
INFORMATION TO USERS

This manuscript has been reproduced trom the microfilm master. UMI films

the text diredly trom the original or copy submitted. Thus. sorne thesis and

dissertation copies are in typewriter face, while others may be trom any type of

computer printer.

The quality of this reproduction is dependent upon the quality of the

cOPY submitted. Broken or indistinct print, colored or poor quality illustrations

and photographs, print bleedthrough, substandard margins. and improper

alignment can adversely affect reproduction.

ln the unlikely event that the author did not send UMI a complete manuscript

and there are missing pages, these will be noted. Also, if unauthorized

copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings. charts) are reproduced by

sectioning the original. beginning at the upper left·hand corner and continuing

trom left to right in equal sections with small overlaps.

Proauest Information and Leaming
300 North Zeeb Road, Ann Arbor, MI 48106-1346 USA

800-521-0600





•
MESONIC SOURCES OF DILEPTONS

IN ULTRARELATIVISTIC NUCLEAR COLLISIONS

Ioulia I(vasnikova

Physics Department

McGill University

Montréal

January 26, 2001

A thesis submitted to the Faculty of Graduate Studies and Research

in partial fulfillment of the requirements

for the degree of Doctor of Philosophy.

@ Ioulia Kvasnikova, 2001



1+1 National Ubrary
otCanada

Acquisitions and
Bibliographie services
385 welinglan StrMt
0IIawa ON K1A 0N4
c.na

BibIiothèaue nationale
du canada

Acquisitions et
services bibrlOgraphiques

31St rue Welinglan
OIRaON K1A0N4
CMIda

The author bas granted a non­
exclusive licence allowing the
National Library ofCanada to
reproduce, loan, distnbute or seU
copies oftbis thesis in microform,
paper or electronic fonnats.

The author retains ownership ofthe
copyright in this thesis. Neither the
thesis nor substantial extracts nom it
may he printed or otherwise
reproduced without the author's
pemusSlon.

0-612-70069-0

Canadl

L'auteur a accordé une licence non
exclusive permettant à la
Bibliothèque nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de cette thèse sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.



•

•

Abstract

In this work thermal dilepton production !rom a hot medium created in heavy ion

collision is studied. Using an effective Lagrangian technique for particle decays and

annihilations, a complete method for calculation of the lepton pair production rate

is developed. The importance of axial vector meson contributions to the dilepton

spectrum is analyzed. Different effective Lagrangians for the alP1r interaction are

considered, and a new fotm of btw(4»1r effective Lagrangian is introduced.

A systematic study of light meson contributions is performed. The most significant

decay and reaction contributions are calculated and summed for 10w and intermediate

invariant mass dileptons. The calculated dilepton rate is compared to that obtained

using spectral tunctions extracted !rom data, and it is shown that the chosen set of

mesonic reactions and decays accounts for al1 significant contributions to the thermal

dilepton emission.

A hydrodynamic approach to the space-time evolution of the hot medium formed as

a result of a central heavy ion collision at ultra-relativistic energies is considered. A

theoretical curve of intermediate invariant mass clilepton spectrum is computed and

compared to the NA50 data trom central Pb(158 AGeV)+Pb collisions. Experimental

acceptance cuts are accounted for. Drell-Yan processes are considered as ~ell. We

find that our thermal dileptons account for the intermediate mass excess observed by

the NA50 Collaboration. We see no need to invoke charm enhancement. Predictions

for the future experiments at RHIC and are made.
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RésUIIlé

Dans cette thése, nous étudions la production de paires de leptons dans les collisions

d'ions lourds. Avec une approche basée sur les Lagrangiens effectifs, nous établissons

une méthode pour le calcul des taux d'émission. L'importance des pseudo-vectors est

soulignée. Plusieurs Lagrangiens e1fectifs pour l'interaction 41P1r sont considérés et

nous présentons un nouveau Lagrangien pour l'interaction bt w(t/J)1r.

Nous faisons une étude systématique des contributions des mésons légers, en soulig­

nant les canaux importants dans les régions de basse et de moyenne masse invariante.

Les taux de dileptons sont comparés à ceux obtenus avec des fonctions spectrales

expérimentales. Nos canaux choisis saturent celles-ci.

L'evolution temporelle est traitée avec un modèle hydrodynamique. Nous comparons

nos spectres de dileptons de masse moyenne avec ceux mesurés par NASO. Nos con­

tributions thermiques reproduisent bien l'excès mesuré par NA50. Nous faisons fi­

nalement des prédictions pour RHIC.
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Chapter 1

Introduction - Heavy ion collisions

as a source of quark-gluon plasma

The most important and challenging goal of contemporary ultra-relativistic heavy-ion

collision research is producing a new state of matter: quark-gluon plasma (QGP), in

the laboratory. According to current theoretical predictions [1], creation of this new

phase requires attaining extremely high temperature and/or density in a collision

volume. Threshold energy density is comparable to that in neutron stars [1]. mtra­

re1ativistic Heavy Ion Colliders can explore this regime. Two machines that are

currently in operation, the Relativistic Heavy-Ion Collider (RHIC) at the Brookhaven

National Laboratory and the CERN Super Proton Synchrotron (SPS), can produce

media with sufficient densities and temperatures. Saon, the Large Hadron Collider

(LHC) at CERN will continue the heavy ion program at even higher energies.

A typical space-time diagram. for the ultra-relativistic nucleus-nucleus collision is

shawn in Figure 1.1 Created in central collisions of heavy nuclei at ultra-relativistic

1
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Figure 1.1: Space-time diagram. for nucleus-nucleus collision, showing the varions

stages of the evolution of the expanding matter.

energies (up to VS=0.2-10 ATeVat RHIC and LHe), hot and dense hadronie matter

mayexist over extended period of time (up to 20 fm/c). Within the first fm/e, the

system reaches local thermal equilibrium, after which the ''fireball'' ex:pands and cools

until the strong interactions decouple (or undergo "thermal freeze-out") [2]. Electro­

magnetic radiation (real and virtual photons and dileptons) is continuously emitted

during the existence of the fireball since its reabsorption by the strongly interaeting

matter is negligible.

What is the transition temperature to this new state?

2
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Lattice QCD ca1culations give values between 140 and 180 MeV which corresponds

to an energy density of about 1 GeV/fm3
, or 6-7 times that of nuclear matter [3}.

Specifi.cal1y, at zero baryon density the critical temperature is about 170 MeV [4]. A

theoretical analysis of the measured hadron ahundances [5-8] shows that the fireball

reaches a. state of "chemical equilibrium." at 170-190 MeV. A recent analysis [9] yields

a value of 181.3±10.3 MeV for the chemical freeze out temperature.

It is natural to ask the question of how one can probe whether the phase transition

of hadrons into a plasma of deconfined quarks and gluons actua1ly takes place in

ultrare1ativistic heavy ion collisions. There are some reasons that make it difficult ta

detect QGP directly. fi created, the QGP state would have rapidly fading existence.

Due to the color confinement single quarks and gluons will be forced to hadronize.

Thus, at later times the collision fireball tums into a system of hadrons, regardless

of whether or not QGP is formed in the initial stage. In a head-on Pb-Pb collision

at the CERN SPS about 2500 particles are created [10], more than 99.9 % of them

are hadrons, the remaining ones are leptons and photons. Evidence for deconfined

quarks'and gluons formation can only he based on a multitude of different observa­

tions and has ta be extracted by a careful and quantita.tive analysis of the observed

final. state. Therefore possible evidence for QGP formation, if any, is indirect, as it is

extracted from the measurement of particles which have undergone significant rein­

teractions between the early collision stages and their final detection. Still, they may

retain enough memory of the initial quark-gluon state to reveal its possible existence.

Electromagnetic signals which are emitted directIy !rom the quarks in the QGP and

escape later interaction may constitute a source of more direct information.

Let us identify some specific signatures that can be used to probe the phase tran­

sition between hot hadronic matter and a quark-gluon plasma, and to study the

characteristic properties of the latter. Fust of aIl, heavy vector mesons, especiaIly

3
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the charmonium states J/t/J, are excellent indicators of color deconfinement. It is pre­

dicted [11) that J/1/J production is strongly suppressed if a QGP is formed. Secondly,

the proximity of chiral symmetry restoration can be probed by possible correspond­

ing shifts in masses and widths of üght veetor mesons, which may be detected via

their lepton-pair decays [12]. Another evidence for a possible phase transition is an

enhanced yield of multistrange baryons and antibaryons that is expected due to a

high gluon content of the QGP [13J. Finally, direct photons and thermal lepton pairs

can be used to probe the interior of the QGP [14]. Their spectra and yields track

the thermal history of the dense matter and should provide information about the

temperature and duration of the mixed phase.

An excess of dileptons in the low invariant mass region between 250 and 700 MeV

has been reve~ed [7, 8]. The ratio of the measured yield ove! the expected one

from hadron decays scaled from proton-nucleus (p-A) collisions is about 3. The en­

hancement is concentrated at low pair trans~ersemomentum [15]. Among suggested

explanations of sucb enhancement [17] is the broadening of the p's spectral function,

resulting from scattering in the medium. with its hadronic constituents. Another

scenario is that of the dropping meson masses, as a precursor ta chiral symmetry

restoration [18, 19]. Before those explanations can be made viable, a complete study

with vacuum properties is needed. This is our goal in this work. Experimental mea­

surements [7] show that in intermediate mass region in S-Au and Pb-Au collisions

the expected peak from the p vector meson, which can decay into dileptons even

before the freeze-out, is completely washed out. Being a good source of information

about formation of a quark-gluon plasma [16], this experimental data makes it of

our particular interest to investigate possible sources of sucb behavior in the low and

intermediate invariant mass region. Dileptons may indicate the appearance of a QGP

phase, in particular a.t RHIC and tHC [22] .

4
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Direct observation of the QGP may thus he possible via electromagnetic radiation

emitted by the quark-antiquark pairs during the hot initial stage. Search for these

signals was performed at the SPS [5, 6, 71 but this task is rather difficult to accomplish

due to the existence of other contributions nom the confined hadronic sector. AIs0 ,

the predicted e1ectromagnetic radiation rates at the temperatures close to critical

are marginal for detection. That is possihly why the predicted "thermal plasma

radiation" has not been firmly confirmed yet. AIso, from an experimentalist point of

view, the measurements are very challenging.

The significant enhancement of the dilepton spectrum measured in nucleus-nucleus

(A-A) collision as compared with proton-nucleus Cp-A) collisions indicate also the

appearance of collective phenomena, such as rescattering of secondaries, in the created

medium. For hadronic phase, the reactions involving light mesons (pions, p-mesons

etc.) are aIso important and have to he included into consideration. Many theoretical

efforts (see, for example, Ref. [231) have concentrated on the role of medium eifects

in the fireball created at the hadronic stages of ultrare1ativistic heavy ion collisions

as the interacting mesons .in the fireball are the significant source of electromagnetic

radiation.

In this work we are concemed with interactions of light mesons in a hot baryon-free

system resulting in dilepton emission. For the purposes of theoretical analysis, the

dilepton mass spectrum is roughly subdivided in three main regions: the Low Mass

Region (LMR) below the 4> resonance, the Intermediate Mass Region (IMR) hetween

the </J and the J /1/J and the High Mass Region (HMR) above the J / 'if;. The main goal

of our research is to 0 btain the differentia! rate of thermal dilepton production nom

the hot and dense collision fireball in the intermediate (IMR) invariant mass region,

where QGP is expected [16, 24]. The main strategy is based on employing as much

the experimental data as possible. In other words, everything we do is immediate1y

5
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compared to, and constrained by, the experl.mental information at hand.

The fact that effective theories in the confined sector of QCD cannot be specified

unique1y immediate1y implies that one must examine carefully the models that are

available. In Chapter 2 we start with a revision of effective Lagrangians of mesonic

interactions. Then we explore various theoretical and mathematical approaches to

the dilepton emission rate calculations in the most general way and specify the details

of our particular technique. We talk qualitative1y about the formalism that we use,

relativistic kinetic theory, and its advantages compared to the finite temperature field

theory method.

