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We study the implication of J/y 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/y — y + 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/w — 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/y data. The data of J/y 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
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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/y or Y radiative decays
into invisible particles. Recently, the BESIII collaboration
performed a similar search for J/y 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 x 1077 at the
90% confidence level (C.L.). The experimental sensitivity
does not reach the SM prediction of B(J/y — yuvb) ~7 x
107! [10,11], but the BESIII data is sensitive to the low-
energy NP interacting with SM charm quark.

The J/w 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
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interactions of neutrinos also lead to their pair productions.
We thus investigate the three-body decays of J/y into a
photon and a pair of neutrinos or DM particles, rather than
the two-body decay of J/y which has been analyzed by
BESIII [9]. Similar studies inspired by the Belle data were
performed for the Y radiative decay into DM pairs [12,13]
and the invisible decay of dark photon or millicharged
particle was also proposed through the e™ e~ 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 eTe™ 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 SU(3), x U(1),,, gauge sym-
metry and can well describe the low-energy physics in the
heavy quarkonium experiments. The LEFT Lagrangian is

ELEFT - 'cd§4 + Z Z Cl(d) Ogd), (1)

i d>5

where C Ed) is the Wilson coefficient (WC) of operator (’)Ed).

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 C gd)
scales as A*~“. The constraint on the effective energy scale
A is generally related to the mediator mass m,,,q ~ gA 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 ~ O(1),
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/y
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 \/§ would dominate over the
mediator mass for m,,.q < v/§ and the monophoton event
rate is suppressed by g*/5%. By contrast, the event rate from
heavy quarkonium decay is proportional to g*/m? , 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
A 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™! of integrated luminosity per year. For comparison,
the Belle II experiment is expected to accumulate 50 ab™!
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
STCE. 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/y decay to invisible final states
gave the 90% C.L. upper limit B(J/y — invisible) <
1.2 x 1072B(J/y — utpu~) [46] which is quoted as
B(J/w — invisible) < 7 x 10~* 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/y with J¢ =17, J/y —
y +invisible and J/w — 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. Il 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/yw — y + 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 Agw = my. Its dynamical degrees of
freedom include the SM light leptons (e, i, 7, v,,v,,v,) and
quarks (u,d,s,c,b) 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 SU(3), x U(1),,,. 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/w — y + invisible decay are at dim-5 and dim-6." 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
(LNGC, |AL| = 0) case, the dim-5 neutrino-photon and dim-
6 neutrino-quark operators are given by [26,49]

Onr = (06, N)F* +H.c., (2)
|

ODL/F = (V_CU,WV)F”H + H.c.,
O;/ym = (q27,9.)“y"N) + H.c.,
O§y1 = (qrq.)(“v) + Hec.,

021\/1 = (qxqL)(NCN) + H.c.,
Ol = (qro"q.) (v o,0) + He.,

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-

'Since 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.

Op = (@cruar)@r'v). O, = (@rruqr)(@r'v), (3)

Oynt = (@ruq) (NY*N), - Oty = (Grrudr) (NY*N), (4)

OgDNl = (EqR)O_/N) +H-C-7 Ongz - (ﬁqL)(l_/N) +H.C.,

(5)
OguN = (EGWQR)(DO—/WN) +H.c, (6)

where F,, is the electromagnetic field strength tensor, g can
be either up-type quarks u; = (u, ¢) or down-type quarks
d;=(d,s,b), v; are active lefthanded neutrinos
(Ve.Vy,v;), and N; 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 v; and N; carry lepton number L(v;) = L(N;) = +1.
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 C Zf " together with OZI;’I’ " where
p, r denote the quark flavors and @, f 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, |AL| = 2) are

Onnr = (N6, N)F*™ + Hec., (7)
OV 2 = (@rruar) (°7*N) + Hee., (8)
05,» = (@Lqr)(“v) + He, (9)
Ogvz = (@zar)(N°N) + H.c., (10)
Oly = (WO'WCIR)(FGWN) +H.c. (11)

ators with the tensor neutrino current Ea"”uﬁ or N_Sa’”’N 5
vanish for identical neutrino flavors (a = ).

B. Low-energy description of fermionic DM

The low-energy interactions of Dirac fermion DM y 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 U(1) symmetry is assumed in the
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dark sector to stabilize the DM. The two dim-5 dipole
operators are

Oyr1 = ()( X )F* Oy = ()(

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

Jysy)F*. (12)

Oyt = @ru)@r'a), Oy = Qrvursx)(a@r'q), (13)

Ors=r)a@r'rsq).  Opga=Qrursx)(ar'ysq). (14)
as well as the dim-7 operators with scalar or tensor currents

O)(qll = ()_ﬂa,u){)(zlyﬂq)’
O3 = Xi0ux)(ar'ysq).
O)(qIS - (){}/[ﬂla )()(q I/Q)

<’ N
Oygi7 = (1r"i0 x)(40,,ir5q).

where yi0,y = i0,x — ;’(i(i;(. We replaced the last four operators in Ref. [33]

