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Thermal dileptons from #-p interactions in a hot pion gas
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The production of low mass dileptons fromp interactions in a hot medium is studied. Applying finite
temperature perturbation theory the dilepton rate is computed up to @fgdé?or dilepton masses below the
p the two-body reactionsr7— py*, mp— my*, and the decay procegs— wy* give significant contribu-
tions. Nonequilibrium contributions to the thermal rate are estimated, including the modification of the particle
distribution function with a nonzero pion chemical potential. A comparison of the dilepton rate with the recent
data measured in nucleus-nucleus collisions at CERN SPS energy by the CERES Collaboration is also per-
formed. It is shown that the additional thermal dileptons fremp interactions can partially account for the
excess of the soft dilepton yield seen experimentaB0556-282(197)03107-X]

PACS numbsefs): 13.85.Qk, 11.10.Wx, 12.38.Bx, 25.75.Dw

I. INTRODUCTION tor mesons, especially their mass or decay wi@dQ: In
Ref.[7] it is shown that thermal dilepton production due to
Dilepton production is one of the interesting tools to studythe pion annihilation process together with the assumption of
collective effects in strongly interacting matter produced ina decreasingg meson mass leads to a quantitative explana-
ultrarelativistic heavy ion collision§1—-4]. This is particu- tion of the enhancement of the low mass dileptons observed
larly evident from the recent CERN experimental data atby the CERES and by the HELIOS/3 experiments.
Super Proton Synchrotrof8PS collision energy. A signifi- The above results together with previous theoretical stud-
cant enhancement of the dilepton spectrum measuréd in ies[11-13 suggest the importance of pion scattering in a
A collisions as compared witlp-p and p-A collisions is medium as a source of soft dileptons. In a thermal medium,
reported. Two experiments, CERES/NA4%5] and however,m" 7~ —e"e™ is not the only process which has
HELIOS/3 [6], have measured dileptons in the low massto be considered. For example, the contribution from the
range in S-Au, Pb-Au, and S-W collisions, respectively.two-body reactionm* 7~ —py* —pe*te” does not have a
Both these experiments have reported an excess of dileptokinematical threshold atr,, and, therefore, certainly domi-
with invariant masses between 0.25 and 1 GeVA#A nates the basic pion annihilation process for dilepton masses
nuclear collisions, compared to expec{&flor measured6] M=2m_. This example indicates that a more complete
spectra inp-A collisions. analysis of the low mass dilepton spectrum originating from
These remarkable results indicate the appearance of cad possible thermal medium requires further considerations.
lective phenomena in heavy ion collisions, such as thermal- Previous calculations of the thermal rate of emission of
ization of the medium after the collision. Since the temperadirect, i.e., real, photons with energies less than 1 GeV have
tures are not yet to be expected as high, in particular, thehown that there are two contributing reactions involving a
reactions involving pions ang mesons are important and neutral p: the annihilation processm*# —p°y and
have to be considered. In the kinematical window of lowCompton-like scatteringr™p®— 7=y [14]. Both contribute
mass dileptons pion annihilation with tipein the intermedi- to dilepton production, where the real photon is replaced by
ate state is a basic source of thermal dileptons, also respoa-virtual one. The importance of two-body processes for low
sible for the low mass dilepton enhancement reported by thenass dileptons has also been stressed in the case of produc-
CERN experiments. Indeed, recent theoretical calculationtion from the quark-gluon plasma5].
show that close to the peak the thermal production rate due  In this paper we compute the contributions to the dilepton
to pion annihilation is compatible with the experimental dataproduction rate fromm-p interactions for invariant masses
[7,8]. However, neither the size of the excess below ghe up to the p peak. In Sec. Il, after briefly treating the
peak nor the shape of the distribution is quantitatively ex-m" 7~ —y* Born rate, we discuss the “real” 22 and
plained by this contribution alone. In a thermal medium,p— 7 y* reactions, at the two-loop level of the virtual pho-
however, the partial restoration of chiral symmetry in hotton self-energy. Also the “virtual” two-loop corrections to
and dense hadronic matter may modify the properties of vedhe Born rate are derived. Section Il extends the estimates of
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p into the production rate. For our numerical analysis the pa-
rameters are chosen as,=0.775 GeV,mﬁzO.?Gl GeV,
q 1 2 q andI',=0.118 GeV, in agreement with the measured pion
VRS Ay electromagnetic form factgrll]. We do not consider the

possibility of medium-dependent resonance parameters, as
, done in[7]. Also contributions due to thA1 resonancé21]
are neglected.
) o For soft dileptons with invariant massbb<m, the mass
FIG. 1. One-loop photon self-energy diagram. The solid linegjstripution per unit space-time volume is obtained within a
denotes the pion. very good approximation from the rate with the heavy pho-

. o _ ton taken at rest with respect to the medigatso kept at
the dilepton rate, taking into account out-of-equilibrium ef- res) [3,10]

fects by introducing the pion chemical potential. Finally, in
Sec. IV we compare the dilepton rate with experimental data dN 2( oM ) 12 drR
=47T* ——