In Chapter 3, we consider di:fferent interaction Lagrangians for the case of al inter­

action. It is of interest to consider dilepton production through al resonance since

al has been known to be very important in photon production [25]. We talk about

general phenomenology of hadronic interactions, calcu1ate the width of radiative and

strong decays, D/5 ratio, as well as the dürerential dilepton production rate. After

comparison of the obtained quantities to the available experimental data, the choice

of the optimal interaction Lagrangian is justified. We also introduce a new form of

Lagrangian for bl w1r interaction and justify our choice.

Chapter 4 is devoted to the particular meson contributions in the LMR and IMR

regions. We calculate differential rates of the dilepton production for a number of
~

contributing reactions using various constraints extracted !rom the experimental data.

To our knowledge, it is the most complete list of mesonic contributions to the thermal

dilepton production in heavy ion collisions. We want to check quantitative1y the

applicability of the suggested approach to our invariant mass region of interest. For

this purpose we compare the result to the data obtained using the collection of spectral

.functions which are extracted !rom e+e- annihilation and r lepton decay data [26] in

6
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LMR and IMR. As a. result of the comparison we daim that the selected set of chosen

mesonic reactions and decays is indeed the collection of the leading contributions to

the thermal dilepton emission. Once having established that, we turn to IMR where

the signais of quark-gluon plasma formation are expected.

We apply the results of the calcu1ations to the rate eva1uation using realistic hydrody­

namic mode! of heavy ion collisions. This mode! is implemented in Chapter 5. There,

we discuss possible sources of dileptons in the intermediate mass region and ca.1culate

differential rates of thermal lepton pairs and Drell-Yan process contributions. The

calculations are carried out within the assumption that the first order phase transition

from the quark to the hadron phase actually takes place. We compare our theoretica!

results to the experiment. For this purpose the acceptance cuts are implemented and

calculated. The predictions for future experiments are aIso carried out.

AIl our results and conclusions are summarized in last Chapter.

7
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Chapter 2

Theory of mesonic interaction in a

hot had·ronie matter

In this chapter we review the theory of effective Lagrangians for meson interactions

and justify choosing it for our case of study. We explore the theoretical and mathe­

matical approaches to the dilepton emission rate calculations in the most general way

and specify the details of our particular technique. We talk qualitative1y about the

forma1ism that we use, re1ativistic kinetic theory, and its advantages compared to the

finite temperature field theory methods. We deve10p a complete method for lepton

pair production rate calculation given an interaction Lagrangian involving the mesQ.D.

fields .

8



• 2.1 General remarks on the origin of effective La-

•grangJ.an

•

Our starting point is an ensemble of mesons in thermal equilibrium. 1t is cleu that

at some temperature one would have a gas of the lightest hadrons nom the nonet of

light pseudoscalar mesons. For such temperatures the hadronic matter can perhaps

he approximated as a pion gas. As the gas becomes more dense, one should include

into consideration vector and axial-vector mesons and take into account interaction

among them. In order not to restrict ourselves to any thermal limitations, we will

consider aIl possible light resonances. At alater time for a sake of simplicity we will

rule out the unimportant and irrelevant ones.

Even though there is no concrete theoretical technique today to study intermediate

energy hadronic matter nom first principles, some experimenta.1 data are available

which could help us to understand the nature of hadronic interactions. 1t is convenient

to treat the mesons in hadronic matter as the e1ementary fields using an effective

Lagrangian, which is constructed !rom symmetries and the anomaly structure of the

fundamental theory, QCD. However, there are parameters in the Lagrangian that

cannot be determined from the fundamental theory but must he inferred from the

experimental data. In a certain sense, the theory and the experime]lt are combined

in the determination of an effective Lagrangian.

The lowest order interaction in the interacting fields that we will need corresponds

to the three-point function. This comes out of effective chiral theories [27, 28J. The

three-point vertices will dominate the dynamics we are concemed with here. We thus

can expand

9
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.c = .cypp + .cyAP + .cYYV + .cVVP (2.1)

Here letters V, A, 4> stand for vector, axial-vector and pseudoscalar meson correspond­

ingly. AlI other possible permutations are ruled out because of symmetry and conser­

vation law considerations. We include into consideration the anomalous interaction

VVP which is obtained from the Wess-Zumino terme

2.2 Vector Meson Dominance Model

Presence ofvector meson as participating in the reaction particle is crucial for dilepton

production. In the framework of Vector Meson Dominance Model (VMD) it trans­

forms into a photon. This mode1, proposed by Nambu and developed by Sakurai [29],

states that the photon interacts with physical hadrons through vector mesons. Hence,

the hadronic electromagnetic current operator is given by the following current-field

identity:

(2.2)

•

In practice it means that the neutral component of the hadronic vector field VIs=o

couples directly to the photon AI' via [29]

10
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(2.3)

For the energy and dilepton invariant mass range considered here, the lightest vector

mesons will be the dominant vector fields. In invariant mass regions where heavier

vector mesons come into play, we use an experîmentally determined form factor.

2.3 Discussion on a choice of effective Lagrangian

Now, once we have established the introductory part of our model, we need to describe

how the mesons interact among themselves. Let us start with a simple phenomeno­

logical approach, inspired by the chiral properties of QCD at intermediate energy

and compatible with e1ectromagnetic current conservation. So far, let us define the

interaction as in Ref. [25} and Ref. [30} correspondingly

-L,vpp, = GvPp' V"P 8"P'.

(2.4)

(2.5)

•
Here pl' and q" denote the four-momentums of the pseudoscalar and vector mesons

respective1y, and G's are coupling constants representing the strength of interaction

induced from hadronic experimental data.

Il



• The VVP interaction is determined by Wess-Zumino anomaly terms, which are of

unnatura! parity and involve the four dimensional antisymmetric Levi-Civita tensor

EPJltrr [27]:

(2.6)

For VVV interaction we introduce the vector meSOD. fields as a 3 x 3 nonet matrix [32]:

&i w p+ K-+
2+~

v= - &i w K-o (2.7)p - 2+~

K-- ICo

In this case the interaction Lagrangian can he represented as

(2.8)

•

These effective interaction terms can he formalized in a chiral model [28]. After we

have defined our effective meson Lagrangians we can proceed with possible approaches

to the lepton pair emission rate calculations. There are two widely applied schemes

to handle the mathematica! formalisme We used re1ativistic kinetic theory that is a

direct and intuitive forma1ism, but a few words need to he said about another method,

12
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that is finite temperature field theory. The qualitative comparison between these two

approaches has indicated [34] that the finite temperature field theory technique has

some apparent advantages over relativistic kinetic theory. Fust, the existence of a

preferred thermal. reference frame and broken Lorentz invariance can be identmed

through the separately resolved transverse and longitudinal parts of seH-energy in

finite temperature field theory [35}. Second, summation of different processes in self­

energy formalism is done in such a natural way that interference efi'ects are a lot easier

to consider than in the relativistic kinetic theory approach.

But despite the sophistication and other formai. advantages of finite temperature

field theory approach, the results obtained using field theory formalism do not difFer

much from kinetic theory calculations if we restrict ourselves to a purely mesonic

medium [35}. The finite temperature self-energy inserted into expression for the

kinetic theory thermal. rate of the e+e- production gives almost the same rates as

in finite temperature formalism. The difference gets bigger as we go ta higher total

momentum, but for our regions of interest it is still very smali. Thermal. spectra are

dominated by the low momentum components.

liwe consider the medium rich in baryons then the difference between the polarization

states becomes more important [17}. But again, for the case of interest it is negligible.

The other significant argument in favor of kinetic theory is a relative simplicity of

calculations enabling a transparent physical. interpretation.

13



• 2.4 Differentiai rate caIculation:

formalism

mathematical

•

For the three-particle interaction that we are dea1ing with here, two scenarios are

possible: we either have one oncoming particle that would decay into two outgoing

partic1es or annihilation of two oncoming partic1es into one outgoing. It is necessary

to distinguish between these two cases.

Figure 2.1: Feynman diagram of the decay a -+- b+ e+e-. The intermediate partic1e

is a vector meson coupled to the photon via VMD.

First, let us consider the decay process schematically drawn in Fig. 2.1

The fundamental re1ativistic kinetic expression for the dilepton production rate (num­

ber of lepton pairs with invariant mass M per unit four-volume) for a process

a -+- b+ e+e- is

14
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(2.9)

where l's are Bose-Einstein distribution functions, N is an overall degeneracy factor,

and 1 M 12 is a spin-averaged squared amplitude of the process. The term (1 + lb)

represents the final state Bose-Einstein enhancement, an in-medium eiFect.

Using standard methods and spherica1. symmetry in nlomentum. space this integral

can he transformed to the form.:

(2.10)

with the energy of b-particle in the lahoratory frame of reference Eh and in the centre

of mass frame Eb expressed as

•

E
b

= EaEb+PaP&z
ma

15
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• and the differential decay width into the appropriate channel given by

The Lorentz-invariant Mandelstam variable t is defined in the usual way [36],

t = (Pa - p+)2.

Now let us focus on the two-body channels, that is illustrated in Fig. 2.2.

(2.13)

Figure 2.2: The Feynman diagram of two-body amplitude with dileptons in the final

state.

The starting point in the calculations of re1ativistic kinetic expression for the dilepton

production rate !rom the annihilation process a + b --+ e+e- is

• 16

(2.14)



•
where, as in Equation 2.9, f's are the Bose-Einstein distribution funetions and N is

an overaIl spin-isospin degeneraey factor dependent on the specifie channel.

This integral can he transformed as

(2.15)

where the relative velocity of particles a and bis

(2.16)

and O'a+b-e+e- is the dilepton production cross section for the process a + b ---7 e+e­

that is [36J

(2.17)

•
Equation 2.14 can be cast into a form suitable for numerical evaluation:

17
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(2.18)

where À is the uana! kinematic triangle relation:

(2.19)

We can change the meson distribution function, tha.t we use here, !rom Bose-Einstein

form. fBE(Z) = I/(e~/T - 1) to the Maxwell-Boltzmann one fBoltz(Z) = e-~/T. This

will be a poor approximation for low energies of the oncoming particles but is quite

satisfactory for our range of energies. We have verified that, for the physica! situation

at hand, making the change implies a modification of the dilepton rate by a few

percent only. The difFerence between the two cases (Bose-Einstein and Maxwell­

Boltzmann distributions) goes to zero as the invariant mass increases. In the Maxwell­

Boltzmann limit we could simpIify Equation 2.18 even further (37]:

(2.20)

•

where KI is a modified Bessel function.

Throughout our work we use natura! units li, = c = kB = 1.

18
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Chapter 3

Axial vector Lagrangians and

hadronic phenomenology

The chapter is devoted to our study of axial vector (al(1260) and bl (1235)) decay

contributions to the e+e- pair emission from the hot meson gas formed in a re1ativistic

heavy ion collision. Using the al decay study as an example a general hadronic

phenomenology is introduced. Though the al axial vector meson deserves attention

by itself.

Recently, the role of the al resonance in the photon and dilepton production from

the hot hadronic matter was emphasized by severa! authors [25,38-41]. The reasons

for sucb an interest towards the al resonance are the following. First of aIl, the

contribution of the al in photon production has been shown to be large [25]. We

want to check the validity of this result for the case of dilepton cha.nnels. Secondly,

in meson environment the al is an important source of lepton pairs because it is

the chiral partner of p under SU(2)v x SU(2)A symmetry [42]. The importance of

19
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p follows from the fact that, according to VMD, it directIy couples ta photon. The

p - al system is therefore important since it is related to spontaneous chiral symmetry

hreaking and restoration.

These studies are based on using various effective Lagrangians of al!J1r interaction.

However, different effective Lagrangians in general will give diiferent predictions for

the hadronic phenomenology that is relevant for the al. It is therefore necessary

to know how sensitive the results are to a choice of Lagrangian. In the following

we review several effective Lagrangians for altytr vertex and ca1cu1ate lepton pair

production from al ~ 1r e+e- decay by using Vector Meson Dominance (VMD)

model (Equation 2.2).

