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An analytical method is presented to solve generalized QCD evolution equations for the time
development of parton cascades in a nuclear environment. In addition to the usual parton branching
processes in vacuum, these evolution equations provide a consistent description of interactions with
the nuclear medium by accounting for stimulated branching processes, fusion, and scattering pro-
cesses that are specific to QCD in a medium. Closed solutions for the spectra of produced partons
with respect to the variables time, longitudinal momentum, and virtuality are obtained under some
idealizing assumptions about the composition of the nuclear medium. Several characteristic features
of the resulting parton distributions are discussed. One of the main conclusions is that the evolution
of a parton shower in a medium is dilated as compared to free space and is accompanied by an
enhancement of particle production. These effects become stronger with increasing nuclear density.

PACS number(s): 25.75.+r, 12.38.Bx, 12.38.Mh, 24.85.+p

I. INTRODUCTION

In a previous paper [1], Miiller and I addressed the
question of how “QCD in a medium” is modified as com-
pared to “QCD in vacuum” when one attempts to extend
well developed perturbative QCD techniques [2] from
high energy hadron-hadron collisions to ultrarelativistic
heavy ion collisions. The investigation of [1] condensed,
in the derivation of a generalized form of QCD evolution
equations that describe the time evolution of parton dis-
tributions in a nuclear medium, solutions of which I will
present in this paper. This aspect is of great importance
for the future ultrarelativistic heavy ion collider experi-
ments at the BNL Relativistic Heavy Ion Collider (RHIC)
and the CERN Large Hadron Collider (LHC), where
new phenomena associated with “QCD in a medium”
are expected to clearly modify naive extrapolations from
hadron-hadron collisions. Although in the last couple
of years, numerical simulations with QCD based Monte
Carlo models [3-6] have provided considerable new in-
sight into the microscopic parton dynamics of ultrarela-
tivistic heavy ion collisions, one is still far from a com-
plete picture and a truly quantitative description. Aside
from the rather opaque complexity of these computer
simulations, one still relies on a substantial amount of
phenomenological modeling of nuclear and dense medium
effects due the current lack of better knowledge about the
details of such mechanisms. This is reflected by a very
large uncertainty in quantitative predictions: although
the different model calculations generally agree very well
for pp collisions at collider energies, they differ in their
predictions, e.g., for, charged particle multiplicities, in
heavy ion AA collisions by a factor of 2 or more.

These issues lead to the main motivation for this work,
namely, the necessity to go back to a simpler, but more
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fundamental and transparent level, and study within
the firmly established framework of perturbative QCD
(rather than extending phenomenological model input)
the microscopic dynamics of quarks and gluons in the hot,
ultradense environment that may be created in heavy
ion collisions [7-9]. In order to do so, it is inevitable to
disentangle the various nuclear and medium effects from
each other by investigating physical situations where such
medium phenomena may be singled out, both in theoret-
ical and experimental research. For instance, deep inelas-
tic scattering on heavy nuclei [10], charmonium produc-
tion by Drell-Yan processes in nuclei [11], energy loss of
partons, jet quenching, and multiple scattering phenom-
ena in hadron-nucleus collisions [12], etc., provide op-
portunities to explore nuclear modifications to the QCD
parton picture that has been so successful in high energy
particle physics.

As a first step in this direction, in Ref. [1] a general-
ized form of the well known Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) evolution equations [13-15]
was derived. In the framework of the leading logarith-
mic approximation (LLA) [16-19], we obtained a set of
coupled integrodifferential equations for the time evolu-
tion (rather than the Q2 evolution) of the off-shell parton
distribution functions in nuclear matter. In addition to
the usual parton branching processes in vacuum, these
evolution equations provide a self-contained description
of interactions with the nuclear medium by accounting
for stimulated branching processes, fusion, and scattering
processes, which are specific to QCD in medium. This
approach resulted in a probabilistic description within
perturbative QCD of the time variation of parton dis-
tributions as in nonequilibrium kinetic theory, however,
now including a consistent treatment of off-shell propaga-
tion of partons, a concept that is absent in semiclassical
transport theory [20]. The essential condition for the ap-
plicability of perturbative techniques is that the QCD
factorization theorem [21] holds also in the presence of
dense nuclear matter, in which multiple interactions of
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the evolving partons with this nuclear medium may be
separated in space-time by only very short distances. Re-
cent investigations by McLerran and Venugopalan [22]
are encouraging in this direction, since they showed that
a consistent perturbative calculation of parton structure
functions at small values of the Bjorken variable = be-
comes possible when one considers the limit of a very
thick nuclear target. The condition for the applicabil-
ity of perturbative QCD is then that medium-induced
effects, such as color screening and rescattering, provide
dynamical cutoffs on a scale short compared to the QCD
renormalization scale A~1.

Exploring this insight, the present paper as a sequel
to the work of Ref. [1] employs the probabilistic par-
ton cascade picture [15, 23] to describe the evolution of
a parton shower inside nuclear matter, triggered by a
highly excited initial quark or gluon. Here I will start
from the generalized evolution equations and solve for
the parton spectra with respect to the variables time,
longitudinal momentum, and virtuality, under some ide-
alizing assumptions about the composition of the nuclear
medium. Before going to the heart of the matter, let me
remark the following. The approach is at this point in a
yet idealized stage, since various unsettled problems are
left out and a number of simplifying approximations are
made. Still, it is a starting point which can be improved
step by step, perhaps, similar to the development of per-
turbative QCD in hard processes that started some 15
years ago. The main assumptions and approximations in
Ref. [1] and in the present paper can be stated as follows.

(i) Factorization of short distance interactions of
shower partons with the nuclear medium from long range
nonperturbative forces is assumed. This means, even in
the presence of dense medium where a parton can en-
counter multiple successive interactions, a probabilistic
description of local, noninterfering interactions applies
at sufficiently high energies.

(ii) Neglect of interference effects that affect particu-
larly the softest partons: destructive interference of inter-
action amplitudes in both coherent successive small angle
emissions (“angular ordering”) and multiple sequential
scatterings (“Landau-Pomerantchuk-Migdal effect”).

(iii) Nuclear effects due to long range correlations, e.g.,
nuclear shadowing (antishadowing) not associated with
truly perturbative parton interactions are ignored.

The remainder of the paper is organized as follows.
Section II is devoted to recalling the intuitive picture de-
veloped in Ref. [1] of the probabilistic parton evolution
in medium. The theoretical framework is reviewed and
the master equations describing the time development
of the distribution of off-shell partons in a nuclear en-
vironment are summarized. Section III then deals with
linearizing and solving these equations analytically by
making a number of simplifying assumptions regarding
the nuclear medium. Explicit closed solutions for parton
showers initiated by an energetic timelike quark or gluon
are obtained, which in the special case of absence of nu-
clear matter reduces to the well known LLA solutions
for parton distributions, however, time now being the
evolution variable rather than virtuality. Some general
features concerning the = dependence as well as the in-
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fluence of the nuclear density are discussed. A summary
and outlook is given in Sec. IV.

II. THE COUPLED EVOLUTION EQUATIONS
FOR QUARKS, ANTIQUARKS, AND GLUONS
IN MEDIUM

Let me start by recalling the essential considerations
of Ref. [1] that lead to the derivation of a coupled set
of integrodifferential equations for a system of off-shell
quarks(antiquarks) ¢;(g;) with flavors i = 1,...,ny, and
gluons g. As will become clear, these Boltzmann-type
equations describe the time evolution of parton cascades
in a nuclear medium, accounting for off-shell propagation
of timelike virtual partons. Although, as mentioned be-
fore, the evolution equations may be applied to a variety
of physical situations, let me specify here for the pur-
pose of lucidity a definite, though somewhat idealized
scenario. Consider a fast parton injected into infinitely
extended nuclear matter by some highly localized pro-
cess of space-time extent, (Q2)"'/2 « A~!. This pri-
mary parton then propagates through the nucleus and
initiates a cascade or shower of secondary partons. The
partons in the cascade can either radiate bremsstrahlung
gluons or produce ¢g pairs, collide with partons of the
nucleus (the medium), or absorb nuclear partons. I will
call such an event a parton shower or parton cascade. 1
emphasize that I will explicitly distinguish between the
shower partons on the one hand, and the nuclear partons
on the other hand, which initially are coherently bound
in the wave function of the nucleus. Also, for the present
time, I consider here the evolution of a single cascade
and therefore only account for interactions of the cas-
cade with the medium, but neglect possible interactions
between simultaneously evolving cascades.

