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The mass components of charmoniumlike states are investigated through the decomposition of QCD
energy-momentum tensor (EMT) on lattice. The quark mass contribution (H,,) and the momentum fraction
(x) of valence charm quark and antiquark are calculated for conventional 1S, 1P, 1D charmonia and the
exotic 17" charmoniumlike state, based on the N; =2+ 1 gauge configurations generated by the RBC/
UKQCD collaboration. It is found that (H,,) is close to each other and around 2.0 to 2.2 GeV for these
states, which implies that the mass splittings among these states come almost from the gluon contribution of
QCD trace anomaly. The (x) of the 1= state is only around 0.55, while that in conventional charmonia is
around 0.7 to 0.8. This difference manifests that the proportion of light quarks and gluons in the 1=
charmoniumlike state is significantly larger than conventional states.
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I. INTRODUCTION

Based on the quantum chromodynamics (QCD) the
gluon is massless and the intermedia of the strong inter-
action. It is well-know that gluons bind light quarks into
massive hadrons, then there is a question that how much
gluons contribute to the total mass of a hadron. In order to
answer this question, one can start from the hadron rest
frame energy decomposition [1],

M = (H,,) + (Hg)(u) + (Hg) (u) +i<Hu>’ (1)

where H,, Hg, H, and H, denote the parts of the
Hamiltonian contributed by the quark mass, quark energy,
glue energy, and QCD anomaly, respectively, whose

explicit forms are
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H, = / d%{ > ymmqlpqwq—@wum . (2)

q=u,d,s..

Here (- - -) means (h|...|h)/{h|h) with |h) being the hadron
state in its rest frame. Considering the trace sum rule M =
(H,,) + (H,) [2], there are only two independent compo-
nents in Eq. (1). Besides that, there is another decomposition
proposed in [3]. Regardless how the decomposition is
performed, the gluon contribution is always comparable
with that from quarks for light hadrons [4,5].

The spectrum of heavy quarkonia are usually studied by
nonrelativistic quark model, where part of the effect of
gluons is reflected through the confining potential. In order
to investigate the role played by gluons in heavy quarkonia
and heavy quarkoniumlike states from the point of view of
EMT, we consider the mass decomposition of both the

Published by the American Physical Society


https://orcid.org/0000-0002-6350-8966
https://orcid.org/0000-0002-5076-9972
https://orcid.org/0000-0002-5231-4795
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.094503&domain=pdf&date_stamp=2021-05-10
https://doi.org/10.1103/PhysRevD.103.094503
https://doi.org/10.1103/PhysRevD.103.094503
https://doi.org/10.1103/PhysRevD.103.094503
https://doi.org/10.1103/PhysRevD.103.094503
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

WEI SUN, YING CHEN, PENG SUN, and YI-BO YANG

PHYS. REV. D 103, 094503 (2021)

conventional charmonium states, such as 1S5(y.,J/w),
1P(h¢,xc0.12)s 1D(n.) charmonia, and the 1= charmo-
niumlike state in the lattice QCD formalism. The major
goal is to check the contribution of each part of the
Hamiltonian in Eq. (2) to the masses of these states and
their mass splittings. There is a special interest in the 1=
charmoniumlike state, since its quantum number is pro-
hibited by a c¢ system in the quark model picture, but is
permitted either by a ccg hybrid or multiquark system
involving a cc¢ pair. The gluon contribution to its mass in
comparison with that of the conventional charmonia may
shed light on the nature of the 1= charmoniumlike state.

