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We investigate the splitting and mixing of and @ mesons in nuclear matter. The calculations were per-
formed on the basis of QCD sum rules and include all operators up to mass dimension-6 twist-4 and up to first
order in the coupling constants. Special attention is devoted to the impact of the scalar four-quark condensates
on both effects. In nuclear matter the Landau damping governgthemass splitting while the scalar
four-quark condensates govern the strength of individual mass shifts. A strong in-medium mass splitting causes

the disappearance of thew mixing.
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I. INTRODUCTION

The investigation of in-medium modifications of hadrons

PACS nuné)erl2.40.Yx

The p-w mixing in vacuum was discovered as a particular

form of the pion form factofF .(g?)| a few decades agd0].

is currently a topic of wide interest. This is because the issu€ince that ime much work has been done aiming at a theo-
is related to chiral symmetry restoration as well as to detical understanding of this mixing effe(for a review see
change of vacuum properties, and the phenomenon “mass bf1l). Despite that there is still some debate concerning de-
particles.” Among the promising candidates for a search fotails of thep-» mixing in vacuum[12-14 the experimental
changed hadron properties in an ambient strongly interactingion form factor in vacuum can well be reproduced by
medium are vector mesons. Due to their decay mwde means of several theoretical approaches. However, up to now
—~ —e'e” and the negligible interaction of the escapingthe mixing effect has not been studied systematically in the
e'e” one can expect to probe directly the parent vector memedium. One may argue that tpew mixing is a tiny effect

sonV. Indeed, strong evidence for changes of theneson

in evaluating the di-electron emission rate of warm nuclear

are found in relativistic heavy-ion collisions, where a meson-matter. Moreover, inspired bjl5], it seems to be a generic

rich hot medium is transiently creatécf. [1]). As the vector
meson properties are coupled to various condengates,

effect of its own interest, which should be analyzed in a
dense medium. This is one issue of the present paper. In

which change as a function of both the baryon density anddition, we are going to investigate thew mass splitting
the temperature, complementary investigations of their beang mixing effect simultaneously on the same footing, i.e.,

havior via thee'e” decay channel in compressed nuclearye yse the same parameter set and the same approach for
matter is also required. Experimentally this will be done in 3gvaluating both effects.

systematic way with the detector system HADES. The

Reference$15-17 showed thap and ® mesons experi-

situation is quite challenging since various predictions differgnce within the QCD sum rule approach, quite a different

in details.

in-medium behavior. Even in zero-width approximation a

Inthe in\ia[iant rpass.region up to 1 GeV there are variousgrge -, mass splitting was found when neglecting terms in
sources ot’e" [6,7]: Dalitz decays of many hadrons, brems- o operator product expansié®@PE which differ for p and

strahlung, and the direct decays—e"e” mentioned above.

o mesons. The individual mass shifts depend on the yet

One important channel for di-electron production is the reyqr1y known density dependence of the four-quark conden-
action wm— y*—e'e". This channel has been evaluated 516 “assuming the same effective four-quark condensate for

with increasing sophistication over the last yeart [1]).
The corresponding di-electron production rétedNe®/d*x
in a medium characterized by the baryon densignd tem-
peratureT is given by[8,9]

dR a(M2,n) (Mee>< 4m,27)

Moon,T) = —22 M T K| =) | 1- .

dMee( ee.T) (m* e TN T M2,
(1)

Here K; is a modified Bessel functiorilg, stands for the
invariant mass of the di-electron pair, ands the total cross
section of the process*n — y" —e'e",

4 a?, [ 4m
O-(qzyn) = 577? 1 - q2 |F7T(q21n)

where F (¢?) is the pion form factor and?=M2, is the
momentum squared of the decaying virtual phojon

2, 2
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both thep and thew mesons. A further goal of the present
paper is to include all terms in the OPE up to mass
dimension-6 and twist-4up to orderag) and to study the
importance of condensates which magkand o differ. We
extend our previous studi¢46,17 to consider here the yet
unexplored effect of the density dependence of the four-
quark condensate on thew mixing in medium.

Our paper is organized as follows. In Sec. Il we determine
the mass shifts op and w mesons. We spell out the basic
steps of QCD sum rules in low-density approximation and
list all terms of the operator product expansi@PE) up to
mass dimension-6 and twist-4. We then present a numerical
evaluation of the QCD sum rules and show that terms in the
OPE which make and w differ are small at nuclear matter
saturation density. The-o mass splitting is found to be
determined by different Landau damping terms, while the
individual mass shifts are governed by the density depen-
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dence of the four-quark condensate. The knowledge of the

PHYSICAL REVIEW 0, 035207(2004

nv(@Q2n) 1vo,n)

in-mediump, ® mass parameters is a prerequisite of a con- Q? SR -11v'(0)

sistent treatment of thp-w mixing studied in Sec. Ill. We

define the phenomenology of the mixing and explain how 1 p im TV

this effect is related to observables. Afterwards we specify QR f dsm—(s;n) 5)
the QCD sum rule for the-w mixing and present details of ™ s+ Q%)

the evaluation. The summary can be found in Sec. IV.

with TIV(0,n)=I1V(g?=0,n) and IV (0) =[dIIV)(¢?,n)/
do?]|2=0 as subtraction constants. We u$E(0,n)=n/
(4My) and I1“(0,n)=9 n/(4My) [15,18, respectively,

The masses op and  mesons differ in vacuum by a \yhich are the Thomson limit of th¥'N scattering process
small amountAm=m,-m,=11 MeV. It was one success of 5.4 correspond to Landau damping terfts].

the QCD sum rule method to explain this mass splitting in aq ,sual in QCD sum ruleg3,4], for large values of)?
vacuum by differences in the OPE pfindw current-current o a1 evaluate the nonlocal 'op’erator of B).by OPE.
correlators[3]. Indeed, up to mass dimension-6 there is only\ye truncate the OPE beyond mass dimension-6 and twist-4

one operator in vacuum, the so-called flavor mixing scalat,,q include all terms up to the first orderdg in the SU2)
operator, which differs in sign in the OPE pfandw corr-  ¢..0r sector:

II. p-w MASS SPLITTING

elators. In the following we will investigate the behavior of
this splitting at finite density, where nonscalar condensates
also play a role.