D015 = 0,70 1)(ar.4).
A)(ql7 = 8/4 ()_(GMDZ) (q}/vyS('])’

because they are redundant, by four independent operators
O, 415-13- The operators @Mls_lg listed in Ref. [33] can be
reduced into the operators within O,,,_y4 using the Dirac
gamma matrix identity (GI) o =1i[y* y*] = iy'y" —
ig"’ = ig" — iy’y* and the equation of motion (EoM) of
the DM fields. We prove the redundancy of operators
@Xq15716717.18 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

- ()?Z)FﬂyFﬂw O)(FFZ = ()_(i}/S)()FﬂUFﬂw (23)

O)(FFl

O)(FF3 = ()_(Z)Fﬂyﬁﬂw O)(FF4 = ()_(i}/S)()FﬂUFﬂD' (24)

‘We slightly change the notatio (n>0f the four %perators heir
original notation in Ref. [33] is (919 20 , O and O, in
which the quark field label g can qbe other Sl\/f lepton fields
€f{e. .t 0.}

O)(qS = mq()_()(><qq>7 O)(q6 = mq()ﬁ?’S)()(qq)’ (15)
O,g7 = my(7x)(Girsq).  Ogs = my(¥irsy)(qirsq).
(16)
)(q9 q()( )(qoﬂDQ)’ O){ql():mq()_(gﬂviyyf) (qaﬂyQ)?
(17)
and those with derivative in the DM current
Oyq12 = (irsi0 ) (Gr'q). (18)
Oyq14 = (rirsi0 ) (qr'rsq). (19)
_ s _
O)(q16 = (){}/[ﬂla yS)()(quv('I)’ (20)
] .
Oyqis = (Xr¥i0 vsx)(0,,ivsq). (21)
D,a16 = 0, (76" iv51)(qr.9).
6)qu8 = aﬂ()?GﬂDiVS)()(qyz/ySQ)’ (22)

[

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/y 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/w(P) = y(k) +inv (k) +inv,(k,) through the dia-
grams in Fig. 1 can be factorized into a hadronic matrix
element H!' multiplied by a proper neutrino current Lj,,

M(J /)y =y +inv| +inv,)
= (r(k)|(@Cq)|J /w(P)) x Liny = H' Liny.  (25)

where (gI'g) represents a generic quark current appearing
in the local dim-6/7 interactions with T'={P, =
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@n3)

FIG. 1.
(c,d) EFT interactions in the LNEFT.

(a) (b) Y

liy* 74, vys, o} or equals (gy*q) for the nonlocal dim-

5 case.

The neutrino current L;,, can be easily identified for a
given specific effective dim-5/dim-6 interaction. For the
|

inv.
@ ) @3

nv.

Y
@)@ ®>®
() (d) Y

The Feynman diagrams contributing to J/w — y + inv, + inv, (inv, » € {v, 7, N, N}) process from the dim-5 (a,b) and dim-6

calculation of HT, we start from the matrix element of the
quark-level process g(p;)q(p,) — y(k)inv;(k;)inv,(k,).
The quark-level transition A" = (y(k)|(g'q)|7(ps)x
q(p,)). based on the diagrams in Fig. 1, is given by

W [( i€Quf}) - ﬂ; F—I—Fﬂq_;_mq(—iqu;z’;)}uq
_ k= pq+my g —Ktmy
=0T |f T T ]
on— shell 2Pq ; ﬁk 2pq '6; - kﬁ
e0,7; [ ok T }uq. (26)

For the further reduction of the above amplitude, we work
in the rest frame of J/y state and use the nonrelativistic
color singlet model (NRCSM) to calculate the hadronic
matrix element [50-57]. In the NRCSM, the charm quark
pair ¢ and ¢ within J/y is treated as static constituent
quarks and the momentum (mass) of ¢/¢ is taken to be one-
half of the momentum (mass) of the state J/y, i.e.,
4. = qz = P/2(m, = m; = m,/2).>* Thus, the difference
between m;/2 and m, scales as O(Aqcp) and can be
neglected together with the quark-antiquark Fermi motion
effects. The J/y state is formed from the quark-antiquark
|

=

r_ Y(O)N,
H \/_

*For brevity, throughout the whole context, we abbreviate X,
to X to specify the X property of J/y state.

“mPPG= 127 + 0.02 GeV, mbPSG = 3096.9 + 0.006 MeV.

—21m,€””/’”k €7,€

[
pair cc through the projection operation [58]

YO Tr[(P + my)d,T],

B.Tu, —»
\ 12mJ

(27)

where ¢/ is the polarization vector of J/y, N, = 3 is the
color factor in the fundamental representation of SU(3),
and the wave-function of J/y at origin is denoted by ¥(0).
Given the above assumptions, Eq. (26) is translated to the
hadronic matrix element H"

= ;‘(mw ce = ;0 =T(P- € — §f;)lu,
Te[(P + m))d, (ke T)]

[Pk’ — (P - k) £ ie"P" Pk, Je; p€; o

F - Pi
ym I'= 7/”7/5 ’ (28)
I'=y#, 0"
|
where the momentum ¢ = P — k and
N () = 40 . Y(0O)N. 2v/3eQ,%(0) 1 (29)
T)=pk yi2m,  ym, Pk

