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We calculate the masses of the vector and axial vector mesons as well as the nucleon and the delta
resonance in the chiral symmetry restored vacuum. This is accomplished by separating the quark operators
appearing in the QCD sum rules for these hadrons into the chiral symmetric and symmetry breaking parts
depending on the contributions of the fermion zero modes. We then extract the vacuum expectation values
of all the separated parts of the quark operators using the QCD sum rule relations for these hadrons with
their vacuum masses and widths. By taking the chiral symmetry breaking parts to be zero while keeping the
symmetric operators to their vacuum values, we obtain the chiral symmetric part of the hadron masses. We
find that the masses of chiral partners, such as the (p,a;) and (K*, K,), become degenerate to values
between 500 and 600 MeV in the chiral symmetry restored vacuum, while parity partners (w, f;) that are
chiral partners only in the limit where the disconnected diagrams are neglected remain nondegenerate with
masses (655, 1060) MeV, respectively. The masses of the nucleon and the delta are also found to reduce to
about 500 and 600 MeV, respectively, in the chiral symmetric vacuum. This shows that while chiral
symmetry breaking is responsible for the mass difference between chiral partner, both the meson and

baryon retain a nontrivial fraction of their masses in the chiral symmetry restored vacuum.

DOI: 10.1103/PhysRevD.105.014014

I. INTRODUCTION

Understanding the generation of the masses of hadrons
that are larger than several hundred MeV starting from
the current quark masses of less than 10 MeV is one of the
fundamental problems in QCD [1,2]. It is believed that
spontaneous chiral symmetry breaking [3,4] is partly
responsible for the generation of the masses [5-8].

Experiments have been performed worldwide to observe
the mass shift of hadrons at finite temperature or density
[9-13], as chiral symmetry is expected to be fully and
partially restored in the initial states of the relativistic heavy
ion collision and in the nuclear matter probed by nuclear
target experiment, respectively.

It is clear that chiral symmetry breaking is responsible
for the mass difference between chiral partners [14], so that
if chiral symmetry is restored, the mass difference between
chiral partners should vanish [15,16]. However, how much
of the total hadron mass comes from chiral symmetry
breaking is still to be understood.
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Recently, we have shown that the masses of the p and a;
mesons, which form chiral partners, become degenerate to
about 550 to 600 MeV in the chiral symmetry restored
vacuum [17]. One can isolate chiral symmetry breaking
effect by separating the quark operators, appearing in the
operator product expansion (OPE) of their correlation
functions, into the chiral symmetric and breaking parts
through their dependencies on the fermion zero mode, which
can be directly related to the chiral order parameter [18]. As
the four- and six-quark operators are separated according to
the contribution of the zero modes, one notes that the chiral
symmetry breaking parts are order parameters of chiral
symmetry breaking while the symmetric parts obtain non-
vanishing values from chiral symmetric nonperturbative
contributions in QCD [17]. Originally, in the in-medium
QCD sum rules for the light vector mesons [7], the four-
quark condensates were assumed to be proportional to the
quark condensate square through the vacuum saturation
hypothesis [19] so that they vanished automatically when
chiral symmetry is restored. However, it was found that the
chiral symmetric part of the four-quark condensate is as large
as the chiral symmetry breaking part and that the magnitude
of the chiral symmetry breaking part follows that obtained
from using the vacuum saturation hypothesis [17]. This also
explains why in the previous QCD sum rules, the four-quark
operators were multiplied by a « factor larger than 1 after
vacuum saturation hypothesis to correctly obtain the hadron
mass from the sum rule analysis [20,21].
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In this work, we generalize the work on (p, a;) [17] to
study the masses of other chiral partners [K*(892),
K(1270)] and parity partners [@(782), f1(1285)] as well
as the nucleon and the delta resonance in the chiral symmetry
restored vacuum. In Sec. II, we lay out the formalism and
the analysis method. In Sec. III, we apply the formalism to
the meson sector. The baryons are analyzed in Sec. IV.
Section V summarizes our work. Finally, in the Appendix,
we provide a detailed explanation of how to separate the
quark operators into the chiral symmetric and breaking parts.
We further provide explicit forms for the chiral symmetric
and breaking quark operators appearing in the meson and
baryon sum rules and show relevant relations based on Fiertz
transformations.

II. SUM RULES ANALYSIS

In this section, we provide an overview of the analysis
method used in this work. We start with the relevant
correlation function between currents with the quantum
numbers of the hadrons to study.

M(g) = i / dre (TR0, (1)

where the subscript I' specifies the current of interest. We
then study the Borel transformed dispersion relation for the
invariant part of the correlation function.

fI(M2) = A ® dse=/" p(s), @)

where T1(M?) represents the Borel transformed OPE of
the correlator I, and M stands for the Borel mass. p(s) is
the spectral function for the hadron of interest.

A. Phenomenological side

The phenomenological side is constructed using the
following form of the spectral density function p(s).

p(s) = pP(s) + p™(s),
) = 1L

m(s—m?)? + s’

p(5) =05 = so i< (s), (3)

where m(I") is the Breit-Wigner mass (width) of a hadron
and s, is the threshold parameter. The threshold parameter is
chosen to make the Borel curve flattest. In Table I, we
summarize the masses and widths of hadrons we study and
the corresponding interpolating currents used. These param-
eters with the spectral density will be used in Eq. (2) to
obtain the values of the four quark operators appearing in the
OPE up to dimension-six operators. In a previous work,
using such a method, we were able to obtain the chiral

TABLE 1. The mass and width for particles used in Eq. (3). The
last column shows the interpolating current used for each particle.
g stands for the isospin doublet and #,, = q,4,/ q* - G-

Particle Mass (MeV) Width (MeV) Interpolating current
p 775.26 149.1 5113qu

a; 1230 400 nﬂbE]r3y,,y5q

) 782.65 8.49 qr.q

fi 1281.9 22.7 NuwqYuYs9

K* 895.81 47.4 iy,s

K, 1272 90 uy,yss

N 938 0 €apc(UaCyyup)ysy,de
A 1232 117 €abe (U CYy ) U,

symmetry breaking and symmetric operators appearing in
the p —a; sum rules [17]. Here, we will generalize the
method to other hadrons.

B. OPE Side

In the original QCD sum rules for light hadrons, the
OPE were calculated up to dimension-six four-quark
operators. Then the vacuum saturation approximations
were used to estimate the vacuum expectation values for
these four-quark operators. The total OPE were then used
in the Borel transformed sum rules to estimate the mass of
the particle. Unfortunately, factorization assumption is
valid only in the large N, limit and in fact a multiplicative
k were often introduce to better reproduce the hadron
mass. On the other hand, if the phenomenological side is
modeled with physical observables, one can use the sum
rule to estimate the values of the four-quark operators. The
four-quark operators can then be separated into chiral
symmetry breaking and symmetric parts depending on the
contribution of the zero modes.