[5] in the low mass region. IM2d% 5T dMZdglag 5

q=0
II. DILEPTON PRODUCTION AND 7-p INTERACTIONS where the Born rate foM=m,, with the Boltzmann ap-

The thermal dilepton production rate is considered in low-Proximation of the pion distribution, has the simple form

est order of the electromagnetic coupling. First, the medium d RBom
is taken at rest. The rate per unit space-time volume, >3

dR=dN/d*x, is related to the absorptive part of the photon dM*d"a/q
self-energy tensoll ,, [2,11,16,1T. For lepton pairs of in-

variant masd, energyqg, and momentung the relation is

2

o

| (M)[?exp(—M/T).  (6)
O|d:o

The more complete expression for the Born contribution

with quantum statistics and arbitrary heavy photon momen-

“ tum is, however, also well known in the literatuisee, e.g.,

_ 3 I [4]). It will be used in the following numerical estimates.
24774M2n(q0)lm1'[ w0 @), (@ Throughout the paper we neglect the pion m@ssept for

) S ) the numerical analysis of the Born rate fdr<m,) and the

where n is the Bose distribution function at temperature masses of the leptons. Because of the many uncertainties, we

T=1/B (cf. Appendix A\. The tensor is constrained by cur- pgjieve that these approximations are very well justified.

rent conservatiom,I1”,(q)=0. Taking into account out-of-equilibrium effects in deter-
We adopt the real-time formulation of finite temperaturé mining the rates, expressidf) is multiplied by a factor

field theory to evaluate I} . Using the Keldysh variant

dR
dM?d3q/q

(with time path parameter=0 [18—20) the following use- 1+ 26\, (7)
ful relation holds in terms of the photon—self-energy matrix ) ) )
7, with S\ =\ —1 in terms of the fugacityx (cf. Appendix A).

This first approximation, i.e., staying near equilibrium for
. 1 . 6A<<1 and neglecting more complicated dependences,
ImIT*,(Qo,9) = miﬂfz(%,(ﬂ- (20 should indicate the possible increasex(1) or the decrease
0 (A<<1) of the dilepton rate due to nonequilibrium effects.

A. Born rate B. Two-loop contributions

In order to clarify the notation we give the one-loop ex-  The interaction of the charged pions with the neutral mas-

pression forll{,. With the momentum labels indicated in gjye rho meson fielp, and the electromagnetic potential
Fig. 1 this pion-loop contribution with the temperature- A, is described by the Lagrangidt4]
dependent propagatof®\l), summarized in Appendix A,
reads L=|D,®*~ § p,,p""+3Mop,p"— i F, F*, (8
. d*p : : : : I

iT12,(q 'q):_(_ie)ZI (p+p')24iDo(p)iDyy(p’), WhereD,=d,—ieA,—ig,p, is the covariant derivative,

12 (2m)* v 2 @ is the complex pion fieldp,,, is the rho, andF ,, is the
) photon field strength tensor. As is well known, ther
wherep’ =p— coupling is rather Iargegf,/4rr~—~2.9; nevertheless, we at-

P =pP—a tempt an effective perturbative treatment up to two loops.

Using the equilibrium distributions one recovers the stan- X .
) L . 14— However, no resummation of high temperature effects, e.g.,
dard expression for the Born term™ 7w~ — y*—171". For

massesM near thep it is appropriatg11] to implement the comparable to the hard thermal loop expansion for QCD

vector dominance modé€VYDM) and to insert the pion elec- [22,2d3_|, |_sh|mpleme|nted m;_)ur(?ppcrjoach,lwrlnch m?y bd?l com-
tromagnetic form factoF . pared with an analogous fixed-order calculation for dilepton

production from a quark-gluon plasni24].
4 From the Lagrangiari8) and using the closed-time-path
5 *2p2 —, (4) formalism[18,19 we calculate the dilepton production rate
(Me=mZ )+ T my produced in a thermal pionic medium at the two-loop level.

|F .(M)|2=



4346 R. BAIER, M. DIRKS, AND K. REDLICH 55

p +k where the pion self-energyl,,(p) at one-loop order due to
arp interactions(8) is given by[cf. Egs.(B6) and (C2)]

