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In-medium vector meson masses in a chiral SU(3) model
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A significant drop of the vector meson masses in nuclear matter is observed in a chiBahSidel due to
the effects of the baryon Dirac sea. This is taken into account through the summation of baryonic tadpole
diagrams in the relativistic Hartree approximation. The appreciable decrease of the in-medium vector meson
masses is due to the vacuum polarization effects from the nucleon sector and is not observed in the mean field
approximation.
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[. INTRODUCTION the concept of naturalness as the guiding principle for con-
) . structing the model. While naturalness arguments sound ap-
The medium modifications of the vector mesgpsndw) ealing in themselves, they have clear limits in the study of

in hot and dense matter have recently been a topic of greqf clear matter properties with relativistic meson field theo-
interest in strong interaction physics research, both eXPerijes, as—independent of the approximation scheme—the cal-
mentally[1-5 and theoreticallj6-12. One of the explana-  ¢jations always involve a rather “unnatural” fine tuned can-
tions of the experimental observation of enhanced dileptoRe|ation of the strong scalar attraction and vector repulsion
production[1-3] in the low invariant mass regime could be a jhperent in those approaches. We therefore follow the direct
reduction in the vector meson masses in the medium. It Wage|_theoretical path by including the full tadpole contribu-
first suggested by Brown and Rho that the vector mesoR,ng from the lower continuum states. It is seen that an
masses drop in the Te*d|um according to a simple scaling layyyreciable decrease of the vector meson masses arises from
[6], given asm,/m,=f./f.. T, is the pion decay constant {he nycleon Dirac sea. This shows the importance of taking
and the asterisk refers to in-medium quantities. There havgyiy account these contributions.

also been QCD sum rule approaches extensively used in the \ye organize the paper as follows. In Sec. Il we introduce
Ilterature[8—1JJ'for consideration of the in-medium vector ha chiral SW3) model used in the present investigation.
meson properties. In the framework of quantum hadrodysection |11 describes the mean field approximation for
namics(QHD) [13] as a description of the hadronic matter, it \,,clear matter. In Sec. IV the nuclear matter properties are
is seen that the dropping of the vector meson masses has {{§nsidered in the relativistic Hartree approximation. Section
dominant contribution arising from the vacuum polarization,, gives the in-medium vector meson properties due to the
effects in the baryon sectqd4-17. This drop is not ob-  coniributions from the nucleon Dirac sea. The results are
served in the mean field approximation. The vector mesop eqented and discussed in Sec. VI. Finally, in Sec. VIl we

properties[18] and their effects on the low mass dilepton ,mmarize the findings of the present work.
spectra[19] have been investigated recently including the

quantum correction effects from the baryon as well as the
scalar meson sectors in the Walecka mdaé.

In the present investigation we use the(S)thiral model We consider a relativistic field-theoretical model of bary-
[21,22 for description of the hadronic matter. This model ons and mesons built on chiral symmetry and broken scale
has been shown to successfully describe hadronic propertiggvariance[21,22. A nonlinear realization of chiral symme-
in the vacuum as well as nuclear matter, finite nuclei, andry is adopted, that has been successful in a simultaneous
neutron star properties. Furthermore the model consistentljescription of finite nuclei and hyperon potentig®d]. The

includes the lowest Iylng baryon and meson multiplets, in-genera| form of the Lagrangian is as follows:

cluding the vector mesons. In the mean field approximation

the vector meson masses do not show any significant drop, L£=L,+ > Lagw+Lyp+ Lyect Lo+ Lsg (1)
similar to results in the Walecka model. The effect of the W=X,Y,V,Au

Dirac sea is takenllnto account b_y summing over paryqn|c:£kin is the kinetic energy termg,y includes the interaction
tadpole diagrams in the relativistic Hartree approximation,,

. A rms of the baryons with the spin-0 and spin-1 mesons, the
(RHA). In an alternative approach to QHD renormalizability former generating the baryon mass&gp contains the inter-
[23], a chiral effective model has been studied emphasizin%

ction terms of vector mesons with pseudoscalar mesons.
L,ec generates the masses of the spin-1 mesons through in-
teractions with spin-0 fields and contains quartic self-

*Electronic address: ziesche@th.physik.uni-frankfurt.de interactions of the vector field€, gives the meson-meson
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chiral symmetry. It also includes a scale-invariance breaking 1. Baryon-scalar-meson interaction (baryon masses)
logarithmic potential. Finally,Lgsg introduces an explicit

. . The b d th I transf Ily i
symmetry breaking of the (1) 5, SU(3)y, and chiral symme- e baryons and the scalar mesons fransform equaty in

the left and right subspaces. Therefore, in contrast to the

try. linear realization of chiral symmetry, afatype coupling is
allowed for the baryon-meson interaction. In addition, it is
A. Kinetic terms possible to construct mass terms for baryons and to couple
o . them to chiral singlets. After insertion of the vacuum expec-
The kinetic energy terms are given [l] tation value(VEV) for the scalar multiplet matrixX)o, one

obtains the baryon masses as generated by the VEV of the

Liin =i Tr By, DB + £Tr D, XDHX + Tr(u, Xu*X + Xu,u*X
kin iz 20 e (U Lu*X) nonstranger ~ (uu+dd) and the strangé~ (ss) scalar fields

+3TrD,YD*Y + 1D ,xD*x - %TV(VMVVMV) [21]. Here we will consider the limitrs=1 andg$=16g5. In
1 1 e this case the nucleon mass does depend only on the non-
= A TH(F L) = 3T AL AR, (2 strange condensate. Furthermore, the coupling constants

whereB is the baryon octeiX is the scalar multiplety is the between the ba.ryons and the two sc.alar condensates are re-
. S . lated to the additive quark model. This leaves only one cou-
pseudoscalar chiral singleét* is the vector meson multiplet pling constant free that is adjusted to give the correct
with field tensorV,,,=d"Vk=g"V¥," A,,=d"A*=d"A* is the  nucleon mass[21]. For a fine-tuning of the remaining
axial-vector field tensofr ,, is the electromagnetic field ten- masses, it is necessary to introduce an explicit symmetry
sor, andy is the scalar, isoscalar glueball field. The kinetic hreaking term, which breaks the 8) symmetry along the
energy term for the pseudoscalar mesons is given in terms ¢fypercharge directiorifor details see[21]). Therefore the

the axial vector u,=—(i/2)[u’g,u-ud,u'l, where u  resulting baryon octet masses for the current investigation
=exf (i/20¢)m™\,ys] is the unitary transformation operator read