On the other hand, the nonvanishing hadronic matrix
elements for the charmonium meson J/y with momentum

035024-5



LI, MA, SCHMIDT, and ZHANG

PHYS. REV. D 104, 035024 (2021)

P and polarization vector €/, can also be parametrized as
[59,60]

(Olcy*c|J /y(P)) = f,ymy€;,
(Olcotc|J /w(P)) = ifj (€ P¥ = e4P*),  (30)

where f; and f7 are the vector and tensor decay constants
for the vector meson J/w, and m; is the mass of J/y.
Converting the general parametrization in terms of decay
constants into the NRCSM formalism, we have the follow-
ing relationship:

_4¥Y(0)N.  2/3¥(0) o
fi= N TR i fir=17r,- (1)

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

1670202,|¥;(0)]>
mJFJ

ArQ%al. 1> b
- 3myly,

B(J/w—ete)= . (32)

From the above results, we conclude that the contribu-
tion to the radiative transition J/yy — y + invl + 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/y, the photon and the pure vector/tensor current all
have negative charge parity. Thus, only the Lorentz
structures of P, and y#P, are to be considered below.
For a three-body decay V — a + b + ¢, the decay width
becomes

dF o mV
dx,dx, 2567°

M,

(33)

where x; = 2E;/my(i =a,b,c¢) and x,+ x;, + x. = 2.
The kinematics constrains the domain of x, and x;, to be [61]

2uil? <x <Vt pg =y — e = 2(uppc) V2,
1
xb,max(mjn):EO_xa+/"a)_1[(2_xa)<l+Iua+ﬂb_/"c_xa)
:l:(x3_4ﬂa)1/2/11/2(1+ﬂa_xaaﬂbaﬂc)]’ (34)

where

a2 2 P
U = m;/my, i=a,b,c,

Ax,y,z) = x> +y> + 22 = 2xy — 2yz — 2xz.  (35)

In our case we take @ = y and b, ¢ = v, N. The differential
decay width against the photon energy E, is

dar 2 dr 1 —
== —— _[d 2, 36
dE, m;dx, 1287[3/ M| (36)

We show the matrix elements of J/y decay in LNEFT and
the kinematic functions in Appendix B. The nonvanishing
partial widths are governed by OV, ,, Oy ,, O3\, in
LNC case, or O3, ,, O3y, ,, OV, in LNV case. In

particular, in the SM the vector current operator are

V.prap -
Cqul (2).SM —

«p- The SM amplitude becomes

generated with the Wilson coefficients
~2V2Gk (T3 = Qy5i/)8,,0

TR0
Mgy = —i4\/5eQCGFr:12J7;2)
7

Xeﬂbpgkvel,pe;,ﬂ(ﬁuy”PL UE)' (37)

The above amplitude leads to the differential decay
width being

_ 4Q0%a.|¥(0)PGE

371' my

( J_Ey)’

_ Q70 |¥(0)*Gim]
372 = (38)

dE, |su

where N, = 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 my. For the operators
involving active neutrinos, we assume single-flavor domi-
nance for the flavor dependent couplings.

7dE

B. The radiative decay of heavy
quarkonium in DMEFT

For the radiative decay of J/y into DM pairs, analogous
to the neutrino case, the dim-5 dipole operators O, ,, the
dim-6/7 vector quark current operators O a1 2 Oyq11.125

and the dim-7 tensor quark operators O, .9 19, qu]im.mlg
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 /y radiative decay either due to the nature of vector quark
current from the intermediate photon.

The nonvanishing matrix elements for the process
J/w(P) = y(k)y(k)y(k,) from the remaining operators
O, 3456781314 are as follows:

M-
mJN)EXq ) ==2ie""k v€J, pey (iu)( [7//4<C;(c3 + C;(c475)

+ (k1 —k2),(Cye13 + Cyerairs)|vy
+(P7k* _QPG(P‘k))eJ,pe;rf’[)([C)(ﬁ +C;566i75}v)?

- €”up6Pukb€J,p€;.6u_)([C;(c7 + C){CS l]/5] U;?’ (39)
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where we have rewritten 2m, as m; in the second and third
lines. The squared and spin-summed matrix element is

(M, = 16e202|¥,(0)Pm, R, (40)
where R is defined as
R = 2[89(0) = f(81,)]C;e3 + 2[89(0) — f(=4u,)|C5.s
+ m%[f(“':u){)(c)z(cS + 2C)2(C7 + 4h(/’t)()C;2(cl3)
+ f(O)(C)Z(c6 + 2C§C8 + 4/1(,[4)()(;;“4)]

- 16m1[mh(M1)C103C1c'13 - k(/‘){)c;(cétc)(cg]’ (41)
|

with y, = m?/m3 and

M) = 5100 =221+ ) + (1=, = 4p, )],

3

k(ﬂ){) = (2_xb _xc)- (42)

Xy

The f and ¢ functions are defined in Eq. (B1l) in
Appendix B. We then arrive at the final expression of
the differential partial width

ar 16¢>QZ |, (0)*m,

x,0/(1—x,)(1 —x, —4u,)

dE, 12873

3(1—x7)

