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Medium Modifications of the Rho Meson at CERN Super Proton Synchrotron
Energies (200 GeYnucleon)
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Rho meson propagation in hot hadronic matter is studied in a model with couplingrtstates.
Medium maodifications are induced by a change of the pion dispersion relation through collisions with
nucleons and\’s in the fireball. Maintaining gauge invariance dilepton production is calculated and
compared to the recent data of the CERES Collaboration in centitalA® collisions at 200 GeYu.

The observed enhancement of the rate below the rho meson mass can be largely accounted for.

PACS numbers: 25.75.Dw, 12.40.Vv, 21.65.+f

In central heavy-ion reactions at ultrarelativistic ener-(8 = 1/T) the dilepton emission rate per unit volume,
gies hot and dense hadronic matter is formed at the earlg = dN;+;-/d*x, is given by
stages of the collision. From such experiments one hopes 5

: , . ) dNj+)- a
to infer properties of mesons and baryons in the vicinity = T
of the chiral phase transition. Because of its electromag- d*xd*q  3mM

netic origin, lepton pair emission is an ideal probe. Onc%hereq — p+ + p— = (g0, §) denotes the total momen-
produced, the dilepton will decouple from the strongly in-¢,m for (massless) dileptor’mz = 42 > 0'is the invari-
73

teracting particles and thus carry undistorted information,,+ mass. and the hadronic piddéq: T) is given by
of the dynamical properties of the hot nuclear system. For ’ ’

this reason the recent low-mass dilepton spectra measuredH (¢; T) = f*(qo,T) [(m'")* /7 g*]g ., ImDA* (; T)

by the CERES Collaboration ip + Be, p + Au, and 3)
S + Au [1] collisions at 450 and 200 GeM, respec-

tively, have produced considerable interest. While thq rr (4, T) = (e®/T — 1)71}1_ To reduce the numerical

proton data are well described by known decays fromzomplexity in evaluatingd/,” we shall restrict ourselves
a hadronic fireball an excess of dielectrons with invari-to back-to-back kinematics, i.67,= 0. In that case, from

ant masses of 0.2 to 1 Gg¥* has been observed in gauge invariance, only the space components contribute.
the S+ Au case and has been attributed#d 7=~ an- DenotingDZj(qo G =0,T) = 8YD,(g0:T) Eq. (3) then
nihilation from the pionic component of the hadron gas aqyces to ’ ’ P
[1]. When this process is included in the description of One
the data the excess of strength between2tihg-vacuum > _ o _ _p p .
threshold and the rho peak is still unexplained. This led 71(90:9 = 0:7) = =f"(q0. 1) == 5= ImD,, (qo: T),

4)

H(gq;T), (2)

the authors of Ref. [2] to the conclusion that one is seeing
a signal of partial restoration of chiral symmetry through h
a decrease of vector meson masses (here especially the'ere
rho meson) near the phase b(_)undary. Si_nce the rho me- D,(qo;T) = (42 — (m(po))2 — Ep(qo;T)]_l, (5)
son strongly couples to the* 7~ channel this effect may
also be explained more conventionally, however, namelynvolving the scalar part of the rho self-energy.
by modifications of the pion propagation in the presence To study medium modifications of the propagator we
of nucleons and isobars [3-9]. first need a realistic model for the meson in free space.

To study the dilepton emission from "7~ annihila- As is well known [10] an appropriate description is pro-
tion we invoke the vector-dominance model (VDM) in vided by a bare pole graph renormalizedyr rescatter-
which the electromagnetic current is related to the thirdng. This amounts to solving a Lippmann-Schwinger type
isospin component 02f the rltlo meson field by the field curequation
rent identityJ* = (m*/g)p; wherem, andg denote the _ * ’
tho meson mass and the universal VDM coupling con-Mr(E-41:42) = Var(E.q1.q2) + j;) Ak K=V
stant, respectively. Interms of the retarded (thermal) rho-
meson propagator

e PE (6)

DY (q;T) = — ij d4xefiqxz
rZ wherekE is the starting energy of the pion pair, andg,
X (i [p4 (x), p2(0)]1i)O (xo) (1) denote the moduli of the pion three-momenta in the center

