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Nonperturbative dilepton production from a quark-gluon plasma

Munshi G. Mustafd* Andreas ScHer? and Markus H. Thoma
Lnstitut fir Theoretische Physik, Universtt&iessen, D-35392 Giessen, Germany
2Institut fir Theoretische Physik, Universtt&egensburg, D-93040 Regensburg, Germany
(Received 26 August 1999; published 29 December 1999

The dilepton production rate from the quark-gluon plasma is calculated from the imaginary part of the
photon self-energy using a quark propagator that contains the gluon condensate. The low mass dilepton rate
obtained in this way exhibits interesting structutpsaks and gapswhich might be observable at the rela-
tivistic heavy-ion collider and large hadron collider.

PACS numbsefs): 12.38.Mh, 12.38.Lg, 25.75.q

[. INTRODUCTION and results for the thermal quark propagator in the presence
of a gluon condensate. In Sec. Il we will present our calcu-
Thermal dileptons emitted from the fireball in ultrarelativ- lations of the dilepton production rate, before we will discuss
istic heavy-ion collisions might serve as a promising signa-our results in Sec. IV.
ture for the quark-gluoiQGP formation in such collisions
[1]. In contrast to hadronic signals dileptons and photons!l. QUARK PROPAGATION AND GLUON CONDENSATE
carry direct information about the early phase of the fireball,

; . ; . ; The effective quark propagator follows from the quark
since they do not interact with the surrounding medium afterself-energy containing the gluon condeng@e 1. The fol-

their productior{2]. Therefore, they can be used as a dirECtI wing gauge independent result for this propagator at finite
probe for the QGP. Unfortunately there is a huge backgroun g gaug P i propag
emperature has been found:

coming from hadronic decays. Hence it would be desirable
to have some specific features in the dilepton spectrum 9.5 4.5
which could signal the presence of deconfined matter. Indeed J(L)= Yo Y, Yo 7,
perturbative calculations3,4] have shown distinct structures 2D, (L) 2D_(L)
(van Hove singularities, gap# the production rate of low
X L . X where

mass dileptons caused by nontrivial in-medium quark disper-
sion relations. Unfortunately such calculations are not reli- D.(L)=(=lpxl)(1+a)—b, 2
able at temperatures within reach of heavy-ion collisions, -
where the coupling constant is not small. Moreover, perturand L is the fermionic four-momentum defined ds
bative calculations of the dilepton rate seem not to converge- (|, ['). The expressions faa andb are obtained in terms
even in the small-coupling limitS]. of the chromoelectric and chromomagnetic condensates as

Lattice QCD, on the other hand, is not capable so far tqg)
compute dynamical quantities such as the dilepton produc-
tion rate. However, lattice calculations provide clear evi- 2 9 [(

()

d . . __g__ 32_52 2_12_2 2
ence for the existence of nonperturbative effects, e.g., ef- a=—"— 3| 3|0 (€97 5| 15{B)],
fective parton massd$], hadronic correlator§7], and the L
gluon condensatg8], above the phase transition. Recently
QCD Green functions at finite temperature, which take the b= — ~ 2.2
presence of a gluon condensate in the QGP into account 9g L6
[9,10], have been constructed.

In the present paper we will study the influence of thiswhere g?=4mag. The in-medium chromoelectrid£?)+,
nonperturbative effect on the dilepton production rate. Foand chromomagnetic condensatés?);, come from the
this purpose, we will calculate the dilepton rate from thenonperturbative longitudinal and transverse gluon propaga-
imaginary part of the photon self-energy using an effectivetors entering the quark self-energ§]. In Minkowski space
quark propagator that contain the gluon condensate. We withese condensates can be expressed in terms of the spacelike
find similar structures as in the perturbative case comindA,) and timelike (A,) plaguette expectation values mea-
from the quark dispersion relation which follows from the sured on a lattic8] by [9]
pole of the effective quark propagator. These structures
might serve as an unique signature for the presence of de-
confined, collective quarks in ultrarelativistic heavy-ion col-
lisions.

In the next section we will shortly review the basic ideas
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FIG. 1. Quark dispersion relatian(l)/T, versud /T in a QGP

atT=1.1T, in the presence of a gluon condensate.