The lattice calculation in this work is based on the overlap
fermion and Ny = 2 + 1 domain wall gauge configurations.
On a finite Euclidean lattice, the energy levels of the
Hamiltonian have a discrete spectrum of values, the con-
nection between the lattice energy eigenstates and the
physical hadron states are not usually straightforward, since
most of hadrons appear as resonances. The masses of the 1.5
and 1P charmonia are below the DD threshold, such that
their strong decays are suppressed by the Okubo-Zweig-
lizuka rule and result in their small decay widths. The
expected 1D(#.,) mass is approximately 3.8 GeV [6,7]
and likely lower than the DD* threshold, which is the
symmetry-permitted lowest open charm threshold. Thus
the width of 7., can be very small. Therefore, the 1S, 1P,
1D charmonium states in this work can be viewed as stable
particles and have direct correspondence to the related states
on the lattice. However, for the 1= charmoniumlike state,
even though it has not been observed in experiments,
previous lattice calculations predict its mass to be around
4.3 GeV [6,8], which is well above the open charm threshold.
In a strict meaning, one must establish the connection of the
lattice states in this channel to the possible physical states in
the Liischer formalism [9,10] by studying the related meson-
meson scatterings. This requires certainly sophisticated
numerical techniques to tackle the annihilation diagrams
of light quarks and to derive precise energy levels. As an
exploratory study, we tentatively ignore the decay effects of
the 17+ charmoniumlike state and view it as single particle
state in the data analysis of relevant two-point and three-point
functions in this work, a more rigorous treatment is left for the
future studies.

The paper is organized as follows: In Sec. II we describe
the lattice setup, construction of correlation functions,
numerical method used to extract the matrix elements of
EMT, and the simultaneous fit strategy. Section III dis-
cusses the ground state mass, quark mass contribution

(H,,), valence charm quark momentum fraction (x), in
IS(VIC,J/II’), lp(hcv)(co,l,2>’ 1D(’702) and 1_+ states.

Section IV summarizes the main results of this paper.

II. NUMERICAL DETAILS

We perform the calculation using the 241 flavor
configurations of domain wall fermion and Iwasaki gauge

action provided by RBC/UKQCD collaboration. The
parameters of two gauge ensembles [11,12] we used are
listed in Table I. The overlap fermion [13] is adopted for the
valence charm quark, and we tune the bare quark mass
parameters on the two ensembles to reproduce the physical
J/w mass M, = 3.097 GeV within 0.2%. By using the
overlap fermion, (H,,) is automatically renormalization
scale and scheme independent, and then the other compo-
nents are well defined thanks to the quark equation of
motion [5]. We use the conventional quark bilinear oper-
ators ¢I'(D)c for 1S(n.,J/w), 1P(h.,x.0.12) and 1D(5,)
charmonia, where I” stands for the specific combinations of
Dirac gamma matrices and D is the lattice covariant
derivative operator. For the 17% charmoniumlike state,
the operator is chosen to be €;;Cy;Byc where By is the
chromomagnetic strength tensor. The details of the lattice
interpolation operators and their quantum numbers can be
found in Table II, where the available experiment results of
masses of conventional charmonia in Ref. [14] are also
listed there. Following the strategy proposed in Ref. [4], we
will calculate the hadron mass M, the quark mass con-
tribution (H,,), the quark momentum fraction (x),, and
obtain the total quark contribution through the relation,

CRM (1), (3)

(HE) = (HE) + (H,) = -

3
4

TABLE I. The parameters of gauge ensembles. The pion mass
m,, corresponds to the u, d sea quark mass parameter, while the
bare quark mass parameter m.a on each ensemble is set by the
physical J/yr mass M, = 3.097 GeV, and N, is the number
of configurations used in the calculation.

Ensemble [3xT a(fm) m, MeV) mea N
321 323 x 64 0.0828(3) 300 0.493 305
481f 483 x 96 0.0711(3) 278 0.410 205
TABLE II. Meson interpolation operators for different JC

quantum numbers used in this work and the masses collected
from PDG [14] for 1S, 1P charmonia, where D is lattice
derivative operator and B is the chromomagnetic gluon field
from clover discretization of field strength.

Meson Jr¢ Operator Mass(GeV) [14]
ne('So) (U 75 2.984
JIw(S) 1= Vi 3.097
Ze0(CPo) 0 T 3.415

X1 CPy) [ Ysvi 3511
he('Po) 1 YarsYi 3.525

X2 (P2) 2% l€ijkly D 3.556

N2 ('Ds) 27* €ijkYaYsY Dy e

. 1—+ eijkijk
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FIG. 1. Effective mass as defined in Eq. (5) from simulation data (points) and from C,(#) of Eq. (10) with best fit parameters (color

band) for various J”¢ quantum numbers on 323 x 64 (top) and 48> x 96 (bottom) configuration. The points with error bar are simulated
data with jackknife estimated error, the light color band shows the fitted result with best fit parameters, and the dark color band shows the

fitting range.