>< (E, C]l,k)ng-(Es k)M7T7T(E7 k, C]2),
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of mass system frame, a#f . (E, k) is the free two-pion
propagator:

2

1 1
- w}

2 2
s =m- + k°.
wr E2 — 4w} + in i

(7)

The pseudopotential generated by tiehannelp pole
graph is given by

GY _(E k) =

Var(E.q1.q2) = v(q1)D)(E)v(qa), (8)
where
DY(E) = [E* — (m\)Y]",
v(g) = 4= £ 24F () (©)

3 27
are the barep propagator and the vertex functions,

respectively. The hadronic form factor is chosen to be of
dipole form normalized to one at the physical resonance

energym, = 0.77 GeV:

- ( )

The parameterg, A,, and m© are fitted to the experi-
mental p-wave 77w phase shift and the pion electromag-
netic form factor

2 2
2Ap + my

YV (10)
2A2 + 4w

IFo(E)? = ()
[E2 — (mp))> — RESY(E)P + ImS9(E)
= m")*DY(E)I%, (11)
with
30(E) = 3)(E) — 29(0),
SO(E) = ] K2dk v(k)*GC_(E, k). (12)

The subtraction for2? at E = 0 is necessary to en-
sure the normalizatiofr,(0) = 1. We obtain a satisfac-
tory fit with g>/47 = 2.7, A, = 3.1 GeV, andm? =
0.829 GeV as indicated in Fig. 1.
A proper calculation of the in-medium propagator
D,(E) = [E* - 3,E)]

(m")? — (13)

must include constraints from gauge invariance. A de-
tailed derivation for the self-energy in homogeneous mat-Imgp(qoj) =
ter is given in Refs. [5,6], and we do not repeat it here.

The result can be expressed in terms of the spin-isospin
longitudinal and transverse response functions at a given

density and temperature

I (ko k) = (k§ — k* — m2)T1%ko, k) Dy (ko, k) ,
M7 (ko, k) = (kg — k> — m2)1(ko, ) Dr(ko, k), (14)

where D; and Dy are the longitudinal and transverse
propagators which are expressed in terms of the pion self-
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FIG. 1. Our fit to thep-wave 777 phase shifts (upper panel)
and the pion electromagnetic form factor (lower panel); the
squares in the lower panel are the values from the Gounaris-
Sakurai formula [14], which itself gives an accurate description
of the data.
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energy as

Dy (ko k) = [k — k* — m3 — Sn(ko, )],
Dr(ko, k) = [kg — k> = m), — Cy3 (ko k)],

1o, k) = 15 37 ko, ). (15)

Obviously D, is equal to the single pion propagatbr;.
Making use of derivations in Ref. [5] the imaginary part
of the self-energy for @ meson at rest then takes the
form

q0 dk()

f k% dk v(k)? ~— ImD,
0 T

+ 5 (/KDL (ko, k) + (1/k*)Tz(ko. k)], (16)
where the functiorw is given by
a(qo. ko, k) = [1 + M9 (ko k) + MR(g0 — ko.k)

+ 311 (ko, )11 (g0 — ko, k)],

1% (ko, k) = ReT1%(ko, k) . (17)
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The real part o, is obtained via a dispersion integral: ing nucleon and\ densities ard.0p, each, the sum be-
dE’2 Im3, (E’ ing in good agreement with the results quoted in Ref. [2].
Res, () = 2 [ E) o

(18) The time evolution of the abundances can be obtained
from the time dependence of the temperature given in

The factorgd/E” results from a subtraction at, = 0, Ref. [2]. A reasonable fit of the transport results is ob-

which is necessary to ensure gauge invariance [5]; th&ined with

imaginary part is unaffected by this subtraction since T(1) = (T' — T®)e /7 + T, (21)

Im2,(q0 = 0) = 0. )

It remains to specify the model for the single-pion self-with ~an  initial  temperature 7* = 170 MeV,
energyS,. We employ the standard model ptwave 7~ = 115MeV, and 7 =10fm/c. For chemical
particle-hole excitations extended to finite temperatureequilibrium the time evolution ofp, can then be cal-
[8]. Here the pions are dressed BW~!, AN~! as well culated and the result is again in agreement with the
asNA™!, and AA~! excitations, the latter appearing as transport calculations [2]. Thus we can extragt and
a consequence of a thermally excitddabundance in the pa at each time for the integration of the time history.

