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Density dependences of the mass and self-energies of A, in nuclear matter are studied in the parity projected
QCD sum rule. Effects of nuclear matter are taken into account through the quark and gluon condensates. It is
found that the four-quark condensates give dominant contributions. As the density dependences of the four-quark
condensates are not known well, we examine two hypotheses. One is based on the factorization hypothesis
(F-type) and the other is derived from the perturbative chiral quark model (QM-type). The F-type strongly
depends on density, while the QM-type gives a weaker dependence. It is found that, for the F-type dependence,
the energy of A, increases as the density of nuclear matter grows, that is, A, feels repulsion. On the other hand,
the QM-type predicts a weak attraction (~20 MeV at the normal nuclear density) for A, in nuclear matter. We
carry out a similar analysis of the A hyperon and find that the F-type density dependence is too strong to explain
the observed binding energy of A in nuclei. Thus we conclude that the weak density dependence of the four-quark
condensate is more realistic. The scalar and vector self-energies of A, for the QM-type dependence are found to

be much smaller than those of the light baryons.
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I. INTRODUCTION

Heavy hadrons attract much interest because they have
new properties that are not seen in light hadrons. One of the
interesting features of the heavy hadron physics is that the
dynamics of light-quark part can be separated from the heavy
quark due to the heavy quark spin symmetry [1]. The spin
of heavy quark and that of the rest of the hadron become
independent in the heavy quark mass limit. Therefore, one
naively expects that the dynamics of light quarks in a heavy
hadron can be analyzed more effectively. For instance, the
heavy baryon consisting of a heavy quark and two light quarks
can be used in a study of light di-quarks. Investigation of the
heavy baryon in nuclear matter may help us to understand the
relation between the partial restoration of chiral symmetry and
the light di-quark.

The in-medium modification of the heavy baryon in nuclear
matter is also interesting from the viewpoint of the heavy
baryon-nucleon interaction. The N-N and Y-N interactions
have been studied both theoretically and experimentally and
understood fairly well. On the other hand, the properties of
the interaction between the charmed (or bottomed) baryon
and the nucleon are still an open issue. The existence of A,
nuclei was discussed about 40 years ago [2] and subsequently
studied in Refs. [3—10]. Recently, the A.-N interaction was
reinvestigated by using elaborated models [11,12] and by
lattice QCD simulation [13].

In this study, we investigate the in-medium properties of
the A, baryon from QCD sum rule. We additionally study
the properties of the A hyperon and A, and compare their
properties. The QCD sum rule analysis was developed by
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Shifman et al. [14,15] and applied to the baryonic channel by
Toffe [16]. After that, the method was applied to the analyses
in nuclear matter [17]. The A o baryon (Q denotes the heavy
quark in general) was first investigated by Shuryak [18] in
the heavy quark mass limit. Since then, the sum rule was
continuously improved [19,20] and the 1/m o corrections [21]
and o, corrections [22] were taken into account. QCD sum
rules with finite heavy quark mass were also constructed in
Ref. [23] and extended to the inclusion of the first-order o
corrections [24-26] and parity projection [27]. Recently, the
analyses are applied to the study of A, in nuclear matter
[28,29]. However, their results are not consistent with each
other. The result of Ref. [28] indicates that the energy of the
A, baryon increases and thus A feels a net repulsive potential.
On the other hand, the result of Ref. [29] shows that there is
large attractive interaction. For both cases, the o, corrections,
which are pointed out as large contributions [24-26], are not
included and parity projection is not done. We carry out a
new analysis of the parity projected A., A, and A, QCD sum
rules including the oy corrections in nuclear matter with the
Gaussian kernel. Advantages of using the Gaussian sum rule
were discussed in Refs. [30-32].

The paper is organized as follows. In Sec. II, we introduce
the A, correlation function and construct the parity-projected
in-medium QCD sum rules. The results of the analyses are
summarized in Sec. III, where the density dependence of
the energy (the pole position of the A. propagator), the
effective mass and the vector self-energy are presented. Next,
we investigate effects of the density dependence of the four-
quark condensate to the results in Sec. IV. We apply our analy-
ses to A in nuclear matter to discuss the validity of the estima-
tion of the in-medium modification of the four-quark conden-
sate. The in-medium modification of A, is also studied in the
same section. Summary and conclusions are given in Sec. V.
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II. A, CORRELATION FUNCTION

We consider the two-point correlation function of A, in
nuclear matter:

n'(g) =i / e d x (Wo(p ,u) I, ()T o, (01| Wo(p,u™)),

ey

where Wy(p,u") is the ground state of nuclear matter,
which is characterized by its velocity u* and the nu-
cleon density p. Ju, is an interpolating operator, which
has the same quantum numbers of the A, ground state.
Without derivative, there are three independent interpolating
operators [18]:

Tx, (x) = e [u"(x)Cd” (x)]ysc (x),
Tx (x) = e [u"“(x)Cysd"(x)]c  (x),
Tp () = e[ (x)Cysyud”(Oly e’ x). ()

Here, a, b, and c are color indices, C = i)y, stands for the
charge conjugation matrix and the spinor indices are omitted
for simplicity. Each interpolating operator has a different
type of di-quark, namely the J} (x), J; (x), and J} (x)
contain the component of the pseudoscalar, the scalar, and the
vector di-quarks, respectively. Based on the feature that the
scalar di-quark €*¢(g7?Cysq”) is the most attractive channel
[33-37], one naturally expects that the JIZ\L strongly couples to
the A, ground state. In fact, previous QCD sum rule studies
of A, used the 112\( and the analyses of the mass in the
vacuum were successful [27,28,38]. A lattice QCD simulation
[39] discusses the coupling between interpolating operators
and hadron states and shows that the J,z\( couples to the A,
ground state. Therefore, we employ J12\(_ as the A interpolating
operator. In the following, we denote JI%L_ as J,, for simplicity.
With the help of the Lorentz covariance, parity invariance, and
time-reversal invariance of the nuclear matter ground state, the
correlation function of Eq. (1) can be decomposed into three
scalar functions [40]:

" (¢) = ¢11{ (q0.1G ) + M3 (qo.|g]) + #T15 (q0.1G]).  (3)

The variables of each scalar function, l'IiT (i =1,2,3), are
(g*,q - u), but we write them as (go,|G|) because we later take
the rest frame of nuclear matter.

Generally, a baryon interpolating operator couples both
to positive parity states and negative parity states because
the positive parity interpolating operator J*(x) is related to
the negative parity interpolating operator: J*(x) = ysJ ~(x)
[41]. The extra ys only changes the sign of I} in Eq. (3).
The method of the parity projection was proposed by Jido
et al. [42] and Kondo et al. [43] and was successful in
investigating the mass of the nucleon ground state and its
negative parity excited state in vacuum. The parity projected
QCD sum rule has been improved to include the o cor-
rections [44] and was applied to the analyses in nuclear
matter [45].
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The parity projected QCD sum rule can be constructed from
the “forward-time” correlation function' [42,44,45]:

(g, 1G] = i f a0 xo)

X (Wo(o,u)|T [n(x)n0)]|Wo(p,u"))
= ¢T1,1(q0.1G1) + w2(q0. 19 1) + #TT,3(q0, 14 1)
4)

The essential difference from the time-ordered correlation
function is the insertion of the Heaviside step function 8(xg)
before carrying out the Fourier transform. This correlator
contains contributions only from the states, which propagate
forward in time. Operating the parity projection operator
Pt = “’Tﬂ to I,,(go,|g|) and taking the trace over the spinor
index, the parity projected correlation functions can be derived:

I,/ (g0, 14 D) = qoT,u1(q0.1G 1) + Thua(qo.1g 1) + uoTu3(go.1G1)
IT,,(90,1G 1) = qoTTn1(q0, 19 ) — Tn2(go,191) + uoTu3(q0.1G1).
)

Note that the parity projection can be carried out in accordance
with that in vacuum because it is based on the invariance of the
ground state of nuclear matter under the parity transformation.

The QCD sum rule can be derived from the analyticity
of the correlation function. The correlation functions I'I;fOPE,
which are calculated by the operator product expansion (OPE)
in deep Euclidean region (¢> — —o0) can be expressed by
the hadronic spectral function pZ by the use of the dispersion
relation:

/ T[T g (G0, 11D W (q0)ddto

=7 /0 0 (q0,131) W (qo)dqo. (6)

Here, we have introduced a weighting function W(qy),
which is real at real go and analytic in the upper half of the
imaginary plane of gg. The details of the derivation of Eq. (6)
are explained in Ref. [44]. Using the above equation, we
investigate the spectral function and the in-medium properties
of A.. The specific forms of [T and p= will be discussed
in the following sections.