(G?)1=(G?)r-o— AT,

where the interaction measute=A,+A, and (G?)1_,

=(2.5+1.0)T2.
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FIG. 2. Quark dispersion relatian(l)/T; versusl/T. in a QGP
at T=2 T, in the presence of a gluon condensate.

sate[9]. On the other hand, the (1) branch corresponds to
the propagation of a quark mode with a negative chirality to
helicity ratio. This branch represents the plasmino mode
which is absent in the vacuum, and we denote this quasipar-

The dispersion relation of a quark interacting with theticle byq_ . Asin the HTL case the _(I) branch(plasmino

thermal gluon condensate is given by the rootsDof(L)
=0 (2). The functionsa andb, Eq. (3) in Eq. (2) have been

mode has a shallow minimum. For temperatures up ©.2
this plasmino branch rapidly approaches the free dispersion

determined by using Eq4), where we took the plaquette relation(Figs. 1 and 2 Owing to the strong increase of the

expectation values from the lattice calculations of R&f. In
Figs. 1-3 we have displayed the dispersion relation of a
quark having momenturhfor T=1.1T., 2T, and 4T,
respectively. As shown in these figures there are two real
positive solutions ofD.(L)=0. For a givenT the upper
curve w,(l) corresponds to the solution dd,(L)=0,
whereas the lower curve_(l) represents the solution of

D _(L)=0. Both branches are situated above the free disper-

sion relationw=1, and start from a common effective mass
obtained in thd —0 limit as[9]
27761/5 ) ) 1/4
©.(0)=w_(0)=Mes =| —5—((ED)r+(B7)| . (6)

which is given bymgs~1.15T betweenT=1.1 T, and 4

T.. The dispersion relation of a quark interacting with the
in-medium gluon condensate is similar to the dispersion re-
lation obtained from the hard thermal loop resummiddiL)
guark propagatdi3]. Thew . (l) branch describes the propa-
gation of an ordinary quark with thermal mass, and as in the
HTL case, we denote this quasiparticledpy, as the ratio of

its chirality to helicity is+ 1. For large momenta it is given
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FIG. 3. Quark dispersion relatian(l)/T; versud/T. in a QGP
by w, =I+cq, wherec, is a constant containing the conden- at T=4 T, in the presence of a gluon condensate.
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FIG. 4. One-loop photon self-energy with effective quark propa-Now the imaginary part of the self-energy can be computed
gators containing the gluon condensate. by introducing spectral functions for the effective quark
propagators as in the case of the real photon B3 Fol-

magnetic condensate a_boveT_g the plgsmino branch stays |owing this work the imaginary part of Eq9) can be ex-
clearly above the free dispersion relation for momenta undepressed as

considerationsee Fig. 3. For high momenta, however, this
branch approaches the free dispersion relation,—1. The

plasmino mode corresponds to a purely collective Iong—Im HM(P)=—1O—7Te2(eE’T—1)J d3k fw de»w o

wavelength mod¢3]. The residue of its pole being propor- ® 3 (2m)%) - —w

tional to (w? —12)2 for large momenta, becomes negligible .

for I>T. As a possible application of these quasiparticles XS(E—w—o")ng(w)ng(o")[(1+q-Kk)

dispersion relations, we will study the dilepton production % K o)+ K ,

from a quark-gluon plasma. As we shall see below these {pi(w,K)p (0",q)+p (0,K)p,(0',q)}

dispersion relations will cause peaks in the dilepton produc- T(1-a-k /

tion rate, which could provide a possible signature of a (1=g-K{p(@.k)p(e’,)

guark-gluon plasma produced in heavy-ion collisions. +p_(0,Kp_(0',q)}], (10
1. DILEPTON PRODUCTION where ng is the Fermi-Dirac distribution ang. are the

The dilepton production rate calculated from the photonSPectral functions corresponding tdDL/(L) given by

self energy in the case of one massless lepton flavor is given

by pe(0)=Re(0,)8(0—w.)+Re(~ ) 8w+ o),
(11)
dR 1 1
_ @ Im T1%(P), ) where
d*xd*P 127* M2 e®T—1
(w2_|2)3
whereE= \pZ+M?Z is the energy of the photon with invari- Re=\—F— (12)
ant masaM. -
Within the one-loop approximation the photon self-energy .
(Fig. 4) can be written using the Matsubara technique as With
10 d3k ~ ~ b(w?—12)3
[*(P)=— = e’T>, f Tr [S(K) y“S(Q) »"], C.=—|(1+a)(w?—1?)3+ —
3 % J (@2
8 2

o +6w(w1|)(w2—|2)2+g—w(w1|)
where K and Q=P—K are the fermionic loop four mo- 3

menta. In the following only masslessand d quarks are

considered. We want to study the effect of an in-medium X
gluon condensate on the production rate of lepton pairs. This

effect can be included by using effective propagators con-

taining the gluon condensate for the exchanged quarks. IMhe spectral functions in E¢11) contain only contributions
view of this we have replaced the bare propagators by thérom the poles of the effective propagator corresponding to
effective propagatotsin Eq. (8) as indicated by the filled the solutionsw . of the dispersion relatio® . (L)=0 of the

