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We study the implication of J=ψ decay into invisible particles for light sterile neutrino and sub-GeV dark
matter (DM). The low-energy effective field theories (EFTs) are used for the description of general neutrino
interactions and the Dirac fermion DM coupled to charm quark. For J=ψ → γ þ invisible, we perform the
likelihood fits for the individual neutrino and DM operators with distinct Lorentz structures and photon
spectra. The limits on the decay branching fractions are obtained for different neutrino or DM scenarios and
then converted to the lower bounds on the new energy scales. The most stringent bounds on the energy
scale in neutrino and DM EFTs are 12.8 GeV and 11.6 GeV, respectively. The purely invisible decay
J=ψ → invisible provides complementary constraints on the effective operators. The relevant bound on the
energy scale is above 100 GeV for the dipole operators. We also evaluate the limit on the DM-nucleon
scattering cross section converted from J=ψ data. The data of J=ψ invisible decays are sensitive to the light
DM mass range where the DM direct detection experiments cannot probe yet. The future Super Tau Charm
Factory after one year run can push the limits down by two orders of magnitude.
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I. INTRODUCTION

The observation of neutrino flavor oscillations [1]
requires nonvanishing neutrino masses and thus provides
a strong motivation for new physics (NP) beyond the
Standard Model (SM) associated with neutrinos.
Meanwhile, abundant cosmological and astrophysical
observations clearly hint towards the existence of dark
matter (DM) as a plausible new physics beyond the SM.
However, no convincing signal has been observed yet for
any electroweak-scale DM candidates and neither for new
dynamical degrees of freedom in the neutrino sector such as
right-handed (RH) neutrinos N. This motivates to broaden
the scope and thus much attention is recently being paid to
probe light DM and light sterile neutrinos. Some anomalies
in direct DM detection or short-baseline neutrino oscil-
lation hint the existence of light DM [2,3] or light sterile

neutrino states (see Refs. [4,5] and references therein). The
detection of DM scattering off electrons or the precision
measurements in neutrino experiments may reveal possible
NP associated with light degrees of freedom in the SM.
Besides the experiments sensitive to electrons or light

SM quarks, the heavy quarkonium experiments provide an
ideal environment to study the possible NP associated with
heavy quarks. The CLEO-c [6], BABAR [7], and Belle [8]
experiments have searched for J=ψ or ϒ radiative decays
into invisible particles. Recently, the BESIII collaboration
performed a similar search for J=ψ using the data collected
by the BESIII detector at Beijing Electron Positron Collider
(BEPCII), and no signal was observed [9]. The BESIII
collaboration interprets the invisible particle as a new CP-
odd pseudoscalar and the upper limit on the branching
fraction for a massless pseudoscalar is 7 × 10−7 at the
90% confidence level (C.L.). The experimental sensitivity
does not reach the SM prediction of BðJ=ψ → γνν̄Þ ≃ 7 ×
10−11 [10,11], but the BESIII data is sensitive to the low-
energy NP interacting with SM charm quark.
The J=ψ decays into a single photon together with

invisible particles is analogous to the monophoton signa-
ture at high-energy colliders and can also be used to search
for light sterile neutrino or sub-GeV DM. As usually
protected by a global symmetry, the DM particles are
generally produced in pairs. The neutral current

*litong@nankai.edu.cn
†maxid@sjtu.edu.cn
‡m.schmidt@unsw.edu.au
§zhangreka1998@sina.com

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 104, 035024 (2021)

2470-0010=2021=104(3)=035024(16) 035024-1 Published by the American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.035024&domain=pdf&date_stamp=2021-08-26
https://doi.org/10.1103/PhysRevD.104.035024
https://doi.org/10.1103/PhysRevD.104.035024
https://doi.org/10.1103/PhysRevD.104.035024
https://doi.org/10.1103/PhysRevD.104.035024
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


interactions of neutrinos also lead to their pair productions.
We thus investigate the three-body decays of J=ψ into a
photon and a pair of neutrinos or DM particles, rather than
the two-body decay of J=ψ which has been analyzed by
BESIII [9]. Similar studies inspired by the Belle data were
performed for the ϒ radiative decay into DM pairs [12,13]
and the invisible decay of dark photon or millicharged
particle was also proposed through the eþe− collision at the
BESIII detector [14,15]. There were also a number of
theoretical studies of the search for light DM using invisible
quarkonium decays [16–24] at eþe− colliders. Another
benefit of the heavy quarkonium decays to a photon and
invisible particles is the ability to probe arbitrarily small
DM masses. This is in contrast to low-energy DM-nucleon
scattering experiments which lose sensitivity when the
recoil energy becomes too small to reach the energy
threshold of DM direct detection experiments. Hence,
the study of heavy quarkonium decays allows to probe
parameter space which is inaccessible to DM direct
detection experiments.
For the low-energy processes involving neutrinos and

DM particles, the effective field theory (EFT) serves as a
model-independent framework to study the implications for
neutrino physics and DM without recourse to detailed NP
models. The low-energy effective field theory (LEFT) is an
EFT for the light SM quarks and leptons defined below the
electroweak scale and is valid above the chiral symmetry
breaking scale ≃1 GeV for the interactions involving
quarks. The LEFT respects SUð3Þc × Uð1Þem gauge sym-
metry and can well describe the low-energy physics in the
heavy quarkonium experiments. The LEFT Lagrangian is

LLEFT ¼ Ld≤4 þ
X
i

X
d≥5

CðdÞ
i OðdÞ

i ; ð1Þ

where CðdÞ
i is the Wilson coefficient (WC) of operatorOðdÞ

i .
We make use of the LEFT with RH neutrinos N named as
LNEFT [25–27] and the LEFT with DM [28–38] called
DMEFT below. Generally, the Wilson coefficient CðdÞ

i

scales as Λ4−d. The constraint on the effective energy scale
Λ is generally related to the mediator mass mmed ∼ gΛ in
UV completions with g being a coupling for a given
interaction. The EFT approximation is valid when the
mediator mass is sufficiently larger than the momentum
transfer in the experimental processes. Assuming g ∼Oð1Þ,
the monophoton searches at high-energy colliders can only
set bounds for the new energy scale above TeV scale for a
valid EFT description. Here, from heavy quarkonium J=ψ
decay, the validity of the EFT description is ensured for the
limits larger than about 3 GeV. If g is decreased to a smaller
value, the momentum transfer

ffiffiffî
s

p
would dominate over the

mediator mass for mmed ≪
ffiffiffî
s

p
and the monophoton event

rate is suppressed by g4=ŝ2. By contrast, the event rate from
heavy quarkonium decay is proportional to g4=m4

med and

the constraint would stay constant. Thus, in the EFT
frameworks we consider, the heavy quarkonium decays
can provide complementary constraints on the NP scale in
which the searches at high-energy colliders are not appli-
cable or lose sensitivity. Following the likelihood fit
performed on the photon energy range from 1.25 to
1.65 GeV by BESIII, we perform the fits for the individual
LNEFT and DMEFT operators with distinct Lorentz
structures and photon spectra. The limits on the new scale
Λ can be obtained and then converted into the bound on
DM-nucleon scattering cross section in DMEFT.
The physics potential of current BEPCII/BESIII is

limited by its luminosity and the center-of-mass energy.
A Super Tau Charm Facility (STCF) is proposed as a
natural extension and a viable option for an accelerator
based high energy project in China in the post BEPCII/
BESIII era [39]. It is designed to have c.m. energy ranging
from 2 to 7 GeV, and is expected to deliver more than
1 ab−1 of integrated luminosity per year. For comparison,
the Belle II experiment is expected to accumulate 50 ab−1

data by 2024 [40] and the LHCb will also collect much
more data in the future [41]. Although the STCF might be
at a disadvantage in terms of the absolute number of events,
it has an excellent signal to background ratio, high
detection efficiency, well-controlled systematic uncertain-
ties, capabilities for fully reconstructed event, and it
provides an excellent opportunity for a broad range of
physics studies in the tau-charm energy region. We also
provide the sensitivity on DM-nucleon scattering at future
STCF. The results from heavy quarkonium experiments can
guide our direct search for NP in the neutrino or DM sector
in future experiments.
Besides the radiative decay, the purely invisible decay

of heavy quarkonium can also place constraints on
the effective operators in LNEFT and DMEFT [42–45].
The first search for J=ψ decay to invisible final states
gave the 90% C.L. upper limit BðJ=ψ → invisibleÞ <
1.2 × 10−2BðJ=ψ → μþμ−Þ [46] which is quoted as
BðJ=ψ → invisibleÞ < 7 × 10−4 in PDG [47]. As the
invisible decay has no suppressions from the QED vertex
and the 3-body phase space in the radiative decay, one
expects that it would bring more stringent bounds on the
new energy scale. On the other hand, due to the CP
conservation in the decay of J=ψ with JC ¼ 1−, J=ψ →
γ þ invisible and J=ψ → invisible are, respectively,
induced by CP-even and CP-odd operators. Thus, they
provide complementary constraints to the heavy quarko-
nium interactions with RH neutrinos or DM particles.
The paper is outlined as follows. In Sec. II, we describe

the EFT frameworks for general neutrino interactions with
RH neutrinos and Dirac fermion DM. We then calculate the
heavy quarkonium radiative decay into invisible particles in
Sec. III and the purely invisible decays in Sec. IV. In Sec. V,
we show the numerical constraints on the decay branching
fractions and the NP scale in both LNEFT and DMEFT.
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Our conclusions are summarized in Sec. VI. The details of
our calculation are presented in the Appendices.

