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Centrality dependence of baryon and meson momentum distributions in proton-nucleus collisions
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The proton and neutron inclusive distributions in the projectile fragmentation region ofpA collisions are
studied in the valon model. Momentum degradation and flavor changes due to the nuclear medium are de-
scribed at the valon level using two parameters. Particle production is treated by means of the recombination
subprocess. The centrality dependences of the net proton and neutron spectra of the NA49 data are satisfac-
torily reproduced. The effective degradation length is determined to be 17 fm. Pion inclusive distributions can
be calculated without any adjustable parameters.
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I. INTRODUCTION

The study of proton-nucleus (pA) collisions is important
because they are tractable intermediaries betweenpp and
AA collisions, when intense interest exists in discovering
extent to which the dense medium created in anAA collision
differ from that of linear superpositions ofpp collisions. One
of the properties ofpA collisions is that the momentum o
the leading baryon in the projectile fragmentation region
degraded, a phenomenon commonly referred to, somew
inappropriately, as baryon stopping. Such a transferenc
baryon number from the fragmentation to the central reg
contributes to the increase of matter density at mid-rapid
thereby raising the likelihood of the formation of quar
gluon plasma. Thus, it is important to understand the proc
of baryon momentum degradation and its dependence
nuclear size or centrality.

Since it is not feasible to perform first-principl
parameter-free calculations of the momentum degradatio
this point, experimental guidance is of crucial importan
Recently, several experiments have produced useful dat
the subject, in particular, E910 and E941 at the AGS, a
NA49 at the SPS@1#. It is the xF dependences of the distr
butions ofp2 p̄ andn2n̄ that we shall focus on; moreove
their dependences on centrality will guide us in our deter
nation of the nuclear effect on baryon momentum degra
tion.

The degradation of baryon momentum has been studie
various approaches before@2–8#. In Refs.@2–5# the investi-
gations are done at the nucleon level, while in Refs.@6–8#
the string model is the basis. Since it is questionable that
concept of color strings can be relevant in heavy-ion co
sions where the abundance of color charges in the ove
region renders unlikely the development of constricted co
flux tubes @9#, our approach in this paper will be on th
various levels of the constituents of the nucleon that are c
sistent with the parton model. More specifically, we shall u
the valon model@10–12# to keep track of the momenta of th
constituents and the recombination model@12,13# to describe
the hadronization of the partons. The valons play a role in
collision problem as the constituent quarks do in the bou
state problem. Thus a nucleon has three valons that carr
0556-2813/2002/65~3!/034905~15!/$20.00 65 0349
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the momentum of the nucleon, while each valon has o
valence quark and its own sea quarks and gluons. Altho
soft processes are nonperturbative, the valon model~includ-
ing recombination! nevertheless provides a systematic w
of calculating all subprocesses that contribute to a partic
inclusive process. Some of the subprocesses can be iden
with certain diagrams in other approaches, e.g., baryon ju
tion and diquark breaking terms@7,8#.

The valon distributions in the proton will be determine
by fitting the parton distributions at lowQ2. The effect of the
nuclear medium on the valon distribution of the proton p
jectile will involve two parameters, one characterizing t
momentum degradation and the other flavor flipping. T
color indices are all averaged over, since multiple gluon
teractions, as the projectile traverses the target nucleus
numerous and uncomputable. Their effects are, howe
quantified in terms of the numbern of target nucleons tha
participate in thepA collision. For that reason, it is importan
that the experimental data must have centrality selection
pressible in terms of the averagen̄.

The inclusive processp1A→p1X has been studied be
fore in the valon model@14#. However, the pertinent dat
available at that time had no centrality cuts and were
fixed pT @15#. Now, NA49 hasp-Pb data on the production
of p,p̄,n and n̄ in the proton fragmentation region~with
contribution from the nuclear target subtracted! for various
values ofn̄ @1#. To extract more information from these re
fined data we have improved our formulation of the val
model, allowing for momentum degradation of each of t
valons independently and for changes in their flavors. T
effect on the nucleon momentum distributions can be ca
lated and the effective degradation length deduced.

In Sec. II, we determine the valon and parton distributi
functions from the published distribution functions at lo
Q2. The valon model forpA collisions is then discussed i
Sec. III, in which momentum degradation is formulated.
Sec. IV, we consider in detail the projectile fragmentati
process and the subsequent process of quark recombin
so that the inclusive distribution of nucleons can be cal
lated. The net proton and neutron distributions are then
culated and compared to the experimental data in Sec
Predictions for pion production in the proton fragmentati
©2002 The American Physical Society05-1
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RUDOLPH C. HWA AND C. B. YANG PHYSICAL REVIEW C65 034905
region are made in Sec. VI. The conclusion is given in S
VII.

II. VALON AND PARTON DISTRIBUTION FUNCTIONS

The distribution functions of valons and partons ha
been considered in Refs.@11,12#. They were, however, deter
mined by fitting the muon and neutrino scattering data of
late 1970s. We now have modern parton distributions fr
various groups at various values ofQ2. It is, therefore, ap-
propriate for us to revisit the problem and determine
valon distribution functions in light of the new parton distr
bution functions.