The prototype reaction of such a scenario is a proton-
nucleus (pA) collision at very high beam energy, where
one may trigger on a high energy timelike quark or gluon
that is produced at some point of time to inside the
heavy nucleus by a hard scattering, and single out the
development of the resulting parton shower inside the
nucleus with a sufficiently homogenous spatial density.
For the description of such a parton cascade it is conve-
nient to choose the nucleon-nucleon center-of-mass frame
(c.m.yn) [24] in which each nucleon has the same value
of longitudinal momentum P:

P® = 4P, PW = —ap, PP =pPW -0,
(1)

with
V5 = \/4AP2 + MZ(1+A?), Jsny = 2P,
(2)

where A is the nuclear mass number, My the nucleon
mass, and P/My > 1 is assumed. For example, at the
RHIC (LHC) the maximum available beam energy im-
plies P/My > 100 (3000) even for p+Au collisions. I will
describe the longitudinal evolution of a parton shower
along the shower axis (z axis), which I define parallel
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to the direction of momentum of the initiating primary
parton. It is convenient to parametrize the four-momenta
k = k* = (E, k., k) of the shower partons such that, for
the primary parton,

QZ
kO = (m0P+2 P, (E(]P,O) ) (3)
whereas, for the jth secondary parton,
Qi+ Kk
kj = (mJP-i- 27 P J, :EJP kl_, ’ (4)
where z; = p, j/P can be either positive or negative de-

pending on the partons direction of propagation along the
z axis. Furthermore, k}; < Q% <« P? is assumed, and
all rest masses are neglected. It is important to realize
that energy and momentum are independent variables,
since one is dealing with off-shell particles of virtuality
Q? > 0 with a continuous invariant mass distribution.
The evolution of the parton system is then described by
the change of parton number densities, which are defined
as

Q* dN,(t)
2.02 ¢) = 12 2 tall)
a(z,k1;Q%1t) = /0 dQ d.’l:dkidQ’z

(aEqiyq_iyg; i=1’-"1nf) ) (5)

or, when integrated over transverse momentum,
a(z, Q1) = / 2 a(e, k35 Q2 1) . (6)

The relation between the parton number densities (5) to
the single-particle phase-space distributions is expressed
by the number of partons of type a present at time ¢:

Na(t) = / & / &k Fo(E, k¢, 1)
= / d*k f.(E,k;t) , (M

with F, denoting the corresponding phase-space density
of off-shell partons with virtuality Q2 = E2 — k? in the
phase-space volume dEd3kd3r around k* and r at time
t, and f, in the second part of the equality representing
the spatially integrated energy-momentum distribution.
In order to describe the time evolution of the parton
densities (5) or (6) one has to relate the change of the
dynamical variables £ and Q? with the laboratory time
t which plays the role of an external “parameter” rather
than being an intrinsic kinematical quantity. In Ref. [1]
it was shown, using time-dependent perturbation theory,
that for the case of a parton shower evolving in vacuum
(i.e., by successive branchings only), one finds that the
time scale for a branching chain, starting at t, = 0 with
initial values Q2 and xo, is in the average given by

= Z Iw:IP ~ |Z_|iD (8)

with (Zj = :Ej/:l:j_l)
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T = Ty = 2122 *** 2ZpnTo ,

R =QQ < < <K@, 9

in accord with the uncertainty principle. Thus, in the ab-
sence of interactions with surrounding matter, the time
variable t is related to z and and the degree of off-
shellness Q2 by the typical lifetime 1/Q in the parton’s
rest frame, boosted by the Lorentz factor v = |z|P/Q.
However, when considering a parton shower inside nu-
clear matter, scattering and fusion processes with nu-
clear partons will compete with spontaneous branchings
and consequently disrupt a steady decrease of average
virtuality with time. Both scatterings and fusions can
increase the virtuality of a parton by energy-momentum
transfer. This means that the relation (9) between =z,
Q?, and t cannot be deterministic anymore, because in-
teractions with the nuclear medium occur stochastically
according to the density of nuclear partons. Each scat-
tering or fusion may “rejuvenate” a shower parton by
providing it with a virtuality Q’2 > Q2 so that the par-
ton after the interaction appears to be younger (¢ < t').
To keep track of these repeated rejuvenations, one has
to reset the clock for the particular shower parton after
each such interaction with the medium. For this purpose
a new independent dynamic variable 7, called the age of
a parton, was introduced in Ref. [1]. Instead of (9), one
finds

= r(zt) = (%—lf) , (10)

which determines the typical age of a parton depending
on z, Q%, and implicitly also on ¢, and which introduces
an additional time scale that reflects the external influ-
ence of the medium on the time evolution of the parton
cascade. Correspondingly, the parton number densities
(5) and (6) must be generalized as

dN, ()
ale,mt) = / gL i (11)

which now has the meaning of the probability density
for finding a parton of type a at time t with age 7 =
|z|P/Q? and momentum fraction z. The age variable
measures here the influence of the nuclear medium on
the development of the parton cascade. Note that in the
absence of a background medium the age variable loses
its independent character; i.e., it then evolves parallel to
laboratory time and 7 o t. I will return to that point in

Sec. III.

A. The evolution equations

For the remainder of this paper I will be concerned
only with transverse momentum integrated quantities,
so that it suffices to describe the evolution in terms of
the parton number densities g;, (g;) and g, defined by
Eq. (11). In addition, it is convenient to introduce the
parton momentum densities Q; (Q;) and G:
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Qi(z,7,t) = zqi(z,7,t) ,G(x,7,t) = zg(z,7,t) , transverse momenta k2 .
(12) As graphically illustrated in Fig. 1, the coupled evo-
lution equations for the parton densities Q; of quarks,
i.e., the parton number densities weighted with the lon- Q; of antiquarks, and G of gluons, respectively, can be

gitudinal momentum fraction z, and integrated over all ~ summarized now as [1]

(5i+3) @emn== [ 4+ 416} + 1@} @ + [ B + 5u100] 6

+ quq{éi} Qi + qui{éi} Qj’ (13)
Qs Qi g X g
_ |:‘Ii X : _ Qi :x jl B {g x :: _ g : :I
g g g g
x qi q;
[ ]
Qi q;
L, % ) LY 9
_ |: ; qi _ ; X Qi :| + s, q; : + q; : jl
g g ) x e * e
9 8 g
[ ] | Lt et
& ) ) g g

+z[q><% " q>.<%} +z{q>wm}

+{g } _EE>__1 . 1>__ﬂ

qi (a)xqi % % Y %
o] e e |
.

(b)

FIG. 1. Diagrammatic representation of the coupled evolution equations (13)—(15) for (a) quarks (and similarly antiquarks)
and (b) gluons. In contrast to the branching processes, the fusion and scattering processes involve interactions of a cascade
parton with a nuclear parton (marked by thick lines). In (a) the various diagrams correspond to the integral operators —AQ\,
BG, -A'Q;, —-B'Q;, ZJ.[S“Q:; +5,4Q;], S4¢G, and in (b) to —CG, —DG, Zj [EQ; + EQ;], -C'G, —-D'G, E].[E'Qj +E'Qjl,
Z_j (S9aQ5 + SgqQ;], SeeG.
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at

o = i IS = =
+ quq{Qi} Q; + quq{Qi} Qj,
j=1 j=1
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(a +5¢9;) Qi(z,7,t) = — [ A+ fi'{é} + B'{Q:}] Qi + [ B + ‘gqg{éi}] G

(14)

(3+2) cnn=- |6 +D+ 0@ + S (DM@ + D12} - 5G| @

ot ' or

nf

i=1

Note that this set of equations describes the time evo-
lution of the parton (longitudinal) momentum distribu-
tions Q = xq, Q = =4 and G = zg, rather than of the
parton number densities ¢, § and g. The left-hand side of
these equations describes just the free streaming in the
absence of interactions, whereas on the right-hand side
the various integral operators acting on the parton mo-
mentum densities describe the change of the densities due
to branching, fusion, and scattering processes. In con-
trast with the branching operators (4, B, ..., F), the op-
erators that describe fusions (A'{Q}, B'{Q},...,E'{G})
and scattering processes (Sgq{Q},...,S,4{G}) are func-

+ [ B+ B{Q) + 5ilCY] @5 + :V_‘:[ E + E'1Q;} + 5,{G}] Q; . (15)

|
tionals of the nuclear parton distributions (labeled with
a tilde) of quarks Q (Q) and gluons G.