S 2 2 8 2 2 2
§<5 (B >T)—§9 wE >T}- (13

circles in Fig. 4. _ _ collective quark modes. They do not have a contribution
Substitution of Eq.(1) in Eq. (8) and performing the from discontinuities, corresponding to Landau damin4,
traces yield§13] because the effective quark propagatbrdoes not have an

imaginary part coming from the quark self energy.
Inserting Eq.(11) into Eqg. (10) and performing thew
'The additional use of an effectice quark-photon vertex will beintegrations, exploiting thé functions of the spectral func-
discussed below. tions, one finds X=p- k)
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5 o +1 ~ A A A
2 eE’T—l)f dksz dx[(1+qg-k)A+(1—q-k)B], (14)
0 -1

ImIL(P) =~ =—e%(

where
A=ng(o 4 (K)Ne(0-(9)R1 (0 (K),KR_(0_(q),q) HE—-w, (k) —w_(q))
+Ne(= o - (K)Np(w-(9))R-(w-(k),KR_(0_(q),q)S(E+ o _ (k) —w_(q))
+Ne(0 4 (K)NE(— 01 ()R (w4 (K), KR (04(0),)SE - 0 (K) + @ ()
+ne(= o (K)Ne(— 01 (q))R-(w-(K), KR (0,(q),)SE+ o (K) + @, ()
+Ne(w-(K)Ne(0 4 (4)R-(w-(K),KR (0:(0),q) d(E—-w_(k) —w(q))
(= w4 (K)Ne(0 4 (4)R+ (w4 (K), KR (04(0),q) d(E+ w1 (K) —w(q))
+Nnp(w-(K)Ne(— o ()R- (0 (K),KR_(0_(1),q)d(E—-w_(k)+ w_(q))
+Ne(— w4 (K)Ne(— 0 ()R, (w4 (K), KR (0_(9),9)d(E+ 0 (k) + w_(q)) (15
and
B=ng(0+ (K)Ne(w1(9))R: (04 (K), KR, (w0 (9),d) S(E—-w, (K)—w,(q))
+Ne(—w_(K)ne(e 4 (4)R-(w-(K), KR (0:(1),q)d(E+ o (k) —w(q))
+Ne(0 4 (K)Ne(— 0 (Q)R4 (w4 (K),KR_(0 (), S(E— (k) + w_(q))
FNe(— o (K)Ne(—w-(9)R- (0 (k),KR-_(0-(q),P)IE+ o _(K) +w_(q))
+Nne(w-(K)ne(o ()R- (- (K),KR_(0_(1),q)d(E—-w_(k)—w_(q))
+Ne(— 0 (K)Ne(o - (4)R: (w4 (K), KR (0 _(1),9)d(E+ o (k) —w_(q))
+Ne(w-(K)Ne(= 04 (4)R-(w-(K), KR (0:(1),q) S(E—w_ (k) + w(q))
(= w4 (K)Ne(— 0 (4)R4 (w4 (K), KR (04(4),9) S(E+ 04 (K) + 0. (1)) (16)

Changing the integration variable fromto q=|p—Kk| R_(0-(0s),ds)
— p?+ k2= 2pkx the dilepton production raté7) can be A1 NF(@+ (KNNe(w-(Gg))R. (o (k), k)|d w_(q)/dgly_’

written as
p+k o0 p+k
fdk dq+f dk dq
p—k p k—p

Ay=ne(—w_(K)ne(w_(gs))

R_(w-(ds),0s)
19 9[d0 (qyiddl,,

drR 5 a?1
d4xd4P 367 M2 P
x{[p?— (k=) 3JA+[(k+q)?—p?]B}. (17

Now one can perform the integration by means of the As=ng(w_ (K)N(— w4 (qs))
remainingé functions inA andB leading to