In the valon model a proton is considered to consist
three valons (UUD), which have the same flavors as th
valence quarks (uud) that they individually contain. Thus,
valon may be regarded as a parton cluster whose struc
can be probed at highQ2, but the structure of a nucleon itse
in a low-pT scattering problem is described in terms of t
valons. As in the parton model we work in a high-momentu
frame so that it is sensible to use the momentum fraction
the constituents. Reservingx for the momentum fraction of a
quark, we usey to denote the momentum fraction of a valo
In this paper,y never denotes rapidity. Let the exclusive v
lon distribution function be

GUUD~y1 ,y2 ,y3!5g~y1y2!ay3
bd~y11y21y321!,

~2.1!

wherey1 and y2 refer to theU valons andy3 the D valon.
The delta function ensures that the three valons exhaus
momentum of the proton. The exponentsa and b will be
determined by the parton distribution functions. The norm
ization factorg is determined by requiring that the probab
ity of finding these three valons in a proton be one, i.e.,

E
0

1

dy1E
0

12y1
dy2E

0

12y12y2
dy3GUUD~y1 ,y2 ,y3!51.

~2.2!

Thus we have

g5@B~a11,b11!B~a11,a1b12!#21, ~2.3!

whereB(m,n) is the beta function. The single-valon distr
butions are obtained by appropriate integrations

GU~y!5E dy2E dy3GUUD~y,y2 ,y3!

5gB~a11,b11!ya~12y!a1b11, ~2.4!

GD~y!5E dy1E dy2GUUD~y1 ,y2 ,y!

5gB~a11,a11!yb~12y!2a11. ~2.5!

The two-valon distributions are trivial because of thed func-
tion in Eq. ~2.1!.

In a deep inelastic scattering the structure of the proto
probed to reveal the parton distributions, which in the va
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model are convolutions ofGv(y) with the evolution func-
tions that describe the valon structure. The latter have
varieties:K(z,Q2) for the favored partons andL(z,Q2) for
the unfavored partons. That is,u is favored inU and d is
favored in D, but they are unfavored inD and U, respec-
tively. At high Q2 we may ignore the influence of the spe
tator valons when one valon is probed~the usual impulse
approximation!, so we can write for theu and d quark dis-
tribution functions as

x u~x,Q2!5E
x

1

dy@2GU~y!K~x/y,Q2!

1GD~y!L~x/y,Q2!#, ~2.6!

x d~x,Q2!5E
x

1

dy@GD~y!K~x/y,Q2!

12GU~y!L~x/y,Q2!#. ~2.7!

It should be emphasized thatu(x), d(x) andG(y) are non-
invariant distributions defined in the phase spacedx anddy,
while K(z) and L(z) are invariant distributions defined i
the phase spacedz/z.

The favored distributionK(z,Q2) has two parts, valence
and sea, while the unfavored distributionL(z,Q2) has only
sea. The valence part is also referred to as the nonsin
component,KNS(z,Q2), so we may write

K~z,Q2!5KNS~z,Q2!1L~z,Q2!. ~2.8!

At high Q2 the moments of bothKNS andL can separately be
determined from the splitting functions in perturbative QC
and the range of evolution@11#. That procedure is not reli-
able at lowQ2. Instead of treating Eqs.~6! and ~7! as evo-
lution equations, we regard them as definitions of the qu
distributions~for use in low-pT processes! in terms of con-
volutions of the probabilities of valons in nucleons and t
probabilities of quarks in valons. We use phenomenolog
forms for KNS and L at lowQ2 with parameters to be deter
mined by the low-Q2 parton distributions, now available
without assuming any connection with the splitting functio
in pQCD. We adopt the forms

KNS~z!5za~12z!b/B~a,b11!, ~2.9!

L~z!5 l o~12z!5, ~2.10!

where Eq.~2.9! satisfies the requirement that there is on
one valence quark in a valon, i.e.,

E
0

1dz

z
KNS~z!51. ~2.11!

Equation ~2.10! has the usual sea-quark distribution, al
used previously@14#.

The parton distributions that we use to fit are the on
determined by the CTEQ Collaboration@16#. In particular,
they have the distributions at lowQ2, labeled CTEQ4LQ,
posted on the web@17#. We choose the one atQ2
5-2
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CENTRALITY DEPENDENCE OF BARYON AND MESON . . . PHYSICAL REVIEW C65 034905
51 GeV2 evolved from Q0
250.49 GeV2. We fit the

u(x,Q2) and d(x,Q2) distribution functions using Eqs
~2.4!–~2.10! by varying a,b,a,b, and l 0. The results are
shown in Fig. 1, where the CTEQ functions are in solid lin
and our fitted curves are in dotted lines. We have attemp
to fit the u-quark distribution as perfectly as possible; the
of the d-quark distribution turns out to be good only at hig
x. Missing the normalization ofd(x,Q2) at low x is a blem-
ish, but is acceptable since we shall use the valence q
distributions mainly in the large-x region. Besides, the reli
ability of an extrapolation of high-Q2 deep inelastic scatter
ing data to lowQ2 can always be called into question.

The parameters of the fit are

a50.70, b50.25, ~2.12!

a50.79, b520.26, l 050.083. ~2.13!

