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p properties in a hot meson gas
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Using effective meson Lagrangians we study the interactiop ofiesons in a hot baryon-free system.
Various mesonic resonances in diresethannel reactions are investigated employing standard self-energy
techniques, including new reactions that have up to now not been considered in a self-consistent approach at
finite temperature. The importance of subthreshold resonances, which are readily accounted for through off-
shell effects within our framework, is emphasized. Special care is taken in reproducing radiative decay widths,
as they provide valuable constraints on the evaluation of dilepton spectra. In particular, we compare our results
for dilepton production rates to earlier calculations based on an incoherent summation of individual processes.
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[. INTRODUCTION tify this assertion. This is particularly true for CERN-SpS
energies: in spite of the fact that the phase space is domi-

. . . . . hated by mesonéwith a final pion-to-nucleon ratio of about
at intermediat¢1] and high[2,3] bombarding energies have 5:1), the explanation of the dilepton data in both the drop-

revealed a strong excess of pairs as compared 10 Protofling mass and the in-medium broadening scenario crucially
mduceql reactions. It has become clear that the collection inepends on baryonic contributions. At RHIC energies, how-
hadronic sources that can successfully account for the megyer, it is hard to imagine that baryons could play a major
sured spectrum in proton-induced reactions fails to reproducgle: since dilepton measurements in the PHENIX experi-
the measured yleld in nucleus-nucleus collisions. Even aftQFnent will be able to address the invariant mass region be-
the inclusion of(free) =+ 7~ annihilation during the inter- tween w(782) and ¢(1020) with excellent resolution, in-
action phase of the hadronic fireball the enhancement, espeedium properties of the in mesonic matter should be
cially for invariant dilepton massell;; below thep mass, most relevant there. Various analyses in this direction have
remained unexplained4]. Thus many theoretical efforts already been performg@0-24,15,2h The moderate colli-
have concentrated on the role of medium effects in pion andional broadening for on-shefl-mesons found in Ref22]
p meson propagation. It seems fair to say that there currentiwas mainly attributed to resonant scattering via intermediate
exists two main schools of thought that have staked a claina;(260) andK,(1270) states. Similar results were obtained
onto the theoretical interpretation of the CERN low-massin Ref.[15] using finite temperature self-energies which in-
dilepton measurements. The first one assignsptheeson  clude off-shell effects. This is to be expected, since the
mass as an order parameter of the chiral symmetry restora;(1260) andK,(1270) are located above the frper and
tion. The CERN data, in this approach, then signals a droppK thresholds, respectively, which makes the resonant con-
ping of the p meson mas$5-7]. A second interpretation tribution dominant. In order to properly address the low-
relies on the fact that in a strongly interacting medium,ghe mass region, additional mesons have to be considered. Those
meson will have its width greatly increased due to modificadarger meson ensembles have in fact been included in calcu-
tions of its pion cloud8-13 as well as to the direct cou- lations where individual rates are summed of&t]. There,
pling to baryonic resonancdd4-17. Whether these two the contribution of thew, for example, appears as a radiative
different scenarios can be reconciled, or whether one of therdlecay channel. In the language used in this work,«hs a
can be eventually ruled out, is the subject of much currensubthreshold state, i.e., jor— w(782), where, given a typi-
research and debates. In this article we follow the approacbal thermal pion energy of 300-400 MeV, the relevant
that is germane to the second of those theoretical avenues-mass to form thew would be substantially off-shellvi
We will restrict ourselves to a heat bath of pions, kaons and=400 MeV.
p mesons, characterized by a finite temperafurésing the The objective of this article is twofold: on the one hand,
many-body formalism of Ref15], we will separately inves- we would like to examine if a consistent off-shell treatment
tigate each meson channel and calibrate its individuabf the mostimportant mesonic resonances has a more severe
strength through empirical information on both hadronic andmpact on the dilepton production rates than what has been
electromagnetic branching ratios, thereby introducing somestimated so far within different frameworks. At the same
new channels that have not been considered before in time, we can investigate possible interfereroe collectiv-
framework similar to the one at hand. ity) effects in the coherent summation of the various self-
The baryon-rich nuclear medium has been shown tenergy contributions. Since many-body calculations of this
strongly affect the vector meson properties, see, e.g., Refeature can be rather convoluted, we will exhibit an explicit
[15,14,12,17-1P Then, a self-consistent finite-temperature channel decomposition of the considered resonariRes
assessment of the meson contributions is necessary to quaaw,h;,a;,K;, 7, andf,. An upper mass limit of 1.3 GeV

Low-mass dilepton measurements in heavy-ion collision
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enables us to adequately address the phenomenology thatTABLE I
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Mesonic resonancesR with masses mg

concerns us in this work. As the simplest, but by no means=1300 MeV and substantial branching ratios into final states in-

negligible, finite temperature effect in the pion cloud of the

we will furthermore include the Bose-Einstein enhancement

in the p— 7o decay width, which is not ne}26,20. Our

paper is organized as follows. The next section introduceﬁ)(mz)
the hadronic Lagrangians used in this work, followed by the, (1170)
determination of the parameters in our model in Sec. lll. We !

then evaluate the resulting in-mediynproperties(Sec. 1V)
and their impact on dilepton production ra{&ec. \J. Sec-
tion VI contains a summary and concluding remarks.

