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Probing excited gg mesons via QCD sum rules

Shuang-Hong Li®,” Wei-Yang Lai®,” and Hong-Ying Jin®*
Zhejiang Institute of Modern Physics, School of Physics, Zhejiang University, Hangzhou, 310027, China

® (Received 19 December 2025; accepted 19 May 2026; published 6 August 2026)

We present a systematic study of the masses of light excited ¢g mesons using quantum chromody-
namics (QCD) sum rules at next-to-leading order (NLO). To probe excited states, we construct several
interpolating currents with covariant derivatives inserted. The calculation is carried out up to dimension-8
condensates, including NLO perturbative and m(gq) corrections. Employing Gaussian sum rules, we
obtain several J” = 2% nonets with masses that agree well with experiments. Several J = 0, 1 states
compatible with experiments are also obtained using both Gaussian and Laplace sum rules. In particular,
the JPC = 2+ current couples to two distinct 27 resonances. This work demonstrates the efficacy of
operators with covariant derivatives for studying excited hadrons.
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I. INTRODUCTION

The gg mesons are the simplest hadrons; understanding
their spectrum is a central problem in hadron physics.
Although the properties of ground-state gg mesons are
described reasonably well by quark models, the excited
spectrum still poses open questions regarding assignments,
decay constants, and mixing. Furthermore, there is growing
evidence that some excited gg mesons mix with exotic
states (non-¢g mesons) [ 1-4], making the excited spectrum
more intricate and challenging to interpret.

On the other hand, quantum chromodynamics (QCD)
sum rules [5-9], which connect hadron properties to the
QCD Lagrangian and the nonperturbative QCD vacuum
(encoded in the so-called condensates), usually focus on
the ground state; only sporadic investigations have been
devoted to excited states. This is because the ground
state is naturally favored in QCD sum rule analyses:
the interpolating operator for the ground state can be
directly constructed, and the lowest-lying state in the
spectrum will dominate after Borel transformation [5-7].
To investigate radially or orbitally excited gg mesons, it
is necessary to design operators that couple more
strongly to excited states.

One approach to constructing such operators is by
inserting covariant derivatives into the ¢gg§ meson
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operator; the WI'V"W-type operator is expected to
couple preferentially to excited gg mesons due to the
extra momentum weight. Here, I" denotes a generic

<~ -
Dirac gamma matrix and V=V =V, where V is the
covariant derivative in the fundamental representation.

<>

In momentum space, V corresponds to the quarks’
relative momentum; thus, the coupling between

PI'V"¥ and the S-wave gg meson should be sup-
pressed. Operators with explicit covariant derivatives
have already been used in several works [10-20], and
have yielded some successful results.

In this work, we present an next-to-leading order
(NLO) QCD sum rule investigation of light excited ¢g

meson masses using the WI'VW operator. This paper
is organized as follows: the construction of currents is
described in Sec. II; the Gaussian sum rule analysis is
presented in Sec. III and concluded in Sec. IV; the
Laplace sum rule results are supplemented in
Appendix A; the evaluation of dimension-8 condensates
is presented in Appendix B.

II. OPERATOR BASIS, QUANTUM NUMBERS,
AND PROJECTORS

To calculate the correlator of interpolating currents in the
low-energy region, the operator product expansion (OPE) is
utilized in QCD sum rules [5-9]

Map(q?) = i / dxe 9 (11, (x)T}(0))

=2 Thslli(@), (1)
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where J, and Jp are specific currents coupled to the state
under investigation; 7, is the Lorentz (tensor) projector
corresponding to a specific spin, and I1;(¢?) is a scalar
function of ¢?; contributions with different spins are
involved in general. The correlator and spectral function
are related through the dispersion relation [5—8]

Lim I, (s) ~ f35(s = ) + 005~ sa)pi(s). (2)

Here, the “narrow resonance + continuum” ansatz [5-8] for
the spectrum is adopted; m; is the mass of the lowest-lying
resonance; s is the continuum threshold; and p;(s) is the
continuum spectral density. For completeness, we employ

_ o
five $YI'VW-type operators

R I

JH = ‘i‘fayS%”‘be,
o, i,
JHa = ‘i‘fﬂysy”% Wy,

Jua =@, g o, (3)

where f, and f, are flavor labels and o = £ [#,y"].

The currents J¥, J¢*, and J** in Eq. (3) were already
considered in the early QCD sum-rule literature [10-12],
albeit in different notations. Those early studies established
that derivative currents can interpolate non-S-wave mesons,
but they treated only a few selected channels, focusing on
the highest allowed spin for each current. The present work
extends that program by organizing these currents into a
unified basis and deriving the full set of Lorentz projectors
and accessible quantum numbers. Additionally, a more
systematic OPE and sum-rule analysis at NLO is per-
formed, and the Gaussian sum rule is adopted for detailed
numerical analysis.

Some configurations in Eq. (3) yield conserved currents.

The current 1 (Wy*V *¥ — $yoV #¥) = Py lV AW is con-
served as a consequence of the conservation of the
canonical energy-momentum tensor [21,22]

J, (% O S g"“C) —0. (4

In the massless limit, the left- and right-handed spinors are
decoupled, and PS5y AW is conserved as well. The

conservation of ¥ V #¥ is easy to verify using the Gordon
decomposition [23]

2mPyrY = i(PV HY + 9, P W), (5)

where Wy*V¥ is conserved due to global U(1) symmetry. A

_ e
straightforward calculation shows that ¥y V#¥ is also
conserved, as long as y° and y* are treated as anticommuting

0,(Py VW) = W9, VAW + B39, Vi — BV 45,15
AV "y56ﬂ‘l’
= ¢ (¥y°V, V¥ - ¥V, V,r¥)
1 - _
=5 (‘Pysa"”Gﬂy‘I‘ - ‘I’G#yaf‘”yS‘P)
=0 (6)

Here, the quark equation of motion is used. The conservation

of Wy"V dW can also be derived following a calculation
similar to Eq. (6).

Since the fundamental QCD coupling is flavor-blind, the
differences between quarks are manifested in their masses.

Similar conservation for ‘i’fHFV‘Pfh with f, # f;, should
also hold if m; = my,. Up to O(ay) in this work, J*, JH,
and J are conserved when my = my,, while Jlkal g
conserved when my =my, = 0. In the massless limit, the
correlators of these currents have no longitudinal pertur-
bative contributions. At O(a?), the diagram

P

is involved only for f, = f,, and is absent for f, # f,,. Due
to this difference, the conservation of J#, J#, J [f‘“], and Jka
beyond O(«y) is not expected when f, # f},.