In order to represent the integral operators in the evo-
lution equations (13)—(15) in compact form, let me intro-
duce effective coupling functions defined in terms of the
running QCD coupling strength in one-loop order:

2y _ 127
Q") = B3 an,)m(@?/A7)

where A is the QCD renormalization scale and ny is the
number of quark flavors that can be probed at scale Q2.
The following definitions will be employed:

(16)

fama, () o (B2 - 1) (s@mt) + Slaem) + g@mo)

2

a, (1) = ,
fol dz | g(z,7,t) + z:[qi(m’T’ t) +g;(z, 7, t)]
o, (T dma, (M2
6(7) = —27‘_(—7_2 ’ C(:l:,‘l') = a]u—(z). M2=|z|P/T (17)

Here a,(7) describes the z-averaged QCD coupling at
scale Q? = |z|P/7, and the age T represents the mean
lifetime of a parton with longitudinal momentum fraction
z and virtuality Q2. Finally I denote by Ya—bc(z) the
usual branching functions [13, 14]:

1+ 22
Yq—qg(2) =Cq ( 1= ) s

z

1+(1—z)2>’

Yq—g¢(2) =Cq ( 2

z 1—2
Yo—99(2) =2Cq (z(l —2)+ T+ )

z
1

Yoo =3 [+ (1= 27 (18)

where Cg = '—'2:;—1 =4/3,Cg = n. =3, and z = zp/z,

is the fraction of  values of daughter-to-mother partons
in the branching a — be.
As is evident from the evolutions equations (13)—(15),

[

the rate of time change of the number of partons receives
various contributions from the different interactions of
the cascading partons, represented by their momentum
densities Q, Q@ and G, from 1 — 2 branchings, 2 — 1
fusions and 2 — 2 scatterings. In addition to the well
known parton evolution in vacuum (e.g., jet develop-
ment in ete” annihilation), in which only spontanous
branching processes contribute, in the present scenario
of parton evolution in nuclear matter, the interactions
with the medium, i.e., with the nuclear partons, give rise
to fusion and scattering processes, and indirectly also to
stimulated branchings. The physical picture underlying
this probabilistic approach to generate such parton cas-
cades from sequential elementary 1 — 2, 2 — 1, and
2 — 2 interactions is a direct generalization of the stan-
dard perturbative QCD parton shower picture [15, 23].
For more details I refer to Ref. [1]. Here I will only list
the corresponding expressions of the integral operators
in Egs. (13)-(15) corresponding to the diagrams in Fig.
1.
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B. Branching processes branching rates of gluons are given by
For cascading quarks the 1 — 2 branching processes L
are balanced by the loss (—) and gain (+) rates — GG =— / dz [l G(z,7,t) — G (f T t)]
2 b b P b b
1 0
R z
- AQ‘I = - / dz [Qi(zv T, t) - Qi (_57-3 t)] Xﬁ(’T) 79"’99(2)7
0 Z 1
X £(T) Yg—q9(2), - DG =—ns G(z,7,1) / dz §(T) Ygqq(2),
0
R 1 - ! z
+BG=+ / de(g,T,t) £(7) Ygmrqa(2) - (19) +EQj=+ / dz Q; (;mt) €(7) Yg—qq(2),
o 0
1
The corresponding branching rates for antiquarks are ob- +EO, =+ / dz0: (Z.r.¢ 20
tained upon substitution Q; <> @Q;. The loss and gain @ o ZQ; (z’T’ ) £(7) Yamas(2) - (20)

C. Fusion processes

The 2 — 1 fusion rates that describe the effective loss of quarks due to fusions are
o 1 ~ 1- z
~ A{G}Qi = - pN Cagmra / dz [Q,-(m, 7,6)G (f(——z-)) ¢(3.7)
o z z
~ Qi (22,7,t) G(2(1 - 2))] Ygmrqs(2) € (2,7)

L) @ (5r7) - (1)

z

. 1 .
— B} Qi =~ pN cagse / dz Qi(wmt)czi(

Here py is the nucleon density of the nuclear medium (to be specified below), and the constants cyg—q = cgg—q = 1/8,
Cqg—g = 8/9 arise from the difference of flux factors (color and spin) for fusions compared to branchings [25]. Similarly
the fusion rates of antiquarks are given by replacing Q; <> Q;. The corresponding loss and gain fusion rates of gluons
are

~ C'{G}YG = — pN cggrg /: dz[G(z:,T,t)é (Ll—_z_) ¢ (;,T)

)
-G (zz,7,t) G(z(1 - 2))¢ (z,T)}
= D@6 = o cpg St [ a0y () o) (27),
)

- ﬁ'{é]}G: — PN Cgq—q G(szvt) / dz 5—2]’ ('mﬂzlf—) 'Yq—-»gq(z)c (Ea"') )

0

= 1 =
+EAQ;} Q=+ 5 o cqgmy [ d2 Q5 (02) Qy(2(1 = 2)) Yomaal2) C (217

1

+ E,{QJ} QJ' =+ ) PN Cqg—g /(; dz QJ’ (z2) Q:i(z(l —2)) Yg-qq(2) ( (z,7) . (22)

The flux factors are here cggg = 1/8, cgq—q = Cg5—q = 1/8, Cqq—g = 8/9.

In (21) and (22) the argument z of the nuclear parton distributions Q, Q, and @ is understood as |z|, since the
nuclear partons move in — P direction [cf. Eq. (1)], but the measured nucleon structure functions are usually defined
only for positive calues of . Also note that in (22) the second term on the right in the expression for C'{G} G would
be multiplied by a factor 1/2 if G and G were treated on equal footing, because nuclear and shower gluons would
then be indistinguishable.

D. Scattering processes

The 2 — 2 collision rates for elastic scatterings of the cascading partons carrying momentum fractions z; and z;
with the partons in the nuclear background medium of nucleon density py carrying momentum fractions «}j and z,
are represented by the integral operator
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0 N
- dzy - 2 dGab—ab B(z,T,t)
=-— — A d
Sar{4} B /;1 T2 (w2) / PL dp} N T
0 ~ ~ oo B t
+|x|2P /‘ dz, A(z2) do'ab;m.b PN/ dry (z1,71,1) [1 P (T_l _ -’L'l)]
T _1 T2 dp% pi =lelp 0 T T ||
0 z1P/T ~
dzy - 1 do, B(x,T1,t
b [ ) [ gy P, Pl @
—1 T2 dPJ_ T1

where A,B = G,Q;,Q; and the tilde labels as before
the nuclear parton distributions, whereas the distribu-
tions without tilde refer to the cascading partons. As in
the case of fusions, Egs. (21) and (22), the value of x,
in the argument of the nuclear parton distribution A is
meant as |z2| when employing standard parametrizations
of nucleon structure functions.

The momentum fractions of two partons before (z;,z3)
and after (z,z5) scattering involving a relative trans-
verse momentum exchange p? are related by

J
(zh —z1) P2’

(24)

2
D '

!
T, =T + /5 Ty = To +
! (zll_zZ)lz ’ 2

from which follows the value of z; at which the function
B(z1,7,t) in Eq. (23) is to be evaluated:

it

T

For the quarks (and similar antiquarks) one has the

— 4 (%442 4 (5% 412
2 _
IMq-‘Qj—*q-'qj'l ) ( 2 ) + 6ij 9 a2 -
— 4 (5% + 402 4 (% + 42
2
IMQiqj—Nqujl = 6 ( ) + 5,;1' § 32 -
— 4 (4% 4 52 2 4 §2
|Mq;'g—>qn‘9|2 =79 ( a3 ) + ( £2 ’
— 9 at us st
2 _
|Mgg—>yg| —§<3 - §_2 - E_z - E) .

The variables §, £, @ are the kinematic invariants of the
parton-parton scattering with §+i+4 = 0, and p?: =tu/s
for massless particles. For massive quarks the corre-
sponding scattering matrix-elements can be found in Ref.

[27].

III. ANALYTICAL SOLUTIONS FOR THE
PARTON SHOWER FUNCTIONS

In the following I will present a method for solving
the evolution equations (13)—(15) analytically and will
investigate some characteristic features of the solutions.
Recall the scenario from Sec. II with a highly energetic
incident quark or gluon, produced at some point of time

[

processes gig — ¢ig, ¢iq; — i, and ¢ — dj,
whereas for gluons the contributing processes are gg —
g9, 99; — gq; and gd; — gg;. The parton-parton cross
sections d4p—cq/dp? in the scattering function (23) are
related to the squared scattering amplitudes |Mgap—sca|?,
averaged over initial spin and color states and summed
over the final states, by (neglecting the quark masses)

dé P 2 7‘,&2 2 .
QZ}M = DusDea 5P [Whopscd? |

1
(26)

where the degeneracy factors D,p = (1 + 845) ! accounts
for the identical particle effect in the initial state if a and
b are truly indistinguishable, and correspondingly D4 is
the statistical factor for the final state. However, since
cascading particles and nuclear partons are assumed to
be distinguishable, one has Dy, = 1 always (but not so
for D.q4). Since they are needed later, let me list for
completeness the relevant squared matrix elements for
the various processes [26]:

(27)

f

to inside the target nucleus, with longitudinal momentum
fraction ¢ ~ 1, transverse momentum k, o = 0, and vir-
tuality Q3 > A, that initiates a cascade (or shower) of
secondary quarks, antiquarks, and gluons. By solving the
evolution equations, one can follow the time evolution of
this parton shower in the nuclear background medium
consisting of the partons of the heavy nucleus. In this
section I will solve the evolution equations (13)—(15) for
the parton momentum densities Q (Q) and G, or equiva-
lently the number densities g (§) and g. The synonymous
term parton shower functions as a generic term for these
distributions will be frequently used. As I will show, the
evolution equations can be solved in closed form, if one is
restricted to a somewhat idealized scenario that allows for
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a transparent analysis (without, however, giving up the
physical relevance of application to realistic situations).