XR_(w_

R (w4(0s),0s)

dR 5 a? 1f xR (w4 (k), k)|dw (q)/dqly ’
dk{[p?—(k—0gg)?](A;+ A+ A - s
d4Xd4P 3671'4 M2 p {[p ( qs) ]( 1 2 3
+ A+ AgtAg) +[(K+Go)?— p?](By+B,+ B _ R. (0+(ds),q5)
st Ast A7 49"~ PT (BBt B Aj=np(w_ (K)INE(04 (AR (0 (K), K)o,
|dw +(Q)/dQ|q
+Bg+Bgt+ B7)}|p,k|gqsgp+k, (18
where theqs=q(E) determined by the various functions Ae=Ne(~ @ (K))Ne(@(0s))
in Egs.(15) and(16) can assume two different values in the R, (0.(0s),qs)
case of the plasmino branch due to the presence of the mini- X R (w4 (k), k)W
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Ar=ng(o_(K)NE(— 0 _(9s))
xR(w(k),k)ETT(?/i;;ﬂi'

B1=ng(w (K)ne(w, ()
><R+(w+(k),k)mcj(+q—(?/i;|]i'

By=nr(—w_(k))Ne(w,(gs))

R (@+(95).0s)

XR,(w,(k),k)m,

Bs=ng(w  (K)Ne(—w_(qy))
R—(“’—(Qs)aQs)
X R+(w+(k),k)m.

Bs=ne(w_(K))Ne(w_(qs))

R_ (w—(qs)aqs)
X R_(w_(k),k)m,

Bs=nNr(— . (K))Np(w-(ds))
R_(0_(ds),0s)
X Ry (@ (k),k) |dw7(—Q)/dQ|qS )
B7=nr(w-(K)Ne(= @.(ds))

R (. (ds),0s)

XR‘(w‘(k)’k)ldm(q)/quqs' (19

dR
d*xd*P

PHYSICAL REVIEW 61 024902

The group velocity factors in Eq19) follow from the
dispersion relationD .. (L) =0, of Eq.(2) as

dwi(l) o+ Fr(wi(q)larbvl)

dl Gi(wt(q)!arbll),

(20

where

F.=(1+a)Jwi(l)—1%1?F6b[w%(1)—1%]?

_9* (2 2
+5 bl 3(E2)r— 5 (B!

+321+ lw. (1) {B?
—459( a)lw-(1)(B%)7,

G.=—(1+a)C., (21
anda, b, andC.. are given in Eqs(3) and(13), respectively.
As we will see in the next section the group velocity leads to
a characteristic feature of the dilepton rate.

In Eq.(18) we have dropped tern#s,, Ag, B4, andBg as
the corresponding functions in Eq.(16) can never be sat-
isfied by virtue of energy conservation sinee. is always
positive. Now, one can perform theintegration in Eq.(18)
numerically, and we find that the terms, which satisfy the
energy conservation, correspond to various physical pro-
cesses involving two quasiparticles with different momen-
tum k andq.

However, before discussing our results, we would like to

give the corresponding dilepton production rate fmto.
For this purpose we combine EqéZ) and (14) with q
=—k and obtain

N 10 o (= ) 5
(p=0)=—4—2f dkk[nE (. (k)R (0 (k) 8(E =20, (k) +2ne(@., (K)INE(— 0 (k)R (@4 (k)
97" M“Jo

XR_ (- (k)(E~ 0. (k) +w_(K)+2ne(w-_(K)N(= 4 (KR (04 (k)R- (0 (k)