% [2(13 = 18x, + 522 + 161, (2 — x,)) C2.5 + 2(13 — 18x, + 5x2 — 4y, (1 — 5x,)) C2,,

+3m3(1 - x,)(1—x, — 4/‘;()(C§c5

+ 2c§c7) +3m3(1 - xy)2(c)§c6 + 2c§cg)

+8m3(2 - xy)(l — Xy = 4/4)()2C;2(c13 + 8m3(2 - X},)(l - xy)(l — Xy 4”X)C;2(c-14
_32m1\//’l—)((2 - X},)(l — Xy = 4.“)()C)(63C)(c]3 + 48m1\//'l—;((1 - xy)C;(c4C;(68]' (43)

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/y is a vector meson with JPC = 177, only the dipole
operators and the dim-6/7 operators with a vector or tensor
quark current will nontrivially contribute to the invisible
|

B(J/y — inv.) =

A8al, 4z 2

2 m2
8l - 0 L ety (1428
my m

O 2 m
L6 - e0 i, (1 205
my m

2

fi, vap V.apy 2 my My
4= (C c 1] ——=——=
+ |2< LDN1+ cyN2)| 2m% 2m§

The nonvanishing partial widths are determined by O,y p,
Ol 2: Ol 2. Ofy in LNC case, or O, r, Onnrs Ofypi 25
O, O, in LNV case. Here we have split the contribution
from the vector operators Cgu1(2> into the NP contribution

and the SM part with Cly, = —% (5 —3s7). Taking the
z

SM Wilson coefficient Cgy;, we obtain the same analytic

m3 f V.o V.o 2 f V. V. 2 m2 m2 %
; {2 S (Cothe + Cofhe +2C50up)| + 215 (CHT + Co)| ( —m—§> (1—4—Z>

|
decay J/w — invl +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/w(P) — invy, (k) +invy4(k,), after squaring
the amplitudes and including the phase space factor, the
final branching ratio is given by [26]

4 2

my my T ~T.0p f] af 2
N1 =) 16|fTCh? — e,

m4> < mz) - |fj <0 wr

—=C
J my

)5

[

expression of the ratio % as that in Ref. [45]. Our

numerical SM prediction gives 3.23 x 1077 for the above
ratio and B(J/y — vv) = 1.93 x 1078 given B(J/y —
ete™) =(5.971 £0.031)% [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/y in the DMEFT
also receives nonvanishing contributions from the operators
with a quark vector or tensor current and the dipole
|

P
M, =m,;f i, —ZIeQC—zoW(C
J
+ 21f5PD [ me m/(C;{c9 + C}(clOiYS) + },Ut(kl

- ie/uxpafJP I’T)([}/[/)(kl - kZ)G](C)(cW + CXC]8Y5)]1))_(

yF1 + C;(F2iy5) + yﬂ(C;(cl +C LZYS) (

operators. The amplitude for the process J/y —
x(ki)z(ky) from the interactions in Egs. (12))—(21) can
be written as M (J/y — y7) = M€} with

= k2), (Cyer1 + Cyenaivs) | vz

- k2)y](C;(c15 + Cye1675)] 05
(45)

where one can see that the term proportional to C,.js vanishes once the on-shell condition applies. We then obtain the

branching ratio as

J
B(J/w = xx) = T 162m

3
487tF

+Af1(1+21,)Chy

+2(f7)7(1 + 8, ) Crg +

+2mjf5(1 = 4, )[(1

+ 16m3(f])*(1

where y, = m?/m7 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/y — y + invisible process.

V. NUMERICAL RESULTS

In this section we show the constraints from both J/y —
y +invisible and J/w — invisible. We first show the

(-

4/“‘;()C2611 +

- 4/”)()[2'”)(6?(016 + C;z(cn + (1

"[—0 GoV: 70/NN (LNC), vN (LNV)
— 920} —0 GeV: m//\\ (LNV), vN (LNC) [
! : w1 GeV: NN (LNC)
- -1 NN (LNV)
o] =L e ] : vN (LNC)
g L5 -1 GeV: vN (LNV)
S
= 1.0
—
=3
- 05
—
0.0 ks i At ‘
0.0 0.5 1.0 1.5
E. [GeV]

(1 — 4, | M = 20)]°

(1= )t (8202 7 (1 1 8)C2py + (1 = ) C2r)

./

4.”)() C){(,Z]
(1 4:“;()C;(c10]
C)(c]Z]

—4)Chorgl |+ (40)

|
normalized differential width distributions for J/y — y +
invisible in LNEFT (left) and DMEFT (right) in Fig. 2 as a
function of the photon energy E,. One can see that the
distributions are determined by both the individual Lorentz
structure and the mass of sterile neutrino N or DM particle
- When the mass of sterile neutrino is negligible, the LNC
v, NN (vN/oN) cases and the LNV uN/ON
(w/vo, NN/N N) cases share the same E, distribution.

