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We present the first theoretical prediction of the partial decay width of the process J/w — yn,, where 1,
is the lightest flavor singlet 1= hybrid meson. Our N, = 2 lattice QCD calculation at m, ~ 350 MeV
results in the #, mass m, =2.23(4) GeV and the related electromagnetic form factors
M,(0) = —4.73(74) MeV, E,(0) = 1.18(22) MeV, which give I'(J/y — yn;) = 2.04(61) eV. These
form factors can be applied to the physical N ; = 3 case, where there should be two hybrid mass eigenstates

1751) and ngh) due to the singlet-octet mixing. It is shown that the ratio of the branching fractions Br(J/y —

yngl'h) — yni') is inversely proportional to the ratio of the total widths of r](,l’h). Given our results and the

mixing angle derived by a previous lattice study, whether 7, (1855) is assigned to be ngl) or n(lh), the
observed branching fraction J/y — 1,(1855) — yni’ implies a very large coupling of the octet 77, to 71’

This should be investigated in future studies.

DOI: 10.1103/PhysRevD.107.054511

I. INTRODUCTION

Gluons and quarks are fundamental degrees of freedom
of quantum chromodynamics (QCD). It is expected that
gluons can also serve as building blocks to form hadrons. In
the quark model picture, the hadrons made up of valence
quarks and valence gluons are usually called hybrids. The
hybrid mesons with J¥¢ = 17" are most intriguing since
this quantum number is prohibited for gg states of
quark model. Up to now, there are three experimental
candidates for [6JP€ = 171" light hybrid mesons,
namely, z;(1400) [1], z;(1600) [2-4], and 7;(2105) [2]
(details can be found in the latest review [5] and the
references therein), while lattice QCD studies [6—13]
predict that the mass of isovector 1=F hybrid meson has
a mass around 1.7-2.2 GeV for light quark masses in a
range up to the strange quark mass. Very recently, the
BESIHI Collaboration reported the first observation of a
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I6JPC€ = 0% 1=F structure #,(1855) through the partial
wave analysis of the J/w — yni' process [14,15]. The
resonance parameters of 7;(1855) are determined to be
m, =1855+9" MeV and T, = 188 + 187 MeV, and
the branching fraction Br(J/y — yn,(1855) — yniy') is
(2.70 £ 0.417018) x 107°. There have been several phe-
nomenological studies on the properties of 7;(1855) by
assuming it to be an isoscalar light hybrid [16-18], a
KK,(1400) molecular state [19,20], or a tetraquark state
[21,22]. As far as the hybrid assignment is concerned,
there should be two isoscalar 1=+ mesons in the flavor
SU(3) nonet, and a Ny =2+ 1 lattice QCD study [12]
does observe two states of masses around 2.16 GeV and
2.33 GeV, respectively, in the 0717+ channel (note the
light quark mass here corresponds to a pion mass
m, ~ 390 MeV). It is noticed that BESIII also reports a
1= state around 2.2 GeV in the same channel with
statistical significance 4.4¢ [15].

Since 7,(1855) is observed in the J/y radiative decay,
with regard to the possible hybrid assignment, it is desirable
to know the production property of the 1" hybrid meson
(named as 7, also) in this process, which will provide
important information to the nature of #,(1855). This can
be investigated in the lattice QCD formalism through the
approach similar to the cases of gg mesons [23] and
glueballs [24-26] in J/y radiative decays. The key task

Published by the American Physical Society
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TABLE I. Parameters of the gauge ensemble.
L’xT p a;' (GeV) & m, MeV) N,
16 x 128 2.0  6.894(51) ~53  348.5(1.0) 6991

is to extract the related electromagnetic multipole form
factors from the corresponding three-point functions with a
vector current insertion, which involve obviously the
annihilation diagrams of the light u, d quarks. Therefore,
we adopt the distillation method [27] in the practical
calculation, which provides a sophisticated scheme for
the operator construction and the computation of all-to-all
quark propagators.

