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The mass shift, width broadening, and spectral densitypfand w mesons in a heat bath of nucleons and
pions are calculated using a general formula which relates the self-energy to the real and imaginary parts of the
forward scattering amplitude. We use experimental data to saturate the scattering amplitude at low energies
with resonances and include a background Pomeron term, while at high energies a Regge parametrization is
used. The real part obtained directly is compared with the result of a dispersion integral over the imaginary
part. The peaks of the spectral densities are little shifted from their vacuum positions, but the widths are
considerably increased due to collisional broadening. Where possible we compare with the UrQMD model and
find quite good agreement. At normal nuclear matter density and a temperature of 150 MeV the spectral density
of the p meson has a width of 345 MeV, while that for theis in the range 90—150 MeV.
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[. INTRODUCTION trarelativistic quantum molecular dynamig¢grQMD) model
[13] which has been extensively tested. For pheaeson this

The modification of the free space properties of a vectopaper represents an updated and improved version of earlier
meson in hadronic or nuclear matter is an important problenwork [14] hereinafter referred to as EIK.
which has attracted much attention. Among the properties of This paper is organized as follows. In Sec. Il we discuss
immediate interest are the mass shift and width broadeninthe formalism, parameters and results for the scattering am-
of the particle in a medium. Many authors have studied thesglitudes. These are employed in Sec. Il where the self-
questions for thep meson, and also in some cases the energies of thep and w mesons are presented. Concluding
meson, at zero temperature in equilibrium nuclear matter, se@marks are given in Sec. IV.
the reviews of Refs[1,2—6. More closely related to this
paper is the finite temperature work of Ragipal.[7,8] who
have considered the medium modification of the pions com- IIl. SCATTERING AMPLITUDES
prisin_g the meson, as well as additional medium scattering A. Low energy amplitude
contributions. There have also been studi®40] of w andp ] ,
mesons in a pion heat bath, although we shall see that nucle- e assume that the self-energies of the isoveptand
ons produce a larger effect. QCD sum rules have also beéﬁoscglarw vector mesons are dommated by scattering f_rom
employed[1,3], but these are tailored to the small distanceth® pions and nucleons present in a heat bath. Accordingly
behavior whereas, as Eletsky and Idi#4 have pointed out, We need four scattering amplitudes. We will adopt the two-
the self-energy is determined by meson-nucleon scattering §°Mponent duality approach due to Hafdi] (see also Col-
relatively large distances of order 1 fm; see also IREf]. lins [16]) which states that while ordinary _Reggeons are dual

Many of these works have relied on effective 0 s-channel resonances, the Pomeron is du_al to the baqk-
Lagrangians; however, we would like to adopt as mode|_grounq upon which the resonances are supeymposed. Taking
independent an approach as possible. Therefore we use &/ definiteness the case ofiameson scattering from par-
perimental data to construct the amplitude for vector mesonticle & we write the forward scattering amplitude in the c.m.
scattering from pions and nucleons. The low energy region i§yStém as
described in terms of resonances plus background, while at
high energies a Regge model is employed. In principle the fem(s) = 1 S wR T'r_pa
amplitude should be completely determined by the data. In rpa 20cm “R PaMR_ \/g_%irR
practice there are uncertainties because the data are often .
inaccurate and incomplete, particularly for themeson. It is Qeml B (1+exp ™) N
therefore important to check that the real and imaginary parts " T 4ms sinTrap s @)
of our amplitudes approximately satisfy the dispersion rela-
tion which follows from the analytic properties of the ampli-
tude. Using our amplitude the in-medium self-energy of theHere the first term involves a sum over a series of Breit-
p and w mesons can be calculated at finite temperature an@igner resonances of maség and total width'g, while
density. We use the leading term of the exact self-energyhe second term is the Pomeron background contribution
expansion[12] which requires that the densities be suffi- which is discussed in Sec. 1B below. No background con-
ciently small that only single scatterings are important.tribution was included in EIK[14]. For the Breit-Wigner
Where possible we will compare with results from the ul-term we have used the nonrelativistic form which amounts
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to setting Mg+ ngzMR in the relativistic denominator TABLE I. Baryon and meson resonances included ingdhem-
MZ—s—iI'xMg. This has a negligible effect on the results Plitude.
we present. In the usual notatigfs is the total c.m. energy