A. OPE of the A, correlation function

We first calculate the dimension 7 and 8 terms in the time-
ordered correlation function and then construct the OPE of the
“forward-time” correlation function including the first-order
o corrections in nuclear matter taken from the previous studies
of Refs. [26,28]:

More(do.|3) = i / €' dx0(x0)(Wol T { I, (x)7 4, (0)}|Wo)

¢ m10pE(q0, 19 1) + Tnoope(q0, 14 1)
+ #TT,n30pE(q0, 14 )- 7

'Note that in Ref. [42], this correlator was called the “old-fashioned”
correlator.
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Explicit expressions of p,;opg = %Im[l’[miopE] (i = 1,2,3) are given as

q0Pm10PE(q05 13 )5=0 = G0 10pE(@0) + G0 opE(q0), (8)
5 2 2 2
pert _ 4 m 2 ag mZ
40Py 10pe(90) = 12874 {pmlOPE(qO )(1 +—1In m—%> + ;,OmlopE<q—g> }9(‘]0 —m), C))
1 1
,031101)]5(2) = Z —2z4273 — ZZ4 —37%1n Z, (10)

71 565 7 625 109 49 116 116 49
1 2 3 4 3 4
- _ = __Z A (22 - 3_ In(1 —
Pmore(2) 48 36 ¢ 8Z 36 ¢ 48 < (36 9 < 9 < 36Z ) n( 2

T L L P B T o) PR (1—8 +82° — zH(Li ()—i—lln(l— yIn
p— 1 p—
1 3¢ z 9 36° b4 z+38z —z 2(z 2)Inz

- §z2(54 +8z — z2)<Liz(z) (@ + 5 L2 z) — 1272 <Li3(z) —3) — %Liz(z) ln(z)>, (11

2 1 2 1
cond _ m; [a,GG (1—a) me q0 aSGG
90Pm10pE(90) = _768n2< - >m /:,,g dochS qo — [ + = 82\ 7 | Ju daad(qo — m.)

v
) ‘4r2)

(q'iDoq)m (" (q'i Dog)m me
— go L0 / a(l — a)dab(gy — me) + S / doa(1 — 02 S48 a0 — ==
v

672 6772 \/E
90
(@q)% +(q'q)? 1 _ B 1/ 7,
+ AU T2 G500 — me) + — (G20 Gq)m (@) ( < (8" (q0 — me) — —8 (g0 — me)
12 24 8 Mme

6 tq)m 1
+ S sgo—mo)) = go| 2284 40 zdoeaa—a)e(qo—mw— (q'i Doi Doq)
m% 472 i

90

1 G 1 . s me aqgs, me \\ ,
12<61 850Gq)m )/0 o( —a)( <q°_ﬁ)_m_g <q0_ﬁ>> o

R P /1 (1—a)( 98 Me +aq38’ e ) )a
———(q'g0Gq)m | a(l —a - — — 2 ) )da
9672 1 877 |, w0 la) T\ &

(q'8:0Gq)m
+ T ot8 da (12)
and
Pm20pE(90, 13 )|G=0 = Prope(@0) + P aopE(G0)s (13)
4 2 2 2
meq m Olg o2 my
pieer)PE(QO) = 1287';)4 {P220p5< qo ) <1 4+ —1In m—c> + P,lnzopE< qg ) }G(QO me), (14)
P,(,),zopE(Z) =1492—-922 -2 +62(1+2)Inz, (15)
665 665 58 58
Propp(@) =94+ —z— —22 — 92" — ([ = + 42z — 422 — 2 | In(1 — 2)
9 9 9 9
154 22 , 58 8 . 1
+ (2 + TZ - ?Z - ?z )lnz + 5(1 +9z — 972 — z3)(L12(z) + 3 In(1 — z)lnz)

+z<24 + 367+ %‘f) <Liz(Z) @+ %mz z) +24z(1 + z)(Lis(z) —3) - %Liz(z)lnz), (16)

cond m. [a;GG /1 1- O[)2 me m,
Pm20pE(40) - < - >m i N i G~

90

me. |a;GG ! (1 —a)*e( n)+ m. [a,GG /1 dad( )
me o — me
19272\ = |/, o? 9~ 12872\ 7 |/, ) 90

%

'L?
a5
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1 ]
/0 (1 — )b <q0 - %)da + %8(% me)
me) — ~8'(qo —

3 3
c) + — 8(610 c)))
me L

! 1
/mz (1 — a)dad(go — m.) + —((quDozD(,q)

a0

R e e R )2

me(q'iDog)m
+ 472

24

[ (@' q)m
—{qo|me

1 1 "
+—(q80Gq)m{qq)m <§<8 (g0 —

472

1
12(61 850Gq)m >

(q gsUGQ)m/ Olq02 ’ me
M 89 )m 78 5 (g0 — 2 ) )a
9672 Ve f T o\ G ) )
{q" gsOGQ>m/
M 89 )m 5 g0 — 2 \a 17
+ 5 Vas( o f a (17)
and
- (4'q)m /1 , m?
m ) g=0 = — 1 - - —= d 0 — e
Pm30PE(q0,1¢)]g=0 2 %Ol( a)l g5 pal (qo —m¢)
1
— 2 (14" Doi Do) + = (' 8,0 Gl / (1 — a)qod ( go — % )dar
872 12 o Ja
(ngsUGq%n/l me (850 Gq)m /1
489G )m 1 —a)qod [ go — =& \do — 4 827 4/m dab(qo — m.
062 ; a(l —a)qod| qo 7z ) 22 méa ab(qo —mc)
£
2(¢'iDoq)m
g 2L 20 /  a(l —a)dat(qo — m). ()

90

where Li;(z) is polylogarithm and ¢ (s) is Riemann’s zeta function. The matrix elements (O),, stand for the expectation values of
the operators O in nuclear matter. We have used the factorization hypothesis for the four- quark and quark-gluon mixed operators
in these equations and will discuss its validity in Sec. IV. The dimension 7 condensate (* 9y,.(G@q)m term does not appear
because its Wilson coefficient is equal to zero. The Wilson coefficients of (g1q) .., (g'i Dog)m, (qu Doi Dogq)m, (gt g0 Gg),n terms
are different from those in the literature [28]. However, our results are consistent with the OPE of A [46] in the limit mf — 0.
Note that, in the case of A, extra contributions of (ss),, condensate appear and the Wilson coefficients of the gluon condensate
are modified.

The values of the parameters in OPE are summarized below. In the linear density approximation, which is valid at sufficiently
low density [17,47], the expectation values of the condensates in nuclear matter (O),, are given as

(@q)m = (qq)o + r{qq)n = (qq)o + pz%vq 58)m = (58)o+ pEs)n  (q'q)m = p%
R R N
= B 0odIm = P\q 04 )N ,08N2
(@iDoq)m =mg(q'q)m ~0 (q'g0 - Gg)m = plg'go - Gq)n
(q'i Doi Dog)m + 112 (4'g0 - Gq)m ((q*zDozDoqm + 112 (q'go - Gq>N)p = p%MﬁAZ, (19)

(

where (O)y and (O)y are, respectively, the vacuum and
nucleon expectation values of the operator O, and (g -- - g)
and (q'---¢q) denotes the average over the up and down
quarks, 2((@---u) + (d---d)) and 1((u'---u) + (@' - d)),
respectively. The quantities A% and A? can be expressed as

moments of the parton distribution functions [40]. For the
quark condensate (gq), higher-order density terms have been
calculated by chiral perturbation theory [48,49]. However,
their contributions are small up to the normal nuclear mater
density and thus we do not take them into account in this study.

055208-4



CHARMED BARYON A, IN NUCLEAR MATTER

TABLE I. Values of parameters appearing in Eq. (19).

Parameters Values

qq)o0 —(0.246 & 0.002 GeV)? [50]
mg 4.725MeV [51]

oN 45 MeV

@'q)m 03

(%Gz)o 0.012 £ 0.0036 GeV* [52]
(%GZ)N —0.65 £ 0.15GeV [53]
Al 0.62 + 0.06 [54]

A 0.15 +0.02 [54]
(qtgo - Gq)n —0.33GeV? [53]

m. 1.67 +0.07 GeV [51]
o 0.5

The numerical values of the parameters appearing in Eq. (19)
are given in Table I.

B. Phenomenological side of the A, correlation function

The correlation function at the physical energy region
(g% > 0) can be described by the hadronic degrees of freedom.
In this study, we use the so-called “pole 4 continuum” ansatz
for the correlator in such energy region. The pole stands
for the contributions of the ground state and is assumed to
be proportional to the single A, baryon propagator G(g) in
vacuum,

qd+ M,

D= v

(20)

Then the pole contribution in the spectral function p(g) =
LIm[M"(g)] is

M
— Im |: IA2] q—i——zAi|

T (¢ — M3 +ie)

= 2|4 + Ma,)8(q* = M3 ). @1
Here, |A?| is the residue and gives the coupling strength
between the ground state and the employed interpolating
operator. Taking into account the contributions of the lowest-
lying negative parity state A_, the phenomenological side of

the spectral function in the “pole 4 continuum” ansatz can be
expressed as

p" (@) = 1231(¢ + Ma,)8(q* — M3)
+1A21(g — Ma-)8(q* — M)

1
+ ;Im[nomq)]e(qz —q;,)- (22)

For the continuum states, the quark hadron duality is assumed.
In nuclear matter, the A, propagator can be described as

Z'(qo.141)
¢ —M — %(qo.1G]) + i€’

G(qo.lq]) = (23)
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where X(qo,|7|) is the self-energy and Z (go,|g|) denotes the
renormalization factor of the wave function. As in Eq. (4), the
self-energy can be decomposed as

(40,131 = =% (90,13 1) + =" (q0,13 ) + =7 (q0,11)q-
(24)

