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Signatures of thermal dilepton radiation at ultrarelativistic energies
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The properties of thermal dilepton production from heavy-ion collisions in the RHIC energy regime are
evaluated for invariant masses ranging from 0.5 to 3 GeV. Using an expanding thermal fireball to model the
evolution through both quark-gluon and hadronic phases various features of the spectra are addressed. In the
low-mass region, due to an expected large background, the focus is on possible medium modifications of the
narrow resonance structures framand ¢ mesons, whereas in the intermediate-mass region the old idea of
identifying QGP radiation is reiterated including effects of chemical undersaturation in the early stages of
central Aut-Au collisions.
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I. INTRODUCTION For Sulfur and Lead projectiles both the LMR,3] and IMR
[4,3] clearly exhibit appreciable signals above the aforemen-

The identification of experimental signals from potential tioned “background” sources, i.e., final state hadron decays
phase transitions in strong interaction matter associated withs well as Drell-Yan and open charm contributions, respec-
deconfinement and/or chiral symmetry restoration is the matively. At the same time extensive theoretical analyses have
jor goal of the (ultrg)relativistic heavy-ion program. Con- shown that the experimental findings can be consistently un-
vincing evidence is likely to be achieved through a consistenglerstood in terms of thermal emissi¢roupled with strong
combination of various suggested signatures. Among these ifedium effects in the LMR, see, e.g., RES] for a recent
the copious production of thermal lepton pairs as originatingeview, indicating that one is indeed producing QCD matter
from a supposedly thermalized fireball. Their relevancein the vicinity of the conjectured phase boundary. Neverthe-
comes in two facets depending on invariant mass. less, the major part of the enhancement is still associated

In the low-mass regioiLMR, below ~1 GeV) thermal  with the hot and dense hadronic phases in the course of the
radiation is governed byin-medium decays of the light collisions.
vector mesong, w, and¢. With the dynamics in the light At the now operational collider experiments at RHIC,
quark sector i, d, s) being driven by chiral symmetry and however, the plasma phase is anticipated to occupy much
its spontaneous breaking in vacuum, medium modificationfarger space-time volumes together with higher initial tem-
of the light vector mesons should encode informatiorithe  peratures. At the same time, primordial and final hadron-
approach tpchiral restoration. The challenge is then to dis-decay sources increase. For the IMR various interplays have
criminate the thermal contribution from the numerousbeen elaborated in Ref§6—16), and for the LMR assess-
“background” mostly consisting of meson decays after ments have been made, e.g., in R&f]. The purpose of the
freeze-out of the interactinhadronig system. present article is to provide an overall picture as well as an

At sufficiently high masse&bove 3 GeV or sp primor-  improved estimate of the thermal component in both the
dial processes such as Drell-Yan annihilaticharacterized IMR and LMR, thereby utilizing our understanding as in-

by a much harder slope than typical thermal sourcesor-  ferred from the investigations performed in the context of the
related decays of opefantjcharm (bottom) pairs are ex- SpS results.
pected to prevail the spectra. Thus, the focus is on the narrow The article is organized as follows. In Sec. Il we will
peaks from heavy vector mesodi¥V, Y, ..., inconnection recall basic ingredients for the description of equilibrium
with deconfinement signatures through their early dissodilepton production rates from threshold to about 3 GeV.
lution. Descending from high masses thermal radiation isThe emphasis will be on in-medium effects in the LMR,
believed to become competitive below thel resonance. In which will be assessed in the spectral function approach
the so-called intermediate-mass regi@iMR), extending within hot hadronic matter as appropriate for RHIC condi-
down to the¢, the emission is continuumlike with a magni- tions. In Sec. Il we apply the emission rates using an ex-
tude approximately given by perturbatiegy annihilation.  panding fireball model around midrapidity to calculate dilep-
An enhanced dilepton yield in the IMR has been among theéon invariant mass spectra, suitable for comparison with
earliest suggestiond] for a signal of QGP formation. The future measurements of the PHENIX detector. In the LMR
idea resides on the fact that at masses substantially largepecial attention is paid to the manifestation of medium
than typical temperatures, thermal occupation factorsnodifications of the light vector-meson resonances. In the
strongly favor contributions from the hottdgiarly) stages of IMR the predictions for thermal yields will be confronted
central collisions where deconfined, perturbative mattewith Drell-Yan pairs to evaluate their significance for iden-
ought to be formed. tifying signals from an equilibrated partonic system. In par-
Dilepton measurements performed within the heavy-iorticular, the consequences of chemical undersaturation in an
program at the CERN-SPS over the past decade have derearly formed “gluon-quark” plasma will be assessed. In Sec.
onstrated that the above issues can be thoroughly addresséd.we summarize and conclude.

0556-2813/2001/63)/05490713)/$20.00 63 054907-1 ©2001 The American Physical Society



RALF RAPP PHYSICAL REVIEW C 63 054907

Il. ELECTROMAGNETIC CORRELATION FUNCTION pared to the relatively weaker meson-induced interactions
AND DILEPTON PRODUCTION RATES In the following we will employ standard many-body tech-
niques to implementhadroni¢ self-energy corrections into

the propagation of the three light vector mespns, andd.
The general object for studying thermal dilepton emission

is the electromagnetic(em) current-current correlator 1. p meson
[18,19. In vacuum it is defined by the expectation value of
the time-ordered product of em currents,

A. Definition and spectral decomposition

For thep-meson propagator,

| : SIMZ_m©@2_s s s -
3@ =1 [ a% e O T enf0). () PoM AT SIS =S =20

The correlation function provides a common framework not

only for different hadronic approaches but also for quark-2" extensive literature about hadronic in-medium modifica-
gluon based calculations. This feature is particularly eviden{'ons has emerged over the last ten yese{5] for a recent

in free space where the following decomposition of its;?glr]eV\bthel_:ﬁ\r(Sé g]YeRéEZg]rp\?vrﬁéfe ft'rr]'getott;r?r?_?;aet;ruemesfg?f?ts
imaginary part can be given: 9 2

energy has been obtained in terms of polarizations of its pion

Im 1~ cloud as well as resonant interaction_s with surrounding
. pions, kaons, and rho mesong,= 7,K,K,p. In addition,
(012/~ 12 aving 2 modifications due to nucleons as well as the most abundant
:%W ((my”)*7gy)* Im DY (M, q; ug . T), baryonic resonanced B=N,A(1232) N(1440) N(1520)]
M<M are included following Refd.21,27. Since thep® meson is
= Wldual»

_ ) an eigenstate under antiparticle conjugation, it equally inter-
v e 2 2 2 acts with antibaryons, thereby effectively doubling the im-
(=g*"+0“q"/M*) (M*/12m) Ncq=§u;d,s (€q)", pact of the baryonic component farg close to zero. For