- . Mass Width Branching ratio
and the magnitude of the c.m. momentum is Resonance (GeV) (GeV) (pN or pm)
Jem=3\[s—(m,+m2][s—(m,—m)?/\s. (2 N(1700) 1.737 0.249 0.13
o _ _ _ o N(1720) 1.717 0.383 0.87
The statistical averaging factor for spin and isospin is N(1900) 1.879 0.498 0.44
N(2000) 1.903 0.494 0.60
WR = (2Sp+ 1) (2tpt1) NG) N(2080) 1.804 0.447 0.26
(2s,+1)(2s,+1) (2t,+1)(2t,+1) N(2090) 1.928 0.414 0.49
. . . . . . N(2100) 1.885 0.113 0.27
in an .ObVIOUS notation. Snjc_e we are averaging over all spin N(2190) 2127 0547 0.29
directions we shall not distinguish longitudinal and trans-
oS . . e S A(1700 1.762 0.599 0.08
verse polarizations. The isospin averaging implies that all A(1900 1.920 0.263 0.38
charge states of particle are equally populated so there is ' ' '
no medium-induced mixing17] between thep and w me- A(1909 1.881 0.327 0.86
sons. In Eq.(1) I'g_.,, represents the partial width for the A(1940 2.057 0.460 035
resonance decay into the channel. If we denote the c.m. A(2000 1752 0.251 0.22
momentum at resonance qﬁm,, then forq; = q?_m_we use (1020 1.020 0.0045 0.13
the value obtained from the total width and the branching h,(1170 1170 0.36 1
ratio on resonance. However the threshold behavior of the 21(1260 1.230 0.40 0.68
partial width is known and we incorporate this fog. m(1300 1.300 0.40 0.32
<Acn, by replacing e BY Iapa(Gom/GEn)? ™, 2201520 e o 7

wherel is the relative angular momentum between ghand
the a. Since the total width is the sum of the partial widths
this dependence should be incorporatedl in We do thisin  MeV, branching ratio towN 0.30 and theN(2190) ('
the case thaa is a pion, but whera is a nucleon there are =547 MeV, branching ratio 0.491t must be stressed that
many decay channels and it becomes impractical, so we sinfhere is uncertainty in these assignments; for example, Vrana
ply takeI'r to be a constant. et al. [19] report wN strength only for theN(2190) with a

For the case opN scattering we use thdl* and A*  roughly similar width and branching ratio. For the second
resonances from Manley and Salegk8] which are listed in - model, motivated by the fact that theand e differ only in
Table I. These prOVide a better match onto the hlgh energkospin, we use for the the SameT:% N* resonances as
region than the fit of Vranat al. [19]. It is also necessary to for the p with the same partial widths, except that we omit
include theA(1232) and theN(1520) subthreshold reso- the N(1720) since it decays 75—-80% in thﬂ\l channel
nances since they make a substantial contribution. In order 1®0]. In the other cases the errors are sufficiently large that
estimate the widths we assume that the vector dominancgm”arp andw decays could be accommodated. We refer to
model is valid, even though it is better suited to high enerthjs as the multiresonance model. We also examined the al-
gies. This allows us to relate the photon gnavidths. Spe-  ternative procedure of adopting the decay widths indite
cifically, since both resonances are close toghethreshold,  channel for the resonances found in the quark model calcu-
we can write for each of themt’ ,y=0cmy,n @and I'yy  |ations of Capstick and Roberf@2]. We found, however,
=Kemyyn, Whereke p, is yN ¢.m. momentum. Then vector that the cross section was too small for satisfactory matching

dominance gives onto the high energy part.
Turning now to thep7r amplitude, Eq(1) indicates that a
1 gi Breit-Wigner contribution fos-waves in the limitg; ,,—0 is
yw=A4ma—| 1+ vN, (4 4 constant since a factor of. . is included in the partial
p w

width. According to Adler’s theorem the pion scattering am-
epIitude on any hadronic target vanishes wligp— 0 in the
limit of massless pions. In the framework of an effective
rll_agrangian this can be achieved if a derivative coupling is
used for the pion fieldj,, 7. We assume that the term in the
Lagrangian responsible fop7—a;(1260) involvesd,m
multiplied by thep-meson field strength tens@” and a,

I[OI‘ thea, field. This gives an additional factor which should
ge included for ars-wave partial width of

wherea is the fine structure constant. For the coupling to th
photon we takeg’/4w=2.54 andg’/g>=1/8. The value of
¥,n €an be deduced from the decay width and the photo
branching ratio of the resonanced].