Figure 3.1: Feynman diagram for the process al ~ 1rp ~ 7re+e-

In arder to come up with some feasihle method of eva1uation of the process we intro­

duce two intermediate steps. As demonstrated in Figure 3.1, al decays into 11' and p,

p in its turn transforms into a photon which creates a lepton pair.

For the sake of simplicity we consider emission only of die1ectrons. But the study is

completely general and can he extended to include any lepton pairs.
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Our choice of vector meson !rom the possible set of p,W and tP mesons as of inter­

mediate particle coupled to photon is based on isospin and G-parity arguments. We

use the re1ativistic kinetic theory formaIism for differential rate calculation we have

introduced in Chapter 2.

In our survey of the 41fJ1r interactions found in Iiterature, we review the following

effective Lagrangians:

• An effective Lagrangian used by L. Xiong, E. Shuryak and G. E. Brown [25J.

• A chiral Lagrangian proposed by H. Gomm, o. Kaymakcalan and

J. Schechter [40J.

• A U(2)L X U(2)R chiral Lagrangian proposed by B. A. Li [41].

We will also introduce a new form of b1w(4»1r effective Lagrangian and discuss its

advantages in terms of the hadronic properties of the interaction. The dilepton pro­

duction differential rate for the b1 -; w(q,)1r -+ 11r -+ e+e-1f" decay is also calculated.

3.1 Lagrangian used by Xiong, Shuryak, Brown

This Lagrangian was initia1ly used in 1992 to study photon production in 1rp -; 1r1

reaction through 41 axial-vector meson [25J. For 41fJ1r interaction it is represented in

the form:
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(3.1)

Here pP denotes the four-momentum of 1r and q" - of p-meson.

The coupling constant Gp is fitted to the strong decay width using the experimental

value rCl1-P'f =0.4 GeY [36]. Our result is Gp = 10.5 Gey- l which is different from

the original calculations [25] due to the fact that each isospin state of al can undergo

two possible p-rr decays in the isospin space. This thus corrects a mistake in Ref. [25].

Since we are particularly interested in the radiative decay of al, we can easily construct

the Lagrangian describing the process al --+ ""('Ir in a. form

(3.2)

•

According to VDM (Equation 2.2), widths of radiative and strong decays are related

in snch a way that:

we obtain the value of the radiative coupling constant:

e .
G.., =Gp - = 0.526 GeV-1

,
gp

which gives us the following value for the radiative decay width:
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(3.3)

This value is somewhat larger than that measured by experiments. Yet we have

to keep in mind that the experimental data for radiative decay of al (rtll-Tlf =
O.64±O.246 MeV [36]) suffers !rom possibly large systematic errors [25]. This process

is being re-measured.

The constructed Lagrangian satisfies U(l)cma. gauge symmetry. It can he easily shown.

The vertex function for the Lagrangian from Equation 3.1 is

(3.4)

•

where p. denotes the index of al and v - of p-meson. Then the e1ectromagnetic current

conservation for the p-meson coupled to photon would imply:

As a consequence, it also has to satisfy the following condition as the invariant mass

of dilepton pair approaches zero. This is derived generaIly in Appendix A and was

first suggested by L.G.Landsberg [43]:

(3.6)
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• The above formula gives

(3.1)

which is consistent with the direct calculation that led to Equation 3.3 for the strong

decay width.

3.2 The Lagrangian of Gomm, Kaymakcalan, and

Schechter

Now we would like to consider another effective Lagrangian for pseudoscalar, vector,

and a.xial-vector mesons. In the original approach suggested in [40], the 1r meson is

introduced through the nonlinear tr model, and the p and al mesons represent massive

Yang-Mills fields of the chiral symmetry. This Lagrangian has been used to describe

photon and dilepton emission !rom hot hadronic matter [38].

We consider the vertex function for the physical al -+ 1rp decay in the form [40]

•

r lU-' - .(. IJV h "'k"')
Cil -'frp - ~ 1 9 - q ,

where there are two momentum-dependent constants
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with

and

2F2

Z2=1-~
4 2"m p

Here Fr = 135 MeV is the pion decay constant.

We derive two sets (see Table 3.1) of parameters fitted to the experimentally mea­

sured strong decay width rOl-pr = 0.4 GeV [36]. The ratio of D-wave and S-wave

(eigenstates of the relative orbital angular momentum in the exit channel) amplitudes

can be ca.lculated and is presented in detail in Appendix B.

We have considered both parameterizations although parameter set 2 fits the DIS

ratio, DIS = -0.09 ± 0.03, that has been measured experimentally [36], much better
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1 DIS 1le1

er

GKS1 10.3 0.341 0.447 0.357

GKS2 6.448 -0.291 0.059 -0.099

Table 3.1: Parameter sets and DIS ratio for Gomm, Kaymakcalan, Schechter La­

grangian.

than parameter set 1. Calculated radiative decay widths for sets 1 and 2 are r~~~'If"y =
4.5 MeV and r~~~'If"y =0.067 MeV respective1y.

The e1ectromagnetic interaction is introduced by imposing electromagnetic gauge in­

variance. Ward identity can be shown to hold in the same way as in Equation 3.5 with

the corresponding vertex function from Equation 3.8. As a consequence, Formula 3.6

is valid as welle

3.3 U(2)L X U(2)R chiral Lagrangian of Li

This study of U(2)L x U(2)R chiral theory of pseudoscalar, vector and axial-vector

mesons has been proposed by Bing An Li [41] in 1995. The al(k}1r(p)p(q) coupling is

described by the following effective chiral Lagrangian:

•
(3.9)
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• where again A and B are momentum-dependent coefficients

2c 3 2c
- -(p. q +p. k) - --(1 - -)p. q,

9 2~2g2 9

and c, F 2 and 9 are input parameters:

c= J;
2gm~'

The particle masses are taken as input. We fix J'fr = 0.186 GeV and 9 = 0.35 as

suggested in [41].

In order to satisfy the current conservation in the case of a. real photon we have to

impose the following constraint on the interaction Lagrangian:

A(q2 =0) = ~(m~l - m~)B. (3.10)

•

In the original paper [41] the mass of ~-meson is set to he zero. For the consistency of

our approach we kept the mass of 1r-meson finite throughout aIl of our calculations.

As it is shown in Figure 3.2, only in the region of high invariant mass of the dilepton
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Figure 3.2: Dielectron production rate calculated using Li Lagrangian with and with­

out taking into account finite mass of 1r-meson at T = 150 MeV.

pair there is only a slight difference in the final results for dilepton emission rate

depending on whether m... is zero or finite.

Using suggested set of constants we find the value of the radiative decay width to he

278 keV and the strong decay width to he 258 MeV.

28



• 3.4 Comparison

In this section we will compare rates of the lepton pair emission calculated using

effective Lagrangians introduced earlier.

~ODC. Shuzyak. Brown
Gamm. Kaymak:calan. Schecht.er (set 1)
Gomm, Kaymakcalan, Schecht.er (set 2)
B.A. Li
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Figure 3.3: Dielectron production rates versus invariant mass of lepton pair calculated

using different interaction Lagrangians at T =150 MeV.

•
In Figure 3.3 dielectron production ra.tes for the al decay, calcula.ted using different
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• effective Lagrangians, are plotted. As it can be seen, the contributions are quite dif­

ferent. In order to judge the quality of our results and to comment on the restrictions

imposed on the effective interactions by the hadronic properties, let us first compare

them to each other and, secondly, to empirica1 measurements.

r G1Wp fit fit fit 258 400

r G1 '1r"f 2.48 4.5 0.067 0.278 0.64±0.25

DIS 0.185 0.357 -0.099 -0.161 -O.O9±0.03

X2 37.3 156. 1.8 3.1

1 Source: ~ XSB 1 GKS1 1 GKS21 Li ~ Data

Table 3.2: Comparison of hadronic properties for the discussed interaction La.­

grangians (width is in MeV).

In Table 3.2 we display the calculated strong and radiative widths and D / S ra.tios

for the discussed interaction Lagrangians and compare them with experimenta1 mea­

surements.

Using X2 as a goodness-of-fit criterion, we could classify the al1rp interaction La­

grangians going from the "worst" to the "hest" reproduction of the experimental

data:

GKS1 ---+ XSB --+ Li ~ GKS2

•
How does our conclusion refiect the choice of the hest plot in the graph? Looking &t
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Figure 3.3 one can deduce that the differential rates get smaller as they fit better.
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Figure 3.4: Dielectron production rates of the bt, w decays and al decay calculated

using Gomm, Kaymakcalan, Schechter Lagrangian (parameter set 1) at T =150 MeV.

The divergence among the differential rates in Figure 3.3 at the photon point (M=O)

can he attributed to the fact that the coupling constants are fitted to the strong decay

data for most of the considered Lagrangians (see Table 3.2). Radiative decay width

remains unaccounted for. H one fits the strength of interaction to the radiative decay
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data aIl the rates at the photon point come to the same value. The exception is the

Lagrangian by Li where the choice of the constants is based on different arguments

(see Page 27).

To conclude, let us look one more time at the graph for lepton pair production

differentia! rates and think if our statement about best fitting Lagrangian can he

verified experimentally. Unfortunate1y, currently for the hot meson environment in

heavy ion collisions it is hard to isolate experiinental data on al decay since there

is a channel that will outshine even our worst hadronic fit (the hig.hest one on the

plot) in the region of invariant mass M < 0.5 MeV where the difference between

chosen Lagrangians is especially significant. It is illustrated Figure 3.4. This channel

is w -+ 1r e+e-. Further research (see Page 33) shows that for the region of invariant

mass of lepton pair around plfJJ meson rest mus, the contribution that outshines both

channels (al and fJJ) comes from the decaying bl. But this peaks in a very narrow

region of invariant mass.

3.5 Effective Lagrangian for b1w(cP)1r interaction

It would he of particu1ar interest to compare the contributions of the twa lightest

well-established axial vector mesons to lepton pair production. For the b1 -+ e+e-7r

decay we follow the sequence of intermediate steps b1 ---P fJJ( tP)7r --+ "Y1r --+ e+e-1t' in a

complete agreement with the scenario suggested far the al decay. Our choice of VMD

intermediate particle coupled to the photon is based on the isospin and G-parity

arguments which in this particular case lead us to w and rP vector mesons.
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• The strong interaction Lagrangian for the vertex htw(tf»1r is proposed to he:

(3.11)

•

where notation field'"' stands for (8l1ieldll
- ~fieldll) and the octet and sing1et fields,

W8 and w·, are expressed in terms of the physical fields with a mixing angle Sv:

W8 = tf>cos Dv + w sinDv,

w· = w cos Dv - if> sin Dv

The mixing angle is fitted to reproduce radiative decay phenomenology [44].

Our choice of this particular Lagrangian (diH'erent from the Lagrangian Mst suggested

in [33]) for bl 1rw( if» interaction is based on the requirement of the electromagnetic

current conservation which was not satisfied for the Lagrangian from [33]. This re­

quirement is a necessary restriction since in the present work we consider the radiative

rather than strong decay of bl . It is easy to show that our Lagrangian from Equa­

tion 3.11 satisfies U(1)eYn gauge symmetry without any additional restrictions on the

form of interaction. The existence of two independent coupling constants g"l and hb1

leaves us freedom in reproducîng the hadronic properties of ht. They are inferred to

fit the strong decay width and the ratio of the D wave content of the decay ampli­

tude to its S wave content. The prescription for D / S ratio calculation is analogous

to the one presented in Appendix B for the case of al ~ p1r decay. Analysis of the

experimental data gives us g"l = -1.065 GeV-1 and hb1 = 15.13 GeV-1 •

The reaction bl -+ e+e-1r is possible via either w or </J. But here we invoke [36]

that bl has a branching ratio of more than 50% into W1r and less than 1.5% into 4nr.
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Consequently, we consider the intermediate tP contribution to be negligible compared

to w being an intermediate particle coupled to virtuaI photon.