II. EFFECTIVE FIELD THEORIES OF NEUTRINO
AND DARK MATTER

A. General neutrino interactions with RH neutrinos

For the radiative decay of J=ψ → γ þ invisible, it can be
suitably investigated in the LNEFT framework in which the
invisible states are neutrinos. The LNEFT is a valid
description for physical processes taking place below the
electroweak scale ΛEW ¼ mW . Its dynamical degrees of
freedom include the SM light leptons ðe; μ; τ; νe; νμ; ντÞ and
quarks ðu; d; s; c; bÞ and an arbitrary number of RH
neutrinos N. The LNEFT Lagrangian consists of the higher
dimensional operators built out of those fields and satisfies
the gauge symmetry SUð3Þc × Uð1Þem. The complete and
independent operator basis involving RH neutrinos N up to
dim-6 in the LNEFT can be found in Refs. [25–27] for the
study of generic neutrino interactions.
The leading order LNEFT operators for the study of

J=ψ → γ þ invisible decay are at dim-5 and dim-6.1 They
are composed of a neutrino bilinear coupled to the photon
field strength tensor (for the dim-5 case) or SM quark
bilinear currents (for the dim-6 case). Those operators are
further classified in terms of whether or not the lepton
number is violated. For the lepton number conservation
(LNC, jΔLj ¼ 0) case, the dim-5 neutrino-photon and dim-
6 neutrino-quark operators are given by [26,49]

OνNF ¼ ðν̄σμνNÞFμν þ H:c:; ð2Þ

OV
qν1 ¼ ðqLγμqLÞðν̄γμνÞ; OV

qν2 ¼ ðqRγμqRÞðν̄γμνÞ; ð3Þ

OV
qN1¼ðqLγμqLÞðN̄γμNÞ; OV

qN2¼ðqRγμqRÞðN̄γμNÞ; ð4Þ

OS
qνN1¼ðqLqRÞðν̄NÞþH:c:; OS

qνN2¼ðqRqLÞðν̄NÞþH:c:;

ð5Þ

OT
qνN ¼ ðqLσμνqRÞðν̄σμνNÞ þ H:c:; ð6Þ

where Fμν is the electromagnetic field strength tensor, q can
be either up-type quarks ui ¼ ðu; cÞ or down-type quarks
di ¼ ðd; s; bÞ, νi are active left-handed neutrinos
ðνe; νμ; ντÞ, and Ni are RH neutrinos. The quark fields
and the RH neutrino fields are in the mass basis, while the
left-handed (LH) neutrino fields are in the flavor basis.
Both νi and Ni carry lepton number LðνiÞ ¼ LðNiÞ ¼ þ1.
The flavors of the two quarks and those of the two neutrinos
in the above operators can be different although we do not
specify their flavor indices here. For the notation of the
Wilson coefficients, we use the same subscripts as the
operators, for instance CV;prαβ

qν1 together withOV;prαβ
qν1 , where

p, r denote the quark flavors and α, β are the neutrino
flavors. We do not include “h.c.” for the vectorlike
operators in Eqs. (3), (4) because they are self-hermitian
after exhausting all flavor indices.
The relevant dim-5 and dim-6 operators which induce

lepton number violation (LNV, jΔLj ¼ 2) are

OννF ¼ ðνCσμννÞFμν þ H:c:; ONNF ¼ ðNCσμνNÞFμν þ H:c:; ð7Þ

OV
qνN1 ¼ ðqLγμqLÞðνCγμNÞ þ H:c:; OV

qνN2 ¼ ðqRγμqRÞðνCγμNÞ þ H:c:; ð8Þ

OS
qν1 ¼ ðqRqLÞðνCνÞ þ H:c:; OS

qν2 ¼ ðqLqRÞðνCνÞ þ H:c:; ð9Þ

OS
qN1 ¼ ðqRqLÞðNCNÞ þ H:c:; OS

qN2 ¼ ðqLqRÞðNCNÞ þ H:c:; ð10Þ

OT
qν ¼ ðqRσμνqLÞðνCσμννÞ þ H:c:; OT

qN ¼ ðqLσμνqRÞðNCσμνNÞ þ H:c: ð11Þ

Note that the Wilson coefficients of the scalar operators are
symmetric in the neutrino indices and the dipole and tensor
operators are antisymmetric. Thus in particular the oper-

ators with the tensor neutrino current νCα σμννβ or NC
α σ

μνNβ

vanish for identical neutrino flavors ðα ¼ βÞ.

B. Low-energy description of fermionic DM

The low-energy interactions of Dirac fermion DM χ we
consider are based on the basis composed of the effective
operators of DM and SM particles up to dim-7 given in
[33]. A conserved global Uð1Þ symmetry is assumed in the

1Since the Wilson coefficients of the dim-7 operators [48] are
usually suppressed by one more power of heavy scale than those
of the dim-6 operators, we thus neglect the dim-7 LNEFT
operators for the current work.
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dark sector to stabilize the DM. The two dim-5 dipole
operators are

OχF1 ¼ ðχ̄σμνχÞFμν; OχF2 ¼ ðχ̄σμνiγ5χÞFμν: ð12Þ

The four-fermion interactions between χ and SM quarks
consist of dim-6 operators

Oχq1 ¼ ðχ̄γμχÞðq̄γμqÞ; Oχq2 ¼ ðχ̄γμγ5χÞðq̄γμqÞ; ð13Þ

Oχq3¼ðχ̄γμχÞðq̄γμγ5qÞ; Oχq4¼ðχ̄γμγ5χÞðq̄γμγ5qÞ; ð14Þ

as well as the dim-7 operators with scalar or tensor currents

Oχq5 ¼ mqðχ̄χÞðq̄qÞ; Oχq6 ¼ mqðχ̄iγ5χÞðq̄qÞ; ð15Þ

Oχq7 ¼ mqðχ̄χÞðq̄iγ5qÞ; Oχq8 ¼ mqðχ̄iγ5χÞðq̄iγ5qÞ;
ð16Þ

Oχq9¼mqðχ̄σμνχÞðq̄σμνqÞ; Oχq10¼mqðχ̄σμνiγ5χÞðq̄σμνqÞ;
ð17Þ

and those with derivative in the DM current

Oχq11 ¼ ðχ̄i∂↔μχÞðq̄γμqÞ; Oχq12 ¼ ðχ̄iγ5i∂
↔

μχÞðq̄γμqÞ; ð18Þ

Oχq13 ¼ ðχ̄i∂↔μχÞðq̄γμγ5qÞ; Oχq14 ¼ ðχ̄iγ5i∂
↔

μχÞðq̄γμγ5qÞ; ð19Þ

Oχq15 ¼ ðχ̄γ½μi∂↔ν�
χÞðq̄σμνqÞ; Oχq16 ¼ ðχ̄γ½μi∂↔ν�

γ5χÞðq̄σμνqÞ; ð20Þ

Oχq17 ¼ ðχ̄γ½μi∂↔ν�
χÞðq̄σμνiγ5qÞ; Oχq18 ¼ ðχ̄γ½μi∂↔ν�

γ5χÞðq̄σμνiγ5qÞ; ð21Þ

where χ̄i∂↔μχ ¼ χ̄i∂μχ − χ̄i∂⃖μχ. We replaced the last four operators in Ref. [33]2