The quantum numbers of gg mesons follow a specific
pattern. For a gg state with orbital angular momentum / and
spin s, the parity is P = (=1)(*1), while the C-parity is
C = (—=1)*%), Therefore, ¢ states with quantum numbers
JPC =0t 17, and J > 2 are necessarily excited states.
To isolate information about specific channels from the
correlator, one must write the complete basis of polariza-
tion tensors €(p) in

(0171(p)) = e(p)f (p?) (7)

for each current J and hadron state |4(p)), where f(p?) is
the coupling strength. The polarization tensors for each
current in Eq. (3) are listed in Table L. In the rest frame, each
polarization tensor corresponds to an irreducible represen-
tation space of the rotation group. To obtain the corre-
sponding Lorentz projectors, the following relations are
used [24,25]
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TABLE I. Summary of the LO perturbative and (GG) con-
tributions for each configuration. The second column lists the
allowed quantum numbers with polarization tensors, where
square and curly brackets denote antisymmetrization and sym-
metrization of the indices, respectively; the corresponding
Lorentz projectors can be obtained using Eqgs. (8) and (9). The
“x” means no such contribution; “0” means the contribution
exists but vanishes in the massless limit; “—” means the
contribution exists but does not contribute to the imaginary part
of the correlator (for dimensionless Lorentz projectors).

LO perturbative (GG)
JH 0t=: p# X x
177 ¢
JH 0 : p# X X
1T et
J{;t(t} 0tt: e 0
0t F: ptp“ X
1_+ : e{/"p“} 0
2++: eHa
J[;m] 1+ e[;tpa] 0 X
1++ : 6”“’”76,,17(,
Jluat Q7 ppe 0
0~": ptp* X
1+_ : g{ﬂp“} 0
277 e
Jhel 1t el pel 0 X

—_— apoc
1771 e"%€¢,p,

Jrva 0t errap Py
0++ : ,,I;mpb _ ’,]l/apﬂ
17+ : nﬂaeu — nvaeu
1—+ : gypupa _ evp;lpa
1+t e;wpogppapa
: eyapaeﬂpgpu - {/’l <~ U}
2++ : e;mpb _ €y(1p;4
27 e, p,

S X X ©

UV
E el = Pp]; — g =",
A
1 1
o *uf . 7 p
% e’ == S ™ ), (8)

m, = 2.16 +£0.07 MeV,
my, = 93.5 £ 0.8 MeV,
(gq) = —(0.276)3 GeV?,

(aGq) = M§(aq),

M(Z) =0.8+0.2 GeV?,

where ¢4 and €} are spin-1 and spin-2 polarization tensors,
respectively; d is the dimension of spacetime. The relation
for the Levi-Civita tensor

3 _
e/”’a/ eﬂ/y/a/ﬁl = 4!g”w/gyy'gaa/gﬁﬂ'] (9)
is also used.
For J#“, the choice of polarization tensors is not

unique. In four dimensions, the ¢"”?¢,”p, in Table I is
equivalent to

"%, py — {u < v},
while
e%e,p,p® and "’e,p,p* —{u < v}
can be written as a linear combination of
pre%e,n,* and  pret7e,n,’ — {u < v}.
It should be noted that different polarization tensors do

not mean the corresponding states are independent; e.g., the
Lorentz projector

D el pIet ) = (0P~ {u o a}) + {v o )
A
(10)

corresponds to the nonvanishing J¥¢ = 1=F contribution in
the correlator

(TIW(p) T (p)). (11)

Here, the [ua] and {vf} denote antisymmetrization and
symmetrization of indices, respectively. For simplicity, in
this work we will not discuss the states corresponding to
off-diagonal Lorentz projectors like Eq. (10).

For the numerical analysis, the following quark masses
[26] and condensate values [27] are used (both at
u =2 GeV)

my =4.70 £ 0.07 MeV,
(GG) = 0.07 £ 0.02 GeV*,
(55) = 0.74(qq),
(3Gs) = Mj(5s),
(GGG) = (8.2 +2 GeV?)(GG),

where g = u, d; (GG) = a,(G},G"™); (GGG) = <g3f“bCG,‘}”Gpr,§”>; (gGq) = (ggT"G},0"q). The one-loop approxi-

mation of the running «; is used
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ay(m?)

2)log(X)’

o, (u?) =
U 14 Ray(m

where [26]

m, = 1776.93 £ 0.09 MeV, a,(m2) = 0.314 £0.014,
and fy =9 for n; = 3.

For the calculation at next-to-leading order (NLO),
the currents must be renormalized. The diagrams involved
in the renormalization at the one-loop level are shown
|

(PFIV), = 25900, +

lea (FV}/O, yavr)‘l’fb

FIG. 1. The diagrams involved in the renormalization of YI'V¥
at one-loop level.

in Fig. 1, where the fermion field ¥ is renormalized
implicitly, so that loops on the external legs need not be

considered. The renormalized WI'V¥ operator in the
Feynman gauge and at d = 4 — 2¢ can be written as

l‘an (mfbrya +yolmy, )‘I’fb

8
9Cr ¢ . . 9°Cr g
+ 32ﬂ2€l‘l’fa(mfa}' Cyory + vl rimfy)¥f, — 1992 2 NS AVIAA
7Cr g Tyt — 57 TCr g (o i
—M‘I’fa(mal“ 7 =Ny Yy, + 96n2e W (7T o — 1, L)Y (13)

where Z, = f;f{g,
bare fields; see Appendix C for more details.

A large number of diagrams are involved in the dimen-
sion-8 condensates. This is because the (gg)(gGq) con-
tribution appears in the correlator at O(a,) but is absent
at O(1), and the (gVVVVVyg)-type condensate also
contributes to a,(gq)(gGq), as detailed in Appendix B.

[
The inclusion of dimension-8 condensates ensures the OPE
is well converged, as shown in Appendix E.

The calculation results are listed in Appendix F, while
the involved diagrams are presented in Figs. 2—4 as well
as Tables II and III; the perturbative and m(gq) contribu-
tions are calculated to next-to-leading order (NLO). A
Mathematica package [28] was used for these evaluations.

L o> (O DG, > T > >

FIG. 2. Diagrams for perturbative contributions. The last two diagrams are related to the counterterms.

L S N Ll S
TS >0

FIG. 3.