According to the Banks-Casher formula [18,22], the
chiral order parameter is proportional to the density of zero
eigenvalues in the Euclidean formalism.

(a9) = lim — 3 (TY[S(0,%) — i75S(0.2)irs]),

X—>

= —7(p(4=0)). (4)

In a previous work, we showed that the four-quark operator
can also be divided according to the contribution of these
zero modes [16,17]. The chiral symmetry breaking four-
quark operators are proportional to the zero modes while
symmetric operator has no contribution from them. In other
words, while the former can be considered as chiral order
parameters, the latter originates from other vacuum structure
associated with nonzero eigenvalues. Therefore, when the
zero mode contributions are taken away, chiral symmetry
breaking is restored and the breaking operators vanish while
the symmetric operators remain the same.
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Using our prescription for dividing the four-quark oper-
ators, one can determine the chiral symmetry breaking part
and chiral symmetric part of the four-quark operators appear-
ing as two independent combinations in the sum rules of
chiral partners, such as the p, a;, and then use the two sum
rules to determine the two values separately. This allows us to
estimate the mass of vector meson mass by taking the chiral
symmetry breaking operator to zero while keeping the chiral
symmetric four-quark operator to its vacuum value and
studying the sum rule for the common p, a; mass.

The situation is more complicated for the K*, K| or the
w, f cases. For K*, K|, they form SU(2) chiral partners, so
that the chiral symmetry breaking operator proportional to
both the strange and light quark condensate can be identified
unambiguously. Still, to obtain their mass in the chiral
symmetry restored vacuum, one should use the information
about the chiral symmetry breaking operator obtained in the
p,a; sum rules. The mass at the chiral symmetry restored
vacuum can then be estimated by taking all the chiral
symmetry breaking operators to zero. As for the w, f;, they
form chiral partners only when contributions from discon-
nected diagrams are neglected. As we will see, combining
the results from the p,a; sum rule, we can estimate the
magnitude of these operators and estimate the contribution
of chiral symmetry breaking effects on the w, f| masses. For
the nucleon and delta masses, we will use results from the
meson sum rules on the four quark operators and try to
extract the values for the dimension-eight operators.

A way to parametrize the sum of the chiral symmetry
breaking and symmetric four-quark operator appearing in
each sum rules is by introducing an auxiliary parameter
multiplying the vacuum saturation value of the chiral break-
ing operators so that a x value close to 1 means small
contribution from the chiral symmetric operators.

The input values for the low dimensional OPE terms are
given in Table II. We use the quark condensate value
evaluated from the Gell-Mann-Oakes-Renner (GMOR)
relation,

mzfz = —2my(iu), (5)

with the values (m, = 137.5 MeV, f, =93 MeV, m,, =
3.45 x 1.35 MeV). m, and f, are the mass and decay
constant of the pion, respectively. m,, is the averaged mass
of u and d quarks. We take the values of m, and m, scaled
from 2 to 1 GeV, as reported in the Particle Data Group
[23], implemented here through the factor of 1.35 multi-
plying the quark mass. Also, we take the values of the other
sum rule parameters to be values that are frequently used in
QCD sum rule studies. The other parameters are standard
values taken from [24,25].

C. Borel window

We now discuss how the Borel windows are obtained in
the sum rules. The extracted sum rule is obtained by setting

TABLE II. The upper part shows the OPE
parameters used in the sum rule. Lower part
marked with a star marker (*) shows values
calculated from the sum rules. m% stands for
9,10, G5 Au)/ (u). All the values here are

obtained with assuming the a; width to be

400 MeV.

m, 3.45 x 1.35 MeV
myg 93 x 1.35 MeV
(fu) (=0.260 GeV)?
((a;/7)G?) 0.012 GeV*

e 0.36

(55)/ (i) 0.8

mj 0.8 GeV?2

U 0.5 GeV

Aqep 0.1 GeV
<Bw>B/<Buu>B 0-565(*)

<Buu>B (03053 GCV)(’(*)
(Bsu)g (0.2776 GeV)*(*)
((G7u752“9) ) dis.s (0.2826 GeV)°(*)
((@7,2“q) ) ais.s —(0.3369 GeV)°(*)

the phenomenological side [TP""(M?) equal to the OPE
side TT°PE(M?). Each side can be defined as follows:

ﬁphen(Mz) _ /°° dse_x/MZ (ppole(s) _f_pcom(s))’
0

. & Ci(0))

oo = 35400

Jj=d

(6)

where O; and C; are the operator and the corresponding
Wilson coefficient, respectively, and d;(d)) is the lowest
(highest) power of (M?)~! considered. As we truncate the
OPE, the asymptotic expansion will break down at small
Borel mass region. On the other hand, the approximation of
the continuum approximation and the pole dominance
require the Borel mass to sufficiently small. The constraints
give the acceptable Borel mass range called Borel window.
The details are as follows.

On the phenomenological side, one has to make sure that
the contribution from the pole pP°'*(s) dominates over that
from the continuum p°"(s). The constraint is given by

fsooo dse—s/szcont(s)
fooo dse—s/szpole(s)

< xmax ’ (7)

where x,,,, 1S a number smaller than 1 and adjusted for
the sum rule for each hadron. This condition determines
the upper boundary M, in the Borel window.

The other comes from requiring the contribution of the
condensate terms to be smaller than that of the perturbative
term. This constraint is obtained by
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TABLEIII.  Values for x,,,, and x,;, defined in Eqgs. (7) and (8).

J&o ds se=>/™ p(s) s Z?Ld, JCi{0;)/(M?)~!

14 ay w fl K* Kl N A

Xpn 015 0.5 015 015 015 015 02 028
Xpe 07 07 07 07 07 07 075 096

fIOPE M2
ch;iEtcrms( . ) < Xpins ( 8)
Hpert term(M )
where [IOFG s (M?) and TIOFE., (M?) are the sum of the

condensate terms considered and the perturbative term in
OPE side, respectively. This condition restricts the Borel
mass M to be larger than M ;.

The values of x,,, and x,;, are chosen to make the
extreme point of the Borel curve stable against changes in
the threshold within the Borel window. The chosen values
for different hadrons are given in Table III, which will also
be used in the sum rule analysis in the chiral symmetry
restored vacuum. With these, the ranges of Borel window
for each hadron can be determined. Once the Borel range is
determined for a given hadron, the same range will be used
to determine the mass in the chiral symmetry restored
vacuum. In the following Borel curves presented in this
work, Borel curves within (outside) the Borel window are
drawn in a solid (dotted) line.