The dilepton production diJferential rate of ht decay is presented in Figure 3.4 along

with the contributions nom al and w channels. One can see that in the very narrow

region of invariant mass of lepton pair around p/ w rest mass l>t is a leading contribu­

tion among those three decays. In a later chapter (see Page 45) we will see that both

axial vector meson decay contributions still can be considered small compared to the

contributions of some of the constituents of the meson bath created in the heavy ion

collision.

3.6 Summary

In order to come up with some quantitative description of the lepton pair production

due to the axial vector decays in the hot meson gas produced in the course of ultra­

relativistic heavy ion collision, we have considered different effective Lagrangians for

the alp1r interaction and a new effective Lagrangian for the bl strong decay. The al

decay contribution previously was not surveyed using such sophisticated Lagrangians

as considered here. Some restrictions imposed on the effective interactions by the

hadronic properties justified the choice of the best Lagrangian. The analysis has led

us to the following conclusions:

• Dilepton production differential rates difFer significantly depending on the type

of strong interaction Lagrangian that is used.
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• Special care must be taken respecting type of the interaction Lagrangian. Our

choice must be based on comparison with the experim.entally measured hadronic

properties.

• Among known al -t 1r e+e- Lagrangians, Gomm, Kaymakcalan, Schechter La­

grangian (parameter set 2) nts experimental data better.

• Presently, it is difficult ta get experimental evidence in heavy ion collisions to

support our judgment of how "good" the al Lagrangian is. In the hot meson

environment created in re1ativistic heavy ion collisions there are processes that

yield greater contributions.

• In the region of low invariant mass of lepton pair (LMR) the contribution from

the decay of w meson will outshine the al contribution. Around the p/w meson

rest mass the bl axial vector decay wu found to outshine both of the above

mentioned channels (al and w). Despite that, both axial vector meson decay

contributions to the dilepton production remain small compared to the decay

of some of the constituents of the meson bath created in the heavy ion collision.

• We therefore conclude that the detection of an e1ectromagnetic signature of the

axial mesons still constitutes a challenge in the LMR. We will confirm. this last

statement quantitative1y in the next chapter.
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Chapter 4

Law and intermediate mass

dileptons from a hot bath of light

mesons

In this chapter we present our results of a systematic study of the Meson medium

contribution to the dilepton emission from the hot fireball formed in ultrare1ativistic

nuclear collisions. Using re1ativistic kinetic theory formaIism, the low and interme­

diate mass dilepton production rate CM < 3 GeV) is calculated. Special attention

is paid to experimental data on the time-reversed processes in order to constrain an

"effective form factor" of the reactions. The most significantly contributing decays

and reactions among all allowed by the conservation laws are considered. In arder

to prove that our analysis includes all the important channels, a comparison of the

obtained total dilepton rate with the recent data obtained using the collection of

spectral functions which are extracted !rom e+e- annihilation and r lepton decay

data in the low and intermediate mass region [26] is carried out.
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• Introduction

Previous ca1cu1ations of dilepton emission rate [30] were carried out for a varietyof

reactions and decays in a hot meson environment. For the sake of completeness, we

expand a list of the entrance channels. To our knowledge ours is the most complete

list of various mesonic contributions to the dilepton production in heavy ion collisions

that include axial vectors.

We have chosen a temperature of T=150 MeV in accordance with the arguments

presented on Page 2 and simply to fix ideas.

The hot hadronic bath is assumed to be a collection of light strange and nonstrange

mesons. We consider interaction among mesons up to the lowest nonvanishing order,

which according to the argument presented on Page 9 is three particles strong inter­

action. 1t would introduce two possible types of mesonic reactions leading to lepton

pair emission:

p

and

v A ~

•
Table 4.1: List of all considered light mesons
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We want to check if the me of our total considered contribution is consistent with

some of the previously calculated results. The appropriate information at hand [26]

provides us with the data on the low as well as on the intermediate invariant mass

region. That is why we have to indude into our consideration the region of the low

invariant mass though it is not of any particular interest with respect to the main

goal of our research: signature of QGP. That is the reason why special attention is

paid in this chapter to the decay processes. We a1so want to confirm. quantitative1y

the unfortunate finding of the previous chapter: there is no e1ectromagnetic signal of

the axial mesons in the low mass sector.

We include an possible interaction channels that are not forbidden by conservation

laws. In Table 4.1 we list aIl mesons of interest classified into three main groups:

pseudoscalar, vector, and axial-vector mesons.

Depending on the combination of participating mesons we choose the correspond­

ing interaction Lagrangian. It can he PPV, VVP, YVY, or PVA Lagrangian from

Equations 2.5,2.6, 2.8, and 3.8, respectively.

4.2 Decay processes contributing to e+e- emission

Let us now consider decay processes a. -+ b e+e- in a hot meson bath that contribute

ta the lepton pair production.
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The mst restriction comes from the fact that secondary b pa.rticle is at least as heavy

as a light pseudoscalar meson. Hence, aIl the processes with a light pseudoscalar as

a decaying particle are immediate1y ruled out because of energy conservation. For rl

decay, the corresponding radiative decay width is far too sma.ll (r(.,,' -.. pO...,) = 90

keV) to give any significant contribution. So we neglect this channel. Strange mesons

KO.± were not observed in radiative decays at all. As for K-, their radiative decay

widths are very sma.ll [36J. Therefore, the strange meson decays can be omitted from

our consideration. At the end of the day we are left with p, w, cP, ht, and al decays.

In Table 4.2 aIl the possible decay channds that have, according to [36], nonvanishing

decay widths are listed. Our choice of the intermediate vector particles is based on

G-parity and isospin conservation at the strong vertex.

We neg1ect the lut two decays of 4> meson as not contributing significantly because

the respective coupling constants are much too sma.ll. Besides, these channels would

contrihute just to the region of the invariant mass smaller than mt/J - m w = 0.238

GeV for the mst channel and mt/J - m p = 0.25 GeV for the second one and are not of

particular interest.

The interaction Lagrangian from Equation 2.6 is employed for the calculation of p, w

and cP decay amplitudes. The ratio of coupling constants Gvvp/9p(III.t/J) is adjusted 50

that the experlmenta1ly measured radiative decay widths would he reproduced. Via

this procedure one can fix only the ratio of strong to electromagnetic (vector meson

to photon) coupling. However, this is exactly the combination we need in order to

calculate the dilepton production. A particular example of such calculations for the

case of al decay is considered on Page 22.

For the decay cP --+ 1rP --+ 1r"". --+ 1re+e- it is possible to fit the required coupling
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p p ~ 1r~" ~ 1re+e- r...,/rtot = 4.5 . 10-4

pO ~ T'J"" ~ ."e+e- rmIrtot = 3.8 . 10-4

w W ~ 1r0~" -+ 1r°e+e- r-wa..,/rtot = 8.5%

w ~ T'Ji" -+ ."e+e- rm/rtot = 8.3 . 10-4

4> 4J ~ 1rp ~ 1r~" -+ 1re+e- f -rp/rtot = 12.9%

4> ~ T/~" ~ TJe+e- fm/f tot = 1.26%

4> ~ w..( -+ we+e- rw-y/rtot < 5%

4> ~ p-( -+ pe+e- rn/ f tot < 2%

~ bt ~ 1['W ~ 1r~" -+ 1re+e- rww = 0.142 GeV

al al ~ 1rp ~ 1[".( -+ 1re+e- r'lrc.1 = 0.4 GeV

Table 4.2: List of aIl existing decay channels included in this work that can produce

a lepton pair.

constant Gvvp to the da.ta on strong decay width and relate it l80ter to the known [27]

VMD coupling constant gp =6.06 to obtain the desired ratio GvvP / gp.
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• For the 6t decay' (PYA strong interaction) we used the interaction Lagrangian !rom

Equation 3.11 with the coupling constants inferred to fit the strong decay width and

the ratio of the D wave content of the decay amplitude to its S wave content. Analysis

of the experimental data gave us g~ = -1.065 GeV-1 and hr". = 15.13 Gey-1
•
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Figure 4.1: Differentiai rate of lepton pair production via Iight mesons decay at a

temperature T = 150 MeY. The solid line is the sum of all the decay processes listed

in the legend of the plot.

In the case of al decay (PVA strong vertex) we employ the interaction Lagrangian
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from Equation 3.8 with the parameter set 2 (see Table 3.1) that is shown to reproduce

the hadronic properties of al resonance better than the other e1rective Lagrangians.

Chapter 3 is devoted to the discussion on the choice of the interaction Lagrangian for

the lepton pair production through al decay.

In the dilepton production rate calculation we follow the procedure introduced in

Section 2.4. Fust of aIl, the square of the spin-averaged amplitude of the process is

calculated. Due to the complexity of tbis procedure we have used "Mathematica".

Then we use the Equa.tion 2.13 to obtain the dift'erential width of the appropriate

channel. Finally, the width is substituted into Equation 2.10 giving us the differential

rate of lepton pair production.

The results at a temperature T = 150 MeV are shown in Figure 4.1. For soft dilep­

tons the dominant contribution comes !rom the w decay. For considered interval of

invariant mus, the p -+ 1re+e- decay represents the next-to-Ieading contribution.

Contributions of other channels are at least an arder of magnitude smaller. For the

narrow region of invariant mass of lepton pair around p/ CI) meson rest mass, the dom­

inant contribution comes from the decaying ~. This happens because in this region

the w, one of two intermediate particles in the bl decay, has a narrower peak (a

sma.Iler width) than the p meson, which is a mediator in the al decay. The al channel

plays more important role as the invariant mass of dileptons exceeds 0.8 GeV. Un­

fortunately even after our analysis, we can not prove that the axial vectors can shine

through the other mesons. We will therefore not consider the low mass region any

longer.
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• 4.3 Two-body meson reactions as a source of lep­

ton pairs

•

After initial stages of a collision, which may include a prehadronic and QGP phase,

hadronization gives tise to a hot mixture of the lighter mesons: pions and resonances

(p,w-mesons, etc.) which interact with each other [23]. In the light of the general

idea of collective phenomena in the dense and hot fireball, created in ultra-relativistic

heavy ion collisions, special attention must he paid to the reactions hetween those

constituents as possibly contributing to the dilepton production. Let us follow the

same ideology as in Section 4.2. In order to determine what channels should he

included into consideration let us recall that for strong vertex the outgoing particle

must he the VMD vector meson, namely, p, w or 4J. Since we take into account only

three point vertices, the strong interaction must he one of the following: P+P -+ V,

V+ V -+ V, V+P -+ V, or A+P -+ V with participating particles from Table 4.1.

The mathematical procedure of the dilepton production differential rate calculation .

is descrihed in Section 2.4. We use Equation 2.20 for the rate and Equation 2.17 for

the cross section calculations.

Since the phase space now allows a collection of intermediate-mass vector mesons to

he accessed, the experimental form factors containing intermediate vector particles

become important here. Whenever there are available experlmental data on the

corresponding time-reversed process we employ them in order to constrain an effective

form factor of the reaction. The p and fjJ vector mesons have been given the same

form factors as their corresponding pseudoscalar counterparts from e+e- annihilation

channels. It means that whenever we had to use the intermediate vector meson form
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factor, we used instead the experimental information available on electromagnetic

form factor of pions (for p meson) [45] and kaons (for t/> meson) [46]. The recent

parameterization of experimental data nom [47] wu employed. For the w meson

propagation we used a simple one-pole parameterization. Since we fix the coupling

constants by fitting them to the radiative decay width, the suggested method can he

treated analogously to introducing the invariant mass dependent coupling constant.

