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PERSPECTIVES IN HIGH ENERGY NUCLEAR COLLISIONS

Johann Rafelski
GSI, Darmstadt
and
Institut ftir Theoretische Physik der Universitd&t Frankfurt,
D-6000 Frankfurt?

and

Michael Danos
National Bureau of Standards, Washington, D.C. 20234

This report gives an overview of some aspects of hadronic physics
relevant for the conception of a research facility devoted to the study
of high energy nuclear collisions. Several concepts to be studied in
nuclear collisions are selected, with emphasis placed on the properties
and nature of the quark-gluon plasma, the formation of the plasma state
in the central region and its anticipated lifetime, and the observability,
through strangeness content of this new form of nuclear matter,
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1. INTRODUCTION

Until now most of the investigations on the fundamental properties of
matter have been performed in the lightest possible system, While this s an
essential first step, there exist important phenomena based on many-body
effects and which are not observable in the simple systems. At this time such
a phenomenon is the hypothetical new phase of matter, viz., the quark-gluon
plasma, which is that state where owing to a suitable combination of baryon
density and temperature the individual hadrons have melted together, or, said
differently, have dissolved, freeing the hadron constituents to form a weakly
interacting Fermi and Bose gas, The existence of such a state of matter is an
almost inevitable consequence of quantum chromodynam1cs (QCD) and the study of
its properties is clearly of utmost importance [1].1 1In this report we
intend to present in reasonable detail our view of the present state of these
developments, and also to provide some speculative extrapolations as guides to
the planning of future experiments,

This new and exciting field of high energy physics is based on the
hypothesis that the energy available in the collision of two relativistic
heavy nuclei, at least in part of the system is equipartitioned among the
accessible degrees of freedom. This means that there exists a domain in space
in which, in a suitable Lorentz frame, the energy of the longitudinal motion
has been largely transformed to transverse degrees of freedom. We call this
region the 'fireball'. The physical variables characterizing a fireball are:
energy density, baryon number density, and total volume. The basic question
concerns the internal structure of the fireball. It can consist either of
individual hadrons, or instead, of quarks and gluons in a new physical phase,
the plasma, in which they are deconfined and can move freely over the volume
of the fireball. It appears that the phase transition from the hadronic gas
phase to the quark-gluon plasma is controlled mainly by the energy density of
the fireball. Several estimates [2] lead to 0.6-1 GeV/fm for the critical
energy density, to be compared with ca. 0.16 GeV/fm3 in nuclear matter. Many
theoretical questions about strong interactions will be settled when the
parameters and the nature of the phase transition are determined. We turn to
these problems further below,

An important aspect of the developments in this field concerns the inter-
action of the experimentalists with the plasma. It seems that in order to
observe the characteristics of the plasma one must either use electromagnet-
ically interacting particltes [3] (photons, lepton pairs} which can rather
easily leave the plasma, or study the heavy flavor abundance generated in the
collision {4]. To understand the latter point imagine that strange quarks are
very abundant in the plasma (and indeed they are!), Then, since the (sss)-
state is bound and stable in the perturbative QCD-vacuum, it would be the most
abundant baryon to emerge from the plasma. Surely the observation of such an
"omegaization" of nuclear matter could not leave any doubts about the
occurrence of the phase transition. The observation of other exotic hadrons
. [5] such as, , €sq,2 ¢3, etc, would support this conclusion, But even the

enhancement o?'%he more accessible abundance of A may already be sufficient
at least for demonstrating the existence of a plasma.

.

INumbers in brackets indicate literature references at the end of this paper,

°This so called At Baryon has recently been observed in I--Be interactions at
135 GeV/C [S. F. Biagi et al., Phys. Lett. 1228 (1983) 455].



To continue to higher energy densities, one may speculate that the
restoration of the perturbative QCD vacuum may be followed by the restoration
of chiral symmetry, as shown qualitatively in figure 1.1, then of SU(2)
symmetry, and finally of SU(5) symmetry. This way one could trace back the
evolution of the universe [6] in the laboratory.
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Fig. 1.1 Phase diagram of hadronic matter in the u-T plane,