T gy — E? E?

gas. One has For a direct comparison with experiment two further
points have to be considered. The first is related to
Sa(w, k) = _kZZXa(w’k), (19) the fact that the rate is evaluated only in back-to-back

a kinematics § = 0). Minimally this can be corrected for

where the summation is performed over all excitationdy using [12]

channelsa = ab™!, a,b = N,A. The susceptibilities dN}- |- R dNj+ -
Xo CoONtain short-range correlations taken into account by Tird? (q0,9) = Jird? FM,q,T),
Landau-Migdal parameteﬁﬂ such that 1 1/ =0

~@ + M? — M)/T
0 Z)((O)g’ X FM.q.T) = exd—(/¢q L )/ ]’ (22)
a a SapAB> V1 + g2/ M2

Fra (k) which is exact for free pions. The second, more severe,
xNw, k) = <%> Sl(a)d.(w,k), (20) point is the finite momentum acceptance of the detector.
M In the CERES S+ Au experiment only dielectrons with
where f ., denote ther NN, etc. coupling constants and opening angle®).. > 35 mrad and transverse momenta
Sl(a) is a spin-isospin factor. The form factdr.(k) = p, > 0.2 GeV are detected. While the opening angle
(A2 — m2)/(A%2 + k?) accounts for the hadronic size of restriction is not severe thg, cuts have to be included
the pion-baryon vertexA, = 1200 MeV). The explicit properly. To do so we statistically model e~ p decays
form of the thermal Lindhard functionsp,, including at given temperature and invariant mass and apply the
the A width has been given in Ref. [8]. For the Migdal acceptance cuts to each of the two lepton tracks [13]
parameters we takgl,z; = 0.8 for a8 = aa'bb~! and  resulting in an acceptance functiot(M, 7). The final
ggﬁ = 0.5 for all others. Finally, to account for a finite dilepton yield can now be calculated by taking into
pion density, we supplement Eq. (16) with a two-pionaccount the above modifications and integrating over the
Bose factor{1 + (ko) + f™(q0 — ko)], which can be time evolution of the fireball up to the freeze-out time
derived rigorously within a Matsubara formalism [11]. to obtain
The contribution of the gas pions to the pion self-energy ;| 1y AN, - (1)
3. - (ko, k) has been shown to be small [11] and we can v dtC(M,T(t))(L> , (23)
. d3xdM 0 d*xd*q |._
safely neglect it here. q=0
Expressions (2)—(20) specify our model for the dilep-where
ton rate in back-to back kinematics. Since we evaluate 3
the p propagator for a homogeneous gas of nucleons and CM,T) = A(M’T)f d’q F(M,q,T) (24)
A’s in thermal equilibrium, the rate at a given temperature Q2m)’
T of the fireball is determined by the nucleon akébun-  contains the acceptance function as well as the figite
dances at thaf. To evaluate these abundances we makeorrection to the back-to-back rate [Eq. (2)]. We take
use of the transport results of Li, Ko, and Brown [2]. Itis ¢, = 10 fm/c, but our results are affected less than 10%
found that at the initial stage the total baryon dengity =~ when choosing; = 15 fm/c. Finally we fix the overall
is 3.5p0 (po = 0.16 fm~3) at a temperature of 170 MeV. normalization in the measured rapidity window to the
Including besides the nucleon antl all baryon reso- total yield from vacuunp decay obtained by Li, Ko, and
nances with masses below 1.7 GeV as well as the lowesBrown [2]. Figure 2 shows our final results supplemented
lying hyperons [2] and assuming chemical equilibrium,with contributions from free Dalitz decay af"’s, 5's,
the chemical potentiaghy = ua = --- = 0448 GeV is and w’'s (dashed-dotted line), which we extracted from
determined by the initial baryon density. The correspondRef. [1]. We also implemented the contributions from
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free w decay @ — e e™) according to Ref. [2], which, observed i200 GeV/u S + Au collisions in the CERES
due to the smallw width, are expected to undergo experiment.