Ôχq15 ¼ ∂μðχ̄σμνχÞðq̄γνqÞ; Ôχq16 ¼ ∂μðχ̄σμνiγ5χÞðq̄γνqÞ;
Ôχq17 ¼ ∂μðχ̄σμνχÞðq̄γνγ5qÞ; Ôχq18 ¼ ∂μðχ̄σμνiγ5χÞðq̄γνγ5qÞ; ð22Þ

because they are redundant, by four independent operators
Oχq15−18. The operators Ôχq15−18 listed in Ref. [33] can be
reduced into the operators within Oχq1−14 using the Dirac
gamma matrix identity (GI) σμν ¼ i

2
½γμ; γν� ¼ iγμγν −

igμν ¼ igμν − iγνγμ and the equation of motion (EoM) of
the DM fields. We prove the redundancy of operators
Ôχq15;16;17;18 and the above realization in Appendix A.
The dim-7 Rayleigh operators with the DM coupled to

two photon field strength tensors may also contribute to the
radiative decay of interest

OχFF1 ¼ ðχ̄χÞFμνFμν; OχFF2 ¼ ðχ̄iγ5χÞFμνFμν; ð23Þ

OχFF3 ¼ ðχ̄χÞFμνF̃μν; OχFF4 ¼ ðχ̄iγ5χÞFμνF̃μν: ð24Þ

Note that the dim-7 operators with gluon field strength
tensors are irrelevant for our study and are not listed here.

III. THE HEAVY QUARKONIUM RADIATIVE
DECAY INTO INVISIBLE PARTICLES

A. The radiative decay of heavy quarkonium in LNEFT

For the J=ψ radiative decays into invisible fermions, the
leading order Feynman diagrams are shown in Fig. 1 in the
framework of the LNEFT. The relevant local operators are
defined in the above section and the photon is only emitted
from the quark lines. The transition amplitude for
J=ψðPÞ → γðkÞ þ inv1ðk1Þ þ inv2ðk2Þ through the dia-
grams in Fig. 1 can be factorized into a hadronic matrix
element HΓ multiplied by a proper neutrino current Linv

MðJ=ψ → γ þ inv1 þ inv2Þ
¼ hγðkÞjðq̄ΓqÞjJ=ψðPÞi × Linv ≡HΓLinv; ð25Þ

where ðq̄ΓqÞ represents a generic quark current appearing
in the local dim-6=7 interactions with Γ ¼ fP� ≡

2We slightly change the notation of the four operators. Their
original notation in Ref. [33] is Oð7Þ

19;q, O
ð7Þ
20;q, O

ð7Þ
21;q, and Oð7Þ

22;q in
which the quark field label q can be other SM lepton fields
∈ fe; μ; τ; νe; νμ; ντg.
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1�γ5
2

; γμ; γμγ5; σμνg or equals ðq̄γμqÞ for the nonlocal dim-
5 case.
The neutrino current Linv can be easily identified for a

given specific effective dim-5/dim-6 interaction. For the

calculation of HΓ, we start from the matrix element of the
quark-level process q̄ðpq̄ÞqðpqÞ → γðkÞinv1ðk1Þinv2ðk2Þ.
The quark-level transition hΓ ¼ hγðkÞjðq̄ΓqÞjq̄ðpq̄Þ×
qðpqÞi, based on the diagrams in Fig. 1, is given by

hΓ ¼ v̄q̄

�
ð−ieQq=ϵ�γÞ

i
=k − =pq̄ −mq

Γþ Γ
i

=pq − =k −mq
ð−ieQq=ϵ�γÞ

�
uq

¼ eQqv̄q̄

�
=ϵ�γ

=k − =pq̄ þmq

ðk − pq̄Þ2 −m2
q
Γþ Γ

=pq − =kþmq

ðpq − kÞ2 −m2
q
=ϵ�γ

�
uq

¼on−shelleQqv̄q̄

�
2pq̄ · ϵ�γ − =ϵ�γ=k

2pq̄ · k
Γ − Γ

2pq · ϵ�γ − =k=ϵ�γ
2pq · k

�
uq: ð26Þ

For the further reduction of the above amplitude, we work
in the rest frame of J=ψ state and use the nonrelativistic
color singlet model (NRCSM) to calculate the hadronic
matrix element [50–57]. In the NRCSM, the charm quark
pair c and c̄ within J=ψ is treated as static constituent
quarks and the momentum (mass) of c=c̄ is taken to be one-
half of the momentum (mass) of the state J=ψ , i.e.,
qc ¼ qc̄ ¼ P=2ðmc ¼ mc̄ ¼ mJ=2Þ.3,4 Thus, the difference
between mJ=2 and mc scales as OðΛQCDÞ and can be
neglected together with the quark-antiquark Fermi motion
effects. The J=ψ state is formed from the quark-antiquark

pair cc̄ through the projection operation [58]

v̄c̄Γuc →
Ψð0ÞNcffiffiffiffiffiffiffiffiffiffiffi
12mJ

p Tr½ð=PþmJÞ=ϵJΓ�; ð27Þ

where ϵμJ is the polarization vector of J=ψ , Nc ¼ 3 is the
color factor in the fundamental representation of SUð3Þc,
and the wave-function of J=ψ at origin is denoted by Ψð0Þ.
Given the above assumptions, Eq. (26) is translated to the
hadronic matrix element HΓ

hΓ ¼ eQc

P · k
v̄c̄½ðP · ϵ�γ − =ϵ�γ=kÞΓ − ΓðP · ϵ�γ − =k=ϵ�γÞ�uc

→ HΓ ¼ eQc

P · k
Ψð0ÞNcffiffiffiffiffiffiffiffiffiffiffi
12mJ

p Tr½ð=PþmJÞ=ϵJf=k=ϵ�γ ;Γg�

¼ N ðq2Þ ×
8<
:

½Pσkρ − gρσðP · kÞ � iϵμνρσPμkν�ϵJ;ρϵ�γ;σ; Γ ¼ P�
−2imJϵ

μνρσkνϵJ;ρϵ�γ;σ; Γ ¼ γμγ5

0; Γ ¼ γμ; σμν
; ð28Þ

where the momentum q ¼ P − k and

N ðq2Þ ¼ 4eQc

P · k
Ψð0ÞNcffiffiffiffiffiffiffiffiffiffiffi
12mJ

p ¼ 2
ffiffiffi
3

p
eQcΨð0Þffiffiffiffiffiffi
mJ

p 1

P · k
: ð29Þ

On the other hand, the nonvanishing hadronic matrix
elements for the charmonium meson J=ψ with momentum

FIG. 1. The Feynman diagrams contributing to J=ψ → γ þ inv1 þ inv2 ðinv1;2 ∈ fν; ν̄; N; N̄gÞ process from the dim-5 (a,b) and dim-6
(c,d) EFT interactions in the LNEFT.

3For brevity, throughout the whole context, we abbreviate XJ=ψ
to XJ to specify the X property of J=ψ state.

4mPDG
c ¼ 1.27� 0.02 GeV; mPDG

J ¼ 3096.9� 0.006 MeV.
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P and polarization vector ϵμJ can also be parametrized as
[59,60]

h0jc̄γμcjJ=ψðPÞi ¼ fJmJϵ
μ
J;

h0jc̄σμνcjJ=ψðPÞi ¼ ifTJ ðϵμJPν − ϵνJP
μÞ; ð30Þ

where fJ and fTJ are the vector and tensor decay constants
for the vector meson J=ψ , and mJ is the mass of J=ψ .
Converting the general parametrization in terms of decay
constants into the NRCSM formalism, we have the follow-
ing relationship:

fJ ¼
4Ψð0ÞNcffiffiffiffiffiffiffiffiffiffiffi

12mJ
p ¼ 2

ffiffiffi
3

p
Ψð0Þffiffiffiffiffiffi
mJ

p ; fTJ ¼ fJ: ð31Þ

In our numerical calculation below, we adopt the NRCSM
formalism and determine the wave-function in terms of the
branching fraction to eþe−

BðJ=ψ→eþe−Þ¼16πQ2
cα

2
emjΨJð0Þj2

m2
JΓJ

¼4πQ2
cα

2
emf2J

3mJΓJ
: ð32Þ

From the above results, we conclude that the contribu-
tion to the radiative transition J=ψ → γ þ inv1þ inv2 from
the operators with a pure vector current (the case of dim-5
dipole operators) or a tensor current (the case of dim-6
tensor quark current) vanishes. This is understandable due
to the charge conjugation symmetry of QCD and QED
since J=ψ , the photon and the pure vector/tensor current all
have negative charge parity. Thus, only the Lorentz
structures of P� and γμP� are to be considered below.
For a three-body decay V → aþ bþ c, the decay width
becomes

dΓ
dxadxb

¼ mV

256π3
jMj2; ð33Þ

where xi ¼ 2Ei=mVði ¼ a; b; cÞ and xa þ xb þ xc ¼ 2.
The kinematics constrains the domain of xa and xb to be [61]