X S(E+ w,(k)—w_(K)+nZ(o_(k)R? (w_(k)SE—2w_(k))]. (22)
After performing thek integration by means of thé functions, the expression for the dilepton rateﬁa:to becomes
drR . 10 o? 1ldw, (k)| 7t
Trp P05 7 o ki{né(m(ks))Ri(m(ksni T
d(w, (k) —w_(k)
+2ne(0 4 (K)INE(— @ (Ks))R (@4 (Ke) )R- (0 (Ks)) K
kS
d(w_ (k) — o, (k)| ™
+2ne(0 (K ))Ne(— 04 (Kg))R; (@ (kg))R - (0 _(Ks)) dk
kS
) 5 1|dw_(k)|*
+NE(@- (k)R (0 (ko)) | —51 : (23
kS
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10-6 _ M=1.01T. to 2.07T., for T=2 T, from M=1.83T, to
E 3.73T., and forT=4 T, from M=2.14T_ to 8.76T.
[ p=0 The processg_q_—+v*, starts at an energy which is
TRl - twice the energy of the minimum of the plasmino branch,
; E=M=2w_(ku- The diverging density of states at that
point again causes a van Hove singularity. This process con-
tinues with increasingV but falls off very fast due to two
reasons{i) asM increases the high-energy plasmino modes
F | . come into the game and the corresponding square of the
T : residueR? (w_(k),k), to which the rate is proportional, be-
E | ¢ comes very small since it is proportional (@2 (k) —k?)3,
and (i) with increasingM the density of states decreases
1 gradually.
At M=E=2w,(k)=2m , the processg,q.— y*,
e | shows up. AV increases, the contribution from this process
X grows and dominates over the plasmino annihilation process,
: : ! resulting in a dip in the dilepton rate. For larlyethis anni-
[ . T hilation process is solely responsible for the dilepton rate.
10 : i L .S L L L] For T=4 T the contribution from the plasmino annihila-

0 2 4 6 8 10 12 14 tion is nearly as big as the.-g. -annihilation at the mass
M/Tc regime displayed in Fig. 4 because of the fairly large devia-
tion of the plasmino branch from the free dispersion relation.
FIG. 5. Dilepton production rate from a QGP in the presence ofThjs is the reason why the dilepton rate is almost flat at large
a gluon condensate at photon momengpimo0. masses in Fig. 5. Only at very large invariant masses the

IV. RESULTS AND DISCUSSION contribution fromq_—a_ annihilation will vanish.

The channeby, g_— y*, which contributes in the case of
the HTL calculation[3], is absent here. This process corre-
sponding to the first and fifth line of the quantityin Eq.
(15 containing 8(E— w4 (k) —w_(k)) does not contribute
to the rate at zero momentum, Whe}e —K, as can be seen
momentumk. The first term represents the annihilation pro- from (14). However, in the HTL calculation, where an effec-

= tive quark-photon vertex has been used, £&).and conse-
cess q.q.—y*. The second term corresponds ®.  quently Eq.(14) do not hold anymore, allowing for terms
—@-7*, a decay process from @, mode to a plasmino  containings(E— w, (k) — w_(k)) in expressions for the rate
plus a virtual photon. Energy conservation does not allow thecmalogously to Eq(22) even at zero momentum.
process given by the third terng(—q, y*). Finally, the Comparing our rate to the HTL resulB] for realistic
fourth term corresponds to a proceqsﬁ,ey*, i.e., anni- Vvalues of the strong-coupling constant appearing in the HTL
hilation of plasmino modes. The static differential rate of therate, e.g.,g=2.5, we observe that our rate is smaller by
aforementioned processes are displayed in Fig. 5Tor about a factor of 5-10 than the pole-pole contribution of the
=1.1T, (solid line), 2 T, (dashed curve and 4T, (dotted HTL calculation. At largeM the HTL rate reduces to the
curve. Similar to the HTL casd3] the partial rate in the Born rate[3,15]
presence of a gluon condensate shows péaks Hove sin-

1
~

>
., ",
., ey,
e ————

_|
Il
NN
i
(2]

)
1
)"
NG
UM
AN
S

First we would like to discuss the dilepton production
from a quark-gluon plasma at momentyrs O of the virtual
photon. The corresponding rate is given by E2g). The
different terms in Eq{(23) correspond to various physical
processes involving two quasiparticlgs andq_ with same

gularitieg at different invariant masses of the virtual photon. dRrBOM 52
Below we discuss the contributions to the rate from each s (p=0)=— (e"T+1)7?, (24)
process in detail. d*xd"P 367

The channelg, —q_y*, opens up aM=0. This pro-
cess continues up #d =1.01T, for T=1.1T,, M=1.83T, which follows from the first term of Eq(22) in the limit
for T=2 T,, andM=2.14T, for T=4 T., respectively, ®.—k whereR{™"—1.In contrast, the rate given here does
where the first peak appears due to the vanishing group veéot reduce to the Born rate in the larlyedimit, sinceR,. is
locity dE/dk=0 at the maximunE=M=w,(k)—w_(k),  given by 1/4 instead of 1 for infinite large momenta. This can
since the density of states, which enters the (a®, is in-  be seen easily from E¢12) using the asymptotic form of the
versely proportional to the group velocity. o, branch,wg —k+c,, discussed in Sec. Il. The fact that
The q,—q_vy* channel terminates at the peak, afterR, , which enters the rat€2) quadratically, is always small
which there is a gap because neither of the other processesadguses the suppression of the rate compared to the HTL case.
possible in this invariant mass regime. The size of the gapg\nother reason for our small rate might be the fact that we
depends on the temperature. Fo=1.1 T, it ranges from did not take into account an effective quark-photon vertex in
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10° 10°

p=1T, p=2T,

FIG. 6. Dilepton production rate from a QGP in the presence of FIG. 7. Dilepton production rate from a QGP in the presence of
a gluon condensate at photon momentoml T.. a gluon condensate at photon momentom2 T,.