The values ofa andb are not very different from the one
determined in Ref.@11# based on muon-scattering data
Q2522.5 GeV2 analyzed by Duke and Roberts@18#; there
we hada50.65 andb50.35. As can be seen from Eqs.~2.4!
and ~2.5!, our present result means thatGU(y)}(12y)1.95

andGD(y)}(12y)2.4 at largey, as opposed to (12y)2.0 and
(12y)2.3, respectively, for the previous result. The values
a and b in Eq. ~2.13! suggest thatKNS(z,Q2) is highly
peaked nearz51, according to Eq.~2.9!. That is as it should
be, sinceQ2 is only about twice the value ofQ0

2 and thus not
much evolution. If there were no evolution, i.e.,Q25Q0

2,
thenKNS(z,Q0

2) would bed(z21) andL(z)50, a situation
indicating no probing of the valons. What we have atQ2

51 GeV2 gives only a modest degree of resolution of t

FIG. 1. Parton distribution functionsx•pdf(x) at Q2

51 (GeV/c)2. The solid lines are from CTEQ4LQ@16#, and the
dotted lines are from our calculation.
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valon structure, andKNS(z,Q0
2) is changed fromd(z21) to

(12z)20.26 in the largey region, whileL(z,Q0
2) becomes

nonvanishing. These are the valence and sea-quark dist
tions that we shall use for nucleon production at lowpT in
the following.

III. MOMENTUM DEGRADATION
IN THE VALON MODEL

The valon model for inclusive reactions is basically
s-channel description of particle production in contradistin
tion from the Regge-Gribov approach@19# which is essen-
tially based on cuttingt-channel exchanges in elastic amp
tudes. The two approaches are roughly complementar
that the former can best describe the fragmentation reg
while the latter is more suitable for the central region.

It has been known for a long time that the pion inclusi
cross section in the proton fragmentation region has axF
dependence that is very similar to the quark distribution
the proton@20#. That similarity has been reconfirmed mo
recently inpA collisions by the E910 experiment@1# even at
the relatively low energy ofElab517.5 GeV. It suggests tha
the proton structure is highly relevant to the spectra of p
ticles produced in the fragmentation region. The connect
between the quark distribution and the pion inclusive dis
bution was first put on a calculable basis by the recombi
tion model @13#, which was subsequently improved in th
framework of the valon model@12#. The idea of recombina-
tion as a basis for hadronization in hadronic collisions
eminently reasonable, since for a pion to be detected axF
50.8, say, it is far less costly to have a quark atx1 coalesc-
ing with an antiquark atx2, each,0.8, to form a pion at
xF5x11x2, as compared to the fragmentation process
which a quark or diquark must first havex.0.8. In quark
jets, fragmentation is reasonable because hadronizatio
initiated by a leading quark, but it is less persuasive wh
adapted to hadronic fragmentation unless the projectile
mentum resides entirely in a quark or diquark@21,22#, con-
trary to Ochs’s observation of the relevance of the canon
quark distributions.

The s-channel treatment of relating quark distributions
inclusive hadron distributions inpp collisions essentially re-
gards the effect of the opposite-going initial proton as uni
portant, an approximation that can only be justified in t
fragmentation regions due to short-range correlation in rap
ity. Thus the valon model, as it has been developed up
now, is not expected to be applicable to the central regio
where the interaction between the two incident particles is
paramount importance. Although our calculations will
done on the assumption that Eqs.~6! and~7! are valid for all
x, we do not expect the results to be reliable forxF,0.2. For
pA collisions even the factorization of the fragmentati
properties is not entirely valid, since the hadron distributio
are known to depend on centrality or target size. This is
problem that we shall treat in this paper in the framework
the valon model. More specifically, we shall consider t
problem of momentum degradation of the valons due to
nuclear medium. Recombination occurs outside the nuc
and is, therefore, unaffected.
5-3
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RUDOLPH C. HWA AND C. B. YANG PHYSICAL REVIEW C65 034905
The NA49 data onp-Pb collisions are presented in term
of two mean valuesn̄ of the number of participating nucle
ons in the target:n̄56.3 for central collisions andn̄53.1 for
noncentral collisions@1#. We assume a Poissonian fluctuati
from that mean with the distribution

Pn̄~n!5
n̄n

n!
~en̄21!21, ~3.1!

which is normalized by

(
n51

`

Pn̄~n!51, ~3.2!

where we have excluded then50 term, since it is necessar
for n>1 in order to have a collision. Thusn is the number of
nucleons in the nucleus that suffer inelastic collisions in a
given event,n being an integer. That is the counting on t
target side, while on the projectile side we count in terms
the valons. Let thei th valon encountern i collisions. In gen-
eral, the total valonic collisions is bounded by

n<(
i 51

3

n i<3n. ~3.3!

The upper bound occurs only when all three valons part
pate in each of the struck nucleon, while the lower limit
for only one valon per struck nucleon. In the Appendix, w
shall show that the data favor the lower bounds, so for s
plicity we proceed in the following with the assumption

n5n11n21n3 . ~3.4!

It is useful to interpret this in thet-channel picture. The
incident proton is represented by three constituents, eac
which exchangesn i ladders withn i target nucleons so tha
the overall diagram is highly nonplanar. Cutting the ladd
gives rise to the particles produced in thes channel, mostly
in the central region.