Among ail the combinations of two incoming pseudoscalar and one outgoing vector

mesons !rom Table 4.1, only the following have non-vanishing experimental coupling

constants:

The way we determine the strength of the strong interaction a + b -. V is based on

the experimenta1. estimation of the VMD meson strong decay V -+ a + b interaction

strength. The coupling constants of both reactions are assumed to be invariant with

respect to the direction of the reaction. Consequently, the last channel has a very smail

coupling constant, since the experimental1y determined width of the inverse reaction

CI) -+ Tf +1['0, is smail compared to the first two channels (rw-,,+wO = 8.43 x 10-6 GeV

with Confidence Leve! CL=90 %). Hence, it does not contribute signüicantly to the

dilepton rate. The interaction Lagrangian for the mst two channels is presented by

Equation 2.5.
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Figure 4.2: Lepton pair differentia1. rate from P+P reaction type at a temperature

T = 150 MeV. The solid line is the sum of ail P+P processes listed in the legend of

the plot.

We show the results for P+P ~ e+e- in Figure 4.2. It can he seen that the only

apparent structures in the resulting curve are due to the p(770) and <p peaks with a.

slight rise corresponding to p(2150). AlI othe: bumps in a particular channel refiect

the structure of the effective {orm factor of an intermediate vector meson inferred

from experimental data on e+e- annjhilation.
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Figure 4.3: Lepton pair differentia1 rate !rom V+V reaction type at a temperature

T = 150 MeV. The solid line is the sum of ail V+V processes Iisted in the legend of

the plot.

Let us consider now V+V reaction channels. There will he just two allowed processes

contrihuting to the e+e- emission:
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Once again we use experimentally-fitted form factors of the p and t/> mesons. The

results are shown in Figure 4.3. For the p+ + p- channel two peaks correspond to

the excitations of p: at M = 1690 MeV and at M = 2150 MeV. It is clear that

the strange mesons K- do not contribute significantly to the resulting curve of the

dilepton production rate for the V+V reaetion channels.

For a pseudoscalar interacting with a vector meson the allowed processes are:

For the second process in the list, G-parity arguments allow either w or t/> meson ta he

an intermediate VDM particle. Since the threshold of the reaction lies just below the

<p-peak, it is important ta account for both of them. We apply a two-poles formula

for the form factor by introducing the mixing angle between w and tP [48].

The fourth reaction has a very small coupling constant due ta the fact that rP-t/l+-wO <

1.0 MeV and we do not include it in our consideration. As for the last channel its

contribution is roughly of the size of the one !rom 1r + p [30].
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Figure 4.4: The cross section for e+e- ~ 1['°w. The solid curve is based on the mode!

of Ref. [49]. The experimental data are from the ND Collaboration [49](circles) and

the ARGUS Collaboration [50](squares).

The differential rate calculations in the case of w + 1[' reaction are based on the fit to

the experimental cross section data for e+e- -+ 1t'°W from the ND Collaboration [49]

and the ARGUS Collaboration [50] which is shawn on Figure 4.4. The simple ane­

pole p(770 MeV) fotm factor gives us the rate clearly smaller than the one calculated
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using the experimental cross section.

For the A+P -+ V type of interaction the main channels are

al + 11" -+ p -+ e+e- ,

There are experimenta1. data on the process e+e- -+ al + 11" determined by DM2

Collaboration by partial wave analysis [51J. We show them in Figure 4.5. The fit

to the experimental cross section of such a reaction is employed in order to estimate

the intermediate-mass form factor. In Chapter 3 we discussed a choice of an effec­

tive Lagrangian for al11"p strong interaction that better reproduces the experimental

hadronic properties. Now, calculating the amplitude of the process, we use the most

promising one.

For b11l"w(4J) interaction the effective Lagrangian corresponds to Equation 3.11. This

channel is possible via either W or <p. But here we have to remember [36] that b1 has a

branching ratio of more than 50% into W1r and less than 1.5% into t/J1r. Consequently,

we consider the intermediate 4J contribution to be negligible compared to W as an

intermediate particle coupled ta virtual photon.

The results for V+P and A+P reactions for the temperature 150 MeV are shown

in Figure 4.6. The Most significant contribution for the considered here mass region

is eoming !rom CA) + 11" channel. It is not surprising, sinee the decay width of inverse

reaction p(1690) -+ W+1r is quite large (rp-w+tr = 30.4 MeV) compared, for example,

to <p --+ p +11' crt/J-P+tr = 0.57 MeV).
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Figure 4.5: The cross section for e+e- -+ 1rat. The open circles are the experimental

data determined by the DM2 Collaboration using partial wave analysis [51]. The

solid curve represents the fit used in our calculations.

•

Finally, the total rate of all discussed processes is plotted in Figure 4.7 along with

the recent data obtained using & collection of spectral functions which are extracted

!rom e+e- annjhilation and r lepton decay [26]. These data. claim to reftect the phe­

nomenological properties of the lepton pair emission because it uses the most general

form of the spectral functions and, hence, accounts for all axial-vectors, vectors, and
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Figure 4.6: Lepton pair differential rate from V+P and A+P reaction types at a

temperature T = 150 MeV.

pseudoscalars mesonic contributions. If can be seen that our predictions coincide

with the ahove mentioned points quite nicely. The divergence of experimental data

!rom our theoretical curve in the region of invariant mass "'J M = 400 MeV can he

attributed to the neglect of radiative decay contributions in the analysis of [26}.
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Figure 4.7: Total lepton pair production rate from hot meson bath at a temperature

T = 150 MeV. The data are from [26].

4.4 Summary

A systematic research on the light meson contribution to the dilepton emission in

ultra-relativistic heavy ion collisions has been performed. The most contributing
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decays and reactions among a1l aIlowed by the conservation laws are calculated and

summed for the low (LMR) and intermediate (IMR) dilepton mass (up to M = 3

GeV) production rate.

In order to justify that our analysis accounts for all the important channels we com­

pare the total dilepton rate with the data. obtained using the collection of spectral

functions extracted !rom e+e- a.nnjbiJation and T lepton decay by Z.Huang [26]. His

analysis wu concemed with snmmjng up the largest possible amount of channels that

will produce dileptons. As the resuIt of the comparison we daim that our analysis

does include aU the important channels in the low and intermediate mass region.

In the region of invariant mass below the p-meson rest mass the w-meson decay is

a. dominant contribution. At invariant mass above 1.0 GeV, the contribution !rom

light meson decays sharply drops off due to their insufficient mass, and the associated

two-body reactions give rise to the dilepton production.

In the next Chapter, we apply the obtained resuIts to the caIculation of lepton pair

production rate using hydrodynamic model of heavy ion collisions.
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Chapter 5

Application to intermediate mass

dilepton production in relativistic

heavy ion collisions

One of the main goals of ultra-relativistic heavy-ion physics is the creation of a quark­

gluon plasma. (QGP). This Chapter addresses the space-time evolution of a hot fueball

along the transverse beam. direction in Pb-Pb collisions with zero impact parameter at

SPS and RHIC energies using the hydrodynamic approach. We assume the existence

of a first order phase transition from the quark phase to hadrons. Contributions

of quarks and mesons to dilepton production are considered separately to enable us

to tell whether the quark-gluon plasma actually gets formed. The hadronic source

is discussed in detail. The Drell-Yan processes are taken into account as weil. We

develop further the technique for differential dilepton rate calculation based on the

effective interaction Lagrangian approach; it is presented in Appendix C.
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• 5.1 Hydrodynamic model and rate calculation

•

Most of the physical observables that characterize re1ativistic heavy ion collisions,

such as particle distributions, electromagnetic radiation, and other signs of spatial. and

temporal evolution of the fireball, are sensitive to the Equation of State of Hadronic

matter [53}. In the hydrodynamic description of the QGP, the complete space-time

evolution of the system is described by the following variables: energy density f,

pressure P, temperature T, and the four-ve1ocity 'ILl-' = dzl-' /dr in the local. rest frame

of the medium. The equation expressing local pressure as a function of energy and

temperature P = P(E, T) is the hydrodynamical Equation of State. Hydrodynamics

provides a direct relation between the Equation of State and the dynamical evolution

of the system.

Quantitative comparison with the SPS data from high energy Pb-Pb collisions sug­

gests the appIicability of hydrodynamical concepts already in ~ 1 fm/c after impact.

This point is however still under debate. Many theoreticaI. efforts were invested in

the development of the hydrodynamics description of the expanding hot and dense

firebaIl created in ultra-relativistic collisions of heavy nuc1ei [2,52-63}.

In this work we investigate the dilepton yield from the high-energy-density fueball

produced at the early stage of the heavy-ion collisions. We assume a system in local.

thermal equilibrium. It longitudinally expands from QGP, passing fust through a

mixed phase and then through a hadron phase. In other words, we assume that

the matter undergoes a fust-order hadronization phase transition in the course of

hydrodynamic expansion. Contributions from difFerent sources (QGP, mixed phase,

and meson bath) are calculated separately and summed over.
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• We refer to the J.D.Bjorken's paper [54J regarding the hydrodynamic mode! formu­

lation and ta K.Kajantie, J .Kapusta, L.McLerran, and A.Mekjian [2] regarding the

expansion dynamics discussion.

To introduce the hydrodynamic description we start with the conservation law:

a"Tpv =0,

where the energy-momentum tensor is defined as

The four-velocity 1/,,.. given by:

(5.1)

(5.2)

(5.3)

where 'Ut' is the transverse (radial) velocity. The space-time rapidity Tl is defined in a

usual way:

•

Tl=!ln
t + z

.
2 t-z

Equation 5.1 for v = 0 would result in the following equation at zero rapidity :

!.- [E+ P_p] __~ [E +P] _E+ P['Ut' + .!:]
8T 1 - 'U~ - 81' 1 - v~ 1 - v~ l' r·
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• For numencal purpose, hydrodynamic Equation 5.5 can he rewritten in the form:

8 8 [v" 1]-Too + - [v,TooI = - [Too + Pl - + - ,
~ & r r

where for a purpose of simplicity we introduce

E+P /[E+P ]v, = 2v,. 2 - P .
1- v" 1- v"

Equation 5.1 for v = z would lead to

8 [E + P] 8 [E +P 2] 8P E+ P [V,. 1]- v - -- v - - - v - + -
8r 1 - v: ,. - Br 1 - v:,. Br 1 - v:" r T'

which in a similar to Equation 5.6 way can he rewritten as

8 8 8P [V,. 1]-Top + - [v,.To,.] = -- - To,. - + - .
8r Br 8r r".

(5.6)

(5.7)

(5.8)

(5.9)

The time evolution of Too and Top is defined by Equations 5.6 and 5.9. Now the

energy density can he readily determined using the following implicit equation

T,2
0,. _ Tf1

Too + peE) - .Loo - f.
(5.10)

•

At this point the evolution of aIl thermodynamic quantities at different space-time

points can he described. The pressure P is determined from the Equation of State.

The velocity 'U~ is determined from Too and Top.
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• Now, once the general formalism is defined, we are able to consider d.üferent scenarios

for a collision of two heavy nuclei. One can include only light mesons or all possible

resonances, assume the presence of a phase transition from QGP ta the hadron phase

or not. Depending on the choice of the scenario the dynamical evolution of the system

will he dift"erent [61]. The resuIts obtained can then he compared with the experiment

in order to justify the choice.

Now we proceed ta calculation of the so-called thermal dilepton contribution to the

dilepton emission spectrum. We use the formalism of re1ativistic kinetic theory. Our

final aim is to compare our prediction with the experimental measurements on lepton

pair emission. We are interested in severa! differential rates which can he obtained

on the basis of kinetic theory (see Appendix Cl. Differentiai rates dR/dM2 tPq =

dN/ a:'z dM2 àfJq are extracted from Equations 2.10 or 2.20 depending on whether we

consider a decay of a meson or a two-body reaction taking place in the hot hadronic

ma.tter correspondingly.

For the mesonic reactions taking place in a hot hadronic environment the differential

dilepton emission rate can be ritten as (Equation C.6 in Appendix C):

(5.11)

•

where f(E) is the occupa.tion probability. The quantum e1fects in our case are not

important but relativistic effects are, hence, we use I(E) = ezp(_Jp2 +m2fT).