where superscript R denote a renormalization scheme at a
certain energy scale. Thus the gluon energy (HX) and the
QCD trace anomaly part (H,) can be obtained from M =
(H,,) + (H,) and Eq. (1). In order to extract the masses of
charmoniumlike states and study their decompositions, we
calculate the two-point functions C,(¢) involving the
operators in Table II, and also the corresponding three-
point functions Cs(t) relevant to (H,,) and (x),.

For the conventional charmonia, C,(¢) is obtained by the
expression

Co(1.1) = (rsSu(3. £ 0)ysIS,(F.0)), (4)

where S, (7,7,0) = > : S(¥, 1 X,0) is the Coulomb gauge
fixed wall source propagator and S(y, 7;X,0) is the quark

propagator from (X,0) to (¥,7). Note that the required
summation over the spatial indices is performed implicitly.
For the 1" state, one of the §,, terms used above is
modified into S5 = > 28, 1;%,0)B;(X), and the chro-
momagnetic field strength B, should be inserted in the sink
interpolation field to ensure the correct quantum number.
The 2%+ state can be obtained similarly using the propa-
gator with a derivative in both the source and sink
interpolation fields. In order to monitor the t-behaviors
of C,(1,T"), we define the effective masses M () in all the
symmetry channels as usual

C,(1,1)

(D) =l e T e
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FIG. 2. Effective matrix element of valence charm quark mass contribution (H,,)(#) as defined in Eq. (9) from simulation data (points)
and from C;(t, H,,) of Eq. (10) with best fit parameters (color band) for various J” ¢ quantum numbers on 323 x 64 (top) and 483 x 96
(bottom) configuration. The points with errorbar are simulated data with jackknife estimated error, the light color band shows the fitted
result with best fit parameters, and the dark color band shows the fitting range.

and plot them in Fig. 1, where the upper part is for the 321
ensemble and the lower part is for the 48If ensemble (the
gauge ensemble parameters can be found in Table I). It is
seen that signal-to-noise ratio is the best for 1S states, while
the relative errors of the correlation function in the 1=
channel become very large beyond 7/a = 10. On the other
hand, in the small-7 range of the M. (¢), there appear clear
zigzag behaviors, which can be attributed to the contribu-
tion from the unphysical modes of the domain-wall sea
quarks [15]. As will be addressed below, this kind of
contribution should be taken care of when we extract the
masses and matrix elements from the correlation function
involving the data in the small-¢ region.

For the three-point functions, we use the summed current
sequential source method [16] to suppress excited state

contamination. To be specific, the current-summed three-
point function is expressed as

C3(1.T,0) = {r5 Sy, £:0)y5I8.(3.1,0; O)T), (6)

where the current sequential propagator S‘c(ﬁ, ;0;0) is
defined as

$e(3.5:0:Hy,) = me ) S(5.6:3.7)S,,(%.750),  (7)

Xt

. L 1
$.(3.1:0;x) = ) S 1:%,7) (Dm -3 ZDm>
Xt i

x S, (%, 1,0), (8)
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FIG. 3. Effective matrix element of valence charm quark momentum fraction (x),(#) as defined in Eq. (9) from simulation data
(points) and from C;(t,x) of Eq. (10) with best fit parameters for various J*¢ quantum numbers on 32% x 64 (top) and 48% x 96
(bottom) configuration. The points with error bar are simulated data with jackknife estimated error, the light color band shows the fitted
result with best fit parameters, and the dark color band shows the fitting range.

for O = H,, and O = x, respectively, m,. is the bare charm
quark mass, and the current insertion time 7' is summed
over all time slice (0 to 7T — 1), which results in the
exponential suppression of excited state contribution and
benefits the fitting by the ability to explore all the source-
sink separation of three-point functions. In the 1=+ channel,

we need to replace one of the S,, terms in Eq. (6) by the sy

(Note that S4' should be symmetric with respect to the
interchange of spatial coordinates to ensure the correct P-
parity). Similar to the effective masses, we define the
effective matrix elements as