Diagrams for m(gq) contributions.

G > Lo o> o> ap > D> i, >
o, > Gy, > o D D> LD s> i
@@@@@@@@

FIG. 4. Diagrams for (§q)(gGq) and m(GG)(gq) contributions. The (Og) refers to condensates like (gVVVVVy), (gGGVq),
(gDDDGgq), etc., which contribute to (§q){(gGq) and m(GG)(gq) via Eq. (B2).
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TABLE II. The corresponding diagrams for (GG),
used for the m(gq)(GG) contributions.

m{gGq), (gq)*, and m(gq){GG) contributions; Eq. (B1) is

(GG)

TABLETIL. Diagrams and propagator notations for the (G3) contribution. The use of combined propagators ensures the cancellation of
infrared divergences, rendering each diagram infrared-free. For the detailed quark propagator structure, see Ref. [29].

@@@@

(G3) diagrams

_

/

DDG
A

The propagator notations

/

AR % AR e S o

III. NUMERICAL ANALYSIS

A preliminary investigation of the correlator is necessary
before performing a numerical analysis. As summarized in
Table I, some of the configurations have no (GG) con-
tribution, while the m(gq) contribution is nearly negligible
for light quarks. In some other cases, the leading order (LO)
perturbative contributions are absent. In both cases, the
results are sensitive to the values of higher-dimensional
condensates. Choosing the Lorentz projectors to be of
dimension 2, e.g.,

(p”p
p
then ensures that the (GG) contribution is involved in all
cases except the conserved configurations. However, if a
result is sensitive to the choice of the dimension of Lorentz
projectors, it suggests that more corrections should be
included to yield an accurate result. For simplicity, we
choose all Lorentz projectors to be dimensionless in
this work.

Therefore, we focus on the J© = 2+ states corresponding
to J1#} and J{#*} based on Table I; the masses for other
cases are still presented if reasonable results can be derived.
Focusing on the J = 2 channel also offers a clear test of

— g _)ﬂU_Zu@
9)@@ (p'p p¢)p2,

(14)

whether the YI'V¥ operator couples to excited gg mesons,
since the gg states with J = 2 must be orbitally excited. In
contrast, the J* = 0~ and 1~ states can be mixtures of S-

wave and excited states [30], and in principle, the Prvy
current couples to both ground and excited states if allowed
by the quantum numbers.

A. Laplacian and Gaussian sum rules analysis

The resonance information can be extracted from the
correlator through the dispersion relation (2). However, a
direct extraction is not feasible due to our limited knowl-
edge of QCD at low energy. The Borel (Laplace) trans-
formation is often used to estimate the lowest resonance
mass. It is defined as [5-9,31]

R " ( q)N+l) d \N )
Brl(q*) = ;/T%T Tf (q*), (15)

where M? is the Borel parameter, and one can find that

P |

B I
s — q2

=e€

(16)

Applying the Borel transformation to the dispersion rela-
tion then gives

I H 1 © 2
:—B/ o —/ dse™/™ ImTI(s).
7 Jo

(17)

According to local quark-hadron duality [31-33], it is valid
to truncate the integral at s, to isolate the resonance
contribution. The mass of the resonance can then be easily
derived from the ratio of moments

L [s s _m?
M (M2, sy) = —/ " dss"e i ImTI(s) = f2m¥ e sr,

T Jo
(18)
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By changing the integral kernel from e=5/M* to ¢~(s=1°/47 the
Laplace sum rule becomes the Gaussian sum rule (GSR)
[31,33,34]; these two sum rules are actually intimately
related. Note that the dispersion relation also gives [31]

(s +iQ?)
2i02

(s —iQ?)
2i0?

)

1 o 1 1
:TQZ/O ‘”[r—<s+iQ2>‘r—< —i0Y|
0o 1 1
:A s L} (19)

where s and Q? are real variables. According to Eqgs. (15) and
(16), replacing —g*> — Q* and M? — 4 in the Borel trans-
formation and applying it to Eq. (19) then gives [31,34,35]

o s—1)2 1
/ dte=" 7% ~ImTI(z). (20)
0 T

The Gaussian kernel enables a more detailed examina-
tion of the spectral function. It makes it easy to probe
different regions of the spectrum and study multiple
resonances by varying the center of the kernel. Similar
to Eq. (18), one can isolate the resonance contribution as

G(z,s, o) / dte™"+ fImH( ). (21a)
\/ 4rnt
1074E
c-\l>< 105
F ss
[ us
10°F ud
20 25 30 35
so(GeV?)
(a) Minimized x? versus so.
S 0.08
)
O
0,06 Sirs.50)
0.04 Gn(7.5)
0.02

20 TS 0 , 20
s(GeV?)
(c) Best fit for the @d configuration.

FIG. 5.

On the hadronic side (“0+ continuum” ansatz), applying
the Gaussian transformation yields

f2 (s 2)2
Gh(T,s):\/me #

A numerical fitting procedure is often adopted in GSR,
which reduces the bias from the choice of the continuum
threshold sq,. The G(z,s,sy) and G,(z,s) here can be
viewed as the functions of s that describe the shape of the
smeared resonance; on the hadron side, the narrow reso-

nance &(s —m?) is smeared into a Gaussian peak
(_y—mz)z . . . .
exp[— ). This is necessary since a comparison

between the QCD side and the hadron side is valid only
when averaged over a finite window (local quark-hadron
duality [31-33]). In this work, we choose 7 = 10 GeV*
as in Ref. [35]; the results are not sensitive to the choice
of 7 [36], as shown in Appendix E. The renormalization-
group improved GSR is obtained by setting u> = /7 [31].

To make the mass estimation more robust, the G(z, s, 5¢)
and G, (7, s) can be normalized as follows [33]:

~ G(t,s,50)
G(z,s,80) = (22a)
[, dsG(z, s, 50)
~ Gy (z, 1 som?)?
G(t,s) = wrs) e~HE, (22b)
f_oo dsGy(z, s) 4T
1.60F
1.55F
S
& 1sof
& 1451 Ss
us
140F 7d
20 22 24 26 28 30 32
so(GeV?)
(b) Fitted mass versus so.
E
s [
=AY
s/ Lo
[ NLO
2
20 -10 [s(GeVv?) 1 20
ot

(d) Perturbative contributions in GSR.