This paper is organized as follows: Section II presents
the details of the numerical calculations of three-point
functions, the extraction of the form factors, and the
interpolation of the form factors to on shell ones. The
discussion of the phenomenological implications of our
results can be found in Sec. III. Section IV is a brief
summary.

II. NUMERICAL DETAILS

A large statistics is mandatory for the study of J/y
radiative decay into light hadrons. Our gauge ensemble
of Ny =2 degenerate u, d quarks includes 6991 gauge
configurations, which are generated on an L3 x T = 163 x
128 anisotropic lattice with the anisotropy parameter £ =
ay/a, = 5.3 (a, and a, are the spatial and temporal lattice
spacing, respectively) [28]. The sea quark mass is tuned to
give the pion mass m, ~ 350 MeV. The parameters of the
gauge ensemble are collected in Table I. For the valence
charm quark, we adopt the clover fermion action in
Ref. [29], and the charm quark mass parameter is set by
(m, +3m,;;,)/4 = 3069 MeV. For each source time slice
7 € [0,T — 1] on each gauge configuration, the perambu-
lators of light u, d quarks are calculated in the Laplacian
Heaviside subspace spanned by N,. = 70 eigenvectors
with lowest eigenvalues.

A. Three-point functions

The partial decay width of J/y — yn, is governed by the
on shell electromagnetic form factors M;(Q* =0) and

E5(Q* = 0) (Q* = —py), namely,

4a |1—5y|

o B (M )P + E2)P), (1)

L(J/y = yn) =
J/l//

where @ = 1/134 is the fine structure constant at the charm
quark mass scale and ﬁy is the momentum of the final state

photon with |p,| = (mj,, —my)/(2m;;,) in the rest
frame of J/y. These on shell form factors can be obtained
by the Q> — 0 interpolation or extrapolation of the form

factors M, (Q?) and E,(Q?), which are defined through the
multipole decomposition of the transition matrix elements

(i (p", )| jem(0)|J/w(p,4)) (see the Appendix and also
Refs. [30,31]). These matrix elements can be extracted
from the following three-point functions:

> e T QITO) (7,

X

x O (5.0)|), (2)

(B p.0r) = ) jn(E, 1)

where jkn, is the electromagnetic current of quarks, and
0;,(p.t) and O,
generating 7, and J/y states with a spatial momentum p.
Therefore, the major numerical task is to calculate these
three-point functions from lattice QCD.

Our lattice setup has the exact SU(2) isospin symmetry.
The lattice operator for the isoscalar 7, takes the form
o = ’fk(uy]Bku—f—dy]Bkd), where the chromomag-

,(P. 1) are the interpolation operators

netic ﬁeld strength B, is constructed by the proper
combination of the gauge covariant spatial derivatives on
the lattice [12]. For the operator O' > WE use the conven-

tional ¢y’ c-type operator. In order to avoid the complication
that the momentum projected operator th can couple to
states with quantum numbers other than 1= [32], the three-
point functions in Eq. (2) are calculated practically in the
rest frame of #; with J/w moving at different spatial
momenta p. It has been tested that the dispersion relation of
J/y satisfies the continuum form very well for all the p
modes involved [28].

We only consider the initial state radiation and ignore the
case that the photon is emitted from quarks in the final state,
so the electromagnetic current jay, involves charm quarks,
namely, jan = Zycy*c [the electric charge of the charm
quark Q. =% 2¢ has been absorbed in the prefactor in
Eq. (1)]. Here, Zy is the renormalization constant of the
current, since jan, is not a conserved vector current operator
on the lattice. In practice, only the spatial components of
j’ém is involved, and its renormalization constant Z3, =
1.118(4) [23] is incorporated implicitly into the expres-
sions in the rest part of this work.