our calculation. Neglecting this vertex in the HTL computa-Which becomes more and more significant as temperature
tion leads to a reduction of the dilepton rate by a factor 2—10ncreases. At very low invariant masses the contribution
depending orM. from these decay processes to the rate is largely caused by a
Furthermore, since the spectral densities of the effectiv&ery large density of states due to kinematical reasons. With
quark propagator have no discontinuous parts there is nicreasingk the density of states decreases and at the same
contribution from cuts as opposed[&. In the HTL case the time the residue of the plasmino mode falls off gradually.
cut contribution, which shows no dramatic structures, domi-The interplay of these two quantities is responsible for the
nates over the pole-pole contribution and covers the peakghoulder in the rate, which is more pronounced at higher
and gap of the latter completely. The process corresponding to the annihilation of two plas-
Finally, we turn to the dilepton rate at nonzero virtual mino modestermBs) turns on aE=2.1T; for T=1.1T,
photon momentum. The corresponding rate is given in Eq. -6
(18). The processes corresponding to tedus As, Ag, A7, 10
Bg, and B,, namely transitions within a branch and transi- p=3T,
tions from the lower to the upper branch, do not contribute to -7
the rate, because they are forbidden for timelike photons de-
caying into dileptons due to energy conservatjdn The .
processes corresponding A9 and As indicate annihilation 10 kA
between a quarkq,) and a plasmino modeg(') with dif-
ferent momentum to a virtual photon with energywhich < -9
were absent gb=0. The process given g, is the annihi- <

lation between a quark and antiqua[rq+(k)a+(q)—_>y*], ko)

whereasBs corresponds to the annihilatiorg_(k)q_(q) } 10
—v*] between two plasmino modes. The teBw corre- o
sponds to the decay process,(q)—q_(k) y*, whereasB 10‘“
to q.(k)—qg_(q)y*. The differential rate involving these
processes are displayed in Figs. 6—8 for virtual photon mo-
mentap=1 T., 2 T, and 3T, respectively, at different 10
temperatures, namely=1.1 T, (solid line), 2 T, (dashed

line), and 4T, (dotted ling. 10-1 ,

d’p
3
-

q1°4

Forp=1 T, (Fig. 6) the decay processes corresponding to 0 1 2 3 4 5 6 7 8 9 10
termsB, and B; open up atE(=\p?>+M?)=1 T,. These E/Tc
processes continue up ©=2.0T; for T=1.1T., E=2.8

T, for T=2 T., andE=3.3T, for T=4 T, respectively. FIG. 8. Dilepton production rate from a QGP in the presence of
The first peak ap=0 is smeared out and a shoulder appearsa gluon condensate at photon momentpm3 T.
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E=36T.forT=2T., andE=8.7T.for T=4 T, respec- processes between a quark and a plasmino mode. The usual
tively, with a smoothened van Hove peak and falls off rap-annihilation process begins only arouBe 11 T, which is
idly due to the reasons explained above. The annihilatiomot shown in the figure.

processes involving a quark and a plasmino m@eemsA, Finally, we want to diSCUSS. the neglect of an effective
andAs) open up aE=2.4T_for T=1.1T,, E=4.1T.for  dquark-photon vertex and possible observable consequences
T=2T., andE=9.1 T, for T=4 T, respectively. With Of our results. Such a vertex, related by the Ward identity to

increasingE the contribution from this two processes falls the effective quark propagator, should be taken into account

off rapidly. As a result of the interplay of these processes &'hen calculating the photon self-energy. As a matter of fact,