II. INTERACTION LAGRANGIANS

Our starting point is the model for the-meson in free
space employed previously in Refd0,11,15. Based on the
standard p7r7r interaction vertex(isospin structure sup-
pressell

D

(p*: pion momentumthe barep-meson of masm,? is renor-

qu'rfn': gpﬁﬂ'ﬂp”wp,u, '

malized through the two-pion loop including a once sub-

volving directp’s (hadronig or p-like photons(radiative.

R 137 T [MeV] ph decay I'), [MeV] I'; [MeV]

01" 8.43 p ~5 0.72
01" ~360 pT seen ?
a,(1260) 1°1%  ~400 pm dominant 0.64
K,(1270) 21+ ~90 pK ~60 ?
f,(1285) 0°1° 25 pp <8 1.65
7'(1300) 1'0°  ~400 pm seen ?

and axial-vector mesonA. For the latter, a simple interac-
tion Lagrangian, compatible with chiral symmetry and elec-
tromagnetic current conservation, is given by

(6

although other choices are possihib|. pP scattering via
intermediate vector meson¥ is determined by Wess-
Zumino anomaly terms, which are of unnatural parity and

'CpPA: GpPAA,u(g’uvqapa_ q,upl/)pvp,

tracted dispersion re'ation, g|v|ng rise to the vacuum Se'fjnvolve the four-dimensional antisymmetric Levi-Civita ten-

energy

30 (M)=30_(M)-30,_(0),
2 (2
p~dp 20
= 5 G M 1 t
(277_) Vpﬂﬁ(p) 7771'( p)

30 (M)
with the vacuum two-pion propagator

1
®(P) M2—[20,(p)]?+in’

@ (p)=~m3+p?,

and vertex functions

G2.(M,p)=

)

2
Vp7T7T(p): \/;gpwwzplzpﬂ'v(p) (4)

involving a hadroniddipole) form factorF , .. [15] [see also
Eq. (12) below]. Resumming the two-pion loops in a Dyson
equation gives the freg propagator

DO(M)=[M?—(m2)2—32 (M)] ™1,

©)

which agrees well with the measurgewave =7 phase

sor e*’’T:

‘CpPV: GpPVE/LerkMVVqO'pTP' (7)
In both Lagrangiang6) and(7), p*#, q*, andk* denote the
four-momenta of the pseudoscalar,and(axial) vector me-
sons, respectively. As a third possibilipP scattering can
proceed via a pseudoscalar resonance; here we restrict our-
selves to the procesgm— 7'(1300), which can be de-
scribed by
‘CpPP’:GpPP’P,(k'qpp,_p'qkp,)pﬂp' (8)
In addition to that, we will need aV A interaction vertex,
which is also related to anomaly terrfa7]. We choose the
following form:

A
‘CpVA: GpVAeluerp#VVpo—akaAT_ E ( leAﬁ)za (9)

which again satisfies the appropriate conservation laws.
p’*=qp“—Qq“p? is the usual field strength tensor. We have
explicitly written here the kinetic energy term of the axial
vector field where the constantrepresents a gauge freedom
connected with the axial-vector fie[@8]. In what follows

we take\ =1; this choice will be further motivated in Sec.
V.

shifts and the pion electromagnetic form factor obtained An important hint on the importance of resonances in

within the vector dominance modéVDM).
To calculate medium corrections to theself-energy in a

dilepton production is provided by their radiative decay
width, which constitutes thé12=0 (photon limit of the

hot meson gas, we will assume that the interactions arémelike dilepton regime. In Table | we have collected me-
dominated bys-channel resonance formation. At moderatesonic resonances which are accessiblepvinduced excita-
temperatures relevant for the hadronic gas phase, the lighions and exhibit substantial decay rates into final states in-

pseudoscalar Goldstone bosdPs 7,K are the most abun-
dant species. We can group the various resonances?in
collisions in two major categories, namely vector mesdns

volving either photons op mesons(or both. We expect
these to be the relevant contributions to dilepton production.
In particular, note that thd;(1285) has a large radiative
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decay width of 1.65 MeV foif ;— p7y, which led us to the G

consideration of thepf, interaction, Eq(9). Tt L pp(S)=
As a first step one has to assign realistic coupling con- !

stants in the effective Lagrangians. They are adjusted to the M - d M

experimental branching ratios of the resonances into, if avail- % f“"l =

able, bothph andyh (h=,K,p). For reliable estimates of 2m, ™

the pP decay widths it is important to include the finite

bty MIF(21,+1)
8 (21, +1)(23; +1)

AX(My)

width of the p [in particular for subthreshold states such as
the w(782) or f,(1285)]. This is accomplished by folding

the expression for the width at givgrmassM with the p
spectral functionA’(M)=—2ImD2(M). For the axial-

vector meson resonances g scattering the vertex of Eq.

(6) leads to
P e Gloa IF(21,+1)
A=pP 87s (21,+1)(2J5,+1)
mmeMdM
><f A,(M)0cm
2m,.