For the case ofvN much less information is available,
although better data is expected in the futit&]. Therefore
we adopt two extreme models with the expectation that rea
ity lies somewhere between the two. The first we refer to a
the two resonance model since, in addition to the subthresh- s—m2—m?2 \?
old N(1520), we include the two resonances reported by (#) , (5)
Manley and Saleskil8]. These are th&l(1900) (I'g=498 Sp—m
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for s<sp, wheresg is a normalization point. Whese s, this Js

factor is replaced by unity. Since this is a soft pion effect it is foa(Ey)= Hfﬁ';"'(S), (7)
reasonable to cut it off wheq.,~1—2m_, hence we take a

the normalization point to bgy=(m,+2m,)% We believe .o

this is more reasonable than taking the resonance mass for

Vso as in EIK[14]. The analogous factor is also introduced s—(m,+m,)?
for the h;(1170) resonance. The parametg2§] for these Ep—mp=p—
and the other meson resonances included in the calculation

are listed in Table I. For the 7= amplitude only thé,(1235)
is listed as having appreciable strend#0]. We take it to
decay 100% taw7 with a width of 142 MeV and apply the
Adler factor as outlined above.

®

2m,

The imaginary parts of ,, andf ,, are shown in Fig. 1. In
most cases the low energy part contains a number of over-
lapping resonances so that the structure is washed out. The
exception is the case of thew amplitude where the single
b, resonance is clearly visibl@ote that this amplitude is the
B. High energy amplitude same in the middle and lower panel8ecause of the kine-

] ) . ) matics, Eq.(8), the resonance region ends Ef{,—m,
The high energy forward scattering amplitude is known _1 geav for pN and ~4 GeV for pm and it is matched

[23] to be well approximated by the Regge form onto the Regge part slightly beyond these points. At low
q 1+exp(—ima) energies the N amplitude is of similar magnitude to theN
fem(s)=— SN _ = rpaga, (6) amplitude in the multiresonance model, but it is much
4ms 5 SinTr aj smaller in the two-resonance model. This is less marked for

the real part of the amplitude, given in Fig. 2, where the two

_ , oN amplitudes are more similar and both are smaller in
We shall consider a Pomeron teffrand a Regge ter®™. In- o hityde than theN amplitude in this resonance region.
order to obtam_the intercept; and the r_e5|duei for theith The pion scattering amplitudes display the change in sign
Regge pole trajectory we use the relation between the amplis, yected for Breit-Wigner resonances. This is not seen in the
tude and the total cross section given by the optical theoremy, cleon case because of the subthreshold resonances in-
Tpa=4mImfiNqc . High energy scattering is dominated gjyded here. These are neglected by Kondratgtikl. [4]
by contributions from individual quarks—the additive quark \ynich may be the reason that thgiN amplitude becomes
model. Therefore it is reasonable to average over charggightly positive at small momenta; it is also somewhat larger
states and take the cross sectigfy =0y . Using the Par-  jn magnitude at large momenta. They obtained their result
ticle Data Group listing[20] this gives interceptsap  from a dispersion integral over an imaginary amplitude con-
=1.093 andap =0.642 with rp¥=11.88 andrf'=28.59  structed from resonances at low energy and vector domi-
(the units yield a cross section in mb with energies in GeV nance together with photon cross sections at high energy.
We would like to takeo,,=o,,, averaged over charge = The scattering amplitude should obey a once-subtracted
states. Of course data for the latter are not available, but fadispersion relation relating the real part to a principal value
Regge exchange in thechannel it is appropriate to invoke integral over the imaginary part:
factorization[24] so that the residuep™=r27=(r 2")2/r "

=7.508, using Ref[20]. Similarly r27=12.74. The inter- - 2E7 = Imf o(E")dE’
ceptsq; are universal. These parameters yield cross sections Ref ja(E,) = Ref ,5(0) + o P'V'fm E'(E'>—E2)
which are roughly 30% smaller than in EI[K4] where the ! P 9)