A. Assumptions and approximations

The assumptions and approximations that I will have
to impose in order to achieve tractable solutions are the
following.

(i) As before I will employ a rigorous distinction be-
tween the cascading partons produced by the evolving
parton shower and the partons of the nucleus which rep-
resent the medium. Only the shower partons are fol-
lowed dynamically. The nuclear parton distributions are
approximated by a constant behavior, motivated by a
rather weak = dependence of the nucleon structure func-
tions at small values of = [28]. I will restrict the shower
development to the small = region where the probability
for an interaction of a parton is the largest, because of
the logarithmically large integration over the momenta of
the involved partons and the large available phase-space.

(ii) The nuclear background medium is assumed to be
of very large (ideally of infinite) size with a uniform spa-
tial distribution of nuclear partons, so that one can ig-
nore boundary effects and average over the spatial co-
ordinates. Also, I make the so-called “sudden approxi-
mation”; i.e., the nuclear parton distributions remain es-
sentially unaltered by the interactions with the shower
partons, at least on time scales characteristic for the
“intracascade activity.” However, once a nuclear parton
has interacted with a shower parton, it is considered to
be materialized from the coherent medium and becomes
part of the evolving cascade. Thus the medium acts as a
particle and energy-momentum reservoir.

(iii) For the nuclear partons of the medium, I will ig-
nore effects such as nuclear shadowing, color coherence,
long range correlations, etc., that affect the momentum
and number distributions of those quanta. I approximate
the nuclear distributions as simple superpositions of the
experimentally measured nucleon structure functions and
consider the nuclear parton density as a function of the
number of nucleons A per unit area. The contributions
of valence quarks are neglected; that is, the matter is
taken to be effectively baryon free, an assumption that is
reasonable for the valence quark depleted, small-z region.

Accordingly, the attention here is restricted to the dif-
fusion of cascading partons in a longitudinal direction
and the dissipation of longitudinal momentum (or en-
ergy) of the shower particles. That is, I will solve for
the time evolution of the parton shower functions as a
function of longitudinal momentum fraction z and age
7. A more realistic evolution including also the diffusion
in transverse momentum k,, the lateral spread in r,
as well as equal treatment of shower and nuclear par-
tons, requires a numerical analysis, which is planned to
be addressed in a separate work.

B. Simplified form of the evolution equations

Because of the dependence of the integral operators
for the fusion processes and the scattering processes on

the parton distributions @, Q, and G of the nuclear
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background medium, the right-hand side of the evolution
equations involves quadratic forms of the parton distri-
butions, because of the coupling of the shower partons to
the nuclear partons. A general analytical solution of this
nonlinear problem is therefore not possible. To overcome
this obstacle, I explicitly distinguish these two sources [cf.
item (i) above]. I approximate the nuclear parton den-
sities as scale (Q?) independent and neglect their time
variation, as well as nuclear shadowing effects, etc. [cf.
item (ii)] and simply represent them by the nucleon struc-
ture functions multiplied with a nuclear factor:

Q,(x) = Psz‘I'i(liU',Qg) ’ é(:l:) = PN a:_&(l:v],Qﬁ) s
(28)

where §;, § denote the usual (time-independent) mea-
sured nucleon structure functions, in principle to be eval-
uated at the initial scale Q3 at which the primary parton
is produced. It is important to realize that in (28) the
values of z = p, /P < 0, in accordance with Eq. (1); i.e.,
note the fact that the nuclear partons move in the —z
direction. Therefore, although the number densities ¢;, g
are (as probability densities) necessarily always positive
definite, the momentum densities are here Q.G < o.
The nuclear factor py depends on the geometry and the
nucleon density (25, 29]:

pN = 3 Rann , (29)

where Ry = 79 AY/3 79 = 1.2 fm, and iy = A/(47R%/3)
are the nuclear radius and the nucleon density of the tra-
versed nucleus, respectively. Furthermore, motivated by
the aforementioned weak z dependence of the nucleon
structure functions at small values of z <1072 (see how-
ever [28]), one may approximate the nuclear parton dis-
tributions (28) by a constant Q°, respectively G°, times
the nuclear factor (29):

- - 9 A3

Qi(z) = Qi(z) = — 8r 12 7Q° ,

- 1/3 _

Gla) = -~ A2 o (30)

8T r§

Here the overall minus sign ensures that the nuclear mo-
mentum densities are negative definite, as explained after
Eq. (28). These z- and t-independent parametrizations
mimic in a crude approximation the effective number of
nuclear partons per unit area, weighted with their lon-
gitudinal momentum, as “seen” by the evolving shower
partons. Since at small = the contribution of the valence
quarks is negligible, the distributions @ (Q) are under-
stood to represent solely the sea quarks (sea antiquarks)
for which I take ny = 3; that is, I account for the flavors
1=1,2,3 = u,d, s with the relative proportions

1 for ¢ = u (@),

N = { 1fori=4d(d), . (31)
0.43 for ¢ = s(3).

As reasonable values for Q° and G° one may take
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Q° ~ 02, G~ 3. (32)
As long one is concerned with color and flavor insensi-
tive kinetics of the parton evolution, it is sufficient and
convenient to consider ny = 3 identical types of quarks
and antiquarks, and the only flavor dependence comes
from the relative quark admixtures (31) in the nuclear
medium. Because of the absence of valence quarks the
baryon number is zero and particle-antiparticle symme-
try implies Q; = Q;. Therefore it is convenient to define
the flavor singlet combination by the sum over all quark

A

3 s s 1o & g 8 A& rLA
= Q@) =— [A + A{G%} + 5 B'{rQ"} — s $0q{nQ} + g] Q+ [2B + 5,{xQ°}] @
F,
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flavors,
nf _
Q=3 (@+a), (33)
i=1

and consider quarks and corresponding antiquarks as one
particle species.

Collecting all these ingredients, one can now rewrite
the evolution equations (13)—(15) in a much simpler, lin-
ear form:

=-FqQ + Fg G, (34)
53 Gmmt) == [C + D+ C'(G) + ny DUnQ) - 8@} + 57|
N . -
+ [E + 5 B'{xQ" + qu{GO}] Q
=-FpuG + Fpe Q . (35)

Here 7); is defined by (31) and the constant x accounts
for the effective number of quark flavors in the nuclear
medium that are probed by the cascading gluons:

nf

1
K= — 7 = 0.81 . (36)
" &

In (34) and (35) both the parton densities and the
integral operators still depend on the three variables
t, T, and z, corresponding to the time development of
the virtuality (age) distribution and energy (longitudi-
nal momentum) distribution, respectively. For each age
T = |z|P/Q? one must in general expect a different =
dependence (and in principle also flavor dependence), re-
flected by an “age distribution” A,(7,t; z), which repre-
sents the probability that a parton a = ¢,g with z at
time t has an age 7, and which, for quarks and gluons,
respectively, is defined through [1]

Qz,7,t) = Aq(r,t;z) Q(z,t) ,

G(z,7,t) = Ag(,t;z)G(x,t) , (37)

with normalization [° drAa(7,t;z) = 1, and

1
Ay (r,t) = /0 dz Ay(7,t;z)

ft) = /0 = dr /0 dz Ao(r,t:2) f(z,7t) . (38)

The age distribution evolves parallel with laboratory time
inbetween interactions (free streaming), but due to scat-

r

terings it receives modifications because the age of the
scattered parton is reset to the younger age correspond-
ing to the larger virtuality caused by the momentum
transfer of the interaction. In the absence of a medium
A = §(t — 7). Therefore the age distribution reflects
the influence of the nuclear medium and determines the
characteristic age 7. The age 7 must hence be related
to the mean free time inbetween scatterings and conse-
quently introduces an external scale that depends on the
density of the medium. The separation of the medium
influence in the parton densities (by introducing A), sug-
gests describing the parton evolution by the time rate of
change with respect to the variable = only and interpret-
ing the age distribution as externally induced feedback to
the shower functions via (37), (34), and (35). Therefore
let me rewrite the latter evolution equations in terms of
Q(z,t), G(z,t) and A(7,t), defined in (38), by substitut-
ing the factorized forms (37):