M=M example, at T,ug)=(180,0) MeV one haspg=0%w

= Vdual- =0.460, which is appreciablg(including all nonstrange

From totale* e~ —hadrons cross section data it is well es-30NaNces up "?‘352 1.7 GeV as well as the lightest hyper-
tablished that the low-mass part of the correlator can be ac,Q.nS"QO_O'16 fm™* denotes ground state nuclear matter den-
curately described by the light vector mesons within the vecSi%)-
tor dominance mode(VDM), whereas above a “duality
threshold” of aboutM4,,=1.5 GeV free quark-antiquark 2. @ meson

states satisfactorily saturate the stren@tithin 20% or s9. The same approach as for thés now adopted for the
The thermal dilepton production rate per unit four-volumemeson(see also Refd23—25 for somewhat different treat-
and four-momentum is directly related to tfepin-averaged  ments. First, its vacuum self-energy is constructed from a
imaginary part of the in-mediuntretarded em correlator  combination of the directv— pm and thew— 3 decays
through[19] derived from the interaction verticésospin structures sup-
presseil[26,27]

\

de‘Fl*

—=—21%0qo;T) L, Im T4y o
d q ﬁwp'ﬁ:Ga}pﬂT e-,l,l,l/(J'T('()Ma p & 7T7 (5)

2
a -
=- WstfB(qO;T) IMHen(do,a; T, ue), (3) Lo37=Cuan €pvor @ 3"m 7w I, (6)

where the lepton tensdr,, encodes théfree) propagation  respectively.G, ., is taken from Ref[20] which (together
of a virtual photon and its subsequent decay into a pair ofvith a hadronic form factorgives the correct radiative decay

leptons, and’® denotes the thermal Bose factor. width T',,_ ., (using VDM) and about 50% of the full had-
ronic width. G 3. is then adjusted to reproduce the missing
B. Medium effects in the low-mass regionLMR ) part. Medium effects in therp cloud are introduced through

thermal Bose enhancement factéesaluated in the Matsub-
ara frameworkas well as the in-medium spectral function
rom above, i.e.,

In the LMR medium effects arise from changes of the
vector-meson spectral functions in hot hadronic matter. A
RHIC energies, due to the low stopping of the interpenetrat-
ing nuclei, one would not expect baryons to play a significant
role at central rapidities. However, even for a vanishing net 2G% . (MmaM dM
baryon density this may not necessarily be true once ac- Lo pn(8)= 87 f

counting for thermal excitations N pairs in connection 3 5
with the rather strong meson-baryon interactidas com- +1(0,)] 205 m Fopa(dem) (7)

. Ay M) [1+(w,)
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G2, (wimax w2max Ceti=COnTEn+0.5(2pt CB) (12)
Iy_3a(S)= 3J dle do,
1927° Jm, my to account for the effects of higher resonances as well as
2 antibaryons. The in-mediura propagator finally reads
x| 1+ f"(w;) | +17 fm
[IEO (wj) (wo){ (w1) Dw:[MZ_m3)+imw(r3w+rpw+rwW~>77)
_zwwbl_sz]il' (13)
T (@)} + 7 (w1) f7(wp)
3. ¢ meson
x| p2p3— E(p%—pi—p%)} For the ¢ meson various evaluations of medium effects
4 based on hadronic rescattering at finite temperature have in-
XF y3-(PosP1,P2)2 ®) dicated quite moderate changes of both its mass and width

[31-33,24. This also holds true for direetN interactions as
with M 0= VS—m._, 1 max= Js—2m_, and Wamax= Js  indicated by photonuclear production $fmesons as well as
—(w,+m,) (dynamical modifications of the pion propaga- the absence of baryonic resonances with explicitly measured
tors are smaller and have been neglect@tie w can also be  ¢N decay channelsTherefore we do not attempt a micro-
absorbed through the inelastic reactiom— . The cor- ~ Scopic description of this part of the self-energy but
responding collisional broadening has been calculated iferely parametrize the finite-temperature collisional broad-
Ref. [24] which we include via ening guided by the results of R¢R4] as

r ~(7 MeV) T i (9) M3 T)=—m,T"(T,) T i (14)
OT— TT TO ) ¢ ¢ 0 TO ’

(To=150 MeV). We furthermore compute an-self-energy  with T,=150 MeV andl“f;’”(To)=9 MeV.

from scattering off thermal pions inducinig (1235) reso- In addition, width modifications from the dressing of the
hance formatior{23,24]_, which_has thg- largest known cou- (antkaon cloud through in-mediung—KK decays arise.
pling to w states. Using the interaction vertex Here, even small effects in the kaon propagators can have
appreciable impact on the spectral function due to the

= M . — v l
Lub,; =G, D" (9P~ A0,y &, (10 proximity of the ¢ mass to the two-kaon thresholthe

the self-energy takes the form p-wave nature of thep— KK decay further enhaanes this
sensitivity). We assess this by evaluating tthe-~ KK width
s (M.q)= G2 f p2dpdx in terms of in-medium modifiedantikaon spectral func-
wmb, (M,Q wmh; (2m)220(p) tions, i.e.,

X[ (p))— Ao+ @(P))]

Im2 kc(M;T)=—m,
X Fw'n’bl(qc.m)2 Dbl(s) wabl(p:CI).

M m, dmy
Ty ki fo ———Ax(my)

M-mim, dm
(11) xj ' = Ag(m,)
0

where the vertex function,, . (p,q) and the hadroni¢di-
pole) formfactorFM,Jl are in close analogy to themra, case

[20]. The coupling constant and cutoff parameter are fitted to
the empirical hadronic and radiative decay widths _
Fbl—wrw,ﬂ'y' X[1+fK(wl)+fK(w2)] (15)

In nuclear matter, according to the coupled channel analy- o )
sis for vector meson-nucleon scattering of Rgfg], the  (I' ;" «x=3.7 MeV: on-shell width in free spageand again
dominant coupling of thew proceeds through resonant neglect possible modifications of the real part. Tlaat)
N(1520N ! excitations(with a strength similar to that for kaon spectral functions are given by
the p meson, as well asN(1650N ! ones. Modifications
induced in the pion cloud are presumably less significant
[29], especially when using soft form factors for the\N This behavior is quite contrary to the light quark statesnd w.
and 7NA vertices as suggested by the analysis of photoabrhe reason for that is presumably related to the OZI rule: whereas
sorption spectra on the nucleon and nu¢8d]. In line with iy a p-/w-N interaction the antiquark in the vector meson can easily
the arguments given abovsee also Ref.22]), we evaluate  annihilate and convert into excitation energy of a baryonic reso-
the N(15200N~! and N(1650N"* loops at an effective nance, the equivalent mechanism for the antistrange quarkbiiNa
nucleon density interaction is strongly suppressed.