Renormalizing the £9 (¢, |g|) contributions to the Z (g0, |g]),
Y (q0,|]) and effective mass M A, the in-medium A baryon
propagator G(qo,|q|) is expressed as

qd— 94, + My,
(QO —E5 + ie)(‘]o +E, — i6)7
(25)

G(qo.141) = Z(q0.141)

where

Exn, =3y + M2 + 2, Ey =-3, + M2+ g%
(26)

The contribution of the positive energy state in G(gq,|g]) is
1 YoEA, — #Z, + M}

2, /M2 + 2 (90 — Ea, +i€)

After taking the rest frame of nuclear matter, the forward-time
spectral function in nuclear matter can be described as

Z(qo0,1g )

<. 27

- A3
p(qo,1g]1=0) = 2' MZ' (VoEx, — #30 + M )3(q0 — En,)
A,
+ 2| E To— M% )8(q0—E
W(Vo Ar — WDy A;) qo—E,-)

1 N
+ ;Im[HOPE(‘]O7|Q| = 0)10(q0 — g). (28)

C. Equation of A, QCD sum rule with parity projection

As we have introduced in Eq. (6), the OPE description of
Eq. (7) and the phenomenological description of Eq. (28) can
be connected with the help of the analyticity of the correlation
function in g plane. For specifying the kernel W(qo), we use
the Gaussian sum rule and its equation is given as

Grope(®) = Ggpp(0), (29)
where
IS 1 (qz_m2)2
Gep(t =/ * ex (——0 - )d
SPF( ) A 1% (90)\/471—T Y e q0

(30)

and

G p(®) = Giope(t) £ Groope(t) + Gusope(t)  (31)
with

o0
Gm1opE(T)=/ qoPm10pE(q0.1G1)
0

2
1 (95 —m?) )
x exp| ——— |d

Jart P ( 4t 0
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o0
szopE(T)=/ Pm20pE(q0,19 )
0

2
1 (956 — m3) )
X X _—— d
v p < . q0

o0
Gm30PE(T)=/ Pm30pE(q0,19 )
0

2 2)2
exp < - (qo—mc)>dqo. 32)

X

drt 4z

Here p*(qo) is the hadronic spectral function and =+ stands for
the parity of the hadronic states,

p*(g0) = [WE18(q0 — Epx)
1 + +
+ ;Im[l'lmop,;(qo)]é(qO —qp)- (33)

Generally, the kernel of the Gaussian sum rule is

1 (45— :
xp (— n ntain rameters, T and s.
Mep( ——) and contains two parameters, T and s

We set the value of s to mg and as a result, the exponential
suppression starts from m,. This is the different point from

the case of the Borel sum rule where the kernel, exp (— ;,—‘%2), is
used. One naively expects that the Gaussian sum rule strongly
reflects on the behavior of the spectral function above m, more
than the Borel sum rule. This is one advantage of using the
Gaussian sum rule.

We extract the values of parameters in p*(go) from Eq. (29)
by minimizing 2, defined as

Nger Ny j i 2
X2 = 1 ‘ Z (G0 pe(T) — Gpp(Ti)] (34

Nger X Ny i—1i=1 Gj(ri)z
J=i=

where the errors of G,,0pg, 0(t;), are evaluated based on the
method proposed in Ref. [55]:

1 Nset

o) = =3 [Grope(@) = Guore()]'. (35)
set — j=1
with
Guore(ti) =

> Ghopp(T). (36)
j=1

Nser “—

Here n, and ny,, are the numbers of the point 7 in the analyzed
T region and of the condensate sets, which are randomly
generated with errors, respectively.

The parameter region of 7 is chosen as follows. The lowest
value of 7 is determined by the convergence of the OPE
while the highest value of t is constrained to satisfy the
pole dominance condition. These conditions will justify the
truncation of the OPE. Specifically, we use the well-established
criterion that the ratio of the highest dimensional term to
the whole G,,ppg is less than 0.1 and the ratio of the pole
contribution to the whole G,,spr is more than 0.5. The
region 1.25 < 7[GeV*] < 3.5 satisfies the above conditions
in vacuum. We use the same parameter region for the analyses
in nuclear matter.
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Gopg(®) [10°GeV®]

- 1 I I
1 2 3

1[GeVH

FIG. 1. The positive and negative parity OPE, G2 ,:(7), in
vacuum.

III. RESULTS OF A,
A. Behavior of OPE

We first discuss the behaviors of G pp(T) in vacuum,
shown in Fig. 1. We find that the OPE of the positive parity
correlation function is much larger than that of the negative
parity state. In the hadronic degrees of freedom, this means that
the interpolating operator J,, couples mainly to the positive
parity ground states, and that the structure of A. is similar
to the structure of the interpolating operator. This result is
consistent with the quark model picture where the angular
momentum between the quarks are all S-wave. On the other
hand, the present interpolating operator hardly couples to the
negative parity states.

G;OPE(‘L’) in vacuum and at normal nuclear matter
density are shown in Fig. 2. The LO-perturbative, the

(a) In vacuum (b) p=py
+ parity =—
LO-pert.
— 2r 1 NLO-pert. =====
% Four-quark e
8 N <qTq> "’
E
= 0t | . 7
O FOLL A .
5 pene LT
= e 3
S S
] ol | 7
-1 L ) ‘ ‘
1 2 3 1 ) 3

1[GeVH 1[GeVH

FIG. 2. The density dependences of the positive parity OPE
G} opp(t). The LO-perturbative, the NLO-perturbative, the four-
quark, and the vector quark condensate (g'g) terms are shown. Here,
pn means normal nuclear matter density.
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TABLE II. The ¢;, dependence of the result.

g (GeV) 26 27 271528 29 30 3.1

E,, (GeV) 2218 2275 2.285 2320 2.370 2397 2.419
IA2(1074 GeV®) 1.20 155 1.62 197 240 277 3.08
x> 1.002 1.007 1.009 1.020 1.046 1.078 1.116

NLO-perturbative, the four-quark, and the vector quark con-
densate (g'g) terms whose contributions are large, are also
shown in the same figure. We find that the o correction on
the perturbative terms are as large as twice of the leading-
order term. As for higher-order o corrections, the large o
corrections in the perturbative term affect the behavior of
continuum states. In conventional QCD sum rule analyses,
the continuum states are separated from the lowest-lying
state by the threshold parameter. Therefore, adjusting the
value of the threshold parameter is expected to compensate
for the effects from higher-order «; corrections. Among the
nonperturbative contributions, the four-quark condensate is
dominant in vacuum. Figure 2 shows that the in-medium
modification of the four-quark condensate and (gfgq), is
the main origin of the density dependence of G o pp(T).
Therefore, we find that the charm quark plays less role than
the light quarks as far as the density dependence is concerned.
We use the factorization hypothesis for the four-quark conden-
sate in this section. Another possible density dependence of
the four-quark condensate and its effect to the result will be
discussed in Sec. IV. It is important to notice that the (gg) term
does not appear in the correlation function due to the structure
of the interpolating field J, . The di-quark structure in J,_ can
be described as (¢"“Cysq”) = (—q; “Cysq} + q;“Cysq}) by
using the left- and the right-handed spinors, and thus the quark
condensate (gq) where a left-handed spinor is paired to a
right-handed one does not have contributions in the chiral
limit. Thus A, feels the in-medium effects mainly through the
four-quark condensate and (gfg),..

B. Total energy

We investigate the hadron properties by minimizing 2.
In the case of the positive parity state, it is found that various
combinations of the parameters lead the value of x? to vicinity
of 1. The trivial solutions are contained in these combinations.
The values that are close to E, = m. and g;;, = m, give small
values of x> — 1 because, except for the terms of the dimension
8 condensate and the part of the gluon condensate, G,,0 pg(7)
can be expressed by §(qo — m.) and 8(go — ¢;1,)- These values
do not correspond to physical solutions and must be discarded.
In order to avoid such solutions, we impose further conditions.
The interpolating operator J,, for A, couples to the continuum
states starting from around the value of the lowest threshold,
X, m,i.e., 2600 MeV. Therefore, we exclude the g,;, parameter
region, g,; < 2600 MeV. The ¢, dependence of the result
in vacuum are summarized in Table II. We find that the
uncertainty of the calculated ground state mass is about
100 MeV and the choice of g;, = 2.715 GeV can reproduce the
experimental value. Therefore, we will fix the value of g, as
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FIG. 3. The density dependences of (a) the energy E,, (MeV),
(b) the effective mass M} (MeV) and (c) the vector self-energy
23, (MeV). The solid lines show the results with the density
dependence of the four-quark condensate according to the factor-
ization hypothesis while dashed lines are the case where its density
dependence are estimated from the perturbative chiral quark model.

2.715 GeV and apply the analyses to the A, baryon in nuclear
matter. The density dependence of the energy E,, is shown
in Fig. 3. We find that the energy of A. in nuclear matter,
namely the peak position in the spectral function, increases as
the density increases. At the normal nuclear matter density,
its value is 2.385 GeV. This result indicates that A, feels
a net repulsive potential in nuclear matter. The behavior is
different from the nucleon and A, whose total energy gradually
decreases and causes the formation of bound states in nuclei.
As for the negative parity state, the analysis does not work well
due to the small coupling between the present interpolating
field and A state.