8 - 1 /8 (7]
aQ(m,t):—{qu + z(a*‘a)}t} Q

+F, G (39)

o - .
EG(:E,t)= Fgq @ — {Fgg

1 /8 a
=+ = . 4
+A(6t+37-)A}G (40)
Here the terms involving .4 must in reality be determined
self-consistently by the dynamic interplay between the

shower particles and the nuclear environment. It con-
tains implicitly information about the nuclear structure,
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which at this point has to be provided as phenomenolog-
ical input. However, the actual form of A is irrelevant
if one is not interested in the age distribution itself, but
rather is concerned with the time evolution of the partons
with respect to z and average 7. In this case one may
multiply both sides of the equations by A and integrate
over 7 subject to the conditions (38), so that the explicit
dependence on A drops out. Then one is left with Egs.
(39), (40), now without the terms .41 (8/8t + 8/97) A
(taking Ay =~ Ag), but one has to replace everywhere in

the operators F,

o #(t) = ve(t)t = /Om drr A(r,t) ,  (41)
where
ve(t) = dz(tt) <1 (42)

is the “velocity” by which the typical 7 changes with
laboratory time t. The evolution equations can now be
written in a compact form [15]: If one represents the time
evolving parton distributions in a symbolic matrix form
as U(t,to = 0) = exp[-—zH t] with H the Hamiltonian of
the system, then the evolving parton state will form a
vector (Q,G) which satisfies the Schrédinger-type equa-
tion

|
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O (Q\_ . (2
5 (&) (9
(% 5) (9
ng _Fgg G

As I will now show, this matrix equation, or equivalently
the simplified evolution equations (39) and (40) averaged
over 7 according to (41), can be solved in closed form by
diagonalizing the Hamiltonian H, subject to some chosen
initial condition at t = .

(43)

C. Solutions for the parton evolution

The integral operators in the matrix equation (43) are
now forms of the average age 7(t) and the longitudinal
momentum fractions z = p,/P of the shower particles
only. As stated before, the time-dependent 7(¢) loosely
speaking reflects the structure of the nuclear medium as
probed by the shower partons, and it reduces in free space
to the trivial dependence 7 = ¢, i.e., v, = 1in (42). Thus,
one qualitatively expects a delayed parton evolution in
medium as compared to vacuum, because repeated re-
juvenations of the shower partons must !~ad to 7 < t,
or v < 1. If v.(t) has only a weak time dependence,
v, ~const, then an appropriate solution ansatz for the
parton shower functions is the following factorized form
with a power dependence in 1/z and an exponential de-
cay with some time-dependent function x(t):

Q(fc,t)=/:o drAg(7,t) Qz,7,t) = Ny (27" 6(z) + [2]* 6(—=)) exp[—px(t)]

G(z,t) :/000 drAgy(7,t) G(z,7,t) = Ny ( |z|~° 0(z) + |z|® 0(—=z)) exp[—px(t)] . (44)

Let me explain the physical motivation of this ansatz.

(i) The introduced power s is understood to be positive
definite, s > 0, and the constants g and N, are normal-
ization factors. As will become clear, the parameter s
plays the role of a conjugate variable to the variable z,
controlling the longitudinal momentum distribution in x.
As the shower evolves, s will change with time, thereby
correlating the z and the ¢t dependence of the shower
functions.

(ii) The form of the z dependence in brackets is moti-
vated by the particular dynamics viewed in the c.m.yn
frame (Sec. IIA) in which one naturally expects some
“drag effect” of the (in the —z direction moving) nu-
clear partons on the evolving parton shower. Although
the shower partons initially propagate in +2z direction,
one must account at some point for particles moving in
both +z and —z directions. Shower partons moving in
+2z direction will progressively degrade their longitudi-
nal momentum by branchings and scatterings, and will
eventually reverse their longitudinal direction, dragged
along and accelerated in the —z direction by absorption
of (fusions with) comoving nuclear partons.

(iii) The exponential factor accounts for the fact that
the running coupling strength o, in the operators Fyp of

f

(43) depends on 7(t) and therefore implicitly on ¢. By
introducing the function

() = /t:‘”' W) L, (20D
(45)

27 (t') 2mbv, a,(v-to)

where b = (11n. — 2ny) /127 = 0.72 and 7 = v,t with
v, assumed to be only slowly varying with ¢, it is possi-
ble to absorb the medium-dependent factor a,(7)/(277)
in the exponential time dependence of the distributions
(44). Note that for fixed coupling and v, =const, one has
X o In(t/te). Even in the general case x represents ap-
proximately the logarithm of the laboratory time t. The
real time dependence in the laboratory frame is regained
by the inverse relation

t= (:iz) exp [ In (QO) exp(— 27rbv,x)] ,

(46)
where Q32 is the virtuality of the shower initiating parton
at to.

Substituting the ansatz (44) into the time-evolution
equation (43), one arrives at the following eigenvalue
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equations with respect to the new time evolution variable = Foo(s) — b Foy(s)
x(t), corresponding to the diagonalized Hamiltonian H: K= Faq a WP
b b
Here the scalar functions Fg(s) correspond to the oper-
or equivalently ators in the Hamiltonian, F,;, defined by (34) and (35):

Foq(5) = A(s) + Algoy(s) + 3 Blogoy(s) — ns 575, (s),
Fog(s)=2 B(s) + S\, (s),

{=Q°}
Foq(s) = "fE + ny EinQ'°}(8) + ny 5%3}(5),
Fug(8) = C(6) + Clgy(s) + D(s) + 1y Dlpgoy(s) — S (6) - (49)

The branching kernels in (49) are
A)= [ dz (1-2 - co {2vGs+2)+oyp- — L 3
(8)—A z ( -z ) 'Yq—'qg(z) = YQ (S YE (s+1)(s+2) 2(°

1 , 3 1 s2+3s+4
B(3)=A dz z ’Yg—)qti(z) = 5 {(5+1)(s+2)(8+3)}’

o) + Do) = [z (5-5) oo +ns [ 2 ymad(2)

s24+3s+3 11 nf}

=Cg¢ {2‘¢’(s+2)+2’yE - 4s(s+1)(s+2)(s+3) - % + 3Ca

! s2+3s+4
_ . —C, S Foste 50
E(S) A dzz ’yq—’g‘I(z) CQ s(s+1)(s+2) ’ ( )
n?-1

where the branching functions «,—5:(2) are given by (18), and as before ny = 3, Cq = ~,—, C¢ = n. with nc = 3.
The 9 (yv) function is defined as ¥(z) = d[InT'(z)]/dz and yg = 0.5772 is the Euler constant. Note that these
branching kernels are finite, i.e., free of infrared singularities, because the infrared divergent contributions cancel
explicitly due to the balance of gain and loss terms.

Similarly, the fusion kernels are evaluated as

1
A,{éo}(s) =-G° hA(”f) Cqg—g /0 dz (z - 2’) Ya—qg(2)

= 1 17
— _ (0 A -
- G h (v"') cqg—)q CQ { 2¢(S + 2) + 27E (8 + 1)(3 + 2) 6 } ]
1
- - 1
Bl (6) = = K@ WA (wr) cago [ o2 tgma(s) = — QP WA cag 3
0

1
CEG-O}(S) +ng D,{néo}(s) =— G° h*(v,) cgg—rg /0 dz (z - z’) Yg—g9(Z)

1
— kQ° h*(v;) cgqg N / d2 2 Yg-9q(2)
0

s2+3s+3
s+1)(s+2)(s+3)

=-Q° hA(v,.) cg9—g Ca { 29(s+2)+2vg — 45(

_n + ”90 Cgg—q 4CQ ng b,
6 GO cCgg-g 3C¢

1
By (5) = = 10 WA(vr) cagng [ 22" t0msaa(2)

1 s24+3s+4

Ced—9 3 (s+1)(s+2)(s+3) ° (51)

== "“'Qo hA(v'r)
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The constants cap—c in (51) are given after Egs. (21) and
(22). The dimensionless function A contains the nuclear
dependence, Eqgs. (29) and (30):

9 A3 .t
r§  |z|P

91 AY/3 2
= W exp [ In (22) exp(—27rbv,.x)]

(52)

hA(v,) =

Finally the scattering kernels are obtained as
Siqgo}( 8) = § @s(vrt) KQ® h*(v;) Tgqosqq,

Siqsgo () =1 a,(vrt) KQ° h*(v;) Tgg-raqs

S?go)} (s) =3 as(vst) G° h*(v,) Ygg-g0s

Sigo)}( 8) = § as(vrt) G° h*(v,) Tggorgg - (53)

These scattering kernels result from the operators (23) in
the limit of the “small-angle approximation” or “Landau
approximation” [30], in which one restricts attention to
scatterings with small transverse momentum exchange
p2 < § < P%. In this case the scattering operator (23)
simplifies considerably to

ab{A}B / dTl/ d$1/ d(l:g
1 T2
x/ dp? B(z1,7,t) A(w2)
(1]

da’ab—)ab
dp? .
Pl |p2 =l=l

x4 (T - %) . (54)

X PN é(z3 — x)

where scattering at small angles implies [cf. Eq. (24)]

2
T = m'l + _PL =~
(z1 — z2) P?

2

T, = 2 + Y ~ 2!