1
X| 5 (s=M2=mg)?+ M2wp(Qem)®

X FpPA(qcm)zv (10)

and from Eq.(7) one obtains for vector resonances

. (S):Gﬁpv IF(21,+1)
V=pP 87 (21y+1)(2Jy+1)

mmaMdM 5 )
X Ap(M)chmePV(qcm) ’

2m, T

11

with g, being the three-momentum of the decay products in

the resonance rest framep(Qem)2=m3+q2,. IF is an
isospin factor, M™M= \s—mp, and Fopr (R=A,V) are

hadronic form factors that reflect the finite size of the fields

MmaxM 2d M2
X szz TA,?( M Z)ZSOngppfl(qcm)zy
(14)

where the facton=1/2 ensures the proper symmetrization
of the twop mesons in the final state. The integration limits
areM®=\/s—2m_, as before, antl}¥= \'s— M.

For each vertex one is left with two unknowns: the cou-
pling constantG and the form factor cutoffA,, which
should lie in some reasonable region for the hadronic scales
at hand, typicallyA,<1—-2 GeV. The hadronic decay
widths are in fact not very sensitive tb,, since the domi-
nant contributions in thél-integrals are centered around the
p peak inAg(M) (or towards the maximaM if mg<<m,),
where the three-momenta are rather small. More stringent
constraints om\ , are imposed by the radiative decay widths,
since the massless photon can carry away the maximal three-
momentum. Invoking the phenomenologically well estab-
lished(especially for purely mesonic procespgesctor domi-
nance mode(VDM), the photon decay widths follow from
the hadronic couplings to vector mesons by sinfplyaking
the M?—0 limit, i.e., substitutingA2(M)=2m5(M?) for
real photons,(ii) supplying the VDM coupling constant
(e/g)?=0.05Z, and, (iii ) omitting the (2 ,+ 1) isospin de-
generacy factor for the final state. This yields for both axial
and vector resonance®€ A,V)

GﬁpR e
Troyp= 8w (_

g

2 IF 0 )
(2|R+ 1)(2‘]R+ 1) qcmePR(qcm) ’
(15

that appear in the effective vertices. We take them to be ofhereas for thé,— yp decay one still has to integrate over

dipole form,

2

2A2.+ma
PR , (12

p
2A§P+ [wp(QCm) + wP(Qcm)]z

normalized to 1 at the resonance masg. With the La-
grangian for the pseudoscalar resonaR¢e 7' (1300), Eg.
(8), one arrives at

Fopr(dcm) =

2
pma!

IF(21,+1)
Fﬂ"—>p7r(s)_ 8

(21, +1)(23,+1)
JMmaXMdM
X

2m ™

T

AAM)GS M2F o (Gem)?.

(13

For the pVA vertex, which in our case corresponds to the

onep mass distribution,
2

I _ Gppfl e

= B g

Vs Mszz
X f —— AY(M2)2S G F (G-

2m,.

2nlF
(2If1+1)(2Jfl+ 1)

(16)

The additional factor of two accounts for the two possibili-
ties of attaching the photon to either of the outgojsg.
Within the simple version of VDM employed here, the ra-
diative decay of ther’(1300) vanishes.

IIl. DETERMINATION OF FREE PARAMETERS

Let us now discuss the individual resonances, based on

f1(1285)— pp decay, the spectral functions of both outgoing the interaction vertices formulated above, in more detail. The

p mesons have to be integrated over. One has

pmaq(1260) coupling constant has been estimated in our
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framework in Ref[15] aSGpwa]_:l?"Zo GeV'! taking[29] TABLE II. Results of our fit to the decay properties pth
, ) , -
Fal_mp:400 MeV, ma1=1230 MeV and assuming a cut- induced mesonic resonancBswith masseang=1300 MeV [the

f,(1285) andz’(1300) coupling constants are in units of G&Y.
off A pra, =2 GeV. With these parameters the radiative de

cay width of thea; turns out to be 1.23 MeV, somewhat Gohr Aphr Toh 9
larger than the only available experimental information quotR IF(phR)  [GeV™'] [MeV] [MeV] [MeV]
ing a value ofl“al_,mz(o.64i0.24) MeV. This can be (782) 1 o5 8 1000 35 0.72
substantially improved upon with a reduced cutﬂfg,,al h,(1170) 1 11.37 1000 300 0.60
=1 GeV, requiring a slightly higher coupling constant a,(1260) 2 13.27 1000 400 0.66
Gyra, = 13.27 GeV'! to fit the hadronic decay width, but K,(1270) 2 9.42 1000 60 0.32
resulting in a photon decay width df, _,,,=0.66 MeV,  f1(1285) 1 35.7 800 3 1.67
now in good agreement with the experimental value. 7'(1300) 2 9.67 1000 300 0

The K,(1270), which was also included in RéfL5], is
the appropriate resonancegi scattering. Since there is no

radiative decay known, we assunfi@ analogy to thea; dhomollnant contrlbut|ons. ar|s<a from rrl}asAsMsZ:mp ,b}/vhere
cutoff) Ak, =1 GeV. Taking I, _x,=60 MeV, my, the decay momentum is rather small. A reasonable compro-

_ . _ 1 . ; mise for our purposes appears to fix the radiative decay
=1270 MeV yields G,kk,=9.42 GeV'~, resulting in i approximately at its experimental value Bf _,0,
FK1_>K7= 0.32 MeV, which is qualitatively in line with the

=1.65 MeV, which, choosing a form factor cutoﬂppf1
naive expectation that in comparison to thg the heavier =0.8 GeV, results in a hadronic decay widihy
: ' 17PP

strange quark essentially acts as a spectator in the photon
decay. =3 MeV.