Another speculation concerns the fundamental aspect of the possible
catalyzation of the baryon decay in the plasma [5]. A possible mechanism
which has been discussed in the recent .1iterature [7] involves the presence of
magnetic monopoles. The quark-gluon plasma might just be the proper environ-
ment in which the catalyzer could continue to burn the baryon number at a rate
sufficient to maintain the necessary particle densities and temperatures.
However,in view of our ignorance of how precisely SU{5) tumbles down to
SU(3) x SU(2) x U(1) we should be prepared for great surprises in this matter,
Certainly, it would be most challenging to unlock the energy which had
orginated in the Big Bang and has since remained frozen in the baryon number,

Coming back to earth we begin by recalling that in a statistical descrip-
tion of matter the un-handy microscopic variables, viz., energy, baryon
number, etc. are replaced by thermodynamical quantities. To wit, the temper-
ature T is a measure of energy per degree of freedom; the baryon chemical
potential u controls the mean baryon density (see fig. 1.1). The statistical
quantities such as entropy (= measure of the number of available states},
pressure, heat capacity, etc, also will be functions of T and 1 and will have
to be determined. The theoretical techniques required for the description of
the two quite different phases, viz., the hadronic gas and the quark-gluon
plasma, must allow for the formation of numerous hadronic resonances on the
one side [8], which then at sufficiently high enerqy density dissolve into the
state consisting of their constituents, At this point we must appreciate the
importance and help in reaching the transition to the quark-gluon plasma



provided by a finite, i.e., non-zero temperature. To obtain a high particle
density, instead of compressing the matter {which as it turns out is quite
difficult), we may heat it up; many pions are generated easily, allowing the
transition to occur at moderate, even vanishing baryon density [9].

The paper is organized as follows. We begin by considering in section 2
the state of hadronic matter formed by individual baryons and mesons, which we
call the hadronic gas phase. The present summary of the theoretical develop-
ment of this field is based on the work of Hagedorn and Rafelski, to be
published in greater detail elsewhere [9]. MWe content ourselves here with the
presentation of the main results in so far as they influence our thinking
about the phase transition to the quark-gluon plasma phase. We then turn in
section 3 to a summary of the relevant postulates and results that character-
ize the current understanding of strong interactions in QCD. The most
important postulate is that the true physical vacuum state in QCD is not the
trivial perturbative state which is 1ittle changed when the interactions
between quarks and gluons are turned off or on. 1In QCD the true vacuum state
is believed to have a complicated structure which originates in the glue
{gauge) sector of the theory. It is supposed not to permit the presence of
color fields, The perturbative vacuum is an excited state with an energy
density B above the true vacuum. It is to be found inside hadrons where
perturbative quanta of the theory, in particular quarks, can therefore exist.
The occurrence of the true vacuum state is intimately connected with the glue
glue interaction; gluons also carry the celor charge that is responsible for
the quark-quark interaction. The.confinement of quarks is a natural conse-
quence of the hypothetical structure of the true vacuum.

An important feature which arises as a conseguence of the energy density
B of the perturbative vacuum is that the true vacuum exercises a pressure on
the surface of the region of the perturbative vacuum., Indeed, this is just
the idea of the original MIT bag model {10]. The Fermi pressure of the con-
fined almost massless light quarks is in equilibrium with the vacuum pressure
B. When many quarks are combined to form a giant quark bag then their
properties inside the bag can be obtained using standard methods of many-body
theory [2]. In particular, this also allows the inclusion of the effect of
internal excitation through a finite temperature and through a change in the
chemical composition., This will be discussed in section 4.

The attentive reader might question our simultaneous use of the bootstrap
model and the bag model to describe hadronic states. We will indeed find that
the description of hadrons in terms of bound quark states on the one hand and
the statistical bootstrap for hadrons on the other hand have many common
properties and are quite complementary. Both, the statistical bootstrap and
the bag model of quarks are based on quite equivalent phenomenclogical obser-
vations. While it would be most interesting to derive the phenomenological
models quantitatively from the accepted fundamental basis - the Lagrangian
gquantum field theory of a nonabelian SU(3) "glue" gauge field coupled to
colored guarks - we will have to content ourselves in this report with a
qualitative understanding only, Already this will ailow us to study the
properties of hadronic matter in both aggregate states - with the emphasis put
in this report in particular on the state in which individual hadrons have
dissolved into the plasma consisting of quarks and of the gauge field quanta,
the gluons,