NLO GSR mass predictions for 27 states extracted from J {ua}: the central values of the QCD parameters are used. Dashed

lines in panels (a) and (b) mark the optimal value of s, as well as the corresponding y? and predicted mass. For itd configuration, the LO
and NLO perturbative contributions after Gaussian transformation are shown in panel (d), where s, = 3 GeV? is used; the NLO

correction is considerable.
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where the resonance strength f has been eliminated, as it is
not necessary for mass extraction. The mass m and
continuum threshold s, can then be estimated by minimiz-
ing the y°

1 (7.50) = Z[G(Tv sis80) = G (7, 5:)]%. (23)
i=0

1

Here,
Smax — Smin .
N = T + 1, $; = Smin + 165, (24)
N
and we choose
Smin = —20 GeV?, 5. = 25 GeV?, 85 = 0.2 GeV?.

The values of s.,;, and s, are chosen to be far from the
peak of G(z, s, s0), while &s is chosen to be small enough to
capture the detailed structure of G(z, s, s ). The Monte Carlo
method is also adopted to estimate the uncertainties. Based
on the QCD parameters listed in Sec. II, we generate 2000
sets of input parameters by sampling from independent
Gaussian distributions; the condensates (gg) and (5s) are
assigned a 10% relative uncertainty; 2000 independent GSR
fittings are then performed for each configuration; see
Appendix D for more details.

To visualize the solution’s dependence on the continuum
threshold s, we first present the GSR results where s is
fixed to different values and only m is treated as a fitting
parameter. As shown in Fig. 5, the J##*} yields J¥€ = 2++

state masses ~1.48 GeV for iid configuration, while for iis
and 5s configurations, the derived masses are nearly degen-
erate (~1.54 GeV). Additionally, the NLO perturbative
contribution is around —40% of LO perturbative contribu-
tion, indicating the necessity of NLO corrections; the masses
of JP = 2~ states in Table IV also confirms this necessity.

Compared with the 27+ excited ¢g candidates a,(1320),
K’(1430), and f(1525), the estimated masses for izd and
is do not agree very well. After applying Monte Carlo
uncertainty analysis, the obtained masses are degenerate as
shown in Table IV. Nevertheless, the continuum thresholds
in Table IV and the masses in Fig. 5 still imply that a mass
hierarchy #d < us < 5s should exist. As shown later in
Sec. III B, this inconsistency is clarified when a second
resonance is included.

For the J¥ = 2~ channel, the derived masses for C-even
and -odd states are nearly identical, as shown in Table IV. The
masses for iid, iis, and 55 configurations agree well with the
masses of 277 states 7,(1670), K,(1770), and #,(1870).

For correlators that have no (GG) contribution in the
imaginary part or have no LO perturbative contribution, the
accuracy of these results may be limited as mentioned
previously. The 17~ states masses given by J# are around
1.2-1.4 GeV, which are close to the masses of p(1450),
K*(1410), and ¢(1680); the 0~ states masses given by
JH% are around 1.1 GeV, which are close to the masses of
7(1300), K(1460), and 7n(1475). These predictions are
much heavier than the ground 0~ and 17~ states, implying

that the PT"VW¥ operators should couple preferentially to the
excited gg mesons in these channels.

TABLE IV. Summary of one-resonance GSR fitting results. The rows in bold font correspond to cases where (GG) and LO
perturbative contributions are nonvanishing; for other rows, the accuracy is expected to be limited.

ud

us ss

m (GeV) so (GeV?)

m (GeV) s (GeV?) m (GeV) 5o (GeV?)

(a) LO GSR fitting results for the 2~ states. For the 27 channel, the predicted masses agree less well with the 2™ states ,(1670),
K,(1770), and #1,(1870), compared to the NLO results in Table IV(b)

Jinat 27 et 1.50 +0.09 275 +0.33 1.60 + 0.08 3.11 £0.30 1.59 £+ 0.08 3.06 +0.32

JHvx 2=t "¢ p, 1.56 £0.08 3.07 £0.30 1.61 £0.07 3.24 £0.30 1.64 £0.07 3.57 £0.31
ud us 5s

m (GeV) 5o (GeV?) m (GeV) 5o (GeV?) m (GeV) 5o (GeV?)

(b) Summary of NLO GSR fitting results. Some results (not shown) are not attainable or involve large relative errors. The degeneracy
problem of the 2+ states corresponding to J{#*} is solved in the two-resonance analysis shown in Table V

J# 1= e 1234004  1.91+0.12
Jlual 2t ena 153 +£018 279+ 0.69
Jluah 2 ema 1.74+0.10 3.64+041
jhal 17 emwoe,p, 1.14£0.04  1.66+0.12
Jua gt p 1.09 £0.04  1.54+0.13

2 ghapy — gva pi 1424027  2.56+0.82

2+ e p, 174 +0.08  3.77+0.36

13342004 2204014 1394005 241+0.16
1534023 284+087 153+£025 2.86+095
1834008 4.05+038 1.89+008 4.28-+0.37
121£005 1.85+£0.16 1274£005 2.0240.17
1.10£0.05 153+0.14 1.084+006 1.46+0.16
1324026 2304072 1284026  220+0.70
1.83£0.07 4.14+£035 1894007 4394036
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_ T 0.5
1078 r 22t
sol 0.4f
S m; 03f
N>< @ 1.8+ my -
g 1.6} 0.2F
14} 0.1p
1070
'x 1 I 1 1 12 1 1 1 1 1 00 1 1 i 1 1
3.0 35 4.0 45 5.0 3.0 35 4.0 4.5 5.0 3.0 35 4.0 45 5.0
50(GeV?) 50(GeV?) s0(GeV?)

FIG. 6. The two-resonance GSR fitting results of the 27 @d state corresponding to J##¢}. Dashed lines mark the optimal value of s,
as well as the corresponding y?, masses, and relative coupling strength r.

For the 1~ and 0™ channels, the LSR results agree better
with experiments compared to those from GSR. However,
quantitative error estimation and the extraction of multiple
resonances are difficult in LSR; we therefore provide these
results in Appendix A as a supplement and present only the
GSR results in the main text.