C. Effective mass and vector self-energy

The analyses in the previous subsection show that the
energy of A, in nuclear matter increases. In relativistic phe-
nomenological models, the total energy can be decomposed
into the effective mass m7 and the vector self-energy X}
as we have introduced in Eq. (26). These quantities have
been investigated from the previous QCD sum rule analyses
for the nucleon [17,53,56-64] and A [40,46,64—-66]. The
studies show that significant cancellations of the modifications
of m} and X} for both the nucleon and A cases occurs.
The modifications of m7 and X} can be connected with
the coupling strength of the baryon B to the scalar and the
vector mean fields, respectively. In a naive estimation where
exchanged light mesons only couples to the light quarks in the
baryon, one can derive a simple relation between the coupling
strengths of the nucleon and that of A. If this approximation
is valid, the effective masses and the vector self-energies
satisfy the following relation: M} — M ~ 3(M} — My) and
DI %Ezuv However, the previous QCD sum rule analyses
show a large violation of the above relation [40,46,64—66]. We
will investigate the effective mass and the vector self-energy
of A, and compare the results with those of the nucleon
and A.
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As we see from Eq. (33), we can study the energy E\+
in the parity projected QCD sum rule. Here we parametrize
the phenomenological side of each G,,;ppe(r) (i = 1,2,3)

0 1

(‘1(% - mz)z +2
Gispr(t) = dgo—— exp . [AT]

0 JartT

2
* 1 (g5 —m?) 2
G (z):/ d ex (—— At
Sy e TP
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and investigate the effective mass and the vector self-
energy. The specific forms of phenomenological sides are as
follows:

M, 1
——3(q0 — Ea,) + ;Im[nmlOPE(QO)]G(CIO = qun)

*

MAL 1
——==68(q0 — Ea.) + —Im[I,20pE(40)10(q0 — qin)
2 M*Z T

v My,

v

OO 1 (q(% B mg)Z +2 Ac 1
Gm3spr(T) =f dgo——=exp | —————— || A"’ —==6(q0 — Ex,) + ;Im[nmSOPE(CIO)]G(‘IO —qm)), 37
2

0 Jart 4T

where the structure of the lowest-lying pole comes from the
in-medium propagators of A* of Eq. (25). We do not consider
the contribution of negative parity state A_ in the above
equation because its contribution are quite small. The validity
of such treatment in vacuum are guaranteed by the fact that
G, ope(7) is much smaller than the GIOPE(I). Its validity
in nuclear matter can be also investigated by comparing
Gospr(t) with G00pe(T). Giospr(T) is characterized by
@i |A11? and E,, whose values have been already obtained
from the analyses of the parity projected QCD sum rules.
We confirm that such treatment is valid up to the normal
nuclear matter density. By fitting the G,,1spr(7), G3spr(T)
and corresponding functions in the OPE side, we investigate
the effective mass and the vector self-energy. These density
dependences are shown in Fig. 3. From this figure, we find
that the effective mass increases while the vector self-energy
decreases as the density increases. At the normal nuclear
matter density, the values of the effective mass and the vector
self-energy is 2.402 GeV and —0.017 GeV, respectively.
Comparing them with the previous A, QCD sum rule analysis
with the same interpolating operator [28], we agree in the
increase of the effective mass but the sign of the vector
self-energy is different. The discrepancy may come from the
first-order o corrections and the dimension 8 condensate. The
small contribution of the dimension 8 condensate implies the
good convergence of the OPE and thus we can use G0 pg(7)
in the lower-energy region, which contains much information
about the A, ground state. In another preceding study where a
different interpolating operator is used [29], both the signs
of the modifications of the effective mass and the vector
self-energies are opposite to our results and the magnitude
of their values are much larger than ours.

Comparing our results with the previous QCD sum rule
of the nucleon [64] and A [46], we find that the shift of
the effective mass is about M} — My, ~ —(M} — Mp) ~
—%(M;, — My) and the vector self-energy is about X} ~

—%E}’\ ~ —& XY, Their values of A, are quite different. The
smallness of the vector self-energy may be understood from
the contribution of the (q*q) term in G,,30pe(7). In the case
of the nucleon and A analyses [53,61-64], this contribution
plays a dominant role to determine the vector self-energy. The

(g'q) contribution gives a repulsive vector self-energy of A as
well as of the nucleon and A. However, the contribution in A,
is small because the Wilson coefficient of this term is propor-
(qz—mf)“
0(43)3

m.. Therefore, when we investigate A, whose energy is close
to charm quark mass, the contribution of (gfg) to the vector
self-energy is suppressed. This suppression implies that the
coupling strength of the vector field is affected by not only the
light quarks but also the heavy quark because the Wilson coef-

ficient contains both the light and the heavy quark propagators.

tional to

and its value becomes small as gy goes close to

IV. DISCUSSION

We have investigated the density dependence of the energy,
the effective mass and the vector self-energy of A.. The results
are different from our naive expectation and the qualitative
behaviors of the nucleon and A. Here we discuss the density
dependence of the four-quark condensate and its effects to
the results of the analyses. As we have shown in Fig. 2,
the four-quark condensate is dominant and thus will strongly
affect the density dependence of G,,p pe (7). The expectation
value of the four-quark condensate has large uncertainty and
the deviation from factorization hypothesis has been pointed
out in previous studies [60,64,69-72,72-77]. Here, we use
an effective model to estimate the density dependence of the
four-quark condensate and then reinvestigate the properties of
A.. To discuss the validity of the estimation of the four-quark
condensate, we apply the same QCD sum rule analyses to A
hyperon (with appropriate strange quark condensates at finite
density, see Sec. IV B) and compare the results with the energy
shift of A in nuclear matter. We also investigate the in-medium
modification of A.

A. Density dependence of four-quark condensate

In this section, we discuss the density dependence of
the four-quark condensate and its effect to the in-medium
modifications of A.. We specifically consider two types of
density dependences. The first one is based on the factorization
hypothesis and the second is estimated from the perturbative
chiral quark model (PCQM) [77,78].
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The in-medium condensates are usually evaluated in the
linear density approximation and can be described as (O),, =
(O)o + p(O)y. It is important to obtain precise values of
(O)n, the values of the condensates in the nucleon. In some
cases, they can be experimentally subtracted. For instance,
expectation values of some twist-4 four-quark condensates in
the nucleon can be estimated from deep inelastic scattering
data [46,67,68]. However, general four-quark condensates
can not be determined. A commonly used technique is the
factorization hypothesis, where a four-quark condensate is
given by the product of two-quark condensates as

(uiwpds ds) — (ugiapa;ds). (38)
where a, b, ¢, and d are color indices and «,,y, and § are
spinor indices. The factorization can only be justified in the
large N, limit [14,15] and the validity in N, = 3 is not so clear.
In fact, there are some studies, which claim significant viola-
tion of the factorization in the QCD sum rule analyses of p me-
son [69-73], ¢ meson [72,74], and the nucleon [60,64,75-77].
Deviation from the factorization in the A. channel and its
affect to the results of the analyses have not been studied.

We here consider a model-dependent but more sophisti-
cated approach based on PCQM. In general, the four-quark
condensates, which appear in the OPE calculations have
different density dependences. The four-quark condensates can
be expressed as linear combinations of the independent four-
quark condensates and their density dependence are different
from each other. In Refs. [77,78], the nucleon expectation
values of the various independent four-quark condensates are
estimated by PCQM. In the case of the nucleon channel, the
in-medium four-quark condensates, which are estimated by
PCQM, can quantitatively reproduce the known properties of
the nucleon in nuclear matter [77]. We estimate the density
dependence of the four-quark condensate from these results
and reinvestigate the in-medium modification of A..

In the case of the interpolating operator J,,, the structure
of the four-quark condensate can be described as

(€u Cysd®) - (e ysCTi*))
—f —e a —f —e a
= —3[@ d"wu®), + (@ ysd"uysu)m
_ %<Efo.lwdhﬁeo./wua>m + <3fyﬂdhﬁeyu_ua)m
—f —e a abc _efc

+H{d ysyd" T ysy ut ) e e, (39)
Here, we have decomposed the four-quark condensate into
independent four-quark condensates, which have the differ-
ent Lorentz structures. We find that the twist-0 four-quark
condensates only appear in this sum rule. In the case of
the factorization hypothesis, the density dependence of the
four-quark condensate is expressed as

(eeut Cysd®) - (€ ysCT*),

_ —é(<2d>m<ﬁu>m () () )

1
—6(@1)51 +(q'g)2)

1/ _ oN _ ot 9\ ,
—= = Nz , (40
6(<qq>o+pmq (gq)o + <4m5 +4 p° ), (40)
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where the isospin symmetry is used. This density dependence
is used in the previous sections. On the other hand, from
the results of the PCQM -calculations [77,78], the density
dependence of whole four-quark condensate can be written
as

((Eabcua C]/sdb) . (eefngyscﬁg»m
= —£(@q); — §0.935(@q)o p + O(p*).  (41)

The coefficient of (F]q)g is determined by the factorization
hypothesis. For simplicity, we call the density dependences of
Eq. (40) and Eq. (41) as F-type and QM-type, respectively.
Comparing Eq. (40) with Eq. (41), we find that the QM-type
in-medium modification is much weaker than that that of the
F-type. Using this density dependence, we recalculate the in-
medium modifications of A .. The results are shown as dashed
lines in Fig. 3. At the normal nuclear matter density, the values
of the energy, the effective mass, and the vector self-energy
are 2.266 GeV, 2.277 GeV, and —0.011 GeV, respectively.
The total energy decreases about 20 MeV, which implies that
A, feels a net attractive potential and forms bound states in
nuclear matter. The results indicate that the density dependence
of the four-quark condensate strongly affects the in-medium
modifications of A.. Therefore, in turn, A, is useful as a probe
of the density dependence of the four-quark condensate.