A. QCD sum rule

Within QCD sum rules the in-medium vector mesons mw

=p,w are considered as resonances in the current-current

scalar

IV(Q%, 1) = Tyt 1162 —p + I o+ TG g <o+,

(6)

1 s 3 Q? 3
—Q<1+%CFZ) Q? In<—2> —Q(mﬁ+m§)

w

correlation function (7)
(V) —i 4y, AOX \ V
IT,,)(q,n) |fd X €¥(Q| T J,(03,(0/Q), (3 1 o 1)1 B B
+2| 1+ 2ce; | Sal(muu + mdd)|0)
whereq,=(qo,q) is the meson four momenturi, denotes 2 ™ 4/Q
the time ordered product of the meson current operators 11 o,
JV(x), and|Q) stands for a state of the nuclear medium. In + Q=G (8)
I . ; 24Q iy
the following, we focus on the ground state of baryonic mat-
ter approximated by a Fermi gas with nucleon densityn
Ref. [16] it was shown that temperature effects for 1 1 o — a
<100 MeV are of subleading order and may be neglected - EWQSEKQKUMVS)‘ uuy*yshu
for our purposes We first study isospin symmetric nuclear o -
matter and extend later on our approach to asymmetric +dy, ysA2ddy ys\d)| Q) (9)
nuclear matter. In terms of quark field operators, the vector
meson currents are given by
_ 1 — aA. a
JX = %(UVMU T dy,d), (4) inas&(W(U)’,ﬂs)\ udy*ys\d)|Q) (10
where the upper sign stands for theneson while the lower
sign stands for thes meson. We will keep this notation 1
throughout the paper. No.te that the interpolating curréhts - §wasa<ﬂ|(iyﬂ)\auﬁy“)\au
are based on the same field operatord. Therefore, evalu-
ating the right-hand side of Edq3) will deliver the same +dv \adduina
condensates, however a few of them with different signs. To dy,Ndey"\ D) (19
highlight this point we spell out all terms arising from Egs.
(3) and(4) in the following. ) 1 _
We consider the nucleon and vector meson at rest, - 57703—4<Q|(Un7\aUd7”)\ad)|Q>, (12
i.e., 9,=(do,q=0) and k,=(My,k=0), which implies the
vector meson to be off shell while the nucleon is on shell.
Then the correlator(3) can be reduced to%H/’j(qz,n) 11 _ )
=Sy=,.11V(g?,1). In each of the vector meson channels the + 951_233(”‘5<Q|muu‘7uv Gl
correlatorTIV(¢?, n) satisfies the twice subtracted dispersion o
relation, which can be written witf)?=-g?=-E? as +mj (Qmydo,, G*7d|D)), (13
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lag 1 ~n
s == 5 MGad " (QISTG /G (14

_(E_ﬁsc 5) "
3 T F Q4q q
X(Q[ST(Uy,D,u+dy,D,d|Q), (15

41 1 ~n
Y% =0 = —ﬁsnf@q"q”qkq%mST(GM”DVDAGW)Im

(16)
8 a5 67 "
+ 5 + _CF ng q q q’
><<0|ST<U7MDVDXD(,u+EyMDnyng>|Q>,
(17)

11
Y% 4= * —aQ"qV@IgsST(_ ¥, 75\ Udy, y5\d)| )
(18)

11 .

- ga;qu (Qg2ST(Uy, ysA2UUy, s\

+ dvﬂskadgvmskad)lm (19
1 M, 2 a a

—55361 q"(QgZST(Uy, M u(Uy,\u

+ dvykad))m) (20)
L1 Ol 2SH gy A .

" 22007 (Q]gsST(dy,Ad(uy,\?u

+dy,\))| ) 21)

5
- 1_266quV<Q| IgSST(—[D,w Gva]+ya75u

+d[D,, G, 1.y ysd)| Q) (22)
71 e —
- _aq q <Q|ST(muuD D,u+mydD,D,d)

x|y, (23

where n;=3 is the number of active flavors at a scale of
1 GeV, ancK:F:(nﬁ—1)/(2nc):4/3with n.=3 as number of
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The OPE for scalar operators up to mass dimension-6 can
be found in[3]. For the twist-2 condensates we have in-
cluded all singlet operators with even parity up to ordgr
(nucleon matrix elements of operators with odd parlt%/ van-
ish). Their Wilson coefficients can be deduced fr@zﬁ)]

The Wilson coefficients of the twist-4 operators in lines
(18)<22) are given in[8], and for the twist-4 operator in line
(23) it can be deduced frorf21], where it has been found
that the term(23) has some relevance for twist-4 effects of
nucleon structure functions. The Wilson coefficient of an ad-
ditional dimension-6 twist-4 operator, T D,,,G,,]-¥"q
(for an estimate of this condensate sg?]), vanishes
[21,23.

We emphasize that the only difference betweeand »
mesons in the truncated OPE consists in the terms in lines
(10) and (18). As mentioned above the term in lig&0) is
responsible for the-w mass splitting in vacuum; the term in
line (18) vanishes in vacuum. It is now our goal to analyze
the in-medium difference @6 and w mesons stemming from
the OPE side. Most terms in lin€g)—(23) may be evaluated
using standard techniqug4]. However, what remains to be
considered are the flavor-mixing condensates in the lines
(10), (12), and (18), the mixed quark-gluon condensate in
line (13), the pure gluonic condensates in the li#4) and
(16) and the twist-4 condensate in lig3). The QCD cor-
rections to ordewy of the twist-2 condensates in ling€$5)
and(17) have not been taken into account in previous analy-
ses.

The chiral condensate and scalar gluon condensate have
been discussed in some detail[Rb]. Details for the scalar
four-quark condensates in lin€3)—(12) are given in Appen-
dices A and B, where also further notations are explained.
The twist-2 quark condensat@ies (15) and(17)] and the
gluonic twist-2 condensatdines (14) and(16)] are explic-
itly given in Appendix C. The twist-4 condensatfiines
(18)—«23)] are listed in Appendix D.

Performing a Borel transformatiof8] of the dispersion
relation (5) with appropriate mass parametdr? and taking
into account the OPES) one gets the QCD sum rule

©

1 Im [Y(s,n
0m-L[ @mIE, e
'

0

[

C.
=cgM?+ D>, ————— 24
o M*+ 2 3y D 29

For nuclear matter we utilize the one-particle dilute gas ap-
proximation in order to evaluate all relevant condensates in
the nuclear medium i.e.,

(QUOI) = (o + 7 ~(NIOINK), — (25)
N

colors; a,,,=(i/2)[ v, v.)-. The strong couplings are related where the nucleon states are normalized (byk) |N(k’))

by as=0%/(4).

The SU3) color matrices are normalized as(T# \°)
=25%, the covariant derivative is defined a®,=d,
+igA2\?/2 andG?=G},G* #* where G}, is the gluon field
strength tensor(G*"=G? “”)\3/2) The dual gluon field

strength tensor is defined b_”y G2 PoN?/2,

€uvpo

=2m®R2 Edk-k') with Ex=\k?*+M2. The scalar

1Despite the fact that twist-2 non-singlet operators occur in the
OPE for electromagnetic currenig0], they are absent in the OPE
of Eq. (3). Twist-2 non-singlet condensates contribute, however, to
p-w mixing.
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dimension-4 and dimension-5 condensates are giveji2@ly

my, (QuulQ) = m,(uuy, + 2oNn (26)

Q= _G0) = <“;SGZ> ~ M, 27
0

u
(g, G =N+ 2T, (29

u

where we have introduced the sigma termy
=m(N(K)[uu|N(k))/ My and\?=1 Ge\2. The chirald quark
condensate follows by replacing thequark by ad quark.
The nucleon sigma terf26] is 20y= o+ 0¥,

Inserting the explicit expressions for all condensat#s
Appendixes A-D) one gets for the coefficients, , 3 in Eq.
(24

Co:i<1+£sCF§>, (29
872 T 4

3
C=-5 ﬂz(m3+m§), (30

) N
¢ —(1 S )(mumo +my(ddyo + o 1)

1]/ a 8 1
+—|{ =G2) - —M? +<—
24{<7T >o 9 Nn} 4

5 3
- —ﬁscF)A“+d My n— —nf—AG Myn, (31)

48 7 16
112 o
C?F‘ETT Qa5 Ko <_Q>o{ P mq<_Nq> ]
0 0
(8+36) Q @ 1
+ = S<_>o H——n
81 mq< Qo
5 67 05a,
- — — A(U+d)M3 +__S AGM3
(12 WCF192> 4 VNN ge g A IND
1 3 3 15
+ZMﬁ,n(8Kﬁ+2Kl (111)K3d+1—6|<3>
7
—mo'NMNn (32

whereAﬂ“d):AﬁAﬂ with n=2,4, 2qg)e=(uuy,+(dd),, and
2mq:mu+md.