L koK,
Oor m2

p

X (2p+ k)" D1 p+K)Dyi(K). (10

_ L[ d%
'le(p)zgpf W(ZpﬂLk)‘r

FIG. 2. Two-loop diagram: self-energy insertion. The labels a,b\w/e note that in Eq(9) we only keep the read;o contribu-
=1,2 denote the type ofp vertex. The solid line with momentum  tions.
label k corresponds to the: Inserting the propagatof@\1) with Eq. (A9) it is conve-
nient to separate the different kinematical configurations,
Typical diagrams are shown in Figs. 2 and 3. The two tadwhich appear due to the presence of the sign function in Eqg.
pole diagrams oD(g?) are not included, since they do not (A9). We consider in more detail the processpoémission,
contribute to the discontinuity of the photon self-ene(@y  i.e., m(p.)+ 7(p-)—p(k)+ ¥*(q), where we relabel the
momenta of Fig. 2 ap’'— —p_,p—p,; —Kk, and introduce
(positive energiesk®= E, p’=E_ ,pﬁ =E, . We find the
1. Realp° processes following contribution toi 8T135 of Eq. (9):
The processes involving real®’s, namely, mm—py*, d3p. d3p_
wp—my*, andp— mwy*, are expected to be important for + 4ezg§f Wn(EQJ Wn(E_)
dilepton masseb! below thep peak. These contributions are (2m)°2E (2m)°2E
obtained by cutting the two-loop diagraniBigs. 2 and 3 d3k
such that thep is put on mass shell. X f W[PF n(E,)1(2m)*8*(p.+p-—k—0)
We start to discuss explicitly the contribution from the p
diagram shown in Fig. 2, where the self-energy correction 1 2 oK
5D 1,(p) is inserted into the pion line with momentum X(ZP_Q)ZP(W> pi( —QMJFF)DTH
The expression fobD,(p) is derived in Appendix B using * ’
the Dyson equation. (1)
In this section we assuméhermal and chemicakquilib-
rium distributions(A3), and consequently we ustD{}(p)
given in Eq.(B5). The discussion of out-off-equilibrium ef-
fects in they* rate is postponed to Sec. Ill.
Using the second term of EqB5) we calculate the
“real” correction to Eq.(3):

expressed in a form familiar from kinetic thedi®]: It con-
sists of the square of the matrix element for the two-body
processwm— py*, here to one of the exchange diagrams
plotted in Fig. 4, with the integration over the phase space of
the participating pions and themeson properly weighted by
the thermal distribution functions(E). Next we also inte-
grate with respect to the photon momentﬁras described in
1\2 Appendix D.

—2> An analogous, straightforward treatment gives the corre-

N d*
is117,°5q% q) = —(—ie)zf (2734(p+ p’)zP(

P sponding contributions to the reaf processes from the two-
X[—ill1(p)]iDy(p’), (9) loop vertex type diagrams of Fig. 3. Finally we sum all these
p + k a p
q 1 2 q
YOS 2\ N4
p+k b P’

p’+k

FIG. 3. Two-loop diagrams: vertex-type corrections.
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As a check the same final result is obtained when the

il PR R A~y square of the sum of the three matrix elements illustrated in
Fig. 4 is taken. This approach has, e.g., the advantage that
. . >< current conservation is rather easily checked on the level of
— P — I~ ~ Y A o’ these matrix elements.
n T n Here we quote the result. Mainly for simplicity we use the

Boltzmann approximation which amounts to underestimating
the dilepton rate: In this limit we replace, e.g., in Efl),
n(E.)n(E_)—exp(—E,—E_)/T, and neglect stimulated
em|SS|on ¥n(E,)=1. The dllepton rate due to the real
p° processes is best expressed using the Mandelstam vari-
contributions, including those obtained by interchanging mo-ables defined in EqD4); together with the kinematical ap-
menta, like the self-energy contribution of EE), but inter-  proximations discussed in Appendix D, we obtain, for the
changingp andp’ in Fig. 2. dilepton mass rangbl<m,,

FIG. 4. Matrix elements for the processr— py* arising from
cutting the two-loop diagrams.

dnred! ag2/47'r | T?’[
dMZd% ~ 247"M? N 2m?|

foc g s+m;—M?2
sexg ——=———
(m,+M)? 2m,T

(m,—M)?
_'_f P dsefmp/T
0

Uy
f du
u_

t+m Umax rﬁ;'\/'2 1 1 (mi+M2)2+m§M2/2 1
+2Pf dtex dup| 2+ S+ |+ - M| -+, (12
min 4 \t° u tu t
where
+ 1 2 2 +1 2 2 2n 12 2 2
ut =5 (m+M —s)(_)z\/[s—(merM) ITs—(M,=M)%],  UppE MM/, Upip=ma+M2—t, (13)

with s+t+u= m +M2. Theu integration may still be per- low masses.Thus, when discussing the thermal yield in the
formed analyt|cally context of recent experimental data on dilepton production in
The kinematic boundaries of integration given for the pro-heavy ion collisions, it is necessary to include the above

cesses, which are summed in EQ2) in the order of higher order processes. o .
T py*, pommy*, mp—my*, are illustrated in the It is worth to mention that admitting in-medium effects on

Mandelstam plot of Fig. 8. the p meson mass or width, as recently proposed in R&fs.
The result contained in Eq12), for the squared matrix 9, 10], could substantially influence the overall thermal rate
elements of Fig. 4, is sucessfully compared with the one(SOIId curve shown in Fig. 5. In particular, assuming a de-

. : ) ._crease of thep meson mass by only 100 MeV would imply
Sglr\ll\i/rf ; ;nrglg];ﬁ;tghne case of the two-body processes in an increase of the thermal ragsolid curve of Fig. $ by a