Having described the properties of both hadronic phases, we present in
section 5 a discussion of the possible production and lifetime of the baryon
rich plasma in nuclear collisions in the central kinematic region and describe
the phase transition between the hadron gas and the plasma in section 6. As
opposed to the prevailing opinion [11] according to which the baryons populate
the fragmentation region while the plasma has very low baryon density and is
formed at central rapidity, we describe a likely, even if perhaps rare,
reaction mechanism in which both energy and baryon number remain together in
the central rapidity region [12]. The conventional description is based on
extrapolations of pp and pA collisions, which in our view cannot lead to the
pileup of matter, i.e., baryon number, which is needed in our description. In
order to estimate the evolution of the plasma state we must consider, also
contrary to popular betief [13] that hydrodynamical expansion dominates the
plasma evolution, we show that the losses arising from particle radiation
through the plasma surface {14] are important and, indeed, determine the time
evolution of the baryon-rich plasma.

In section 7 we discuss the role of strangeness as a characteristic
observable of the plasma state [4] with particular emphasis on strangeness
generation in the plasma by elementary processes, and on expectations about
the normal hadronic gas phase. From the comparison of the expectations for
both phases of hadronic matter we are lead to propose the study of strangeness
abundance as a possible approach to the observation of the properties and
parameters of the quark-gluon plasma created in nuclear collisions. This
situation is emphasized in section 8, in which it is suggested that generally
speaking, for several quantitatively known effects strangeness is an excellent
experimental trigger for the presence of plasma droplets in }ight-ion-nucleus,
or slow p-nucleus collisions,

2. THERMODYNAMICS OF INTERACTING HADRONS -

The main hypothesis which allows us to simplify the description is to
postulate the dominance of the hadron-hadron interaction by the hadron
resonances [8]. In this case the hadronic gas phase is essentially a
superposition of an infinity of different hadronic gases and all information
about the interaction is hidden in the mass spectrum t(m2,b) which describes
the number of hadrons of baryon number b in a mass interval dm2 [9],

Let us first assume that the mass spectrum t(m2,b) is already known,
Then, following the developments of Refs. [8],[9], the grand canonical level
density o is given by an invariant phase space integral. The extreme richness

of the spectrum, t(m?,b) ~ exp{m/T,), enables us to neglect Fermi and Bose
statistics above T ~ 50 MeV and to treat all particles as "Boltzmannions" in

the external volume VeX' We find for given Py = (E,B) and baryon number b
(8 = Kronecker &-function)

1)

g} N N N 24 P,
+ Z m (gl&(p - L p'l) Z 6K [b - ): b]) I — T(p-lz’b.!)dqp.l-(ZO]-)
N=1 7" i=1 {bi} i=1 i=l (2w)3



Here, the first term corresponds to the vacuum state. The NP term is the sum
over all possible partitions of the total baryon number and the total momentum
p among N Boltzmannions, each having an internal number of quantum states
given by r(pf,bi). These Boltzmannions are hadronic resonances of baryon
number bj(- = <'b; < «). Every resonance can move freely in the remaining
volume A left over after subtracting the proper volumes V. of all hadrons from
the external volume Vg, :

N
Mo u
A=V - 121 vc’i . | (2.2)

V¥ is a covariant generalization of V.; in the rest frame Vy = (v,0).

In the generalization (2.1} of the familiar phase space formula, three
essential features of the hadronic interactions are now explicitly included:

a) The dominance of the particle scattering by the dense set of hadronic
resonances via t(mé,b;).

b} The proper natural volumes of hadronic resonances via AW,

c) The conservation of baryon number and the clustering of hadrons into
Tumps of matter with |b] > 1.

The thermodynamic properties of a hot hadronic gas follow from the study
of the grand partition function Z{8,V,A), as obtained from the level density

a(p,V,b):

Z(B,V,2) = ?Xo AP JeBP o(p,v,b)d"p (2.3)

Here the covariant generalization of thermodynamics with the inverse tempera-
ture four-vector B8, has been used., In the rest frame of the relativistic
baryon the chemicaf potential u is defined by

A= exp(W/T) (2.4)

it is introduced in order to conserve the baryon number in the statistical
ensemble, All quantities of physical interest can be derived as usual by
differentiating 2nZ with respect to its variables.