only minor medium modifications [2]. The inclusion We thank W. Cassing, M. Ericson, C.M. Ko, and
of the medium modifications of the meson leads to V. Koch for fruitful discussions and P. Schuck for his
an enhancement of the*e~ yield of about a factor interest in this work. We are especially indebted to
of 3 for invariant masses around ~ 0.5 GeV/c? (full V. Koch for providing us with a Monte Carlo program
line compared to the dotted line in Fig. 2). The mainto determine the detector acceptance in the CERES ex-
effect at work is the coupling of the rho meson toperiment. This work is supported in part by the National
dressed pions andlN ! excitations which was discussed Science Foundation under Grant No. NSF PHY94-21309.
in detail in Ref. [5]. Inclusion of NN~!, NA~!, and
AA~! excitations reduces the rho-meson peak further
(~20%) by moving strength to invariant masses below

0.45 GeV/c2. _ _
In summary, we have presented a gauge invariant *Also at Institut fur Kernphysik, Forschungszentrum Ju-
calculation of thep propagator at rest in a hatNA lich GmbH, D-52425 Julich, Germany.

N _ . N
L . : Permanent address: Department of Physics, University of
gas taking into account the full off-shell dynamics of the llinois at Urbana-Champaign, 1110 West Green Street,

intermediate pions when coupled to nucleons aXid. Urbana. lllinois 61801

After correcting for a finite momentum of the dilepton [1] CERES Collaboration, G. Agakichiewt al., Report

pair as well as for the experimental acceptance of the * No. CERN PPR95-26, 1995 (to be published); J.P.
CERES detector, our calculated yield can, to a large  wurm for the CERES Collaboration, iRroceedings of

extent, account for the enhancement in #ie~ spectra Quark Matter '95[Nucl. Phys.A590, 103c (1995)].
[2] G.Q. Li, C.M. Ko, and G. E. Brown, Phys. Rev. Lef5,
S+Au, 200 GeV/u 4007 (1995); (to be published).

[3] C.L. Korpa and S. Pratt, Phys. Rev. Ledd, 1502 (1990).

[4] M. Asakawa, C.M. Ko, P. Lévai, and X.J. Qiu, Phys.

p>0.2 GeV, 2.1<n<2.65 Rev. C46, R1159 (1992).

E [5] G. Chanfray and P. Schuck, Nucl. Phya545, 271c

(1992); A555, 329 (1993).

[6] M. Herrmann, B. Friman, and W. Noérenberg, Nucl. Phys.
A545, 267c (1992)A560, 411 (1993).

[7] P.A. Henning and H. Umezawa, Nucl. Phys571, 617
(1994).

[8] R. Rapp and J. Wambach, Nucl. Phy&73, 626 (1994).

[9] Z. Aouissat, R. Rapp, G. Chanfray, P. Schuck, and
J. Wambach, Nucl. Phy#581, 471 (1995).

1 [10] J.A. Johnstone and T.-S.H. Lee, Phys. Rev34 243

N (1986).

10° |

1
~

(&N, *,/dndM)/(dN,,/dn) (100MeV) ™"
3 3

0.0 0.2 0.4 0.

6 08 1.0 [11] R. Rapp and J. Wambach, Phys. Lett381, 50 (1995).
M7, (GeV/c) [12] C. Song, V. Koch, S.H. Lee, and C.M. Ko (to be
FIG. 2. Dielectron yield from free Dalitz decay (dashed- published).

dotted line), free Dalitz+ free w+ free p (dotted line) and  [13] V. Koch (private discussion).
free Dalitz + free w + in-mediump decay (full line); the dots  [14] G.J. Gounaris and J.J. Sakurai, Phys. Rev. L&it.244
are the CERES data. (1968).

371