Figure 1 illustrates the schematic diagram of F< 3 after
Wick’s contraction. It has two separated quark loops which
are actually connected by gluons. The light quark loop on
the right-hand side can be calculated in the framework of
the distillation method. The left part comes from the
product of O, and the current jey, namely,

Gi(p.q:"' +17.7) :Z T e (3.1 +7)01/w<ﬁ ). (3)

%
which looks very similar to a conventional two-point

function of J/y and can be calculated independently on
(3) ¢

each gauge configuration. However, in order for I'; ; t
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FIG. 1. The schematic diagram of the process J/y — yn;.

have good enough signals, the calculation of G,; is highly
nontrivial. The conventional momentum source technique
turns out to be unfeasible here, because the resulted three-
point functions,

\]

-1

1 > -
(O, (0, 14+ 1)G,;(p. pit' +1,7)),

/) _ T

T

Il
=}

4)

are too noisy even though we have a large gauge ensemble
and average over all the time slices 7.

In order to circumvent this difficulty, we calculate G,; in
the framework of the distillation method. The distillation
method provides a gauge covariant smearing scheme for
quark fields, taking the charm quark field ¢(x), for instance,
(X, 1) =25 [VVI(0)](X.¥)e(3. 1), where V(1) is the
matrix whose columns are eigenvectors of the lattice

Laplacian operator —V2(#) at 7 (we use N'% = 50 vectors

for charm quarks). Therefore, we use the operator
0y, (P.1) =3 577 P3eWy;c](3,1) to calculate G,
whose explicit expression for source time slice at 7 = 0 is

Gu(P.4:1,0) = Y e T Tr {ys[S V(0)] (. 1)ys7"

x [SV(O)E )V (0)D(p)r;V(0)]}. (5)

where S. = (cc), is the all-to-all propagator of charm
quark for the gauge configuration U and D(p) is a 3L> x
3L3 diagonal matrix with the diagonal matrix elements
being J; jeiﬁ'y (¥ labels the column or row indices and i,
Jj = 1,2, 3 refer to the color indices). Here, we apply the y5-
Hermiticity of S., namely, S, = ySSZyS, which implies
[VT(0)S.](X, 1) = y5[S.V(0)]" (X, t)ys, such that what we
actually calculate is S.V(0) by solving the linear equation
arrays,

M[U;m][S.V(0)] = V(0). (6)
where M[U; m_]| is the fermion matrix in the lattice action
of the charm quark. At the source time slice 7 = 0, we have

to solve the linear equation defined by M[U; m,] for each
Dirac index @ =1,2,3,4 and each column of V(0). In

practice, we repeat the above procedure by letting the
source time slice 7 running over all the time range, say,
7 € [0, T — 1], to increase the statistics further. This pro-
cedure requires 25,600 inversions of M[U;m,.| on each
gauge configuration, apart from the calculation of the
perambulators of u, d quarks. This prescription turns out
to be crucial for us to obtain good signals of the three point
functions, from which we can extract the multipole form
factors with an acceptable precision.

B. Extraction of form factors

When ¢ > ' > 0, the three-point function Fl ’ ]( 5.0:10,7)
can be parametrized as

l"53)(ﬁ’ 6’ t, t/) ~ M e_mn] (t=1") e_EJ/w(ﬁ)[/
" 4my, E;;, (P)
x M(p), (7)

where Z, (0) and Z, Jy(P) come from the matrix element
(Q|O%|X(p.4)) = Zx(p)e;(p) with X referring J/y or
and ¢/ (p) being its Ath polarization vector [note that Zy(p)
depends on |g| since O (p) is a smeared operator [33]], and
M™i(p) is the desired matrix element at p,

MiKi( E €l (0

A

)1 (0,2) | fem(0)|J /9 (G, )€} (B).