D. Analysis

To eliminate the f dependence in pP°¢(s) shown in
Eq. (3), we conduct an analysis using the ratio between the
extracted sum rule and its derivative with respect to —1/M?.
Namely,

d Fph 2
i (M)
ﬁphcn(M2)

_Ji ds se= M p(s)
Joo ds e p(s) -

©)

Apart from the Borel mass M dependence, Eq. (9) depends
on the hadron mass m, the decay width I" and the threshold
parameter s,. Meanwhile, its corresponding OPE side

OPE 2
d(— 1/M2 I (M ) _Z
HOPE(MZ) ZJ "

,JCi(0;)/(M?)~!
Ci(0))/(M?)!

(10)

depends on the auxiliary parameter x for its dimension-six
operator term. As explained previously, the mass and decay
width values in Table I are used. Equating Eq. (9) to (10),
we obtain the Borel curve for k. We then take its value at the
extremum point. Since the x value at the extremum point
varies with s, value, we take the value that reproduce the
flattest and stable mass Borel curve. In summary, the Borel
sum rule we will use throughout the paper is given by

P) _ ' 1
Je ds e /™M p(s) Zjdid, Ci(0;)/(M?)! "

Once the x value is determined, the chiral symmetry
breaking and symmetric quark operators can be evaluated
by combing the sum rules of chiral partners. By taking
chiral symmetric contribution only, one can get the mass
sum rule in chiral symmetry restored vacuum. By taking the
so value that produce the flattest and stable mass Borel
curve, the mass can be extracted. more details are discussed
in the following subsections for different hadrons.

We assume that in the symmetry restored phase, the decay
widths for baryon the delta, w and f| remain the same, while
for the chiral partners K*-K; and p-a;, they become that
of the corresponding vector mesons. Our previous work [17]
shows that changing the width in the chiral symmetric
vacuum affects the symmetric mass mé’y_n‘f ! insignificantly, at
most 20 MeV. This amount is less than 10% of the total mass
decrease. Furthermore, since the widths of other hadrons we
considered are smaller than that of p, the effects coming from
using different widths are also expected to be small.

II1. MESON

While both (p, @) and (K|, K*) are chiral partners, (@, f)
are not because of the contributions from the disconnected
diagrams. These contributions are not zero as w(f;) and
p(a) have different widths suggesting that the differences in
the OPE coming from the disconnected four-quark contri-
butions, which vanishes in the vacuum saturation hypothesis,
are not zero. Let us first summarize the four-quark con-
densate appearing in the p, a; sum rules.

A. p and a,

The sum rules are obtained by using the interpolating
currents given in Table I and studying the polarization
I = IT,/(-34¢%). The dimension-six four-quark operators
from the OPE sides contributing as —za,M/Q° are
respectively, given as follows [24]:

M, = 2{(gy,rsA*7T*q)?)

4
il 5 e
q=u,d,s

M, =2((qr, A7 q)?)

+ g <(Fm/1“q) ( > g 7,/1“q> > (12)

q=u.,d,s

where g denotes the isospin doublet unless stated otherwise.
As mentioned in the previous section, these can be divided
into the chiral symmetric and breaking operators; details are
given in the Appendix. Introducing the auxiliary parameters
K, and Kq, for each, the results are obtained as follows:

014014-4



MASSES OF HADRONS IN THE CHIRAL SYMMETRY RESTORED ...

PHYS. REV. D 105, 014014 (2022)

448 28
K/)H <uu>2 = E <Buu>B + <S/)—a|>S’
704 44
ey () = =L Bug + (Spa)s: (13)

where

(Buudn = 5 ((@1,52%d) iy r10)

~ ((E,°d) @r,20)),
(Spa)s = g (@r5100)) + (@120 )
+5{(@2°9)*) = (@rA'Ta)))s

+5((@r,.4"q) (57,4%5)) s- (14)

O &~ O &~

It is important to note that the second quark operator
appearing in the right-hand side of both the p and a;
dimension-six operators given in Eq. (12) has contributions
from the chiral symmetry breaking effect because the zero
modes contribute in the connected quark diagrams of this
operator as discussed in the Appendix.

Since the symmetric part is identical while the breaking
operator B, contribute with different coefficients, one can
identify the breaking and symmetric part uniquely by
optimizing both sum rules with physical quantities. By
taking the breaking part of the operator to be zero while
keeping the symmetric operator to its vacuum value, one
can obtain the sum rules in the chiral symmetry restored
vacuum. The results for the matrix elements and the masses
in the chiral symmetry restored vacuum are given in
Table IV. The results for p — a; in Table IV are obtained
with the a; width of 400 MeV. Since there are still large
uncertainty in the a; width I'; , we take a larger value. For
I',, =250(600) MeV, one finds that mgy' decreases
(increases) by about 27.5 MeV.

To estimate the contribution of the chiral symmetry
breaking effect to the hadron mass, we obtain the Borel
curve for the mass using Eq. (11). We then take the ratio
between mg — Mgy, and my, where m is the mass in the
usual vacuum and 77y, that in the chiral symmetry restored
vacuum. The Borel curve for this ratio shows the contri-
bution of chiral symmetry breaking effect to the hadron
mass. As can be seen in Fig. 1, the ratios are around 0.3 and
0.55 for the p and a; mesons, respectively.

B. w and f,

The only difference between the OPE sides of p(a;) and
(f) is the disconnected piece [26].

TABLE IV. The «s are evaluated using sum rules with the
physical values given in Table I and the threshold parameter s, in
the brackets. S/B indicates the fractional contribution of the
chiral symmetric part S to the contribution of the chiral symmetry
breaking part B for each hadron. /7y, is the hadronic mass in the
chiral symmetry restored vacuum. The uncertainties of the
masses are due to the ranges of the width of a; meson, which
we take from 250 to 600 MeV, for the negative and positive
uncertainty values, respectively. Except for the last column, the
central values are evaluated with the a; width of 400 MeV.