Pt G egp T e

and the parton-parton cross sections déqp_,qp /dp? ‘4 given

by (26) and (27) can be replaced by their small-angle
contributions

d&ab—vab ~ Waz

X —* Yaboab s (56

dp?. pi TV )
where the constants X44—4p follow from the squared ma-
trix elements [Mgp_yqs|?, Eq. (27), by observing that
at small angles p2 = —f{ <« § and by keeping only
the leading terms in p2 /3:

Ygqqq = Eq"qi%qiq,' = Zq;ij—*qzﬁj = Zqui‘—NIiQi
=Yq4-aa = Ladioaa = g

Yog—a9 = Lgigoaig = Lagoaig = 2

Yigq—99 = Yggingei = Lggingq; = 2

Yigg—rg9 = % . (57)

Returning to the eigenvalue equations (48) and com-
bining them, one obtains

(1 + 2] [n+r-)] =0, (58)

which implies

>
+
=

I

+ % \/[qu(s)

3 [ Fuals) + Fogls)]

Fyg(s)]2 + 4 Fqg(s) Fyq(s),

A—(s) =_% [ Foq(s) + Fgq( 3)] \/[qu(s)

and, corresponding to these functions, the constraints

Aﬁ_ Fgq(s) = —\ 60
Ny~ Foglo) + hale) 0 4= 7 (60)

or

Ny - Fyq(s) o —
Ny P p A e A 6

Thus the solutions are given by

99(3)]

+ 4F(s) Fgq(s) , (59)

Q=) = N; () explie(o)x(o),

Nngq(s)

0= Fogle) + 1e(0)

(%)8 exp[A+(s) x(2)] ,
(62)

or
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0zt = X, () exr-(o)x(0)]

_NaFoole) (1 | ex s
Fog(s) + A-(s) (w) p[A-(s) x(t)] ,

(63)

G(z,t) =

or by a linear combination of these two solutions. In
general one can write the solutions for the parton number
distributions p = Q/z = Y, (¢; + &) and g = G/z as

p(z,t)dr = ;:,iﬂ [a+ er@x®) 4 4 eA_(s)x(t)] ,
dz a+F
t)de = 99 A+ (s) x(t)
g(:l:, ) Z .’L"+1 I:Fgg T A+ [
a_F,

+ 99 A-()x(®)| 64
Fpg + Ao (64)
Figure 2 shows the behavior of the functions

Fyq,Fyg,Fygq, Fgg and Fig. 3 shows that of A, A_, and
the derivatives X/, , A’} with respect to the variable s. The
three cases (a)—(c) correspond to different nuclear den-
sities of the medium as controlled by the nuclear mass
number entering the function h4, Eq. (52): (a) A =0
(free space), (b) A = 50 (moderately dense medium), and

Fq F @

Fl(®)

FIG. 2. Form of the functions Foq, Feg, Fgq, Fgq, Eq. (49),
with respect to the variable s. The three plots (a)—(c) cor-
respond to different nuclear density of the medium measured
in terms of nuclear mass number: (a) A = 0 (free space), (b)
A = 50 (moderately dense medium), and (c) A = 200 (dense
medium).
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(c) A =200 (dense medium). Evidently A, vanishes at
s = sg ~ 1.0;1.1;1.2 for the cases (a), (b), (c), respec-
tively, and is positive for s < s, and negative for s > so.
From (64) it is obvious that the number distributions of
shower partons behave as dz/z**!, so that one can in-
terpret the region with s < sp as the developing stage
of the shower, with s = s representing the situation at
the shower maximum, and the region with s > s¢ as the
fading stage leading to the tail end of the shower. The
variable s therefore indicates the shower age at a given
value of z: in a “young” shower (s < s¢) the number
of shower particles increases with age, while in an “old”
shower (s > s¢), it decreases.

Solutions corresponding to a certain initial condition
are obtained by summing up these parton shower func-
tions with respect to the variable s, weighting them with
an appropriate amplitude. This procedure is known as
the Mellin transformation method. It has been applied
extensively to similar problems of electron-photon show-
ers in the early days of cosmic ray theory [31,32]. The
reason for introducing Mellin transforms of the parton
shower functions is that they are more easily determined
than the original functions. Let me denote by M, (M,)
the Mellin transform of the function p (g):

1
My (s, ) / dz® p(z,t)

My(s,t) = /0 dz z° g(z,t) , (65)

then the inverse transformation is

FIG. 3.

Functional behavior of Ay, A_, Eq. (59), and of
the derivatives A/, , A/ versus the variable s. The cases (a)—(c)
correspond to Fig. 2.
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1 c+ioco
p((l:,t) = '2—7?;/ ds

—1i00

L /c+ioo s Mg(s, t)

2mi zetl

M,(s,t)
m3+1 ?

g(z,t) = (66)

c—100

J

1 c+1ioco 1
ple,t) = 27/ =t

—100

ay Foq

c—1

where a and a_ are functions of the complex parameter
s and are determined by the initial conditions imposed
on p and g.

I will now discuss the two cases of (1) a parton shower
initiated by a quark, and (2) a parton shower triggered
by a primary gluon. In accord with the physical pic-
ture that was outlined in Sec. II, the shower axis z
is defined along the momentum of the primary quark
or gluon, so that the incident parton has zero trans-
verse momentum. Since I consider here the longitudi-
nal evolution only, the time development of the parton
cascade proceeds by increasingly populating the region
with small values of = as the shower develops along the
shower axis which corresponds to growing values of s. Ac-
cording to Eq. (3), the initiating primary parton carries
a longitudinal momentum p,o = zoP and has a initial
timelike virtuality Q2 such that its energy is determined
by Eo = /(zoP)2+ Q2 = zoP + Q2%/(2z¢P), where

Qo < P is assumed.

1 c+ioco 1 a_F
t) = — d Ay (8) x(t) 99
9(2,1) 27ri/ L P [Fgg T C tF
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where s is now a complex parameter, and the path of
the integral is running parallel to the imaginary axis.
By analytic continuation of the shower functions (64) to
complex values of s, one obtains the solutions

[a+ @XMt 4 g5 A-(s) x(t)] ’

() x(t)} , (67)

g9 -

f

Inserting this initial condition into (65), one has, at to =
0,

My(s,to) = zg , M,(s,t0) = 0, (69)
which means that
1 c+ioc0 s 1
p(z,t=0) = — ds (ﬂ) -,
278 Je—ioo T T
g(z,t=0) = 0 . (70)

The parameters a, and a_ are now completely deter-
mined by (68)—(70), together with (67):

8

ay +a- = zg ,
ay Fyq a_ Fygq

= 0. 71
Fog + Ay Fog + A (71)

If one introduces functions H; and H_ through

1. Parton shower initiated by an incident quark ay = Hy(s)zg , a- = H_(s)zg , (72)
If one considers a parton shower initiated by a primary or
quark, then the initial conditions at time ¢ = t, are Fog(s) + Ay(s)
Hy(s) = 5 ’
A+(s) — A_(s)
2 Fgg(s) + A_(s)
— _ _ 2 gg _ = 997 - 73
p(z,to) = 8(zo .z-)a(Eo P\/””O“Lpz) , H_(s) 3 (5) — A (s) (73)
one can now express the solutions for the differential
spectra of secondary quarks and gluons produced by a
g(z,t0) = 0 . (68)  primary quark as
J
oz, )dz = —— & O (E)" [H+(s) A OX®) 4 H_(s) eA_(s)x(t)]
’ 2 T Jeioo z
1 odz (7% (20)" L(3) [ au(ox®) _ o)x(®)
Tz z) X — et 74
9(z,t)de 27t T Jelico ds(m) NZ) [e € ] ’ (74)
where
L(s) = V'8 Fgq(s) (75)

Ar(s) = A_(s)

Correspondingly, one can evaluate the integral spectra of secondary quarks and gluons, that is, the integrated number
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densities of partons with longitudinal momentum fractions greater than a given value z:
zo c+ioco s
I(z,t) = / de' q(@',p? 1) = —— ds (E) [H+(s) X 4 F_(g) ef\-(a)x(t)]
z 2T Jojoo S \ T
£ 1 c+ico ds Zo\®
- / 2 - 2% (2o Ar(a)x(t) _ oA-(s)x(t)
Iy(z,t) —L dz' g(z',p%,t) = i ). (z) L(s) [e +lo)x e x ] . (76)

2. Parton shower initiated by an incident gluon

If one considers instead of a primary quark an incident gluon, the initial conditions are

60(.’1}, to) =0 y g(:l!,to) = 6(1:0 — .’B) é (Eo - Pv:cg + %ﬁ‘) y (77)

and the procedure is completely analogous. In this case one has instead of (74) for the differential spectra:

1 dz 7 (%0)* AL X() _ Ao (4)x(®)
p(z,t)dr = Tl ds (—;) Vs J(s) [e e ] ,
1 d c+ioco 8
9(@,t)de = >~ f ds (%) [H_(s) AOX® 4 g (s) e)“(’)"(t)] , (78)
where
1 Fyg(s)
J = ———9%97 79
®) = Zx® - o) (%)
For the integral spectra one has, instead of (76),
1 [F° ds (z0)° At (0) x() L(a)x(t)]
Iq(fl,t) = 57; i ﬁ (;) J(S) [e e
1 [ ds (30" At (2) x(2) A= (o) x(t)
Lh=5—| = (?) [H_(s) er+ + Hy(s)e ] : (80)

3. Saddle point evaluation of the parton spectra

The integrals F = p,g,I;,I; can be evaluated by
numerical computation of the contour integral in the s
plane, but alternatively one can also obtain analytical
forms by employing the saddle point method, which I will
outline now. First note that Fig. 3 exhibits the fact that
A+ > A_ for all values of s, so that one can neglect the
second term in these integrals (o< exp[A_ x]) compared
to the first term (o< exp[A+ x]). Therefore, dropping the
second term, the typical structure of the integrals is of
the form

c+1i00 s
F(z,t)= i/ ds s~k (fm‘l) H(s) X+ @ x()

211 oo

c+1i00
= %/ dsH(s) exp[A+(s)x + ys — klns),

(81)

where the symbol H under the integral stands for the
functions H,,H_, L, J, the variable y = In(zo/z), and
the values of the power k are -1/2, 0, 1/2, 1, or 3/2, as

[

can be read off the formulas of Secs. IIIC1 and IIIC 2.
Now, the functions # are slowly varying with s, so that
the integrand in (81) is a product of a function H with
a weak s dependence times an exponential of the form

exp(¢(s)], where
o(s) = A (s)x + ys — klns . (82)

If 8¢/8s = 0 and 8%¢/8s®> > 0, at some point s = 3,
then the integrand in (81) may be approximated by a
Gaussian function on the path parallel to the imaginary
axis crossing the real axis at s = 5, with the slowly
varying functions H(s) treated as constants and evalu-
ated at 3. Thus, by expanding ¢(s) around s = § where
d¢/ds = 0, one can evaluate the integrals by the saddle
point method (see e.g. [31]),

F(z,t) = (211' % 8=5)—1/2 (%)5 exp[A+(3)x]

(83)
with the saddle point 3 defined by the equation
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a9 ., k the time evolution variable x. Applying this formalism,
ds @)t +y - e 0, (84) one obtains the following results for the parton spectra
F = g,g,1,,1, (dropping the bar on the s, i.e. s =3 is
the saddle point):
which establishes a correlation between y = In(zo/z) (1) For a primary quark of longitudinal momentum
and x, i.e. between the momentum distribution and fraction zo,
J
1 H+(8) g dJ? A 1 oty
) dz = T A+ (8) x t) = ———— In(=2),
ple,t)de = \/—\/er(s—)< ) z © X X, () “(x)
1 L(s) zo\* dr , 1 [ Zo 1]
z,t)d 0) == erle)x $) = — In(22) - —{,
9(z 1) deo V2rs /N[ (s)x + 1/(2s?%) <$) z © x(®) AL (s) n( z) 2s
1 H,(s) To\* 1 To 1]
I(z,t =2 +@)x | t) = — n(=2) - ~|,
(=)= VAT (8x+1/32(rc) ¢ x(t) X, (s) n(:p) s
1 L(s) To\*® 1 [ Zo 3 ]
T .'B,t = pat e +(‘)X, t) = — 1 -y o 85
o) = o e e (1) X0 = ~55 [a(2) - % (85)
(2) For a primary gluon of longitudinal momentum fraction zo,
J(s) To\® dT . (s)x 1 Zo 1
=4/ — i t) = — In{— —1,
bl 1) do 27r VAL(s)x — 1/(2s%) ( ) z © o x® X, (s) n( m) * o
1 H_(S) o dz A (s) x 1 o
= = s ) = —— In(22
9(=,t) de V2r W( ) z © ’ x() X, (s) n(:c)’
J(S) Zo\* Ay (s) 1 [ o 1 :|
I(z,t Mx ity =~ (%) - L,
a(@t)= \/‘27;'3 V(5 x + 1/(28) ( ) x(®) X, (s) (:1:) 2s
1 H_(s) Zo A 1 Zo 1
I(z,t =0 +(8)x t) = — In(=2) - = 86
o) = e VAT (sx+1/s2(w) ¢ x(t) X, (s) n(a:) s (86)

Recall that the time evolution variable x(t), defined in
(45), relates these spectra to real time t via Eq. (46),
so that t can be resubstituted if desired, provided v, in
(42) is known. I would like to remind the reader that one
of the advantages for using x , Eq. (45), as the evolu-
tion variable rather than the laboratory time ¢, was to
absorb the nuclear medium dependence and thereby ob-
tain a relatively model-independent description. Thus,
notwithstanding the uncertainty of medium effects, the
properties of the parton shower evolution are essentially
controlled by perturbative QCD, but the connection to
real time resides in the relation (46). From this point
of view, the parton spectra (85) and (86) represent the
elementary solutions to the evolution equation (43) un-
der the approximations made in Sec. IIIA and sum-
marize the longitudinal parton cascade evolution in nu-
clear matter within the present framework. It is evident
that the variation of the number of shower particles with
time follows an exponential law with exponent A (8)x(t)
with the (implicitly medium-dependent) “absorption co-
efficient” (—A;) describing the variation with time and
the power (—s) controlling the momentum distribution

J

[7r n In (ﬂ(%,g) In(1 /m)] e

o3

2 In(1/z)

g(z,t)dx =

[
in zo/x.

It is worth noting that the distributions p and g re-
duce to the well known approximate solutions to the
Q? evolution according to the DGLAP equations [18], if
one sets the nuclear matter density equal to zero. Then
T =wv,t =t or v, = 1, because in the absence of scatter-
ing and fusion processes the particles can only evolve by
successive branchings with the age 7 being equal to labo-
ratory time t. The connection between time and Q? evo-
lution, as discussed in Sec. IT A, is given by the average
relation (9), Q2 = zP/t. Then, considering the evolution
of the gluon distribution alone, at small = the behavior
is controlled by the branching kernel Fy,(s) = C(s) near
s = 0 [cf. Eq. (50)]. Hence, taking only the dominant
term in Fyg into account, one has

8 2C
351G = "FuG .  Fols) ~ -=*

= —’\+ (S) ’
(87)

where Cg = n. as before. Then the saddle point evalua-
tion yields (setting zo = 1)

o 45

(88)

o () ] &
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where the time variable x, when reexpressed in terms of
Q? rather than t, is given by

o (249)) _ L (G,

b\ (Q2))

x(Q) = = 2 " \In(@/4%)

(89)

with Q2 = P/to and Q% = zP/t (t > to). Equation
(88) together with (89) coincides with leading logarithmic
behavior of the gluon distribution within the LLA [18].

Let me return now to the parton spectra (85) and (86),
and by example exhibit some characteristic features of
the longitudinal parton shower evolution in nuclear mat-
ter, as reflected by the x, z and nuclear (A) dependence
of the spectra. In what follows I chose the virtuality of
the cascade initiating parton Q¢ = 30 GeV. An increase
(decrease) of Qo generally results in a larger (smaller)
overall multiplicity of secondaries and also shifts the evo-
lution toward earlier (later) times. The initial longitu-
dinal momentum fraction was set to o = 1, since the
shower development depends only on the ratio z¢/z. Fi-
nally the QCD scale A that enters the running coupling
a, was taken equal to 230 MeV. In order to exhibit the
nuclear medium influence on the shower development, as
controlled by Eq. (52), I considered as before the three
cases: (a) A =0 (absence of medium), (b) A = 50 (mod-
erately dense medium), and (c) A = 200 (dense medium).

In Figs. 4 and 5 the parton number densities p(z,t)
and g(z,t) from (85) and (86), respectively, are plotted
for z = 10~! and = = 1073 versus x (it is helpful to keep
in mind that for slowly varying a,, one has approximately
x o Int). The essential observations are basically the
same for both quark and gluon initiated showers.

(i) For a given value of the ratio z, the change with
“time” x of the spectra p and g reflects the aging of
the shower. The multiplicity initially increases (young
shower), goes through a peak (shower mazimum), and
then decreases again (old shower). The time it takes for a
parton shower to evolve from xo = 1 downwards to some
value = naturally increases with decreasing = and at the
same time the average multiplicity of produced particles
grows rapidly. (The integral spectra I; and I, which are
not shown here, exhibit an analogous behavior.)