Focusing on the evolution of the valons, we first assu
that the three valons interact with the target independen
since they are loosely bound to form the proton, just as
nucleons are in a deuteron. If we denote the degrada
effect of the nucleus on thei th valon byD(zi ,n i), then we
can write the evolution equation on the valon distribution

y18y28y38G8~y18 ,y28 ,y38 ;n1 ,n2 ,n3!

5E dy1dy2dy3G~y1 ,y2 ,y3!

3DS y18

y1
,n1DDS y28

y2
,n2DDS y38

y3
,n3D , ~3.5!

whereG8 is the valon distribution function after (n1 ,n2 ,n3)
interactions with the nucleus. As in Eqs.~2.6! and ~2.7!, G
and G8 are noninvariant distributions defined in the pha
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spacedy1dy2dy3, etc., whileD(zi ,n i) is an invariant distri-
bution defined indzi /zi . We postpone our discussion o
what D(zi ,n i) is until Sec. V.

For an event withn collisions the evolved valon distribu
tion function Gn8(y18 ,y28 ,y38) with n partitioned as in Eq.
~3.4! is given by the multinomial formula

Gn8~y18 ,y28 ,y38!5
1

3n (
[n i ]

n!

n1!n2!n3!
G8~y18 ,y28 ,y38 ;n1 ,n2 ,n3!,

~3.6!

where@n i # implies that the summation is overn1 ,n2, andn3
subject to the constraint of Eq.~3.4!. Note that if the nucleus
had no effect on the valons, i.e.,

D~zi ,n i !5d~zi21!, ~3.7!

independent ofn i , then G8(y18 ,y28 ,y38 ;n1 ,n2 ,n3) becomes
G(y1 ,y2 ,y3) in Eq. ~3.5! and so doesGn8(y18 ,y28 ,y38) in Eq.

~3.6!, as it should. To relate to the experimentaln̄, we have

Gn̄
8~y18 ,y28 ,y38!5(

n
Gn8~y18 ,y28 ,y38!Pn̄~n!, ~3.8!

wherePn̄(n) is given in Eq.~3.1!.
It is useful to introduce the notion of an effective nucle

after n collisions by giving it a momentum fractiony8 and
defining the probability of finding it aty8 by

Gn8~y8!5E dy18dy28dy38Gn8~y18 ,y28 ,y38!d~y181y281y382y8!.

~3.9!

Conservation of baryon number requires that

E
0

1

dy8Gn8~y8!515E dy18dy28dy38Gn8~y18 ,y28 ,y38!.

~3.10!

The possibility that flavor can change is a secondary is
that will be discussed later; here, the issue is that the bar
should be somewhere in the interval 0<y8<1. The second
half of Eq.~3.10! puts a constraint onD(zi ,n i), since we can
obtain from Eqs.~3.5! and ~2.2!,

E dz

z
D~z,n i !51. ~3.11!

The likelihood that the three evolved valons will in reali
reconstitute a nucleon is extremely low, but the fictitio
nucleon that they form carries a baryon number that is c
served, and a momentum that is not conserved. Indeed
expect the averagey8 to decrease withn, i.e.,

ȳn85E
0

1

dy8y8Gn8~y8!,1. ~3.12!

That is commonly referred to as stopping. In Sec. V, we sh
infer from the data what the stopping power is.
5-4
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Even without stopping, such as inpp collisions, it does
not mean that the real proton produced cannot havexF,1. It
is known that inpp collisions the proton inclusive cros
sectionds/dxF is nearly flat inxF . Stopping goes on top o
that distribution, making it roughly exponential decrease
xF . How to proceed from the valon distributionG8 to the
detected proton distributionHp is the subject of the nex
section.

The convolution Eq.~3.5! can be simplified when ex
pressed in terms of the moments on account of the conv
tion theorem. Thus let us define

D̃~ni ,n i !5E
0

1dzi

zi
zi

ni21D~zi ,n i !, ~3.13!

G̃~n1 ,n2 ,n3!5E
0

1

dy1E
0

12y1
dy2E

0

12y12y2
dy3

3F)
i 51

3

yi
ni21GG~y1 ,y2 ,y3! ~3.14!

and similarly for G̃8(n1 ,n2 ,n3 ;n1 ,n2 ,n3) and
G̃n8(n1 ,n2 ,n3). It then follows from Eqs.~3.5! and~3.6! that

G̃n8~n1 ,n2 ,n3!

5
1

3n (
[n i ]

n!

n1!,n2!,n3!
G̃~n1 ,n2 ,n3!)

i 51

3

D̃~ni ,n i !.

~3.15!

Now, D(ni ,n i) itself can be described by a convolutio
equation@14#. If instead of the discreten i we use a continu-
ous variableL that denotes the length of the nuclear mediu
a valon traverses, we can express the change onD(z,L) for
an incremental distancedL in the form @23#

d

dL
D~z,L !5E

z

1dz8

z8
D~z8,L !Q~z/z8!, ~3.16!

with some reasonable kernelQ(z/z8). In terms of the mo-
ments with

Q̃~n!5E
0

1

dzzn22Q~z!, ~3.17!