(8)

which is encoded with the multipole form factors M, (Q?),

E,(Q?) etc. N
Obviously, in order to extract M/ (), we should know
the parameters Zy(p), m,, ,and E,;, (p), which are actually

included in the two-point functions of #; and J/y, namely,

PO 1) = 570 D (OwilBo7 + 0)0%,(5.7)
(")(

ks |Zx
- (1 - 3m3 Z

where X stands for J/y or ; and the source time slice 7 is
averaged to increase the statistics. The operators Oy must

9

=V 12
PZ| oV (P)t (9)

be the same as those in the three-point functions F,(;j),

therefore, rﬁ? (p,t)’s are calculated with the distillation
method as well. Since 7; is set to be at rest, we only
calculate F,(ﬁ)(ﬁ, 1) at p =0. The effective mass plot is
shown in Fig. 2, where the effective mass of the isovector
1" hybrid state (usually named z;) is also plotted for
comparison. The effective mass of #7; has a much worse
signal than that of z; due to the inclusion of disconnected
diagrams. Through two-mass-term fits in the time range
t € [4,14] for n; and r € [10,30] for z;, the masses are
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FIG. 2. Effective mass of 7 (isovector) and #; (isoscalar),
where the fit ranges are [10, 30] and [4, 14], respectively. The
shaded curves illustrate the best-fit values with errors using two-
mass-term fits.

determined to  be  m, = 1.950(28) GeV  and
m, = 2.230(39) GeV, respectively. These results are con-
sistent with those in Ref. [12].

In order for Q? to cover the range around Q = 0, the
spatial momentum p = Lz_g 7 of J /y is set to run through all

possible modes with [ii]* <9 based on the m, obtained

above. Since Oy, (p.t) involved in FS}
operator with Ng‘e)c = 50, we also generate the perambu-

lators of the valence charm quark with the same Nscez2 to

is a smeared

calculate F&z/)y/(ﬁ, t). The energies E,,,(p) = Es%(ﬁ) of

J /y for all the momentum modes involved can be precisely

extracted from Fﬁw( p,t) through two-mass-term fits.

Figure 3 shows the effective energies E(p, t) (data points)
and the fits (colored bands) at different momentum modes 7
up to |ii]?> = 9.

Along with the calculated two-point functions of J/y
and 7, the matrix element M™*/(p) is extracted from the
ratio function,

(1 +
MM (p,t, 1) =
(10)

which suppresses the contamination from higher states and
should be independent of 7 and # when ground states
dominate. We then make a weighted average value of the
function on ¢ to get larger statistics, and take a convention
At=t-17,

3.7
¥ ar=o0 ¥ olaP=3 ¥ olaP=6
3.6, ¥ =1 ¥ o= | = 8
o, ®liP=2 =5 & |ik=o
3.5 LT
xxxxxxxxxxxxxxxxx XX
XXXXxxXXXxX g
*
3.4 -5

X%
X % 3¢
M
3¢
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

3
3.3 M

xxxxxxxxxx

E(p,t)/GeV

<
itlatat ol E T E TPV IVIVVIVIVIVIVIVIVIVIVVIVIVIVIVINOION
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¢ ¢
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31 IR 24 5656 36 26 2 5€ 36 3¢ 36 36 2 26 3696 3 2 56 3636 36 X 2 36 396 36 2 34 36 3¢ 56 2 2 36 256 3¢

20 25 30 35 40 45 50 55 60
t/a;

FIG. 3. The effective energies of J/y at different spatial modes
with |ii]> < 9. The data points are the numerical results from

F52/>w (p. 1), and the shaded curves illustrate the best-fit values with
errors.

2
40 1 inj (37 4 /
g <AM> M (5.1 + At 1)

3 . (11)
40 1
()

where Aj\”/{ is the error of the corresponding ratio function,

and the weight is (ﬁ)2 to make the average value equal to
M

Miﬂj(l";" At) =

the least square fit result using a constant. ¢ € [20,40]
indicates the “fitting window” in this step. Subsequently,
We can extract the form factors M, (Q?, At) and E,(Q?, At)
from the linear combination of matrix elements
MMi(Q? At) with specific values of i, 4 and j. Thus,
we can get a similar parametrization for the form factors,