X

3
p
p_:n) F¢KE(DK)2
K
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1
1 L T T
Acx(m=—-2ImDgx x(M=-2IMm—————. | — vacuum
K,K K.K m2—m— Sy ik L T=120MeV,p,=0.02p, 770 i
(16) [ - T=150MeV,p =0.12p, P
- _ _ & L -- T=180MeV,p_=0.58
For the finite-temperature part & i, which does not dis- > 6 Y Per=->%Po ]
tinguish between kaons and antikaons, we approximate the O, [
results of Ref[23] as a® L
= 4t ]
T 3 = L
Im2 ¢ (T)=—mg [k x(T)=—my (20 MeV) (T—O) , ol ]
ReZk k(T)==mg (10MeV). (17 ¥ A ¥ S B
In nuclear matter kaons and antikaons behave quite differ- M[GeV]
ently. TheKN interaction is rather weak and slightly repul- 100 — |
sive. A corresponding self-energy has been extracted as I
[34 35 — vacuum 1
' 801 -- T=120MeV p_,=0.02p, } ]
on [ - T=150MeV,p_=0.12p, ! 1
Sk(en)=mg (0.13mk) (—) . (18) L ok —— T=180MeV.p =0.58p, 1
Qo Chat
The antikaon, on the other hand, couples to a number of & : i ¥ 1
L . ! - 782 1020 -
hyperon excitations. A detailed recent coupled channel cal- §40- ," \ (782) o ) .
J— I
culation[36] predicts an appreciabl€ width of up to 100 il
MeV already at nuclear saturation density, together with sig- e
nificant attraction as well. Accordingly, we employ

e .
Sc(m;on)=mg (—N)(—60,—| 90) MeV. (19
Qo FIG. 1. Spectral functions of the light vector mesgngupper
Notice that the situation reverses for the interaction with anP2"¢) @de. ¢ (lower panelin vacuum(solid lines as well asin
tinucleons. i hot baryon-poor hadronic matter as expected under RHIC condi-
ucleons, 1.€., tions: (T,un)=(120,91) MeV (long-dashed lines (T,up)
N =(150,40) MeV (dashed-dotted lings and (T,uy)=(180,27)
Zk(en)=Zklen), (20 MeV (short-dashed lin@sFor the definition ofo.¢, see Eq(12).

>(en)=2k(en). 21) in the pion tadpole graph in case of th¢37]). The ¢ seems

Thus, for central rapidities at RHIC, where thet baryon  [© retain more of its resonance structure, although, at the
density in the hadronic phase is small, the combined contritighest temperature, the hadronic rescattering has increased
butions to the real part of both tHantikaon self-energies its vacuum width by over a factor of 7 te 32 MeV.
practically vanish. This is not the case for the imaginary Itis interesting to note that at=180 MeV, where for the
parts which will be explicitly included. chosen value ofug=27 MeV the net baryon density
Finally, we take into account the 13% branching ratio ofamounts to only 0.1, the combined effect of baryons and
the free ¢ decay intomp, and treat medium modifications antibaryons causes an ap.preC|abIe further broadening of both
thereof in analogy to the— p# decay, Eq(7). the p and w spectral fun_ctlons as compared to the pure me-
Combining all contributions yields an in-mediuny ~ SON gas results, see Fig. 2. This does not apply fordghe
propagator of the form meson. It would be very illuminating to scrutinize these fea-
tures with high resolution/statistics experiments in more
Dy=[M2-m3—3 jx— 34, —2"]"%. (220  baryon-dominated systems as created in fixed target heavy-
ion collisions.
4. Spectral functions

Figure 1 summarizes the appearance of the light vector- C. Intermediate mass region(IMR )

meson spectral functions=imaginary part of the propaga- The nonperturbative mechanisms related to the
tors) that will be employed in the calculation of dilepton deconfinement/chiral restoration transition necessarily imply
spectra below: both light quark statpsand o undergo a substantial medium effects for the light hadronic bound
strong broadening towards the expected phase bouridiagy states, as discussed in the previous section. Beyond invariant
also observes a slight upward mass shift caused by repulsiveasses oM =1.5 GeV, however, the interactions in the free
parts in the selfenergy which are mainly due to baryonicvector correlator essentially become perturbative, cf.(Eg.
particle-hole excitation§22,28, as well as medium effects Naively, one might anticipate in-medium corrections to be of
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0.0 05 1.0 1.5 2.0
100 ——— L B ] Mee [GeV]
F — vacuum q
80l = Peg=0 ] 10" r— 1T E
3 - P=0.58p, . F --- free hadronic 3
&« f ) 1 5[ — in-medium hadronic ]
> 60 T=180MeV . G 107E .- perturbative QGP 7§
L J D F N ] E
<) > i A ]
& 10°F SN -
$(1020) * 3 LN 3
; £ f T=180MeV ]
=407 / E
[\ E i 3
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FIG. 2. p (upper pangland w, ¢ (lower panel spectral func- r i ]
tions atT=180 MeV with (short-dashed linegzz=27 MeV) and 1010 L .
. . 0.0 05 1.0 1.5 2.0
without (dashed—double-dotted lingke effects ofant)baryons as M__ [GeV]
ee

expected for central rapidities at RHIC.
FIG. 3. Three-momentum integrated thermal dilepton produc-

) ) tion rates as appropriate for the hadronic phase at RHilper
orderas or O(T/M), O(nq/M), but theoretically the impact  panel: (T, y)=(150,60) MeV; lower panel: T, uy) = (180,27)

of “soft” corrections to the finite-temperaturgq rates is not ~ MeV]. The dashed lines are obtained when using thedree, and
very well under control, see, e.g., Ref88-41]. For the ¢ spectral functions, whereas the full lines follow upon inclusion of

(closely relatefl Drell-Yan annihilation process, corrections hadronic medium effects as described in the previous section; the
of similar nature are subsumed in the famdgsfactors dashed-dotted line is the result for lowest ordgrquark-antiquark

' istributi - ’ ihilation.
which, for modern parton distribution functionge.g., oo On

GRV-94[42)), are around 1.3—1.5. This should roughly re- _ _
flect the uncertainty when employing the lowest-order thermotivated by the observation that lowest-order in tempera-

mal qa—d*l* annihilation for the QGP phase as done be_ture effectd46] already amount to a reduction of the “dual-

low (and might be considered as a lower limit of the trueg?g;hgﬁ?zglg]'; towards thep resonancésee, e.g., the discus-

emissivity). Making furthermore use of “duality” arguments
[43,5,44 we will in fact apply the corresponding dilepton
production ratg45], D. Thermal rates

o ) In Fig. 3 we compare the three-momentum integrated
d°N a T dilepton production rates in thermal equilibrium,

= o AN €

d’x d*q 4=#"4d q 3
dRee [ d°q dRee

dMm? 200 d*q

o (X—+y) (X4 +exd —uq/T])
(X +Y)(X-+exd —uqy/T]’

(24)

x| (23

at fixed temperature and density for three different ways of
(x+=exd —(qo*0q)/2T], also in the hadronic phase, extrapo- evaluating the electromagnetic correlator: using hadronic de-
lating it down to masses of about 1.1 GeV. The latter isgrees of freedom witlisolid line) or without (dashed lines
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medium effects ir_] the vector-meson speptral _functions, as FV(M)2=m\2,|D€,(M)|2 (26)
well as perturbative quark-antiquark annihilati¢gashed-
dotted lines.