Particle k(/50(GeV)) S/B Meym(MeV)
p 2.60(1.17) 0.760
a 0.76(1.55) —0.485 S72.5£275
w 3.20(1.15) 1.165 655 + 15
f 1.85(1.58) 0.253 1060 =+ 30
K* 2.097(1.33) 2.831
K, 0.39(1.56) ~0.227 M5 F 5
OPE OPE 2ra, a.\2
;™ - Hp = - F <(qy;175/1 LI> >dis,S’
2rag
H})IPE - Hg),PE == : <(‘17’,/1a61)>dis,s*v (15)

Q6

where the two-point correlators II"* and TI?"* come from

the interpolating currents Ji/ and J{,‘ in Table I. These
disconnected operators are chiral symmetric and are mainly
responsible for the differences in their masses and widths.
As the chiral symmetry operators do not depend on chiral
symmetry breaking effects, the masses of @ and f; will be
nondegenerate in the chiral symmetry restored vacuum.
With the auxiliary parameter x, Eq. (15), apart from
(—=ma,/ Q%), can be rewritten as follows:

1 T T T T T T T

—ax

0.6 1

Mo —Msym
moy

04t 1

02r 1

0
05 0.75 1 1.25 15 1.75 2 225
M?

FIG. 1. Borel curves that show the fraction of chiral symmetry
breaking effects to the hadron masses.
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448 o
(ko — Kﬂ)g—] (u)* = 2((qrursa q)2>dis,S’
704 .
(o, = k) ) = 2(@rd s (10

The « values can be obtained from the values for the four-
quark operators, which are calculated by substituting the
phenomenological side given in Eq. (3) into (2) and studying
the sum rule for each current. k, and «,,, given in Table IV are
obtained in the sum rule calculation presented in [17]. Here
the values for k, and «,, are slightly different from those
given in [17] as we use updated values for the quark
condensate and mass. Substituting the spectral density with
physical parameters for @ and f; into the sum rules, we
obtain the corresponding x values as given in Table IV.
Figure 2 shows the « values for @ and f| meson. We take the
k value at the extremum point of the Borel curve. One can
also use the Borel curve for the masses and try to extract the
value for the four-quark operators that best reproduces the @
and f; mass with their given width. As can be seen in the
open circle and square plot in Fig. 3 the extracted value for
the four-quark operators gives the most stable Borel curve
for the mass of w and f mass, respectively. Using the values
of «, the values for the disconnected contribution of the four-
quark condensates are given as follows:

(@752 @) gis.s = 1.65((u))?,
((q7,4°q)) dis.s = —4.73( (1)) (17)

The disconnected contributions vanish in the vacuum satu-
ration hypothesis. Our result in Eq. (17) shows that while
such assumptions are approximately valid in some channels,
they are largely violated in some other channels. Assuming
that the disconnected diagrams are mediated by gluon fields,

4 T

%HW | | '%' Ky, |
35¢ J
3 i
25+ Tl d
K 2F _ 4
ol %Z/E/B—E‘ .
1t . ]
05f J
ol s x A x ‘ ‘
0 0.5 1 1.5 2 25 3 35 4

M2(GeV?)

FIG. 2. Borel curves for four-quark operator parameter x for @
(circle) and f (square). The optimal « is taken to be the value at
the extremum.

167 T T T T T T
: - My > mg
1.4F fi A
%mf1 % ms1ym
12+

mass(GeV)

0.8 K@ =

——
0.6
04 1 1 1 1 1 1
1 15 2 25 3 35 4
M?(GeV?)
FIG. 3. The Borel curves for @ (open circle) and f| (square)

masses are with each x value in Table IV. The Borel curve with
cross (diamond) markers describes the w(f;) mass in the chiral
symmetry restored vacuum.

one notes ((g7,754°q)?) ais.s/{(77,A°q)*) is.s ~ (a5)* sug-
gesting that estimated values in Eq. (17) are consistent with
the a counting.

The magnitude of dimension-six part for w(f) consists of
the disconnected piece and the dimension-six part of p(a;).
Now, using the identification discussed in the Appendix, one
notes that the disconnected four-quark operators appearing
in Eq. (15) are chiral symmetric operators. Therefore, the
mass of the w and f; mesons in the chiral symmetry restored
vacuum can be obtained by taking the chiral symmetry
breaking operators, which appear in the p and a,; channels, to
zero. Then, as can be seen in Fig. 3 through the Borel curve,
one finds that, when the symmetry is restored, the @ mass
becomes 650 MeV, similar to the p — a; mass, while the f;
mass is 1060 MeV.

C. K, and K*

Unlike the w, f pair, K* and K form chiral partners, as
is evident when analyzing the operators as given in the
Appendix. Hence, when the chiral symmetry gets restored,
the masses become degenerate. As represented in [15], the
dimension-six operators, after omitting the common factor

2na;
-
My = ((@ay,ysA"s)(Sy,r5Au))

1/, _ _
—|—§<(sy”/1”s+uy”/1“u)< Z qyﬂ/laq>>,

g=u.,d,s

in the OPE, are given as follows:

MK = <(ﬁyﬂ,{“s)(§yﬂﬂ“u)>

| +$<(§yﬂzas+ayﬂzuu)< > éy,,ﬂ“q>>- (18)

q=u.d.s

014014-6
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One can divide these operators according to chiral sym-
metric and breaking parts, shown by the subscripts S and B,
respectively.

1
MK* = <Bsu>B - § <Buu>B + <SK>S’

where

1
<Bsu>B :§<(ﬁyﬂysﬂas) (E}/ﬂyS/lau) - (ﬁ}/ﬂﬂa.S‘)(S‘yﬂﬂau»B,

(Buu) o= (7,52 @, r510) = iy, 1) @y, A0

(i) = (7,50 @7,752%5) +

1 -
+1_8 < (l/l}/ﬂj/Sﬂa d) (dy/ﬂ/S)“al’O +

< syﬂ/l" Z qyﬂﬂ“
q=uds
+{(@r, Atu)(dy, 2d)) s+ {(@y,A"u) (57,4%5)) s

+<<amau>2—(uy,laadxzzy,lm»s), (20)

(57, A" u) (iay, A%s)) 5

(ﬁyﬂﬂ”d) <a7//4/1”u)>5

O —

+

and Sg is the symmetric dimension-six operators for K* and
K. Using the sum rules for the K* and K; mesons one can
obtain the Borel curves and thus determine the magnitudes
of the four-quark operators appearing in these sum rules
separately. We parametrize the magnitude of the obtained
matrix elements by identifying them to kg~ and kg, times the
vacuum saturation values, respectively. Equation (19) can be
rewritten as follows:

My = e (3 () 55) = g1 () + 557 ).
= (Bus — (Buds + (5¢)
My, =i, (= () 55) = g1 () + 557 ).
= ~(Bu)s — 5 (Buds + (SK)s: 1)

Thus, the Borel curves for the four-quark operators become
those for the xs. It should be noted that one can first
determine (By,), from the difference between the K* — K
sum rules. As can be seen from Table V, the value of (B, )
thus determined is slightly smaller than (B,,) determined
from the p-a; sum rules, which is what is expected also
from the vacuum saturation hypothesis as the strange quark

TABLE V. Values of the four four-quark operators defined in
Eq. (20) evaluated from our sum rule approach (SR) and from
vacuum saturation hypothesis (VS). The error shown in the last
column are the difference between the two divided by VS value.