B. Evaluation

We define a ratio of weighted moments

PHYSICAL REVIEW 0, 035207(2004

sy
f ds Im TTV)(s,n)e M’

ME(nM2s,) = < (33
f ds Im MV(s,n)st eI
0

for which the desired sum rule follows by taking the ratio of
Eq. (24) to its derivative with respect to M? as

mG(n,M2,s,)
o M? {1—(1+%)e‘5\/"\"2] -2

c, ¢ c; IIVo,n)’
c 1_e—SV/M2 +_1+_2+ 3 = 7
o ( ) M2 M4 2m© M2

where we have identified the highlyingontinuum) contri-
butions as -IMIV(s=s,,n)/s=mc, (S, is the continuum
threshold. The meaning of the paramelmf, as normalized
first moment of the spectral function 1) becomes im-
mediately clear in zero-width approximation, —IHY)(s
<sy,n)=mF,8s-m?), from wherem,=m, follows. Equa-
tions (33) and(34) are the corresponding generalizations for
the case of finite width, in the spirit of a resonantecon-
tinuum ansatz. The mass equati@4) is commonly used for
describingn‘r\z, in vacuum[3,27-31, at finite temperaturgs]
and at finite density{4,15,1 and will be subject of our
further considerations.

The sum rule is reliable only in a Borel windoM?,
<M?<M2_, If M? is too small the expansiof24) breaks
down. On the other side, M2 is too large the contribution of
perturbative QCD terms completely dominate the sum rule.
We adopt the following rules for determmmg the Borel win-
dow [24,32—35: The minimum Borel mass\2,., is deter-
mined such that the terms of ord®¢1/M®) on the OPE side
contribute not more than 10%. The maximum Borel mass,
Mrznaw is evaluated within zero-width approximation by re-
quiring that the continuum part is not larger than the contri-
bution of the resonance part, i.e.,

8:7L72<1 + _)M%ax S'V/Mma><< :T\Z/e m\//Mmax (35)

The parameteF, can be evaluated by means of the QCD
sum rule (24). The obtained results for vacuunf,
=0.0110 GeV, F,=0.0117 Ge\fv are in good agreement
with the relations F,= p/g =0.0130 GeV and F,
=9m’ /gwy—O 0138 Ge\‘7 respecnvely, which follow from
the Vector Meson Dominang@MD) [3,11,33.

The thresholds, is determined by maximum flatness of
my(n,M?,s,) as a function oM?. These requirements give a
coupled system of equations for the five unknow$,,
M2 . Fy, Sy, my. The final parameter§, andm, are aver-
aged to get Borel mass independent quantities. For any pa-
rameterP this average is defined by

035207-4
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1000 , , 1000

FIG. 1. Mass parametan, of » meson(up-
0.00 0.05 0.10 015 0.00 0.05 0.10 015 per curvesandp meson(lower curveg as a func-
tion of the density for various values of the pa-
rameterxy ((@) ky=1, (b) k=2, (€) k=3, (d)
1000 ‘ ‘ 1000 . ‘ kny=4). The solid curves are for the full set of

terms in EQs.(29—(32), while for the dotted

curves the twist-4 condensates are discarded, i.e.,
Ky fa=0.
M2 tical to those represented in Fig. 1. The poorly known scalar
— 1 o o four-quark condensate governs the strength of individual
P= M2 — M2 f P(M)dM®. (36) mass shifts, while the strong mass splitting in matter origi-
mex min nates mainly from the Landau damping terfi$"(0,n),

" which differ by a factor 9 fop and» [15]. The outcome of
In the following we will skip the average sign. our study is that terms in the OPE, which cause a difference
of p andw mesons, are small in matter since the mass split-

C. Results ting is mainly determined by the Landau damping terms.

For considering the mass parameter splitting effect there
is no need to distinguish between isospin symmetric and iso- ll. p-o MIXING
spin asymmetric nuclear matter since all operators in the
OPE Eq.(6) are isospin symmetric operators. Accordingly, in  First, we briefly describe the mixing scenario considered
the following we study isospin symmetric nuclear matter. in the following. We follow the arguments given jal]. The
Twist-4 condensates have been estimatedi3s] where  mixing can be accomplished by
data of lepton-nucleon forward scattering amplitude has been
used to fix the parametet§!, K2, K9 andKl, in Eq. (32). 1 -
The corresponding system of equations is under-determined (p> = ( 6)(’)' )
and therefore various sets for these parameters can be ob- e 1
tained. We have investigated all six sets fr86] for these

parameters and find only very small changes of the results. iyhere the subscrigtdenotes isospin-pure states, ang the
Fig. 1 we show the results obtained with the parameter sehixing parameter. The mixing formul@7) is quite general.
given in Appendix D. Since if16,17,28,37 a strong effect Extending the mixed propagator approach describefd.1
of the density dependence of the four-quark condensate Wag the case of finite density one can obtain the following
found we show here results for various possibilities, paramrelation between the complex mixing parameteand the

etrized byxy introduced in Appendix A, EAS). The mass  nondiagonal self-energy, ,(o?,n) via (cf. [11] for vacuum,
parameter of they meson decreases with increasing densityct. [15] for matte)

for all ky, while thew meson mass parameter decreases only

for sufficiently large xy. Other QCD sum rule analyses 5

[4,34,1 have obtained also a decreasjngnass parameter. B 3, o(Q%N)

An increase of thew meson mass parameter has been found «(n) = m2(n) - m2(n) +i Im 3 ,(gZn) =i Im 3 (g2.n)’

in [15,16, where the correct Landau damping term was ¢ ? ¢ ’ 3g

implemented. (38)
The flavor mixing scalar operato(se., M,‘if‘v, see Appen-

dix B), while responsible for the mass splitting in vacuum, The nondiagonal self-energ§, .(a%,n), and therefore also

play only a minor rule in matter. That means, discarding thehe mixing parameteg, is directly related to the pion form

terms~Qj3 in Eq. (32) yields curves which are nearly iden- factor, given by

(37

w (@]
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F.(q%n) =

_qa

2
L

2

gp’IT’IT

1

Gpy O = ME(n) =i Im3 (. N)
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QCD terms according to Eq41) one has now to include
also the electromagnetic contributions to the OPE in contrast
to Eq. (6), where the electromagnetic terms are neglegible
compared to the QCD terms. Accordingly, up to mass
dimension-6 twist-4, and up to first order i, and ag,, the

@qz -m2(n) i Im3,(g?n)

OPE is given byfor vacuum cf.[12,38, for matter cf.[15])

gp777T

X 5[3 w(qzi n) qz _ m2
(39)

Since the main contribution of the second line stems from
the regiong? ~m§ m one usually approximates the nondi-
agonal self- energ)&pw(q ,n) in the pion form factor by its
on-shell value at?=nm?=0.5m’+n7,).