Finally, we comment on the relation between the partial
restoration of chiral symmetry and the four-quark condensate
of Eq. (39). The chiral condensate is usually considered as
an order parameter of the chiral transition, but the role of
four-quark condensates in the spontaneous breaking of the
chiral symmetry is still an open issue. The effects from
four-quark condensates to the phase transition are discussed in
Refs. [79-82]. However, the four-quark condensate of Eq. (39)
is singlet under the chiral SU(2) x SU(2) transformation and
thus its in-medium modification is not directly related to
the partial restoration of chiral symmetry. The knowledge of
this density dependence may be useful when we investigate
other hadrons in nuclear matter. Some kinds of four-quark
condensates that appear in OPE may contain the four-quark
condensate of Eq. (39).

B. Analyses of A and A,

We carry out the analyses of A to discuss the validity of the
estimation of the in-medium modification of the four-quark
condensate in this section. The OPE of A contains some
extra terms in which the strange quark condensate is treated
differently from the charm quark. The Wilson coefficients of
the gluon condensate and strange quark condensate terms are
different from the case of A.. Therefore, we refer Ref. [46] and
construct the parity projected Gaussian sum rule of A. We also
investigate the properties of A, in nuclear matter. The OPE
representation of the A, correlation function is same as that
of A, except for the value of the quark mass m . The values
of the new parameters are as follows: m;, = 4.78 £ 0.06 GeV
[51], my =130 £ 8 MeV [51], (ss)o = 0.8 (gq)o [46], and
(ss)ny = 0.1 (gq)n [46]. The analyzed parameter region for A
and A, are 0.6 < 7 (GeV*) < 1.8 and 9.5 < 7(GeV*) < 23,
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FIG. 4. The positive and the negative parity OPE GZ (1) of A
in vacuum.

respectively, which are determined by the same criterion as the
A, analyses.

The behavior of the OPE for A is shown in Fig. 4. We find
that the interpolating operator couples to both the positive
and negative parity states, in contrast to the case of A..
The result indicates that we should take into account effects
of the negative parity state when investigating the effective
mass and the vector self-energy of the positive parity state.
Therefore, we leave the individual quantities for a future work
and investigate the density dependence only of the energy of
the positive parity state in this study. The qualitative behavior
of G,ope(t) of A, is same as that of A.. The results of
the analyses of A and A, are shown in Figs. 5 and 6. The
values of the threshold parameter are fixed to ¢/} = 1.52 GeV
and qzj,\l” = 6.03 GeV, respectively. They are taken so as to
reproduce the experimental mass in vacuum.

Figure 5 shows that energy of A increases in the case of
the F-type in-medium four-quark condensate while the energy

1200

1150

1100

FIG. 5. The density dependences of the energy E, (MeV). The
solid line shows the result with the density dependence of the four-
quark condensate according to the factorization hypothesis while the
dashed line is the case where its density dependence is estimated from
the perturbative chiral quark model.
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FIG. 6. The density dependences of (a) the energy E,, (MeV),
(b) the effective mass Mj{b (MeV), and (c) the vector self-energy
23,(MeV). The solid lines show the results with the density
dependence of the four-quark condensate according to the factor-
ization hypothesis while dashed lines are the case where its density
dependence are estimated from the chiral quark model.

slightly decreases when we use the QM-type in-medium four-
quark condensate. The energy shift of A in nuclear matter has
been extracted from the binding energies of hypernuclei (see
Ref. [83] for a review), which is consistent with our result of
the QM-type density dependence. This consistency supports
that the QM-type density dependence is more realistic than
the F-type, namely the density dependence of the four-quark
condensate of Eq. (39) is quite weak. The results support that
A. in nuclear matter feels a weak attractive force. As for
the A, analyses with the QM-type density dependence, the
energy is almost independent of the density, which implies the
difficulty of forming a bound state. Comparing the results of
A with those of A, we find that the values of the energy shift,
the effective mass shift, and the vector self-energy of A, and
those of A, are of the same scale. These behaviors come
from the small in-medium modifications of the four-quark
condensate and (g'q).

V. SUMMARY AND CONCLUSION

We have studied the properties of A, in nuclear matter by
using the QCD sum rule. To improve the A, QCD sum rule,
we have taken into account the first-order o, correction and the
higher-order condensate terms in the OPE and then construct
the parity projected QCD sum rule. The employed A interpo-
lating operator is the scalar di-quark-heavy quark type whose
structure is the same as the quark model picture of the A,
ground state. In the OPE side, the four-quark condensate is
dominant in vacuum, as (ggq) does not appear due to the
structure of the interpolating operator. Therefore, A, feels the
in-medium effects mainly through the four-quark condensate.
We find that our interpolating operator strongly couples to the
positive parity state while the coupling to the negative parity
state is weak.

From the analysis of A, the density dependences of
the energy E,,, the effective mass mj , and the vector
self-energy X} are obtained. We have found that the results
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depend strongly on the density dependence of the four-quark
condensate. We have considered two cases. The first one is the
density dependence according to the factorization hypothesis
(F-type) and the second one is estimated from perturbative
chiral quark model (QM-type). The density dependence of the
QM-type is much weaker than that of the F-type. The result
with the F-type in-medium four-quark condensate shows that
the energy and the effective mass increase while the vector
self-energy decreases in nuclear matter. On the other hand,
the result using the QM-type is that the energy, the effective
mass and the vector self-energy decrease in nuclear matter,
which indicates the A, bound states in nuclear matter. The
obtained binding energy is about 20 MeV at the normal nuclear
matter density. The sensitivity to the in-medium modification
of four-quark condensate implies that A is useful as a probe of
the density dependence of four-quark condensate. Comparing
the values of m} and X with those of A in the previous QCD
sum rule analyses we ﬁnd that their values are considerably
different from each other. This implies the large violation of the
naive expectation where exchanged light mesons only coupled
to light quarks in the baryon. From the viewpoint of the OPE
expression, the discrepancy can be understood as follows. The
smallness of the vector self-energy comes from the (¢'g) term
whose contribution plays a dominant role to determine the
vector self-energy in the case of the nucleon and A. The Wilson
coefficient of this term becomes small as go goes close to m .
Due to this property, when we investigate A ¢ whose energy is
close to the heavy quark mass, the contribution of (¢g) to the
vector self-energy is suppressed. As a result, the value of EXQ
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becomes small. For the effective mass, its value is also small
as there is no contribution from the quark condensate (gg).

We have applied the parity projected QCD sum rule
to the analyses of A and A, in nuclear matter. It is found
that the in-medium modification of the energy of A depends
on the density dependence of the four-quark condensates
and the result with the QM-type density dependence is
qualitatively consistent with the experimental results. This
consistency supports that the density dependence of the four-
quark condensate is quite weak. Therefore, we conclude that
A, in nuclear matter feels weak attraction.

The results of the A, analyses using the QM-type density
dependence show that the energy is almost density indepen-
dent, which implies the difficulty of forming bound states.
Comparing the results of A, with those of A, we find that
the values of the energy, the effective mass, and the vector
self-energy of A, and those of A; are of the same scale. These
behaviors come from the small in-medium modification of the
four-quark condensate and (g7q).

ACKNOWLEDGMENTS

The authors gratefully thank Kei Suzuki and Shigehiro
Yasui for fruitful discussions. K.J.A. was supported by
Grant-in-Aid for JSPS Fellows from Japan Society for the
Promotion of Science (JSPS) (Grant No. 15J11897). This work
is supported by Grants-in-Aid for Scientific Research from
JSPS [Grant No. JP25247036(A)].