[21]. The pseudoscalar mesons are given as parameters of the
symmetry transformation. Since the fields in the nonlinear My = =~ OneT0s
realization of chiral symmetry contain the local unitary trans-

formation operator, covariant derivatives,=d,+i[T',, ], 2 1~ my + 2m,
with I",,==(i/2)[u'd,u+ud,u'l have to be used to guarantee my =- gNg(gao - 5\"250) T
chiral invariance[21]. For example, for the baryons this

yields

) 2 1~
D,B=4,B+i[l',,B]. ©) mzz‘gNo(gUo‘é\%o)"'ml,
- : 1 2~
B. Baryon-meson interaction me=- 9Ng<§(fo _ 5\;2&)) +my+ M. (5)

The SU3) structure of the the baryon-meson interaction

terms are the same for all mesons, except for the differencgyernative ways of mass generation have also been consid-
in Lorentz space. For a general meson fidldhey read ered earlief21]

Low= =205 {aw BOBWIe + (1 - aw)[BOBWIp} 2. Baryon—vector-meson interaction
- g‘l"’irTr(E(’)B)Tr W, (4) Two independent interaction terms of baryons with spin-1
V3 mesons can be constructed in analogy with the baryon—spin-
_ — — — 0-meson interaction. They correspond to the antisymmetric
with [BOBWJg:=Tr(BOWB-BOBW) and  (f-type) and symmetri¢d-type) couplings, respectively. The
[BOBW]|p:=Tr(BOWB+ BOBV\b—%Tr(BOB)Tr W. The dif- general couplings are shown j21]. From the universality
ferent terms to be considered are those for the interaction dgirinciple [24] and the vector meson dominance model one
baryons with scalar mesorf®V=X, ©=1), with vector me- may conclude that the-type coupling should be small. Here
sons(WzT/w 0=, for the vector andN:V/M, O=ct for W€ will use puref—type coupling, i.e.a\,:_l for all fits, even
the tensor interaction with axial-vector mesons(w  thoughasmall admixture ak-type coupling allows for some
=A,, O=v,v), and with pseudoscalar mesofW=u,, O fme-tt_mmg of the single particle energy levels of nucleons in
G M X . L nuclei (see[21]). As for the case with scalar mesons, we
=7,7s), respectively. In the following we discuss the reI-]c h _ BV hat th feld
evant couplings for the current investigation. furthermore setg; =16gg, SO that the strange vector fie
¢,.~ Sy,S does not couple to the nucleon. The resulting La-

- grangian reads
IAs described in Sec. Il C, the vector mesons need to be renor-

malizeq. The physical fields will pe denotedds zilndp-#,eﬂ,d)#, Loy=- \"EQX([E)’HBVL]F + Tr(EyﬂB)Tr \~/M), (6)
respectively, and the unrenormalized, mathematical fields,asnd
7)#,5)#,~. or explicitly written out for the nuclear matter case,
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N _ V~ \~
‘CBV_ 398wu{/lNyﬂlllN + gSPu‘v[/NY;LT3¢N' (7) E\Jee\g [(V,LPLV)Z + (V5V)2 + (VZ;V)Z]

Note that in this limit all coupling constants are fixed og@‘e 5

is specified[21]. This is done by fitting the nucleo@-cou- " 1x P w2 + MR 2

pling to the energy density at nuclear matter saturation ZXO(mp M0+ M) (14
(E/A=-16 MeV). Since we consider nuclear matter, the

couplings of the vector mesons to the hyperons will not beVhere

discussed here. miz meg/, m = Z,m2, mz(/) - Z¢”‘\2/ (15)

denote the vector meson masses in the vacuum. Usipng
=687.33 MeV,Mo€=0.41, and\,,=—-0.041, the correab, p,

1. Vector mesons and ¢ masses are obtained. The vector meson self-
Eteractlons[27 28 read

C. Meson-meson interactions

The vector meson-meson interactions contain the mas
terms of the vector mesons and higher order vector meson £ =
self-interactions. The simplest scale invariant mass term is Loec™

5 The coupling of this self-interaction term is also modified by
1 ZX—TrV v ®) the redefinition of the fields. The redefined coupling corre-
Zm\’ 2 e sponding to the quartic interaction for the field can be
expressed in terms of the coupliigg of the term(16). This
Itimplies a mass degeneracy for the vector meson nonet. Thierm gives a contribution to the vector meson masses in the
scale invariance is assured by the square of the glueball fielshedium, i.e., for finite values of the or p fields. The re-
X (see Sec. Il C 2 for detaiisTo split the masses, one can sulting expressions for the vector meson masses in the me-

= 2@ Tr(V, V)2, (16)

LW =

vec
Xo

add the chiral invariantf25,26 dium (isospin symmetricare
1 - - (me™M2=m2 + 12950?, (17)
Lige= Zu TV, V#X] (9) )
effi2 _ 4_2 2
and (me'2=m] + 124500, (18
3 - = \/ 2
‘Cvec ZAV(Tr[V,uV]) . (10) (m;ff)Z — m¢ + 249 ¢2 (19)