yN andyw cross sections were employed along with vector

dominance. This, together with the background term in EqThys one can compare the analytical real part of Secs. Il A
(1), allows us to satisfy the dispersion relati@ee below  and |1 B with the result from Eq(9); the difference should be
significantly more accurately than with the EIK parametriza-the constant Rie,(0). This does not hold if one uses the
tion [14]. . o _ Regge form forf at all energies, the difference only becomes
Since the different isospin structure of theand thew is exactly constant if the lower limit of the integration is arbi-
expected to be insignificant at high energy, we adopt thearily taken to be the point whess=0 [16]. Alternatively, if
same parametrization for thew and wN scattering ampli-  one assumes a pure resonance form for the amplitude the
tudes as for thew andpN amplitudes. The parameters for aforementioned difference is not constant either. In both
the Pomeron obtained here are also used for the backgroug@ses noticeable deviations from constancy start to appear at
term in Eq.(1). Note that if the Pomeron intercept, were  energiesE,—m, below about 2 GeV. This trend is also seen
exactly 1, the Pomeron amplitude would be pure imaginaryfor the differences when the actual amplitudes are used, as
displayed in Fig. 3. The nucleon amplitudes give the most
reasonable account of the dispersion relation, with dine
two-resonance case showing a larger deviation from con-
Since we shall work in the rest frame of the heat bath westancy than the other two cases. For pion scattering the de-
will give the scattering amplitude for the case that part&cle viations are larger, although it should be borne in mind that
is at rest. This is related to the c.m. amplitude by the amplitudes themselves are larger too. Of course one

C. Results
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FIG. 1. The imaginary part of the amplitude fpa and wa FIG. 2. As for Fig. 1, but the real parts of the amplitudes.

scattering witha=N, . For thew meson we show results for the

multiresonance model and the two-resonance model. There are inevitable uncertainties in a phenomenological

would not expect phenomeno|0gica| approximations to preparametrization of a Scattering amplitude so it is useful to
cisely obey the stringent constraints which follow from the compare with other work. Here we contrast total cross sec-
analytic properties of the amplitude, and in that light wetions calculated from the imaginary parts of the amplitudes
view the results in Fig. 3 as reasonable. We remark that wédiscussed above with those used in the UrQMD m¢i].
have considered variations in the parameters involved in th&he latter employs a resonance description at the lower en-
amplitude and have not obtained improvement. In particularergies without, however, a background term. At the higher
omission of the background Pomeron term in Eb.gives  energies the CERN-HERA parametrizatio] are used,
much worse results. together with the additive quark model, leading to color
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A —N ]
s 4L T N are small. Note that precisely at threshol= m,+m,,
8 | l both approaches give a divergent cross section which, how-
a o —/ﬁ\‘ N ever, is of no consequence for the calculation of the self-
n C ‘\,\\ i energies. The corresponding results for the nucleon cross
© e~ Tl N sections are given in Fig. 5. Again there is very close agree-
' (\f ) ment at high energies, but less good agreement at low ener-
- 2 L i gies. For thep the basic difference is that UrQMD joins the
é | ) string region to the resonance region at a lower energy. In
P I L L L L, fact our cross section compares better with that of Kon-
0 1 2 3 4 5 (] dratyuket al.[4]. For thew cross section only thsl(1900)
E —m_ (GeV) resonance is included in the UrQMD model, whereas we also

include theN(2190). This can be seen rather clearly in the
FIG. 3. Difference between the real part of the amplitudes giverlower panel for the two-resonance model. Naturally our mul-
in Fig. 2 and those deduced from the imaginary parts of Fig. 1 vigjresonance model for thes bears little resemblance to
the dispersion relation. UrQMD (middle panel at low energies, being closer to the
pN case. Apart from this we would say that there is broad

string excitations. Comparison of the cross sections for scaligreement between UrQMD and the present results.
tering from pions in Fig. 4 shows quite close agreement ex-

cept at the lowest energies. Here the UrQMD cross sections

increase because no factor <nfc_(n,/q§m)2'+l is included in IIl. SELE-ENERGIES OF THE VECTOR MESONS

the width, nor is the Adler factor included. Since physically

the cross section should go to zero in the chiral limit of For ap meson scattering from hadrerin the medium the
massless pions we prefer our result where the cross sectionsntribution to the retarded self-enerfy2,14 is
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If the self-energy is evaluated on shell in the rest frama of
it is possible to do all the angular integrations, giving

Hpa( p)=
f (mpw>
pa m, !

