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Motivation: search for the new physics

Euclid space telescope: launching at 11:12 a.m, Sat July 1, 2023

Mission: 3D map of the universe, with billions of galaxies that stretch 10 billion
light-years away
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Motivation: 511keV γ-Ray in Galactic Center

Nature,451,159(2008)
First obervation, Astrophys.J. 172, L1(1972).
One of the views: light dark matter (1-100MeV) annihilating into e+e− pairs
PRL,92,101301(2004)
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Current status of the dark matter search on the collider

Remarkable candidates

Dark photon A′: coupling to the photon through the kinetic mixing
ϵ
2F

µνF ′
µν , free parameters are mA′ and ϵ

CP-odd Higgs Boson A0: mA0 and gall̄

Axion-like particle a: ma and gaγγ

Dark matter can be produced on the collider

Direct production: e+e− → γX
BABAR,PRL119,131804(2017) BESIII,PLB839,137785(2023)

Resonant production: e+e− → J/ψ/Υ(1S) → γ +X
CLEO,PRD81,091101(2010) BABAR,PRL107,021804(2011)
Belle,PRL122,011801(2019) Belle,PRL128,081804 (2022)
BESIII,PRD101,112005(2020) BESIII,PRD105,012008(2022)
BESIII,PLB838,137698(2023)

5 / 19



Current status of the dark matter search on the collider

Remarkable candidates

Dark photon A′: coupling to the photon through the kinetic mixing
ϵ
2F

µνF ′
µν , free parameters are mA′ and ϵ

CP-odd Higgs Boson A0: mA0 and gall̄

Axion-like particle a: ma and gaγγ

Dark matter can be produced on the collider

Direct production: e+e− → γX
BABAR,PRL119,131804(2017) BESIII,PLB839,137785(2023)

Resonant production: e+e− → J/ψ/Υ(1S) → γ +X
CLEO,PRD81,091101(2010) BABAR,PRL107,021804(2011)
Belle,PRL122,011801(2019) Belle,PRL128,081804 (2022)
BESIII,PRD101,112005(2020) BESIII,PRD105,012008(2022)
BESIII,PLB838,137698(2023)

5 / 19



Light dark matter search on the collider
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Light dark matter search on the collider
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Future experiments in the search for dark matter

Super τ− Charm Facility (STCF) arXiv:2303.15790
Samples about 100 larger than the present largest τ -charm factory - BESIII

Belle II: The Belle II Physics Book arXiv:1808.10567

LHCb II: Physics case for an LHCb Upgrade II arXiv:1808.08865
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Standard model background in J/ψ invisible decay

Only after we exactly determine the standard model background can the
precise experimental investigations of the J/ψ → γ + invisible decay
possibly provide us rigorous constraints on new physics

In the standard model, the background is

J/ψ → γ + ν + ν̄

Since the neutrinos are only invisible particles

We target on an first-principle calculation on this invisible decay.
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Methodology: ηc → 2γ

Scalar function method: YM et al, Sci.Bull 68,1880(2023),2109.09381

Γ(ηc → 2γ) =

{ 6.67(16)(6) keV
5.4(4) keV PDG-fit
7.04+2.9

−1.9 keV PDG-aver

HPQCD, Γηcγγ = 6.788(45)fit(41)syst keV, PRD108,014513(2023),2305.06231
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Discussion

CLEO(08) and BESIII(13) extract the
branching fraction of ηc → 2γ by

J/ψ → γηc → 3γ

Using 1.06 × 108 ψ(3686) → π+π−J/ψ

The contribution of J/ψ → γηc is crucial
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ηc → 2γ & J/ψ → γηc

1.6 1.7 1.8 1.9 2

D.Becirevic(2012)

HPQCD(2012)

L.C.Gui(2019)

HPQCD(2023)

This work

PDG

Our result Br(J/ψ → γηc) = 2.31(13)% [To appear] ⇐ 1.7(4)% PDG
Combining BESIII(13), Γ(ηc → 2γ) = 6.2(1.7)(0.9)keV ⇐ 8.64(2.56)(1.92)keV

Remark: direct measurement with no-dependence on J/ψ → γηc is urgent, or
much improved J/ψ → 3γ, both statistically and systematically.

Model-independent input for J/ψ → 3γ amplitude with full Dalitz space.
YM et al, PRD 102,054506(2020)
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J/ψ → γνν̄

J/ψ → γνν̄ decay from lattice QCD

arXiv:2309.15436
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J/ψ → γνν̄: Formalism

Amplitude

iM = −i
(qce)GF√

2
[Hµνα(q, p)ϵαJ/ψ(p)ϵν∗(q)ū(q1)γµ(1 − γ5)v(q2)]

Hadroinc function

Hµνα(q, p) =
∫

d4xe−iqx⟨0|T{Jem
µ (x)JZν (0)}|J/ψ(p)α⟩

≡ ϵµναβqβFγνν̄ PRD 90, 077501(2014)

Decay width

Γ(J/ψ → γνν̄) =
αG2

F

3π2

∫ mJ/ψ
2

0
|q⃗|3(mJ/ψ − |q⃗|)|Fγνν̄ |2d|q⃗|
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Metholodogy