The hadronic calculations have built in contributions fromthe (free) electromagnetic form factord/ w, ¢). Note that
two- and three-pion as well 4K states through the andw in such a framework the contribution frommesons, due to
as well as thep, respectively. These are sufficient to saturatetheir short lifetime ¢, < ,*°=1.3 fm/c), is more appropri-
the strength in the electromagnetic correlator from the two-ately evaluated through a slight extension of the fireball evo-
pion threshold up to about 1 GeV. Beyond, four-pion statedution, since their medium modifications around freezeout
start to become dominant, most notably through, and Wil still be significant. The same argument holds for higher
7w annihilation [48], which are rather structureless and resonances in thbl=1.5 GeV region §;, p’', etc), which
merge into the aforementioned quark-hadron duality fromeffectively make up the dual rate, E@3).

Mgua=1.5 GeV on(in vacuun). For still higher massesabove M=1.5 Ge\j the most

The medium effects in the spectral functions are directlyimportant hadronic contribution arises from the associated
reflected in the dilepton rates. The thermal Bose factor in thgemileptonic  decay of charmed mesonsD,D
latter augments the enhancement on the low-mass side of the o+ »X,e~ vX) which originate from primordial production
resonancesa factor of 3—10 over the free case around in- , —
variant massed1=0.4 GeV forT=150-180 MeV. To a
large extent, the underlying processes can be associated w

i ; +a— *
(|nNm+att_eDbD_aI|tz deca;_ys wl’atll(tlh%('))_) me € ort Nf th late it but account for the results and arguments given in
—INe €, being proportional o the imaginary parts of € y,oqe references in the discussion of the spectra below.

vector-meson self-energies. At the same time, a strong At masses starting from 1 GeXprimordia) Drell-Yan

broadenlng of the resonance structures s |mpl|ed asa resu(lbY) annihilation constitutes an important source of dilep-
of resumming the large imaginary paft,20 in the propa- tpns. Again, a detailed computation of DY pairs at RHIC

gators. Taken together, both features seem to drive the ha hergies has been performed in R@f0]. We here restrict
ronic in-medium curve towards perturbatige annihilation:  gyrselves to the case of central collisions of two equal nuclei
atT=180 MeV the magnitude and slope of the former in theyith mass numbeA,

M=0.5 GeV region are quite reminiscent to the plasma rate

(not so atT=150 MeV); even in thew resonance region,

where the maximum of the free rate is suRpressed by a factor dN/S¢ 4/3 daw

of ~6, the in-medium hadronic and thgg result agree m(b=0)= mA dmdy’ (27)
within a factor of 2. On the other hand, @&=150 MeV 0

where the in-medium suppression amounts to a facter ®f

hadronic andyq rates differ by a factor of-4. in terms of the(standarglelementary Drell-Yan cross section
One concludes that the indications for quark-hadron dualin a nucleon-nucleon collision,

ity in dilepton production close to the phase boundary, as put

forward in Ref.[22] for SPS conditions, alsgapproxi-

mately persist in the(almos) net baryon-free regime at drrw 8mwa? ) — —
RHIC. aMdy < OSM o2 L0 A0) +A0w)A0R) .

=u,d,
(28)

of cc pairs. A comprehensive evaluation of its features has
Ilgﬁen undertaken in Refl10], as well as in the follow-up
studies in[12,13. We will therefore not attempt to recalcu-

E. “Background” sources

To be able to extract information on thermal dilepton ra-The (antquark distribution functions)(x; » [E(xl,z)] are

diation in the complicated environment of heavy-ion réac- ven from the leading orddt.O) GRV-94 parametrization

Lone 2 elable assessment of he muline oler SoUces 192 (uhich incudes isospin asymmete connector
Y. W y Iz y ith a K factor of 1.5 extracted fronp-A data[49]. Their

0 R "
g ' 7(7:1 a}nd @ dm:espn?hasf_welll ?stet(he d|rectl dzcayst ?jf pro arguments are related to the center-of-mass rapidiand
ucedw's and ¢'s in the final statecommonly denoted as /o riant mass of the lepton pair ag ,=xe™Y with x

“hadronic cocktail”). Restricting ourselves to invariant —M/\5, where s denotes the total c.m.s. energy of the
masses above 0.5 GeV, we explicitly compute the latter twg ' o gy

contributions based on the and ¢ abundances as obtained nuc_leon—nucleon CONH'S'On' In EG@_27), the root-mean-square
from the thermal fireball model at thermal breakup radius parameteR,=~1.05 fm arises from a folding over a
' Gaussian thickness functid®0]. For (slightly) off-central

o Nekt! o? collisions as considered below we simply replacén Eq.
L > Fuv(M)? Vi, f d3q £¥(do; Tro)- (27) by the number of participants of one nucleus. Effects of
dm gy M nuclear shadowing have been estimated to reduce the total

(25  DY-yield in the RHIC regime by 20-50%10]; we here
include a simple parametrization thereof given in Appendix

Vs, is the(final) fireball three-volumefV are Bose distribu- A of Ref. [10] as obtained from Ref{51]. It amounts to
tions and multiplying each parton distribution function by an empiri-
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cally extracted ratidRg_(x)=F5(x)/F5(x) [Eq. (A1) in Ref. lll. DILEPTON PRODUCTION FOR = M=0.5-3 GeV
2 AT RHIC
[10]]. _ _
In principle, dileptons are also produced in the so-called A. Thermal fireball model

pDr\E(}eg:ilr“STlém Ft))g?ireé It.r]eé,rr?]f;ﬁ;;f:ii:]ng?|t;]r2p;/CStterL? _angght(; The jto_tal dilepton yield from thermal radiatio_n in a_heavy-
contribution has been studied within semiclass[&], ki- ion collision obv_lously depends on the space-time P_ustory of
netic theory[53] or parton cascade approachiést]. The the system, which the thermal rates have to be integrated
results are rather uncertain, but indicate that the preequiliover. Here we employ a simplified thermal fireball descrip-
rium yield could be of the same order as from Drell-Yan tion including, however, the most important features of a full
processes in thé1=3 GeV region or even above. In an hydrodynamic simulation in a transparent way. Assuming a
equilibrium framework a rough estimate might be obtainedspatially averagedisotropio temperature-density profile at
by varying the thermalization or “formation” time; see be- each time incident, the time- and momentum-integrated ther-
low. mal mass spectrum can be written as

dNEL (i Md3qdRee - N
d :j dtVFc(t)J’ ———— [Ma;T(t), (1), ue(t) ] ACC(M, Qs Yo). (29)
M 0 Jdo d“q