Operator SR VS Error
(Buu)p (0.3056 GeV)®  (0.2862 GeV)®  0.482
(Bsu)s (0.2779 GeV)®  (0.2758 GeV)® 0.038
((@r,rs2*q)?)ass  (0.2826 GeV)° 0 GeV®
(@r,2°q))giss  —(0.3369 GeV)° 0 GeV®

condensate is expected to be slightly smaller than that of
light quark condensate. Using these values, one can further
determine the values for (Sg)g. Figure 4 shows the Borel
curve for the x values for the pair. As in the previous section,
the values are taken at the extremum point and also the
threshold parameter (1/s) values are taken to make the mass
Borel curve flattest and stable. One can use the obtained
values for the four-quark operators and obtain the sum rule
for the masses. As presented in Fig. 5, the Borel curves for
the masses of the K* (open circle) and K (square) with the
corresponding k value are stable and reproduce the physical
masses.

The chiral symmetric degenerate mass can be extracted
by taking the symmetry breaking operator to be zero and
keeping the magnitude of the symmetric operator (Sk).
Although the (B,,,) value used to solve Eq. (19) depends
on the a; width, the extracted mass mfy*n:K‘ barely changes
as one changes its value. One finds that mfy;:K‘ is
545 MeV, slightly smaller than that of p —a;. For

I, =250(600) MeV, one finds that mfy;’(‘ increases
(decreases) by about 5 MeV.

25 b

05 ]

L L L L
0 0.5 1 1.5 2 25 3

M?(GeV?)

FIG. 4. Borel curves for four-quark operators parametrized by x
in K* (circle) and K (square) sum rules. The optimal x values are
taken from the value at the extremum point.
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1.6F . e
= Mg - m, =k mK-K
1 sym
140 .
s —H—a—e—=F
E 1k ) B
@ S
& 0.8 g
0.6 A
¥ * % *
0.4 .
02} A
0 . . . .
1 15 2 25 3
M2 (GeV?)
FIG. 5. Borel curves for K; and K* mass in chiral symmetry

breaking (square and circle) and restored (cross) vacuum.

D. p-a, versus K* - K,

In the sum rule, the mass difference between the
(K*,K;) pair is coming from both the two-quark and
four-quark condensate whereas that between (p,a;) is
dominated by the four-quark condensate: the two-quark
condensates m(iu) in the (K*, K;) OPE sides are much
larger than the two-quark condensates m,, (iiu) in the (p, a;)
OPE sides, due to the different quark masses. Furthermore,
the experimental mass difference between chiral partners
is larger for the (p,a;) pair. This means that the mass
difference coming from the four-quark condensate is much
smaller for the (K*, K;) case. This leads to a larger S/B
ratio for the open strange meson case. In Table VI, the
column denoted by mp shows the masses when only the
symmetry breaking part of the four-quark condensate is
taken to be zero while leaving the two-condensate intact.
As can be seen in the table, the mass change my — mp from
the original value m, is smaller for the open strange meson
than for the p.

Additionally, the mass of K* is smaller than that of p in the
chiral symmetry restored vacuum where both the two-quark
and the chiral symmetry breaking four-quark operators are
taken to be zero. This is because the chiral symmetric

TABLE VI. m indicates the vacuum mass. mp shows the mass
evaluated in the sum rule after taking the chiral symmetry
breaking part of the four-quark operator to be zero. my,, indicates
the mass evaluated in the sum rule where all the chiral symmetry
breaking parts of the four-quark as well as the two-quark
operators are taken to be zero.

Particle my mg Mgym

p 775.26 MeV 610 MeV 572.5 MeV
K* 895.81 MeV 775 MeV 545 MeV
K, 1272 MeV 1080 MeV 545 MeV

operator in the (K*, K) sum rules contain a (5y,4%s5y,A"s)
type of operator, as can be seen in Eq. (20). Because we are
considering chiral symmetry restoration in the SU(2) flavor
sector, we have taken the strange four-quark operator to be
independent of chiral symmetry restoration and included it
in the chiral symmetric four-quark operator. It is certainly
true that when chiral symmetry restoration takes place, the
strange quark condensate will also change. But since we
have to rely on lattice or model calculation to obtain the
exact relation, we leave that discussion for future work.
Because this strange four-quark condensate contributes with
a negative contribution to the chiral symmetric part of the
four quark condensate, as expected from vacuum saturation
for the strange quark, the mass of K*(K) is observed to be
smaller than the mass of p(a;) in the chiral restored vacuum.
Hence, when the strange four-quark operator decreases the
mass of K*(K;) approaches that of p(a;) in the chiral
symmetry restored vacuum.

IV. BARYON

We use the currents given in Table I. Since the baryon
currents couple to both parity states, the two-point correlator
between the baryonic interpolating current 7(x) can be
written as follows [27]:

M(g) = i / dhxe® (T {n(x)7(0)})0.
— _gn |2 d + mi
N Z{ Ay e
- |/1’1|2 qz

g —m"
—(m")? + ie}’
= ¢11,(¢*) + 1(¢), (22)

where m’l and m” represent the mass of the nth excited
positive and negative parity states, respectively, and A’} their
corresponding overlaps with the currents. As two invariant
functions appear, one can obtain two independent sum rules.
However, if chiral symmetry is restored, IT,(g?) goes to zero
as all the operators in the OPE side are chiral order
parameters and the phenomenological side will be propor-
tional to the mass difference between chiral partners.
Therefore we will use the sum rule from II,(g?), from
which we can extract the mass even in the chiral symmetry
restored phase as the two chiral partners will become
degenerate and strengthen the lowest pole contribution.
Since we do not have independent sum rules for chiral
partners, we cannot determine the values for the chiral
symmetric and breaking quark operators separately as we did
in the meson case. On the other hand, as can be seen in
Table V, the values of the chiral symmetry breaking four-
quark operator extracted from the meson sum rule are very
close to that estimated from the vacuum saturation hypoth-
esis. Therefore, we will assume that the vacuum saturation
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hypothesis is accurate for evaluating the chiral breaking
operators, as was the case for four-quark operators appearing
in the meson sum rules.