The nondiagonal self-energy consists of an electromag-
netic part and a hadronic par, ,(m?,n)= 85" (P, n)
+é“ ,(M?,n). Both contributions can c0n5|stently be isolated
in theoreucal as well as experimental analyses. The electro-
magnetic part comes from the procgss y — w and can be
evaluated analytically39]. In the following we are going to
investigate the density dependenceﬁpfw(ﬁ’—,n).

A. QCD sum rule

The basic object for the-w mixing in matter is the mixed
correlator

I17,°(q,n) =i f d'x €T X,(x)3:(0))n, (40)
with the isotriplet and isosinglet currents from Ed). It is
straightforward to recognize that

1P “(q,n) = 3g* 117,°(q,n) = 11*(q,n) ~ [1%q,n) (41)
with

I1%a,n) = J d*x €¥(Tq(x)y,, a(x)a(0) ¥ d(0))y.
(42)

This scalar function satisfies the twice subtracted dispersion
relation The subtraction constant

I17°(q,n) _ _117°(0,n)
Q Q

of 21 [7 ydmI(sn)
117" (0,n) + Q fo ST

(43)

The subtraction constahi” “(0,n) vanishes in vacuurfil1]
as well as in case of symmetric nuclear mattes]. For
asymmetric nuclear matterI1? “(0,n)=-3 ap, n/(4My)
with app=(n,—ny)/n [15], wheren, andn, are the neutron
and proton densities, respectively, amdn,+n,,.

The other subtraction constant does not contribute to the
sum rule after a Borel transformation. It is convenig38] to
subtract the pure electromagnetic contributipn: " —
from hadronic and OPE sides of the dispersion relatis).

In doing so we arrive at a new function, denoted Iy *,
which satisfies the same dispersion relatid8).

For large values of)? one evaluates the left-hand side of
Eq. (43) by the OPE. Due to large cancellations of the pure
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w
scalar—

(44)
2

1
e ) - 9

1 a 1\ 1 _ —
' 5(1 ' fcpz)@mumuuu - mydd)|2)

(46)

l aeem

Qz(Q|(4 m,uu — mddd)|Q) (47

1 01 _
- 5Wasa«ﬂlU*yﬂs?\auuy"?’s?\aUIQ)

—(Qdy, 75\ ddy*ys\d2)) (48)
1 . _

- §wasa((ﬂ|uyﬂ)\""uuy")\3u|ﬂ>

— (Q[dy,\ddy*\d|Q)) (49)

2 1 I
- 5Waema(4<Q|U7M75UUV“75UIQ>

—(Qdy, ysddy*y5d|2)) (50)
ﬂ'aemQ4(4<Q|UyMu uy“u|Q)
- <Qldndd7"d|ﬂ>) (51

+g512Q6(m2(Q|muua LGHulQ)

-m; <Q|mdd ,GHd|Q)) (52
e ( m(Q FAulQ)

1 2Q6 3 Imyuo,, F“"u|
+ %(ledd F‘”d|9>> (53
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|

I

2 « 5\ i ~n
G=4m=2= " (5 - fCFE)EQ“Q”@lST(UnDVU
- dy,D,d)|) (54)
Lo = q"q”(QIST (4uy,D
162Q4 #

- deVd)lm. (55
—<§ %c 67) “q'q q7(Q|ST(Uy,D,D,\D,u
- 3 30 ng q q q 7,u 2N

- dy,D,D,D,d)|2) (56)
Aoy 67
em270ng”“q " q7(Q|ST(4uy,D,D,D,u
~d,D,0,0,d)|2), (57)
p w — 1 LAY 2 a a
G=6,7=4= ~ Z@q " QgZST(Uy, MUty A%
— dy,\ddy,\%d)| ) (58)

11
- é&quV&bsST(UVﬂs?\ uuy, ysh%u

— dy, ys\ddy, ys\2d)| ) (59

5
) Tz@q“q”&llgsST (WD, Gua vyl

- d[D;uGVa]+'ya’)/5d)|Q> (60)
7 _

- —aq“q”<Q|ST(muuD U =mydD,D,d)

x| Q) (61)
1 Yp 2

- g@q q%(Q|g2ST(4uy,utiy,u

- dndd%d)lm (62)
2 yp 2

- 2—7§q q7(Q|g2ST(4ur, ysuly, ysu

— dy,, ysddy, ysd)| ) (63)

5
B Tz&q“q”«zll eST ('TDQ”‘.FW]W ¥sU

' —E[Df,,m,"F‘MWysd) ). (64)
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the dual electromagnetic field strength tensor is defined by

F. ot 7. The covariant derivative of QED is defined
as DZ'# d,*+ieA,. The QED contributions may be deduced
from the QCD terms by the replacemen®2— 1 (which
implies Cr—1) and gs— ey (ey is the electric charge of
quark q), respectively. Not all of the condensates given
above have been taken into account in previous evaluations:
the terms in lineg47), (52), and(53), the QCD corrections
in lines (46), (54), and (56), the QED corrections given in
lines (55) and (57), and all twist-4 contributions in lines
(58)—<(64) have not been considered yet.

The isospin breaking of the scalarandd quark conden-
sates is usually parametrized by

_(0[dd|oy  (N|dd]N)  (©Q[dd|€)
~(Ouulo)  (N[UuN)  (QfuulQ)’

where we have generalized the corresponding relation for
vacuum[15,12,3§ to the case of nuclear matter.

The four-quark condensates are given in Appendix A. The
twist-2 quark condensates are listed in Appendix C and the
corresponding parameters can be found in Appendix E. The
twist-4 condensates, listed here for the sake of completeness,
are neglected in our analysis since they are strongly sup-
pressed in the chosen Borel window.

Performing a Borel transformation of EG3) leads to

(65)

oo

[1* ©(0,n) - 7—];_[ d

0

ImIIP®(s,n) o-IM?

oo

pOp—

=dy M2+ > —
- NIV

(66)
The coefficientsd, , 3 in linear density approximation and
neglecting all twist-4 condensates are given by

1

do= waema (67)

3
dy == g 5(mi -, (68)

1 1 aem
d,= [2<1+—CF )(mu md)+7—2a7(4mu—md)}

. Qo D
5 (<qq>°+ z_“)‘ fen 2 My 1 (ALP+ ASP) + S,
(69)
14 N O'N
dy = =~ 7ro(Byas— aen)(aqQ) ( )
3~ 81 0 S e 0 Ko mq<—q>0
- e ST \s Ay + ALP) + S, (70)

1152

where further terms proportional to, v, ¥? and y agm have

a.m=€%/(4m) is the electromagnetic fine structure constantbeen neglected. The ternt§=(1=2,3) are proportional to
F,. stands for the electromagnetic field strength tensor, and,, and account for isospin asymmetric matter. Their impact
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on mixing will be considered separately in Sec. 11l C 3. B. Evaluation