Note that in Eq(10) we replace the scalar multipl¥tby its it g,=Z g, as the renormalized coupllng. Since the quar-
vacuum expectation value. Combining the contributi@®)s  tic self-interaction contributes only in the medium, the cou-
and (10) with the kinetic energy terni2), one obtains the pjing g, cannot be unambigiously fixed. It is fitted, so that
following terms for the vector mesons in the vacuum: the compressibility is in the desired region between 200-300
MeV in the mean field approximation. Note that tNew as
_ EZ 1(V,w)2 } —1(931/)2 _ EZ —1(§/Lw)21 (12) well as theN-p couplings are also affected by the redefinition
4" e 49 "¢ of the fields with the correspondlng renormahzed coupling
_ constants agNw—3gV\Z andgy,= gV\Z
with, e.g., V&"=p"=3"p#. With the renormalization con-
stants the new vector meson fields are defined pas 2. Spin-0 potential
=2 Y%, w=2 "%, $=2*¢. Explicitly the renormaliza-

i ¢ In the nonlinear realization of chiral symmetry the cou-
tion constants are given as

plings of scalar mesonX and the pseudoscalar singhét

o2 with each other are governed only by &), symmetry. In
7 1= (1 - M—O) this work we will use the same form of the potential as in the
? 2 linear o model with U1), breaking, as described [21]. It
reads
2
-1 _ wlog+ 28 — 2\ 1 1 1
Zos= {(l 4 507 (12 Lo==kaxla*kullof +holy+ 2k, (20)
where with 1,=Tr(X+iY)?, I3=det{X+iY), andl,=Tr(X+iY)*. Fur-

thermore y denotes a scalar color-singlet gluon field. It is
introduced to construct the model to satisfy the QCD trace
anomaly, i.e., the nonvanishing of the trace of the energy-
momentum tensor., =(Bqcp/ 20)55,G*2. Here, G5, is the
Then the Lagrangian for the new fields in the vacuum readgluon field strength tensor of QCD.

D—iz(aﬁ—zzzﬂ\z—)‘—" o5~ 28 13
400 &) Y 3:“(0 £)- (13
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All the terms in the Lagrangian are multiplied by appro- =122 MeV we obtainoy=93.3 MeV and{;,=106.56 MeV.
priate powers of the glueball-field to obtain a dimension

(mass$* in the fields. Then all coupling constants are dimen- Ill. MEAN FIELD APPROXIMATION

sionless and therefore the model is scale invarigd. The hadronic matter properties at finite density and tem-
Then, a scale breaking potential perature are studied in the mean field approximafi®d.
4 Then the Lagrangiafl) becomes
L ——1X4InX—+§X4In '3 (21) —

scale break™ 4 xo 37 detX) Lex+ Loy =~ YN[ One Yo + Myl i, (25
i_s introduced. This yieldﬁl";:(l—ci))(“. By ident.ifying they 1 5
field with the gluon condensate and the cho#e6/33 for Lec= —mZX—2w2+gjw4 (26)

U 2 (0] 4

three flavors and three colors witBocp as given by the
one-loop level, the correct trace anomaly is obtained. The
first term in EqQ.(21) corresponds to the contribution of the 1, ) - o?

gluons and the second term describes the contribution fromYo = 5Kox (0 + %) =~ ky(a? + )~k >t ) —kexo™¢
the quarks to the trace anomaly. Finally the term

1, X" 6
LX:—k4X4 (22) + X+Z In?—— InT, (27)

0

generates a phenomenologically consistent finite vacuum ex-
pectation value. (x| = 1,

The parameterk,, k,, andk, are used to ensure an ex- Vsg= Yo mefqo+ | V2micfy — Emwfw ¢, (28
tremum in the vacuum for the-, -, and x-field equations,
respectively. As for the remaining constarksis constrained where my, is the effective mass of the nucleon. Only the
by the » and 7 masses, which take the valuem, scalar(Lgy) and the vector meson terni€g,) contribute to
=520 MeV andm,, =999 MeV in all parameter set&; is  the baryon-meson interaction. For all other mesons, the ex-
fixed in the mean field fit with quartic vector meson interac-pectation value vanishes in the mean field approximation.
tion such that the effective nucleon mass at saturation densitfow it is straightforward to write down the expression for
is around 0.661, and thes mass is of the order of 500 MeV. the thermodynamical potential of the grand canonical en-
Then it is kept constant in all the other fits, since a change isemble), per volumeV at a given chemical potential and
k, yields quite a strong modification of the other coupling at zero temperature:
constants in the self-consistency calculation. Since we want

; Q
to focus on the influence of the Hartree terms, we try to keep — ==Ly Lo= Lsg Veac
everything else as little modified as possible. \
Since the shift in the in the medium is rather smgt21], ¥ NP
we will in good approximation sef=y,. We will refer to *5 N)Sf NN BKENK) -] (29
™" Jo

this case as th&ozen glueball limit The VEV of the gluon
condensateyy, is fixed to fit the pressurp=0 at the satura-

tion densityp,=0.15 73 The vacuum energy/,,. (the potential atp=0) has been
Po—Y. .

subtracted in order to get a vanishing vacuum energy. The
factor v denotes the fermionic spin-isospin degeneracy fac-
D. Explicitly broken chiral symmetry tor, andyy=4 for symmetric nuclear matter. The single par-

) e N N2 a2 . .
In order to eliminate the Goldstone modes from a chirallicle energy isEy(k)=ky+my~ and the effective chemical

effective theory, explicit symmetry breaking terms have to pgPotential readguy = un—gn,w-.

introduced. Here, we again take the corresponding term of 1€ mesonic fields are determined by extremizing the
the linearo model thermodynamic potential. Since we use the frozen glueball

approximation(i.e., x=xo), we have coupled equations only

1 ) ) for the fieldso,, and w in the self-consistent calculation
Lon= ST AGM+ MY = Tr Au(X+ Y)u+ T (X ~i¥)u'] eldso, ¢, andw | ! watt

given as
23 a(QIVv e
_ 23 9Uv) =Kox?o — 4k (02 + (P o — 2ky0° — 2Kgx ol — 22X
with  A,=1/\2 diagmf,,,m2f ., 2mif-m?f,) and m, J 3o
=139 MeV,mc=498 MeV. This choice foA, together with ) amy
the constraints +mif + a—gpﬁ =0, (30)
f. ¢ L 2fc -1, (24
oo=—1n fo=- Q-1 a(QIV ox*
12 S o (o + = ol kon - 2
on the VEV on the scalar condensates assure that the partial
conservation of axial-vector couplind®CAC) relations of Ge2s L _
the pion and kaon are fulfilled. With,=93.3 MeV andfy *| vemifi \Emif” =0, (31)

045202-4



IN-MEDIUM VECTOR MESON MASSES IN A CHIRAL... PHYSICAL REVIEW C 70, 045202(2004)

TABLE |. Parameters of the model, the corresponding terms in the Lagrangian, and constraints for fixing them.