2μ1=2a ≤xa≤1þμa−μb−μc−2ðμbμcÞ1=2;

xb;maxðminÞ ¼
1

2
ð1−xaþμaÞ−1½ð2−xaÞð1þμaþμb−μc−xaÞ

�ðx2a−4μaÞ1=2λ1=2ð1þμa−xa;μb;μcÞ�; ð34Þ

where

μi ¼ m2
i =m

2
V; i ¼ a; b; c;

λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy − 2yz − 2xz: ð35Þ

In our case we take a ¼ γ and b; c ¼ ν, N. The differential
decay width against the photon energy Eγ is

dΓ
dEγ

¼ 2

mJ

dΓ
dxγ

¼ 1

128π3

Z
dxbjMj2: ð36Þ

We show the matrix elements of J=ψ decay in LNEFT and
the kinematic functions in Appendix B. The nonvanishing
partial widths are governed by OV

cν1;2, O
V
cN1;2, O

S
cνN1;2 in

LNC case, or OS
cν1;2, OS

cN1;2, OV
cνN1;2 in LNV case. In

particular, in the SM the vector current operator are
generated with the Wilson coefficients CV;prαβ

qν1ð2Þ;SM ¼
−2

ffiffiffi
2

p
GFðT3 −Qqs2WÞδprδαβ. The SM amplitude becomes

MSM ¼ −i4
ffiffiffi
6

p
eQcGF

ffiffiffiffiffiffi
mJ

p Ψð0Þ
m2

J − q2

×ϵμνρσkνϵJ;ρϵ�γ;σðūνγμPLvν̄Þ: ð37Þ
The above amplitude leads to the differential decay

width being

dΓ
dEγ

����
SM

¼ 4Q2
cαemjΨð0Þj2G2

F

3π2mJ
EγðmJ − EγÞ;

ΓSM ¼ Nν

Z
dEγ

dΓ
dEγ

����
SM

¼ Q2
cαemjΨð0Þj2G2

Fm
2
J

3π2
; ð38Þ

where Nν ¼ 3 is the number of active neutrinos. Our SM
result agrees with that in Ref. [10]. In the numerical
analysis below, we work on the case of one flavor sterile
neutrino and denote its mass as mN . For the operators
involving active neutrinos, we assume single-flavor domi-
nance for the flavor dependent couplings.

B. The radiative decay of heavy
quarkonium in DMEFT

For the radiative decay of J=ψ into DM pairs, analogous
to the neutrino case, the dim-5 dipole operators OχF1;2, the
dim-6=7 vector quark current operators Oχq1;2;Oχq11;12,

and the dim-7 tensor quark operators Oχq9;10; Ôχq15;16;17;18

have vanishing contributions. Besides the diagrams in
Fig. 1, the photon may also be emitted from the interacting
vertex induced by the Rayleigh operators in DMEFT.
However, the Rayleigh operators do not contribute to the
J=ψ radiative decay either due to the nature of vector quark
current from the intermediate photon.
The nonvanishing matrix elements for the process

J=ψðPÞ → γðkÞχðk1Þχ̄ðk2Þ from the remaining operators
Oχq3;4;5;6;7;8;13;14 are as follows:

Mχχ̄

mJN ðq2Þ¼−2iϵμνρσkνϵJ;ρϵ�γ;σūχ ½γμðCχc3þCχc4γ5Þ

þðk1−k2ÞμðCχc13þCχc14iγ5Þ�vχ̄
þðPσkρ−gρσðP ·kÞÞϵJ;ρϵ�γ;σūχ ½Cχc5þCχc6iγ5�vχ̄
−ϵμνρσPμkνϵJ;ρϵ�γ;σūχ ½Cχc7þCχc8iγ5�vχ̄ ; ð39Þ
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where we have rewritten 2mc as mJ in the second and third
lines. The squared and spin-summed matrix element is

jMχχ̄ j2 ¼ 16e2Q2
cjΨJð0Þj2mJR; ð40Þ

where R is defined as

R ¼ 2½8gð0Þ − fð8μχÞ�C2
χc3 þ 2½8gð0Þ − fð−4μχÞ�C2

χc4

þm2
J½fð4μχÞðC2

χc5 þ 2C2
χc7 þ 4hðμχÞC2

χc13Þ
þ fð0ÞðC2

χc6 þ 2C2
χc8 þ 4hðμχÞC2

χc14Þ�
− 16mJ½ ffiffiffiffiffi

μχ
p

hðμχÞCχc3Cχc13 − kðμχÞCχc4Cχc8�; ð41Þ

with μχ ¼ m2
χ=m2

J and

hðμχÞ ¼
1

x2γ
½ðxb − xcÞ2ð1þ xγÞ þ ð1 − xγ − 4μχÞx2γ �;

kðμχÞ ¼
ffiffiffiffiffi
μχ

p
xγ

ð2 − xb − xcÞ: ð42Þ

The f and g functions are defined in Eq. (B11) in
Appendix B. We then arrive at the final expression of
the differential partial width

dΓ
dEγ

¼ 16e2Q2
cjΨJð0Þj2mJ

128π3
×
xγ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1 − xγÞð1 − xγ − 4μχÞ
p

3ð1 − x2γÞ
× ½2ð13 − 18xγ þ 5x2γ þ 16μχð2 − xγÞÞC2

χc3 þ 2ð13 − 18xγ þ 5x2γ − 4μχð1 − 5xγÞÞC2
χc4

þ3m2
Jð1 − xγÞð1 − xγ − 4μχÞðC2

χc5 þ 2C2
χc7Þ þ 3m2

Jð1 − xγÞ2ðC2
χc6 þ 2C2

χc8Þ
þ8m2

Jð2 − xγÞð1 − xγ − 4μχÞ2C2
χc13 þ 8m2

Jð2 − xγÞð1 − xγÞð1 − xγ − 4μχÞC2
χc14

−32mJ
ffiffiffiffiffi
μχ

p ð2 − xγÞð1 − xγ − 4μχÞCχc3Cχc13 þ 48mJ
ffiffiffiffiffi
μχ

p ð1 − xγÞCχc4Cχc8�: ð43Þ

In the following numerical analysis, we assume the
dominance of one Wilson coefficient at a time.

IV. THE HEAVY QUARKONIUM DECAY INTO
INVISIBLE PARTICLES

From the decay constants in Eq. (30) and the fact that
J=ψ is a vector meson with JPC ¼ 1−−, only the dipole
operators and the dim-6=7 operators with a vector or tensor
quark current will nontrivially contribute to the invisible

decay J=ψ → inv1þ inv2. In particular, the dipole oper-
ators contribute to the invisible decay through a photon
propagator and a QED vertex.

A. The invisible decay of heavy quarkonium in LNEFT

For J=ψðPÞ → inv1=αðk1Þ þ inv2=βðk2Þ, after squaring
the amplitudes and including the phase space factor, the
final branching ratio is given by [26]

BðJ=ψ → inv:Þ ¼ m3
J

48πΓJ

X
α;β

�
2j fJ

2
ðCV;αβ

cν1;NP þ CV;αβ
cν2;NP þ 2CV

SMδαβÞj
2

þ 2j fJ
2
ðCV;αβ

cN1 þ CV;αβ
cN2 Þj

2
�
1 −

m2
N

m2
J

��
1 − 4

m2
N

m2
J

�1
2

þ 8jfTJCT;αβ
cνN − eQc

fJ
mJ

Cαβ
νNFj

2
�
1þm2

N

m2
J
− 2

m4
N

m4
J

��
1 −

m2
N

m2
J

�
þ 16jfTJCT;αβ

cν − eQc
fJ
mJ

Cαβ
ννFj

2

þ 16jfTJCT;αβ
cN − eQc

fJ
mJ

Cαβ
NNFj

2
�
1þ 2

m2
N

m2
J

��
1 − 4

m2
N

m2
J

�1
2

þ 4j fJ
2
ðCV;αβ

cνN1 þ CV;αβ
cνN2Þj

2
�
1 −

m2
N

2m2
J
−

m4
N

2m4
J

��
1 −

m2
N

m2
J

�	
: ð44Þ

The nonvanishing partial widths are determined by OνNF,
OV

cν1;2, O
V
cN1;2, O

T
cνN in LNC case, or OννF, ONNF, OV

cνN1;2,
OT

cν, OT
cN in LNV case. Here we have split the contribution

from the vector operators CV
cν1ð2Þ into the NP contribution

and the SM part with CV
SM ¼ − g2Z

4m2
Z
ð1
2
− 4

3
s2WÞ. Taking the

SM Wilson coefficient CV
SM, we obtain the same analytic

expression of the ratio ΓðJ=ψ→νν̄Þ
ΓðJ=ψ→eþe−Þ as that in Ref. [45]. Our

numerical SM prediction gives 3.23 × 10−7 for the above
ratio and BðJ=ψ → νν̄Þ ¼ 1.93 × 10−8 given BðJ=ψ →
eþe−Þ ¼ ð5.971� 0.031Þ% [47]. This is compatible with
the estimate in Ref. [42], but smaller than the value in
Ref. [45] by 29%.
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B. The invisible decay of heavy quarkonium in DMEFT