Finally, we specify the hadronic side of the QCD sum rule  gjnce the most relevant parame%k enters the approach
(66) (cf. [3,12,13 for vacuum,[15] for mattey, where thed  yia the combination ~ f,+f,, it is convenient to rewrite the

meson has been implemented in accordance [ish sum rule(66) as
_1ImilP “(sm) _1 1 W(W ) o2 1 ,m'2<m'2 ) 22
L — —_—f— — = + —_ —_— — =
- < AUE m’) ~ f,, 8(s-mp) 2ve\ vz B e 2\ P e
1 11 2, 11°¢(0, n) a 2
-2 = - P Z—f . @m 2Im em_ -s,/M
+f, s(s—mj)l+ 4[fp, S(s—m’,) +4M2f ¢ M2 64 3¢
[} d
» 6(s— m +—CO(s- = —_—
( )] 643 (s—sy). d0+§1(i—1)!M2i’ (74)
71
(72) where we have introduced.3]
The necessity for including the higher resonaneeand o’ 1
is discussed below. - Ai‘z<f + fw) - A_m (fP’ * f“”)
We mention that the terrfy, is allowed since the meson m* 2 m'4 2
is not a puress state but mixed with thes meson. Even
more, it has been found ifiL3] that the ¢ meson gives a f,—f, m? for=fp m'2
significant contribution in vacuum due to large cancellations B=2—t—, pB'= (75
9 9 f,+f, Am? f0+f, Am'2

betweenfp andf,. Accordingly, we drop the assumption of
ideal mixing and take into account such a térm. with 2m2= (mz+m) om' 2= (m +m ), AmR=md - m and
The five parameterd,,f, .f,.f, and f, have to be Am’z-m _mp” respectwely We stress that Eq74) is

evaluated self-consistently within the QCD sum rule ap-
proach. What we still need is a connection between thes¥alid to orderO(Am“/M“) Despite the observed strong mass

new parameters and the parame%g)(ﬁz) which enters splitting fou_nd in the previous section, qu4) is a gc_Jod
physical observables like the pion form factor in Egg). ~ aPProximation: The terms of orde?(Am*/M*) would give

H 2
Such a relationship can be obtained by means of VNID less than 10% correction to tgrms of ordafAm?/M?), even
at such a small Borel mass likd =1 GeV.

2 2 ) : .
_m oy _ Mo The residues in the hadronic modell) can be expressed
B0 = g_piqoft(x)' B0 = 3g_M‘PM(X)' (72 by the new variable€75) to give

where (,o/‘i(x) is the field operator of the respective vector f = (E B)gﬁ ¢ ':( m'2 ~ Ig_'>§,m,2 (76)
mesonV=p,w. If one inserts these relations into the cor- Po\AmE 2 P Am'? ’
relator (40) one gets an expression which relaiés, with

the mixed propagatotkeeping in mind the zero-width ap- _( m B) — _( 2 B') o,
proximation at all s_tagasAnoth_er expression fdf_IZ‘;j can b_e © =\ An? + 2 g for = Am'2 + 2 grm'e.
obtained by inserting Eq.71) into the dispersion relation

(43). Equating both expressions leads to the searched relation (77

AP Finally we give an expression for the mixing parameién

oy =~ = (73 zero-width approximatioqi.e., Im X, ,=0) which can be de-
duced from(73) and(38),

which is valid to ordetO(Am*/m*) being a fair approxima- g, g
. . . i _ b Ypy Joy
tion even when taking into account the strong mass splitting €=- ATE 12 g (78)
betweerp andw mesons. We mention that for evaluating the
momentum dependence 6fw(q2) the applicability of VMD We need five equations for the five unknowns
has been debated [43] due to the impact of thee meson.  ¢,{',B,8',f,. One could perform a Taylor expansion of Eq.
On the other side, the reliablility of VMD for a momentum (66) ending up with an equation system for these five param-
dependence aﬁpﬁ'u(qz) has been confirmed ii14], where the eters. This is the frame work of Finite Energy Sum Rules
finite width of vector mesons is taken into account. Anyhow,(FESR. Instead, here we use a combined FESR and Borel
in zero-width approximation VMD, which leads to E.3),  analysis, following the approach described 12,13 which
is applicable as long as one restricts oneself to the on-shelle extend to finite density. Accordingly, the first equation
value of this quantity, i.e., tqﬁﬂu(ﬁz). comes from a local duality relatiof12] which results into

. 411P2(0,n) - B - B'{'m'?=4dy s, +4 d; - f,,

2 finite width QCD sum rule, which is necessary when consid- (79)
ering the momentum dependence of mixiﬂgw(qz), the ¢ contri-
bution is negligible[14]. We mention also that there is no need to and agrees with the first equation of the FESR approach
use unphysical values fon, andm,,, as been pointed out if13]. [12,13. This equation makes clear why the higher reso-

Sy (MP) = = (f, + f )—gpy
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nancesp’ and ' have to be taken into account: Without Borel massZ(M?),{'(M?), B(M?), B'(M?) and f 4(M?).
these higher resonances one would get eifwl0 or =0, In Fig. 2 we have plotted these parameters as a function of
which would be in contradiction with experimental findings. the Borel mass for different densities. Like in the Borel
The second equation is just the sum r(86). Two equations analysis for thep-w mass splitting we have to find an appro-
are obtained by the first and second derivatives with respedriate Borel windowM?z,;,M7 .. To determine the minimal
to 1/M? of Eq.(66), cf. [12] (due to the high Borel mass and Borel window one could again use the 10% rule getting
the small contribution of the threshold term the second deMmin=1 GeV, while in[12] a 25% rule has been used get-
rivative sum rule is applicable, in contrast to the mass splitfind Mmi,=1.3 GeV. But it turns out that in such a region
ting, investigated in the previous section, where a secon@©OUNdMp;, the sum rule is unstable for a wide range of
derivative sum rule becomes unstapid)). parameter§12,13. Nevgrtheless, ?he curves in Flg. 2 evi-
For evaluatingf ;, we still need a fifth equation. If.3] a _dence that a stable reglon_for all five _unknowns exists in the
third derivative of sum rule has been used which could causiterval 4<M <8 GeV. This observation confirms a corre-
instabilities due to the truncation of OHB4,35. To avoid SPO”d'”g stab|I|_ty |nvest|gat!0n 1n13]. Therefore, in line
such instabilities the individual contributions pf and ' With [13], we will use a static Borel window,=4<M
have been approximated by an effective strerfgt}y at the < Mpa,=8 GeV over whu;h we have to aver_ggesmg Eq.
averaged mass ofi,: ,, in [14]. However, at finite densitys (36)] to get Borel mass independent quantities. The result
is density dependent. Therefore, in order to improve this aptound in [12-14 that the threshold parametsy in vacuum

o turns out to play a subdominant rule is also valid in case of
roximation we apply the second FESR for the paramgter . X . .
!Oe ximation we apply P ¥ finite density. Accordingly, we may use a fixed valsg,

=2.0 GeV, for all densities.
L+p) i+ (L+p) M= f, mi==2dy S+ 4 dy.
(80)

C. Results

1. Vacuum

The resulting system of equations has to be solved self- First of all, let us briefly discuss the pion form factor in
consistently giving the five unknowns as function of thevacuum, given by39) with n=0. Our sum rule analysis for
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gued that the sum rules might not give a good agreement
with data when taking the parameter seff]. Our analysis
shows, however, that the sum rules are in agreement with
experimental data when using appropriate parameters.