Eq. ~3.16! becomes

d

dL
D̃~n,L !5D̃~n,L !Q̃~n!, ~3.18!

whose solution is

D̃~n,L !5exp@Q̃~n!L#. ~3.19!

The constraint~3.11! implies

D̃~1,L !51 and Q̃~1!50. ~3.20!
03490
n
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Sincen i is proportional toL, let us now revertD̃(n,L) to
D̃(ni ,n i) and write Eq.~3.19! as

D̃~ni ,n i !5d~ni !
n i, ~3.21!

whered(ni) is trivially related toeQ̃(ni ) with a power expo-
nent whose detail need not be specified here. From Eq.~3.20!
follows

d~1!51. ~3.22!

We now can use Eq.~3.21! in ~3.15! and obtain

G̃n8~n1 ,n2 ,n3!5G̃~n1 ,n2 ,n3!F1

3 (
i 51

3

d~ni !G n

. ~3.23!

What we have derived here is that the dependence onn is in
the exponent, implying that the effects of the successive
lisions with the nucleons in the target nucleus are multip
cative, as is reasonable. We can now go back to Eq.~3.12!
and calculate the averageȳn8 after n collisions. Using Eq.
~3.9! we get

ȳn85G̃n8~2,1,1!1G̃n8~1,2,1!1G̃n8~1,1,2!

5@G̃~2,1,1!1G̃~1,2,1!1G̃~1,1,2!#$@21d~2!#/3%n,

~3.24!

with the help of Eqs.~3.22! and~3.23!. The first factor in the
square brackets is just 1, since it is

E dy1dy2dy3~y11y21y3!G~y1 ,y2 ,y3!5K (
i

yi L 51,

~3.25!

which is guaranteed by thed function in Eq.~2.1!. Hence,
we have

ȳn85jn, j5@21d~2!#/3,1. ~3.26!

Averaging overPn̄(n), defined in Eq.~3.1!, yields

^y8&n̄5 (
n51

`

ȳn8Pn̄~n!5~ejn̄21!/~en̄21!. ~3.27!

This is the average momentum fraction of the effect
nucleon aftern̄ collisions but before fragmentation into fina
state particles in the fragmentation region.

IV. FRAGMENTATION AND RECOMBINATION

We now consider the problem of how a projectile prot
fragments and how the quarks recombine to form the
tected nucleon, thereby specifying how the inclusive dis
bution can be calculated. To give an overview of the pro
dure, let us summarize the two steps above by the
invariant distributions:F(x1 ,x2 ,x3), the probability of find-
ing a u quark atx1, anotheru quark atx2, and ad quark at
x3, andRp(x1 ,x2 ,x3 ,x), the recombination function, which
5-5
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specifies the probability that those three quarks coalesc
form a proton atx. How these distributions are related to th
valon distributions will be discussed later. But first we sta
that the invariant distribution function for the detection of
proton atx is

x

s in

dsp

dx
[Hp~x!

5
1

NE dx1

x1

dx2

x2

dx3

x3
F~x1 ,x2 ,x3!Rp~x1 ,x2 ,x3 ,x!,

~4.1!

where the normalization factorN will be given below. Equa-
tion ~4.1! is the essence of the recombination model@12–14#.
For meson production, only the distributions forq and q̄
need be considered and Eq.~4.1! can be simplified accord
ingly. As in all distributions considered in this paper, col
and spin components are averaged over in the initial s
and summed in the final state so that we are not conce
explicitly with such degrees of freedom. Flavor, however,
different, since we identify the final-state particles by th
flavors; that problem will be treated presently.

Before proceeding, we emphasize what has been m
tioned in the preceding section already, namely, Eq.~4.1! is
expected to be valid in the proton fragmentation region o
if F(x1 ,x2 ,x3) is to be determined from the projectile valo
distributions with no quarks originating from the targ
nucleons. In thiss-channel approach, the factorization of th
projectile and target fragmentations, apart from t
momentum-degradation effect studied in the previous s
tion, can be justified only if the two fragmentation regio
are well separated. At AGS that is not the case. Even at
the central region in rapidity can encompass sizable port
of the positive and negativexF variables. The application o
the valon model to the analysis of the data, therefore, ne
some help from the experiments.

Fortunately, the NA49 Collaboration has treated their d
in such a way as to eliminate the contribution of the tar
fragmentation from the projectile fragmentation regio
From their data on the net proton produced,p1A→(p2 p̄)
1X, for which we use the abbreviated notation (p2 p̄)p ,
they subtract the distribution for (p2 p̄)p , which is 1

2 @(p

2 p̄)p11(p2 p̄)p2#. By charge conjugation symmetry, (p

2 p̄)p should have no projectile fragmentation, only targ
fragmentation. Thus the difference (p2 p̄)p2(p2 p̄)p

should have no target fragmentation@24#. With those data as
our goal for analysis, Eq.~4.1! is then particularly suitable.