Furthermore, while the OPE was calculated up to dimen-
sion-six four quark operators for the meson case, one needs
to consider the higher dimensional four-quark gluon mixed
operator for the baryons in order to obtain stability of the
sum rules. We extract and parametrize the magnitude of the
dimension-six and dimension-eight operators by k4 and kg,
respectively, as was done for the dimension-six operators in
the meson sum rules.

In this case, there is one more independent parameter kg. In
principle, since the sum rule is a function of Borel mass, we
can determine both parameters by requiring the phenom-
enological side to be closest to the OPE side. Technically, we
realize the procedure as follows. To determine its value, we
first select a kg value that ranges from —1 to 4, which is
slightly wider than the range of the « values determined in the
meson cases. Once kg value is chosen, the value of the other
parameters s, and kg can be determined by requiring the
Borel curve for the mass to be flattest and stable. Then we
change the k¢ value and repeat the procedure and compare
the Borel mass curves. The final values of x¢ and kg are
determined from choosing the most stable Borel mass curve
among the final Borel mass curves. It should be noted that
although we set the k¢ range, the stable baryonic sum rule for
the mass occurs only for a limited value of ks such that as we
approach the lower and upper limit of the range that we chose
for k¢, the sum rule becomes far from stable. In Table VII, we
summarize the determined x values and masses of nucleon
and A in the chiral symmetry restored vacuum.

A. Nucleon

We use the sum rule for nucleon constructed from the
Ioffe current, known as the optimal choice [25].
Parametrizing the dimension-six and dimension-eight oper-
ators, respectively, with <Y and &},

2,
MY = &5 () = (BY) + (SD)s,
N MG N N
MY = -k — 5 (au)* = (BY)p + (S§)s.  (23)
oM
TABLE VII. The «s are evaluated using sum rules using the

physical values given in Table I and the threshold parameter s, in
the brackets. S/B indicates the fractional contribution of the
chiral symmetric part to the contribution of the chiral symmetry
breaking part for each hadron. /gy, is the hadronic mass in the
chiral symmetry restored vacuum.

Particle KG(\/ES(GCV)> Kg SG/BG SG/BS ﬁ’lsym(MeV)
N 0.0425(1.235) 0.16 —-0.9575 -0.84 525
A 0.26(1.56) 04 =074 -0.6 600

where the Ms are defined in the Appendix, and BY (S¥) is
the dimension-n chiral symmetry breaking (symmetric)
operator and given explicitly in Egs. (A13) and (A18).
Then, one can write down the Borel-transformed sum rule
as follows:

m3 1 a, [53
23, exp (— ﬁ) =30 (1 +— {E + 7/5} >M(’E2L‘4/9

1 a
——{(—=G?* YM?E,L™/°
+327:2< > 0

n
2 1 m?
+ Kévg (au)?LY° — K‘ngg <uu>zﬁg,
(24)
where
_ 1n(M/chd)
ln(ﬂ/chd) ’

m<2) = g‘Y<ﬁaﬂbGZ"1“u>/<ﬁu>,

n 1 j
En =1- eSO/M2 Z_ (%) , (25)

=l

and yp is the Euler-Mascheroni constant. We now use
Eq. (11) using the OPE for the nucleon. The k values are
determined using the procedure discussed in the previous
subsection. To asses the validity of the x values independ-
ently, we plot the Borel cures for kg using Eq. (11) with
determined k) = 0.0425 value. The resulting Borel curve is
given in Fig. 6. The figure also shows the Borel curve for kg
with the best fit k) = 0.1546 value. Finally, as shown in
Fig. 7, with the « values, the Borel curve for nucleon mass
(square) is stable and well reproduces the physical mass.

0.17F T T T T T

—O— rg (Vg =1.285, rg¥=0.0425)
40.052
0.165 —A— ' (VS5 =1.235, xJ'=0.16)
40.05

~0.048

Ky ’
8 4 N
0.155F 0.046 rig
‘ {0.044
0.15}
: - {0.042
0.145} 1004

. . . . . . . . o038
06 07 08 09 1 11 12 13 14 15
M2(GeV?)

FIG. 6. Borel curves for nucleon k4 (triangle and right y axis)
and kg (circle and left y axis). The curve for one of the xs is drawn
with the other « taken to be the extremum value inside the Borel
window. Unit of /sq is in GeV.
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FIG. 7. Borel curves for nucleon mass in chiral symmetry

broken (square) and symmetry restored (star) vacuum.

Here, to compensate for the absence of the sum rule for
the chiral partner, we use the vacuum saturation hypothesis
to estimate the value of the chiral symmetry breaking
contribution. Hence, the difference between the total quark
operators and the corresponding chiral symmetry breaking
contribution can be identified as the contributions from the
chiral symmetric operators. Then the symmetric dimension-
six and dimension-eight contributions are given, respectively,
as follows:

(S2)s = (&) = )3 (@)L
m2
(05 =~ = g lan? T8, (20

where (SY) is the contribution from the chiral symmetric
part of the dimension-n operators with x = 1 in the vacuum
saturation hypothesis. The matrix form of the dimension-six
and dimension-eight operators are given in Eq. (A13).

The nucleon mass mgm in the chiral symmetric vacuum
can now be estimated by taking the breaking contributions to
be zero while keeping the symmetric operators to their
vacuum value. As can be seen in lower Borel curve in Fig. 7,
the mass of the nucleon and N*(1535) md,, converge to
500-550 MeV when the symmetry is totally restored. The
Borel curve with a star marker in Fig. 7 describes the mass,
which is also stable.

B. A isobar

As mentioned in Refs. [28,29], the current 5 for AT
given in Table I is a unique choice at lowest dimension
but couples to both the spin 3/2 and 1/2 states. So to
extract the spin 3/2 state, we concentrate on the g,, tensor
structure, which has no contribution from the spin 1/2
state. Introducing ks as before,

4,
MG = 3 S () = (B8) + (53)s

13 _
Mg = kg Tormmplin)® = (Bg)p + ()5 (27)
where the Ms are defined in the Appendix, and BY (SY) is
the dimension-n chiral symmetry breaking (symmetric)
operator and given explicitly in Egs. (A13) and (A18)
Then, the sum rule can be rewritten as follows:

0
FAI(A)(mA’FA’Mz)

1
— 6 4/27
= —5oaM E, L% +

5 ’ A,
2882 M E°<?G >

4 13 _
- K5 3 (au)2L%/?7 4, e m3(au)>L'%/?7, (28)

where

1o — / Y e ppole (T s)s"ds. (29)
4

2
mz

We first construct the sum rule to estimate the values of the
dimension-six and dimension-eight operators parametrized
by ks as before. As shown in Fig. 8, the Borel curves for kg
(triangle) and kg (open circle) has an extremum value at the
same point. We can again show that the determined values
appropriately reproduces the A mass in the Borel sum rule.
Using the k5 = 0.26 and x§ = 0.4 one finds a stable Borel
curve for the mass as given in the lines marked by squares
in Fig. 9.