Fi(Q? At) m F;(Q?) + e, (12)

where F; refers to M, or E,. Note that Q2 is related to p by

Q2:2m,ﬁEJ/v,(ﬁ)—m%/w—m,%I here. Since Fl(sj)(ﬁﬁ t,t)
is contributed totally by the disconnected quark diagrams,
the signal of M (p, ¢ + At, ') becomes very noisy when
At Z 10 and before a clear plateau appears. Therefore, the
resulted M, (Q? At) and E,(Q? At) have residual time
dependence that is absorbed in an additional exponential
term in (12). We use this equation as the fitting formula to
obtain the value of F; and the corresponding error is
acquired from jackknife resampling. Figure 4 shows the At
dependency of M,(Q? At) and E,(Q? At), whose ém
values are listed in Table II.

The fitted parameters, such as M,(Q?), E,(Q?), and 6m
are listed in Table II, where one can see that the values of
Sm at different Q2 (i72) are more or less the same value
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FIG. 4. Multipoles extracted using Eq. (12) with momentum modes |12 |2 =1,2,3,4,5,8,9, the shaded curves show the fit ranges and

best-fit results.

around 1.2-1.3 GeV. This seems a reasonable value. There
are quenched lattice QCD calculations of the masses of the
first excited 1~ strangeoniumlike [34] and charmonium-
like states [35], which show that the mass differences of the
first excited hybrid states and the ground state hybrids are
roughly 1.2-1.3 GeV.

C. On shell form factors and partial decay width

After they are determined at different values of Q2
M, (Q?), and E,(Q?) should be interpolated to the on shell
values at Q% = 0, which are required to predict the partial
decay width using Eq. (1). If a new Lorentz invariant
variable,

Q= (p . p/)2 — m2m”

= 2[m+m)?+ Q?[(m—m')? + Q. (13)

is introduced, one can shown that M (Q?) and E,(Q?) are
proportional to \/ﬁ namely,

TABLE II.  Fitted values of the form factors M, (Q?), E,(Q?),
and dm. The values of y?/d.o.f. at different Q? are also given.

|n|? 5m/GeV M, /GeV E,/GeV y?/d.o.f.
1 1.19(33) —2.22(73) 0.49(20) 0.6
2 125(23)  -3.89(74)  0.95(23) 1.0
3 1.08(25) -6.0(1.3) 1.69(45) 1.0
4 1.21(22) —5.21(87) 1.38(29) 1.1
5 139024)  —449(69)  1.14(24) 12
8 1.46(33) —3.32(63) 0.93(25) 1.0
9 1.16(38)  —40(L.1)  1.33(44) 1.0

Mi(0?) = —%gwmﬁ Gy (7)),
Ex(0%) = %gwcmga -mGy Q). (14)

where the form factors G,(Q?) and G,(Q?) are defined in
Eq. (Al) (for details, see the Appendix). Obviously,
M,(Q?) and E,(Q%) go to zero when v/Q — 0. This
provides an additional constraint for the Q2 interpolation.
When putting m = m,,,, and m" = m,, back to the above

expressions, we have \/Q(Q?) = m, |g| in the rest frame
of ;. Therefore, it is convenient to introduce a dimension-
less function of Q2,

U(Qz) = \/ Q(QZ)/(mJ/y/mm) = |Zi|/m.l/y/a (15)

whose maximum value is v, (Q?) ~ 0.49 for the momen-
tum g involved in this study. Note that the form factors
G;(Q*) have no singularities when Q* > —mj7, . They can
be expressed as polynomials of Q?, and certainly poly-
nomials of v?(Q?),

Gi(Q%) = a; + pp*(Q%) + 6,0*(Q%) + 0(+°(Q%)).  (16)
where the terms up to O(v*(Q?)) are kept, since our
kinematic configuration that #; is at rest and J/yp moves
with a momentum ¢, we have a dimensionless quantity, the
velocity of J/y, v(Q?) = \/ﬁ/(mmmj/u,) = |ql/my,, <
0.494 for the values of g involved, and v$,,,(Q?) ~ 1.4% is
already much smaller than our statistical errors. Finally,

using Eq. (14), we have the interpolation functions for M
and E,,
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FIG. 5. Form factors M,(Q?) and E,(Q?) are plotted with
respect to Q2 as data points. The shaded curve illustrates the
interpolation using Eq. (17).