mpmaTJx l-exp(—w,/T)
11)

l-exp—w_/T)

wln

P

My

wherew . = (Ew* pk)/m, andais a boson. Ifais a fermion
w- has an additional chemical potential contribution
—u and the argument of the logarithm becomgs
+expo_/M)]/[1+exp(~w, /T)].
The total self-energy is given by summing over all target
species and including the vacuum contribution
ME,p) =TI*(M) +11,(p)+T,n(p). (12
Here the vacuum part dil can only depend on the invariant
mass,M = \E?— p?, whereas the matter parts can in prin-
ciple depend oift andp separately. However, in the approxi-
mation we are using the scattering amplitudes are of neces-
sity evaluated on the mass shell of {heneson. This means
that the matter parts only depend pioecauseM is fixed at
m, . The dispersion relation is determined from the poles of
the propagator with the self-energy evaluated on shell, i.e.,
M=m, . Taking again for definiteness the case of thae
have
2_ A2 2 tot
E*=m’+p“+11(p). (13
Since the self-energy has real and imaginary parts so does
E(p)=Egr(p)—iI'(p)/2. The width is given by
I'(p)=—ImII(p)/Er(p) , (14
with

2E3(p)=p?+m2+ReI®(p)

+\[p?+m2+Rel(p) ]+ [ImII*(p) ]2,
(15)

The width of thep-meson in vacuuml’}*= — ImIT}*7m,
is 150 MeV (the width of thew-meson in vacuum is 8.4
MeV). We define the mass shift to be

Am,(p)= \/m§+ Reﬂg’t(p) -m,.

We assume that the hadronic matter can be considered to

(16)

ons: comparison of the present results with those of the UrQMIBe a Weak'y interacting gas of pions and nucleons. In order

model.

M1,u(E.p) =~ |

whereE andp are the energy and momentum of theme-

dd s
—3na(w)3f§'§1'(s),

(27)

to test this assumption we have run the UrQMD code in a
box for baryon densities up to twice normal nuclear matter
density at temperatures up to 150 MeV. The results show that
more than 95% of alp-meson scatterings occur from pions
and nucleons so that it is reasonable to focus on these inter-
actions. We will consider nucleon densitiesrgf=0, 1 and

2 in units of equilibrium nuclear matter densityny(

son, w?=m3+k?, and n, is either a Bose-Einstein or a =0.16 nucleons/frf). We assume that the system is in ther-
Fermi-Dirac occupation number as appropriate for parécle mal equilibrium with a temperature below 170 MeV so that
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hadrons are the appropriate degrees of freedom rather than 400
quarks and gluons. For densities of 1 and 2 the nucleon
chemical potentials are, respectively, 747 and 821 MeV at
T=100 MeV, and 543 and 650 MeV at=150 MeV. An-
tinucleons are not included.

The vector meson widths are shown as a function of mo-
mentum in Fig. 6 for two temperatures and three nucleon
densities. Note that the widths given here are defined to be in
the rest frame of the thermal systeliThe present results
replace those of Eletsky and Kapu$iaf] since the weight-

ing of the pion contribution was too small there due to a ---T=100 MeV

computer code error. The nucleon contributions still domi- [~ T=150 MeV

nate, howevey.For I, the ny=0 results are little changed T R

from the vacuum value until temperatures of the order of the 0 500 1000 1500
pion mass are reached. At=150 MeV the width generated p (MeV)

by collisions with pions is about 50 MeV. This is a factor of

2 larger than obtained by Hagl{®] using an effective La- Sl I B

grangian, but a little less than the 80 MeV reported by Rapp L~~~ T=100 MeV

and Gale[7]. Interactions with nucleons give a 100 MeV — T=150 MeV

contribution to the width ahy=1, similar to the zero tem- 300 n,= _
perature estimate of Kondratyw al. [4], and about twice — e
that atny=2. Thus at the highest temperatures and densities > e

the width is 2—3 times the vacuum value and is becoming & 290 F_---~ e T 3

comparable to the mass. The middle and lower panels of Fig.  a S
6 are the same famy=0 since nucleons are not involved in

this case. Here the effect of increasing the temperature, and 100
therefore the pion density, is much more marked than for the

p since the vacuum width of thew is so small. AT | _____________ Ny
=150 MeV the width is about 50 MeV which is similar to 0 —— ' ' —_
the value obtained by Schneider and Wdit@] in an effec-

tive Lagrangian approach, but a factor of two larger than

given by Haglin[9]. When the nucleon density is nonzero we 400 ——— :
expect nature to lie somewhere between the larger widths - T—100 MeV 2 resonance model
given by the multiresonance modghiddle panel and the I
smaller widths given by the two-resonance modelwer 300 | T=150 MeV 4
pane). The functional dependence gndiffers in the two
cases. However, for a temperature of 150 MeV age-1, -
I',, is expected to lie between 100 and 150 MeV. This is an § 200

—

~~

enhancement of the vacuum width by a factor of 12-18, ~
which is in line with Rapp’s estimatg8] of a factor of 20 at 3
a slightly higher temperature of 180 MeV.