Analogously, the invisible decay of J=ψ in the DMEFT
also receives nonvanishing contributions from the operators
with a quark vector or tensor current and the dipole

operators. The amplitude for the process J=ψ →
χðk1Þχ̄ðk2Þ from the interactions in Eqs. (12)Þ−(21) can
be written as MðJ=ψ → χχ̄Þ ¼ Mμϵ

μ
J with

Mμ ¼ mJfJūχ

�
−2ieQc

Pν

m2
J
σμνðCχF1 þ CχF2iγ5Þ þ γμðCχc1 þ Cχc2γ5Þ þ ðk1 − k2ÞμðCχc11 þ Cχc12iγ5Þ

�
vχ̄

þ 2ifTJP
νuχ ½mcσμνðCχc9 þ Cχc10iγ5Þ þ γ½μðk1 − k2Þν�ðCχc15 þ Cχc16γ5Þ�vχ̄

− iϵμνρσfTJP
νuχ ½γ½ρðk1 − k2Þσ�ðCχc17 þ Cχc18γ5Þ�vχ̄ ; ð45Þ

where one can see that the term proportional to Cχc15 vanishes once the on-shell condition applies. We then obtain the
branching ratio as

BðJ=ψ → χχ̄Þ ¼ 1

ΓJ

1

16πmJ
ð1 − 4μχÞ12 ¯jMðJ=ψ → χχ̄Þj2

¼ m3
J

48πΓJ
ð1 − 4μχÞ12

�
8e2Q2

c
f2J
m2

J
½ð1þ 8μχÞC2

χF1 þ ð1 − 4μχÞC2
χF2�

þ 4f2J½ð1þ 2μχÞC2
χc1 þ ð1 − 4μχÞC2

χc2�
þ 2ðfTJ Þ2½ð1þ 8μχÞC2

χc9 þ ð1 − 4μχÞC2
χc10�

þ 2m2
Jf

2
Jð1 − 4μχÞ½ð1 − 4μχÞC2

χc11 þ C2
χc12�

þ 16m2
JðfTJ Þ2ð1 − 4μχÞ½2μχC2

χc16 þ C2
χc17 þ ð1 − 4μχÞC2

χc18�
�
þ � � � ; ð46Þ

where μχ ¼ m2
χ=m2

J as defined before and � � � stands for the
interference terms which are omitted for simplicity. The
above terms are from the operators which have vanishing
contributions to the J=ψ → γ þ invisible process.

V. NUMERICAL RESULTS

In this section we show the constraints from both J=ψ →
γ þ invisible and J=ψ → invisible. We first show the

normalized differential width distributions for J=ψ → γ þ
invisible in LNEFT (left) and DMEFT (right) in Fig. 2 as a
function of the photon energy Eγ. One can see that the
distributions are determined by both the individual Lorentz
structure and the mass of sterile neutrino N or DM particle
χ. When the mass of sterile neutrino is negligible, the LNC
νν̄; NN̄ ðνN̄=ν̄NÞ cases and the LNV νN=ν̄ N̄
ðνν=ν̄ ν̄; NN=N̄ N̄Þ cases share the same Eγ distribution.

FIG. 2. Normalized differential width distributions as a function of photon energy Eγ for J=ψ → γ þ invisible in LNEFT (left) and
DMEFT (right). In the left panel, massless sterile neutrinos are shown with solid lines and sterile neutrinos with masses mN ¼ 1 GeV
with dashed and dot-dashed lines. Blue corresponds to the channels νν and NN ðνNÞ for LNC (LNV) interactions. Orange corresponds
to the channels νν and NN ðνNÞ for LNV (LNC) interactions. Green (red) stands for the NN ðνNÞ channel, while dashed (dot-dashed)
lines refer to LNV (LNC) interactions. In the right panel, solid lines refer to massless dark matter, and dashed and dot-dashed lines show
the case of mχ ¼ 1 GeV. Blue (orange) [green] lines refer to the operators Oχc3=4 ðOχc5=6=7=8Þ ½Oχc13=14�.
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The maximal value of Eγ depends on mN and how many
massive sterile neutrinos are produced in J=ψ decay. For
negligible DM mass in μχ ¼ m2

χ=m2
J, the distributions of

Ocχ3 ðOcχ5;7Þ ½Ocχ13� and Ocχ4 ðOcχ6;8Þ ½Ocχ14� are the
same. Based on Eq. (34) and the minimal photon energy as
1.25 GeV, the BESIII data can constrain mN up to 1.36
(0.68) GeV for one (two) sterile neutrino in the final states of
J=ψ decay. As the DM particle is always produced in pairs,
the BESIII data constrain the DM mass to 0.68 GeVat most.

A. Fit to the experimental data of J=ψ → γ + invisible

In our fit to the experimental data we follow as closely as
possible the experimental analysis [9]. We assume the
events in each bin to be distributed following a Poisson
distribution and thus the likelihood is given by

L ¼
YNbins

i¼1

P

�
NijBϵsigsiNJ=ψ=ϵJ=ψ þ

XNbkg

j

bexpij

�
; ð47Þ

where Nbins denotes the number of bins, Ni the number of
events in the i-th bin, B the branching ratio of
J=ψ → γ þ inv, ϵsig ¼ 0.93 is the signal efficiency which
is characterized by the acceptance of photons in the
detector, NJ=ψ ¼ ð8848� 1Þ × 104 is the number of tagged
J=ψ events in the signal region, ϵJ=ψ ¼ 0.5680� 0.0001

denotes the efficiency for tagging a J=ψ , si represents the
signal probability in the i-th bin, and bexpij denotes the
number of background events of type j in the i-th bin. The
number of background events in each bin have been
extracted from Fig. 2 in Ref. [9]. The signal probability
is given by integrating the partial width for the process of
interest for each bin and normalizing it to the total partial
width, i.e., si ¼ Γ−1

R
bin i dEγdΓ=dEγ . Systematic uncer-

tainties are taking into account using Gaussian distributions
for the nuisance parameters, NJ=ψ , ϵJ=ψ , ϵsig and the
normalizations NJ=ψ→π0γ , NJ=ψ→ηγ , Ncont of the different
background distributions from J=ψ → π0γ, J=ψ → ηγ and
the continuum background, respectively. The central values
for the normalizations NJ=ψ→π0γ , NJ=ψ→ηγ and Ncont are
taken to be unity. For the standard deviations of the
Gaussian distributions, we use σNJ=ψ

¼0.007NJ=ψ ,
σϵJ=ψ ¼0.0001, σϵsig ¼0.015ϵsig, σJ=ψ→π0γ ¼ 0.17NJ=ψ→π0γ ,
σJ=ψ→ηγ ¼ 0.17NJ=ψ→ηγ , and σcont ¼ 0.044Ncont.
Following the experimental analysis [9], we set limits

using the CLs method [62,63] with the profile likelihood
ratio as test statistic. For the calculation we use the
approximation based on the Asimov dataset detailed in
Ref. [64]. We validated our implementation of the fit
calculation by reproducing the experimental limits for
the 2-body decays studied in Ref. [9]. The constraints

FIG. 3. Constraints on different neutrino scenarios in LNEFT (top) and DMEFT (bottom) from J=ψ → γ þ invisible. Left: upper
limits on the decay branching fractions. Right: lower limits on the energy scales. For the LNEFT figures on the top, solid (dashed) lines
represent LNC (LNV) interactions. Blue (orange) [green] lines correspond to the scenarios νν ðNNÞ ½νN�. For the DMEFT figures on the
bottom, blue, orange, green, red, purple corresponds to operators Oχc3=4, Oχc5=7, Oχc6=8, Oχc13, Oχc14. In the bottom right panel, solid
lines correspond to operators Oχc3=5=6=13=14 while dashed lines correspond to operators Oχc4=7=8.
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for the 3-body final states are generally weaker due to the
broader differential width distribution and the lower photon
energy cutoff in the experimental analysis.