—0 GeV: Oy
== 920} - (i(‘V: Oyes6/78 |
| . —0 GeV: 0\r]3/14
= === 1 GeV: O34
v === 1 GeV: Oyes/7
O 157 v 1 GoV: Oy
- == 1 GeV: O, 8
Eg 10 weer ] GeV: Orer
\ :
—
= 4
- 05
=
0.0 & \ : ‘
0.0 0.5 1.0 1.5
E. [GeV]

FIG. 2. Normalized differential width distributions as a function of photon energy E, for J/y — y + invisible in LNEFT (left) and
DMEFT (right). In the left panel, massless sterile neutrinos are shown with solid lines and sterile neutrinos with masses my = 1 GeV
with dashed and dot-dashed lines. Blue corresponds to the channels vv and NN (vN) for LNC (LNV) interactions. Orange corresponds
to the channels vv and NN (vN) for LNV (LNC) interactions. Green (red) stands for the NN (vN) 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 m, = 1 GeV. Blue (orange) [green] lines refer to the operators O34 (Oyes/6/7/8) [Oye13/14]-
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The maximal value of E, depends on my and how many
massive sterile neutrinos are produced in J/y decay. For
negligible DM mass in y, = m2/m7, the distributions of
Oc;(?» (OC)(S,7) {00;513] and 0014 (0016.8) [00)(14] are the
same. Based on Eq. (34) and the minimal photon energy as
1.25 GeV, the BESIII data can constrain my up to 1.36
(0.68) GeV for one (two) sterile neutrino in the final states of
J/w decay. As the DM particle is always produced in pairs,
the BESIII data constrain the DM mass to 0.68 GeV at most.

A. Fit to the experimental data of J/y — y +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

Npkg

Nbins
L= H P(Ni|B€sigsiNJ/x///€J/x// + Z b?;'(p) s (47)
i=1 j

where Ny;,, denotes the number of bins, N; the number of
events in the i-th bin, B the branching ratio of
J/w =y +inv, €4, = 0.93 is the signal efficiency which
is characterized by the acceptance of photons in the
detector, N/, = (8848 & 1) x 10* is the number of tagged
J/w events in the signal region, €,,, = 0.5680 4 0.0001

10;2 = LNC: vi
Py = LNC: NN
2R i
n U | IR
- === LNV: vN
11074
=
< .
= 10707 R e R
|
1076 k. | | ]
0.0 0.5 1.0 1.5
¥
=
T
<
>
Q
1076 = ! ! ! B
0.0 0.2 0.4 0.6 0.8
my, [GeV]

FIG. 3.

denotes the efficiency for tagging a J/y, s; represents the
signal probability in the i-th bin, and b7;" 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, ie., s; =" [}, .dE,dU/dE,. Systematic uncer-
tainties are taking into account using Gaussian distributions
for the nuisance parameters, N;,,, €;/,, €, and the
normalizations N, 0. Nyjypys Neone Of the different
background distributions from J/w — 7%, J/w — 5y and
the continuum background, respectively. The central values
for the normalizations N, _0,, Nysyop, and Negy are
taken to be unity. For the standard deviations of the
Gaussian  distributions, we use oy, » =0.007N,
66//'4/ 200001, Gesig :0.015€Sig, GJ/V/_’”UY = 0'17N~]/l/’_’7[07’
05 jy—ny = 0.1TN ;s and Gone = 0.044N .
Following the experimental analysis [9], we set limits
using the CL; 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

12.5 | i
10.0
_ ;i 75
< — LNC: v

5.0H =i ¥k

= LNC: N

=== LNV: w1

2.5 F|--- LNV: NN

=== LNV: N

0.0 0.5 1.0 1.5
my [GeV]

04 0.6 0.8

m, [GeV]

0.0 0.2

Constraints on different neutrino scenarios in LNEFT (top) and DMEFT (bottom) from J/w — y + 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 vv (NN) [vN]. For the DMEFT figures on the
bottom, blue, orange, green, red, purple corresponds to operators O,c3/4, Oyes/75 Oyes/gs Oyei3s Oyers- In the bottom right panel, solid
lines correspond to operators O,.3/5/6/13/14 While dashed lines correspond to operators O,,c4/7/s-
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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/y —
y + invisible. For massless sterile neutrino, the limits on
the branching fractions of LNC vv, NN, LNV vN, and LNC
UN,LNV vv, NN cases are 3 x 1076 and 1073, 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 O}, .

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 m, from J/y —
y + invisible. Due to the suppression of u, for very small
m,, the branching ratio limits for O3 (Os7) [O,,13] and
Ocya (Ory68) [O,y14] are equal and become 2 x 1075 (6 x
107%) [8 x 107]. 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 O3 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/y — invisible.
Here we have taken into account the current experimental
constraint B(J/y — invisible) < 7 x 10~ 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/y —
(y+)invisible decays, assuming massless sterile neutrino
or DM particle. One can see that the two decay processes
provide complementary constraints on the effective

100 |
50

A [GeV]