As in the nucleon case, using the extracted values
dimension-six and dimension-eight quark operators, one
can estimate the values for the corresponding chiral sym-
metric operators appearing in the A sum rule.

' —o- rDW/s, = 156, K2 = 0.26)
A k5 W/s, =156, kg =0.4) |]

0.45

0.35F J

03f ~
0.25¢ W A
02} J
0 0‘.5 ‘; 1‘.5 é 2‘.5 (; 3‘.5 4
M?(GeV?)
FIG. 8. Borel curves for A kg (triangle) and xg (circle). The

curve for one of the ks is drawn with the other x taken to be the
extremum value. Unit of /sq is in GeV.
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- A A_
16} B m, Vs, =156,k =026, kg =0.40) -
A _
k= m', (Vs = 1.56)
1.4}
12f = = = o
3
c 1r
17}
&
=
0.8F
0.6 K
0.4F
02 . . .
1.5 2 25 3 35
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FIG. 9. Borel curves for A mass in the chiral symmetry broken
(square) and symmetry restored (diamond and star) vacuum the
curves with star markers is the expected A mass. Unit of /sq
is in GeV.

4
(58)5 = —(xd = 1) (@)L,

1
S 2 (aa2 LIS, (30)

S8 = (k2 -1
(Sg)s = (kg >18M2 0

By keeping the value of the chiral symmetric operator to be
the same as in the vacuum and taking the breaking
contribution to be zero, one can extract the A mass in the
chiral symmetry restored vacuum mSAym from the Borel sum
rule for the mass. One finds that the mass of A in the
symmetry restored vacuum is about 600 MeV.

V. SUMMARY

We have studied the masses of hadrons in the chiral
symmetry restored vacuum. This is accomplished through
first dividing the quark operators into chiral symmetry
breaking and symmetric operator depending on the contri-
butions from the quark zero modes, which according to the
Casher-Banks formula is responsible for spontaneous chiral
symmetry breaking. We then estimated the values of these
operators separately by studying the sum rules between
chiral partners, which have the same contribution from the
chiral symmetric operators but where the difference is
proportional to chiral symmetry breaking operators. We
have further estimated the contributions of disconnected
quark operators by studying the sum rule for @ and f;
mesons. We find that the magnitude of chiral symmetry
operators are as big as the chiral symmetry breaking
operators. We further find that the value of chiral symmetry
breaking operators are close to the values obtained in the
vacuum saturation hypothesis, which automatically relates
them to the quark condensate. On the other hand the value of
the chiral symmetric operators could be as large as the

breaking operator, which explains the need of effective «
parameters to modify the values of the four-quark operators
estimated within the vacuum saturation hypothesis to that
necessary to reproduce the meson masses in the QCD sum
rule approach. We then calculated the masses of the hadrons
in the chiral symmetry restored vacuum using the QCD sum
rule approach by taking the chiral symmetry breaking
operators to zero while keeping the values of the other
quark operators to their vacuum values.

We also applied our method to the baryon sector. In this
case, since the chiral partners contribute in the same sum
rule, we estimated the values of the dimension-six and
dimension-eight quark operators that contain both the
chiral symmetric and breaking operators. We then used
the vacuum saturation hypothesis to estimate the values of
the chiral symmetry breaking operators from which we
were able to estimate the values for the chiral symmetric
operators for both the dimension-six and dimension-eight
operators. Again, taking the chiral symmetry breaking
operators to zero, we find that the values of the chiral
symmetric nucleon and delta masses to be around 500 and
600 MeV, respectively.

We therefore conclude while chiral symmetry breaking is
responsible for the mass difference between chiral partners,
a large fraction of the common masses have other non-
perturbative origins. We further emphasize that our findings
show that the vacuum saturation hypothesis that relates
quark operators to quark condensate only works for the
chiral symmetry breaking operators, which are chiral order
parameters as are the quark condensate.

We have shown that masses of all hadron studied in this
work tend to decrease and the masses of chiral partners
become degenerate when the chiral symmetry is restored.
Thus the result explicitly demonstrates that the spontaneous
breaking of chiral symmetry responsible for the mass
splitting of chiral partners is also partly responsible for
common hadronic mass of the chiral partners. Despite their
strangeness, K; and K* have a similar mass as that of p and
a; in the chiral symmetry restored vacuum. Meanwhile, the
mass difference between @ and f is found to remain large
even when chiral symmetry is restored. Both the nucleon and
the A mass will reduce to about 500 and 600 MeV,
respectively, in the chiral symmetry restored vacuum.
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APPENDIX

1. Four-quark operators

In general, a four-quark operator can be written as
follows:
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((@aq)(qlpq)) = (Tr[ST,|Tr[ST,]) — (Tr[ST,ST,]]).
(A1)

where I" are combinations of gamma, color, and flavor
matrices, and S is the quark propagator. The first term in
Eq. (A1) is referred to as the disconnected contribution
while the second as the connected.

First, it is easy to check if the disconnected term is
chiral symmetric or breaking operator. This is accom-
plished by making use of the first line in Eq. (4) and using
the following:

TH{ST,) = 5 (TY((S + irsSirs U] + Tl(S — irsSirs)T] ).
(A2)

The first term is chiral symmetric and the second breaking
term. In terms of the Dirac zero modes, only the second
term is proportional to the them. However, one of them is
|

((@T,7i9)(@lptiq9)) =

N[ =

zero depending on I',. For example, if I'; =y,, the
breaking term is zero so that the total disconnect con-
tribution is chiral symmetric. The term is automatically
zero if I', includes a flavor matrix.

Second, as for the connected contribution, one can
decompose the matrix into chiral symmetric and breaking
part. If ', does not include a flavor matrix, then one can
subtract and add a similar matrix with the flavor matrix
inserted so as to isolate the connected contribution.

((@laq)(@lq))
= (@) @) - (@ruma)@ma)))

+ ((GTa7i9)(GTs7i9)), (A3)
where the first line contains only disconnected contribu-
tion while the second line only connected. Therefore, one
is left with determining the chiral property of the con-
nected diagrams. This is accomplished by the following
separation.

((@rsa)@rsa)) — (@ irsa) GirsTyea))) + 5 (@) @)

+ <(ZIFaTii75Q)(‘_]iyﬁrb‘[iq»)’

DN | =

where the subscript B and S represent the chiral symmetry
breaking and symmetric parts, respectively.