; ; ; The total width of ther’(1300) is not very well known,

The h;(1170) is the isospin-0 pendant to the(1260). ;
No quantitative empirical information on its decay propertiesduoted as 200-600 MeV by the PD(@9]. Lacking more
is available. We therefore make the plausible assumption th&€Cise information, we attribute 300 MeV to thg chan-

the major part of its width originates from the only observedn€!: Which is one of the two observed decay modes. The
pm decay channel, i.el’, ,,~300 MeV. Using again specific form of our interaction Lagrangian, E8), together

T ' with the VDM assumption, does not allow any radiative de-
Apon,=1 GeV givesG,,, =11.37 GeV'! and Ty ., P y

cay. The latter has not been observed so far. The coupling

=0.6 MeV, which seems not unreasonable. _ constants and cutoff parameters as well as the resulting
The »(782) meson differs from the previously discussedpranching ratios are summarized in Table II.

resonances in that it lies significantly below the free
threshold. Hadronic models including the effective four-
mesonw37 vertex usually attribute substantial parts of the
hadronic decay width of about 7.5 MeV tep states[30]. Having fixed the parameters of the interaction vertices,
On the other hand, the radiative decay—my should, we are now set to calculate the in-mediynself-energyX.,
within VDM, entirely proceed throughrp states. Enforcing and corresponding dilepton production rates. The self-energy
the experimentally rather precisely known valuelqf_, .,  is related in a standard way to the forward two-bgdgcat-
=0.72 MeV, and using again\,.,=1 GeV, yields the tering amplitude off the surrounding thermal mesons. Within
coupling constantG,,,=25.8 GeV'!, entailing | O, the imaginary timgMatsubara formalism one obtains

=3.5 MeV, which is somewhat on the low side of the typi-

cal valueqd30,31]. One could accommodate larger values by R
choosing softer form factors, but more detailed informationEgﬁ’(qo,q;T):f
should be inferred from the dalitz decay spectrum

IV. IN-MEDIUM p PROPAGATOR

1
(27)3 20n(P)

—7mut ", see, e.g., Ref32]. Let us point out here that h h v
] ] I} X —fp + M
the Dalitz decayl’,_, 0.+~ iS about one order of magnitude (P Len(P)] =17 wn(P) + do]IM (.0,
larger than the direct dilepton decay widfh, ¢+~ [29]. 17

The f,(1285) is similar to the»(782) in the sense that it
is also a subthreshold sta@bout 250 MeV below twice the Where the isospin averagegd scattering amplitudeM ,, is
p mass, accompanied by a rather small total decay width ofintegrated over the thermal Bose distributidf wn(p)]
~ 25 MeV; this supports a tempting interpretation as a={exfwn(p)/T]—1}"* of the corresponding hadron species
state with a largepp component, the decay into it being with w,(p)=ymZ+ p2 The invariant amplitudes are evalu-
suppressed by the lack of phase space. We will have more t@ed in terms of the-channel resonance contributions from
say on this later. For the time being, if we attribute the entirethe previous section. Collisions of the with the pseudo-
decay width into 4 pions of about 7.5 MeV to thg chan-  scalar meson® = ,K lead to
nel, the radiative decay is overestimated by at least a factor
of 2. Smaller form factor cutoffs are not really efficient in _ 2 20 K. K.
suppressing the radiative decay width, sinceythe latter stilePA(p’q) FGhpaFppaldom)™(e7P-A=a"P-2)Da(S)
involves an integral over ong spectral function where X(e* p-q—q'p-e*). (18
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Then, one obtains for the axial-vector resonancks Dglk(s): —g"*Dy (), (23
= hl ,al y Kl:
M~ (p.q)=IEG2, ,F 2D, (s)VE"(p.q), which has been used in the actual calculations. We note that
ppa(P.0) ppAF ppA(Gem) "DA(SVAT(P.Q) when further applying the naive VDM for the two-photon
(p-q)2 decay of thef,, we would obtain a nonzero branching ratio,

VA (p,q)=—g*"(p-q)®+qg“q” violating Yang's theoreni34]. This is, of course, an artifact
that might be related to our gauge choi@e fact, Brihaye

2) et al. [35] pointed out that VDM breaks down at the two-

S

+(g“p"+q"p*)p- Q( 1- % photon leve)l. On the other hand, we have found that the
contributes negligibly to the quantities being calculated in
q? this paper, with the parameters delineated as described
1- ;), (19 above. Therefore, the role of tHa, which at first seemed
promising because of its large radiative decay width, turned
for the vector resonancé= w: out to be unimportant from a pragmatic point of view, so that
we do not attempt further improvements of its interaction
Mpv(p,d) =1 FG,%PvaPv(qu)z(Gakﬁﬂsukan)Dv,m(S) vertex.
In the medium, the specification of a thermal rest frame

+ptp’g?