In the UrQMD model collisional widths can be obtained
by allowing a volume of matter to come to equilibrium at a
given temperature and baryon deng®p]. Then the average
time between collisions of a meson with a given specie,
or 7, can be determined. The reciprocal of this gives the
width due to collisional broadenin@n units withA=1). In
order for the notion of thermodynamic equilibrium to make FIG. 6. The vector meson widths as a function of momengum
sense detailed balance must hold. Therefore, for present puResults are shown for nucleon densities ofr§, and g (where
poses, it is necessary to drop the string contribution and resquilibrium nuclear matter density,=0.16 fm %) and tempera-
tain only the resonance contributig@5]. Thus the results tures of 100 and 150 MeV. For the meson results are given for the
should be most reliable at low momenta. We show themultiresonance and the two-resonance models.
UrQMD results for the collisional broadening due to scatter-
ing from pions and nucleons separately in Fig. 7. They ara=2, with all densities in units of,. The present results
compared with the results discussed above for two represemgree quite nicely with UrQMD at low momenta, suggesting
tative cases of baryon densityg, and temperature. Farg  that interference between sequential scatterings can be ig-
=3 with T=100 MeV andng=2 with T=150 MeV, the nored at these temperatures and densities as we have done.
baryon chemical potentials are 630 and 479 MeV, respecthe deviations at larger momenta give some measure of the

tively, which correspond to nucleon densitieg=3 and role played by the high energy Regge part of the scattering

100
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100 ————————F—————7———— 80 —— 71—
| - - - UrQMD w/o strings i | —--T=100 MeV ]
_— resonance + Regge + background ] 60 T=150 MeV ____.
— I T=100 MeV, n=1/2 1 -
> o 40
ot [ | =
2 50| s T
3 i nucleons J E =0
% a === <
~ s ~eee__ 1 ]
- ~ 0
[ _ pions “\_---~_ | n,~0
- = —= == NP —20 M S -
N P T S 104 0 500 1000 1500
0 500 1000 1500 p (MeV)
p (MeV) 8 —————74——————+—7————
---T=100 MeV J
150 —————F———————— 60 | —— T=150 MeV i
L - —- UrQMD w/o strings -
—— resonance + Regge + background 1
i T=150 MeV, n =2 ]
~ 100 -
> I i
V)
5 A — nucleons :
Q = ~< -
= 50 | T S — . ]
- ) So-SEmago 0 500 1000 1500
: piocns _.-. p (MeV)
o L ... 80 ———————————T—————
0 500 1000 1500 |  —--T=100 MeV 2 resonance model ]
p (MeV) 60 | —— T=150 Mev -

FIG. 7. Comparison of the present results with those of the I ]
UrQMD maodel (without string$ for the widths generated by colli-
sions with pions or nucleons. The temperatures and baryon densities
for the two cases are indicated.

amplitude.

The mass shifts for the vector mesons are displayed in
Fig. 8. They turn out to be quite small, at most a few tens of
MeV. For both thep and thew mesons the interaction with
pions alone (y=0) produces a small negativem, while
the introduction of nucleons gives a positive contribution.
For the twow models at zero momentuam,, is in the
range —15 to +15 MeV. On the other hand, ap
=1500 MeV for ny=2, Am, is 30 MeV in the two-
resonance model and 50 MeV in the multiresonance modeprgpagator because of vector meson domind@28e29:
somewhat smaller thadm,=60 MeV. These trends and
numbers for the vector meson mass shifts are roughly con-

0 500 1000 1500
p (MeV)

FIG. 8. As for Fig. 6, but the vector meson mass shifts.

. , : dR —ImIT%
sistent with other analysd$,7,8,10. However, in nuclear E.E_ o p ,
matter at zero temperature the coupled-channel calculation of dP*p.d®p. [MZ—mi—Rell X2+ [ImIT))2
Frimanet al. [6] gives larger shifts and, for the, so does a7

the chiral approach of Klingét al. [3].