2. Fierz transformation

Every four-quark operator that appears in baryonic OPE
sides has the following form [30].

(Og) = 7 ((01T92) (25T pq4))

[SSI\S)

B % (2172.92)(351 A" q4)). (A5)

where I', and A¢ are a Dirac matrix and a Gell-Mann matrix,
respectively. Using the Fierz completeness relation for the
color SU(3),

=5 (<Tr[SFaTi(S — iysSiys)Tyr])) + % ((Tr[ST,7: (S + iYSSWS)FbTiD)v

= ((qTa7i9)(@Us7:q)) g + ((GTa7:9)(GTs7:i9))s

(A4)

1

| 8
1T :—ﬂilﬂkj'f'z—/lﬁ/%, (A6)
3 = 2

the Gell-Mann matrices in the operator can be eliminated:

<(lel—‘olaq2) (QB Fp’?'aqél»
= —g ((41T,92)(33T,q))

— & T, (@ 40) @), (AT

where the Dirac and Gell-Mann matrices are normalized as
Tr[[,I*] = 46} and Tr[1?4,] = 26}, respectively. Applying
the transformation reduces the number of four-quark
operators in the baryonic OPE sides by half. When it
comes to the pure-flavored four-quark operators, the trans-
formation can be represented linearly:
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((@2u)?) ~7/6 —1/2
((@ysa®u)?) ~1/2 -7/6
(@r,au)?) | = -2 2

((aysy,A*u)?) 2 2
((#0,,2%u)?) 6 -6

3. Separation of breaking and symmetric operators

Using the prescription discussed in Appendix A 1, one
can categorize all the quark operators appearing in the
nucleon sum rule as follows. With the following identity,

((alyd)(dT u)) = (@l yu) (@l u)) — ((alyu)(dl'd)),
(A9)

there are 5(Dirac structure) x 2(pure or mixed flavor)
types of four-quark condensates in the baryonic OPE
sides. These four-quark condensates also can be divided
into chiral symmetry breaking and symmetric condensates
according to the contribution of the zero modes. The
operators denoted with subscript S ({...)s) and B ({...)p)
denote chiral symmetric and breaking operators,
respectively:

—“1/2 12 -1/4 ((u)?)
12 —-1/2 -1/4 ((iysu)?)
1/3 1 0 ((@y,u)?) (A8)
ooz o || s
o 0 1/3 |\ ((ae,u))
|
1. () () = () (i) — () (@)
+ {(@d)(du),
= () (dd)) 5
3 () @)+ (arsd) @)
+ 3 {(d) @) ~ (iys) (@rsu)s. (A10)

Since the pure flavored condensates contain connected
and disconnected pieces, we first divide the condensate
into the two. Then, the connected piece is separated into
the breaking and symmetric condensates. In the same way,
the other remaining operators can be rewritten as the
following:

2. ((@ysu)(iysu)) = ((aysu)(dysd))p + % ((d)(du) + (@ysd)(dysu)) s — % ((ad)(du) — (aysd)(dysu))s.

3. ((aay,u) (ay,u)) = ((ay,u)(dy,d))s + % ((@y,d)(dy,u) + (@ysy,d)(dysy,u))s

+

N =

<(ﬁyﬂd) (dyﬂu) - (ﬁySy;ld) ((_175}//414»3’

4. ((aysy,u)(aysy,u)) = ((@ysy,u)(dysy,d))s + % ((iy,d)(dy,u) + (iysy,d)(dysy,u))s

1

— = ((iy,d)(dy,u) — (ysy,d)(dysy,u)) s,

2

5. <(ﬁ6pwu)(u6/wu>> = <(u6ﬂuu)(a6pwd)>8 + <(ﬁ6ﬂud)(ao-;wu)>3'

(Al1)

For mixed flavor operators, only disconnected contributions exist so that the chiral symmetry properties can be

determined as discussed in Appendix A 1. Note that since the color matrices A have no impact on the separation rules, the
same formula as given in Eq. (A11) applies when the quark antiquark pair contains a Gell-Mann matrix with the index
contracted with that in the other pair.

4. Baryon quark operators

In this subsection, we summarize the quark operators separated into chiral symmetric and breaking parts in the Baryon
sum rules. The dimension-six four-quark operators appearing in the baryonic OPE sides are given, explicitly, as

MG = (Bg)p + (S)s:

Mg = (Bg)p + (S§)s: (A12)
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where

— (ysd)(dysu))s — ((iy,u)(dy,d))s + ((@yrsu)(dy,rsd))s. (A13)

M, and M are the dimension-six terms that appear in OPE side of nucleon and A, respectively. For simplicity, the
anomalous dimensional correction factors are omitted.

For notational convenience, the followings are introduced.

D{{(q1T042)(7:T6q4))} =5 (((@1T2D?42) (@30 594)) + ((2170q2) (23T D%q4))).

1
2

G{{(71T4q2)(q3Tpq4)) } = % (((@1Fu0 - Gq2)(331q4)) + ((§1Tuq2) (@31 s - Gqa))
+

(01740 - G*q2)(@3TpAaq4)) + (01T aAaq2) (3050 - Gqu))). (Al4)
where
D* = D,D*,
Guu = Gﬁulfh

(0 G)f = (0,,);;Gi (A1),

l
Ou :E[yw }/u]' (AIS)

Since gluon field strength tensor and gauge covariant derivative operators do not affect separation rules, the dimension-eight

operators in right-hand side of Eq. (A14) have the same chiral separation property as the dimension-six operator inside the
curly bracket. Namely

D{{((2:T492)(25T6q4)) s} = 5 (((217aD?*q2) (337 44)) 5.5 + ((@17042)(33T5D*q4)) . 5)

1
2

G{{(2174q2)(q3Tpq4)) s} = %(((eraﬁ -Gqy)(q3Tp94))ps + ((0174q2) (G300 - Gqu)) g s
+

((@1T40 - G*q2) (@30 pAxq4)) s + (21T aAr92) (@31 50 - GAqy))ps).  (AL6)

The dimension-eight operators appearing in nucleon and A OPE side are given, respectively, as

M = (BY) 5 + (S§)s
Mg = (Bg)p + (S5)s: (A17)

where
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(BY)s =+ D{BN} b s GU{(0) @)} + s GL{(d) @) + () (@)}

(5¥)5 = =13 DISY + 12;42 G (@) ~ (ar5d) rsu) ).

(B)s = —#D{Bé} b G @) g} -+ 5 G(Ed) @) + (arsd) ) )

(58)s = =33 DISRY + 573 G () @) = (75 rsu) ). (A18)

For simplicity, the anomalous dimensional correction factors are omitted.
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