<Hm>([) = R(t’ Hm) - R(t_ I’Hm)7

M(x), (1) = R(t,x) = R(t — 1,x), 9)

where R(¢, O) is the ratio function R(z, O) = C5(t,T", 0)/
C,(1,T). It can be easily verified that (H,,)(¢) and M(x),(7)
is dominated by the related matrix elements of the ground
state and independent of ¢ in the large ¢ limit. The effective
matrix elements (H,,) () and (x),(r) in all the J*© channels
are plotted in Figs. 2 and 3, respectively. In each figure, the
upper part is for the 321 ensemble and the lower part is for
the 48If ensemble. Obviously, there are no plateaus show-
ing up in the time windows for most of the effective matrix
elements. This implies that there are substantial contam-
inations from higher states. In the mean time, the zigzag
behaviors are more apparent in the small ¢ region and are
essentially inherited from the two-point functions C,(#,T")
(it is understood that the unphysical modes of domain wall
sea quarks contribute little to the three point functions
involved in this work).

094503-5



WEI SUN, YING CHEN, PENG SUN, and YI-BO YANG

PHYS. REV. D 103, 094503 (2021)

TABLETIL  Fitted ground state hadron mass M, quark mass contribution (H,,) and quark momentum fraction (x),
in physical units on two ensembles, where the fitting range and y?/d.o.f. are also shown in the table.
JrPe M (GeV) (H,,) (GeV) (x)g [ min—tmax ] y?/d.of.
323 x 64 0~ 2.983(01) 2.212(01) 0.784(01) 8-23 1.46
- 3.104(02) 2.162(02) 0.810(01) 8-23 1.26
0+ 3.375(24) 2.087(70) 0.735(22) 10-21 1.02
1+ 3.434(11) 2.101(30) 0.742(11) 9-22 1.20
1 3.441(09) 2.152(33) 0.723(12) 9-22 1.39
2+ 3.480(08) 2.100(35) 0.722(15) 5-16 1.02
2=F 3.747(44) 2.08(11) 0.694(32) 5-12 0.84
1= 4.250(61) 2.317(53) 0.553(15) 3-11 1.49
483 x 96 0~ 2.985(01) 2.193(01) 0.761(01) 10-39 1.39
- 3.100(01) 2.139(01) 0.781(01) 14-39 1.44
o+ 3.396(17) 2.113(25) 0.722(08) 8-22 1.50
1+ 3.480(18) 2.063(38) 0.741(14) 10-20 1.35
1= 3.500(14) 2.030(44) 0.732(13) 10-20 0.97
2+ 3.492(07) 2.070(17) 0.710(07) 5-24 1.55
2- 3.788(30) 2.019(49) 0.675(15) 5-17 1.33
1=t 4.296(64) 2.202(59) 0.559(19) 4-14 0.96

Since the spectrum is common for C,(7,I) and
C;(t,T,0) in each JFC channel, we parametrized them
in the following function forms

Cy(t,H,,) = e M (Agt(H,,) + Age™"" + Azte™"" + Ay),
Cs(t.x) = e™M(AgtM (x),, + Ase™"" + Agte™" + A7),
Cy(t) = Age™ (1 + A=) + W(=1)'e™,  (10)

where M is the mass of the ground state, the e~ terms are
introduced to account for the contamination from higher
states, 6m, Ay 7 are free parameters and the (—1)’ term is
added to account for the oscillatory behavior related to
domain wall fermions. These function forms facilitate us to
use the data of the correlation functions at earlier time slices
to suppress the statistical uncertainties. In each JPC
channel, we carry out a joint correlated fit to Cs(¢, H,,),
C5(t,x) and C,(t) using these function forms, thus the

quantities M, (H,,) and (x), can be extracted simulta-

neously. This fitting strategy works well practically, as
illustrated by the shaded bands in each plot in Fig. 1, 2, 3,
where the dark color band is plotted using the fitted
parameters in the specific time range and the light color
band shows the extrapolation result. Obviously, the func-
tion forms in Eq. (10) describe the data very well. The fitted
results of M, (H,,) and (x),, are tabulated in Table IIT along
with the fitting window [fin, fmax] @nd the y* per degree of
freedom (y?/d.o.f.) for each fit, where the masses M and
(H,,) are converted into the values in the physical units.
In principle, the renormalization of (x), should be
considered. First, (x), can mix with the momentum fraction
of gluons after the renormalization. However, it is found
that the mixing from gluon momentum fraction to that of