The rate of dilepton production is directly proportional to where, as beforeM is the invariant mass. For themeson
the imaginary part of the photon self-enef@p,27] whichis  the vacuum parﬂ‘fIC can be obtained from the Gounaris-
itself proportional to the imaginary part of the meson Sakurai formula[28,29. This formula gives a very good
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description of the pion electromagnetic form factor, as mea- 107 ¢
sured ine*e™ annihilation[30], up to 1 GeV apart from a
small mixing with thew meson which we are ignoring in this 0 L
paper: .
q
2)12 2 > 00 L
1+y1—4mi/M v 10
Renyfm:gp— (1—4m2/M?)¥2n — 2
4872 1—\1—-4m2/M .
n 10 F
1 1 3 [ wo+
+8mi(——— —2<&> In( 0 po) : g .
2 m? g m, 107
p F T=150 MeV p=300 MeV/c
(18) 10-0 i L 1 1 1 1 ] ) ] )
REIVE: 0 200 400 800 800 1000
IMITY= — 22" (1 4m2/M2)32 (19) M (MeV)
P 487 i
104 E —vacuﬁm
Here2 2wo=mp=2\/ng+ p2. The vacuum VYidth i, Eee n,=1/2
=(g;,/48m)m,(po/we)” and the real part vanishes on shell. 10° | ‘_‘_:21;2
Since the vacuum decay of the into three pions is more a : ¥
complicated, while the width is tiny, we simply treatitasa & T _
constant except for the application of a nonrelativistic phase é 10 - :___jf"
space factof (M?—9m?2)/(m2—9m?2)]2 from threshold to = P
M=m,,. A possible real vacuum contribution is ignored. 107k
The imaginary part of the propagator, proportional to the s
spectral density, is plotted as a functionMfin Fig. 9 for a = 00 L
temperature of 150 MeV. Pions alone have a small effect on E T=150 MeV p=300 MeV/c
the spectral density so we display resultagt 3, 1, and 2. . L
1 1 | N |

These parameters are characteristic of the final stages of a 10 ' '
0 200 400 600 800 1000

high energy heavy ion collision. As seen from Fig. 9 there is
little change in the position of the peak, but the spectral M (MeV)
density is greatly broadenedn nuclear matter at =0 Refs. 0t ——
[5,6] obtain a more complicated structyr€&igure 9 shows fE —— vacuum
that forny=1 the width of thep peak(full width, half maxi- - —— 2!21/2
mum) is 345 MeV which is becoming comparable to the 07 F _..n-
mass ofp meson and is consistent with the results of Rapp & ;
[8]. For thew meson at this density the peak width is 150 &> ;5 L
MeV in the multiresonance model and 90 MeV for the two- = 3 — i I
resonance model, while Rapp’s width is intermediate be- vs . e
tween these values. A0 F
E E 2 resonance model
= -8
IV CONCLUSIONS 10 E T=150 MeV p=300 MeV/c
In this paper we have described the scattering amplitudes o . L L

for p andw mesons in terms of resonances plus packground o 200 400 600 800 1000

at low energies matched onto a Regge form at high energies M (MeV)

(our amplitudes are availablg81]). The parameters were

taken from experimental data in order to be as model inde- |G 9. The imaginary part of the vector meson propagators as a

pendent as possible. Of course the data are imperfect, pagmction of invariant mass for a momentum of 300 Me\dnd a

ticularly for the o meson where we adopted two extremetemperature of 150 MeV. Results are shown for the vacuum and

models with reality expected to lie somewhere between th@ycleon densities ofng, n,, and 2h,. For thew meson results are

two. Assuming that only single scatterings are important, agjiven for the multiresonance and the two-resonance models.

appears to be justified by comparison with the UrQMD re-

sults, it is then straightforward to obtain the self-energy atspectral density is little shifted, but the width is increased

finite density and temperature. considerably due to collisions in the medium. Collisions with
Our results indicate for the shift in the pole mass a neganucleons dominate, but the effect of pions is not negligible.

tive contribution from interactions with pions and a positive At equilibrium nuclear matter density and a temperature of

contribution from interactions with nucleons. The net result150 MeV the width of the spectral density is 345 MeV for

is small, at most a few tens of MeV. Thus the peak of thethe p meson, about twice the vacuum width. For thene-

035202-9
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son the width is expected to lie between the values of 9Gpectral densities are able to reproduce the obsesVed
MeV and 150 MeV given by our two extreme models, amass spectrf32]. Such work is underway.
considerable change from the vacuum width of just 8.4 MeV.

Where possible we have compared with the UrQMD model
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