10 ¢

"
- Ol

0.0 0.5 1.0 1.5 2.0 25 3.0
my [GeV]

operators. The constraint on A from J/yw — y + 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 CEvNS process and have been studied by
some of us [26]. In particular the energy scales associated

with the dipole operator Wilson coefficients CZ]%F,WF with

a # 7 are constrained by CEvNS to be larger than 1900 TeV
and 3700 TeV, respectively. Invisible J/y decays place the

stronger constraints on the Wilson coefficients C, Z}v Four and

Cji,/j\,F for a, f = e, p, 7 than invisible decays of w and ¢
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/y decays and J/y — y+
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/y, only the
scalar operator 0,5 leads to spin-independent (SI) DM-
nucleon scattering cross section which is meanwhile not
suppressed by momentum transfer. The axial vector oper-
ator 0,4 contributes to the spin-dependent (SD) scattering
cross section. For the operators relevant for the purely
invisible decay of J/y, the vector operator O,,; typically
gives non-momentum-suppressed SI scattering cross sec-
tion. We next evaluate the nonsuppressed DM-nucleon
scattering cross sections converted from J/y data. Other
operators such as O,,,0,,; at the nucleon level are
decomposed into the nonrelativistic operators depending
on momentum transfer and thus lead to momentum-

100;
50 F

A [GeV]

10

m, [GeV]

FIG. 4. Lower limits on the energy scales as a function of the mass of sterile neutrino (left) and DM particle (right) from

J/w — invisible.
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1
TABLE I.  Constraints on the effective scales defined in terms of the Wilson coefficients as A = C{™* 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 v are applicable for any flavor of active neutrinos, with the flavor indices omitted for

simplicity.
LNEFT WC Apnerr = |Ci[F1[GeV] DMEFT WC Apvsrr = |Ci[#7[GeV]
J/w — invisible J/w — y + invisible J/w — invisible J/w — y + invisible

Conr 133.2 e Cyrin 133.2

ClinClvin 22.6 12.8 Cye12 38.0 e

Ciniz e 8.8 Crsa e 11.6

CchN 45.2 C,(L'S,6 o 4.0

Cor, Cynr 188.4 . Cpers . 4.4

Cloniz 26.9 12.8 Cye9.10 10.1

C312:Conia e 12.4 Cyein12 14.7 e

Cl,.Cly 53.8 Cpersiis . 47
C){ClilG e e
Cre17.18 20.8

suppressed scattering cross section [33,34,36]. We will not
consider them below.
The form factors of nucleon N are defined as [36,37]

(N|gy,gIN) = iNy, N, g=u.d, (48)

(N|m,gq|N) = myfgNN, g =u.d.s, (49)

_ —a a apv
<N|mQQQ|N> = <N 127[GMDG a |N>

2 -
= —meENN,

> 0 =c,b,t, (50)

for the scalar SI interactions with my being the nucleon
mass and ¢} = ¢" =2, ¢ = ¢ = 1. Those for SD inter-
actions are

<N‘q}/ﬂ7/SQ|N> = AENY/J}/SN’ q=u, d? S. (51)
The elastic SI scattering cross sections from O, and O, 45
are given by [13]

9M2N
G;;l = 7;( |C;(ql|29 (52)
SI Han 2.9 N, 2 )
035 = 2| Cpas] mN( D fit D fG> . (53)
q=u.d,s g=c,b.t

where = m,my/(m, +my) is the DM-nucleon
reduced mass. The SD cross section is

SD 3'“)2(’\' 2 N :
Oyrqd = |C gl Z AV I (54)

z q=u.d,s

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 O,.s. 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/y constraints
obtained above. One can see that the invisible decays of
J/y are sensitive to the light DM mass range which cannot
be probed yet by DM direct detection experiments. For
m, < my the SI DM-nucleon scattering cross section
scales like oy o my|Cq1]* or 635 2, and
thus the inferred constraint on the SI DM-nucleon scatter-
ing cross section is becoming more stringent for smaller
DM masses m,,. For the case of only charm quark coupling
and m, = 102 GeV, for instance, the BESIII limit of cross
section o5 becomes 1.2 x 107 cm? and the STCF with

3.4 x 10'? samples of J/y [65] can reach a sensitivity
down to 6.3 x 10~ cm? after one year of running. Under
the assumption of universal quark coupling, the SI cross
section limit for O, from J/y — invisible is stronger by
one order of magnitude than that for O,,s from
J/w — y + invisible. For the SD cross section with uni-
versal quark coupling and m, = 1072 GeV, the BESIII
limit reaches 6.5 x 10737 cm? and the STCF projection
is 3.3 x 107 cm?.

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
B(z" — inv.) < 4.4 x 107 [71], about two orders of

2. 2
o mymy|C,ys
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I
10-20. BESII (xq1) STCF (xq1, proj)
—— BESII (xg5) ---- STCF (xg5, proj)
10-24 BESIII (xc5) STCF (xc5, proj)
—— CDEX-1B —— CRESST-IlI
< 10728 — CDMSLite —— Darkside
£ L, T WiV (L)
p 10 /
b /I
10730 — 5 < T _
10790 [
—
107444 . .
1072 1071 10° 10!
m, [GeV]

FIG. 5.

o7 —— BESIII (xg4) ---- STCF (xq4, proj)
10 —— CDEX-10 —— CRESST-II
—— CDMSLite — m- inv. (xq4)

100 10!