B. Two-resonance Gaussian sum rules analysis

Compared with the 2=* channels, the predicted masses for
the 27+ states show poor agreement with experiment, and the
errors are also larger. Since two 27" nonets are observed
experimentally [26], one possible reason is that the second
resonance prevents the isolation of the lowest-lying reso-
nance in the previous analysis. Here, we present a two-
resonance analysis for the 2+ states. By modifying the
spectral density to

p(t) = f16(t = mi) + f36(t — m3) + Ot = s0)p(1),  (25)
the normalized GSR in Eq. (22b) then becomes
- 1 (s—mz)2 (v—mz)'
G(T, S) re & —+ — r)e_ Ir s (26)
dnt

where r is the relative coupling strength

rzif% .
fi+rfi

Following the same procedure as in Eq. (23), the param-
eters s, mp, m,, and r can be obtained. As shown in Fig. 6,
we first present the investigation where s, is fixed to different
values. The fitted masses m; ~ 1.5 GeV and m, ~ 1.9 GeV
are compatible with the masses of a,(1320) and a,(1700);
in particular, the mass difference m, — m; ~ 0.4 GeV agrees
precisely. The relative coupling strength r ~ 0.3 also indi-
cates that a single-resonance scenario is inadequate.
However, the precision of evaluated correlator is limited,
especially in the low-energy region; the fitting procedure
involving four parameters is delicate and prone to failure, and
the solution is sensitive to the input QCD parameters.

To resolve this, a procedure similar to that in Ref. [35] is
adopted: by fixing the mass of one resonance to the value
observed in experiments, the sq, r, and the mass of the
other state are then determined by the fitting procedure. As
summarized in Table V, all predicted masses agree with
experiments within errors, where the incorrect mass hier-
archy of m for iis and §s states is caused by fixing m, to the

(27)

TABLE V. Summary of the two-resonance GSR fitting results for different J°¢ = 2++ configurations.
ud is Ss
m; (GeV) r s (GeV?) m; (GeV) r s (GeV?) m; (GeV) r s (GeV?)

(a) my, r, and s; obtained by fixing m, to the masses of a,(1700), K3(1980), and f,(1950) [26] for id, @s, and s, respectively. The mass of K3 (1980),
1990f568 MeV, is manually set to be 1990 £ 55 MeV in the Monte Carlo uncertainty analysis

Jiwar  2FF e 123+0.15 017+0.12 332+009 150+0.10 026+0.06 442+025 1.44+0.08 025+0.05 425-+0.08
Jwea ogt. f_“el’p; 124 £0.10 029 +£0.07 3.29+0.08 147+0.09 0.32+006 443+025 143+0.08 0.33+0.07 4.20+0.11
ud s 5s
m, (GeV) r s (GeV?) m, (GeV) r s (GeV?) m, (GeV) r s (GeV?)
(b) my, r, and sy; obtained by fixing m; to the masses of a,(1320), K3(1430), and f5(1525) [26] for ud, us, and §s, respectively
Jiwal 2T gpa 1.76 £0.08 0.17 +0.05 3544+032 190+010 022+004 410+043 2.00+010 026+005 451+048
JHE o et 1.71 4024 022+0.16 338+0.90 1.89+0.17 030+£0.11 4.054+0.77 2.01+0.13 033+0.11 4.56+0.67

€4 ph
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masses of K3(1980) and f,(1950), respectively; a heavier
m; is then preferred for the s state in fitting procedure.
Additionally, the parameter r consistently shows that J{#}
couples preferentially to the heavier 27+ states, which
explains the poor agreement with experiments in the previous
one-resonance analysis.

IV. DISCUSSION AND CONCLUSION

Using the WI'VW-type operator, we obtain several
JP = 2% nonets with masses in good agreement with experi-
ments; the derived masses for J =0, 1 states are also
compatible with experiments as shown in Table IV and
Appendix A, though more work is needed to yield more

accurate results. On the other hand, many alternative operator
<>

constructions exist. In Ref. [15], the operator ¥T'(z - V)?¥
was introduced to study the p-wave state, where z> = —1 for
the purpose of probing the wave function in a spacelike
direction. Such a deliberate construction may enable a more
precise selection of the states of interest.

The detailed NLO GSR analysis shows that for the
JP = 277 states corresponding to J#%, the predicted masses
for the ud, uis, and 5s configurations are 1.74 4+ 0.08 GeV,
1.83 £0.07 GeV, and 1.89£0.07 GeV, respectively.
These results align remarkably well with the z,(1670),
K,(1770), and 5, (1870), respectively, indicating the validity

<>
of the YI'V¥ operator methodology in this channel.

The analysis of J© = 2%+ states corresponding to the
J{#a} and J#¥@ current is more intricate. The single-resonance
GSR analysis is unable to yield results that agree well with
experiment, and a two-resonance GSR analysis was then
performed. By fixing the mass of one resonance to its known
experimental value, the mass of the other resonance is

successfully extracted. The obtained masses agree well
with the experimental candidates; one is the nonet contain-
ing a,(1320), K3(1430), and f}(1525); the other is the
nonet containing a,(1700), K3(1980), and f,(1950).
Furthermore, the relative coupling strength r indicates that
Je} couples preferentially to the heavier 2 resonances.

_ _<n
In conclusion, this work demonstrates that ¥T'V W-type
operators are efficient and versatile tools for the inves-
tigation of excited ¢gg mesons. This encourages studies of
excited hadrons beyond gg mesons.

DATA AVAILABILITY

The data that support the findings of this study were
generated by numerical calculations. The software package
used for these evaluations and to generate the data shown in
Figs. 5-10 and Tables IV—VII is publicly available [28].

APPENDIX A: LAPLACE SUM RULES ANALYSIS

To estimate the resonance mass, the Laplace sum rule
(LSR) is a robust and widely used method. However, it is
difficult to handle two-resonance extraction compared to
GSR; therefore, we only present the LSR results here for
several 1~ and O™ channels as supplements. For these states,
the LSR yields results that agree better with experimental
data compared to GSR.