Similarly, for the decay processes happening in the hot meson bath the differential

rate for each particular type of interaction in the most general form. is (Equation C.18

in Appendix Cl:
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•
where the limits of integration are similar to Equations C.12 and C.17, derived in

Appendix C.

Since we are interested in the space-time history and the cooling of the hadronic

fireball, the integration of the emission rates over space-time volume of the reaction

is necessary. In the namework of Bjorken's mode! the volume e1ement can he repre­

sented in terms of time t, rapidity of the ftuid e1ement y, and transverse coordinate

(5.13)

•

H we restrict ourselves to the case of central collisions of equal-mass nuclei (Pb-Ph in

our case), the integration over transverse coordinate would give us just a numerical

factor JtPzT = 1rR~, where RA is the nuclear radius.

Our rather pragmatic point of view is based o~ the assumption of fust-order phase

transition taking place in the course of the space-time evolution of the fireball. Renee

the temperature evolves in time as it is shown in Fig. 5.1, where at the very beginning,

when the temperature is close to initial To, QGP is produced. Then the system

adiabatically expands until the temperature drops to Tc. At this stage the nuc1eation

of the hadron phase starts and the system enters the mixed phase. The hadronization

continues until there are no quarks left. Then the temperature begins to {all agame

Let us consider the dilepton production step-by-step in time. First of all, let us look
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Figure 5.1: The time evolution of the temperature in Bjorken's model for initial

condition Ta=250 MeV at ta = 1 fm.1c. Two different values of the critical temperature

are represented.

at the quark phase when Ta > T > Tc and ta < t < te with To and ta being the initial

temperature and time. The total number of lepton pairs emitted per unit of rapidity

y is [2J:

•
(5.14)
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• If m, can be neglected compared to the temperature, and that is the case even for

muons since Tc: > ml" an analytical integration may he carried out. Taking into

account that for e+e- production by u and d quarks R'(T) = lOf(91r3 )a2T 4 [2] the

total number of dileptons per unit of rapidity becomes:

(5.15)

where the quark form factor is defined as F, = Nc:(28 + 1)2 E, e~ (SUIn is over the

different quark flavors).

Next we consider a region dong the Maxwell coexistence line. Here the rate as a

function of temperature is constant since the temperature is fixed. But one has to

account for the fraction of volume occupied by plasma:

(5.16)

•

where Jt~2 J(t) t dt = l(r - l)J~t~ with r = 3; being a ratio of the number of degrees

of freedom in the two phases [2]. This result holds even when the system starts in

the mixed phase (To = Tc, 0 < fo < 1, t1 = to) without actua11y going through the

purely quark phase.

The hadronic contribution along the Maxwell coexistence line is analogons to Equa­

tion 5.16:

(5.17)
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• with Jt~2[1- I(t)] t dt = (r -1)[1 + f(r - 2)/0] fo t~.

At Iast, on the cooling line, when T < Tc:, the hadronic contribution is:

(5.18)

In order to obtain the distribution dNfdydM2 one has to introduce the corresponding

differential rate (see Equations C.6, C.18 in Appendix C) into Equation 5.18.

5.2 Initial conditions

In order to caIcwate the yield of the thermal dileptons, the integration over space­

time history of the evolving interacting system must be performed. We assume that a

thermally and chemically equilibrated quark-gluon plasma is produced in such colli­

sions at a time Ta, which may he estimated from the condition of isentropic expansion

of the plasma [54]:

1 dN 3

c AT dy =4aToTa· (5.19)

•

Here dN1dy is the particle rapidity density for the collision, AT is the transverse area

of the colliding system, and for a plasma of massless u, d, and s quarks and gluons,

c = 21r4I(45(3» ,..., 3.6 and a = 42.251r2190. We see that once AT and dNfdy are

known, the above relation uniquely relates To to Ta.
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Figure 5.2: Hadronic spectra in central collison of Pb nuclei at SPS energy. The

formation time is 0.2 fm/e. The data are from [64].

We assume the plasma to undergo a boast-invariant longitudinal expansion and an

azimuthally symmetric radial expansion followed by a transition to a hot hadronic

gas consisting of hadrons with m < 2.5 GeV in a thermal chemical equilibrium at a

transition temperature Tc. We also assume that the coupling between the longitudinal

and transverse fiows is weak and neglect the transversal variation of an quantities.

Once all the quark-matter is converted to the hadronic matter, the hot hadronic

system continues to expand until it undergoes a freeze-out at some temperature TI.

The speed of sound in the matter is consistently calculated for all the stages of

this evolution and lately used in the equation of state for solving the hydrodynamic
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equations.

-To=O.2 fm/c
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Figure 5.3: Hadronic spectra in central collison of Ph nuclei at SPS energy. The

formation time is taken as 0.2 fmlc and 1 fm/c respective1y. The data are from [64].

The average particle rapidity density was taken to he 750 for the 10% most central

Ph+Pb collisions at the CERN SPS energy. We estimate the average number of

participants for the corresponding range of impact parameters (0 :5 b ~ 4.5 fm) as

about 380 out of the maximum of 416 for a head-on collision. We thus use a mass

number of 190 to get the radius of the transverse area AT of the colliding system

and for simplicity neglect its deviations !rom azimuthal symmetry. As this deviation,

measured in terms of the number of participants, is marginal « 9%) we expect the

error involved to he small. We also recall that the azimuthal flow is minjma! for
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• centraI. collisions.
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Figure 5.4: Differential rate of dilepton production versus invariant mass of quark

phase, hadronic phase, quarks, mixed with hadrons, and hadrons, mixed with quarks

for central Pb-Pb 158 AGeV collisions at CERN-SPS. The critical temperature is

taken to he Tc =180 MeV, the initiaI. temperature is Ti =330 MeV, and the freeze-out

temperature is TI =120 MeV.

•
Using the rapidity density observed at SPS energies in central collisions involving
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•

lead nuclei, it was shown recentIy [5] that the formation time of the plasma Ta = 0.2

fm/c is consistent with the single photon data. In Figure 5.2 and 5.3 we show our

resuIts for hadronic spectra when the formation time is taken 0.2 fmlc and 1 fmlc.

Even though a reasonable variation of the initial temperature and the formation

time, keeping the corresponding dN1dy fixed, can affect the flow only marginal1y, we

study the consequences of increasing Ta. We see that the hadronic spectra can not

distinguish such variations in the initial. conditions, as the ft.ow takes some time to

develop. Using Equation 5.19, we get for the initial temperature Ti =330 MeV.

The phase transition is assumed to take place at Te = 180 MeV and the neeze-out at

Tf =120 MeV. This value of the critical temperature follows !rom the recent lattice

QCD results which we discuss on Page 2.

Tuming to dileptons, we show in Figure 5.4 our results for the quark, hadronic and

mixed phases calculated separately. Initial conditions are chosen to fit the experi­

mental setup for central Pb-Pb 158 AGeV collisions at CERN-SPS: Tc = 180 MeV,

T,=330 MeV, and T, =120 MeV.

5.3 Dreil-Yan process

In this section we discuss the theory of Drell-Yan production, which is especially

important for large values of the invariant mass of lepton pair. The leading order

contribution to Dreil-Yan process in a nucleus-nucleus collisions is illustrated in Fig­

ure 5.5. This process represents the quark-antiquark annjhilation of a valence quark

and a sea antiquark, producing a virtual photon, which then decays into a pair of
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Figure 5.5: The diagram for the DreIl-Yan process leading to the production of a

dilepton pair.

oppositely charged leptons.

The cross-section for the e1ementary process

•

18

du 402 (e) 2
dO Ic.m.•.= 16M2 e

q
(1 + cos

2
8),

which gives &!ter integration

where eq is a charge of the quark and 0 is a fine structure constant.
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• It is usefu1 to introduce the Feynman scaling variable Z F for the dileptons,

(5.23)

with Oz = pt + p; as a longitudinal momentum. of the lepton pair in the nucleon­

nucleon center-of-mass system and Vi as the nucleon-nucleon center-of-mass energy.

It is easy to show [1] that the düferential cross section of Drell-Yan process in terms

of M 2 and Z F in a nucleus-nucleus collision is

(5.24)

where q)A.B)(z) and q)A.B)(z) denote the probability of finding a quark or an antiquark

of flavor f in nucleon A or B.

li we express M 2 and ZF in terms of light-cone variables Zl, Z2, which are

(5.25)

•
the crosn section becomes
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•

Figure 5.6: Differentiai cross section of Drell-Yan process as a function of dilepton

mass for difFerent Feynman scaling variables ZF = 0.025 + 0.05 * n mu1tiplied by the

factor Ion for n=O,1,2,3,4. Solid curve is our calculated resu1t, points are the data

from Fermilab E772 experiment for pp -+ p+p,- X at Plab=800 GeV [66].
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• Consider the collision of two equal nuclei with mass number A and zero impact

para.meter. The number of emitted lepton pair is given by

(5.27)

which in terms of elementary Drell-Yan cross section reads

(5.28)

•

Here r~ = 1.05 lm and a K-factor accounts for higher arder effects.

We follow this ideology in obtaining the leading order Dreil-Yan contribution in our

analysis. In order ta extract information on the parton distribution functions, the

cross sections for deep inelastic scattering processes can be measured; from the mea­

sured cross sections, the nucleon structure functions can be deduced and the parton

distribution functions extracted. A large set of experimental data is available (see,

for example, [66, 67J). We employ the recent leading arder parameterization !rom

[68] (GRV-94 LO) which requires a K-factor to be 1.5 in order to comply with p-A

Drell-Yan data. For a test, let us compare the calculated Dreil-Yan Yield to the mea­

surements from Fermilab E772 experiment for the reaction pp -+ p.+p.-X at Plao=800

OeY. The results are represented in Figure 5.6. The camparison illustrates quite a

nice agreement between both.
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5.4 Comparison with heavy ion experimental data

The NASO experiment at the CERN SPS studies the muon pair production in nucleus­

nucleus collisions with a general purpose to probe the behavior of hot and dense nu­

clear matter. Since the dimuons generated in the fireball volume interact weakly with

the hot surrounding medium, they can escape undisturbed and carry out information

about the state of matter where they were generated. The experiInent NA50 considers

the Pb-Pb and p-A collisions at nucleon-nucleon center of mass energies of 18 GeV

and 30 GeV respectively. The setup accepts dimuons in a kinematic range roughly

defined as 0.1 < Ylalt < 1.0 and MT > 1 GeV. The physics includes signaIs which probe

Quark-Gluon Plasma name1y, J /T/J, vector mesons, thermal and Drell-Yan dileptons.

The experiment is a continuation, with improved means, of NA38.

For the purposes of theoretical ana1.ysis the dilepton mass speetrum can he roughly

subdivided in three main regions: the Low Mus Region (LMR) below the 4J resanance,

the Intermediate Mass Region (IMR) between the ,p and the J / 1{J and the High Mass

Region (HMR) above the J/T/J. While the HMR is mostIy due to the superposition

of dimuons from the DY process, dimuons in the LMR and IMR originate from

other sources: hadron Dalitz decays, charmed meson semi-leptonic decays, Drell-Yan

processes and thermal dileptons coming from the quark-antiquark annjhilation and

from hadronic matter interaction.

The thermal contribution due to the mesons decays and reactions is one of the most

important contribution to the opposite sign (1+1-) low and intermediate mass con­

tinuum. Due ta the high multiplicity in Pb-Pb interactions, its contribution is still

important even in the high mass region up ta 3.6 OeY, where J /'1/; is situated. We

plan to prove this assertion in this chapter.
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• In order to compute the dimuon kinematic variables, the two muon tracks are assigned

to the centre of the identified sub-target. The invariant mass M, the rapidity y,

the transverse momentum PT, and the polar a.ngle 8cs in the so-called Collin-Soper

reference frame (rest frame of the dimuon) are then calculated.

~ ~ Ppr.;.mz. 1 Vi l , ..... 1 " 1 cosSes ~
~ Pb-Pb ~ 158 AGeY 117.22 GeY 1 2.91 1 [0.0; 1.0] 1 [-0.5; 0.5] ~

Table 5.1: Kinematic cuts imposed on the dimuon kinematic variables.