10-1
m, [GeV]

The SI (left) and SD (right) DM-nucleon scattering cross sections converted from J/y data (solid) and projection for STCF

(dashed). Left: We assume universal quark coupling for operators O, (pink) and 0,5 (red) as well as only nonvanishing charm quark
coupling for operator O,.s (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 »(782) decay (black) provides a constraint for
0,41 assuming universal quark couplings. Right: We assume universal quark coupling for operator O, 4 (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 O,,4 assuming universal quark couplings.

magnitude more stringent than the previous bound. Among
those DMEFT operators, only the operator O,,4 can
contribute to both the pseudoscalar z° invisible decay
and the non-momentum-suppressed SD DM-nucleon scat-
tering. The invisible decay 7° — yj can only take place if
the DM matter m, < m,/2~67.5 MeV. The branching

ratio due to O, is given by

om, m2\ 2
B(ﬂo—’ﬂﬁ()—vmﬁf%|cxu4+cxd4|2<1_4m—g) ., (55)

T

where the pion decay constant is f, = 130.2 MeV, and
7, = (8.43 £0.13) x 107" s is the #° lifetime. Hence for
DM masses m, < m,/2, the invisible pion decay imposes
the most stringent constraint and excludes the SD DM-
nucleon scattering cross section above 1.1 x 10~#' ¢cm? for
m, = 1072 GeV. The invisible decay of vector mesons
such as w(782) also constrains the operator O,,; with
B(w(782) — inv.) < 7.0 x 107> [47]. The branching ratio
due to O, is given by

Mofa
241T,

m2 m2\ 1/2
x<1+2m—§><1—4m—§> ., (56)

where the »(782) decay constant is f,, = 187 MeV, and
I, = (8.68+0.13) MeV is the width of w(782). The
constraint on the SI scattering cross section from invisible
w(782) decay for O,, is several orders of magnitude

weaker than the one from invisible J/y decay.

B(a)(782) _))()_() = |C;(ul + C)(d1|2

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/y 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/y — y + 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 O}, , 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 operators O,,3 4. The purely invisible decay
J/w — 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/y data. The
invisible decay of J/y 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

m, = 1072 GeV for instance, the BESIII limit of cross

section 6y;5 becomes 1.2 x 107%% cm? and the STCF with
3.4 x 10" samples of J/y [65] can reach a sensitivity

035024-12



IMPLICATION OF J/y — (y+)invisible

PHYS. REV. D 104, 035024 (2021)

down to 6.3 x 107! cm? after one year of running. Under
the assumption of universal quark coupling, the SI cross
section limit for O, from J/y — invisible is stronger by
one order of magnitude than that for O,,s from
J/w — y + invisible. For the SD cross section under the
assumption  of  universal quark coupling and
m, =10"2 GeV, the BESHI limit reaches 6.5 %
10737 ¢cm? and the STCF projection is 3.3 x 1073 cm?.

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

9,(70"x) = (¥ 9, 1) + (70" ,x)
S0 1) + (7idrx) — 2ridy)

ACKNOWLEDGMENTS 7i0 1) —2m, (27 7), (A1)
T. L. would like to thank Xiao-Dong Shi and Ming-Gang
Zhao for very useful discussions. M. S. acknowledges _— N o w
useful discussions with Yi Cai. T.L. is supported by the 0ugovsx) = (9, 0™ rsx) + (rso™Oux)
National Natural Science Foundation of China (Grants al _.‘5” - . 5 v AT
No. 11975129, No. 12035008) and “the Fundamental i0 ysi) + idr'ysy) = Qs iv)
. e ey . EoM,_ . <V
Regearch Funds for the Central Umversmgs , Nankai M7i0 vsp). (A2)
University (Grant No. 63196013). X.D. M. is supported
by Shanghai Pujiang Program (20PJ1407800), and o ) ]
National Natural ~Science Foundation of China  Lhen, itis straightforward to obtain
(No. 12090064). M.S. acknowledges support by the
g;szt(r)a(l)liz(l)ri 4l;gsearch Council via the Discovery Project O,g15 = Oyt = 2m, 0,1, Ou16 = Opgia. (A3)
APPENDIX A: THE()EER:{)Z)]FO(;& REDUNDANT DM Oyg17 = Opg13 = 2m, O, O,18 = Opgrar (A4)
~ We  prove that the four DM operators Q(qls, The above finishes the proof of the redundancy.
9,016, O,017- 0,513 In Eq. (22) are actually redundant The missed four independent operators are
xq xq xq
|
I e _
Opars = @r¥i0 1)(Gowa).  Opgs = r*i0 y5x)(30,u9).
Il N - _
Ogrr = (r¥i0 1) (Gowivsa).  Oyus = (0rid vsx)(@o,uirsq). (AS)

<>
where 7 814 indicates the antisymmetrization of the two Lorentz indices y and v. 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

O,1s = (7r)(@iD" q),

Opg1n = ()_(YM)(EIiDﬂqu),

7 _ _ . Zu
Oyq16 = Xr,rsx)(@iD q),

_ 2,
O;(qlS = ()(Vy}’s)()(qll) iY5q). (A6)