Fi(Q%) = v(Q%)(a; + biv*(Q?) + ¢;v*(Q%)).  (17)

with the constraint F;(Q?) = 0 at v(Q?) = |g|/m;,, =0
in the rest frame of 7, as suggested by Ref. [36]. Figure 5
shows the Q? dependence of M(Q?) and E,(Q?) in the
region where we are working. The interpolation using
Eq. (17) is also illustrated as a shaded band in Fig. 5 with
the best-fit parameters (the width of the band shows the
interpolation error). Thus, we get

M, (0) = —4.73(74) MeV
E,(0) = 1.18(22) MeV. (18)

Putting these values into Eq. (1), the partial width is
predicted to be

I'(J/w — yn) =2.04(61) eV (19)

[using the »; mass m, = 2.230(39) GeV]. Note that the
form factors in Eq. (18) are obtained by assuming 7, to be a
stable particle, while it must be a resonance in principle.
For a resonance R of parameters (mpg,Iz), a more
systematic approach to derive the form factor f(Q?) from
lattice QCD has been proposed in Refs. [37-42], where
the finite volume correction are thoroughly discussed for
the 1+ J — 2 type transitions with J being a local
current, especially for the case that a resonance can appear
in the final two hadron system. However, this approach is
unfeasible yet for the processes J/y — y + lighthadron(s)

that take place solely through quark annihilation diagrams,

because the low precision of Ff;j cannot afford that sophi-

sticated treatment. Fortunately, some examples [37,41,42]
indicate that the finite volume correction to the form factors
of a narrow resonance R is O(I'y/my), when R is treated as

a stable particle. If I, /m,, in the N, = 2 case is similar to
or even smaller than that of 7, (1855), the form factors in
Eq. (18) may be taken as approximations for those of the
resonant 7, with regard to their large statistical uncertainties
of roughly 15%-20%.

I11. DISCUSSION

Although obtained for N r= 2, the form factors in
Eq. (18) can be applied to the discussion of the physical
SU(3) case. In J/y radiative decays, the final state light
hadron (#; here) is produced by the gluons from the cc
annihilation, and thereby must be a flavor singlet [isoscalar
for Ny =2 and SU(3) singlet for N, = 3]. If the flavor
wave function of the light hadron is properly normalized,
the underlying gluonic dynamics is usually independent of
N except for the U, (1) anomaly relevant interaction. In
this sense, the form factors in Eq. (18) can be good
approximations of the SU(3) flavor singlet ;1(11) up to a
kinematic factor owing to the mass mismatch (see below).
Due to the flavor SU(3) breaking, there should be two

isoscalar mass eigenstates (denoted by 1751) for the lighter

(h)

one and 7, for the heavier one), which are the admixtures

of the singlet r](ll) and the I = 0 octet r](lg)

angle 6, namely,
. 8
—sm@) ") )
0s0 ) \in"y )

) _(cose
|’75h)> ~ \sin6
(L,h)

On the other hand, the masses of ;" can be different from
m,, . In this study, we should consider the correction factor
due to the mass mismatch. According to Eq. (14), one has

through a mixing

2 2
1 My m
M3(0) + E3(0) = [P~ 5" (G%(O) +o G%<o>). (21)
m Iy

Since the form factors G,(Q?) are functions of Q? and are
regular around Q” =0, it is expected the form factors
G;(0) for i =1,2 are insensitive to m, in the range
m, ~?2 GeV. For the case of this study, G1(0) is a few
times larger than G3(0), such that from Eq. (1), the m,,
dependence is approximately I o |g|*/m3 . Thus, one has
the following partial widths:

T(J/w = i) = 29T fy = yny) sin’0
T(J/y — ") = 4T Jy — yny) cos?0,  (22)

m2, |5, n)P

where x1) = -0
g

is the compensating kinematic

factor due to the mass mismatch of #; and ngx).
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As for the 717 decay mode where 7, (1855) is observed,

since it must be a flavor octet, the flavor SU(3) symmetry

implies the decay ”(lx) — niy’ takes place only through its

octet component, namely, the decay amplitudes satisfy

(' |H |0y = cos 0y |H, |n®)) = 2g cos 6¢ - k)
(' |H 0"y = sin O(my |H, [n®) = 2g sin 62 - K", (23)

where g is the effective coupling, € is the polarization vector
(

of n1x>, and ¥ is the momentum of #y' in the ) decay.
Thus, we obtain the ratio,

2(1
)((l)|k( )|3m2(h) r

() / (h)
- ) nooon (24)

. Br(J/w = ym
— 7 - =(h )
Br(J/y = yn)" = yunf) ™K >I3m§u> Lo
1

which is free from € but depends solely on the masses and

widths of ngl) and n(lh). If the mass difference of 775” and n(lh>

is not too large, the kinematic factor in the above equation
r h

)
is O(1), such that one has r ~ O(l)rl—‘(’).

1
The lattice QCD study in Ref. [12] observes ;7(11) and n(lh>
of masses roughly 2.16 GeV and 2.33 GeV (at
m, ~ 391 MeV), respectively. They can be admixtures of

the flavor singlet 1751) and the flavor octet 1758)

mixing angle 6,
|’7(1[)> cos @ —sin @ |n(18)>
] = g L (25)
"y ) \sin@cos 0 )\ )

the admixtures

or equivalently, of &5
(uit 4 dd)/~/2 through a mixing angle a,

(M) (o ().

If the flavor wave functions of ;1(11)

through a

and nn =

and ;158) are defined as

") = 7= () + |a@) + |55)

|(8» _

Oy = L (ug) +|dd) -20s5). (@7)

NG
one can easily show that 0 is related to @ by 0 = a — 54.7°.
This convention for the mixing angle a is the same as
that in Ref. [12] where a is determined to be roughly
a=22.7(2.1)° (averaged over the values on the three
lattices involved), such that one has 6 ~ —32.0(2.1)°. This
indicates a large mixing of ;758) and n(11>. Using Eq. (22),
the J/y total width T, = 92.6(1.7) keV [43] and the

observed branching fraction Br(J/w — yn(1855) —
ynn') = (2.70 £ 0.417038) x 107° [14], we get

T'(J/y — yn,(1855)) = (204 0.7) eV
Br(J/yw — yn,(1855)) = (2.1 £0.7) x 1073
Br(n,(1855) — nif) = (13 £ 5)% (28)

if #,(1855) is assigned to be 11(11), and

T(J/y — yn,(1855)) = (5.0 + 1.6) eV
Br(J/y — yn;(1855)) = (5.4 + 1.8) x 107

Br(n;(1855) = n') = (5.0 +1.9)% (29)
if 17;(1855) is assigned to be ngm.

Obviously, the existence of the other 5, state (or not) is
crucial for the nature of 7,(1855) to be unravelled. We
notice BESIII also reports a weak (4.40) signal of 17
component around 2.2 GeV [15]. But its existence needs to
be confirmed. On the other hand, if #,(1855) is surely a

hybrid state (either ngl) or nﬁh)), the results and the

discussion imply that the octet 11(18) couples strongly to

ny', namely, the effective coupling in Eq. (23) is roughly
g = 5.0(1.0) (note the effective coupling g,,, ~ 6.0 for the
decay process p — zz). Although there is the possible
enhancement by the QCD U,(1) anomaly [16,17], this is
really a large coupling and should be understood when
comparing with the significantly small coupling of its
isovector partner z; to n'z, which is expected by phenom-
enological studies [44,45] and estimated by lattice QCD
calculations [11,13].