B. Constraints on LNEFT and DMEFT

The upper panels of Fig. 3 show the upper limits on the
decay branching fractions of different neutrino scenarios
as a function of sterile neutrino mass from J=ψ →
γ þ invisible. For massless sterile neutrino, the limits on
the branching fractions of LNC νν; NN, LNV νN, and LNC
νN, LNV νν; NN cases are 3 × 10−6 and 10−5, respectively.
One can then convert the decay branching fraction bounds
into the lower limits on the energy scale associated with the
corresponding Wilson coefficients. The most stringent
bound on the energy scale is 12.8 GeV for the LNC
operators OV

cν1;2.
For different dark matter scenarios in DMEFT, the lower

panels of Fig. 3 show the upper limits on the decay
branching fractions as a function of mχ from J=ψ →
γ þ invisible. Due to the suppression of μχ for very small
mχ , the branching ratio limits for Ocχ3 (Ocχ5;7) [Ocχ13] and
Ocχ4 (Ocχ6;8) [Ocχ14] are equal and become 2 × 10−5 ð6 ×
10−5Þ ½8 × 10−5�. As a result, as shown in Fig. 3 (bottom
right), the most stringent bound on the energy scale is
11.6 GeV for the operators Ocχ3;4.
In Fig. 4, we show the lower constraints on the effective

scale as a function of the mass of sterile neutrino (DM
particle) in the LNEFT (DMEFT) from J=ψ → invisible.
Here we have taken into account the current experimental
constraint BðJ=ψ → invisibleÞ < 7 × 10−4 and assumed
one operator dominant each time to obtain the result.
The most stringent bound on the energy scale is above
100 GeV for the dipole operators. Table I summarizes the
energy bound on individual operator from J=ψ →
ðγþÞinvisible decays, assuming massless sterile neutrino
or DM particle. One can see that the two decay processes
provide complementary constraints on the effective

operators. The constraint on Λ from J=ψ → γ þ invisible
is relatively weak and thus the observation may imply a
light degree of freedom for C-even mediator and DM
particle in the UV completions.
The dipole operators are also constrained by other meson

decays and the CEνNS process and have been studied by
some of us [26]. In particular the energy scales associated
with the dipole operator Wilson coefficients Cαβ

νNF;ννF with
α ≠ τ are constrained by CEνNS to be larger than 1900 TeV
and 3700 TeV, respectively. Invisible J=ψ decays place the
stronger constraints on theWilson coefficientsCτβ

νNF;ννF and

Cαβ
NNF for α; β ¼ e, μ, τ than invisible decays of ω and ϕ

vector mesons which have been studied in Ref. [26].
Constraints on 4-fermion operators are not directly com-
parable due to the different quarks in the operator and here
the searches for invisible J=ψ decays and J=ψ → γþ
invisible are complementary.

C. The DM direct detection in DMEFT

The DMEFT operators also determine the cross section
of DM scattering off a nucleus in the direct detection
experiments. The lower bound on the scale of the effective
operator obtained above can be converted to the upper limit
on the DM-nucleon scattering cross section. Among the
operators relevant for the radiative decay of J=ψ , only the
scalar operator Oχq5 leads to spin-independent (SI) DM-
nucleon scattering cross section which is meanwhile not
suppressed by momentum transfer. The axial vector oper-
ator Oχq4 contributes to the spin-dependent (SD) scattering
cross section. For the operators relevant for the purely
invisible decay of J=ψ , the vector operator Oχq1 typically
gives non-momentum-suppressed SI scattering cross sec-
tion. We next evaluate the nonsuppressed DM-nucleon
scattering cross sections converted from J=ψ data. Other
operators such as Oχq2;Oχq3 at the nucleon level are
decomposed into the nonrelativistic operators depending
on momentum transfer and thus lead to momentum-

FIG. 4. Lower limits on the energy scales as a function of the mass of sterile neutrino (left) and DM particle (right) from
J=ψ → invisible.
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suppressed scattering cross section [33,34,36]. We will not
consider them below.
The form factors of nucleon N are defined as [36,37]

hNjq̄γμqjNi ¼ cNq N̄γμN; q ¼ u; d; ð48Þ

hNjmqq̄qjNi ¼ mNfNq N̄N; q ¼ u; d; s; ð49Þ

hNjmQQ̄QjNi ¼ hN
����−αs12π

Ga
μνGaμνjNi

¼ 2

27
mNfNGN̄N; Q ¼ c; b; t; ð50Þ

for the scalar SI interactions with mN being the nucleon
mass and cpu ¼ cnd ¼ 2; cpd ¼ cnu ¼ 1. Those for SD inter-
actions are

hNjq̄γμγ5qjNi ¼ ΔN
q N̄γμγ5N; q ¼ u; d; s: ð51Þ

The elastic SI scattering cross sections from Oχq1 and Oχq5

are given by [13]

σSIχq1 ¼
9μ2χN
π

jCχq1j2; ð52Þ

σSIχq5 ¼
μ2χN
π

jCχq5j2m2
N

� X
q¼u;d;s

fNq þ 2

27

X
q¼c;b;t

fNG

�
2

; ð53Þ

where μχN ¼ mχmN=ðmχ þmNÞ is the DM-nucleon
reduced mass. The SD cross section is

σSDχq4 ¼
3μ2χN
π

jCχq4j2
� X

q¼u;d;s

ΔN
q

�
2

: ð54Þ

In the above cross section formulas, we assumed the
universal WCs to the SM quarks. By contrast, assuming
only charm quark coupling to the DM prevents the
contributions in SI cross section from light quarks and
the SD cross section. In this case we only have non-
vanishing SI scattering cross section from Oχc5. Next we
consider both of these two assumptions and evaluate the
limit on the DM-nucleon scattering cross section.
In Fig. 5 we show the upper limits on the SI and SD DM-

nucleon scattering cross sections from the J=ψ constraints
obtained above. One can see that the invisible decays of
J=ψ are sensitive to the light DM mass range which cannot
be probed yet by DM direct detection experiments. For
mχ ≪ mN the SI DM-nucleon scattering cross section
scales like σSIχq1 ∝ m2

χ jCχq1j2 or σSIχq5 ∝ m2
χm2

NjCχq5j2, and
thus the inferred constraint on the SI DM-nucleon scatter-
ing cross section is becoming more stringent for smaller
DM masses mχ . For the case of only charm quark coupling
andmχ ¼ 10−2 GeV, for instance, the BESIII limit of cross
section σSIχc5 becomes 1.2 × 10−38 cm2 and the STCF with

3.4 × 1012 samples of J=ψ [65] can reach a sensitivity
down to 6.3 × 10−41 cm2 after one year of running. Under
the assumption of universal quark coupling, the SI cross
section limit for Oχq1 from J=ψ → invisible is stronger by
one order of magnitude than that for Oχq5 from
J=ψ → γ þ invisible. For the SD cross section with uni-
versal quark coupling and mχ ¼ 10−2 GeV, the BESIII
limit reaches 6.5 × 10−37 cm2 and the STCF projection
is 3.3 × 10−39 cm2.
Under the assumption of universal quark coupling, there

exist additional constraints on the DMEFT coefficients
from the invisible decay of light mesons. Recently, NA62
placed a strong constraint on invisible pion decay with
Bðπ0 → inv:Þ < 4.4 × 10−9 [71], about two orders of

TABLE I. Constraints on the effective scales defined in terms of the Wilson coefficients as Λ≡ C
1

d−4
i in the massless limit. For the

operators with active neutrinos, the limits are obtained under the assumption of one single-flavor dominance for the flavor dependent
couplings. Thus the limits for the WCs involving ν are applicable for any flavor of active neutrinos, with the flavor indices omitted for
simplicity.