2. Isospin symmetric nuclear matter

After reproducing the pion form factor in vacuum we now
turn to the density dependence of the mixing effect. Due to
the small effect of mixing compared to splitting and the large
impact of the four-quark condensate and Landau damping
terms on mass parameter splitting, it becomes obvious that

the mixing does not strongly influence the mass parameter split-

2 ting effect. But on the other side, the mass parameter split-
ting effect could strongly influence the mixing effect. To
study the effect of thep-w mass parameter splitting on the

vacuum results if=1.055x 1073, in good agreement with p-w mixing we have to implement in the five equations for

[12,15. Using (78) gives for the mixing parametee=

the five unknowng, 8,¢", 8’ , f; the density dependent mass

—0.21. The hadronic contribution of the nondiagonal on-shelparameters, i.em,(n), m,(n) and my(n), respectively. For

self-energy which enters the pion form factor, is given,
Eq. (73, by 5;”(52):—529,,7 Ouy £112=-4289 MeV

Viamp(n), m,(n) we use the values obtained in the previous
section, while for the density dependence of #hmeson we

which amounts, by taking into account the electromagnetigill take the relation my(N)=(1-a n/nym,(0) with «

nondiagonal  on-shell self-energyé‘,f“ﬂ,(ﬁz):Blo Me\2

[39,13, in total to §, ,(M?)=-3679 MeV?, in fair agreement
with experimenf40]. Using this value we get the pion form

=0.03, which turns out to be almost independenkf16].
The results for the five parameters are shown in Fig. 4.
From the density behavior of the parametefsee Fig.

factor in vacuum as shown in Fig. 3. It reproduces very well4(a)] one might conclude that the mixing effect remains in

recently obtained experimental dgul]. In [13] it was ar-

matter. But this is actually not the case. In view of Eff)
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FIG. 4. Parameters (a), B (b), ' (), B’ (d)
andf, (e) at finite density. Dotted curves are for
kn=2, dashed curves are foty=3 and solid
curves are foy=4. The density dependence of
the mass parameters pf w and ¢ mesongwith-
out the twist-4 condensatebas been taken into

-04 . . -5.8 ‘ ‘ account consistently.
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80 : : In Figs. 5 and 7 the meson peaks are assumed
] to be distributed with a schematic width [)(E)
60| =-[g?, ./ (48m)E](E*~4m’)*2 ®(E-2m,) and In¥,(E)
‘j—\ =-m,I", ®(E-3m,), respectively. In Fig. 5 the density de-
£ 40| pendence ofn, , is taken into account, while in Fig. 7 no
w Voo shifts of m, , are assumed. Obviously, the di-electron rates
201! Yoo 1 shown in Figs. 5 and 7 differ significantly.
S There is the possibility, advocated[#2], that in-medium
ol \\_"_--_..__,__4_ the original (vacuum p peak is not shifted, but additional
400 660 800 1000 strengths develop below thepeak. A similar possibility has
@) q [MeV] been reported iff7] for the ® meson. In such cases the
p-w mixing remains, similar to Fig. 7, but the weighted
= 40 strength is shifted down, as required by the sum rule consid-
;g 3 ered in Sec. Il. A proper handling of this situation deserves
- further investigations with explicit knowledge of tpeand w
E in medium spectral functions. Experimentally, precision
o 20| measurements with HADEE] can deliver information on
= the in-medium behavior of thg-w mixing.
S
3. Isospin asymmetric nuclear matter
O e So far we have considered isospin symmetric nuclear mat-
400 600 800 1000 ter. While it is not necessary to study isospin asymmetric
(b) M [MeV] matter for the mass splitting effect, finite valuesaf, have

_ _ _ some relevance for the mixing effefd5]. Therefore, in this
FIG. 5. (@ Pion form factor at saturation density=no. Mass  subsection we concentrate on isospin asymmetric nuclear
account. The dotted curve is for vacuum, while the solid curves aren the Appendix E. Accordingly, the coefficiemiés in lines

for saturation densitp=no. The labels 2,3 denotey=2,3,respec-  gg) and (70) contain the following terms proportional to
tively. (b) Di-electron production rate from pion-pion annihilation .

at finite density and’=100 MeV. The dotted curve is for a hot pion ~ "¥

gas and baryonic vacuum=0, while the solid curves are for satu- 1 a. 1\ n =

ration densityn=n;,. dés =" 5(1 + ;SCFZ) mmq anp<p|UU — dd|p)

we recognize that the mixing angéeis strongly suppressed

by the factor 1Am?. Additionally, the mass shift of the 1agy 1 n . —

meson modifies significantly the pion form factor. Using ‘7_27M_Z“np5 Mg(p[uu — dd]p)

Egs. (39 and (1) for the pion form factor and di-electron N

production rate, respectively, we get the results shown in Fig.

5. _(l_iﬁsc >(AU,D_A¢D) Mu o D
These figures show that the mixing effect in the pion form 4 484 F)2 T2/ TNThe

factor as well as in the di-electron production rate is washed
out due to the mass shifts of the vector mesons. But one has a
to keep in mind that global changes of vector mesons in +—="—Myn anp(Ag'p—Ag*p), (81
matter like mass shift and width broadening turn out to be ™ 864
correlated in nuclear matt¢B2,33,37. Taking into account
such broadening effects needs further investigations. 4AS = 56 1 U - dd

We also show results without the mass shiftgpfs and 3 = gq7 % %p nMN@q>O<p|uu - dd/p)
¢ mesons. The corresponding density dependence of the five
parameters, 3,¢’, B, f, is shown in Fig. 6. One observes

npticeable changes for the parameters. .Th_e dashed curve + 177 np niKN <aq>0<p|m_aj|p>

(i.e., ky=Ko) in Fig. 6a) recovers the density-independence 81 My

of ¢ for isospin symmetric nuclear matter as anticipated in

[15]. Otherwise, depending on the parametgrwhich gov- Qem 335 4 , d,

erns the density dependence of the four-quark condensate, + 73456MN N anp (A7 = AZP), (82)

may slightly increasglarge «y) or decreasgsmaller xy)

with increasing density. The resulting pion form factor andwhere terms of orderO((my—myayp), O(yaey and
the di-electron production rate are plotted in Fig. 7. At finite O(yanp) are neglected.