Equations (2.1)-(2.3) leave us with the task of finding the mass spectrum
1. Experimental knowledge of t is limited to low excitations and/or low
baryon number. Hagedorn [8] has introduced a theoretical model: "the statis-
tical bootstrap,” in order to obtain a mass spectrum consistent with direct
and indirect experimental evidence. The qualitative arguments leading to an
integral eguation for t{m2,b) are the following. When Voy 10 &g (2.1} is just
the proper volume V. of a hadronic cluster then, up to a normalization factor

5



o in eq {2.1) is essentially the mass spactrum r. Indeed, how could we
distinguish between a composite system as described by eq (2.1) compressed to
the natural volume of a hadronic cluster and an “elementary" cluster having
the same quantum numbers? Thus we demand

o(p,V,b) 1.y = HT(pZ,b) (2.5)
C

where the "bootstrap constant" H is to be determined below. It s not
sufficient simply to insert eq (2.5) into eq (2.1) to obtain the bootstrap
equation for t; more involved arguments are necessary [9b] in order to obtain
the following "bootstrap equation" for the mass spectrum:

Ht{p2,b) = széo(pz - MgJ

w© i N N
* LT S8 - ) p) T 6 - ) b)) M He(pZb.)d%, . (2.6)
N=2 i=1 '"{by} i=1 =l

The first term is the lowest one-particle contribution to the mass spectrum,

zZy 1s its statistical weight (21 + 1) (2J + I). The index "o" restricts the &
function to the_positive root. Only terms with b = 0, *1, corresponding to
Towest energy qq (pion) and qgq (nucleon) states contribute in the first term
of eq (2.6). A1l excitations are contained in the second term since arbitrary
quark configurations can be achieved by combining [(qq)" (qqq)™]. The smal?
influence of heavy flavors is ignored at this point but easily can be
introduced. '

In the course of deriving the bootstrap equation (2.6) it turns out that
the cluster volume V. grows proportional to the invariant cluster mass [91,

Vo(p?) = Bp%/(4B) . (2.7)

The proportionality constant has been called 48 in order to establish a close
relationship with the quark bag model [10]. The value of B can be derived
from different considerations involving the true and perturbative QCD states.
While the original MIT-bag fit has been B1/% = 145 MeV, the (unweighted)
average of different fits is today

Bl/#
B

190 Mev
170 MeV/fm3 {2.8)

Hi

As far as the bootstrap is concerned the constant H and the bag constant
B are free parameters. However, as just pointed out, B is determined from
other considerations, while H turns out to be inversly proportional to B [9b].



Hence, if one wishes to believe the statistical bootstrap approach to the last
detail there remains no free parameter in this approach. The implications of
this for the transition gas to plasma will now be discussed.

8] Instead of solving eq (2.6), which leads to the exponential mass spectrum
81,

tm2,b) ~e™To (2.9)

we wish to concentrate here on the double integral, i.e., the Laplace
transform of eq (2.6) which will be all we need to eStablish the physical
properttes of the hadronic gas phase. Introducing the transforms of the one-

particle term, eg (2.6)

e = 50 Hzy 8, (p? - ”bz)e“ﬁ'd d (2.10)

b=-

with pions and nucleons only (Kn is the modified Bessel function)
o 1 |
e (8,2) = 20HT [3m Ky GF7) + 402 + SImKa )] (2.11)
and the mass spectrum:

¢(B, 1) = § 3P fr(p2,b)e B dtp (2.12)

we find for the entire eq (2.6) the simple relation
¢(8, %) = o(B,2) + exp[¢(8,2)] - ¢(b,2) -1 . (2.13)
To study the behavior of ¢(B8,A) we make use of the apparent implicit depen-
dence:
#(8,12) = Gle(8,2)) (2.14a)

with the function G being defined by eq (2.13)

¢ = 26 + 1 -exp[G] {?2.14b)

7



This function G{e) is shown in figure 2.1. As is apparent there is a maximal
value ¢,

¢, = &n(4/e) = 0.3863 (2.14c¢)
T T S T
—~ L \\\ _
s \
o \‘ 1
\
Ob- ~
- @ -
<
| "E ]
i _
B S
L i i I
O Q10 020 - 030 040 P

Fig. 2.1 Bootstrap function G{¢). The dashed line represents the unphysical
branch,

beyond which the function G has no real solutions, Recalling the physical
meaning of G, eq (2.12, 2.14a) we conclude that eq (2.14c) establishes a
boundary for the values of A, i.e., B, and T beyond which the hadronic gas
phase cannot exist. This boundary is implicitly given by the relation (2.11):

3

U, L}

N

an(4/e) = 2nHT _ [3m K () + 8cosh (+55) m ki (=)] (2.15)
criio Tcr Tcr N Tcr

shown in figure 2.2. The region denoted "Hadronic Gas Phase" is described by
our current approach, With H correlated to B as given by eq (2.8) we find
that .