\Sv
X (€™ e7K,05), breaks Lorentz invariance. As a consequence, the in-medium
B _ 2 B , p self-energy tensor is characterized by two independent sca-
Mpv(P, Q) =1F G pvF ppv(Gem) Du(S)vy (P, 9), lar functions, each depending separately on energy and three-
e o 2 2 2 momentum(in the vacuum one scalar function depending on
vy (p.a)=—g*"((p-q)"—p“a’)—a“a’p invariant mass only is sufficientThis is conveniently de-
+(g*p”+q"p ) p-q— pHp g’ (20) scribed in terms of longitudinal and transverse modes of the

p propagatof 20]:
and for the pseudoscalar resonancé1300)

prY
_ 2 2 . . v > L
MpPP’(p!q)_IFGPPP’FpPP’(QCm) (e-pk-g—e-kp-q) Df; (9o,a)= MZ—(mg)z—Et(qo,a)
XDp:(s)(e* -pk-q—e* -kp-q), v
, 5 , , N Pr L g
Mgpp'(pvq):lFGpPP'FpPP’(qcm) DP’(S)VS'(p!q)! MZ_(mO)Z_ET(qO d’) (m0)2M2
p p ! p

vE/(p,a)=0“g"(p-q)*—(a“p”+q*p*)a’p-q+ p“pq*. (29

(21)  with the standard projection operators

The amplitude tensors!#” are obtained by removing the .
meson polarization vectogs, ,&} from the invariant matrix pMV—q g —ghr—PLY,

elements and contracting the remaining indices. The interme- M?2
diate (axial) vector propagators at four-momentuks (p
+q) have been taken aREA,V) 0, p=0 or v=0,
— gt kK, /s per={  q'g 25
Dra(K)= (90 /) =(=0guntKck\/s)Dg(S). ! 5"—q»2 v omre{l23 29

s—ma+imgl'SY(s)
(22)

(the spacelike components pfand v are denoted byandj,

respectively. The longitudinal and transverse self-energies

"Ye defined by the corresponding decomposition of the polar-

ization tensor:

Using the same form of propagator for tigmeson in
the pp scattering process raises a problem: the correspondi
(Born) amplitude for pp—f;—pp vanishes identically,
which is, in fact, in line with analyses based on chiral
Lagrangians[31,33. However, the latter then suggests, v . N
within VDM, the absence of the direct,—p°y decay, 2070, @) =2 (do. APL +2 (00, 0)PF";  (26)
which empirically is quite large. Since here we are interested
in phenomenological estimates for dilepton production, wethey are calculated from E@17) as
decided to circumvent the vanishipgf, coupling by mak-

ing use of the gauge freedom for massive vector particles p2d|p|dx
i it g { 3 ,pR(00,0) =GlprlF | —— ———{f"[wp(p)]
provided by the additionat- (\/2) (ksf7) term (Stuckelberg oPr(bo,d pPR > PP
" : ) 4 . (2m)“2wp(p)
term [28]) in the interaction Lagrangian, E@9). With \ o ) LT
=1 thef, propagator takes the form — P [wp(p) + o]} F ,pr(dem) “Dr(S)VR (P,A)  (27)
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for R=A,V,P’ with x=cos6, 6=~ (p,q). The projected -70 ' ' ‘ ' ; ;
vertex functions are given by 60
2
=50 |

. q
VA(P.O)=(PL) VA" (p.0) = 5 (5= 7 —m2)? T=150MeV

2

2
+ wp(p)zqz( 1- q;) - 52q2x2< 1- q;) :

Im2/m_ [MeV]

1
E(S—qz—mi)z

T 1 mv 1
Va(p, Q)= E(PT)WVA (p,a)= >

- q®
—pzqz(l—x2>(1—;”,

vy(p,A) = (PL),,,Vv6"(p,0) = 07p*(1—x%), E,
T 1 Qv =
VV(p’Q): E(PT)MVVV (p!Q) -
W
11 4
= 5|5 (s—0?=m2)?-2mgq’ — g*p*(1-x%) |,
(28) =30 L L L I L L
o _ 00 02 04 06 08 10 12
and similar expressions for the pseudoscalar resonBnce M [GeV]
For thef1(1285) an additional integration over the mass dis-
tribution of thep from the heat bath has to be performed: FIG. 1. The real and imaginary parts of the polarization-

averagedp self-energy(lower and upper panel, respectivelifhe

LT 9 ,0M, different channels are labeled explicitly and explained in the text.
prfl(qo’q):Gppflj TAp(mZ) Note that thersr channel is absent for the sake of clarity.
92d| 9|dx modified when_ accounting_ for further higher resonainces
u[fp(po)_fpp(po_l_qo)] Such cancellations are typical for many-body type calcula-
(27)22po tions as performed here. They are the reason that one usually
5 LT encounters only moderate modifications of the in-medium
XFppt,(Aem) Dy (S)V! (P4, (290 pole mass. On the other hand, the imaginary parts pf
strictly add up, generating significant broadening. We refrain
whereMgsz—ﬁz. here from plotting the two-pion loop contribution to tipe
In Fig. 1 the real and imaginary parts of the individual Self-energy. It will start exceeding the in-medium corrections
spin-averaged self-energy contributions pastM=0.450 GeV(the freep width atM =m, amounts to

about 150 MeV.