The normalization factorN in Eq. ~4.1! is determined by
requiring that the proton distribution in the absence of a
target,Hp

0(x), satisfies the sum rules

E
0

1dx

x
Hp

0~x!5E
0

1

dxHp
0~x!51, ~4.2!
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which follow from the condition that the number of proto
and its momentum fraction be 1. Without any collision t
quarks are identified with the unresolved valons,
F(x1 ,x2 ,x3) becomes

F0~x1 ,x2 ,x3!5x1x2x3GUUD~x1 ,x2 ,x3!. ~4.3!

The recombination function is the time-reversed form of t
valon distribution, so

Rp~x1 ,x2 ,x3 ,x!5
x1x2x3

x3 GUUDS x1

x
,
x2

x
,
x3

x D . ~4.4!

Putting these in Eq.~4.1!, we obtain in view of Eq.~2.1!

Hp
0~x!5

g2

N E
0

1

dx1E
0

12x1
dx2~x1x2!2a11~12x1

2x2!2b11x2(2a1b12)d~x21!. ~4.5!

Because of the presence ofd(x21), the two integrals in Eq.
~4.2! are identical, and we get

N5g2B~2a12,2a12b14!B~2a12,2b12!. ~4.6!

The factorg2, although known from Eq.~2.3!, will cancel
the similar factor that will emerge from the integral in th
numerator of Eq.~4.1!, just as they appear explicitly in Eq
~4.5!.

The identification of the recombination function with th
invariant form of the valon distribution in Eq.~4.4! is the
principle characteristic of the valon model. On the one ha
it recognizes the role of the wave function of the proton bo
in a projectile and in a produced proton. On the other ha
the momentum fractionsxi of the outgoing valons can ad
up to a proton atx, so there is no need for any constituent
the process to have a momentum fraction greater thanx, as
would be necessary in a quark fragmentation model. O
may then question how in a collision process can the qua
at x1 , x2, and x3 in Eq. ~4.1! become the valons of the
outgoing proton. The answer is that hadronization occ
outside the target, and that the quarks moving downstre
dress up themselves and become the valons of the prod
proton without any change in the net momentum of ea
quark/valon, which is all that matters in the specification
Rp(x1 ,x2 ,x3 ,x).

We now consider the quark distributionF(x1 ,x2 ,x3) in
Eq. ~4.1! in pA collision before recombination. In the pre
ceding section we have formulated the procedure to calcu
the effect of the nuclear medium on the momenta of
valons as they traverse the target. Momentum degradatio
however, only one of the effects of valon-nucleon intera
tion. If such an interaction is represented by a Regge
change, we should also consider the possibility of flav
changes of the valons due to nonvacuum exchanges at
asymptotic energies. In the spirit of thes-channel approach
that we have taken, in which the probabilities of occurren
at various stages are assembled multiplicatively, we ass
that the flavor changes at each of then i collisions are inco-
herent so that the net probability of a flavor change aftern i
5-6
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interactions is also multiplicative. Letq be the probability of
a flavor change fromU to D, or fromD to U, at one of then i
interactions. Furthermore, letqn i

be the probability of flavor

change aftern i interactions. Thenqn i
satisfies the recursion

relation

qn i115qn i
~12q!1~12qn i

!q, ~4.7!

where the first term on the right-hand side~RHS! denotes no
change in the last step fromn i to n i 11, while the second term
denotes a change in the last step. The solution of Eq.~4.7! is

qn i
5

1

2
@12~122q!n i#. ~4.8!

We may now write what aU and aD valon become aftern i
interactions in obvious notation

U→
n i

pn i
U1qn i

D, ~4.9!

D→
n i

pn i
D1qn i

U, ~4.10!

where pn i
512qn i

. This regeneration process depends

one parameterq. We expectq to decrease with energyAs.
Here we treat it as one free parameter to fit the NA49 dat
one energyElab5158 GeV.

For the quark distribution in a valon we have the favor
and unfavored types discussed in Sec. II, and denoted
K(z) and L(z), respectively. We drop theQ2 dependence
since we now consider low-pT hadronic processes for whic
there is no preciseQ2. Nevertheless, we shall use the para
etrization in Eqs.~2.9!, ~2.10!, and ~2.13!, from the Q2

51 GeV2 CTEQ parton distributions. We use the followin
notation for the invariant distributions of quarks in valo
with superscriptf signifying ‘‘favored’’ and u ‘‘unfavored’’:

Vi j
f : favored quark atxj in valon atyi8 ,

Wi , jk
f f : two favored quarks atxj andxk in valon atyi8 .

FIG. 2. ~a! Vi j
f , favored quark in a valon,~b! Vi j

u , unfavored
quark in a valon,~c! Wi , jk

f f , two favored quarks in a valon,~d! Wi , jk
f u ,

a favored and an unfavored quark in a valon.
03490
n
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by
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Other distributions involving unfavored quarks are sim
larly defined. Examples ofVi j

f , Vi j
u , Wi , jk

f f , and Wi , jk
f u are

depicted by diagrams in Fig. 2.
In view of Eq. ~4.9! and Eq.~4.10! we can write by defi-

nition

Vi j
f 5pn i

KS xj

yi8
D 1qn i

LS xj

yi8
D , ~4.11!

Vi j
u 5pn i

LS xj

yi8
D 1qn i

KS xj

yi8
D , ~4.12!

Wi , jk
f f 5pn iH KS xj

yi8
D LS xk

yi82xj
D J

jk

1qn iH LS xj

yi8
D LS xk

yi82xj
D J

jk

, ~4.13!