To eliminate dimuons coming from kinematic regions where the acceptance of the

apparatus is very low, kinematic cuts must he applied on the dimuon rapidity y and

cos 8es.

Table S.lllsts the kinematic domains within which events are accepted for our case

of study. The rapidity in the center of mass reference frame can be obtained from

rapidity in the laboratory system, and vice-versa, using the following equation,

Ylab = V"" +Vern.' (5.29)

•

Here y"" is the rapidity in the center of mass reference frame and Vern.. is the rapidity

of the centre of mass system in the laboratory frame; and

(5.30)
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• with pt, E+ and ~i'" = (pt + pt- )/(E+ + E-) are measured in the laboratory

frame. Renee, the single-muon tracks in the lab frame lie in the range [24J

0.037 < 6# $ 0.108. (5.31)

For the single-muon tracks the absorption e1Fects must be taken into account. The

single-muon energies have to satisfy [24J:

Ecut + 16000(8# - 0.065)2, 0.031::; 8# ::; 0.065

E~ > Ecut , 0.065 ::; 8# ::; 0.090

Ecut + 13000(6# - 0.090)2, 0.090::; 8# ::; 0.108

Here we take Ecut to be 8 GeV as in Ref. [24J.

(5.32)

In arder to compare our theoretical curve with the experimental. data, one must ac­

count for the experimental kinematic cuts. The acceptance of the apparatus for a

given physical process is defined as the ra.tio of the numbers of Monte-Carlo recon­

structed and genera.ted events

(5.33)

•

with the rapidity and cos 8as kinematic cuts have been applied on bath distributions.

Monte-Carlo simulations have been carried out in order ta compute the corresponding

ta our experimental setup acceptance ratio A nom Equation 5.33. The obtamed

acceptance ratio is plotted in Figure 5.1.
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Figure 5.1: The acceptance ratios for NA50 experiment on Pb-Pb 158 AGeV collisions

for the transverse momentum PT=2.5 GeV and rapidity y = 3.411.

In the present study various contributions to the dilepton production are included into

consideration. Among them the most important are the thermal dileptons, DreIl-Yan

processes, semi-leptonic decay of charmed hadron pairs, and J /"p and "p' contributions.

We used the charm decay contribution evaluated by NASO Collaboration, as was done

in [24]. In Figure 5.8 the differential. rate of lepton pair production is summed over aIl

most significant sources and compared to experimental points obtained recentIy by

NA50 collaboration [6]. The agreement is quite remarkable! Moreover, the thermal

dileptons contribution exactly amounts to 3.6 times the charm decay contribution,
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Figure 5.8: !MR dilepton spectrum as a function of invariant mass ~ comparison to

NA50 data !rom central Pb(158 AGeV)+Ph collisions. The processes contributing to

the intermediate mass region are shawn: thermal dileptons (solid line), the DreIl-Yan

lepton pairs (dashed line), the high mass J/.,p and .,p' resonances (dash-dotted line),

and semi-Ieptonic deeay of charmed hadron pairs (dotted line). Theoretical eurves

are ealibrated using the aeceptanee eut as given in the texte
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Figure 5.9: IMR dilepton spectrum as a function of transverse momentum. in com­

parison to NA50 data from central Pb(158 AGeV)+Pb collisions. Contributions of

the hadron phase and quark phase are shown separate1y. The charm. contribution is

accounted for by NA50 Collaboration. Theoretical curves are calibrated using the

acceptance cut given in the text.

•

which, according to NA50 daim [69], was needed to ex.plain the mysterious excess

of clileptons in the IMR region. We believe this is a very compelling agreement.

In Figure 5.9 the differential rate dN/ dPT of lepton pair production as a function
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of transverse momentum PT is plotted along with the experimenta1. points !rom [6].

Hadronic and quark matter contributions are presented separate1y as well as the

thermal dileptons, charm decay and Drell-Yan process. Once again, the agreement

of our calculated total dilepton emission rate with the experimental data on central

Pb(158 AGeV)+Pb collisions is quite satisfying. We be1ieve the obtained results can

be considered as an encouraging evidence of the plasma formation in ultra-re1ativistic

heavy ion collisions. Of course, further experiments and calculations are needed to

put this on a firmer theoretical footing.

5.5 Predictions for the future experiments

The "direct" observation of the quark-gluon plasma may be possible via e1eetromag­

netie radiation emitted by the quarks during the hot initial stage. The search for this

radiation in the current re1ativistic heavy-ion experiments at CERN-SPS (WA98,

NA45, NA50) is difficult due to high backgrounds !rom other sources. Prior to our

research, recent experimental measurements of the dilepton production conducted by

NA38 and NA50 [6] were showing that the sum of the expected sources systemati­

caIly underestimates the IMR data in the mass region between the <P and J / 'l/J vector

mesons. We showed that thermal. diIeptons may successfully reproduce the exeess

in the experimenta.1. yie1d even though the predicted e1ectromagnetic radiation rates

at the above mentioned temperatures are marginal for detection. While under these

conditions it is a great experimenta! achievement to have obtained positive evidence

for a signal, its connection with the predicted "thermal plasma radiation" is not yet

firmly estabIished.
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This is expected to change at the higher collision energies provided by BNL-RHIC

and CERN-LHC. The much higher initial temperatures (up to nearly 1 GeV for Pb­

Pb collisions at the LHC have been predicted [70]) and longer plasma lifetimes should

facilitate the direct observation of the plasma radiation and lead to the production

of additional heavy charm quarks by gluon-gluon scattering in the QGP phase. The

much higher initial energy densities which can he reached at RHIC and LHC give

us more time until the quarks and gluons hadronize, thus allowing for a quantitative

characterization of the quark-gluon plasma and detailed studies of its early thermal­

ization processes and dynamical evolution. Finally, the higher collision energies allow

for the production of jets with large transverse momenta, whose leading quarks can

be used as ,chard penetrating probes" within the quark-gluon plasma. The produc­

tion of dileptons with intermediate invariant mass in the region between tP and J / 'r/J is

widely considered as one of the main tools to measure the "initial" temperature and

other thermodynamical characteristics of the matter produced in such experiments

[16, 71, 72]. Dilepton measurements are envisaged in particular with the PHENIX

and ALICE detector facilities at RHIC and LHC, respectively.

The thermal dilepton signal in the !MR faces a serious background problem. The

general expectation is that with increasing beam energy the maximum temperature of

matter rises and consequently the thermal dilepton yjeld grows faster than the Drell­

Yan yjeld. However, with increasing beam energy, a copious production of heavy

quarks, resulting in hard initial collisions of partons, also sets in. As a consequence,

the correlated semileptonic decays of open charm and bottom mesons yjeld a. dilepton

rate exceeding the one !rom the Drell-Yan process. This can be understood !rom

the following simple arguments. Drell-Yan pairs are produced dominantly via qq

annihilation, while the open charm and bottom production involves mainly gluons.

One can expect an increase of the relative contribution !rom charm and bottom
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Figure 5.10: Differentiai rate of dilepton ploduction nom quark phase, hadronic

phase, quarks, mixed with hadrons, and hadrons, mixed with quarks, versus invariant

mass of lepton pair calculated for the setup of Pb-Pb experiment at RHIe energies.

The initial conditions are Te =180 MeV, Ti =550 MeV, and Tf =120 MeV.

decays into the intermediate mass region of dileptons wit~ increasing beam energy or

,j'S. Therefore it is a priori not obvious in which energy region one meets the best

conditions for observing a thermal dilepton signal !rom hot deconfined matter. Our
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work suggests that an observation of the thermal. signal seems to he feasible, if the

uncorre1ated background can be accurate1y enough removed by like-sign subtraction.

In Figure 5.10 we display our predictions of the thermal dilepton yield. The initial pa­

rameters are chosen to fit the planned experiment at BNL-RHIC and discussed in Sec­

tion 5.2. Compared ta the corresponding plot for CERN-SPS experiment (Fig. 5.4),

the yield shows strong initial energy dependence. Clearly, as the beam. energy in­

creases, the maximum temperature of the fireball rises and consequently the thermal

dilepton yield grows.

5.6 Summary

In this chapter we have considered the thermal dilepton spectra trom central Pb­

Pb collisions at CERN SPS. The applicability of the hydrodynamic approach to the

space-time evolution of the fireball and its general formalism have been discussed.

The comparison of the theoretical curve of IMR dilepton spectra to NA50 data from

central Pb(158 AGeV)+Pb collisions has been carried out. Experimental acceptance

cuts have been accounted for. Theoretical curve was calculated using the acceptance

given in the text. The Drell-Yan processes were taken into account as well.

The comparison to the experimental data has shown a remarkable agreement of the

theoretical resuIts that were calculated in the assumption that the fust-order phase

transition from quark phase to hadrons had actually happened. Even more, the NA50

daim [69] has been satisfied: it has heen shown that the thermal dileptons contribute
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exactly 3.6 times the charm decay contribution, as it wu required to explain the

dilepton excess in IMR region.

Predictions for the future experiments that are on the way at BNL-RHIC and CERN­

LHe have been completed for higher energies.

81



•

•

Chapter 6

Summary and Conclusion

This work is about dilepton production from a hot meson gas. Our main motivation

for selecting this field of study is the following: The thermal dilepton contribution

due to the mesons decays and reactions is one of the most important contributions

to the opposite sign (1+1-) low and intermediate mass continuum. Sînce dileptons do

not sufFer final state interaction, they can be considered as a good probe of what is

really happening in the course of ultra-relativistic heavy ion collisions.

The technique we employ in order to conduct our research on mesonic interactions is

based on the effective Lagrangian approach. Chapter 2 is devoted to the discussion

of the theory of effective interaction Lagrangians of mesons in a hot hadron gas.

Sïnce there are parameters in the Lagrangian that cannat be determined from the

fundamental theory but must be inferred from the experimental data, we make use

of the available experimental data as completely as possible. A complete method for

lepton pair production rate calculation, given the interaction Lagrangian for the cases

of decaying particle and annibilation processes among mesons is developed.
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In Chapter 3 we consider diff'erent effective Lagrangians for the alp7r interaction

in order to estimate lepton pair production rate. The importance of al resonance

comes out of the fact that al contribution into the photon production is very large.

The analysis shows that the dilepton production diirerential rates differ significantly

depending on the type of strong interaction Lagrangian that is used.

Since in the hot meson environment created in re1ativistic heavy ion collisions there are

processes that constitute greater contribution to the dilepton emission then decaying

al, it is difficult to get the experimental data on al decay to support our judgment

of how "good" the Lagrangian is. Yet special care must be ta.ken respecting a type

of the interaction Lagrangian. Our choice must be based on comparison with the

experimental1y measured hadronic properties.

Among known al -.. ?re+e- interaction Lagrangians, Gomm., Kaymakcalan, Schechter

Lagrangian (parameter set 2) is proven to fit ex:perimental data better then the others.

We aIso introduce in this chapter a new form of btw(t/J)1r effective Lagrangian and

calcuIate the dilepton production differential rate for the b1 -.. w(ÇJ)?r -.. "'(?r -+ e+e-?r

decay.

In Chapter 4 we have conducted the systematic research on the light meson con­

tribution to the dilepton emission in ultra-relativistic heavy ion collisions for the

temperature T=150 MeV. The resuIts are used for the further development of lepton

pair production rate calcuIations using hydrodynamic mode! of heavy ion collisions.

The most contributing decays and reactions among all allowed by the conservation

laws are calcuIated and summed for intermediate (up to M =3 GeV) invariant mass

dileptons.
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• We have confirmed that in the region of invariant masses below p-meson rest mass

(LMR), the w-meson decay is a dominant contribution. At invariant masses above

1.0 GeV, the contribution from light meson decays sharply drops off due to their

insufficient mass, and the meson two-body reactions give rise ta the thermal dilepton

production.