1 As discussed earlier, the existence of a preferred thermal
2 hr(M,Q)= 5[2,';hR(M .q)+222hR(M )]  (30)  reference frame will break Lorentz invariance. An advantage
of a theoretical approach like the one at hand is that the
transverse and longitudinal parts of theself-energy can be
~ ) . separately resolved. This is shown on Fig. 2. Even though at
|q/=0.3 GeV in the lower and upper panel, respectively.ihg present time one does not have a practical observable that
Around and above the free masg , the strongest absorp- s convincingly sensitive to the polarization, one should keep
tion is caused bya,;(1260) resonance formation, which is thjs difference in mind for future applicatiofig0]. From the
about as large as the sum of all other channels, shared fgure, we see that at finite three-momentum the polarizations
roughly equal amounts betwed{,(1270), h,(1170), and differ the most at low invariant masses and become undistin-
7'(1300). TheK(1270) curve acquires its maximum at guishable at high masses.
lower M than the pion resonances due to the higher thermal In addition to the direcp-h interactions we account for
energies of the kaon@cluding their rest magsin the low-  the simplest medium effect in the pion cloud of theby
mass regiorM <0.6 GeV, the dominant contribution is due including the Bose enhancement in the two-pion bubble. In
to the w meson, which, however, barely leaves any trace irthe Matsubara formalism this amounts two replacing the
the resonance region. It is also seen that the effect of the two-pion propagator, Eq3), by [26]
is very small. In the real part of the total self-energy we - )
observe appreciable cancellations, until eventually all contri- G..(M,p:T)= 1 {1+2fw.(p)iT] _
butions turn repulsivéthe latter feature would of course be e ®(P) M?~[2w,(p)]?+in

(h=m,K,p) are shown at fixed three-momentum modulus
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ImE"’T(M,q;T)
ImDYT(M,q;T)= P 33
mP, (M. IMZ—(m,?F—E,E'T(M,q;T)IZ( )

T=150MeV
q=0.3GeV

= -50 with the longitudinal and transverse self-energy parts
[<h)
= -40 ) .
£ 3= pmnt 2 o
o -30
E

-20

T T
EpzszW—’_z 2‘paf’ (34)
=10 a
//
o - ‘ , ‘ } where the summation is over the mesonic excitation channels
0.0 0.2 0.4 0.6 0.8 1.0 1.2

a=7w, why, ma,, 7o', KKy, KKy, pfq, as discussed,
and X, ., now contains the Bose-Einstein factors through
FIG. 2. The longitudinal and transverse polarization contribu-Eq' (31). we flnd_ that t_he therma Spec”‘?" function under_—
tions to the imaginary part of the self-energy as arising from theJ0es a broadeningefined as the full W'th a.t half maxi-
sum of meson resonance contributions. mum) of about 80 MeV afT=150 MeV (with little thrge—
momentum dependence, see also, e.g., RE5]), which
. . almost doubles te-155 MeV atT=180 MeV. Those val-
At a temperatl_Jre ofr =150 MeV, this ge_:nerates an addi- ues are a factor of 2 larger than the collisional broadening
tlpnal broadening of th? self-energy starting from the two- ffound in Ref.[22] based on on-shell scattering amplitudes. In
pion threshold reaching an appreciable Maximum  Olpef 18] the p meson self-energy has also been evaluated for
~ 20 MeV atM=0.6 GeV(_on the scale of Fig. 1, upper on-shellp mesons using th& ,,-¢, approximation(i.e., the
par%e} amcjj gLa_lduaIIy _decreasmgly b?‘yogfj- 3 the full sbi self-energy being proportional to theh scattering ampli-
aver(;geerél irr:ell;nsggtlsgr’t \cl)vfethtlz(Il))trol|[)1ag;a1g']u.)r(SIOte((:atraLIj fufmgl-n- tude _and the matter particle densm). For a pion gas of
tion) densityn,=1.5 fm 3 a broadening of 400 MeV has been
' quoted, which, when rescaling to a density of 0.12 fm
(corresponding to thermal equilibrium at=150 MeV)
1 gives ~30 MeV, again about a factor 2 smaller than our
ImD,(M,q;T)=3[Im D5(M,q;T)+2ImD(M,q;T)] results; this is not surprising as the meson resonances in-
(32) cluded in Ref[18] were thea;(1260), =’ (1300),a,(1320),
and w(1420), the latter three contributing rather little at the
free p massM=m,. On the other hand, the recent kinetic
in a thermal meson gas of temperatufies 120, 150, and theory treatment performed in R¢f.9] does agree with our
180 MeV as appropriate for the hadronic phase in ultrarelafindings. However, we would like to stress again that our

M, [GeV]

tivistic heavy-ion collisions. More explicitly, one has approach consistently accounts for the empirical radiative
decays at the same time, which is crucial for reliable predic-
_10 , ‘ , : , tions of low-mass dilepton production to be addressed in the

next section. The shift of the pole mass, defined by the zero
crossing in the real part of the propagator, turns out to be

vacuum

S8 DT Imiaomey negligible, moving fromM =773 MeV in vacuum toM
_ e T=180 MeV =776 MeV atT=150 MeV.
(\l% —-6 L
1 V. DILEPTON PRODUCTION
o 4! =0.3GeV . . . . .
= 4 q © The differential dilepton production rate per unit four-

volume and four-momentum in hot matter can be decom-
2| posed a$20]
0 , , , AN+ - Y
00 02 04 06 08 10 12 ao . = Lu(@H#(q). (35
M [GeV] d Xd q