Parameter Interaction Lagrange term Observable/constraint
G5 Lpm gSV2{Tr(BB)Tr X+[BBX]g} My==0no00
gy Ly OY\2{Tr(By,B)Tr Vé+[By,BV¥:} E/A(p)) =-16 MeV, gy, =3gyZ,,
(1) 2
L 1
™ vec A Trv,ve
2 "Xo
@]
o L, 1 , m,,m,,m,
ec 2~ TV, VAX2] P
M Lo I(TIV,,))?
4 4 -
[+ E(ve)c 2g,TrV, V¢ K=~200-300 MeV
ko 1 a0
- EkOlez Evac:
kg ky(1)? mf\,/ my, My,
a0
— =0
) Kol 4 a¢ vac
k3 Scalar potential Ryl 7,7’ masses
k4 _k4X4 a0
~—vac=0
dx
S éX an I3 Baco
3 detX
Xo p(po)=0
mg, Mg ['esb 1 PCAC

= ST AU +iY)u+ uf(X+iY)u']
00,40

J(QIV)
Jdw B

ken o3k K

2 4 3 _ INKEN
-m w— 4g,0° + gy,pn=0. 32 = =", 34
W 107 T ONwPN (32 PN )’Nfo 2m° 62 (34

The parameters of the model are constrained by symmetry

In the aboveps, andpy, are the scalar and vector densities for relations, characteristics of the vacuum or nuclear matter

the nucleons, which can be calculated analytically for thdoroperties. Table | summarizes the various constraints for the
case ofT=0 )’/ielding parameters within the mean field approach.

IV. RELATIVISTIC HARTREE APPROXIMATION

3
d_kgm If we go from the mean field to the Hartree approxima-
(2m)° By tion, additional terms in the grand canonical potential appear.
M . o[ Ken+ Ern Thesg influence the energy, the pressure, and the meson field
ey kenEpn—myInl ——=—— ||, (33  equations. In the present work, we use the version of the

PN= N

*

N
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TABLE II. Parameters for the mean field and the Hartree fits.  and the pressure, i.ayy,, and xo have to be refitted. Due to

a change inyg the parameterk,, k,, andk, must be adapted
Parameter Mean field Hartree to ensure that the vacuum equations orf, and y have
minima at the vacuum expectation values of the fields. Table

Ya 21 0 21 0 Il shows the parameters corresponding to the the mean field
ke 14 14 14 14 and the Hartree approximations.
e 12.83 10.52 10.51 9.37
Onp 4.27 3.51 3.50 3.12 V. VECTOR MESON PROPERTIES IN THE MEDIUM
Xo 402.7 430.1 430.2 446 A. In-medium vector meson masses
ks -2.64 -2.07 -2.07 -1.73 . . . .
We now examine how the Dirac sea effects discussed in
Ko 2.37 2.07 2.07 1.93 Sec. IV modify the masses of the vector mesons. Rewriting
ko -5.55 -5.55 -5.55 -5.55 the expression for the vector interaction of these mesons
K -0.23 -0.23 -0.23 -0.24 given in Eq.(6) in terms of the renormalized couplingg,,
i,/ M(po) 0.64 0.71 0.73 076  andgy, yields
m, 475.6 560.2 560.4 610.7 N - - T S
v Lgy= 0 + T 38
K 266.1 359.5 304 3778 BV = INw ,ule’}/,ule ngleﬂN’Yp, le ( )
ay 29.0 27.4 23.9 24.1 Furthermore a tensor coupling is introduced:
_ Onvky “
chiral model withgy,=0, i.e., no coupling of the strange Liensor= ~ om WN‘TMvTa‘ﬂN‘?VV ] (39

condensate to the nucleon. Hence additional terms will only

appear due to summing over baryonic tadpole diagrams dUﬁhere(ng,Kv) (ONw: Ko) OF (Ony. k,) fOr VE=wk or p#, 1,

to interaction with the scalar fleld" as in the Walecka =1 or ’T 7 be|ng the Pauli matrices. The vector meson self-
model. The additional contribution to the energy density isenergy is given as

given as
i
* I (K) == 99y 5 2 f d*p THIG(KG(p)
s my 3 Y 1o (2m)
Ae=- NIl — | + my(my — my) — —my(my — my)
16712 my 2 XTY(=KG(p+K], (40)
+ 133mN(mN - qu)3 - i—g(mN - m*N)“} , (350  wherevy,=2 is the isospin degeneracy factor for nuclear mat-

ter, andI'{(k) = y*7,— (ky/ 2my) o*' 7, represents the meson-
nucleon vertex function. In the abov@(k) is the interacting
where mL:—gNUo and my is the nucleon mass in vacuum. nucleon propagator resulting from summing over baryonic
This will subsequently modify the pressure and thdield tadpole diagrams in the Hartree approximation. This is ex-
equations. With inclusion of the relativistic Hartree contribu-pressed, in terms of the Feynman and density dependent
tions, the field equation for as given by EQq(30) gets parts, as

modified to

— * 1 i
5 G(K) = (y,k* + mN)[?z_ W + E
kox?o — 4k, (0? + )0 = 2ky0° = 2kgxol - 2—+m fu My *le =N
3o