Experimental acceptance corrections are encoded in the famation time(or initial temperaturg which will be explicitly
tor Acc(M,(;Y,), which is prescribed by the specific detec- addressed below. Also note that E§0) neglects the impact
tor characteristics, and depends on the kinematics of the pr&f transverse flow on the final dilepton yields. This approxi-
duced pair as well as the rapidity positioning of the thermaimation is justified for invariant-mass spec{8-60, but
fireball (yo=0 at RHIO. The latter has to be chosen in ac- ceases to be reliable for large transverse momenta.

cord with measured hadronic rapidity distributions. As ther-

mal distributions imply smaller spreads in particle rapidity 1. Hadronic phase

than found in heavy-ion reactions at ultrarelativistic energies 14 determine the thermodynamics of the fireball we em-
[55], multiple fireballs have to be used. At the full SPS en-pjoy the picture of subsequent chemical and thermal freeze-
ergy, e.g., the full width atS hsalf maximum of negatives, oyt which has proven very successful in describing many
dN,,- /dy, amounts to abouf*>=4. For thermal pion dis-  gpservables in heavy-ion collisions over a wide range of en-
tributions at the relevant temperatures one Afls=1.5-2,  ergies (from SIS to SP§ such as particle multiplicities
so that two fireballs are minimally required for SPS condi-[61,62, flow, HBT radii, etc. From the chemical freeze-out
tions, see, e.g., Reff22]. At RHIC energies, a larger number point on the composition of hadrons which are stable on the
would be necessary for a complete description. Howevetime scale of the fireball lifetime does no longer change. In
since our focus is on a comparably small window aroundsystems with relatively low baryon contef8PS and RHIC
midrapidity (Ay=+0.35 as covered by the two electron it practically coincides with the critical temperature of the
arms of the PHENIX detectira single fireball suffices. The chiral/deconfinement transition. Thus, for RHIC we fix it at
time-dependent volume is modeled by a cylindrical expanT  =T.=180 MeV. The two necessary input numbers are

sion as then the rapidity densities of charged particles artlbary-
1 2 ons; dynamical models suggest, e.dN.,/dy=800 and
Vec(t) =(zg+v,t) m| ro+ Ealt2 , (300 dNg®7dy=20 at midrapidity for the full RHIC energy of

Js=200A GeV [17] (the charged particle multiplicity is in
wherer  is the initial transverse overlap of the two colliding line with a naive extrapolation of first RHIC measurements
nuclei (determined by the impact paramebdr v,=1.4c the  at lower energie63]). With a standard hadronic resonance-
relative longitudinal expansion velocity of the fireball edgesgas equation of stafeonsisting of 32(16) meson(baryon
(reflecting Bjorken-like evolutior{56] in the approximate States up to 1.81.7) GeV in mas$ these numbers imply an
rapidity coverage of','=1.8), anda, =0.035c?/fm is cho- ~ entropy per baryon ofs/0p®'=250, corresponding to a
sen to give a final transverse flow velocity of =0.6c in ~ baryon chemical potential gi§'=27 MeV atTgy,. Isentro-
connection with a typical freeze-out time ¢f,~15-20 pic expansior(i.e., at constans/ @) then governs the evo-
fm/c. These values resemble expliffitydrotransport calcu- lution of (T,ug) towards thermal(kinetic) freeze-out, cf.
lations of Ref.[57], which give a good description of the upper panel of Fig. 4. Since pion and kaon numbers are, by
global space-time picturélow and single particle specfra definition, also conserved, pertingfeffective chemical po-
from SPS to RHIC energies. tentialsu,, and wx are simultaneously incorporated. As op-
The largest sensitivity of our results is attached to theposed to SPS conditions, their values at thermal freeze-out

initial longitudinal sizezy= 7 Ay, being equivalent to a for- for RHIC are quite small reachingﬁleo MeV, ,u}(h:35
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' ' ' ' ] FIG. 5. Time evolution ofant)quark(squaresand gluon(dotg
[ . N ] fugacities as computed in a hydrodynamic simulafiéf based on
0.30f — RHIC-200: s/, pB_250 7 initial conditions obtained from a parton cascade mdéé]. The
i - 8pS-17: S/pB=26 1 dashed lines show the results of the analytic fit, E§3) and (34).
S 0.25F 3
3 ! ] 4: at RHIC one hasgp%,=0.140, and ¢y,=0.540,
= 0.20p. ] whereas at SP81%,=1.410, and ¢ ¢, = 1.50,.
EQ.T """"" S 2. Quark-gluon plasma and mixed phase
0'15:_85 '\"'\,\_ ] For the early stagestarting at the formation time,) we
r E HG e i assume an ideal QGP equation of state characterized by an
010y ———p g5 entropy density
t [fm/c] A2

FIG. 4. Thermal fireball model descripti i Seep=docgy T (32)

4. ption of central heavy-ion 90

collision at SPS and RHIC energies; upper panel: thermodynamic

trajectories for isentropic expansion in the temperature and nucleodWwith a quark-gluon degenera@yyc=16+10.9N; and N¢
chemical-potential plane with additionat and K-number conser- =2.5), ignoring effects from a net baryon numbe(
vation in the hadronic phases; the short-dashed lines enclose a cor=T). Since most of the entropy is presumably produced in
jectured region for the phase boundary between hadronic anthe preequilibrium stages of a collision with little changes
quark-gluon matter, the long-dashed line represents an estimate fehce thermal equilibrium is establishg@#], we can extrapo-
the thermal(kinetic) decoupling conditions in heavy-ion reactions, |ate from the chemical freeze-out backward into the QGP
and the dots are the chemical freeze-out points as extracted in ghase using isentropes as before. t, the fractionf of
thermal model analysis for fixed target experiments at the SPgnatter in the hadronic phase can be inferred from the stan-
(160A GeV) [61], AGS (11A GeV) [61], and SIS (A GeV) [62]; dard entropy balancks]

lower panel: time-projected temperature evolution from the forma-

tion time to thermal freeze-out for central Adu (Pb+Pb) colli- fShe(Te)+(1-1) SQGP(TC): Stot/ Vec(t), (32

sions at RHIC(SPS. while for s(t) = Siot/Vec(t)>sgcp(Te) the entire system is

MeV at T,,=130 MeV? Nevertheless, we include their en- in the plasma phase.
hancement effect in the thermal dilepton production rate At collider energie§RHIC and LHQ gluons are expected
from the hadronic phase as well as in the cocktail contributo play the dominant role in early entropy production and
tion, Eq. (25), via additional fugacity factors, which ara%, equilibration processef65], due to both their larger color
for p decayszfT for w decayszﬁ for ¢ decays, andj‘, inthe charge as well as the steep increase of their structure func-
IMR corresponding towa; and ww annihilation @, tions towards low(Bjorken-) x. Although thermal equilibra-
=ex u,/T)). tion seems to be achieved at a formation time of well below
We finally quote the total and net baryon densities atl fm/c, the chemical abundances of gluons and especially

chemical freeze-out for the fireball evolutions shown in Fig.(@nt)iquarks are likely to be stronglundersaturated. For
example, in the “self-screened parton cascade” model