quark is at 1% level per flavor in a previous work of proton
mass decomposition at several lattice spacings [4], thus this
mixing effect can be tentative ignored. Secondly, the
quark momentum fraction itself is almost multiplicatively
renormalizable. In Ref. [4], this renormalization constant is
determined to be Z(32I) = 0.99(5) ata = 0.0828(3) fm,
which implies the renormalization effect can be very small.
We have not obtained Z, on 48If yet, but considering that
(x), on 48If differs from that on 32I only by ~4%, we just
present the bare (x) , and ignore the renormalization effects in
current study.

II1. DISCUSSION

We start with the discussion on the calculated masses of
the charmonia and the charmoniumlike state in this work.
Our results are plotted in Fig. 4 with the black (321
ensemble) and blue boxes (42If ensemble) with the heights
of the boxes showing the statistical errors. The experi-
mental values from PDG [14] are also given in green lines
for comparison. By setting the bare charm quark masses
with the PDG value of the J/y(177) mass, our prediction
of the hyperfine-splitting of J/y — 7. on the two ensembles
agrees with the PDG value within 5% difference. The masses
ofthe {177, (0, 1,2)* "} states are alittle lower than those of
experimental 1P charmonia { ., y.¢ 1, } and have mild finite
lattice spacing dependences. This deviation may be attributed
to the discretization uncertainties that are not tackled in this
work. The ground state mass in 2~ channel is determined to
be 3.747(44) GeV (32]) and 3.788(30) GeV (48If). Even
though the 2= charmonium, which is usually named 7, and
assigned to be 1'D, state, has not been observed in experi-
ments, its mass should be in this range according to the
masses of its spin-triplet partners w/(3770)(1°D,),
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FIG. 4. Ground state mass M of various J"¢ quantum numbers
on 323 x 64 and 483 x 96 configurations, the height of color
boxes indicates the statistical errors and the experimental value
for 1S and 1P states from PDG are shown for comparison.

w>(3823)(1°D,) [17,18] and 3 (3842)(1°D5) [19]. The 1=+
state, with an exotic quantum number, is around 4.2 to
4.3 GeV, agrees with the result of the latest lattice QCD
calculation with dynamical quarks [6].

Quark mass contribution (H,,) in different states are
illustrated in the upper panel of Fig. 5. For all the states,
(H,,) is around 2.0 to 2.2 GeV. Note that (H,,) here only
includes the contribution from valence charm quarks. The
contribution from charm sea quarks is subtle since the 2 +
1 flavor ensemble is used in this work and we do not have
any charm sea in the configurations, but its contribution
(H3***) can be estimated from the charm valence quark
contribution (H;;") (the actual (H,,) we obtained) based on
the heavy quark expansion [2],

3.5
B 32° x 64,0 =0.0828 fm
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Z 25
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FIG. 5. Ground state (H,,) and (x), of valence charm quark of
various J©C quantum numbers on 323 x 64 and 483 x 96 con-
figuration.

<an,sea> _ % <mM _ < fnb>> + O(as), (11)

where y,,(u) ~2a(u)/z is anomalous dimension of the
quark mass, and if we take a(u = m,) ~0.37 [20], then
(H7™") is less than 100 MeV for all these states, therefore
we just ignore the charm sea quark contribution in this
study.

The light and strange sea quark contributions to (H,,)
can be estimated through the Feynman-Hellman theorem.
Using the light quark mass dependence of charmonium
masses obtained in Ref. [21], the matrix element
(| d®xp(x)w(x)) is approximately 0.3 at MS2 GeV for
u, d quarks. This quantity for the strange quark should not
be larger, and then u, d, s sea quark contribution to (H,,)
would be not larger than 40 MeV in total and can be
ignored temporarily.