(ii) Comparing the cases (a) through (c), the influ-
ence of the nuclear medium manifests itself in a slowing
down of the shower development, particularly at later
times (x 22). In other words, the denser the medium,
the more delayed is the aging of the cascading partons.
Related to that is the clear increase of the parton multi-
plicity at a given z with larger nuclear density, because
repeated energy-momentum transfers by scatterings and
fusions rejuvenate the shower partons and amplify the
bremsstrahlung processes.

In order to exhibit the =z dependence of the parton
spectra at fixed value of x let me define the so-called
normal spectra [31] at the shower maximum. The normal
spectra correspond to an optimum value x = xo, which
coincides with the value of x that makes the function
exp[#(s)] of Eq. (82) a maximum, because the other
terms change slowly with x. Thus, x¢ is defined by the
equation
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FIG. 4. Primary quark: Time-evolution of the differential
spectra for the parton number densities p(z,t) and g(z,t)
with respect to the variable x(t), according to (85), at fixed
values £ = 10™! and = = 10~3. The virtuality of the cascade
initiating quark was chosen Qo = 30 GeV. Cases (a)—(c) as in
Fig. 2.

2 explg(s)] = 0

o at x = xo (90)
At(s) + (y + M (s)x — S) (%;) _ = 0.
o (91)

Recalling that Eq. (84) is satisfied, one has

At(s) =0  atx = xo - (92)
Hence, at s = sg,

_ Yy - k 1 To)
X0 = =N s) — T N (s0) () -4 - o

The normal spectra of p, g, I, I; and the corresponding
optimum values X, are easily obtained from Egs. (85)
and (86) by putting s = so, A+ = 0, and x = xo. The
values of sq, given by A, (so) = 0, and of A, (so) can be
read off Fig. 2.

The top part of Fig. 6 displays the typical shape of the
normal spectrum around shower maximum, correspond-
ing to s = sg and x = Xxo- It is interesting that, when
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FIG. 5. Primary gluon: Development with time x(t) of
the parton number densities p(z,t) and g(z,t) for the case
of a shower initiating gluon, Eq. (86), with initial virtuality
Qo = 30 GeV and at fixed values £ = 10" and z = 1073,
Cases a)-c) as in Fig. 2.

plotted as a normalized probability distribution p(xo),
this normal spectrum is unique. First, it is the same for
quarks and gluons; second, it is independent of the type
of primary particle; and, third, it does not depend on
the nuclear medium density. On the other hand, the cor-
responding optimum values xg vary significantly for the
different cases, as is evident from the lower part of Fig.
6, which shows o versus z for the three aforementioned
cases, (a) A = 0, (b) A = 50, and (c) A = 200. This
behavior is to be expected, since xo marks the charac-
teristic time that it takes for the parton shower to build
up the normal spectrum. Looking at Fig. 6, one can
conclude the following.

(i) With decreasing  the values of x, increase, roughly
as In(1/z). The slope is the same for both quarks and
gluons, but xJ is always smaller than x§, reflecting the
fact that the gluons evolve faster due to their larger in-
teraction and radiation probability.

(ii) The effect of the nuclear medium is again a sub-
stantial dilation of the shower development, and thus to-
ward the establishment of the normal spectrum. This is
clearly reflected by the steepening of the slope of the time
scale xo when proceeding from the free space case (a) to
the dense matter case (c).
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T
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FIG. 6. Top: Unique shape of the normal spectrum
around shower maximum in terms of the normalized probabil-
ity distribution p(xo0) = a(z, x0)/ f dza(z, xo) wherea = g, g.
Middle and bottom: The optimum values xo for gluons and
quarks vs z, corresponding to the point of time x(t) when
the normal spectrum at a certain value of z is established.
The three sets of curves (a) and (c) refer to different nuclear
density, as in Fig. 2. The virtuality of the primary quark,
respectively gluon, was chosen Qo = 30 GeV.

IV. SUMMARY

In this paper I presented an analytical method to solve
the QCD evolution equations derived in Ref. [1] which
describe the cascading of quarks and gluons in a nuclear
environment. These evolution equations extend the well
known DGLAP equations for jet development in hard
QCD processes to the time evolution of parton cascades
in a nuclear medium, including fusion, scattering, and
stimulated branching processes in addition to sponta-
neous branchings. In order to obtain tractable closed
solutions to the evolution equations, a number of ideal-
izing approximations were necessary. Therefore, at this
point, this approach does not of course provide quanti-
tative predictions of parton transport phenomena in a
dense matter environment. The main uncertainty is here
the lack of detailed knowledge of the form of the medium
influence on the cascade evolution. Since frequency and
type of interactions of the partons with the medium must
depend crucially on the nuclear density and structure,
one must supply some external input. In order to mini-
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mize the amount of phenomenological input, the medium
influence was therefore hidden into a time evolution vari-
able x(t), the relation of which with the laboratory time
t, however, is determined by the specific properties of
the nuclear medium. One benefits in that the calculated
properties and spectra of the cascading partons are a
rather firm consequence of perturbative QCD proceses
in a nuclear medium being characterized by a specific
time variable x.

Of prime interest in this work was the multiplicative
behavior of cascading partons at small z, since such soft
particles each take away only a negligable portion of the
total energy, but form at the same time the bulk of mul-
tiplicity. The characteristic properties of parton shower
evolution inside nuclear matter with respect to the vari-
ables time (x), longitudinal momentum fraction (z), and
nuclear density (A) can be summarized as follows

(1) With respect to the rate of time change at fixed
value of z, a typical parton shower can be divided roughly
in three stages: (i) young shower: during the early stage
the shower particles rapidly multiply due to branching
processes (mainly gluon emission); (ii) shower mazimum:
for a short time the number of particles in the cascade
remains almost constant; (iii) old shower: the increasing
dissipation of energy due to branchings as well as a grow-
ing number of fusion and scattering processes reduce the
number of shower particles at given x during later times.

(2) The mean of the z distribution of shower partons
shifts with progressing time to smaller values of z, but
this development is significantly delayed in a dense mat-
ter environment as compared to free space. The x spectra
exhibit a unique form around the shower maximum, in-
dependent of type of parton and of the nuclear density.
This normal spectrum is established after a certain op-
timum time x = xo, which measures the characteristic
time scale that depends on the density of the surrounding
medium: the denser the matter, the longer it takes for the
partons to build up to their normal spectrum. Also, glu-
ons always reach this point earlier than quarks, because
of their larger cross section and radiation probability.

As said before, the approach presented here has no
truly predictive relevance for experimental observables
yet. Rather, it may be a first step towards a more funda-
mental understanding of “QCD in medium,” using well-
developed methods of renormalization-group improved
perturbation theory for “QCD in vacuum.” I believe that
the most important issues to be addressed in the near fu-
ture within such a program are the following.

(1) The rigorous distinction between the shower parti-
cles and the nuclear partons needs to be dropped. Instead
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both should be treated on the same footing in order to
describe a self-consistent dynamical multiparton system.
This would then incorporate also time- and z-dependent
nuclear parton distributions that receive modifications
due to the response of the shower evolution. An interest-
ing aspect of such a dynamical interplay between scat-
terings, multiplication and recombination of partons is
the question of a possible saturation [33] of the parton
number densities that may render a finite parton density
asz — 0.

(2) In the context of nuclear structure, the relevance
and the form of the age distribution A of virtual shower
partons needs to be studied, because it provides an in-
terface between the nuclear medium and the response of
the cascading partons to this environment. Therefore A
may be experimentally accessible by comparing inclusive
quantities associated with parton evolution in, e.g., deep
inelastic scattering experiments on hadrons versus heavy
nuclei. This issue is of great interest from both theoreti-
cal as well as experimental sides.

(3) Interference effects which are important particu-
larly in the small-z domain need to be taken into account
systematically. These include two well known phenom-
ena, namely, (a) the coherence of successive soft gluon
emissions in the parton cascade leading to destructive in-
terference and a suppression of gluon radiation, and (b)
the Landau-Pomerantchuk-Migdal effect, i.e., the inter-
ference of induced gluon emission amplitudes in multiple
parton collisions, which also causes a depletion in the
gluon radiation spectrum.

(4) A possible extension to include the time develop-
ment of the transverse momentum distribution of partons
as well as the lateral spread of shower particles would
be desirable. This would then provide a solution to the
cascade development in full four-dimensional momentum
space, in virtuality Q?, longitudinal, and transverse mo-
mentum components z and k?, respectively.

(5) Parallel to the previous items, a comparison with
a full six-dimensional phase-space analysis (as is possi-
ble with Monte Carlo simulations [3], for example) is of
great importance to test the accuracy of the analytical
solutions. Such a twofold investigation can be explorative
for both analytical and numerical solutions of the evolu-
tion equations, in the sense that mutual feedback may
lead to an improved understanding of the microscopic
parton dynamics in nuclear matter.
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