density one obtains a very small modification of the form The dependence of the paramefeEqg. (75), which gov-
factor compared to the vacuum, while the modification of theerns the mixing effect of the pion form fact@9) via (73),
rate is nearly invisible. on the asymmetry parametes,, is seen in Fig. 6. For
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FIG. 6. Parametet (a), B (b), {' (¢), B’ (d)
and f, (e) at finite density. The density depen-
dence of the mass parameters has not been taken
into account. Same notation as in Fig. 4.
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strong asymmetry one obtains a remarkable increasg of ing the influence of the mixing on pion form factor and di-
roughly linear witha,,,. We note that the dashed curve of electron production rate.
Fig. 8a) is in good agreement witf15] where an asymmetry
dependenc§:§(°)+§%) anp N/(0.2ng) with (9=1.1x1073
and [Y=1.5x 102 has been reported, while our findings
correspond tq(?=1.05x 102 and /Y =1.9x 1072, In summary, we have investigated the mass parameter
Altogether, without accounting for the mass shifts, an am-splitting and the mixing op andw mesons in nuclear matter
plification of the mixing effect in the pion form factor is within the QCD sum rule approach, starting from a complete
obtained[see the dashed curve in Fig(b§. In contrast, OPE of the current-current correlator up to mass
when accounting for the individual mass parameter shifts thelimension-6 twist-4 and up to the first order in the coupling
mixing effect is washed ouysee the solid curve of Fig(B)].  constant. Special attention is devoted to the impact of the
Finally, it is expedient to summarize the differences be-poorly known scalar four-quark condensates. We have found
tween the analysis presented here and Red], which are, a strongp-w mass parameter splitting. The scalar flavor mix-
so far, the only investigations where the QCD sum rule aping condensate has been evaluated at finite density using
proach has been applied to the mixing effect at finite densityquite general assumptions. It turns out that this condensate,
Besides the usage of a complete OPE up to masswhile responsible for the-w mass parameter splitting in
dimension-6 twist-2 for the mixing effect and a self- vacuum, plays a subdominant role in matter. Instead, the in-
consistent Borel analysis for all unknowns at finite density individual mass parameter splitting @f and @ mesons is
our work, the improvements are the following: First, we havemainly governed by the Landau damping terms. The scalar
implemented the individual mass parameter shifts of the vecfour-quark condensates have a strong impact on the indi-
tor mesons in a consistent way and have studied their impasidual strengths of the mass parameter shifts, while the
on the mixing effect. A second difference consists in takingamount of the splitting is fairly insensitive to these conden-
into account thegp meson on the hadronic side, which is sates.
necessary due to large cancellations betweand » meson We emphasize that the mass parameters are weighted mo-
contributions(this has been pointed out for vacuum[i8]).  ments of the spectral functions. A mass parameter shift in
Third, we have investigated the relevance/dfy consider- medium does not necessarily mean a simple shift of the peak

IV. SUMMARY
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FIG. 7. (a) Form factor at finite density. Dotted line denotes  FIG. 8. (a) Parametel as a function ofx,, at saturation density
vacuum, dashed line representsn, and solid line meana=2n;, ng (solid line: individual mass shifts of vector mesons have been
(b) Di-lepton production rate for pion-pion annihilation at finite taken into account; dashed line: without mass shifts of vector me-

density forT=100 MeV. The plotted curves are fag=3. No mass  SOn9. (b) Pion form factor forxy=3 and @,,=0.2 (dotted line:
shifts vacuum; solid linen=ng with mass shifts of vector mesons; dashed
line: n=ngy without mass shifts of vector mesogns

position of a spectral function, rather additional strength may
occur at lower or higher energies causing a shift of the APPENDIXA: SCALAR FLAVOR-UNMIXING FOUR-
weighted moment. The presently employed form of the QCD QUARK CONDENSATES

sum rule approach is not sensitive to such details. Only & | jines(9) and(11) one recognizes two different types of

detailed modeling of the hadronic in-medium spectral func-gc415r flavor-unmixing four-quark condensatgs u, d)

tion with parametric dependencies allows for more concise

statement$46]. MAT=(Q[qy, ys\*qay*ys\ gl Q) (A1)
Another physical effect investigated concerns it

mixing at finite density and the impact of thew mass pa- and

rameter splitting. Starting with the vacuum we find excellent O\ A uya

agreement with experimental data recently obtained. In me- Mﬂ,q—<ﬂ|qy#)\ aqy Al Q). (A2)

dium, the nondiagonal self-energy,,(m,n), which drives  Previous studies employed a factorization for the scalar

the mixing effect, is only weakly amplified in isospin sym- flavor-unmixing four-quark condensatgz6]. We go beyond

metric nuclear matter. The mixing parametgthowever, is  such approximationM2%=16/9«(Q2[qq|(2)?, pointing out

remarkably enlarged for strongly isospin asymmetric nucleathat « is uncertain and might even have a density depen-

matter, such as in uranium nuclei with,,=0.2. Therefore, dence. In the spirit of the linear density approximati@s),
not taking into account the individual mass shifts of fhe a Taylor expansion results in

and w meson would indeed result in an in-medium amplifi-

cation of the mixing effect. In contrast, if one takes into qu_1_6— 2 (1) 1+K_N oyn A3
account the strong mass parameter splitting @ind » me- AT 9 (@ «o Kgl) my (@0 ' (A3)
sons as a pronounced splitting of the corresponding peaks

then the mixing effect in the pion form factor as well as in The first term, i.e.;2(qq)3 «\”, is merely an expression for
the di-electron production rate disappears in medium, botliqy, ys\?qdy*ys\%q),. The second term, proportional u%),

for isospin symmetric and isospin asymmetric nuclear matparametrizes the poorly known four-quark condensate in the
ter. Upcc_)ming measurements at HADES can deliver Va|Uab|ﬂucIeon<N(k)|UyM75)\aquf‘y5)\au|N(k)}. Similarly, for the
information on these issues. other four-quark condensate we obtain
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Accumulating all flavor-unmixing four-quark conden- states with mesons heavier than pions are suppressed by their
sates, with the right weight given from the OPE, one obtaindarger masses The matrix elements<Q|u“d |y and

in linear density approximation finally <Q|u“d|'5|(2 ) vanish due to quark flavor conservation yielding

1 1 1 1

__MUU__Mdd__MUU__Mdd 1
27h 27 oY oY _[E;;——%QF%HQmeXQWWmMMﬂQ>
Ky onn
=155 Wi 0[ ;gzﬁg} (A%) x@%um%maw&¢+éu%w%¢0w
1 ad, _ ad,

Note thatxy=«, conforms to the largé, limit [43]. Since + 2072787997 = (95)*(75) ). (B3)

we are interested in medium effects, we adjust the value
Ko to the vacuum masses, yielding=3 both forp and w,
and study the impact of the unknown parameigr As
stressed in[16,37, only a comparison with experimental

0f’he soft pion theoreni8,44] allows one to calculate the
needed terms in linear density approximation as

data can pin dowrky,. (Qfurd|Q 740)) = ; 125i|(75)a5(9|®|9>, (B4)
For treating thep- mixing we also need ’T
NAT=(Qay, ysaa7“ysal) (A6) 11
ud? ==——5 ad O)[ac
and (Q[ufd’|Q 7%(0)) f 125n(75) (Qqa|Q)  (B5)
N9 = (Q[qry, qay“q|Q). (A7) and (Q[u*d’Q #(0))=0. Inserting these matrix elements
With the same steps as above we arrive at into (B3) results in
8 2 ud_ 4 2
— 4NUY+ NOO - SN+ §N{’," Ma'=3.2 2 <Q|QO||Q> Q5 (B6)
___<—> LN O n (A8) with the cutoff Qq coming from the momentum integral.
- 9% o KoMy (Ao | With Eq. (25) and (N(k)[qg|N(k))=My on/m, one gets the
final result
APPENDIX B: SCALAR FLAVOR-MIXING FOUR-QUARK ud_ _7 <0 NN
CONDENSATES M 9712 f2 ﬁq)o{ < >J &7

Now we estimate the two scalar flavor-mixing conden-ysing the same technique for the matrix element in (i®
sates in line¢10) and(12) at finite density(For the vacuum  gne finds

such an estimate is given [29].) Let us first consider the
condensate in lin¢10). To evaluate such a condensate we Mij/d:<ﬂ|i7ﬂ)\aUd7”7\ad|Q>:‘M/Lid- (B8)
insert a complete set of QCD eigenstates after a Fierz trans-
formation Qo is adjusted to the vacuumrw mass splitting. Using),
Ve a . =150 MeV we get the right experimental vacuum masses,
M4 = (Q[Uy,, ysh2udy*ysn3d|(2) ie., m,(0)=771 MeV andm,(0)=782 MeV [45] for our
=(- 3 |7 G?)
=S QIR MNIIUEIQ) (\2): (M) ( 520578 chosen parameters,(qQ),=(-0.245 GeV3, (as/m G?),q
En< [afInniaful) Oy =(0.33 GeV4, a,=0.38, m,=4 MeV, my=7 MeV, MY
1 Nab(gyyB e L s 8 =770 MeV, oy=45 MeV. Furthermore, we take the known
+3(1) )P+ 5 (7,79) UV vs) vacuum values oMy, f_ andm,.