(SSPQ the initial parton fugacities at the thermal formation
g{'ﬂe 70=0.25 fmic amount to Ag(7) =ng(To)/ng!(To)

2The reason for that is the larger number of baryonic resonances eq !
SPS, which serve as a storage of pion-number in the earlier stages,0-34 @nd\q q(70) =Nq q(To)/N, ((To) =0.064 [66] (esti-

being released into pionic degrees of freedom towards thermanates based on perturbative QCD are even lower, see, e.g.,
freeze-out. [67]). To study the impact of such a scenario on the dilepton

054907-8



SIGNATURES OF THERMAL DILEPTON RADIATION AT . .. PHYSICAL REVIEW C 63 054907

radiation from the plasma, we employ the results of Ref. BN

[64], where the SSPC initial conditions have been evolved 10”'p Central Au+Au <N, >=800 E
using hydrodynamic rate equations until the onset of had- " s'”=200AGeV __/\ Iy 1<0.35 ]
ronization. For our purposes we parametrize the time depen- .— | e \‘4\.\ e i
dence of the fugacities as found there by ' i
Ng(7)=0.487"%, (33)
Nq.q(7)=0.1457"8+0.02 (34)
(7 in [fm/c]), cf. Fig. 5. Entropy production after, was
found to be on the 10% level which will be neglected here. R
Thus we can calculate the temperat(reeded for the dilep- E .~ free prarto NN
ton production ratefrom the entropy density via L — in-med. p+o+o
. 4n’ 0506 07 08 08 10 1A
Saep(t) =[16\4(t) +10.5N¢Aq(1)] %T M., [GeV]
4772 L L L L BN B
=doo(t) 55 T° (35) " Central Au+Au & <N_>=800 |
5 _ _ 107 s"%=200AGeV it ly_I<0.35 .
We have verified that the time scale of the expansion, as — c it ee ]
enforced by the volume evolution E@O), is consistent with %
Ref. [64]. o,
Since chemical equilibration is not attained before enter- =
ing the mixed phase, the construction of the latter has to be 3T _ . |
modified. This, in principle, is a quite formidable task. For 2310 E i
the present purpose of extracting thermal dilepton radiation 2 o
we will rather proceed with two simplified prescriptions. In L .- free HG + QGP + cocktail
the first, the onset of the mixed phase is determined by the - — in-med. HG + QGP + cocktail
same critical entropy density as in the equilibrium scenario T T T Y
so that the critical temperature, 005 06 07 08 09 10 1.1
c 1/3 M, [GeV]
90sqcp . A
TSGP(t)z —| (36 FIG. 6. Low-mass dilepton spectra around midrapidityoia 1
4dQG(t) ™ fm Au+Au collisions at RHIC energies. Upper panel: thermal ra-

diation from vector-meson decays in the hadronic phase with and
without medium effects in the pertinent spectral functions, as well
as from perturbative|gq annihilation in the plasma phasgashed—
double-dotted ling Lower panel: combined yields from the had-
ronic and plasma phase as well as fram¢p—ee decays after
c 47 QGP\3 freeze-out; full and dashed-dotted lines correspond to the calcula-
SoG P(t)deG(t) W(TC ). (37) tion with and without medium modifications, respectively, in the
w, and ¢ spectral functions.

In both prescriptions Eq.32) still serves to obtain the vol-
ume fraction of the hadron gai(t), and a moderate extrapo- pef 116] related contributions are comparablegtg produc-
lation of the fugac]itle/s, Eqe33) an(;j(34), beyond tf;e f|ttt)edh tion in a more extreme scenario of undersaturation with
range up tor=7 fm/c is required. It turns out that bot - ; ; _
constructions result in thermal dilepton spectra that differ by?;’rfg qquiillyséngeg]sigs rfjgﬁ):ﬁ,ég q;gpa}gﬁgﬁngi frgé;:_
less than 5% over the entire considered invariant mass rangleections(as done for the equilibrium caséeing avvsare of

As a consequence of the quark-undersaturation, the equUisssiply underestimating the thermal yield from the off-

librium dilepton production rate fI’Of'mE annihilation, Eq. equilibrium plasma by up to a few tens of percent.
(23), is (approximately proportional to a fugacity factor

Ag\g, which translates into a strong suppression of the ther- _

mal yield. However, if the same initial entropy density is B. Dilepton spectra

created as in the equilibrium scenagighich largely governs Let us now turn to the results for the space-time integrated
the finally observed number of secondaljésis suppression dilepton spectra in central AuAu collision at \'s=200A

will be (partially) compensated by higher temperatures in thegev. Our standard parameter set for the volume expansion
thermal Bose factor of the virtual photds]. Also, if the  wjthin the thermal fireball model, Eq30), is chosen as,

acquires a time dependence while for the hadron 'djfs
=180 MeV is kept fixed. In the second, we fix the critical
temperature in the QGP & ®"=TH® which in turn implies

a time dependence of the critical entropy density,

gluon fugacities are substantially larger than teatiquark =1 4c, r,=6.5 fm (reflecting an impact parametdr=1
ones, ag corrections to theyq rate become relatively more fm), a, =0.03%2/fm as well as initial longitudinal size,
important, e.g., through the proce3g—qee As shown in  =0.6 fm (translating into an initial temperature @f=370
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MeV for a chemically equilibrated QGQRand total fireball
lifetime of t;,=17 fm/c (resulting in a thermal freeze-out
temperature off;,=135 Me\?). 10k
We first focus on the LMR, cf. Fig. 6. Only lepton pairs .= o
which fall into the rapidity range-0.35<y<0.35 are ac-
cepted, integrated over all transverse momenta. The main
significance of in-medium effects in the radiation from the
thermal fireball(upper panel of Fig. Bare a(strong sup-
pression of the yield in the-w region and an enhancement
belowM =0.65 GeV as well as above 0.85 GeV. Téeon
the other hand, survives as a pronounced, albeit broadened, B N
resonance structure. These features become less distinct once i %
the “cocktail” contribution (from » and ¢ decay$ and the 105675 ""20 2'5: By
smooth yield from the QGRwhich constitutes~15-20 % M_ [GeV]
are added. Betweel =0.7 GeV and 0.8 GeV one still ob- e
serves an appreciabte50% reduction caused by in-medium R R ————
effects (and a factor=2 enhancement towardM =0.5 N Central Au+Au s2=200AGeV
GeV). Experimentally it might be even possible to subtract 3| \\ <N,,>=800
the 8 MeV wide contribution of free decays and then try to E ly,<0.35 ~~ HG (t,,=17fm/c)
extract a remaining structure of~50 MeV width— --- HG (t,=21fm/c)
originating fromw decays within the interacting fireball— — QGP (T,=370MeV) |
which is still well below the freg width. In the region our . QGP (T =295MeV)

Central Au+Au s"2=200AGeV
<N, >=800
ch
Iyeel<0.35 -~ HG
--- QGP
g DY

— Sum

]

(dN_/dM) [GeV’

-
o,

&)
au T

_
(=)
I

&
T

results suggest that such a procedure is less promising to
succeed. The factor of 2 increase just below 1 GeV might be
more easy to identify.