We compare the total dilepton rate to the recent data obtained using the collection of

spectral functions which are extracted from e+e- annihilation and T lepton decay data

by Z.Huang [26} in order to justify that our analysis accounts for ail the important

channels. His analysis was concemed with Sl1mming up the largest possible amount

of channels that will produce dileptons. Our daim is: the selected set of chosen

mesonic reactions and decays is the collection of the most significant contributions

to the thermal dilepton emission and the remaining contributions could he simply

neglected. Those could include many-body reactions, Iike three-particle initial states,

for example. Once having established that, we tum to IMR where the signals of

quark-gluon plasma formation are expected.

In Chapter 5 we develop the technique to calculate the thermal dilepton spectrum

from central heavy ion collisions at ultra-relativistic energies in IMR region. The

applicability of the hydrodynamic approach to the space-time evolution of the collision

fÏ.rebaIl and its general formalism are discussed.

The comparison of the theoretical curve of intermediate invariant mass dilepton spec­

trum. to NA50 data !rom central Ph(158 AGeV)+Pb collisions is carried out. Experi­

mental acceptance cuts are computed and accounted for. We calculate the theoretical

curve using the acceptance cuts as given in the texte

The comparison to the experimental data shows a remarkable agreement with the
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theoretical resuIts that are calcu1ated within the assumption that the mst-order phase

transition from quark phase to the hadrons has actually happened. Moreover, the

thermal dileptons contribution is shown to be exactly 3.6 times the charm. decay

contribution. The NASO collaboration claim [69], which is required to explain the

dilepton acess in IMR region, can be rephrased as a statement that supports the

importance of meson reactions. We be1ieve the obtained resuIts can be considered

as an encouraging evidence of the plasma formation in ultra-relativistic heavy ion

collisions.

Predictions for the future experiments, that are on the way, are completed for BNL­

RHIC and CERN-LHC energies.

The technique for differential dilepton rate calculations based on the effective inter­

action Lagrangia.n approach is developed in Appendix C.

In the light of the future research, further dilepton data will he taken by the PHENIX

experiment at RHIC (advancing to a new energy nontier) as weil as by the precision

experiment RADES at GSI. Thus electromagnetic observables are expected to con­

tinue contributing to the progress in our understanding of strong interaction physics.
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Appendix A

Landsberg formula derivation

We want to calculate the effective mass spectrum for the leptonic pair in the decay

a -t> b 1+1- normalized to the width of the corresponding radiative a(k) -t> b(p)1'(q)

decay. In [43] the formula is said to he derived for the amplitude of the process of

the form

(A.I)

•

where lao(q2) is the form factor of the a -. b transition, ~ is photon propagator, fi/16U

is leptonic current, €.y is an a particle polarization and êa.I3'Y6 is antisymmetric unitY

tensor.

Let us now consider the most general form of the amplitude for the process a(k) -P

b(p)p(q) -. b(p)1'(q). It may he written in the form
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(A.2)

where Jp(q) is the hadronic e1ectromagnetic current that includes ail the information

about a - b - p interaction and p - i coupling and must he a function of off-shell

particle momentum involved in the reaction. eP(q) is the photon polarization vector.

It leads to the Lorenz-invariant squared amplitude as simple as IMCI_lJ.y12 = -J2(q).

Inserting the resuIt into kinematic expression for the partial decay rate [36}

(A.3)

with dO as a solid angle of b partic1e, we get the following resuIt for the total radiative

decay width

(A.4)

•

where ma, m" are the masses of the a,b particles correspondingly and the photon is

real and, hence, q2 = o.

Let us now move on to the next step in our derivation and consider process

We can rite the amplitude in the same way as we did for the radiative a(k) -+

b(pl'oy(q) decay:
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Then Lorenz-invariant squared amplitude will he

(A.6)

Using the hadronic e1ectromagnetic current conservation J(q) . q = 0, for the frame

where q= i+ +i- = 0 (rest frame of lepton pair) we can write Jo(q) = 0, J2(q) =
-IJ(q)12 and J(q). p_ = -J(q). p+ = J(q) . p_ = -J(q). P+. Hence,

2 4e
2

{ (-() -)2 2( }IMa-bl+I-1 = --:1 -2 J q . p+ - J q)(p+. p-) =
q

(A.7)

Here 8+ is the angle of p+ in the zest frame of lepton pair.

Now for simplicity of our calculations we restrict our discussion to the case of dielec­

trons only and assume their masses to he negligibly small. Then in the rest frame

of lepton pair the invariant mass of the pair is M2 = q2 = (p+ + p_)2 = 2p+ . p_ =
(1141 + li_/)2 = 41ir12 • Finally we come to the formula
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(A.8)

To calculate the differential width of three-body decay let us consider the well known

equation [36]

clra-6c+e- 1 1 lM /21 ....·11 ;:ldn* dO
dM2 = (21r)6 16M2 a-6c+e- P+ PI + b,

(A.9)

where Cli;/, 0+) is the momentum of the lepton in the rest frame of diIepton pair,

and Ob is the angle of particle b in the rest frame of decaying particle a. Integrating

over 0+ and Ob we can write

(A.10)

Let us now combine the equation A.4 and equation A.lO and calculate the ratio of

differential decay width of a -+ be+e- to the radiative decay width.

After aIl algebra using

•

IPl = [Cm; - CM + mb)2)(m; - (M - m b)2)Jl/2.
2ma

we finally obtain
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•
where ct = e2/41r is a fine structure constant.

To check the consistency of our resuIt with the formula

dI'a_be+e- ct [Cm: - CM + m,,)2)Cm: - CM - m,,)2)]3/2 x
dM2 - 31rM2 (m: - mf)3

(A.13)

given in [43] let us consider the explicit form of hadronic current proposed by

L.G.Landsberg:

(A.14)

In such a case for random value of q hadronic current squared is

(A.15)

•

Substituting the ratio of J2(q)/J2(O) into the equation A.12 we get the result which

is in complete accordance with the Landsberg formula. Equation A.12 transforms

into
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in the limit of low invariant mass of lepton pair. Easy to see that since

this relation is vaIid for any kind of interaction.
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Appendix B

DIS ratio

In this Appendix we show the calculation of the D / S ratio for al ~ p1r deca.y.

Let us start by an axïa1vector - pseudoscalar - vector vertex function of the type

r lW = -i f yi"' - i 9 pp~. (B.l)

In the above, qJ.' and ~ are four-moment a. for the al and the p respective1y. The 1['

four-momentum is kJ.'. Four-momentum conservation reads qJ.' = pl' + kJ.'.

We also use standard helicity representation for the polarization vectors,

•
E(..\ = ±1) = 1/~ (0,1, ±i,0)

E(..\ = 0) = 11m2 (1 il, 0,0, E).
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• Polarization vectors satisfy the normalization and transversality conditions:

€. P = o.

The entire amplitude then looks like

(B.3)

(B.4)

(B.5)

The amplitude is diagonal in the he1icity basis. Expanding, (and omiting an overall

de1ta-function 5;:)

(B.6)

•

Here Ep and p are the energy and three-momentum. of the p, in the frame of al.

On the other hand, one can expand the amplitude in spherical harmonies [14]

M = i t:/W 5;: YOo(Ox) + i t~p1r E(! 2 8p mL Il 8 G ) Y2mL (OK), (B.7)
mL

where the Clebsch-Gordan coefficient has the form (il i2 ml m2 1 J M). The spin

projections along the z axis are 8 p and 8f1. Working in the rest frame of the al, we
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• find that when 9 = 0 in O. (i.e. the p and 1r are moving in the positive and negative

z direction), only 1'20 =1= O. Also, 8 ~~. Matching Equation B.6 and B.7 in terms of

their ÀCI content, we obtain for ~CI =1,

•

and for ÀQ = 0,

Solving for fS and ID , we get

15 V41r (1( ) 1-12 )- -3- Ep +2mp + gmQ P ,
m p

f D VS; ( f ( - 2)- --3- Ep - 2mp ) + gmq 1 p 1
m p

The D / S ratio then consists of fD / fS •
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Appendix C

DifferentiaI dilepton rate

We want to deve10p the formalism of dilepton rate calculation such that the space­

time evolution of the hot and dense fireball created in heavy ion collisions can be

considered.

The quantity that appears suitable for the purpose is EdR/dM2 dfJq, where M and ij

are the invariant mass and the three-momentum of lepton pair correspondingly, and

E = JM2 +I~I.

Consider, mst, the mesonic reactions taking place in a hot hadronic environment. For

the processes a + b -.. e+e - (see Figure 2.2) the differential dilepton emission rate

can be written as
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•
where the term 4E(lE&vf'el = J«M' - m~ - ml)2 - 4m:ml) is the Lorentz invariant.

Let us recall, that the cross section of the reaction t7(M2) is also the Lorentz invariant.

Renee, the desired quantity becomes simply proportiona1 ta

with the corresponding numerica.1 factor depending only upon invariant mass of lepton

P&lls.

Using spherical symmetry in momentum space and typical mathematica.1 methods of

handling the phase integra.1s, the integral l can he simplified to the form

(0.2)

with E(I = JP~ + m~. Eh is now a function of Eœ and the angle 8 hetween particles

a and h in the lahoratory frame of reference Eh = .jml + q2 + P~ + 2qPa cos 8.

Easy to show that the delta.-function can he transformed to the form

•

5(E2 _ (E E )2) = 5(cos e- cos 8o)Eb
a+ b 2 E 'qPœ

(J
-2EE4 - (M2 + m; - ml)

cos 0 = 2 .
qPœ
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• Then, after the integration, the expression for 1 will he transformed to

l = q~f(E)(E:- - E;'in) (C.4)

and E;:U= and E;:in are the limits of integration and can he determined !rom the

requirement 1cos 81 < 1. We will have

(C.5)

and the final expression for the differential dileptons production rate will he

(C.6)

Consider now the calculation of the same quantity for the decay processes happening

in the hot meson bath. For a -+ be+e- (see Figure 2.1) the differentiallepton pair

production rate is represented as

(C.7)

•

Evaluate, first, the differential width of the decay. From the definition [36]

I l M 12 tPp flSp+ flSp_ 4

- 2m(l 2Eb(21r)3 2E+(21r)32E_(21r)3 (211')
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Integrating over p_ and pconsequente1y the expression is transformed to the form.

(c.g)

where E_ = p_ = Jq2 +14 - 2qp+z {z = cos 6 with 8 heing an angle between p+

and z, Ü z is chosen &long iJ and Eh = Vp2 +mf = Jm: +k2+q2 - 2kqy (y = cos 8'

with (J' being an angle between k and z).

Writing the angular integration explicitly we find

(C.I0)

•

To make use of the delta-functions we replace
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• with Zo = (2p+E - M2)/2p+q. We can aIso compute the limits of integration over p+

restricting ourselves to 1Zo /5 1:

mClZ M2
p+ = 2(E -q)

It will lead us to

and (C.12)

(C.13)

Let us now come back to the differential rate calculations. Collecting everything

together we will have

NI' M 1
2

dp+kdEady
32(211")6 q.jml + k2 +q2 - 2kqy

X f(Ea ) (1 + f( -1mb + k2 + q2 - 2kqy))

X 5(Ea - -1mb + k2+ q2 -2kqy - E).

(C.14)

(C.15)

•

Delta-function is transformed as

o(E
a

_ .jml + k2 +q2 _ 2kqy _ E) = o(y - Yo).jml +k
2 +q2 - 2kqy

kq
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•

with Yo = Cm: + k2 + q2 - (Ell - E)2)/2kq. The limits of integration over Ell can he

deducted setting the restriction for 1Yo 1:5 1:

E!'"Z = E(m~ + M2 - ml) + q).1/2 and E!'in = E(m: + M2 - ml) - q).1/2(C 17)
Il 2M2 4 2M2 .

with >..1/2 = J{M2 + m: - mf)2 - 4M2m: -usua! triangle relation.

Bence the final expression for the differential rate for each particular type of interac­

tion in the most general. form is

where the limits of integration correspond to Equations C.12 and C.17.
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