. . e
FIG. 3. Imaginary part of thp-propagatofspectral functiopin _For qrer:‘mlterr]]essl, we will f%cus 0@ e pairs in the followt;
the vacuum(dotted curvg and in a thermal gas including the full Ing. Then the electron and positron rest masses can be ne-

in-medium self-energies, E¢34), for fixed three-momentuny  glected as compared to their three-momenm¢§|5i|,
=0.3 GeV at temperaturéb=120 MeV (long-dashed curye T  and, to lowest order in the electromagnetic couplingthe
=150 MeV (dashed curvg andT=180 MeV (dotted curve lepton tensor takes the form
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10° — : : i
v \ free nr
\ free nr - 1
| U finite~T nrc T__1 50Mev \ total
N ——— 1,(1285) ' \ —-—- GL T=150MeV
W —-—- a,(1260) 107 \
N ‘\‘\ T
-3 !
g |0 3
A L g
E VA E
= v “ N—‘
4 v
Z iy s
<X \\ \ ,;
2 . 2 107
= \
5 I 3
-7 v \-
10 \
\
\
\ ] \ -
s Lo : — L 1.2
0.0 0.2 0.4 0.6 0.8 1.0

M,, [GeV]

FIG. 4. Three-momentum integrated dilepton production rates at F'G: 5. Comparison of our total, three-momentum integrated
temperature off =150 MeV including various individual medium thermal dilepton production ratesolid curve with that obtained
effects in thep propagatofsee Eqs(39), (33), (34)]; dotted curve: from a sum of meson decays and reactions according to[Rb]f._
free 7o annihilation i.e usingEL,T:EO ); short-dashed curve: (dashed-dotted curyeThe dotted curve represents the rate obtained

b} P pmw/? N e .
77 annihilation including finite temperature effects through Boseffom free war annihilation, whereas the dashed curve corresponds
enhancement factors, Eq31) (using ST=3__): long-dashed to the finite temperature part of the many-boby calculation of Ref.
) o pma)s .
curve: free wm including pp—f, resonance formatiorfusing 19l All curves are for a fixed temperatue=150 MeV.
SpT=30 _+301); dashed-dotted curve: freer including p
—a, resonance formation(using 357=3° +35T ); solid

f . | d p‘IT7Tf p‘n'a{l. !r( . dN ( ) J< d3q ( _)) (39)
curve: free o including pm—w resonance formatior(using —(M;T)= | =———(Jp,
SLToS0 4y ) d*xdm? 200 d*xd*q do-4
P pmT pTw/*
2
L, (q)=— ~ 9.9 (36) for electron-positron production at a fixed temperaturd of
mr 3m2M2\ T M2 =150 MeV. The two mechanisms that dominate the net

low-mass dilepton rate are associated vith— » formation
with the total pair four-momentunq=p. +p_. Here, we 2S well as the_ Bose-EinsteifBE) enhancement of the
are interested in dilepton production from decays(or, ~— 77 decay width. For example, & =0.4 GeV, both the
equivalaently zrz annihilation. Within the VDM, which we ~ @ (Solid ling) and the finiteT BE corrections in the pion
have already employed in the evaluation of radiative decag!oud (short-dashed curyenhance the free-r annihilation
widths in Sec. II, the corresponding hadronic tensor is difate by 80-90% each. Much smaller effects are due to the
rectly related to the imaginary part of the retargegropa- a,(1260) (30% enhancement, dashed-dotted )lias well as
gator in hot and dense matter: the K; andh; (20 and 15 % enhancement, respectively, not

shown in Fig. 4, the f, being practically negligible.

v - L epre In Fig. 5 we compare the total rate calculated from an
H*"(do,q; s, T)=—7(qo;T) incoherent sum of meson reactions and dedays (=GL,
(m2)* ) dashed-dotted linewith our full result(solid ling). Focusing
X gg ImD4"(do,d; 1e,T). again atM =0.4 GeV, the latter is increased over the free
w pTTIT

7 result(dotted ling by a factor of 3.5, compared te 2 in
(37) the Gale-Lichard calculation. The major difference arises

from the inclusion of the BE enhancemdand, to a lesser
Using the decomposition E¢24), the dilepton rate can then extent, thea, /h, resonancesin the present treatment. Also

- shown in Fig. 5 are the results based on the finite tempera-
be written as ture part of the calculation by Rapp, Chanfray, and
s o Wambach (=RCW, short-dashed curyg15], which in-
dN - ef(my)” £7(qo;T) 1 im D T cludeda;, K; resonances and the Bose-Einstein enhance-
d*xd*q 9, M? 3LImD,(do,a;T) mentin3 .. (note, however, that the hadronic form factors

used in Ref.[15] were substantially harder, with cutoffs
Am,aleKpKlzz GeV; this entails an overestimation of

theradiative & — y7r decay width by a factor of 2, as elabo-
with the longitudinal and transverse spectral functions givemrated in Sec. Il. Consequently, in the vicinity of the frge

by Eq.(33). mass, where the major broadening effect is dua;téorma-
In Fig. 4 we display the individual medium effects in the tion and BE enhancement, the RCW results differ very little

three-momentum integrated rates from the present ones. Below, formation inp# scattering