It is important to note that due to the nonvanishinmass factor of 2.
and the heavy photoM >0, no mass singularities appear in
Eq. (12), even when setting th&=0 pion mass to zero.
However, for the evaluation of thep— 7y* contribution,
the principial value prescription leading to a well-defined For heavy photon production ﬁl(gﬁ) we have, in order
integral, e.g., in Eq(12), P(1/u)=lim,_,u/(u®+&2), and to correct the Born raté6), to include virtual contributions,
correspondingly forP(1/u?) [18], has to be taken into ac- Which arise from the processes shown in Figs. 2 and 3 by
count, in order to correctly treat the behavior neas0,  cutting the diagrams in the proper way only through pion
which is covered by the kinematical domain of this processl'neS without cutting thep line. For the production of real

(Fig. 8). For the processesm— py* andp—mmy* thep  Photons[14] these contributions are absent.
prescription is not explicitly required. In some detail we describe our estimate, including the

We plot the rate Eq(12) below thep peak in Fig. 5 as a approximations, for the self-energy diagrdffig. 2). Here

function of the dilepton masM for M=0.2 GeV at fixed
temperatureT=150 MeV. For comparison the Born rate
7m—y* is also included. We find that, as expected, the
two-body reactionsrr— py* andwp— my*, together with
the decay channgl— 77 y*, dominate the dilepton rate for

2. Virtual p° processes

Iwe note that the curves do not strongly change when the kine-
matical approximations performed in Appendix D are relaxed, e.g.,
for mm— py* at most a 10% change is numerically found when the
p is not kinematically kept fixed at rest.
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107 — T T T ReI(M/2,p)=0(M2(T/m,)%), (16)

e'e” , 4 G V3 .
(N7 /M) I rarsouey LBV for |p|=M/2, and therefore it will be neglected. The leading

term of Eq.(15) is found after partial integration with respect

Toamesete” ] to the variableE’; it is proportional to the derivative
—Rdl=- g‘z’ M r (17)
= JET T At m?

v
1071 \\\\ ’,’)‘€n->e’e'[ 1 +O(9§)J
\\ ll

p

. when evaluated on shell because of thfunction constraint

\\ x}\p-mne‘e' in Eq. (15), and using Boltzmann distributions. As expected
SN we obtain
\:\-\\\\\\\\\ ﬂp->ne*e' . e2 92 TZ
nn->pe’e N 1 OIS (M, q=0)=— 5— ;=M exp —M/T),
N p
\\ (18
e M [GeV] where we already include a factor of 2 for the diagram Fig. 2
ot after interchanging with p’.

In an analogous treatment we evaluate the virtual
T-dependent contributions from the vertex-type diagrams,
FIG. 5. Dilepton rate as a function ™ at fixedT=150 MeV.  hamely, from the first two of Fig. 3. After a lengthy calcu-
The solid curve represents the sum of the real and the virtual praation the result is

cesses.
dNBorn+virtuaI dNBom gﬁ T 2 19
we take the first term of EqB5) and evaluatécf. Eq. (9)] aviZdx - awved x| 1T 2. m—p) ( ~ 3.
| ; d*p’ M2 (= kdk
H y,Virt S 0 — (i 2 N2
LA a) = (e f(ZW)S(pJFp) +6WT2PL Ir‘(k)(kz—lv|2/4)”
X €(Po)N(Po) 8’ (P?) d NBom 7 gi ( T )2} 19
XReI(p)iDy(p’), (149 dM2d*x m4m\m,| |

where now the real part of the pion self-eneldyp) enters, valid for_ m,>T, and forM>0. B
and equilibrium distributions are used. In Fig. 5 we see that, e.g., fof=150 MeV, the

In the following the on-shell behavior of the pion self- T-dependent virtual correctior(49) are negatlve _and rather
energy, REl, at the one-loop level is required. According to large. It suggests to perform resummations, which, however,

[13] its temperature-independent part is absorbed into th¥/@ do not attempt.

definition of theT=0 pion mass(which we take approxi-

mately as m,=0). Its temperature-dependent part is 1. OUT-OF-EQUILIBRIUM EFFECTS
weighted by the thermal distribution either for themeson
or for the pion. The first case is dD(exp(—m,/T)), i.e.,