Ter(bep = 0) = To ~ 160-170 Mev . (2.16)
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Fig. 2.2 Boundary of the "hadronic gas phase" in the bootstrap model. In the
shaded region quantum statistics cannot be neglected.

However, in view of the uncertainties involved it is more prudent to argue
that the value Tcr ~ 160-170 MeV which is required in the description of
hadronic reactions determines the value of the parameter H. Note that u = 0
implies zero baryon number of the plasma state., For My = W (T r = 0) the
solution of eq (2.15) is simply u p o~ My since no quantum statistics effects
have been included. Thus the dashed region in figure 2.2 "nuclear matter" is
excluded from our considerations., As we shall see shortly, the boundary to
the zgdronic gas phase is also characterized by a constant energy density

£ = .

Given the function G(¢) = ¢(B,A) we can in principle study the form of
the hadronic mass spectrum, As 1t turns out we can obtain the partition
function directly from ¢. Namely, the formal similarity between eq (2.3) and
eq {2.12) can be exploited to derive a relation between their integral

—
transforms [9] (from here on: B8 = /BHBH)

2A(vex) 3
A) B o — — B,A 2.17
ek AL (2.17)




which can also be written in a form which makes more explicit the different
physical inputs:

A(Vex) 3G{v)
znz(s,vex,x) =T e 28,2, V) (2.18)

: VeX 3

In the absence of a finite hadronic volume and of the interactions described
by the first two terms respectively, we would simply have an ideal Boltzman
gas described by the one-particle partition function Z

7, = an + 2cosh(u/T)quq (2.19)
where
VT3 m 2 m
N N
Zgifgaq = 21+ DS+ 1) 50 () koY) L 2o

The remainder of the discussion of the hadronic gas is an application of
the rules of statistical thermodynamics. However, when working out the
relevant physical consequences we must always remember that the fireball is an
tsolated physical system for which the statistical approach has been taken in
view of the internal disorder (high number of available states) rather than
because of a coupling to a heat bath. Let us first discuss the role of the
available volume. As we have explicitly assumed, all hadrons have an internal
energy density 4B (actually at finite pressure there is a small correction,
see Ref. [4a] for details). Hence the total emergy of the fireball Er can be

written as

m
ni

pEeV, =BV, - 8) (2.21)

where Vex - A is the volume occupied by the hadrons. We thus find

A=V, - E/4B = vex(l - e/(48)) . (2.22)

By investigating the meaning of the thermodynamic averages it turns out
that the apparent (8,1) dependence of the available volume & in eq (2.22) must
be disregarded when differentiating 4nZ with respect to g and A, As eq (2.1)
shows explicitly, the density of states of extended particles in Vex is the
same as that of point particles in A, Therefore also

10



nZ{ 8,V

We thus first calculate the point particle energy, and baryon number

e

g A = £ant(B,A,A) .

densities, pressure, and entropy density

S S B R S TR Y
pt A 3B pt ~ H(2w)° 38 ’
L1, e . 2 22

= X 2T 8

P €., = uv

R Bt pt " pt
Spt = 35T Ukﬂp) £+ ¥
From this, we easily find the enefgy density as
E 1 3 A

€= g—= - g 7= nZ(BV__,2) =v— ¢

) v X d8 ex vex pt

Inserting eq (2.22) into eq (2.28) and solving for e we find:

e(B,1) =

et (Bs2)
1T+ €t (8,\)/4B

Hence we can write eq (2.22) also in another form:

v

ex

a1+ ept(B,A)/4B) .