The mass of lowest resonance can be derived from the
ratio of moments in Eq. (18)

Mn+l ( MZ, SO) 5

R M2, ) = o 2300 oy

M (M?, 50) (A1)

The parameters M?> and s, are commonly constrained
within the Borel window [37]. One constraint is
MO(M?,50)/ MO (M?, 00) > 50%, so that the resonance

TABLE VI. Summary of LSR results for several J© = 0% and 1* states.
ud us ss
(a) Mass estimates (in GeV)

JH 177 et ~1.4 ~1.5 ~1.6
Jiual 1-+: e{ﬂp”’} ~1.5 ~1.5 ~1.5
Jlual 1771 €'*%¢,p, ~1.3 ~1.4 ~1.5
JHva 0~*:ep, ~1.3 ~1.3 ~1.3

0+t nept — pteph ~1.2 ~1.1 ~1.1
ud s 5s

(b) Ranges of 1/M? (in GeV~2) constrained by the Borel window for specific values of s, (in GeV?); polarization

tensors for each row are the same as in Table VI(a)

J(17" 59 = 4) 0.7-1.54
Jina (14 5, = 4) 0.43-0.67
Jhal(1-=1 50 = 3) 0.92-1.27
Jma(0=+; 50 = 2.8) 0.93-1.32
Jma (0t sy = 2.4) 1.02-1.36

0.72-1.53 0.74-1.51
0.43-0.73 0.43-0.8
0.95-1.32 0.98-1.36
0.94-1.32 0.95-1.51
1.02-1.45 1.03-1.66
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1.7F 10 sg=4
1.6 40 50=3.5
%
gl.S 1 s5o=3
g
14¢ _ 10 s0=25
----- s
L us
1.3 e ud so=2
02 04 06 08 10 12 14 16
1/M? (GeV~?)
(a) 17 states given by J*.
1.7F
so=4
1.6F
50=3.5
515 ]
o
g S()=3
= l4f ]
_ S0=2.5
W3k e T e Ss
s B
12 e~ ad {5072

0?2 0j4 Oj6 0?8 1?0 1?2 1.4
/M2 (GeV-2)

(c) 17~ states given by JI#*],

1.7t 50=5
_Ler 40 50=4.5
%
91 S 1 so=4
=g
_____ S 50=3.5
14F 5]
us
e —ud s0=3
02 0.4 0.6 0.8
1/M? (GeV-2)
(b) 1= states given by J{re},
1.5F ] 50=3.2
14F h 5022.8
=
91 N ] so=2.4
E 2
12f =--adi "
U5 M s=1.6
IR SS

02 04 06 08 10 12 14 16
1/M? (GeV~?)
(d) 0~ states given by J*V*.

FIG.7. NLO LSR mass predictions: vV R?(GeV) versus 1/M?(GeV~2) for different sy(GeV?). The corresponding polarization tensor

are listed in Table 1.

contribution dominates; another is that the contribution
received from the highest-dimensional condensate is less
than 10%, to ensure the OPE converges. The stability
criterion [27] is commonly adopted as a compensation for
determining the mass, which involves identifying the
extremum or the most stable region in the curve
of VR (M?).

While this method is simple and convenient, it presents
difficulties for error estimation. One may also adopt a
numerical fitting procedure for Eq. (18). However, we
found that the y? fitting, defined by

P (fom.sy) = Z {fze v _1/30 ds e_ML? Iml'[(s)}2

i 7Jo
(A2)
----- 55 ]
L4 us 50=2.8
——ud
1.2 10 so=2.4
%
g 1.0 50=2
g
0.8F 4 s50=1.6
0.6k S():l.z

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
1/M? (GeV~2)

is sensitive to the choice of the fitting range [M2, , M2 ,.],
unlike Eq. (23), which is not sensitive to the choice
of spin and sy, provided they are away from the peak.
Therefore, we adopt only the ratio method in Eq. (A1) to
extract the masses, and list only the approximate values
without specific uncertainties in Table VI(a).

Additionally, we list the working ranges of M? and s,
(constrained by the Borel window) in Table VI(b). Note
that these two parameters are not strictly fixed by the Borel
window; the s, in Table VI(b) are chosen to ensure M? and
so are compatible with the stability criteria. As shown in
Figs. 7 and 8, the curves are stable around these ranges,
except for the 17~ states given by J*.

As shown in Fig. 7, the stability criterion yields 1=F state
masses around 1.4-1.6 GeV for J#, Ja} and J¥9l while
the 0~ states corresponding to J#** have masses around

N
1.5F us 10 s0=2.8
4k e T s
) 50=2.4
=13 3
<) s50=2
=) 12F 1
s50=1.6
1.1
1ol so=1.2
0.5 1.0 1.5

1/M2 (GeV~?)

FIG. 8. NLO LSR mass predictions for 0+ nonets given by J#*%: \/R" versus 1/M?(GeV~2) for different s,(GeV?). The left and
right panels corresponding to using VR? and VR, respectively; note the latter shows inverse hierarchy iid > its > 5s.
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1.2 GeV. The masses of 17~ states agree well with radially
excited 17~ nonet p(1450), K*(1410), and ¢(1680); sim-
ilarly, the 0~ states agree well with radially excited 0~
nonet z(1300), K(1460), and n(1475).

Interestingly, the 1= states, which cannot be ¢g mesons,
have masses around 1.5 GeV, as shown in Fig. 7(b). This
result agrees well with the exotic state 7;(1600) [26],
which is often interpreted as a hybrid state (¢gg with an
excited/constituent gluon).

In contrast, for 0*" states corresponding to J#*¢, the

VRO(M?) shows no plateau, while the VR'(M?) still
|

(@, VFVrVeVPq;)

~ 576

yields mass prediction around 1.1-1.2 GeV, as shown in
Fig. 7. The inverse hierarchy utd > us > ss agrees with
the masses of ay(1450) and K{(1430), which have
I =1 and 1/2, respectively, while the I = 0 states remain
undetermined.

APPENDIX B: DIMENSION-7 AND -8
CONDENSATES

For the calculation of m(GG)(gq) and (g3q){gGq)
contributions, the following equations are used:

[ H(Q] ~ 200 + O] + QS — 2005 - (g + yug)(20] - 01 - 30 + 0] — mQ® — mQF)

+ (g + y?Pg)(Q] — 20] — 30} + mQ° —2m*Q3) + g™ ¢’ (12Q] — 30} — 60Q] + 4Q] — 8mQ°
—6m>Q° + 6m*Q3) + g™ ¢*(6Q] — 30} — 60 + 40Q] — 8mQ° — 6m*Q> + 6m*Q?)