negligible; the secgndz one therefore dominates and is &xyqye |ikely that the pion gas is not yet in thermal and chemi-
pected to be oD(T*/m), due to the presence of tie=0 ¢4 equilibrium[25,26. Before we treat the realistic situation
p—propagator in the loogFig. 2. . __ of an expanding gas in the next section, we first have to
In the following we estimate Eq(14) in the limit  compute the production rate using nonequilibrium distribu-
m,>T, having in mind the mass regidd<m, . To obtain  tjons, thus generalizing the calculation of Sec. Il. We pro-
the result analytically we make the further simplifying as- ceed with a tractable, but still realistic ansg25,26 by in-
sumption of_dileptons at reftf. Eq.(5)]. Then it is straight- troducing the fugacity parameté27] A and by using the
forward to find distributiong Ti(|ko|)=\e~ %" in Boltzmann approxima-
o 1 tion [cf. Egs. (A6) and (A7)]. We have in mind that
. Virt SE - , , SA=\—1 is smalld\ <1, i.e., a situation not far off equi-
Poll3;™ " (M. q=0)=¢ J (27)2 2" )n(M—E") librium, in order to be consistent with the simplifying ap-
, U proximations summarized in Appendix A.
X&' (M2—E")(E'/M—1/4) In order to estimate nonequilibrium effects even under
¥ Re[l(M—E’,— 57)' (15 these approximations it is not justified to simply multiply the

In the early stage of heavy ion collisions, when lepton
airs are expected to be predominantly produdee], it is

where|p’|=E’". . 2We do not distinguish the fugacity parameter fof and p,
When evaluating Rd(pg,p) on shell, we get respectively.



55 THERMAL DILEPTONS FROMm-p INTERACTIONS IN . .. 4349

real emission rat€l2) by a factor (+26\) as it is in the

case of the Born ratfef. Eq.(7)]. Because of the structure of dNPnen yﬁo_ 92/477 ) 7-rT3
= S : dMZdix )\484M
the (one-loop self-energy correction to the pion propagator
(I_33), amore c_areful _derlvatlon is required. For the real emis- y 2m2+M?2 due*<U+mp)/2m,,T tmaxdt
sion contribution it first amounts to the replacement of Eq. m ¢
(9) by L o
+f , Zdue*(u+m§)/2mpr ma:dt]
4 2mz+M -m5
iéﬂzf“(q(’,é):—(—iﬂ (:;;upw)z o mEM? 23
e .y
t>+[g2T?/4me]
2
% iz) N(Po)[iL,(p) —iIlo(p)] where we tgk(_a int_o account by a fa_ctor of 2 poth regions
p denoted by(ii) in Fig. 8. The boundaries of the integrations

1 are defined as in Eq13), except fort—u. When using in
+ —5>——{N(pg)ill,(p) Eqg. (23) the momentum-independent value for the damping
(P)*+(Poy) v, Eq.(CH), the integrations can be explicitly performed. The
leading term withy— 0 is proportional to 1y, indicating the
—[1+ n(po>]iH12(p)}]iD21(p’), (200 pinch singularity,

dNpineh a?(gl/am)
where again a corresponding term with<¢p’) has to be dM=d*x 2473
added. In the second term in EQO) the pinch singularity, 3 3
which is not canceled in case of nonequilibrium distributions X oM o~ (2m2+M?)2m,T
[28], is regularized 29] by the damping rate of the pion, 2m> g5/ (4me)T ’
which we estimate in Appendix C. The expression for (24)

iIT,5(p) is the same as in E@10), except that it now has to

be evaluated using the nonequilibrium distributieA$), as  which is actually independent of the couplig§. From Fig.

it is the case fon(py) in Eq. (20). 8 one can read off that the pinch near0 is present starting
We here discuss further details of the estimate for theyt u=m; 21 M2. This and Eq.(22) explain the argument of

dominant contribution, which is due tap—my* in the the exponentlal function in Eq24).

limit y—0, in order to exhibit our treatment, i.e., the regu-  \We remark that Eq24) differs numerically by only a few

larization of the pinch singularities in the vincinity of percent from the more exact expression starting from Eq.

t/u=0 (cf. Fig. 8. (20) and including all the contributions due to the processes
Itis crucial to consider the product of distributions, which (i)—iii ) defined in Appendix D.
is present in Eq(20), In Fig. 6 we plot the total rated N/dMd®*x, including the

Born term withO(gi) correction, for nonequilibrium cases
, characterized by different values of the chemical potential
[1+1(po) Kn(Po)n(ko)[ 1+1(Po+ko)] w, including even as large values as=100 MeV, which
—[1+n(pe)[1+n(Ky)In(po+Kky)},  (21)  corresponds to a large value af=1.95 atT=150 MeV.
Although here S\ may be considered too large to justify
) ) ) keeping onlyO(8\) terms? as done in the calculation of the
adjusted for the kinematics of the processcyryes plotted in Fig. 6, we observe that instead of an ex-
m(Pin) + p(Kp) = 7(Pou) + ¥(q), i.€., p'——Pin, k——K,,  pected increase by a factor af=4, only an effective in-
p—— pout+k (cf. Fig. 2. In relation to the definition$D4)  crease of the rate by a factor of 2 results, because of the
we have to continuek— — Ko s P+— = Pout,P- —Pin. which  negative contribution estimated in E@4), when we change
corresponds to the physical regiGi with u=mj in Fig. 8., from x=0 to x=100 MeV. From this fact we stress the
The limit y—O0 is sensitive to the behavior near importance of taking into account the nontrivial te(20),
t=(K,— Pou)*=0. In the simplifying kinematical approxi- which is traced back to the self-energy diagréfiy. 2). For
mation of thep meson at res& ,=m,,, used in Appendix D, completeness we state that no such extra terms arise from the
the region t=0 corresponds to positive energy vertex type diagrams of Fig. 3.