11

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)



Using eq (2.30) we find for the baryon density, pressure, and entropy density:

\Y

- Pt
VETE ept/48 (2.31)

p
S /1 S
1+ ept/4B (2.32)

=
1

S
. pt

We now have a complete set of equations of state for the observable
guantities as functions of the chemical potential u, the temperature T, and
the external volume V While these equations are semi-analytic, one has to

evaluate the differengxquantities numerically owing to the implicit definition
of ¢(B,A) that determines &nZ. However, when g, approach the critical curve,
figure 2.2, we easily find from the singularity of ¢ that Ent diverges and

therefore

e —> 4B
p—> 0 (2.34)
A—> 0

These 1imits indicate that at the critical line matter has lumped into
one large cluster with the energy density 4B, No free volume is left and as
only one cluster is present the pressure has vanished. However, the baryon
density varies along the critical curve; it falls with increasing temperature,
This 1s easily understood: as the temperature is increased more mesons are
produced that take up some of the available space. Therefore hadronic matter
can saturate at Tower baryon density. We further note here that in order to
properly understand the apoproach to the phase boundary one has to incorporate
and understand the properties of the hadronic world beyond the critical curve,
Therefore we now turn to the study of the world of quarks and gluons and
ultimately of the phase of matter consisting of these quanta.

3. THE WORLD OF QUARKS AND GLUONS

From the study of hadronic spectra as well as from hadron-hadron and
hadron-lepton interactions there has emerged convincing evidence for the
description of hadronic structure in terms of quarks [15]. For many purposes
it is entirely satisfactory to consider baryons as bound states of three
fractionally charged particles, while mesons are quark-antiquark bound states,
One of the central aims of this and the next section is to show how this
picture of hadrons can be reconcited with the description of hot hadronic
matter consisting of individual particles described in the preceeding section.

12



We now recall some fundamental assumptions about the strong interactions,
as needed here. The elementary quantum fields which appear in quantum chromo-

dynamics are:

Spin 1: gauge bosons - gluons G;, i=1...8
. . . a a= R,G,B = color
Spin 1/2: baryonic matter - quarks Ay = d:u,s,c,b,(t) = flavor

The octet of gauge bosons Gu mediates the quark-quark and -antiquark inter-
actions between the color triplets {Red, Green, Blue} and antitriplets, The
gauge vector fields are written as —  —

G = 1¢]

.,

1 A

e (3.1)
u i=1 TV

il 00

where A' are the generators of the SU(3) algebra [16]

[J\i,A‘j] = 2§ pidk K . (3.2)

Only quarks and antiquarks carry baryon number (% 1/3). The flavor of quarks
represents all internal quantum numbers, conserved in strong interactions - the
up and down quarks carry * 1/2 units of I, {(isospin) and combine to form the

Towest Daryonic isospin doublet
0)- () o

and the mesonic isospin triplet

at ud
1 - -
70 | === (~ul + dd) . (3.3b)
/7
™ ud

13



These were the input particles of the statistical bootstrap model. The
heavier flavors of quarks include the strange, charm, bottom and perhaps the
as yet undiscovered top quark. The electric charge of u, ¢, t is + 2/3 and
that of d,s,b is - 173,

It is the color-charge of the flavored quarks that introduces the quark-
quark interactions. The important fact is that all known hadrons are color
neutral (i.e., color singlets). Including color into the wave functions
eq (3.3) and ignoring the space and spin degrees of freedom we have, e.q.,

p = L (WRuBdB - 8RB + WBLBAR - BBR + BRE - uRquG) (3.4)
3
o L RaR . W858+ BB (3.5)
/3

where the p, and baryons in general, are color-antisymmetric and = is color
symmetric. The antisymmetry of baryonic wave functions in a hidden degree of
freedom has been one o? 5?5 origina} Sﬁgsons for the introduction of color,
Otherwise, e.g., {att)1% = {uuu)t™ could not have an antisymmetric
quark wave Tunction as required for Fermions, Further experimental evidence
[17] of color inciudes the w° + 2y decay rate and the size of the ete~ »
hadrons annihilation cross section. However, the evidence for color as a
dynamical degree of freedom, in particular, as being responsible for quark-
quark interactions, is derived from deep-inelastic lepton-nucleon scattering,
from a detailed study of ete~ annihiltation into hadrons, and in particular,
from the flavor independence of the charmonium and upsilonium potential with
quantitative agreement between the experimental and the theoretical excitation
spectra,

The Lagrangian of quarks and gluons is very similtar to that of electrons
and photons

Loep = ¥(re(p-eA) - m) v - 1 Fof | (3.6)

except for the required summations over flavor and color:

flavors 3 3 8 by .
- {aB) i B
Loep= ¢ () aXyep-m)a2+g § &0¥" ] (5 6)q))
Qco r w1 ¥ r’ «, 8=1 r =1 2 u’ or
--% ugl FLvau + herm, conj. + gauge fixing {3.7)
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