Next, we move to the IMR, first assuming QGP formation
and evolution in full chemical equilibrium, cf. Fig. 7. From
the upper panel one sees that the hadron gas radiation pre- ol N e N
vails untilM=1.5 GeV before the thermal radiation from the 010 15 20 25 30 35 40
QGP phase takes over due to its smaller slope parameter M, [GeV]

(_orlglnatlng from larger te_mpergtuﬁes'rhe QGP_SIgnaI con- FIG. 7. Intermediate-mass dilepton spectra at RHIC energies
tinues to outshine théprimordia) Drell-Yan yield Up t0  4round midrapidity assuming a chemically equilibrated QGP
aboutM=3 GeV (similar features have been found in Refs. throughout its lifetime. Upper panel: decomposition of the thermal
[68,45). Taken together, the total sum exhibits a noticeablgireball radiation (with To=370 MeV, t;,=17 fm/c) into QGP
change in slope between 1 and 4 GeV. (short-dashed lineand hadron gaglong-dashed lingsparts (in-

Not included in Fig. 7 are the contributions from semilep- cluding their respective yields from the mixed phasempared to
tonic decays of correlatedc pairs. Extrapolations of their Drell-Yan annihilation(dashed-dotted lineand the total sunfnote
production cross sections imp collisions to Au+Au colli-  that open charm decays are not accounteyl fmwer panel: influ-
sions at RHIC lead to rather large dilepton emission, exceedi"ce of the initial temperature an_d fireball lifetime on the plasma
ing thermal radiation estimates by up to an order of magni&nd hadron gas radiation, respectively.
tude [10,15 at invariant masseM =2 GeV. However,
subsequent analys¢$2,13,13 investigated energy-loss ef- dition, one might be able to assess the correlated charm de-
fects for the charm quarks when propagating through hot angays independently throughu coincidence measurements
dense mattef69-72. It was shown that thérather hardl  [73] or secondary vertex displacemeftg].
primordial transverse momentum distributions are substan- To test the sensitivity of our results with respect to the
tially softened, becoming essentially thermalized. Consefireball evolution we have displayed in the lower panel of
quently, the pertinent lepton pair invariant mass spectrum igjg. 7 the outcome of the following two calculations: first,
strongly depleted above! =2 GeV, by about two orders of doubling the initial longitudinal exter(or formation time to
magnitude, thus dropping below the Drell-Yan yiélth ad-  z,=1.2 fm/c (which translates into a reduction of the initial

temperature tary=295 MeV), the QGP radiation is appre-
ciably decreasetby ~50%). In turn, the hadron gas evolu-
3Note that this value is about 15% larger than at SPS energieion and corresponding dilepton yield is practically identical
owing to the substantially smaller baryon content at RHIC. to the z,=0.6 fm case. Second, when decreasing the trans-
“Most of the open charm contribution is redistributedMo<1  verse acceleration and longitudinal velocity 5y25% (a;
GeV; this reflects the kinematics of the two leptons emerging in=0.02%2%/fm, v,=1.1c), which—at a freeze-out tempera-
randomly oriented semileptonic three- and four-body decays ofure (T;,=135 MeV) and final transverse flow velocity (
c(c)—1*v(v)X, where the(therma) charm quarks carry little ki- =0.6c) as before—implies an increased lifetimetef=21
netic energy so tha;=m./3=0.5 GeV. fm/c, the hadron gas part increases accordirigly ~25%;

(dN,/dM) [GeV']

-
o
I
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the plasma yield is also increased a little due to the slightly

\ 1I/2I I
longer time spent at the highest temperaturéhus, not sur- RN Central Au+Au s “=200AGeV
prisingly, the magnitude of the plasma yield is closely linked 10°F <'|\lchT=§?3c; - HG E
. . . . \ y < i :
to the earliest momentgessentially the formation time ee . QGP (Tooff=670MeV):

whereas the hadron gas yield is a rather direct measure for
the duration of the hadronic phase.

For a closer resemblence to explicit hydrodynamic simu-
lations we have checked the effect of a time-dependent ac-
celeration, reflecting a pressure that is large in the QGP
phase, small in the mixed phase and moderate in the hadron
gas. For definiteness, we performed a calculation with
a%¢P=0.07c¥fm, a)"*=0.01c?/fm anda}'®=0.03%?/fm. I . y
The results for the dilepton spectra agree with the ones using 1075 50 T eE a0 35 20
a uniform acceleration profile within 5% at all invariant M, [GeV]
masses.

Furthermore, we address the question to what extent
chemical undersaturation of thermal quark and gluon distri- )
bution functions in the early plasma stages affects the IMR 107F
dilepton spectra. The time evolution of the fugacities. -
Fig. 5 is implemented as described in the previous section =
(to account for the twice larger initial pressure we also used €.
an increased transverse acceleration in the QGP phase s

E%
3

— QGP (T, **=370MeV).

(dN,/dM) [GeV']
7

Central Au+Au  s"?=200AGeV

-- Sum (chem-eq)
— Sum (off-eq)