Wi , jk
uu 5pn iH LS xj

yi8
D LS xk

yi82xj
D J

jk

1qn iH KS xj

yi8
D LS xk

yi82xj
D J

jk

, ~4.14!

Wi , jk
f u 5pn iH KS xj

yi8
D LS xk

yi82xj
D J

jk

1qn iH LS xj

yi8
D KS xk

yi82xj
D J

jk

, ~4.15!

where

H f 1S xj

yi8
D f 2S xk

yi82xj
D J

jk

5
1

2 F f 1S xj

yi8
D f 2S xk

yi82xj
D 1 f 2S xk

yi8
D f 1S xj

yi82xk
D G .

~4.16!

In terms of theseV and W distributions we can now write
out, by inspection, all possible contributions to theuud
quarks, shown in Fig. 3, for the production of a proton

M p~y18 ,y28 ,y38 ;x1 ,x2 ,x3!

5V11
f V22

f V33
f 12$V11

f V23
u V32

u %1212$V11
f W2,23

f u %12

12V13
u W2,12

f f 12$V11
f W3,32

f u %12

12V13
u W3,12

uu 12$V31
u W1,23

f u %1212V33
f W1,12

f f ,

~4.17!

where$ %12 denotes symmetrization ofx1 and x2. We have
ignored the contributions corresponding to all three qua
coming from the same valon. The quark distribution from t
proton source for proton production is then
5-7
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Fp~x1 ,x2 ,x3!

5E dy18dy28dy38Gn̄
8~y18 ,y28 ,y38!M p~y18 ,y28 ,y38 ;x1 ,x2 ,x3!,

~4.18!

whereGn̄
8(y18 ,y28 ,y38) is given in Eq.~3.8!. For p̄ production

we need only change allK functions in Eqs.~4.11!–~4.15! to
L functions, since all antiquarks are in the sea. Denoting
corresponding quantities in Eqs.~4.17! and~4.18! by M p̄ and
Fp̄ , we have finally for net proton production

Fp2 p̄5Gn̄
8^ ~M p2M p̄!, ~4.19!

where the convolution is defined by the integral in E
~4.18!. It should be recognized thatGn̄

8(y18 ,y28 ,y38) involves a
summation ofG8(y18 ,y28 ,y38) overn, which in turn involves a
summationG8(y18 ,y28 ,y38 ;n1 ,n2 ,n3) over n1 , n2, and n3

that appear in theV andW distributions.
We are now ready to substituteF(x1 ,x2 ,x3) and

R(x1 ,x2 ,x3 ,x), defined in Eq.~4.4!, into Eq. ~4.1! to calcu-
late H(x). Nine convolution integrals are involved:yi , yi8 ,
andxi . Obviously, we should go to the moments and redu
them to products. First, using Eqs.~2.1! in Eq. ~4.4!, we have

H~x!5
g

N
x2(2a1b12)E dx1dx2dx3F~x1 ,x2 ,x3!

3~x1x2!a11x3
b11d~x11x21x32x!. ~4.20!

For convenience, let us leave out the known factors and
fine

H8~x!5
N

g
x2a1b14H~x!. ~4.21!

Then define the moments

H̃8~n!5E
0

1

dxxn22H8~x!, ~4.22!

FIG. 3. Eight types of contributions to the quark stateuud in a
proton.
03490
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F̃~n1 ,n2 ,n3!5E dx1dx2dx3S )
i 51

3

xi
ni22D F~x1 ,x2 ,x3!.

~4.23!

Thus it follows

H̃8~n!5(
[ni ]

n!

n1!n2!n3!
F̃~n11a13,n21a13,n31b13!.

~4.24!

From Eq.~4.18! we expect from the convolution theorem
have

F̃~n1 ,n2 ,n3!5G̃n̄
8~n1 ,n2 ,n3!M̃ ~n1 ,n2 ,n3!, ~4.25!

whereG̃n̄
8 is given by Eq.~3.15!, apart from the Poissonian

sum of Eq.~3.8!. However, because of the ordering ofxj

relative toyi8 in Eq. ~4.17!, the simple form of Eq.~4.25! is
valid only for the first term ofM (y18 ,y28 ,y38 ;x1 ,x2 ,x3). For

that first term, which we denote byF̃ (1), we have

F̃ (1)~n1 ,n2 ,n3!5G̃8~n1 ,n2 ,n3!)
i 51

3

@pn i
K̃~ni !1qn i

L̃~ni !#,

~4.26!

where the subscriptn̄ has been omitted. The summation ov
n i in Eq. ~3.15! for G̃8(n1 ,n2 ,n3) should extend overpn i

andqn i
in Eq. ~4.26!. The moments ofK(zi) andL(zi) are

defined as usual for the invariant distributions as

K̃~ni !5E
0

1

dzizi
ni22K~zi !. ~4.27!

For all other terms in Eq.~4.17! there areVi j
u and W func-

tions, and the simple form of Eq.~4.25! must be modified,
especially when only two valons contribute. For notation
simplicity let us define

Ṽi j
f 5pn i

K̃~nj !1qn i
L̃~nj !, ~4.28!