T - o ) .
small bump or plateau appears in the dilepton productiof? the case ofr - annihilation the consideration of the
b P bp pton p Ward identity lead to a strong suppression of the dilepton

rate. The annihilation process involvingya and aq, (term 544y ction[16]. In contrast, taking into account the effective
B,) opens up aE=3.1T, for T=1.1T, E=52T.for T quark-photon vertex in the HTL calculation leads to an in-
=2 T., andE=9.7 T, for T=4 T.. As explained forp  crease of the rate by a factor 2—10 dependingdvbrunfor-
=0, the contribution from this process grows and dominatesunately, the computation of the effective quark-photon ver-
over the other processes at lafgeThe dip and the second tex and the photon self-energy with such a vertex will be
bumb for lowerT come from the interplay of the decreasing very involved. However, the positions of the singularities
processes involving plasminos and the increasing process iand the gap is solely determined by the quark dispersion
volving only quark modes. For high@rthese structures van- relation. Our main result is that nonperturbative quark dis-
ish as in thep=0 case. persion relations in the QGP lead to sharp structures in the
In Fig. 7 we have displayed the results fo=2 T.. The  dilepton rate at the positions shown in Figs. 5-8.
gap forT=4 TC becomes narrower whereas the gap disap- The ak.)S()lUt.e value of the ra_te is determined not Only by
begin atE=2 T, and continue up t&=3.0 T, for T=1.1 also by higher order damping effects which will broaden the
T.,E=3.9T for T=2T,, andE=4.6T, for T=4 T,. For peaks. Whether these structures can be seen in th_e dilepton
spectrum or not depends on the amount of broadening of the
_ . peaks and on the smoothening of these structures by the
r:c3)d7e_sr Opens up S]rourﬁ—tZ.g_Tc and fo1r_r'1r—2 TcatE | space-time evolution of the fireball. Furthermore, processes
— .0 1c, causing e gap to disappear. 1he process invo Vlnvolvmg additional gluons such as Compton scattefidp
ing annihilation of a quark and a plasmino mode 0pens URynq premsstrahluni@], which lead to a smooth dilepton rate
arounde=3.2T for T=1.1T,, leading to a deep dip in the 3} 3nq hadronic processes might cover up these structures.
dilepton rate. AsE increases the rate falls off and is finally |t "however, new structures will be observed in the low mass
dominated _gradually by thg quark-antiquark annihilation Pro(M <1 GeV) dilepton spectrum, they will provide a strong
cess, causing a second dip arouet4.3T.. ForT=2 T; indication for the presence of deconfined, collective quarks
the small kink aroundE=4 T is due to the interplay of in the QGP, in particular since the hadronic contribution to
decay and annihilation processes involving plasminos. Athe dilepton rate is expected to be smooth due to medium
this temperature the annihilation process between a quarffects[17]. As a matter of fact, this argument does not de-
and a plasmino mode becomes active and results in a dip @aend on a specific approximation schefé] as the general
E=4.5T;. Again the second dip arourie=6.2T is due to  behavior(two branches, common effective mass, plasmino
the interplay of the usual annihilation process and annihilaminimum, free dispersion at large moment# the quark
tion processes involving plasminos. The overall feature fodispersion agrees with the one shown in Figs. 1-3 and found
T=4 T, remains the same as thatmt 1 T,. in Ref.[3]. Although such structures have not been observed
As a last example the partial dilepton production rate forSO far due to the small lifetime of the QGP phase at §PS
p=3 T, is displayed in Fig. 8 folf=(1.1-4)T.. The fea- it exists at all as |nd|c_ated by hydrodynamical calcglatlon
tures forT=1.1T, are the same as @t=2 T, except that [19], it will be worthwhile to look for new structures in the

the different processes involved now open up at higher en
ergies. ForT=2 T. the quark-plasmino annihilation pro-
cesses starts at arourtt=5.3 T, in such a way that the
valley like shape in the rate turns into a deep pocket. A
expected, the gap width far=4 T, shrinks a bit. Now the
dilepton rate immediately after the gap is rather flat as the

contribution from annihilation process involving two plas- We are grateful to J. Engels for useful correspondence.
mino modes has stabilized. A=8.8 T, the steplike struc- This work was supported by the BMBF, GSI Darmstadt,
ture in the rate is caused by the onset of the annihilatiolDFG, and the Humboldt Foundation.

T=1.1T. the annihilation process involving two plasmino

low mass dilepton spectrufim particular at low photon mo-
menta at the relativistic heavy-ion collider and the large
hadron collider, where the thermal dilepton spectrum is ex-
soected to be dominated by the QGP phase.
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