[1] M. Neubert, Phys. Rep. 245, 259 (1994).
[2] C.B. Dover and S. H. Kahana, Phys. Rev. Lett. 39, 1506 (1977).
[3] G. Bhamathi, Phys. Rev. C 24, 1816 (1981).
[4] H. Bando and M. Bando, Phys. Lett. B 109, 164 (1982).
[5] H. Bando and S. Nagata, Prog. Theor. Phys. 69, 557 (1983).
[6] H. Bando, Prog. Theor. Phys. 81, 197 (1985).
[7] B. F. Gibson, G. Bhamathi, C. B. Dover, and D. R. Lehman,
Phys. Rev. C 27, 2085 (1983).
[8] K. Tsushima and F. C. Khanna, Phys. Lett. B 552, 138 (2003).
[9] K. Tsushima and F. C. Khanna, Phys. Rev. C 67, 015211 (2003).
[10] K. Tsushima and F. C. Khanna, Prog. Theor. Phys. Suppl. 149,
160 (2003).
[11] Y.-R. Liu and M. Oka, Phys. Rev. D 85, 014015 (2012).
[12] S. Maeda, M. Oka, A. Yokota, E. Hiyama, and Y.-R. Liu, Prog.
Theor. Exp. Phys. (2016) 023D02.
[13] T. Miyamoto (for HAL QCD collaboration), Pos LAT-
TICE2015 (2016) 090.
[14] M. A. Shifman, A. Vainshtein, and V. 1. Zakharov, Nucl. Phys.
B 147, 385 (1979).
[15] M. A. Shifman, A. Vainshtein, and V. 1. Zakharov, Nucl. Phys.
B 147, 448 (1979).
[16] B. Iofte, Nucl. Phys. B 188, 317 (1981); 191, 591(E) (1981).
[17] E. G. Drukarev and E. M. Levin, Nucl. Phys. A 511, 679 (1990).
[18] E. V. Shuryak, Nucl. Phys. B 198, 83 (1982).
[19] A. G. Grozin and O. 1. Yakovlev, Phys. Lett. B 285, 254 (1992).
[20] E. Bagan, M. Chabab, H. G. Dosch, and S. Narison, Phys. Lett.
B 301, 243 (1993).

[21] Y.-B. Y. B. Dai, C. S. Huang, C. Liu, and C. D. Lu, Phys. Lett.
B 371, 99 (1996).

[22] S. Groote, J. G. Korner, and O. 1. Yakovlev, Phys. Rev. D 55,
3016 (1997).

[23] E. Bagan, M. Chabab, H. G. Dosch, and S. Narison, Phys. Lett.
B 278, 367 (1992).

[24] S. Groote, J. G. Korner, and A. A. Pivovarov, Phys. Rev. D 61,
071501 (2000).

[25] S. Groote, J. G. Korner, and A. A. Pivovarov, AIP Conf. Proc.
583, 277 (2001).

[26] S. Groote, J. G. Korner, and A. A. Pivovarov, Eur. Phys. J. C 58,
355 (2008).

[27] Z. G. Wang, Eur. Phys. J. C 68, 479 (2010).

[28] Z.-G. Wang, Eur. Phys. J. C 71, 1816 (2011).

[29] K. Azizi, N. Er, and H. Sundu, Nucl. Phys. A 960, 147 (2017).

[30] R. A. Bertlmann, G. Launer, and E. de Rafael, Nucl. Phys. B
250, 61 (1985).

[31] G. Orlandini, T. G. Steele, and D. Harnett, Nucl. Phys. A 686,
261 (2001).

[32] K. Ohtani, P. Gubler, and M. Oka, Eur. Phys.J. A47, 114 (2011).

[33] R. L. Jaffe, Phys. Rep. 409, 1 (2005).

[34] A. De Rujula, H. Georgi, and S. L. Glashow, Phys. Rev. D 12,
147 (1975).

[35] T. DeGrand, R. L. Jaffe, K. Johnson, and J. E. Kiskis, Phys. Rev.
D 12, 2060 (1975).

[36] G. 't Hooft, Phys. Rev. D 14, 3432 (1976).

[37] E. V. Shuryak, Nucl. Phys. B 203, 93 (1982).

055208-11


https://doi.org/10.1016/0370-1573(94)90091-4
https://doi.org/10.1016/0370-1573(94)90091-4
https://doi.org/10.1016/0370-1573(94)90091-4
https://doi.org/10.1016/0370-1573(94)90091-4
https://doi.org/10.1103/PhysRevLett.39.1506
https://doi.org/10.1103/PhysRevLett.39.1506
https://doi.org/10.1103/PhysRevLett.39.1506
https://doi.org/10.1103/PhysRevLett.39.1506
https://doi.org/10.1103/PhysRevC.24.1816
https://doi.org/10.1103/PhysRevC.24.1816
https://doi.org/10.1103/PhysRevC.24.1816
https://doi.org/10.1103/PhysRevC.24.1816
https://doi.org/10.1016/0370-2693(82)90744-4
https://doi.org/10.1016/0370-2693(82)90744-4
https://doi.org/10.1016/0370-2693(82)90744-4
https://doi.org/10.1016/0370-2693(82)90744-4
https://doi.org/10.1143/PTP.69.557
https://doi.org/10.1143/PTP.69.557
https://doi.org/10.1143/PTP.69.557
https://doi.org/10.1143/PTP.69.557
https://doi.org/10.1143/PTPS.81.197
https://doi.org/10.1143/PTPS.81.197
https://doi.org/10.1143/PTPS.81.197
https://doi.org/10.1143/PTPS.81.197
https://doi.org/10.1103/PhysRevC.27.2085
https://doi.org/10.1103/PhysRevC.27.2085
https://doi.org/10.1103/PhysRevC.27.2085
https://doi.org/10.1103/PhysRevC.27.2085
https://doi.org/10.1016/S0370-2693(02)03157-X
https://doi.org/10.1016/S0370-2693(02)03157-X
https://doi.org/10.1016/S0370-2693(02)03157-X
https://doi.org/10.1016/S0370-2693(02)03157-X
https://doi.org/10.1103/PhysRevC.67.015211
https://doi.org/10.1103/PhysRevC.67.015211
https://doi.org/10.1103/PhysRevC.67.015211
https://doi.org/10.1103/PhysRevC.67.015211
https://doi.org/10.1143/PTPS.149.160
https://doi.org/10.1143/PTPS.149.160
https://doi.org/10.1143/PTPS.149.160
https://doi.org/10.1143/PTPS.149.160
https://doi.org/10.1103/PhysRevD.85.014015
https://doi.org/10.1103/PhysRevD.85.014015
https://doi.org/10.1103/PhysRevD.85.014015
https://doi.org/10.1103/PhysRevD.85.014015
https://doi.org/10.1093/ptep/ptv194
https://doi.org/10.1093/ptep/ptv194
https://doi.org/10.1093/ptep/ptv194
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90023-3
https://doi.org/10.1016/0550-3213(79)90023-3
https://doi.org/10.1016/0550-3213(79)90023-3
https://doi.org/10.1016/0550-3213(79)90023-3
https://doi.org/10.1016/0550-3213(81)90259-5
https://doi.org/10.1016/0550-3213(81)90259-5
https://doi.org/10.1016/0550-3213(81)90259-5
https://doi.org/10.1016/0550-3213(81)90259-5
https://doi.org/10.1016/0550-3213(81)90315-1
https://doi.org/10.1016/0550-3213(81)90315-1
https://doi.org/10.1016/0550-3213(81)90315-1
https://doi.org/10.1016/0375-9474(90)90117-5
https://doi.org/10.1016/0375-9474(90)90117-5
https://doi.org/10.1016/0375-9474(90)90117-5
https://doi.org/10.1016/0375-9474(90)90117-5
https://doi.org/10.1016/0550-3213(82)90546-6
https://doi.org/10.1016/0550-3213(82)90546-6
https://doi.org/10.1016/0550-3213(82)90546-6
https://doi.org/10.1016/0550-3213(82)90546-6
https://doi.org/10.1016/0370-2693(92)91462-I
https://doi.org/10.1016/0370-2693(92)91462-I
https://doi.org/10.1016/0370-2693(92)91462-I
https://doi.org/10.1016/0370-2693(92)91462-I
https://doi.org/10.1016/0370-2693(93)90696-F
https://doi.org/10.1016/0370-2693(93)90696-F
https://doi.org/10.1016/0370-2693(93)90696-F
https://doi.org/10.1016/0370-2693(93)90696-F
https://doi.org/10.1016/0370-2693(95)01602-3
https://doi.org/10.1016/0370-2693(95)01602-3
https://doi.org/10.1016/0370-2693(95)01602-3
https://doi.org/10.1016/0370-2693(95)01602-3
https://doi.org/10.1103/PhysRevD.55.3016
https://doi.org/10.1103/PhysRevD.55.3016
https://doi.org/10.1103/PhysRevD.55.3016
https://doi.org/10.1103/PhysRevD.55.3016
https://doi.org/10.1016/0370-2693(92)90208-L
https://doi.org/10.1016/0370-2693(92)90208-L
https://doi.org/10.1016/0370-2693(92)90208-L
https://doi.org/10.1016/0370-2693(92)90208-L
https://doi.org/10.1103/PhysRevD.61.071501
https://doi.org/10.1103/PhysRevD.61.071501
https://doi.org/10.1103/PhysRevD.61.071501
https://doi.org/10.1103/PhysRevD.61.071501
https://doi.org/10.1063/1.1405327
https://doi.org/10.1063/1.1405327
https://doi.org/10.1063/1.1405327
https://doi.org/10.1063/1.1405327
https://doi.org/10.1140/epjc/s10052-008-0763-7
https://doi.org/10.1140/epjc/s10052-008-0763-7
https://doi.org/10.1140/epjc/s10052-008-0763-7
https://doi.org/10.1140/epjc/s10052-008-0763-7
https://doi.org/10.1140/epjc/s10052-010-1365-8
https://doi.org/10.1140/epjc/s10052-010-1365-8
https://doi.org/10.1140/epjc/s10052-010-1365-8
https://doi.org/10.1140/epjc/s10052-010-1365-8
https://doi.org/10.1140/epjc/s10052-011-1816-x
https://doi.org/10.1140/epjc/s10052-011-1816-x
https://doi.org/10.1140/epjc/s10052-011-1816-x
https://doi.org/10.1140/epjc/s10052-011-1816-x
https://doi.org/10.1016/j.nuclphysa.2017.02.007
https://doi.org/10.1016/j.nuclphysa.2017.02.007
https://doi.org/10.1016/j.nuclphysa.2017.02.007
https://doi.org/10.1016/j.nuclphysa.2017.02.007
https://doi.org/10.1016/0550-3213(85)90475-4
https://doi.org/10.1016/0550-3213(85)90475-4
https://doi.org/10.1016/0550-3213(85)90475-4
https://doi.org/10.1016/0550-3213(85)90475-4
https://doi.org/10.1016/S0375-9474(00)00512-1
https://doi.org/10.1016/S0375-9474(00)00512-1
https://doi.org/10.1016/S0375-9474(00)00512-1
https://doi.org/10.1016/S0375-9474(00)00512-1
https://doi.org/10.1140/epja/i2011-11114-4
https://doi.org/10.1140/epja/i2011-11114-4
https://doi.org/10.1140/epja/i2011-11114-4
https://doi.org/10.1140/epja/i2011-11114-4
https://doi.org/10.1016/j.physrep.2004.11.005
https://doi.org/10.1016/j.physrep.2004.11.005
https://doi.org/10.1016/j.physrep.2004.11.005
https://doi.org/10.1016/j.physrep.2004.11.005
https://doi.org/10.1103/PhysRevD.12.147
https://doi.org/10.1103/PhysRevD.12.147
https://doi.org/10.1103/PhysRevD.12.147
https://doi.org/10.1103/PhysRevD.12.147
https://doi.org/10.1103/PhysRevD.12.2060
https://doi.org/10.1103/PhysRevD.12.2060
https://doi.org/10.1103/PhysRevD.12.2060
https://doi.org/10.1103/PhysRevD.12.2060
https://doi.org/10.1103/PhysRevD.14.3432
https://doi.org/10.1103/PhysRevD.14.3432
https://doi.org/10.1103/PhysRevD.14.3432
https://doi.org/10.1103/PhysRevD.14.3432
https://doi.org/10.1016/0550-3213(82)90478-3
https://doi.org/10.1016/0550-3213(82)90478-3
https://doi.org/10.1016/0550-3213(82)90478-3
https://doi.org/10.1016/0550-3213(82)90478-3