X S(kO - En(K) O(ke — ﬁ)]

am,
=t A =0 (36)
= Gg(k) + Gp(Kk). (41)
where the additional contribution to the nucleon scalar den- The vector meson self-energy can then be written as the
sity is given as sum of two parts
# =TIE" + 115", (42

s _ 3 M 2 <5 *\2
AP 4712{ In( N) + (M = M) ZmN(mN il In the above,IlI£” is the contribution arising from the
11 vacuum fluctuation effects, described by the coupling to the
+ E(m -my) ] (37 NN excitations, andI4” is the density dependent contribu-
tion to the vector self-energy. For the meson, the tensor
These make a refitting of some of the parameters necesoupling is generally small as compared to the vector cou-
sary. First we have to account for the change in the energpling to the nucleong15]. This is neglected in the present
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calculations. The Feynman part of the self-eneddy,, is

49§v

divergent and needs renormalization. We use dimensional 11° (ko:kﬂo)=‘—ﬂ2 p?dp F(|p|,my[fro(*, T)
regularization to separate the divergent parts. Forptinee- -
son with tensor interactions, a phenomenological subtraction +fep(p*, 1] (46)
procedurg 14,15 is adopted. After renormalization, the con-
tributions to the meson self-energies from the Feynman pacfith
are given as follows. For th® meson, one arrives at the
expression 1
F(lpl.m = { S@pl2+3m?)
Ve (p)lae* (D -KIL3 §
1 2
o,y — = * *
() = Re(“?”ﬁ +i sz(ﬂ) ' g(ﬂ) (/2 +3m2) ]
2my/  3\2my
* 2 2
-kz(1-z
e[ a2 -n] T KBLD] <47>
my-kz(1-2) .

(43) where * (p)=(p?>+m?*2 is the effective energy for the
nucleon. The effective mass of the vector meson is then ob-
tained by solving the equation, witA=I1z+I1p,

and for thep meson,
k2 — (m2™?2 + Rell(ky,k=0) = 0. (48)
o . K 1 &, \? - In the above, the vector meson mass€S, are obtained b
T2(k%) = = =2212| 1+ my— 1+ = = | (K31, + m2l) in the » the v . ' y
2my © 2\ 2my inserting the classical expectation values of the meson fields

(44) in Egs.(17), (18), and(19). These correspond to considering
only the Fermi part of the baryon propagator and the tree
level contribution to the vector meson mass. We compare the

where vector meson masses including the Dirac polarization to the

tree level vector meson mas€", which neglects the Fermi
polarization effects corresponding to nucleon-hole excita-
| fld A1-2) m2 - k2z(1-2) tions, as well as to the situation when such effects are taken

= Z -7 _—_— .
1 2 - Kz(1-2) into account.
B. Meson decay properties

I = fl dzl m:\lz_ k’z(1-2) (45) We next proceed to study the vector meson decay widths
2 -Kz(1-2) as modified due to the effect of vacuum polarization effects

through the RHA. The decay width for the process mis
calculated from the imaginary part of the self-energy and in

The density dependent part for the self-energy is given as the rest frame of the meson, it becomes

140 wee= MFT 140 anee. MFT
- RHA e RHA.

8
8

8
g

£24=0 24=2.7
3 ° z Y
%o 2w
g 40 o} 40
< <
m [
20 20

o
(-]

=20 -20

-40 -40

0.0 0.5 1.0 1.5 20 25 3.0 35 4.0 0.0 0.S 1.0 1.5 20 25 30 35 40
Pu/po pe/po

FIG. 1. Binding energy per particle as a function of density in the mean field and in the Hartree approximations.
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FIG. 2. Scalar fieldsr,{ and vector fieldw as a function of density in the mean field and in the Hartree approximations.

2 2 4 2\3/2
_ @ (G- 42)
48 k(z)

(5

2
wheref(x)=[e®*- 1]t is the Bose-Einstein distribution func-

(ko) =

)

(49)

[y

NS

For the nucleon-rho couplings, the vector and tensor cou-
plings as obtained from thi-N forward dispersion relation
[15,17,32 are used. With the couplings as described above,
we consider the modification ab- and p-meson properties
in nuclear matter due to quantum correction effects.

To calculate the decay width for the meson, we con-
sider the following interaction Lagrangian for tlae meson
[33-35:

tion. The first and the second terms in the above equation
represent the decay and the formation of the resonance , - Gomp
The medium effects have been shown to play a very impor- ¢ m
tant role for thep-meson decay width. In the calculation for

the p decay width, the pion has been treated as free, i.e., any
modification of the pion propagator due to effects like delta—

m

E}L va,

g0 " 0P, +

Jw3

=€ vap€ik @9 T I Pk

™

(50)

nucleon-hole excitatiof31] have been neglected. The cou- The decay width of the meson in vacuum is dominated by

pling g, is fixed from the decay width of the meson in
vacuum(I’,=151 Me\) decaying into two pions.

the channekw — 3. In the medium, the decay width fes
— 37 is given as

1.0 1.0
swe= MFT ==== MFT
0.9 — RHA 0.9 — RHA
0.8 0.8
0.7 0.7
= 0.6 = 0.6
g
*Ez 0.5 “\z 0.5
] ]
04 04
=0 =2.7
03 84 03 &4
0.2 0.2
0.1 0.1
0.0 0.0
0.0 0.5 1.0 1.5 20 25 3.0 35 4.0 0.0 0.5 1.0 15 2.0 25 30 35 4.0
Pv/po PB/Po