= (t+m?)/2m,>0.
Thus the product of distributiong21) reads, in the IV. SOFT DILEPTONS IN
Boltzmann approximation, THE EXPANDING HADRONIC MEDIUM

In the previous sections we have derived the dilepton pro-
—A2(A—1)eEr* Eound/ T~ She (urmizm,T (22)  duction rate originating fromm-p interactions up to

valid for po>0 and in leading order o6\. The dominant 3A different estimate in case of large, namely, replacing
contribution arising from Eq(20) to the dilepton spectrum y—\+y, and Borrfl+ O(gi))—szorn/[l—O()\gi)], etc., actu-
becomes ally gives the same result as in Fig. 6.
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—_— . N —
NS /d*xdM [GeV?] i | (dN®®/dndM) /<dN_, /dn>(100MeV™")

T = - ch _
T=150MeV ] T, =1fm T, =130MeV dN®"/dy=150

m CERES

107 .

FIG. 6. Estimates of out of equilibrium effects to the dilepton — .
rate up toO(gZ) at fixedT= 150 MeV: The solid curve corresponds FIG. 7. Invarla_nt mass dielectron s_p_ectra .measured_ by the
- p - ~ CERES Collaboration for the S-Au collisio§] in comparison
to 4=0, dashed curve tp.=25, dash-dotted curve (8=50, and ity the thermal yield frommp interactions. The dashed-dotted
dotted curve tqu=100 MeV, respectively. line describes the sum of all contributing reactions fram-p°

O(gz) in a thermal medium as a function of temperature and’nteractions_. The dash_ed line, calculated by CERE_S, represents the
P expected dielectron yield from all known hadronic sources. The

for fixed chemical potential. In the description of dilepton solid line is the sum of the contributions described by the dash-

.SpeCtra in heavy lon COIIISIO”.S we have_ in addition to takedotted and dashed curves. The long-dashed curve includes the out-
into account that dilepton pairs are emitted from a rapidly,

expanding and thereby cooling medium. Hot hadronic matte?f equiliorium effects.
produced in heavy ion collisions undergoes an expansiong-p interactions with the approximations as discussed in
which leads to a space-time dependence of the thermal p&ec. Il one can partially account for the excess reported by
rameters. In the expanding system we therefore have to irnthe CERES Collaboration as measured in S¢and Pb-Au
tegrate the rates derived in the previous sections over theollisions. This is particularly the case in the vicinity of the
space-time history of the collision. As a model for the ex-p peak where the agreement with the experimental data is
pansion dynamics we assume the Bjorken modelferl)-  quite satisfactory. However, the enhancement belowgthe
dimensional longitudinal hydrodynamical expansj80]. In  peak and the structure of the distribution cannot be explained
this model all thermodynamical parameters are only a funchy equilibrium production alone. In the kinematical window
tion of the proper timer and do not depend on the rapidity 0.25<M <0.45 GeV there are still almost 70% deviations of
variabley. We furthermore assume that at some initial timeour theoretical curve from the experimental results. Assum-
7o~1 fm matter is formed as a thermalized hadronic gasng nonchemical equilibrium in the mesonic medigas dis-
with initial temperatureT,. The system subsequently ex- cussed in Sec. Ilishould certainly increase the dilepton rate.
pands and cools until it reaches the freeze-out temperature This is mostly because, in this case, there are more soft pions
T:~130 MeV. We have modeled the hadronic gas equatiomnd p mesons, which should produce more abundant soft
of state with a resonance gas where all hadrons and resdileptons. In Fig. 7 we show the thermal rdteng-dashed
nance states with masses up to 2.5 GeV are included. Theurve assuming deviations from chemical equilibrium with
value of the initial temperaturé;=210 MeV has been fixed the value of the chemical potential=100 MeV. Indeed, we
by the requirement to reproduce the multiplicity of 150 observe an increase of the rate below theeak. This in-
charged pions in the final state at central rapidity. Thes@rease, however, is rather modest, particularly in the soft part
numbers are for S-Au collision$]. of the spectrum. The main reason is due to the “pinch sin-
With the above defined model for the expansion dynamicgular” term (24), which being negative reduces the contri-
the space-time integration of the rates, first calculated ibutions of the two-loop processes, when considered out of
equilibrium, namely, the Born rate including the virtual cor- equilibrium. In addition the out-of-equilibrium distributions
rection ofO(gi), Eqg. (19), and the real processes, E2), of pions ando mesons lead to a lower initial temperature and
can be performed leading to the spectrum which may than ba shorter lifetime of the thermal system. All these effects are
compared with the one experimentally measured in heavyhe reason of small modifications of the dilepton yield.
ion collisions. In Fig. 7 we show the overall thermal dilepton  Here, also additional assumptions, e.g., on in-medium ef-
rate from -p interactions including acceptance and kine-fects of thep meson mass and width eventually help to un-
matical cuts of the CERES experimdii]. One can see in derstand more completely the dilepton excess measured by
Fig. 7 that with the thermal source for dielectron pairs due tahe CERES Collaboratiofv,9,10.
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V. SUMMARY n(|ko|)=exp(—|Ko|/T). (A5)