LNEFT WC ΛLNEFT ¼ jCij 1
4−d½GeV� DMEFT WC ΛDMEFT ¼ jCij 1

4−d½GeV�
J=ψ → invisible J=ψ → γ þ invisible J=ψ → invisible J=ψ → γ þ invisible

CνNF 133.2 � � � CχF1;2 133.2 � � �
CV
cν1;2; C

V
cN1;2 22.6 12.8 Cχc1;2 38.0 � � �

CS
cνN1;2 � � � 8.8 Cχc3;4 � � � 11.6

CT
cνN 45.2 � � � Cχc5;6 � � � 4.0

CννF; CNNF 188.4 � � � Cχc7;8 � � � 4.4
CV
cνN1;2 26.9 12.8 Cχc9;10 10.1 � � �

CS
cν1;2; C

S
cN1;2 � � � 12.4 Cχc11;12 14.7 � � �

CT
cν; CT

cN 53.8 � � � Cχc13;14 � � � 4.7
Cχc15;16 � � � � � �
Cχc17;18 20.8 � � �
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magnitude more stringent than the previous bound. Among
those DMEFT operators, only the operator Oχq4 can
contribute to both the pseudoscalar π0 invisible decay
and the non-momentum-suppressed SD DM-nucleon scat-
tering. The invisible decay π0 → χχ̄ can only take place if
the DM matter mχ ≤ mπ=2 ≈ 67.5 MeV. The branching
ratio due to Oqχ4 is given by

Bðπ0→ χχ̄Þ¼ τπmπ

8π
m2

χf2πjCχu4þCχd4j2
�
1−4

m2
χ

m2
π

�
2

; ð55Þ

where the pion decay constant is fπ ¼ 130.2 MeV, and
τπ ¼ ð8.43� 0.13Þ × 10−17 s is the π0 lifetime. Hence for
DM masses mχ < mπ=2, the invisible pion decay imposes
the most stringent constraint and excludes the SD DM-
nucleon scattering cross section above 1.1 × 10−41 cm2 for
mχ ¼ 10−2 GeV. The invisible decay of vector mesons
such as ωð782Þ also constrains the operator Oχq1 with
Bðωð782Þ → inv:Þ < 7.0 × 10−5 [47]. The branching ratio
due to Oqχ1 is given by

Bðωð782Þ → χχ̄Þ ¼ m3
ωf2ω

24πΓω
jCχu1 þ Cχd1j2

×

�
1þ 2

m2
χ

m2
ω

��
1 − 4

m2
χ

m2
ω

�
1=2

; ð56Þ

where the ωð782Þ decay constant is fω ¼ 187 MeV, and
Γω ¼ ð8.68� 0.13Þ MeV is the width of ωð782Þ. The
constraint on the SI scattering cross section from invisible
ωð782Þ decay for Oχq1 is several orders of magnitude
weaker than the one from invisible J=ψ decay.

VI. CONCLUSIONS

The heavy quarkonium experiments can help us to study
the possible NP associated with heavy quarks and provide
complementary constraints on the NP scale where the high-
energy colliders lose sensitivity. Inspired by the searches
for J=ψ decays into invisible particles, we investigate the
implication for light sterile neutrino and sub-GeV dark
matter in effective field theories.
We make use of the low-energy EFTs for general

neutrino operators up to dim-6 and the Dirac fermion
DM operators up to dim-7. For J=ψ → γ þ invisible decay,
we perform the likelihood fits for the individual LNEFT
and DMEFT operators with distinct Lorentz structures and
photon spectra. The limits on the decay branching fractions
are obtained for different neutrino or DM scenarios and
then converted to the lower bounds on the new energy
scales. The most stringent bound on the energy scale in
LNEFT comes from the lepton-number-conserving oper-
ators OV

cν1;2 and turns out to be 12.8 GeV. For DMEFT, the
most stringent bound on the energy scale is 11.6 GeV for
the axial vector operatorsOcχ3;4. The purely invisible decay
J=ψ → invisible provides complementary constraints on
the effective operators. The most stringent bound on the
energy scale is above 100 GeV for the dipole operators.
Finally, we evaluate the limit on the DM-nucleon

scattering cross section converted from J=ψ data. The
invisible decay of J=ψ is sensitive to the light DM mass
range where the DM direct detection experiments cannot
probe yet. For the case of only charm quark coupling and
mχ ¼ 10−2 GeV for instance, the BESIII limit of cross
section σSIχc5 becomes 1.2 × 10−38 cm2 and the STCF with
3.4 × 1012 samples of J=ψ [65] can reach a sensitivity

FIG. 5. The SI (left) and SD (right) DM-nucleon scattering cross sections converted from J=ψ data (solid) and projection for STCF
(dashed). Left: We assume universal quark coupling for operators Oχq1 (pink) andOχq5 (red) as well as only nonvanishing charm quark
coupling for operator Oχc5 (orange). The SI limits from DM direct detection are also shown, including CDEX-1B (green) [66],
CDMSLite (blue) [67], CRESST-III (black) [68], and Darkside (gray) [69]. Invisible ωð782Þ decay (black) provides a constraint for
Oχq1 assuming universal quark couplings. Right: We assume universal quark coupling for operator Oχq4 (red). The SD limits from DM
direct detection include CDEX-10 (green) [70], CDMSLite (blue) [67], and CRESST-III (black) [68]. Invisible neutral pion decay
(black) places a constraint for operator Oχq4 assuming universal quark couplings.
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down to 6.3 × 10−41 cm2 after one year of running. Under
the assumption of universal quark coupling, the SI cross
section limit for Oχq1 from J=ψ → invisible is stronger by
one order of magnitude than that for Oχq5 from
J=ψ → γ þ invisible. For the SD cross section under the
assumption of universal quark coupling and
mχ ¼ 10−2 GeV, the BESIII limit reaches 6.5 ×
10−37 cm2 and the STCF projection is 3.3 × 10−39 cm2.
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APPENDIX A: THE PROOF OF REDUNDANT DM
OPERATORS

We prove that the four DM operators Ôχq15;
Ôχq16; Ôχq17; Ôχq18 in Eq. (22) are actually redundant

operators which can be shifted into the other operators
by the Dirac gamma matrix identity (GI) and the equation
of motion (EoM) of DM fields. They all have a derivative
acting on the DM current such as

∂μðχ̄σμνχÞ ¼ ðχ̄ ∂⃖μ σ
μνχÞ þ ðχ̄σμν∂μχÞ

¼GIðχ̄i∂↔ν
χ̄Þ þ ðχ̄i∂⃖γνχÞ − ðχ̄γνi=∂χÞ

¼EoMðχ̄i∂↔ν
χÞ − 2mχðχ̄γνχÞ; ðA1Þ

∂μðχ̄σμνγ5χÞ ¼ ðχ̄ ∂⃖μ σ
μνγ5χÞ þ ðχ̄γ5σμν∂μχÞ

¼GIðχ̄i∂↔ν
γ5χ̄Þ þ ðχ̄i∂⃖γνγ5χÞ − ðχ̄γ5γνi=∂χÞ

¼EoMðχ̄i∂↔ν
γ5χÞ: ðA2Þ

Then, it is straightforward to obtain

Ôχq15 ¼ Oχq11 − 2mχOχq1; Ôχq16 ¼ Oχq12; ðA3Þ

Ôχq17 ¼ Oχq13 − 2mχOχq3; Ôχq18 ¼ Oχq14: ðA4Þ

The above finishes the proof of the redundancy.
The missed four independent operators are

Oχq15 ¼ ðχ̄γ½μi∂↔ν�
χÞðq̄σμνqÞ; Oχq16 ¼ ðχ̄γ½μi∂↔ν�

γ5χÞðq̄σμνqÞ;

Oχq17 ¼ ðχ̄γ½μi∂↔ν�
χÞðq̄σμνiγ5qÞ; Oχq18 ¼ ðχ̄γ½μi∂↔ν�

γ5χÞðq̄σμνiγ5qÞ; ðA5Þ

where γ½μ∂↔ν�
indicates the antisymmetrization of the two Lorentz indices μ and ν. This parametrization is easily formulated

in the framework of the chiral effective field with the DM currents together with the relevant Wilson coefficients treated as
the tensor external sources [72]. Or, equivalently, we can arrange the derivatives acting on the quark field and parametrize
the missed four operators as

Õχq15 ¼ ðχ̄γμχÞðq̄iD
↔μ

qÞ; Õχq16 ¼ ðχ̄γμγ5χÞðq̄iD
↔μ

qÞ;
Õχq17 ¼ ðχ̄γμχÞðq̄iD

↔μ
iγ5qÞ; Õχq18 ¼ ðχ̄γμγ5χÞðq̄iD

↔μ
iγ5qÞ: ðA6Þ

The latter parametrization has a similar structure as the operatorsOχq11;12;13;14. The equivalence can be easily established by
exploiting the integration by parts relations, the EoMs of DM and quark fields and the above Dirac gamma matrix identity
together with γαγβγρ ¼ gαβγρ þ gβργα − gαργβ þ iεαβρνγνγ5. The relationship is as follows:

Oχq15 ¼ 2Õχq18; Oχq16 ¼ 2
mχ

mq
Oχq10 þ 2Õχq17;

Oχq17 ¼ 4mqOχq2 þ 2Õχq16; Oχq18 ¼ 4mqOχq1 − 2
mχ

mq
Oχq9 − 2Õχq15: ðA7Þ

We take Oχq15;16;17;18 as our basis operators. Unlike the original operators in Ref. [33], now these new operators have
nonvanishing 1-loop QCD renormalization and the anomalous dimension is the same as the dim-6 tensor operators.
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APPENDIX B: THE MATRIX ELEMENTS OF J=ψ DECAY IN LNEFT

The relevant LNEFT interactions up to dim-6, for the process J=ψðPÞ → γðkÞ þ inv1=αðk1Þ þ inv2=βðk2Þ, lead to the
following LNC amplitudes:

MðJ=ψ → γναν̄βÞ ¼ mJN ðq2ÞiϵμνρσkνϵJ;ρϵ�γ;σðCV;αβ
qν1 − CV;αβ

qν2 ÞuνγμPLvν̄; ðB1Þ

MðJ=ψ → γNαN̄βÞ ¼ mJN ðq2ÞiϵμνρσkνϵJ;ρϵ�γ;σðCV;αβ
qN1 − CV;αβ

qN2 ÞuNγμPRvN̄; ðB2Þ

MðJ=ψ → γναN̄βÞ ¼ N ðq2Þ½ððP · ϵ�γÞðk · ϵJÞ − ðP · kÞðϵJ · ϵ�γÞÞðCS;αβ
qνN1 þ CS;αβ

qνN2Þ
þiϵμνρσPμkνϵJ;ρϵ�γ;σðCS;αβ

qνN1 − CS;αβ
qνN2Þ�uνPRvN̄; ðB3Þ

MðJ=ψ → γν̄αNβÞ ¼ N ðq2Þ½ððP · ϵ�γÞðk · ϵJÞ − ðP · kÞðϵJ · ϵ�γÞÞðCS;αβ�
qνN1 þ CS;αβ�

qνN2Þ
−iϵμνρσPμkνϵJ;ρϵ�γ;σðCS;αβ�

qνN1 − CS;αβ�
qνN2 Þ�uNPLvν̄; ðB4Þ

where PLðRÞ ¼ P−ðþÞ. The LNV amplitudes with ΔL ¼ −2 are

MðJ=ψ → γν̄αν̄βÞ ¼ 2N ðq2Þ½ððP · ϵ�γÞðk · ϵJÞ − ðP · kÞðϵJ · ϵ�γÞÞðCS;αβ
qν1 þ CS;αβ

qν2 Þ
−iϵμνρσPμkνϵJ;ρϵ�γ;σðCS;αβ

qν1 − CS;αβ
qν2 Þ�vCν̄ PLvν̄0 ; ðB5Þ

MðJ=ψ → γN̄αN̄βÞ ¼ 2N ðq2Þ½ððP · ϵ�γÞðk · ϵJÞ − ðP · kÞðϵJ · ϵ�γÞÞðCS;αβ
qN1 þ CS;αβ

qN2Þ
−iϵμνρσPμkνϵJ;ρϵ�γ;σðCS;αβ

qN1 − CS;αβ
qN2Þ�vCN̄PRvN̄0 ; ðB6Þ

MðJ=ψ → γν̄αN̄βÞ ¼ −mJN ðq2ÞiϵμνρσkνϵJ;ρϵ�γ;σðCV;αβ
qνN1 − CV;αβ

qνN2ÞvCN̄γμPLvν̄; ðB7Þ

where vν̄ðvN̄Þ and vν̄0 ðvN̄0 Þ are the spinors of antineutrinos ν̄αðN̄αÞ and ν̄βðN̄βÞ, respectively. The amplitudes with ΔL ¼ 2

are

MðJ=ψ → γνανβÞ ¼ 2N ðq2Þ½ððP · ϵ�γÞðk · ϵJÞ − ðP · kÞðϵJ · ϵ�γÞÞðCS;αβ�
qν1 þ CS;αβ�

qν2 Þ
þiϵμνρσPμkνϵJ;ρϵ�γ;σðCS;αβ�

qν1 − CS;αβ�
qν2 Þ�uνPRuCν0 ; ðB8Þ

MðJ=ψ → γNαNβÞ ¼ 2N ðq2Þ½ððP · ϵ�γÞðk · ϵJÞ − ðP · kÞðϵJ · ϵ�γÞÞðCS;αβ�
qN1 þ CS;αβ�

qN2 Þ
þiϵμνρσPμkνϵJ;ρϵ�γ;σðCS;αβ�

qN1 − CS;αβ�
qN2 Þ�uNPLuCN0 ; ðB9Þ

MðJ=ψ → γναNβÞ ¼ −mJN ðq2ÞiϵμνρσkνϵJ;ρϵ�γ;σðCV;αβ�
qνN1 − CV;αβ�

qνN2 ÞuνγμPLuCN; ðB10Þ

where uν̄ðuN̄Þ and uν̄0 ðuN̄0 Þ are the spinors of neutrinos ναðNαÞ and νβðNβÞ, respectively.
We then define the kinematic functions

fðμþÞ ¼ 1 − xγ − μþ;

gðμ−Þ ¼
1

2x2γ
½2ð1 − xb þ μ−Þð1 − xc − μ−Þ þ xγðð1 − xb þ μ−Þxb þ ð1 − xc − μ−ÞxcÞ�; ðB11Þ

where μ� ≡ μb � μc ¼ μα � μβ. With the above definitions and abbreviations, the spin-averaged squared amplitudes in
LNC case become

LI, MA, SCHMIDT, and ZHANG PHYS. REV. D 104, 035024 (2021)

035024-14



jMναν̄β j2 ¼ 16e2Q2
cjΨð0Þj2mJjCV;αβ

qν1 − CV;αβ
qν2 j2gðμ−Þ;

jMNαN̄β
j2 ¼ 16e2Q2

cjΨð0Þj2mJjCV;αβ
qN1 − CV;αβ

qN2 j2gðμ−Þ;
jMναN̄β

j2 ¼ 16e2Q2
cjΨð0Þj2mJðjCS;αβ

qνN1j2 þ jCS;αβ
qνN2j2ÞfðμþÞ ¼ jMν̄αNβ

j2: ðB12Þ

The LNV cases with jΔLj ¼ 2 are

jMν̄αν̄β j2 ¼ 64e2Q2
cjΨð0Þj2mJðjCS;αβ

qν1 j2 þ jCS;αβ
qν2 j2ÞfðμþÞ ¼ jMνανβ j2;

jMN̄αN̄β
j2 ¼ 64e2Q2

cjΨð0Þj2mJðjCS;αβ
qN1 j2 þ jCS;αβ

qN2 j2ÞfðμþÞ ¼ jMNαNβ
j2;

jMν̄αN̄β
j2 ¼ 16e2Q2

cjΨð0Þj2mJjCV;αβ
qνN1 − CV;αβ

qνN2j2gðμ−Þ ¼ jMναNβ
j2: ðB13Þ

The integration over the kinematic functions results in the distribution functions

Fðμþ; μ−Þ ¼
Z

dxbfðμþÞ ¼
xγ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − xγÞð1 − xγ − 2μþÞ þ μ2−

q
1 − xγ

ð1 − xγ − μþÞ;

Gðμþ; μ−Þ ¼
Z

dxbgðμ−Þ ¼
xγ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − xγÞð1 − xγ − 2μþÞ þ μ2−

q
6ð1 − xγÞ3

× ð2ð1 − xγÞ2ð2 − xγÞ þ ð1 − x2γÞμþ − ð5 − xγÞμ2−Þ: ðB14Þ

For massless neutrinos, they are simplified to be

Fð0; 0Þ ¼ xγð1 − xγÞ ¼
2

m2
J
EγðmJ − 2EγÞ; Gð0; 0Þ ¼ 1

3
xγð2 − xγÞ ¼

4

3m2
J
EγðmJ − EγÞ: ðB15Þ
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