FIG. 3. Effective nucleon mass as a function of density in the mean field and in the Hartree approximations.
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1.6 J-c e 1.6 - e e
) “ N ) | Eme
’ I:' ’ FIG. 4. Effectivew-meson mass in the mean
1.2 d — field approximation and including the Hartree
el 84=2.7 i . ’ .
E o contributions. Left: no quartic vector-meson in-
aal'o teraction. Right: including»* interaction. There
08 is a significant drop of the vector meson mass due
to the Dirac sea effect, which is not seen in the
06 0.6 mean field approximation.
0.4 04
) 1 2 3 4 ) 1 2 3 4
pB/Po Pe/Po
2m)* o o o 4) observe that the additional terms resulting from the Hartree
Lyzr= N %, d%p,d%p38Y (P = py = p2 = pa) approximation lead to a softening of the equation of state at
higher densities. However, the compressibility in the relativ-
XM 41 +f(E)IL +f(Ex)[L +f(Es)] istic Hartree approximation is higher than the mean field
value, as shown in Table Il. Furthermore, the influence of the
- fEJHEJF (B}, (51 finite value for the quartie couplingg, is clearly visible. In

where d%p=®p,/(2m)32E,, p; and the E’s are four- this case the compressibility at nuclear saturation is strongly

momenta and energies for the pions, andfiti&)’s are their reduced(TabI_e 1D AISO’ the r.esulting quation of state is
thermal distributions. The matrix elemekt;; has contribu- much softer in particular at higher densities. The reason for

tions from the channele — p7r— 37 [described by the first this can be seen frqm Fig. 2. The vector fiald which
term in Eq.(50)] and the direct decay — 3 resulting from causes the repulsion in the system, rises much more steeply

. : . ~ as a function of density fog,=0 than for the case of,
:ﬂg er:i(gljgtﬁrg (;t\;g[faelfeo ?ﬁet?/r;?ug E0£520)3VL??h :I)’Sﬂcl;%r =2.7, because the quartic self-interaction attenuateswthe
WP T

. . : . field.
patible with the vacuum decay widthh— 7y [17]. We fix . . .
the point interaction coupling, .. by fitting the partial de- The effective nucleon mass for the different cases is de-

: . icted in Fig. 3. Here the RHA predicts higher nucleon

cay width w— 37 in vacuum(7.49 MeV) to be 0.24. The P . . e
contribution arising from the direct decay turns out to heMasses tha_n the mean f|e(IN’IF) case. Al hlgher denSItle_s .
these contributions become increasingly important. This is

i i 0,
V”Jizrt%'?g:’figim the order of up to 5% of the total decayalso reflected in the density dependence of the nonstrange

With the modifications of the vector meson masses in the{ield,.shqwing a considerable increase due to the Hartree
hot and dense medium, a new channel becomes accessibk ntr|but|ons(F|g. 2. In contrast, the strange condensg,te
the decay modao—s pr for m;>m;+m7. This has been W ich does not couple to the nucleons, takes only slightly

taken into account in the present investigation. lower v_alues n the MF case. .
The in-medium properties of the vector mesons are modi-

fied due to the vacuum polarization effects. The nucleon-
VI. RESULTS AND DISCUSSION vector couplinggy,, is calculated from the nuclear matter
saturation properties. As already stated, the tensor cou-

We shall now discuss the results of the present investigapling is neglected. Figure 4 shows the resulting modification
tion: the nucleon properties as modified due to the Dirac seaf the w-meson mass in the Hartree approximation as com-
contributions through the relativistic Hartree approximationpared to the mean field case. Fp0, the tree levelb mass
and their effects on vector meson properties in the denskas no density dependence, because of the frozen glueball
hadronic matter. Figure 1 shows the equation of state in thepproximation. However, including the effect of the nucleon
mean field and in the Hartree approximation with and with-loop, the fluctuation of the Fermi sea, corresponding to the
out quartic self-interaction for the field. In both cases we particle-hole excitations, leads to an increase inahmass.

—— MFT (wfo N-loop) —— MFT (w/o N-loop)

1.6} (a) =0 || — R¥A Gnel. Dirac pol) 1.6 | (b) —— RHA (incl. Dirac pol.)
84 +=+= MFT (with N-loop) s==+= MFT (with N-loop)
1.4 RHA (w/o Dirac pol.) 1.4 y RHA (w/o Dirac pol.)
. i . .

12 1 12 k;’ FIG. 5. Effectivep-meson mass without and

g & g & with the Hartree contributions, with the nucleon-
2ol £ e, Wit
10 g 10 rho vector and tensor couplings, as fitted from the
NN scattering data(gy,=2.63,x,=6.1). The

08 08 Hartree approximation gives rise to the decrease

0.6 0.6 of the p mass in the medium.

0.4 0.4

0 1 2 3 4 0 1 2 3 4
pB/Po P8/ Po
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300 300
=== MFT (w/o N-!oop) —— MFI‘(?vIo N-!oop)
(@ 24=0 || = RuA Gl Dirnc ol ®) = RUA Gnel. D pol)
2s0f B raciovimesy | 250l 0 | RHA o Diree oo
200 Y
-~ 200 - , .
" e 150 == ' a 4 FIG. 6. Decay width ofp meson in the ab-
150 ¥~ sence and presence of the Dirac sea effect with
100 the couplings fitted from th&IN scattering data.
0 100
0 50
0 1 2 3 4 ) 1 2 3 4
pe/pPo pB/P0
As can be seen from E46), the difference in the contribu- 42, M
. . o 2_ (refh2 - 2NN 54
tion due to the Fermi polarization in the MF theaiyIFT) ko= (my) AMZ — kng_ : (54
N

and RHA at zero temperature, is purely due to difference in
the effective nucleon mass and tew coupling parameters.
At low densities, these contributions are seen to be ver
similar in both the approaches. In the low density approxi
mation, the Fermi part of the vector self-ener@ssuming
the tensor coupling to be zereeduces to

which does not have a real solution k@r(and hence fokg)
When[(mEf)2-4aM2]2< 16Myg2,ps. In other words, there a
“critical density (pg)cic=[(ME")?-4MZ]?/(16g2,My), above
which no real solution for the medium modified vector me-
son masg, exists. Solving the self-consistency equation as
) given by Eq.(48) and including only the Fermi polarization
_ AguMy (52) part as given by Eq46) retains the same qualitative behav-
4M§ - kng' ior. In contrast, a strong reduction due to the Dirac sea po-
larization is found for densities up to around normal nuclear