We have calculated the thermal production rate for soft

dielectrons produced in a pion gas including relevant reac- Estlmaatmg f_‘g”gc!u'“(;”'tuf‘l‘ .‘Efgfts \(/jve follow the atpl)pr(_m-
tions from m-p interactions. The calculations include the mations described in detail | and, more recently, In

O(gi) corrections arising from the two-loop contributions to [31]. It amounts to replacing the thermalko), Eq. (A3), by

the virtual photon self-energy. The dilepton rate is first cal-the'r. noneqwhbnum coupterparts, €., In general by Wigner
. N AT S distributionsn(kg,X). This corresponds in terms of the cu-
culated using equilibrium distributions. Next off-equilibrium

contributions to the rates have been estimated. Finally, diIeptr?our:gngyiﬁga;:é%z dt%u?rﬁ)lﬁ)lg)rﬁlrgﬁlt; Rgnae?ﬁrl'&be:nruarl?)p(r:ggi?r::

ton production in an expanding hadronic medium has beeﬂon we suppress the possible dependence on the center-of-

calculated applying the Bjorken model. No medium effects ; X .

. . -mass coordinatX, essentially assuming a homogenous and

on thep resonance parameters are included in the analysis. : .
The excess reported by the CERES Collaboration in the Iov{/SOtrOp'C. medium. .

Practically for our estimates we takef. Eq. (A4)]

mass range below thepeak is diminished, although not yet

completely described by the model. e (ko)) ko>0, .
01 N) =~
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APPENDIX A: THERMAL PROPAGATORS

on
In order to perform the perturbative calculations presented WE N(Kg,X)/n(kg) —1= 5N e(kg)[1+n(Kg)],
in this paper we use the closed-time-path formalism of ther- 0
mal field theory{18—20. The real-time X 2 matrix (scalaj
propagators in leading order ofSA=\—1.

_ _ In the expressions foAg (k) the usual limite—0 is
D1a(k)=[1+n(ko) JAr(K) =N(Ko) Aa(k), considered, whenever this limit is defined, e.g.,

(A8)

D1o(k) = (ko) Ar(K) — Aa(K)], Ar(K)—Ap(K) = — 27 e(ko) S(KP—112),  (A9)

Day(k) =[1+n(ko) J[AR(K) —AA(K) ], where e(kg) = 0(ko) — (— ko) is the sign function.
However, out-of-equilibrium pinch singularities appear in
D2Ak)=n(ko)Ar(k)=[1+n(ko) JAa(K)  (ALl)  this limit e—0 [28], e.g., in products like\ p(K)A (k) (see
Appendix B. We treat this situation by following the con-

are expressed in terms of the retarded and advanced pro%’cture by Alther{29,32] keepinge nonvanishing: It is iden-

gators tified by the damping widthy>0 (Appendix Q.
1
Aga(k)= ek (A2)  APPENDIX B: ONE-LOOP SELF-ENERGY CORRECTION
(=) =70 TO THE PION PROPAGATOR
wherek?= kg—EZ andm is theT=0 mass. For equilibrium Here we commen(cf. Fig. 2) on the self-energy correc-
conditions the Bose-Einstein distribution functinfk,) de-  tion of the pion propagator and the possible appearence and
pends on temperaturk, presence of pinch singularitigd 8,28. Denoting the self-
energy insertion by the matrikl,,(p) we obtain the im-
provedD,, propagator using the Dyson equation
n(ko)= FolT 1 (A3)
and satisfies ID1Ap) =D 1AP)+ X 1D 1a(P)~iMlan(P)liD ol P)
(ko) +n(—ko)+1=0. (A4) =iD1Ap)+i8D1(p). (B1)

For our numerical estimates we are mainly using the Boltz\With the propagators specified in Appendix A and with the
mann approximation relations
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i
II14(p)=—T1154p), ImH11=§(H12+H21), (B2)

also valid out of equilibrium, we obtain

1
3D 12(P) = N(Po)[AR(P) — AZ(P)IREll1y(p) + 5 N(Po)

X[AE(P)+AX(P [ 15(p) —Iy(p)]
+AR(P)AA(P){N(Po)T21(P)
—[1+n(po) [IL15(p)}.