— g7 g*(30] + 601 +20] - 4mQ° + 6m*Q* — 6m* Q%) — ¢ (3Q] + Q} — 3mQ°) — 3y Q] ;:

(q,;V*VPNPNeVP g )

(B1)

[y g 4y ) (205 — 405 + 308 + 603 +4m(Q] + 0] —403) +4m>Q° —4m’>Q°)

~ 9216

=2y g +y ) (20% + 0F + 208 +4m(Q] - 205 —203) +4m*Q° — 4m’> 0°)

+2(yPrr g 4y Prgr) (=208 — 408 + 05 + 208 + 408 —4m(Q] - 207) — 4m*Q° + 4m* Q%)

+ 2 (=208 + 205 + 03 — 208 + 205 — 2m(2Q] =70 +20}) — 4m>Q° + 4m’> Q°)

+2(yP g 4y g ) (208 = 205 + 305 - 205 + 408 + 20§ —2m(20] - 0] +40] +207)

—4m*Q° +4m> Q) + 2y ¢ (-20% + 203 - 505 - 205 — 1208 + 608 — 2m(20] - 0] +20} — 1203)
—4m?Q° +4m* Q%) + (P g ¢ + g ¢ ) (80} — 603 + 303 +20% + 408 + 408 + 4m(50] +30]
+30]+30]) —20m*Q% + 12m* Q> = 12m° Q%) + ¢ (g + y*¢?) (80 + 605 + 305 — 20} — 80F

—4m(7Q] =30} +30]) +28m>Q° + 12m> Q3 — 12m° Q%) + 1P g™ ¢"* (8 0% + 203 + 705 + 1008 + 2008

—2008 —4m(7Q] — Q] =303 + QF) +44m>Q° + 12m> Q> — 12m° Q) + y* g™ ¢ (1603 + 208 — 503 + 1008

+ 1208 = 2008 +4m(Q] + 0] +30] — 0}) +44m>Q° + 12m* Q> — 12m° Q%) — (y* g ¢ + Y/ ¢* ¢*)

x (808 +208 + 08 + 208 + 808 — 808 +4m(11Q] —20] - 303 +30]) — 12m>Q° — 12m3 Q> + 12m° Q?)

- (g g + 79" 9) (80 — 208 + 508 — 208 - 408 + 120§ — 4m(Q] + 0] +30] +30]) +4m? Q°
—12m*Q° +12m° Q%) = yP g ¢ (2407 — 1805 + 903 + 60F + 1205 +40F +4m(30] +30; - 30] + 0))
+20m*Q° = 12m> Q° + 12m° Q%) + (y* g™ ¢ +y* ¢ ¢) (605 + 303 — 204 + 1605 — 80§ — 12m(Q] — 0} + 0})
+A4(Tm* Q0 +3m> Q° = 3m> Q%)) — g™ (' ¢ + 1 ¢) (205 + 0% + 205 + 808 — 808 + 4m(3Q] ~20] - 30} +30])

iA

— 1200 + w0 Q* —m* Q)] -

Wa—a@-a-@-na’

(B2)

Here, the condensate notations in Ref. [29] are adopted. In the last line of Eq. (B2), both the term y/#y*y?y*y#| and the
denominator vanish at dimension-4; therefore, we keep this term in dimension-d. For convenience, the definition of each
condensate is presented below. The dimension-3 and -5 condensates are simple
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0* = (qq).
Q5 = <qGﬂy6ﬂDQ>’

where G,, = g¢T"G}, and T" is the color matrix. The
dimension-6 and -7 condensates can be written as

dC
0° = (gK,r"q) = 4C:< qq)*
01 = (76,uG*4) = 3¢ (30)(GG).

1
0] = 5(2Gu G q) =0,
Q7 = <qGﬂiGﬂv7/WQ> =0,
(d-1)(CG-1)

Qi =iV Klr*a) = -—— =

m(gq)?,

where factorization (vacuum saturation hypothesis [37]) is
adopted in the second equity. Similarly, the dimension-8
condensate can be factorized as

- 2
0F = i(allG,", Gl V!l q) = =5 =~m(39)(GG).
A
ng §< HG/M’Ga/J} VM] Mﬂé]> 0
e I,_ .,
0% = i(g[DyG,. G*r"q) = ~51(a9)(aGa).
,_ .,
05 = i(alGyu. K"lr*q) = 7(29)(2Gaq),
d-2)(C2=2)
08 = L(alGup. K Jyvg) =~ U720 ) aG),
A
A=i(gV,VV, VN y ) =0,
where P = ylyv ...yl [38], and K,=D"G,, =

™y ¢ 97, T"q; D" is the covariant derivative in the adjoint
representation. The factorization of Q% is ambiguous:
applying the equation of motion before or after the
factorization yields different results. Applying the equation
of motion first yields

Q?x = <q[Vﬂ’ [vﬂ’KtuDQ>
(d-1)(C3-1) ,

= 7, 2 —_
e m*(qq)

2 _
d(c”gic?jw (79)(qGq).

while applying factorization first yields

(d-1D(C-1) ,

d(C% —1)
_ o4l —1)
e m*(qq)

8 _
Qi = 8C%

(729)(aGq).

In this work, these two equations yield the same results
because their difference vanishes at 4-dimension.

For condensate like (7¢(x)q (Z) 2(0)g

1(0)) in

G D

we factorize it before applying the equation of motion for
simplicity, i.e.,

(@ (x)q7(2)7;(0)4{(0))

= 552 B a0a(2) @) 0)

= 846:2(q(x)q(0))(3(0)q(2)))
— ﬁ ((x—2)26%5:1(aGq)(qq)

- (¢ +2%)51'62(aGa)(aq))-

Applying the equation of motion before factorization yields
results with difference & O(1/C3) [39]. For the results in
Tables IV and V, the dimension-8 condensate contribution
is negligible (e.g., the lower plot in Fig. 9). Therefore, the
results in this work are not affected by how to factorize the
dimension-8 condensate.

%
L3
o I
_IE 1.0+ (Op)
© (02
(Os)
05F
(Og)
-20 ~10 L sGev?) 10 20
<r> 2.0
3 (o)
5 15 ©5)
O/ 10 (Og)
05 (Os)
-20 -10 S(GCVZ) 10 20
-0.5

FIG. 9. Condensates’ contributions after Gaussian transforma-
tion; (O,) denotes combined contributions for dimension-n
condensates; s, = 2.5 GeV? is used. Upper: itd state in the
JPC = 17" channel corresponding to J¥* (¢"*°¢,p,p® polari-
zation tensor). The inclusion of the dimension-8 condensate is
necessary to ensure the OPE truncation is valid; the (Oy)
contribution is nearly negligible because (GG) contribution is
absent; the condensates’ contribution is dominant due to the
absence of LO perturbative contribution. Lower: itd state in the
JPC€ =27~ channel corresponding to J¥#“}; the OPE is well
convergent; dimension-8 condensate contribution is negligible.
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APPENDIX C; RENORMALIZATION
OF ¥I'V,¥ OPERATOR

Here we explain how Eq. (13) is obtained. At one-loop
level, one can derive renormalized operator \T’FVG‘P for

generic gamma-matrices. Consider

IV, W — o, ¥ — 2ig¥TA, W, (C1)

where A, = T"Al}, and all fields are renormalized implic-
itly. Note that the first diagram in Fig. [ is related only to
the A,¥ part of Eq. (C1), as

I
~ UTA,OTAT.