quiring equal initial entropy densities, the off-equilibrium i
scenario leads to a reducddnlargedl QGP yield below s <N, >=800
(aboveg M=3 GeV due to a harder slope caused by the - ly_1<0.35 ]
higher initial temperaturé;see Fig. 8. i e -3
This result is a little less optimistic than the one of ol |
Shuryak and Xiong8], who predict an enhancement of ther- LU N A IR IR IR IR
mal IMR dilepton radiation in a similar “hot-glue” scenario 1.0 15 20 M Zé Vv 3.0 35 4.0
(see also Ref[76]). On the other hand, Lin and Ko, using e [GEV]
initial conditions estimated from perturbative-QCor], find FIG. 8. Impact of a chemically undersaturated QGP on IMR
very strong suppression of the thermal yield which comeglilepton spectra at RHIC energies. Upper panel: comparison of the
out well below Drell-Yan annihilatiofil6]. They employed plasma yield from a chemical equilibriugshort-dashed lineand
initial conditions \qo=Ag0=0.0072, \y,=0.06 and T, off-equilibrium (fu.II ques) .sce.nario gdoptgd from Ref$6,64] (the
=570 MeV, correspbnding to an entrOp’y densitysgf=12 hadron gas contribution is virtually identical for both ca)sdmv_ver_
fm 2, which is an order of magnitude smaller than in thePanel: total sum of hadron gas, Drell-Yan, and QGP contributions
SSPC approach adopted héEgs. (33), (34), and(35) give wlth (full line) and without(dashed ling chemical undersaturation
s3''=122 fm3; note that for a fully equilibrated QGP @t~ " the later.
=T.=180 MeV one has=14 fm 3]. In Ref.[59] the QGP . .
radiation was evaluated in an off-equilibrium scenario withG)ee/?'w?’i_’Org(r;u;I and an overall pair mass resolution of
similar SSPC initial conditions as used here. However, thé’ ™ =70
plasma signal was found to stay somewhat below the Drell-
Yan yield in the 2—3 GeV regiofcf. Fig. 10 in Ref.[59]). IV. SUMMARY AND CONCLUSIONS

This discrepancy to_t_he present work can be attributed to the \wjithin a thermal framework we have discussed properties
larger parton fugacities in the course of the evolutil-  of dilepton radiation from ultrarelativistic heavy-ion colli-
lowing Ref.[64], which enhances the thermal signas well  sjons under conditions relevant for the PHENIX experiment
as the inclusion of shadowing corrections in the Drell-Yangt RHIC.
production(suppressing the latter In the first part of this article dilepton emission from static
Finally, in Fig. 9 we summarize the results for the com-eqilibrium matter has been evaluated. The emphasis was on
bined LMR and IMR spectra with additional acceptance retpe |ow-mass regionN|<1 GeV), where it was found that
strictions on the single-electron tracks as applicable for thenedium modifications of the light vector mesons induce an
PHENIX detector pf>0.2 GeV,|y¢|<0.35, opening angle appreciable reshaping of the free electromagnetic current
correlator. Based on standard many-body techniques, had-
ronic interactions in hot matter at small net-baryon content
5The (smal) deviations from the results presented in R@5]  generate a strong broadening of both thend w spectral
arise from the facts that he(® the entropy of the QGP is calcu- functions. Close tdT¢, the » width increases by almost a
lated withN¢= 2.5 (rather tharN;=3), and, (i) the fireball evolu- ~ factor of 20 over its vacuum value, with non-negligible
tion has been modified using a somewhat langer contributions from rescattering off thermally excited
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sufficiently high mass resolution as anticipated in the

E T T T [ T T T T ]
3 172 :
— il Central Au+Au  s=200AGeV | PHENIX experiment, thes “cocktail” yield should be sub-
N N >=800 p,>0.2GeV tractable, thus enabling access to the in-medium part.
8 I Nen™= ly,I<0.35 In the intermediate-mass region the focus was on radia-
A10°F = tion from a thermalized partonic medium. Here, our investi-
= E — all E . . .
Z - inemed. HG gation was of a more qualitative nature. On the one hand,
Y S - uffeq. QGP this is due to uncertainties in the QGP production fatieich
£ 10°F - we might have underestimated by up to a factor o0& well
% i as in the formation/composition of the “gluon-quark”
& 10tk plasma. Nevertheless, our main point in this context should
2k not be affected, namely that chemical undersaturation sce-

-] narios for gluons and especialfantijquarks in the early
— stages do not decrease the thermal radiation in the 1.5-3
GeV region below the Drell-Yan yield—provided the pro-

FIG. 9. Total dilepton spectrum from=1 fm Au+Au colii-  duction of the finally observed entrofigs encoded in pro-
sions at RHIC energies around midrapidity including schematic exduced secondarigessentially occurs within a fraction of a
perimental acceptance cuts appropriate for the PHENIX experimerff’/C after nuclear impadfparton cascade models and hydro-
(the w,¢—e*e™ cocktail contributions are not separately shown dynamic simulations support this assumpjio@n the other
but included in the solid curyeNote that semileptonic decays of hand, the question remains whether the dilepton yield from
correlated(antjcharm andantjbottom quarks have been left out. correlated open charm decays can be determined accurately

enough to disentangle QGP signals. A combination of ex-

(antibaryons. The¢ meson retains more of its resonance perimental(e.g.,ex coincidence measurementnd theoret-
structure, although its free width is also augmented by up tacal efforts (e.g., reliable estimates of energy loss effects in
a factor of 7—8. With that exception in mind, the resulting charm quark propagatiormight well achieve the required
in-medium hadronic dilepton production rates approach theensitivity.
continuum Shape of |0west_ordqaannihi|ati0n to within a Fina”y, let us comment on further issues that are ||ke|y to
factor of 2 in the vicinity of the phase boundary. We havebe addressed with potential upgrades of the PHENIX detec-
thus argued that towards, “quark-hadron duality” in the  tor (such as additional vertex tracking devic{é’sf,]). First, a
vector channel, which in vacuum is marked by the applicadirect measurement of open charm production would im-
bility of perturbative QCD abovil ~1.5 GeV/, extents down Prove the possibilities of studying direct QGP radiation sub-
to rather low masses o6f 0.5 GeV/(this scale is in fact com- Stantially. Second.,' an evaluation of combinatorial back-
parable to typical thermal energies of frémasslesspar- grou_nd could facilitate a measurement of the Iow-mass_
ton9. These findings comply with earlier analyses that werefOntinuum around the vector-meson resonances, thus scruti-
carried out for more baryon-rich matter. nizing in-medium modifications of th@ meson in a net

To calculate dilepton spectra for central Adu colli-  baryon-free environment. Since the isovectp) (Channel
sions at RHIC energies we have employed a thermal firebaltas a well-defined chiral partner in form of the channel,
model including chemical off-equilibrium effects in both the duestions concerning chiral symmetry restoration can be in-
QGP and hadron gas phases. In the hadronic evolution froivestigated. Similar connections are less direct door ¢
chemical to thermal freeze-out quite moderate pion- andne€sons.
kaon-chemical potentials of 10—30 MeV emerge. The result-
ing low-mass dilepton yield reflects upon the lifetime of the
hadronic system. As a promising signature, the final
invariant-mass spectra contain~a50 MeV-wide structure | am grateful for productive conversations with A. Drees,
from in-mediumw decays. This is well below the free  B. Kampfer, E.V. Shuryak, I. Tserruya, and J. Wambach.
width (150 MeV), but much larger than the width associated This work was supported in part by the Alexander-von-
with free w decays8.4 MeV). The latter, leading to copious Humboldt foundationFeodor-Lynen prograjrand the U.S.
dilepton production after freeze-out, will mask the in- Department of Energy under Grant No. DE-FGO02-
medium contribution to the measured spectra. However, witlB8ER40388.
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