+2ImD}(qp,q; T)] (39
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is responsible for a substantial increase of the emission rateerned. There are, of course, significant differences around
(full curve compared to short-dashed curve the freep mass, in that the many-body calculations lead to a
Another point is finally noteworthy of attention: if one reduction of thep peak. In fact, these features can be under-
looks at the total spectrum in the vicinity of tirepeak, one stood in a rather transparent way as follows. Schematically,
sees that the net signal in our many-body spectral functioithe p spectral functionwhich directly governs the dilepton
approach is reduced by about 40% as compared toffree  rate) can be written in terms of the self-energy as
annihilation. As discussed in the previous section, the shift of
the real part is very small few MeV; theapparentlarger Im,
shift in the dilepton spectrum is caused by the overall Bose ImD,= M2—m2/2+|Ims |2’
factor in the rate expression, E(B8), which strongly in- | mP| [Im P|
creases towards smaller invariant magsbkst the broaden-
ing of ~80 MeV is appreciable on the scale of the fiee
width of ~150 MeV. The resulting peak smearing is a dis-
tinct feature of our many-body formalism, i.e., the resumma

(40)

where we have absorbed the real part of the self-energy in
the (physica) p massm,. In the low-mass region, where
m,>M andm,>|ImX |, the denominator is dominated by

tion encoded in the denominator in E§3), which is neither m, so that

present in the rate calculations of R¢R1] nor in low- Ims

density expansions as performed, e.g., in R&4]. This fea- ImD,(M<m, ) L (41)
ture will be tested against experiment soon, as a result of ’ ’ mf,

improving the mass resolution in the CERES experiment at _ _
CERN-SpS energiesy as well as at RHIC energies in th&ince ImEp Corresponds to a summation of scattering am-

PHENIX detector, where the design value f8M/M is at ~ Plitudes times(pion) density, one immediately recognizes
the 1% level. the close resemblance to kinetic theory or low-density ex-

pansion approaches. On the other hand, in the vicinity of the

p peak, whersM=m,, the denominator in Eq40) is domi-
VI. SUMMARY AND CONCLUSIONS nated by In, so that

Based on a finite temperatu(®atsubara formalism we
have highlighted_ different interaction_chgnnels that could ImD,(M=m,)
lead to modifications of the rho properties in a thermal gas of
mesons with zero chemical potentials. Using phenomeno- i _ ) _
logical interaction vertices compatible with gauge invarianced®monstrating that the consequence of an increase in density
and chiral symmetry, and including hadronic form factors tolS @ Suppression of the maximum, which cannot be straight-
simulate finite size effects, the free parameters could b&rwardly casted in a low-density expansion.
tuned to reproduce the empirical hadroaiud radiative de- Overall, 'however, the finite temperature effects found
cay branchings rather well. The resulting in-medignself- here are still to be reg.arded as rather moderate. On the con-
energy induces a moderate broadening ofitispectral func- trary, th.e nuclgar enV|r0-n.me.nt has a much stronger lr_npact
tion, somewhat higher than what has been found before if" the in-mediump-modifications at comparable densities
Refs.[22,15,18, but consistent with a recent kinetic theory [15,12,17-19 e.g., at a temperaturé=160 MeV, where
analysis[19]. On the other hand, cancellations in the realthe thermal pion densityn,=0.16 fm, equals normal
part inhibited significant changes of the in-medignpole nuclear density, thep spectral function broadens by about
mass. Corresponding dilepton spectra exhibit a 40% depld-5°{T=160 MeV)=100 MeV, which is considerably less
tion of thep peak together with an appreciable enhancementhan in nuclear mattefI""*{ py=p) =300 MeV, as ex-
of a factor of ~3.5 below, largely driven by subthreshold tracted, e.g., from Ref$16,36|]. From a theoretical point of
mp— o formation and a Bose enhancement in fhe w7 View this state of affairs may appear puzzling, since towards
width. Our results have now to be combined with those obihe chiral restoration transition, which is to be expected
tained with the baryons present, and a time-evolution aparound the temperatures considered here, a substantial re-
proach will be coupled with our rates to produce yields thatshaping of the vector and axial-vector spectral distribution
can be compared with experiment. must occur: forT=TY, they have to become degenerate as

Finally, for the sake of comparison, we have overlayedan unavoidable consequence of tfepproximate chiral
our results with the those obtained from @mcoherentsum  symmetry in the strong interactions. The reason for this dis-
of meson reactions and decay21l]. Some differences crepancy may be related to the fact that in the heat batp the
emerge: the earlier calculations in RE21] do not include  modifications as calculated in the present article are still hin-
the contribution that can be associated with the radiative dedered by the Goldstone nature of the pions. This observation
cay of thea;(1260) andh,(1170); also, the VDM form does not apply tg interactions with nucleons in the finite
factor used there was temperature independent. The methodsensity case. A complete understanding still requires further
employed in this work are tantamount to the generation of a&lucidation.
temperature-dependent form factor. Besides that, it seems Resuming one of the motivations of our analysis, we be-
that the self-consistent many-body treatment does not indudeve that the understanding of complex strongly interacting
large deviations as compared with the result$iméoherent  systems that live in regions of density and temperature far
rate calculations as far as the low-mass enhancement is coremoved from equilibrium resides not only in confronting

E , (42)
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