Therefore, the corresponding counterterm can be written as

(C2)

é‘PF x {operators act on ¥}. (C3)
Similarly for the second diagram in Fig. 1, which relates
only to the WA, part of Eq. (C1) (T” commutes with I'). In
both cases, the counterterms for generic I" can be easily
obtained. These two diagrams give the second and third
lines in Eq. (13).

The third diagram in Fig. 1 is more complicated

Ip—q
=t
/4& ~TAV(TT O, 0)TAY,  (C4)
L A

where p # g for generic. Leaving I" unspecified, Eq. (C4)
then yields

T il — T Bl 1
AV, (U, D00V, )Wy, A=
iCp
192e72
iCp
+ 9o (v“ (2P — DT vavu + Y 7aT (24 — if)w)

(Pa + qa) Y7V Ty,

ZOF
+ 325771_2 (mfa’)/#r’)/a’}/u + 7#7aF7u mfb)
+0(1),

(C5)
which gives the last four lines in Eq. (13). This technique
has been used in Refs. [40,41]. Writing the I" explicitly then
yields the renormalized current for each current in Eq. (3).

APPENDIX D: MONTE CARLO
UNCERTAINTY ANALYSIS

It should be noted that some QCD parameters involve
large uncertainties (e.g., (GG) = 0.07 4-0.02 GeV*,
M3 = 0.8 + 0.2 GeV?); thus, the actual errors of the results

cannot be reliably obtained by the standard linear propa-
gation of uncertainty. Therefore, a Monte Carlo uncertainty
analysis is adopted to estimate the errors. The procedure
adopted here is the same as that in Ref. [41]; below, we
detail how it is performed for the two-resonance GSR
analysis.
Based on the QCD parameters listed in Sec. IT (where (gq)
and (5s) are assigned a 10% relative uncertainty) and the
masses given in the PDG [26], we generate 2000 sets of input
parameters by sampling from independent Gaussian distri-
butions. For each parameter set, we obtain m (m; or m,), r,
and s, by minimizing Eq. (23) with G, (. s) replaced by
Eq. (26). We then obtain 2000 optimal sets of (m, r, sy). The
uncertainties are combined from two sources:
(i) 67, 67, and 67 The variance of the 2000 fitted
values, which originate from the uncertainties of the
QCD parameters.

(i) AZ, A%, and AZ: The mean of the squared fitting
errors from each individual fit. The fitting errors A,
A,, and Ay for a single fit are estimated from the
Hessian matrix

i o 9
om?* omor  0mosy
2y _ | & il i 2
H()( ) — | odrom or? ordsy | X (Dl)
foa i >
dsg0m  0syo0r 6%
evaluated at the minimum of y?, via
_ 2 —1(,,2
A= \/ 2)(minI—I min)‘ (DZ)

The diagonal components of A then give A,,, A,,

and A, .
The value of Eq. (D2) is independent of the ds in Eq. (23),
provided that s is chosen sufficiently small. In the
limit 5s — 0, y? scales as 1/8s, while H™! scales as Js. It
is also independent of the choices of s,,;, and s,,,, provided
that s,,;, and s, are far away from the peak, where both
G(z,s,59) and G, (z, s) are essentially zero. Equation (D2)
quantifies the intrinsic uncertainty of the fitting method itself.
The total uncertainties o,,,6,, 0, are then computed by
combining the two distinct sources of error in quadrature

0:\/62+p.

APPENDIX E: OPE CONVERGENCE
AND SENSITIVITY TO THE CHOICE
OF 7 IN GSR

As shown in Fig. 9, the inclusion of dimension-8 con-
densates ensures the truncation of OPE is valid; Fig. 10
shows that the predicted masses are not sensitive to the choice
of 7.

(D3)
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1.5
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FIG. 10. GSR mass prediction versus 7(GeV#) for the iid state
with JP€ = 27—, corresponding to J{#},

APPENDIX F: CORRELATORS

Here we present the OPE results for each correlators. In
each case, the Lorentz projector [using Egs. (8) and (9)] is
normalized and multiplied by the factor p=>" to make it
dimensionless; the overall sign is determined by requiring
ImII(s) > 0 as s — oo. Contributions from condensates
with dimension < 4 are presented in Table VII, while con-
densates with dimension > 6 are presented in Table VIII.
Results for the its configuration are obtained by replacing
d — s; replacing u,d — s and combining the same terms
yields the results for the §s configuration. The leading-order
perturbative contributions are evaluated using massive quark
propagators, expanding the results to O (m?).

. _ . . 2 . o
TABLE VII.  Correlators for each current in the id configuration; r = log(— £) here. The second column lists the polarization tensors
for the corresponding quantum numbers, where square and curly brackets denote antisymmetrization and symmetrization of the indices,

respectively.
m, (dd)at m, (iu)agt a;m, (dd) agm, (i) m, (dd) m,, (i)
Pt (m3, +”1[2,)sz mymgp’t  a,pt ap'r § d § d i d * d § d 5 d (GG)t (GG)
b e e A S8 Hu o d) Huod Huodh Huodh Huodh Huodp 508 22
u t— e _1 _1 2 1 — -3
J 0t=: p 0 0 0 0 0 3 % 2 3 1 3 0 0
s eH _1 1 1 1 1 _5 _13 8 7 1
I7re 8 2 i 7 24 3 6 3 i 0 0 0 24
JH = pH _1 1 2 _1 — 3
J 0" :p 0 0 0 0 0 3 : Z 3 1 2 0 0
+- e H _1 1 _1 1 5 _13 _8 7 _ 1
e 8 2 z 7 24 3 6 3 p 0 0 0 24
{uay O+t - pua _1 1 __1 1 19 _s7 1 s
J URSY 0 24 iz o 0 9 108 0 648 0 0 54 324
- 1 1 1 _13 — 1 _13
0t pip 0 0 o 0 3 12 0 24 1 0 6 36
—+ . fupat _1 1 _1 _13 29 31 _ 389 1 1 u
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TABLE VIII. Correlators for each current in the #d configuration, for condensates with dimension > 6; the same conventions as in
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