach to on-shell form factor

Construct a scalar function[infinite volume]

I ≡ εµναβpαqβHµν(p, q)

= mηc

∫
dtemηc t/2

∫
d3~xe−i~p·~xεµνα0

∂Hµν(x, q)
∂xα

Averaging the ~p directions and projecting |~p| = mηc/2[infinite volume]

Fηcγγ ≡
I

[εµναβpαqβ ][εµνρσpρqσ ]

= −
1

2mηc

∫
dtemηc t/2

∫
d3~x

j1(|~p||~x|)
|~p||~x|

εµνα0xαHµν(x, q)

Replaced by finite-volume version

εµνα0xαHµν(x, q)→ εµνα0xαHLµν(x, q)

Exponentially supressed with the distance

8 / 20



Excited-state effect

Two-point function: 〈Oηc(t)O†ηc(0)〉
t&1.6fm

=====⇒ ground state ηc

Three-point function: 〈Jµ(t)Jν(0)O†ηc(−∆t)〉
t&0.8fm

======⇒
∆t>1.6fm

ηc → 2γ

Large ∆t, t is not enough to obtain the signal
Small ∆t, excited-state contamination

1.6 fm2 fm
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Extraction of ηc ground-state contribution

Ground and first excited states dominate

〈Jµ(~x, t)Jν(0)O†ηc(−∆t)〉 = Z0

2mH
(0)
µν e
−m∆t + Z1

2m1
H(1)
µν e
−m1∆t

Hµν = H(0)
µν + Z1m

Z0m1
H(1)
µν × e−(m1−m)∆t

Extract the ground-state form factor

Fηcγγ = F
(0)
ηcγγ + CF × e−(m1−m)∆t

Extract mass of ground and first excited state

〈Oηc (t)O†ηc (0)〉 = A1
(
e−mt + e−m(T−t)

)
+A2

(
e−m1t + e−m1(T−t)

)
,m1 ≥ m
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Nf = 2 twisted-mass

Ens a(fm) V/a4 aµsea Nconf × Ts ∆t/a
a98 0.098 243 × 48 0.0060 235× 48 7:1:17
a85 0.085 243 × 48 0.0040 197× 48 8:1:18
a67 0.0667 323 × 64 0.0030 197× 64 10:2:24

All ensembles have similar physical spatial volume: 2.04 ∼ 2.35 fm.

All ensembles have similar pion mass: 300 ∼ 360 MeV.

A series of ∆t to extract the ground-state contribution for ηc → 2γ.
Charm quark mass is tuned by physical ηc and J/ψ mass, respectively, and take
the difference as our systematic error.
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Form factor on lattice
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An obvious dependene on excited-state of ηc.
Dashed black line: a suitable time truncation tcut ∼ 1 fm.
The right: an extrapolation for the form factors at tcut.

12 / 20



Finite volume effect
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a67: R-dependence of form factor on spatial summation with |~x| ≤ R for
tcut ' 1 fm and ∆t ' 1.6 fm, take a67-I as an example.
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Continuous limit

Automatic O(a) improved;

PDG-fit: global fit of PDG;

PDG-aver: world average of PDG;

DSE ∼ 6.4 PRD95,016010(2017)
NRQCD ∼ 10 PRL119,252002(2017)

Γ(ηc → 2γ) =


6.51(18) keV mηc = mphys

ηc

6.60(16) keV mJ/ψ = mphys
J/ψ

5.15(35) keV PDG-fit
6.11+2.2

−1.9 keV PDG-aver

The discrepancy bewteen PDG-fit and lattice result is beyond 3 σ
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Lattice & Experiments
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OUR FIT: a minimum χ2-fit for the branching ratios from lots of experimental
measurements on different decay channels.
The fitting errors are consistent with world average for all decay channels fitted,
but except for ηc → 2γ.
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PDG global fit

The smaller errros of fitting may due to: (i)large uncertainties of ηc → 2γ; (ii)Highly
correlated with other decay channels ; (iii)The other channels have high precisions.
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What we have considered

Excited-state effect → A series of ∆t

Lattice discretization effect → Three lattice spacings

Scale setting effect → Two mass tunings

Finite volume effect → R-dependence

Systematic effects we have considered
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What we have ingored

Type-I Type-II

Much smaller contribution due to
Type-I: SU(3) asymptotic symmetry with mu,d,s � mc

Type-II: OZI supressed with αs(mc)
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Conclusion

Propose a direct method to calculate the on-shell form factor of ηc → 2γ.

The method can be applied for processes involving the leptonic or radiative
particles in the final states:

π0 → 2γ
J/ψ → 3γ
J/ψ → γηc

J/ψ → γνν̄

Various systematic effects are examined carefully.

In agreement with the world average of PDG, but different from the global
fit beyond 3σ.

We expect more precise analysis from BESIII with 1010J/ψ.
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完

Thank you!
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Back up
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Infinite volume reconstruction [1812.0981]

Divide the time integral into two parts: short distance calculated on
lattice, long distance reconstructed with the short-distance hadroinc
function:

Hµν(~x, t)|t>ts =
∫

d3~p

(2π)3

∫
d3 ~x′Hµν(~x′, ts)e−E~p(t−ts)+i~p·(~x−~x′)

Long-distance form factor:

F
(∞)
ηcγγ = −

1
mηc

e|~p|ts√
m2
J/ψ

+ |~p|2 − |~p|

∫
d3~x

j1(|~p||~x|)
|~p||~x|

εµνα0xαHµν(ts, ~x)

The total:
Fηcγγ = F (L)

ηcγγ + F (∞)
ηcγγ
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