KEISUKE OHTANI, KEN-JI ARAKI, AND MAKOTO OKA

[38] J. R. Zhang and M. Q. Huang, Phys. Rev. D 77, 094002 (2008).

[39] P. Perez-Rubio, S. Collins, and G. S. Bali, Phys. Rev. D 92,
034504 (2015).

[40] T. Cohen, R. Furnstahl, D. Griegel, and X.-m. Jin, Prog. Part.
Nucl. Phys. 35, 221 (1995).

[41] Y. Chung, H. G. Dosch, M. Kremer, and D. Schall, Nucl. Phys.
B 197, 55 (1982).

[42] D.Jido, N. Kodama, and M. Oka, Phys. Rev. D 54, 4532 (1996).

[43] Y. Kondo, O. Morimatsu, and T. Nishikawa, Nucl. Phys. A 764,
303 (2006).

[44] K. Ohtani, P. Gubler, and M. Oka, Phys. Rev. D 87, 034027
(2013).

[45] K. Ohtani, P. Gubler, and M. Oka, Phys. Rev. C 94, 045203
(2016).

[46] K. S. Jeong, G. Gye, and S. H. Lee, Phys. Rev. C 94, 065201
(2016).

[47] T. D. Cohen, R. J. Furnstahl, and D. K. Griegel, Phys. Rev. C
45, 1881 (1992).

[48] N. Kaiser, P. de Homont, and W. Weise, Phys. Rev. C 77, 025204
(2008).

[49] S. Goda and D. Jido, Phys. Rev. C 88, 065204 (2013).

[50] S.Borsanyi, S. Durr, Z. Fodor, S. Krieg, A. Schafer, E. E. Scholz,
and K. K. Szabo, Phys. Rev. D 88, 014513 (2013).

[51] K. A. Olive et al. (Particle Data Group Collaboration),
Chin. Phys. C 38, 090001 (2014).

[52] P. Colangelo and A. Khodjamirian, At the Frontier of Particle
Physics - Handbook of QCD (World Scientific, Singapore,
2001), Vol. 3, pg. 1495.

[53] X. Jin, M. Nielsen, T. D. Cohen, R. J. Furnstahl, and D. K.
Griegel, Phys. Rev. C 49, 464 (1994).

[54] A. Martin, W. Stirling, R. Thorne, and G. Watt, Eur. Phys. J. C
63, 189 (2009).

[55] D. B. Leinweber, Ann. Phys. (NY) 254, 328 (1997).

[56] E. G. Drukarev and E. M. Levin, Prog. Part. Nucl. Phys. 27, 77
(1991).

[57] E. G. Drukarev, M. G. Ryskin, V. A. Sadovnikova, Th. Gutsche,
and A. Faessler, Phys. Rev. C 69, 065210 (2004).

[58] E. G. Drukarev, M. G. Ryskin, and V. A. Sadovnikova,
Phys. Rev. C 80, 045208 (2009).

[59] E. G. Drukarev, M. G. Ryskin, and V. A. Sadovnikova,
Phys. Atom. Nucl. 75, 334 (2012).

PHYSICAL REVIEW C 96, 055208 (2017)

[60] E. G. Drukarev, M. G. Ryskin, and V. A. Sadovnikova, Phys.
Rev. C 86, 035201 (2012).

[61] T. D. Cohen, R. J. Furnstahl, and D. K. Griegel, Phys. Rev. Lett.
67,961 (1991).

[62] R. J. Furnstahl, D. K. Griegel, and T. D. Cohen, Phys. Rev. C
46, 1507 (1992).

[63] X. Jin, T. D. Cohen, R. J. Furnstahl, and D. K. Griegel,
Phys. Rev. C 47, 2882 (1993).

[64] X. M. Jin and R. J. Furnstahl, Phys. Rev. C 49, 1190 (1994).

[65] E. L. Kryshen, Phys. Rev. C 84, 055205 (2011).

[66] K. Azizi, N. Er, and H. Sundu, Phys. Rev. D 92, 054026
(2015).

[67] S. Choi, T. Hatsuda, Y. Koike, and S. H. Lee, Phys. Lett. B 312,
351 (1993).

[68] K. S. Jeong and S. H. Lee, Phys. Rev. C 87, 015204 (2013).

[69] R. A. Bertlmann et al., Z. Phys. C 39, 231 (1988).

[70] S. Narison, Phys. Lett. B 361, 121 (1995).

[71] C. A. Dominguez and J. Sola, Z. Phys. C 40, 63 (1988).

[72] V. Gimenez, J. Bordes, and J. Penarrocha, Nucl. Phys. B 357, 3
(1991).

[73] Y. Kwon, M. Procura, and W. Weise, Phys. Rev. C 78, 055203
(2008).

[74] P. Gubler and W. Weise, Phys. Lett. B 751, 396 (2015).

[75] Y. Chung, H. G. Dosch, M. Kremer, and D. Schall, Z. Phys. C
25, 151 (1984).

[76] L. S. Celenza, C. M. Shakin, W. D. Sun, and J. Szweda,
Phys. Rev. C 51, 937 (1995).

[77] R. Thomas, T. Hilger, and B. Kampfer, Nucl. Phys. A 795, 19
(2007).

[78] E. G. Drukarev, M. G. Ryskin, V. A. Sadovnikova, V. E.
Lyubovitskij, T. Gutsche, and A. Faessler, Phys. Rev. D 68,
054021 (2003).

[79] A. Heinz, S. Struber, F. Giacosa, and D. H. Rischke, Phys. Rev.
D79, 037502 (2009).

[80] S. Gallas, F. Giacosa, and G. Pagliara, Nucl. Phys. A 872, 13
(2011).

[81] T. K. Mukherjee and M. Huang, Phys. Rev. D 89, 076002
(2014).

[82] R.D. Pisarski and V. V. Skokov, Phys. Rev. D 94, 054008 (2016).

[83] O. Hashimoto and H. Tamura, Prog. Part. Nucl. Phys. 57, 564
(2006).