On the other hand, estimation of the sea quark momen-
tum fraction is relatively nontrivial. We know that the light
sea quark momentum fraction is a few percent in the
nucleon and that of the heavy quark is further suppressed
by the quark mass and then would be negligible [22].

According to the relation M = (H,,) + (H,), one can
conclude that the mass differences among 1S, 1P, 1D
charmonia and 17" charmoniumlike state mainly from the
contribution of the QCD trace anomaly part (H,). The
quark relevant part of (H,) is y,,(H,,) as shown in Eq. (2).
Since y,,(u) is common for all states and (H,,) is scale
independent, we can further claim that the mass differences
are dominated by the gluon components of charmoniumlike
states.

It is interesting to see that, as shown in the lower panel of
Fig. 5, the momentum fraction (x), of the valence charm
quark and antiquark is in the range of 70%—-80% and does
not change much for conventional 1S, 1P, and 1D
charmonia, while it is only approximately 55% for the
1~ state. This is a striking difference, which means there is
a roughly 20% more momentum fraction carried by other
degrees of freedom, such as gluons and u, d, s sea quarks in
the 1~ state, in comparison with that of J/y and 7,. This
surplus amount of momentum fraction accounts for approx-
imately 800 MeV of the mass of the 17" state, given its
mass around 4.3 GeV. If the 1" state is interpreted
phenomenologically as a ccg hybrid, then this portion of
mass of 800 MeV is close to the mass of a constituent gluon
in the constituent model for glueballs and hybrids.
However, one should be cautious to make this argument
since a ccg hybrid is ill-defined in QCD due to gluon-¢g
transition within a hadron system, which also allows
possible c¢¢gg... configurations. Whatever this 1" char-
moniumlike state is, the striking difference of its (x), from
the conventional charmonia may signals its special inner
structure.
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IV. SUMMARY

We investigated mass decomposition of conventional 1,
1P, 1D charmonia and exotic 1= charmoniumlike state. It
is found that quark mass contribution (H,,) of valence
charm quark is around 2.0 to 2.2 GeV for these states, and

the valence charm quark momentum fraction (x), of the

1= state is ~0.55 while that in the other conventional
charmonia is around 0.7 to 0.8. Moreover, according to
Eq. (3), the combined quark contribution (H,) of the
valence charm quark can be expressed in terms of (x), and
(H,,), whose values for different states are shown in Fig. 6
along with the masses of charmoniumlike states (light color
boxes). It is clearly seen that the (H,) in all the states are
close to each other and around 2.3-2.5 GeV. The mass sum
rule in Eq. (1) implies again that the gluon contribution to
the masses is M — (H,) (except for a small portion
Y¥m(u)(H,)) that gives the major differences among
charmoniumlike states. Thus our calculation provides an
evidence of the significant gluon contribution in the
charmonium states.

In summary, we perform an exploratory study on mass
decomposition of charmoniumlike states and demonstrate
the possibility to understand the charmonium and the other
meson masses through the structure calculation, besides the
standard spectrum analysis. Similar calculation can be
applied to the other mesons with heavier or lighter quark
mass, to uncover the phenomenology meaning of different
mass components. The unstable particles like the p, o
meson, XYZ particles, or even light nucleus also worth a
similar investigation with different volumes, and such an
investigation would shed light on properties of these
particles accompanying the state-of-arts scattering studies.

In this work, we focus on the structure property of
charmoniumlike states, and the finite-volume effect is
ignored. As the first step of such study, we believe that
this effect would not change our current conclusion.
However for a precise theoretical prediction, it should be

4.5
W (H,), 32° x 64,0 = 0.0828 fm |
40 W (H,), 48° x 96,a = 0.0711 fm
: B M, 32° % 64,a = 0.0828 fm
—
M, 48% % 96, = 0.0711 fm —-—
3.51 —
= ——
<
@]
3.09
2.5 —
- e e |
2.0

I e e A

FIG. 6. Combined valence charm quark contribution (H,) in
ground state of various JP¢ quantum numbers on 32° x 64 and
483 x 96 configuration, the extracted mass M are also shown for
comparison.

considered in detail and we will investigate it in our
future works.
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