~ (95)*(y5)""), (B1)

and approximate the sum by

> Imn| = [Q)Q +

APPENDIX C: TWIST-2 CONDENSATES

The quark twist-2 condensates appear in lig€s) and
(17), respectively, while the gluonic twist-2 condensates ap-

pear in lines(14) and (16), respectively. The operatorTS

1 b creates a symmetric and traceless expression with respect to

J (2m)?32E |Q (PN (P)CY, the Lorentz indices, i.e., for spin-2T80,,)=(1/2)(0,4
(B2) +(’)Ba)—1/4gaﬁ O7 and analogously for spin-4 conden-

sates. These condensates vanish in vacuum and therefore,
where|Q) is the ground state of mattgf)”) denotes low- according to the low-density approximati@@5), we need
lying excitations(e.g., particle-hole excitationsand|Q2 #°)  only the nucleon matrix elements which can generally be
means ground state plus pion with isospin indexother  written as[26]
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(N(K)|STa,D,aIN(K) = =iS,, AYwd,  (CI) (N(K)[igsSTUID G, als ¥ ¥sW)IN(K)) = 3 S, (KI+ KD,
(D)
(N(K)|STG,,*G,,,IN(K)) = S,,, AS(1?) (C2) (N(K) Q28T (U, ysh Ty, 761 2u) N(K))
=2S,(Ki+Ki-Kio, (D2)

for spin-2 operators and
(N(K)|gZST(Uy, yshudy, ys\ d)N(K)) = 2 S, (K,
(N(K)|STa,D,D,D,aIN(K) = iS,.0, Al(4?),  (C3) (B3)

(N(K)|gZST Uy, \u(Uy, A%+ dy,\3d)IN(K))
(N(K)|STG,,”D,D,G,,,|N(K) = = S, AS(1?)  (C4) =25, (K2+Kd (D4)

with S,, defined in Eq(C5). The other twist-4 condensates,
for spin-4 operators, respectively. The Lorentz structures arehereu andd are interchanged, are equal to the given ones
defined as due to the assumed flavor symmetry. As pointed o]
the coefficientsKﬁﬁud are related to the nucleon forward
scattering amplitude of the electromagnetic current. We take
S =K.k, — K2 Qv (C5 the following parameter set:Kl=-0.112 GeV, K2
=0.110 GeV, K9=-0.300 GeV, K!,=-0.084 GeV as de-
fault. For thed quark we useK3?9=gK.%9 with 3=0.476
K from [36].
Suine= |:k/.Lka}\kU + 4—8(9W9m + 900 * Guoin) We remark that the parametet§ 39, should be taken at a
hadronic scale oft=1 GeV. Unfortunately, twist-4 conden-
2 sates are poorly known and even available only at a scale of
- g(kﬂk,,ghﬁ KuknGuo + KuKoGro + K KnG o u=2.25GeV. To evolve these parameters down o
=1 GeV would require the knowledge of anomalous dimen-
sions which are not available. Here we use the above con-
+hkoG k“k"g“”)}' (6 densates, expressed Ky, K2, K¢ andK?, to demonstrate
that accounting for these condensates has little influence on
the mass splitting and individual mass shifts mfand
The reduced matrix elements of quark twist-2 condensategesons.
are defined as For the twist-4 operator in lin€23) we use the estimate
[21]:
! (N(k)|myaD,.D,qIN(k)) = — PIPKN(k)|myqa|N(k)),

A 2:2fd X g 1) + (= 1) guix, 1)1,
(1) . X X7 an(x, %) + (= 1) gu(x, 1%)] (D5)

where P9 is the average momentum carried by the quark
where gy(x, #2) and gu(x, x?) are the quark and antiquark inside the nucleon. Tak|n3;1~kﬂ/6 [21] (k, is the momen-
distribution function inside the nucleon. We talg"®  tum of nucleon and making the operator symmetric and
x(1 GeV)=1.02 andA""¥(1 Ge\?)=0.12[4], respectively, " oCCSS We get

The reduced matrix elements of gluon twist-2 condensates (N(k)|§r aD,D,gIN(k)) =-S Vi (N(k)[qalN(k)).
are defined byA®(u?)=2[3dx X71G\(x, 1?), with Gy(x, 1?) it w3 (D6)
as gluon distribution function inside the nucleon at the scale

w?. We useAS(1 Ge\?)=0.83 andAJ(1 Ge\?)=0.04 [24], _
respectively. APPENDIX E: PARAMETERS FOR p-w MIXING

For thep-w mixing we have to distinguish between pro-
ton and neutron matrix elements. In particular we need the

APPENDIX D: TWIST-4 CONDENSATES following twist-2 and twist-4 condensates:
Twist-4 condensates appear in the li@$§), (19), (21), (p(k)|§'i’§yﬂD,,q|p(k)> =-is,,AZP, (ED)
and(22). All twist-4 operators vanish in vacuum and there-
fore, according to the low-density approximati(@6), one (p(k)[STuy,D,D,D,ulp(k)) =iS,,,,AF"  (E2)

needs only the nucleon matrix elements. The nucleon matrix
elements of symmetric and traceless twist-4 operators can beith the proton statép(k)) and analog expressions for the
decomposed as36] neutron. The reduced matrix elememt$P(u?) are defined
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as AP(u?)=2[5dx X ap(x, u?) +(=1)' p(x, 4?)], where — Mg —

dp(x, #?) anddy(x, 4?) arepthe quark andpantiquark distribu- (pluu—dd|p) =2 MNTmE =13Gev. (B3

tion functions inside the proton. We use the following

parameters:  A3P(1 Ge\)=0.67,  A3P(1 GeV’)=0.35,  The isospin symmetry breaking parameter for the quark con-
AP(1 GeVP)=0.091, AJP(1 GeVP)=0.029; AJ"=AJ" and  densate isy=—0.008(cf. [12]), and the mass parameters of
AS"=AYP which follow from Un(X, u?)=dy(x,u?) and  higher resonances are m, =1.465 GeV and m,,

Up(X, u?) =dn(x, u?), respectively{48]. =1.649 GeV[45], respectively. For the coupling constants
Another needed matrix element[i$7] we take the valueg,,,=6.0,9,,=5.2 andg,,,=3g,, [11].
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