Making the further assumption that the effective omega mas8'ater density. At higher densities, the Fermi polarization
ko< 2M,, which may be a valid assumption at low densities,Part of thew self-energy starts to become important, leading
while considering the Fermi polarization effects, one arrived© an increase in the mass. A similar behavior has been ob-

at the expression for the density dependent vector self-energigrved in the Walecka modgl4-16. The quartic term in
as the w field considerably enhances thkemass with increasing

density. Thus in the mean field case, the mass rises mono-
> tonically. For the Hartree approximation a decrease ofdhe
HD:—MpB, (53) mass for small densities can still be found. But at higher
My densities the contribution from the quartic term becomes
more important and leads to an increase of the in-medium
which is identical to the vector self-energy due to Fermimass.
polarization, as obtained earligt6]. At low densities, thes In Fig. 5, we illustrate the medium modification for the
mass increases with density. However, it is seen that in the-meson mass with the vector and tensor couplings to the
mean field approximation and in the absence of a quartioucleons being fixed from thERIN forward dispersion rela-
coupling, no real solution fork, exists for the self- tion [15,17,32. The values for these couplings are given as
consistency equatiof#8) for the mass of the meson, for a gﬁ,p/4w:0.55 andx,=6.1. We notice that the decrease in the
density above 14,. This feature remains also in the RHA as p meson with increasing density is much sharper than that of
well as wheng, # 0. This can be undertstood qualitatively in the ® meson. Such a behavior of themeson undergoing a
the following manner. At higher densitites, the assumptiormuch larger medium modification was also observed earlier
ko<<2My is no longer valid, and one should solve the self-[17] within the relativistic Hartree approximation in the Wa-

D=

consistency equation lecka model. This indicates that the tensor coupling, which is
=== MFT (w/o N-loop) == MFT (w/o N-loop)
el @ A LOL®) [gema7]f i Mer o cen FIG. 7. Effectivep-meson mass without and
14 . o Eﬁgﬁi with the Hartree contributions, with the nucleon-
12 i,’ rhq vec_tor coupllpg;Np as from the chiral model,
g V4 which is compatible with the symmetry energy.
'SQI‘O ,_"’ Since we do not know the medium dependent
tensor couplings,, it is taken as a parameter. The
08 ‘;-._ Hartree approximation gives rise to the decrease
0.6 \';‘n.,,' of the p mass in the medium, which is seen to be
TNl quite sensitive to the nucloen-rho tensor
047 N > 3 coupling.
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300 300

==e= MFT (w/0 N-loop) === MFT (w/o N-loop)
@  [g,=0] |- MFr i N1com ®) <= MFT (with N-loop)
250 i vt o7 250} i g Pmrtving
/ At f 7 s
H -, H - K, . .
200 7/ 200} / e = FIG. 8. Decay width ofp meson in the ab-
L sence and presence of the Dirac sea effect with
er 150 - P 150 £ the nucleon-rho vector coupling,y as from the
100 |2 100 R chiral model, which is compatible with the sym-
- B 3 H H
\\ g metry energy. The tensor coupling is taken as
Ot Nl 50 a parameter.
P ———
0 0
0 1 2 3 4 0 1 2 3 4

negligible for thew meson, plays a significant role for tlee  description of finite nuclei in the RHA has been discussed
meson. The Fermi polarization effects are seen to give a risg89]. It is seen that the spectra of the shell model states are
in the p mass with density, similar to what was seen foréhe improved considerably with inclusion of these interactions,
meson mass. which are otherwise not well described in the RHA due to
The in-medium decay width fop— 7, r; reflects the  softening of the equation of state. The resulting in-medium
behavior of the in-mediunp mass. This is because in the mass of thep meson is plotted in Fig. 7 as a function of
present work only the cage=0 is considered, and so there is baryon densityog/po. It is observed that thg-meson mass
no Bose-enhancement effect. Therefore in the absence of th&S & strong dependence on the tensor coupling. In the Har-
quartic vector-meson interaction, the significant drop of thé€& @pproximation the-nucleon vector coupling does not
mass of they meson in the medium leads to a decrease of théliTer E)OO. mLéth Irr:iflrl]\le two Casesa €., d?pendlr:lg on whether
p decay width in the relativistic Hartree approximation. :LIIZt(i)ortlzln'?husrowe fin?jcgttseirzlw?lgr gtta?]g\;iorf?c])rtthe ;g:‘?ﬁtry
However, only the Fermi polarization effects in the RHA or ; !

MFT lead to an increase ip decay width, which is a reflec- in the latter case we cho0sg=6, i.e., close to the value
X ; : n y ' . from scattering data. For the same valuexgfand thep-N
tion of the increase in the mass of tpemeson in the me-

vector coupling parameter as fitted from symmetry energy,

dium. These are shown in Fig. 6. Since the quartic Self'thep mass is plotted in the mean field approximation. As

@nteraction yields an increase in the mass at higher denSitiealready seen, the Fermi polarization gives rise to an increase
it also leads to an increase of tpedecay width. in the p-mesc;n mass
In the previous calculations, theN coupling strengths Figure 8 shows the decay width for theneson when we

\(/jvetre 3uzseﬂ| as determlr_1ded ILom thiN for(\;\(?rdt_sca;[ctermg take theNp vector coupling as determined from symmetry
ata[32]. Now we consider the mass modification for the relations and the tensor coupling is taken as a parameter. In

tmheson, W'ﬂt] the ln?clec_)rp gfurl'n_?hg’\‘ﬂ as dettermmed from the mean field approximations, is chosen as 6, a value
e symmetry relationélable I)). The symmetry energy co- close to that from scattering data.

efficient asymis given as{38] The decay width of the meson is plotted as a function of
1l # /€ density in Fig. 9. In the vacuum the process- 37 is the
asym=§ W(‘) ' (55) dominant decay mode. However, in the medium the channel
P/ Jw=0 w— pr also opens up, since tremeson has a stronger drop
wheret=(p,—pp)/po. The resulting values for the symmetry in the medium as compared to themeson mass.
energy for the different cases are shown in Table Il. They are The mean field approximation, does not have a contribu-
compatible with the experiment. We take the tensor couplingion from the latter decay channel, whereas the inclusion of
as a parameter in our calculations since this coupling canndhe relativistic Hartree approximation permits both processes
be fixed from infinite nuclear matter properties. However, itin the medium. In the presence of the quartic vector meson
influences the properties of finite nuclei. In a recent studyjnteraction, the channeb— p7r, which opens up at around
the importance of the tensor couplings w andp) for the  0.3p,, no longer remains kinematically accessible at higher