IV. SUMMARY

Based on a large gauge ensemble of Ny = 2 dynamical
quarks at m, ~ 350 MeV, we perform the first theoretical
calculation of T'(J/y — yn;) where 7, is the light flavor
singlet 1= hybrid. The related three-point functions are
contributed totally from disconnected quark diagrams,
which are dealt with using the distillation method.
The on shell electromagnetic form factors are determined
to be M,(0) = —4.73(74) MeV and E,(0) = 1.18 MeV,
which give ['(J/w — yn;) =2.04(61) eV for m, =
2.23(4) GeV. These results are applicable to discuss the

production rates of the two mass eigenstates ngl) and r](lh) in

the SU(3) case, if the singlet-octet mixing angle is known.
As for 57, (1855) observed by BESIIL, its hybrid assignment
depends strongly on the existence of its mass partner. It

should be emphasized that the ratio of the branching

(Lh)

fractions Br(J/w — yn," — ynny') is inversely propor-

tional to the ratio of the total widths of n(ll'h). This can

be used as one of the criteria to identify (")
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experimentally. If 7, (1855) is a hybrid for sure, our results
and the mixing angle € determined in Ref. [12] indicate that
the coupling of the octet 1= hybrid 17(18) to ny’ is very large.
This is interesting and worthy of an investigation in depth.
Throughout our calculation, 7, is tentatively viewed as a
stable particle. This surely introduce theoretical uncertain-
ties which cannot be accessed in the present stage, but
should be explored in future works. Nevertheless, this study
provides the first valuable theoretical predictions for this
intriguing topic from lattice QCD.
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APPENDIX: FORM FACTORS

Since the quantum numbers J” of 5, and J/y are all 1-,
the transition matrix (i, | jem|J/w) is given by the vector-to-
vector one (V|jtm|V), which can be expanded in terms of
form factors by enumerating all possible Lorentz structures,

(V(p'.€)ljem|V(p.e€))
= G1 (Qz)p . 6/*614 + GZ(QZ)p/ . gg/*ﬂ
+e-€*[G3(Q)(p* + p*) + G4(0%) ¢

+(p-€)(p'-€)[Gs(Q)(p* + p*) + Gs(Q?)g"]. (Al)
|

/

+3(m" = m)((m' +m)? = ¢)E>(Q?) = 3(m' + m)((m' —m)* = ¢*)M,(Q?) |

G(0?) = j;_Q<M1<Q2> — E5(0?))
G (0?) = %(MAQZ) + E5(07))
2
G5(Q%) = —V@—Q@co(g% +V2C,(0%)
1
GS(Qz) = 12\/593/2
where Q% = —¢?, and

G4(0?), G¢(Q?) can be eliminated and expressed in terms
of other form factors using the conservation of current
(V] fonlV)g, = 0 as

m? — m?

G4(0?) = —TG3(Q2)
Go(0%) = —%[sz ~ G1(QY) + Gs(Q)(m? — m2)].

(A2)
As in Ref. [29] of the main article, it is convenient to
expand the helicity amplitudes in terms of multipoles. In the

frame where the initial state is at rest and the photon goes in
the z- direction, the amplitudes are

1
(VF|jem| VO ey = —=[M(Q?) + E»(Q?)]

V2
(VO VEY e = %[Mlm By (QY)
(VO] o VOl = %co@) - \@czm
T TR o, L 2
V1l V416l = Co(0) + 2 Co(07), (A

where the superscripts F, £, 0 refer the different polar-
izations of the two vector mesons. On the other hand, these
amplitudes can also be expressed in terms of form factors
G;(Q?) by substituting specific momenta and polarization
vectors into Eq. (A1), giving us four equations. By solving
these equations, the form factors G,;(Q?) can be related to

multipoles M (Q?), E;(Q?), Co(Q?), C»(Q?) as

Vo= )Co(@) 342 (4 + 2 = ) (07

(A4)
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Q=(p-p)-m

Note that in our case m = m,,, and m' = m,.

[(m +m')? + @%][(m —m')? + Q°].

2
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