055208-12


https://doi.org/10.1103/PhysRevD.77.094002
https://doi.org/10.1103/PhysRevD.77.094002
https://doi.org/10.1103/PhysRevD.77.094002
https://doi.org/10.1103/PhysRevD.77.094002
https://doi.org/10.1103/PhysRevD.92.034504
https://doi.org/10.1103/PhysRevD.92.034504
https://doi.org/10.1103/PhysRevD.92.034504
https://doi.org/10.1103/PhysRevD.92.034504
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0146-6410(95)00043-I
https://doi.org/10.1016/0550-3213(82)90154-7
https://doi.org/10.1016/0550-3213(82)90154-7
https://doi.org/10.1016/0550-3213(82)90154-7
https://doi.org/10.1016/0550-3213(82)90154-7
https://doi.org/10.1103/PhysRevD.54.4532
https://doi.org/10.1103/PhysRevD.54.4532
https://doi.org/10.1103/PhysRevD.54.4532
https://doi.org/10.1103/PhysRevD.54.4532
https://doi.org/10.1016/j.nuclphysa.2005.09.003
https://doi.org/10.1016/j.nuclphysa.2005.09.003
https://doi.org/10.1016/j.nuclphysa.2005.09.003
https://doi.org/10.1016/j.nuclphysa.2005.09.003
https://doi.org/10.1103/PhysRevD.87.034027
https://doi.org/10.1103/PhysRevD.87.034027
https://doi.org/10.1103/PhysRevD.87.034027
https://doi.org/10.1103/PhysRevD.87.034027
https://doi.org/10.1103/PhysRevC.94.045203
https://doi.org/10.1103/PhysRevC.94.045203
https://doi.org/10.1103/PhysRevC.94.045203
https://doi.org/10.1103/PhysRevC.94.045203
https://doi.org/10.1103/PhysRevC.94.065201
https://doi.org/10.1103/PhysRevC.94.065201
https://doi.org/10.1103/PhysRevC.94.065201
https://doi.org/10.1103/PhysRevC.94.065201
https://doi.org/10.1103/PhysRevC.45.1881
https://doi.org/10.1103/PhysRevC.45.1881
https://doi.org/10.1103/PhysRevC.45.1881
https://doi.org/10.1103/PhysRevC.45.1881
https://doi.org/10.1103/PhysRevC.77.025204
https://doi.org/10.1103/PhysRevC.77.025204
https://doi.org/10.1103/PhysRevC.77.025204
https://doi.org/10.1103/PhysRevC.77.025204
https://doi.org/10.1103/PhysRevC.88.065204
https://doi.org/10.1103/PhysRevC.88.065204
https://doi.org/10.1103/PhysRevC.88.065204
https://doi.org/10.1103/PhysRevC.88.065204
https://doi.org/10.1103/PhysRevD.88.014513
https://doi.org/10.1103/PhysRevD.88.014513
https://doi.org/10.1103/PhysRevD.88.014513
https://doi.org/10.1103/PhysRevD.88.014513
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1103/PhysRevC.49.464
https://doi.org/10.1103/PhysRevC.49.464
https://doi.org/10.1103/PhysRevC.49.464
https://doi.org/10.1103/PhysRevC.49.464
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://doi.org/10.1006/aphy.1996.5641
https://doi.org/10.1006/aphy.1996.5641
https://doi.org/10.1006/aphy.1996.5641
https://doi.org/10.1006/aphy.1996.5641
https://doi.org/10.1016/0146-6410(91)90003-7
https://doi.org/10.1016/0146-6410(91)90003-7
https://doi.org/10.1016/0146-6410(91)90003-7
https://doi.org/10.1016/0146-6410(91)90003-7
https://doi.org/10.1103/PhysRevC.69.065210
https://doi.org/10.1103/PhysRevC.69.065210
https://doi.org/10.1103/PhysRevC.69.065210
https://doi.org/10.1103/PhysRevC.69.065210
https://doi.org/10.1103/PhysRevC.80.045208
https://doi.org/10.1103/PhysRevC.80.045208
https://doi.org/10.1103/PhysRevC.80.045208
https://doi.org/10.1103/PhysRevC.80.045208
https://doi.org/10.1134/S1063778811080047
https://doi.org/10.1134/S1063778811080047
https://doi.org/10.1134/S1063778811080047
https://doi.org/10.1134/S1063778811080047
https://doi.org/10.1103/PhysRevC.86.035201
https://doi.org/10.1103/PhysRevC.86.035201
https://doi.org/10.1103/PhysRevC.86.035201
https://doi.org/10.1103/PhysRevC.86.035201
https://doi.org/10.1103/PhysRevLett.67.961
https://doi.org/10.1103/PhysRevLett.67.961
https://doi.org/10.1103/PhysRevLett.67.961
https://doi.org/10.1103/PhysRevLett.67.961
https://doi.org/10.1103/PhysRevC.46.1507
https://doi.org/10.1103/PhysRevC.46.1507
https://doi.org/10.1103/PhysRevC.46.1507
https://doi.org/10.1103/PhysRevC.46.1507
https://doi.org/10.1103/PhysRevC.47.2882
https://doi.org/10.1103/PhysRevC.47.2882
https://doi.org/10.1103/PhysRevC.47.2882
https://doi.org/10.1103/PhysRevC.47.2882
https://doi.org/10.1103/PhysRevC.49.1190
https://doi.org/10.1103/PhysRevC.49.1190
https://doi.org/10.1103/PhysRevC.49.1190
https://doi.org/10.1103/PhysRevC.49.1190
https://doi.org/10.1103/PhysRevC.84.055205
https://doi.org/10.1103/PhysRevC.84.055205
https://doi.org/10.1103/PhysRevC.84.055205
https://doi.org/10.1103/PhysRevC.84.055205
https://doi.org/10.1103/PhysRevD.92.054026
https://doi.org/10.1103/PhysRevD.92.054026
https://doi.org/10.1103/PhysRevD.92.054026
https://doi.org/10.1103/PhysRevD.92.054026
https://doi.org/10.1016/0370-2693(93)91092-2
https://doi.org/10.1016/0370-2693(93)91092-2
https://doi.org/10.1016/0370-2693(93)91092-2
https://doi.org/10.1016/0370-2693(93)91092-2
https://doi.org/10.1103/PhysRevC.87.015204
https://doi.org/10.1103/PhysRevC.87.015204
https://doi.org/10.1103/PhysRevC.87.015204
https://doi.org/10.1103/PhysRevC.87.015204
https://doi.org/10.1007/BF01550999
https://doi.org/10.1007/BF01550999
https://doi.org/10.1007/BF01550999
https://doi.org/10.1007/BF01550999
https://doi.org/10.1016/0370-2693(95)01125-A
https://doi.org/10.1016/0370-2693(95)01125-A
https://doi.org/10.1016/0370-2693(95)01125-A
https://doi.org/10.1016/0370-2693(95)01125-A
https://doi.org/10.1007/BF01559718
https://doi.org/10.1007/BF01559718
https://doi.org/10.1007/BF01559718
https://doi.org/10.1007/BF01559718
https://doi.org/10.1016/0550-3213(91)90457-9
https://doi.org/10.1016/0550-3213(91)90457-9
https://doi.org/10.1016/0550-3213(91)90457-9
https://doi.org/10.1016/0550-3213(91)90457-9
https://doi.org/10.1103/PhysRevC.78.055203
https://doi.org/10.1103/PhysRevC.78.055203
https://doi.org/10.1103/PhysRevC.78.055203
https://doi.org/10.1103/PhysRevC.78.055203
https://doi.org/10.1016/j.physletb.2015.10.068
https://doi.org/10.1016/j.physletb.2015.10.068
https://doi.org/10.1016/j.physletb.2015.10.068
https://doi.org/10.1016/j.physletb.2015.10.068
https://doi.org/10.1007/BF01557473
https://doi.org/10.1007/BF01557473
https://doi.org/10.1007/BF01557473
https://doi.org/10.1007/BF01557473
https://doi.org/10.1103/PhysRevC.51.937
https://doi.org/10.1103/PhysRevC.51.937
https://doi.org/10.1103/PhysRevC.51.937
https://doi.org/10.1103/PhysRevC.51.937
https://doi.org/10.1016/j.nuclphysa.2007.08.012
https://doi.org/10.1016/j.nuclphysa.2007.08.012
https://doi.org/10.1016/j.nuclphysa.2007.08.012
https://doi.org/10.1016/j.nuclphysa.2007.08.012
https://doi.org/10.1103/PhysRevD.68.054021
https://doi.org/10.1103/PhysRevD.68.054021
https://doi.org/10.1103/PhysRevD.68.054021
https://doi.org/10.1103/PhysRevD.68.054021
https://doi.org/10.1103/PhysRevD.79.037502
https://doi.org/10.1103/PhysRevD.79.037502
https://doi.org/10.1103/PhysRevD.79.037502
https://doi.org/10.1103/PhysRevD.79.037502
https://doi.org/10.1016/j.nuclphysa.2011.09.008
https://doi.org/10.1016/j.nuclphysa.2011.09.008
https://doi.org/10.1016/j.nuclphysa.2011.09.008
https://doi.org/10.1016/j.nuclphysa.2011.09.008
https://doi.org/10.1103/PhysRevD.89.076002
https://doi.org/10.1103/PhysRevD.89.076002
https://doi.org/10.1103/PhysRevD.89.076002
https://doi.org/10.1103/PhysRevD.89.076002
https://doi.org/10.1103/PhysRevD.94.054008
https://doi.org/10.1103/PhysRevD.94.054008
https://doi.org/10.1103/PhysRevD.94.054008
https://doi.org/10.1103/PhysRevD.94.054008
https://doi.org/10.1016/j.ppnp.2005.07.001
https://doi.org/10.1016/j.ppnp.2005.07.001
https://doi.org/10.1016/j.ppnp.2005.07.001
https://doi.org/10.1016/j.ppnp.2005.07.001