Form factor

Fγνν̄(Eγ ,∆t) =
1

6p · q
ϵµναβpβHµνα(q, p)

= −
i

6Eγ

∫
eEγtdt

∫
d3x⃗j0(Eγ |x⃗|)ϵµνα0Hµνα(x,∆t)

Decay width evaluated by a Monte-Carlo method

Γγνν̄(∆t) =
αG2

F

3π2

mJ/ψ

2NMC

NMC∑
i=1

(
E3
γ(mJ/ψ − Eγ)|Fγνν̄(Eγ ,∆t)|2

)
i

Dimensionless quantity Rf ≡ Γγνν̄/fJ/ψ and ∆t dependence

Rf (∆t) = Rf + ζ · e−(m(1)
J/ψ

−mJ/ψ)∆t
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Excited-state contamination
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A slight dependence on the excited-state of J/ψ (∆t-dependence).
Dashed black line: a suitable time truncation tcut ∼ 1.2 fm.
The right: an extrapolation for ∆t at tcut.
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Continuous limit

The first lattice QCD calculation arXiv:2309.15436

Br[J/ψ → γνν̄] = 1.00(9)(7) × 10−10

Phenomenological estimation ∼ 0.7 × 10−10

Dao-Neng Gao,PRD 90,077501(2014)
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Discussion: next generation experiments

Dark matter search by J/ψ → γ + invisible[STCF]

STCF has the potential to improve the upper limit to 10−8, even
possibly 10−9 level.
Standard model background J/ψ → γνν̄ is calculated on the lattice
with a branching fraction of 1.00(9)(7) × 10−10.

Dark matter search by Υ → γ + invisible[Belle II]

The design luminosity of Belle II is 80 times larger than Belle, which
has an upper limit of 10−6.
Naive phenomenological estimation B(Υ(1S) → γνν̄) ∼ 10−9

considering B ∼ M2.
No lattice calculation of B(Υ(1S) → γνν̄.
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Summary

We present first lattice calculation on the invisible decay J/ψ → γνν̄
using a scalar function method.

Various systematics are examined, including finite-volume effects,
excited-state contamination, and discretization effects.

An exact branching fraction Br[J/ψ → γνν̄] = 1.00(9)(7) × 10−10 is
determined, providing theoretical support for the dark matter search
in future experiments.
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End

Thank you for attention!
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Back-up
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Hadronic function in Minkowski and Euclidean space

Minkowski

Hµνα(q, p) = i
∑
n,q⃗

1
Eγ−En+iϵ ⟨0|Jem

µ (0)|n(q⃗)⟩⟨n(q⃗)|JZν (0)|J/ψ(p)α⟩

−i
∑
n′,q⃗

1
Eγ+En′ −mJ/ψ−iϵ ⟨0|JZν (0)|n′(−q⃗)⟩⟨n′(−q⃗)|Jem

µ (0)|J/ψ(p)α⟩

Euclidean

HE
µνα(q, p) = i

∑
n,q⃗

1−e−(En−Eγ )T/2

Eγ−En+iϵ ⟨0|Jem
µ (0)|n(q⃗)⟩⟨n(q⃗)|JZν (0)|J/ψ(p)α⟩

−i
∑
n′,q⃗

1−e−(Eγ+E
n′ −mJ/ψ)T/2

Eγ+En′ −mJ/ψ−iϵ ⟨0|JZν (0)|n′(−q⃗)⟩⟨n′(−q⃗)|Jem
µ (0)|J/ψ(p)α⟩

A naive relation requires

δEn ≡ En − Eγ > 0
δEn′ ≡ Eγ + En′ −mJ/ψ > 0
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Note: a general approach to exponentially growing terms
Norman H. Christ et al, PRD 103,014507(2021)
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Gauge ensembles

Nf = 2 twisted mass ensembles

Ens a (fm) L3 × T Nconf × T mπ(MeV) t
a67 0.0667(20) 323 × 64 197 × 64 300 12-18
a85 0.085(2) 243 × 48 200 × 48 315 10-14
a98 0.098(3) 243 × 48 236 × 48 365 9-13

Numerical results: δEηc(n⃗ ̸= 0) > 0

Ensemble a67 a85 a98
aδEηc (|n⃗|2 = 0) -0.0343(2) -0.0372(3) -0.0387(3)
aδEηc (|n⃗|2 = 1) 0.1781(2) 0.2446(3) 0.2380(4)
aδEηc (|n⃗|2 = 2) 0.2758(3) 0.3737(3) 0.3611(4)
aδEηc (|n⃗|2 = 3) 0.3544(3) 0.4751(4) 0.4587(4)
aδEηc (|n⃗|2 = 4) 0.4223(4) 0.5636(5) 0.5426(5)

Note that ⟨0|JZν (0)|ηc (⃗0)⟩⟨ηc (⃗0)|Jem
µ (0)|J/ψ(⃗0)α⟩ = 0
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Finite-volume effects

Examining the finite-volume effects (R ≡ |x⃗|)

Fγνν̄(Eγ ,∆t) = −
i

6Eγ

∫
eEγtdt

∫ R

0
d3x⃗ j0(Eγ |x⃗|)ϵµνα0Hµνα(x,∆t)
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