Here the ill-defined produchg(p)AA(p) appears, giving
rise to possible unpleasant pinch singularit/@$8,2§. In

(B3)

case of equilibrium, however, it is well known that the last
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2 4 k, Kk

ImT1(po,p) =51 (2p+K)7| = gyrt ——r”
PP 2n (e ) 2m ™ P o g
X(2p+k) D1 p+K)Dyy(k), (C2

where the momentum labels of Fig. 2 are used.
The temperature-dependent nonvanishing part

p?=pZ—p?=0 becomescf. the derivation in13])

for
- o o [ W% 1
ImIL(po=p,|p|=p)=—g;m,m 23 >E 2g LN(E7)
pstar

—n(Ey)]o(p—E,+E,), (C3)

with the corresponding energie£p=\/lzz+m5 and

>

term in Eq.(B3) vanishes due to the detailed balance condi-Ew=|P+|z|-

tion,

I,y(p) =€ /T p). (B4)
As a consequence E@3) simplifies to
8DTY(p)=2i e(Po)N(Po)| &' (p?)Rell(p)
ol
where
1 iTI,5(p)
Rell(p)=Relly(p), lmHz;e(pw%, (B6)

expressed in terms of the equilibrium distributinfp,) and
in terms of the(retarded self-energylI(po+iepo.p) [23.
6' denotes the derivative of th&function andP the princi-
pal value.

However, for nonequilibrium distributiongA6), for
which obviously (% n)/n#expy/T), the last term in Eq.

(B3) does not cancel. In order to regularize the product
Ar(p)AA(p) [29] we take into account the nonvanishing

The dominant contribution comes from the pion’s thermal
distributionn(E ). In the Boltzmann approximation it leads
to

2 2
ImIl(po=p,p)=— —— — n(E,)dE,
(Po=P.P)=~ 77 71 m§/4p( )
2 2
_&mPT —miapT
= “amap® " (C4)

ImIT vanishes forﬁzo, and it has its maximum near
p:m§/4T. We note that Eq(C4) gives a positive damping
rate y, as required. In order not to overestimate the contri-
butions arising from thé gA , terms we take for the numeri-

cal estimates a momentum-independent value, namely, the
one at the maximum

2

= —ImlII(po= )~&3T2 (C5)
Poy= Po=P.P)=7 2"

APPENDIX D: KINEMATIC BOUNDARIES
FOR THE KINETIC PROCESSES

The dilepton thermal rate receives contributions from the

(on-shel) damping rate of the pion, which we estimate in thewo-body processesrm— py* and wp— my*, and from

following Appendix C.
APPENDIX C: ESTIMATE OF THE DAMPING RATE
OF THE PION

The pion damping rate is determined by the “pole’{in
the lower energy half-planeof the retarded propagator. In

the following we not only neglect the pion mass, but also

thermal corrections due to the real part of thetarded pion
self-energy, such that

e MI(Po.P) €
Po

evaluated on shep?=0 for positive pion energy,. In the

p—may*, for which we evaluate in the following the
phase-space integréll) including its kinematic constraints.
The calculation is simplified using) Boltzmann distribu-
tions and(ii) the fact thatm,/T>1: the p meson is kept at
rest in the medium. This allows us to integrate the phase
space by

o

T2

mm
“amNzre ™ @D

dk 1

—-E_IT
T e BT
(2m)* 2E,

and to replace elsewhekg,= VK2 + mizmp.

The remaining integrations are carried out as we explicitly
show in the following for the channel
7w(p.)+7(p_)—p(k)+v*(q). We only consider the case

one-loop approximation the absorptive part of the pion selfof dilepton massed<m,.

energy is given by

The phase-space integral defined by
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d3q dp. dp_ d3k
f f (2#)32EJ (277)32E,f (2m)°2E, NS ) o/

xe E/T(2m)46%p, +p_—k—q) (D2) s=(mp+M)z

is approximated by

d®p d3p_ 1 u=M s t=M?
=1 2| f + 05(E++E——mp—%), T ol
=m+M

(D3) P
with go=1/|p, +p_|?>+M?2. The angular integrations ih ,
can be done. s=(m; M)

Next we introduce the Mandelstam variables by
s=(p,+p-)?=(k+a)? t=(p,—k)?>=(q—p-)% s=0

u=(p-—k)?=(q—p;)? (D4)

\t/)wth s+t+u=m;+M<. Approximating the pion energies
y

, 5 FIG. 8. Mandelstam plot: physical regions for the procegses
E+2(mp_t)/2mp1 E—:(mp_u)/zmp (D5) ma—py*, (i) mp—wy*, and(iii) p— mmy*.

gives the final result for the phase-space integral, (il ) p— Ty - 6(S) 0(tu—m§M2),

| = fdtdua(tu m M2)0(s (m,+M)?).

which are also summarized in Fig. 8. The processes
(D6) wmp—vy* andw— mwpy* do not contribute due to the non-
vanishing masses), and M.
The other channels only differ in their kinematical bound- We finally remark that the poles 80 and/oru=0 are

82|

aries, present within the kinematical domain for the channel
wp— wy*, whereas formm— py* they are present just at
(i) mp— my* :6(—5) H(MMZ—tu), (D7) the kinematical boundary whesi— .
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