200 200
(@) _—__- ﬁ%ﬁ%?:m) (b) E ﬁxﬁ'ﬁ!ﬁ%
150 T eetn 150 L R FIG. 9. Effective decay width of» meson
/, without and with the Hartree contributions. The
/ decay width has contributions from— 37 as
"3 100 “100 / well as w— pm. The latter becomes accessible
/ due to stronger medium modification of the
50 p-meson mass as compared to themass. The
MFT has no contribution from the process
— pTT.
%
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400 MFT (w/o N- 400 MFT (w/o N-lt
(a) — MFI‘::VV;;I ﬁm) ®) e = mgvv-rh N-r:\;)))
350 — |5 w2 (RHA 350 JR el o 2 (RHIA)
84~ —— x,=4 (RHA) R —— k=4 (RHA)
re K26 (RHA) - sres x=6(RHA) . .
300 g (SN 300f 7 e TN FIG. 10. Decay width of» meson in the ab-
s ’ 7 .
250 o Smemee” 250 ; / sence and presence of the Dirac sea e_ffect. For
2200 / 2200}/ ,,/ the cha.mnelwfpw, the p-meson properties are
S e { / determined with the nucleon-rho vector coupling
sy e 150 |} / . o :
e P S On, as from the chiral model, which is compatible
1005 et 100 [ /' with the symmetry energy, and the tensor cou-
| N & . .
i ] pling «, is taken as a parameter.
.

densities. This is due to the increased importance“afon-  coupling strengths of the rho meson. The Fermi sea polariza-
tributions to the vector meson masses at high densities. tion is seen to be dominated by the Dirac sea polarization in

The strong enhancement of thkemeson mass in the pres- the RHA, leading to a drop in the vector meson mass in the
ence of a quartic self-interaction term for thefield makes medium, whereas the particle-hole excitations in the MFT
also the decay channel— NN kinematically accessible in corresponding to the Fermi sea polarization give a rise in the
the mean field approximation. In the present investigation th¥ector meson masd 3].
vector meson properties are considered at rest. Vector me- Thep-meson mass is seen to have a sharper drop as com-
sons with a finite three-momentum can also have additiondpared to thew-meson mass in the medium. This reflects the
decay channels to particle-hole pairs. These decay model&ct that the vector-meson—nucleon tensor coupling, which is
e.g., have significant contributions, to the decay width ~absent for thew meson, plays an important role for the
[40]. Additional channels that open up in the mean field ap-nass. The decay width gf— 77 is modified appreciably
proximation in the presence of a quartic term mmowever, due to the m0d|f|cat|0n of thﬁ mass. At finite bal’yon den'
have not been taken into consideration in the present worigities, the scattering due to nucleons is seen to lead to a large
Here the emphasis is on the effect due to the relativistidncrease in the-meson decay widtli7,11,43. This, how-
Hartree approximation on the in-medium vector meson prop€Ver, has not been taken into account in the present investi-
erties. gation.

Figure 10 illustrates the decay width of themeson when The effects discussed above influence observables in finite
the medium dependence of tpdl vector coupling is taken Nuclei, stellar objects,_gnd relativistic heavy ion. coI'Iisions.
into account and the tensor couplirg is taken as a param- For example, the modified vector meson properties in a me-
eter. In the mean field approximation, thg chosen is 6, dium play an important role in the dilepton emission rates in
which is close to the value obtained frdiN scattering data. relativistic heavy ion collision$41]. This is reflected by the

The strong dependence of themeson properties on the ten- Shift and broadening of the peaks in the low invariant mass
sor coupling in the relativistic Hartree approximation are re-"egime in the dilepton spectra. Therefore, it will be important

flected in thew decay width through the channel— pr. to investigate how the dilepton rates are modified by the
in-medium vector meson properties in hot and dense had-

ronic matter. Generalization to finite temperatufds] to
Vil. SUMMARY study the spectral properties of the vector mesons and their

To summarize, in the present paper we have consideregifects on the dilepton spectra from the hot hadronic matter
the modification of the vector meson properties due tgesulting from nuclear collisions are currently being studied
vacuum polarization effects arising from the Dirac sea inl44]: This apart, the study of Hartree contributions in the

nuclear matter in the chiral $8) model. The baryonic prop- ana_ly_sis of the_ particle ratios from the relativistic heavy ion
erties as modified due to such effects determine the vectdio!liSion experiment$45] and related problems are also un-
meson masses in dense hadronic matter. A significant redué€r investigation.
tion of these masses in the medium is found, where the Dirac
sea contribution dominates over the Fermi sea part. This
shows the importance of the vacuum polarization effects for
the vector meson properties, as has been emphasized earlier
within the framework of quantum hadrodynamids,16. One of the authorgA.M.) is grateful to J. Reinhardt for
The main aim of the present paper is to study the effcts ofruitful discussions and Institut fuer Theoretische Physik for
vacuum polarizations from the nucleon sector on the vectowarm hospitality. This work is supported by Deutsche
meson properties. The drastically different behavior of theé~orschungsgemeinsch@FG), Gesellschaft fir Schwerion-
vector meson masses in the two approag¢Re$A and MFT)  enforschundGSl), Bundesministerium fur Bildung und For-
is due to the Dirac sea polarization effect leading to the largschung (BMBF), the Graduiertenkolleg Theoretische und
drop of the mass of the vector meson in the RHA, and isExperimentelle Schwerionenphysik, and the U.S. Depart-
absent in the MFT. This effect is genuine to the RHA ap-ment of Energy, Nuclear Physics Divisiof€ontract No.
proach and does not reflect a mere rescaling of the MFAN-31-109-Eng-38
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