The latter parametrization has a similar structure as the operators O,,1; 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 y*/fy? = Py’ + ¢PPy* — g%yP + ie®'y ys. The relationship is as follows:

p m ~
O)(qlS = 20;((]]8» O)(qlf, = 2m—1(/)}(q10 + 20)((]17,
q

- m -
qun = 4mq0){q2 + 20){(]167 O){(]IS = 4mq0){q1 - 2m—)(0)(q9 - 20)(‘115. (A7)
q

We take O,415,16,17,18 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/yw DECAY IN LNEFT

The relevant LNEFT interactions up to dim-6, for the process J/w(P) — y(k) 4 inv, ,(k;) + inv,4(k;), lead to the
following LNC amplitudes:

7 . o * Koy Joff\ —

My = yuaig) = myN(q*)ie"” kyej,/,ey,g(CZD,ﬁ - CZUQ/)u,,y"PLv,;, (B1)
A . c * ap s —_—

My = YN Ng) = m;N (q?)ie"” kl,ejJ,ey,(,(CZ;{ - CZA%})MNJ/”PRUN, (B2)

MU Jy = 7w Ng) = N(@)((P-€) (k- €)= (P k)(e; - €))(Costy + Couily)

+i€”ypapﬂkv€J,p€;o(Cf;ﬁvﬂl - C;;/{;\//),Z)}M_UPRWN7 (B3)

My = y2.Ng) = N(@)((P-€;) (k- e5) = (P k)(es - €))(Coity + Co30)

; - * S.ap* S.afx\ 71—
—ier Pﬂkvelwer,a(cquail\/fl - qu%jz)]“NPLUﬂy (B4)
where Py = P_(,). The LNV amplitudes with AL = -2 are

MIy = y5,05) = 2N (@)[(P- &) (k- €)) = (P k)(es - ) (Col + Co)

—ie" P kyes 67 o (Coull = Cod 0§ PLYY. (BS)

My = yNNg) = 2N (@)[(P - €;) (k- €5) = (P k)(es - €))(Cont + Conb)

e . (S, S.ap\1C
—iehP Pﬂk,/ej’pe},’a(Cqﬁf - Cq]f,’g)]ngRvN,, (B6)
_ & . wpe v (V. Vap\ T
My = yU,Ng) = —m; N (g*)ie"” k,,e,ﬁ,,ey,,,(qu';,ﬁl - qufi,ﬁz)vgy”PLvl—,, (B7)

where v;(vy) and vy (vy) are the spinors of antineutrinos ,(N,) and 73(N ), respectively. The amplitudes with AL = 2
are

MU Jy = ywavg) = 2N (P &) (k- €;) = (P k) (es - €))(CEP" + CS4)
Hie PP kg €5 o (Cosl™ = Cof )i, P rug, (B8)
My = YN Ng) = 2N (@)((P - €5) (k- e5) = (P k)(es - €) (T + Coxa’)

Hie P ke 65 o (Cont = Cons VNP LU, . (B9)

M [y = yaNg) = =myN(q?)ie 7 kye; 465 o (Coity = Cosity Jiy" Ppug, (B10)

where u;(uy) and uy (uz) are the spinors of neutrinos v,(N,) and v4(Ny), respectively.
We then define the kinematic functions

f(ﬂ+) =1 — Xy —H4s
1

20—+ ) (1= e =) + (1= + )+ (1= 5 = )] (B11)

g(u_) =

where py = py, + p. = p, + pg. With the above definitions and abbreviations, the spin-averaged squared amplitudes in
LNC case become
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V. Va
[M,, 5, = 1662Q2W(0) Pmy|Cp = Cp o),

V.o Va
[Mu,s,[* = 166 Q2¥(0) Py |Ciil = CoiaPg(u-).
|MuaNﬂ|2 = 1632Q3|T(0)|2m1(|csf11\//}1| + |C;S\/732| Mfuy) = |MzaNﬁ|2-
The LNV cases with |AL| =2 are

QY af TA 4
[My5, [ = 64€2Q2W(0) Py (|Co L 1P + 1COF P)f () = [M,, P
My, 5, = 64¢2 Q2% (0) Py (|Coat P + [CNE ) () = [ My, P

TAA4 12 V. Va TAA4 12
|MDGN/;‘ = 1662Q%|\P<0)|2m1|cqu1\/ﬂ] quﬂ2| g( ) = |MI/{,Nﬁ| .

The integration over the kinematic functions results in the distribution functions

(B12)

(B13)

xy\/(l —x,)(1—x, = 2u,) + p

Flp,,p_)= /dxbf(ﬂ+) =

l_xy (l_xy_ﬂ+)’

xy\/(l —x,)(1 —x, = 2u,) + >

Guy.p_) = / dx,g(p-) =
x (2(1 = x,)2(2 -

For massless neutrinos, they are simplified to be

F(0,0) = x,(1 —x,) = iE ,(m; —2E,),
mj

6(1—x,)3
%)+ (1=, — (5 - 1 )i2). (B14)

G(0,0) :%xy(Z—xy) =——E,(m;-E,). (B15)
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