Ṽi j
u 5pn i

L̃~nj !1qn i
K̃~nj !, ~4.29!

W̃i , jk
f f 5pn i

$K̃~nj ,nk!L̃~nk!% jk1qn i
$L̃~nj ,nk!L̃~nk!% jk ,

~4.30!

W̃i , jk
uu 5pn i

$L̃~nj ,nk!L̃~nk!% jk1qn j
$K̃~nj ,nk!L̃~nk!% jk ,

~4.31!

W̃i , jk
f u 5pn i

$K̃~nj ,nk!L̃~nk!% jk1qn j
$L̃~nj ,nk!K̃~nk!% jk ,

~4.32!
5-8
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whereK̃(nj ,nk) is defined by

K̃~nj ,nk!5E
0

1

dzznj 22~12z!nk21K~z!, ~4.33!
ob

ll

on

f

t

03490
and similarly for L̃(nj ,nk). These moments arise whenev
two quarks are from the same valon, as they do for allW
distributions. Take, for example, the third term in Eq.~4.17!;
we have
F̃ (3)~n1 ,n2 ,n3!5E
0

1

dy18E
0

12y18dy28GUU8 ~y18 ,y28!E F)
i 51

3

dxixi
ni22G2H pn1

pn2
KS x1

y18
D KS x2

y28
D LS x3

y282x2
D 1•••J

5E
0

1

dy18E
0

12y18dy28GUU8 ~y18 ,y28!y81
n121y82

n21n3222pn1
pn2

E
0

1

dz1z1
n122K~z1!

3E
0

1

dz2z2
n222

~12z2!n321K~z2!E
0

1

dz3z3
n322L~z3!1•••

52$G̃UU8 ~n1 ,n21n321!Ṽ11
f W̃2,23

f u %12, ~4.34!
the
where$ %12 here means symmetrization ofn1 andn2, and

GUU8 ~m1 ,m2!5GUUD8 ~m1 ,m2 ,m351!. ~4.35!

Performing the same type of operations on all terms we
tain

F̃p~n1 ,n2 ,n3!5GUUD8 ~n1 ,n2 ,n3!Ṽ11
f Ṽ22

f Ṽ33
f

12$GUUD8 ~n1 ,n3 ,n2!Ṽ11
f Ṽ32

u %12Ṽ23
u

12$GUU8 ~n1 ,n21n321!Ṽ11
f W̃2,23

f u %12

12GUU8 ~n3 ,n11n221!Ṽ13
u W̃2,12

f u

12$GUD8 ~n1 ,n21n321!Ṽ11
f W̃3,32

f u %12

12GUD8 ~n3 ,n11n221!Ṽ13
u W̃3,12

uu

12$GUD8 ~n21n321,n1!W̃1,23
f u Ṽ31

u %12

12$GUD8 ~n11n221,n3!W̃1,12
f f Ṽ33

f %12.

~4.36!

Substituting this in Eq.~4.24!, we have the final form for the
momentsH̃p8(n). For p̄ production we need only change a

K̃ in Eqs.~4.28!–~4.32! to L̃.
For the production of neutron the recombination functi

is

Rn~x1 ,x2 ,x3 ,x!5
x1x2x3

x3 GDDUS x1

x
,
x2

x
,
x3

x D , ~4.37!

where we usey1 and y2 to refer toD and y3 to U, so the
dependence ofGDDU(y1 ,y2 ,y3) on yi is the same as that o
GUUD(y1 ,y2 ,y3) given in Eq.~2.1!. The quark distribution
Fn(x1 ,x2 ,x3) with the corresponding identification ofx1 and
x2 with the d quark, andx3 with the u quark, also has eigh
-

terms, as shown in Fig. 4. We can write, by inspection,
momentsF̃n(x1 ,x2 ,x3) similar to Eq.~4.36!

F̃n~x1 ,x2 ,x3!52$G̃UUD8 ~n3 ,n1 ,n2!Ṽ13
f Ṽ21

u Ṽ32
u %12

1G̃UUD8 ~n1 ,n2 ,n3!Ṽ11
u Ṽ22

u Ṽ33
u

12G̃UU8 ~n3 ,n11n221!Ṽ13
f W̃2,12

uu

12$G̃UU8 ~n1 ,n21n321!Ṽ11
u W̃2,32

f u %12

12G̃UD8 ~n3 ,n11n221!Ṽ13
f W̃3,12

f f

12$G̃UD8 ~n1 ,n21n321!Ṽ11
u W̃3,23

f u %12

12G̃UD8 ~n11n221,n3!W̃1,12
uu Ṽ3,3

u

12$G̃UD8 ~n11n321,n2!W̃1,31
f u Ṽ3,2

f %12.

~4.38!

FIG. 4. Eight types of contributions to the quark stateudd in a
proton.
5-9



e

-
le
nc
,
e

-

fi-

f-

en

n-

e
be-
s,
l for

e
ri-

s

RUDOLPH C. HWA AND C. B. YANG PHYSICAL REVIEW C65 034905
Substituting this in Eq.~4.24! givesH̃n8(n). For n̄ production

simply replace allK̃ in H̃n8(n) by L̃.
Finally for net nucleon production we have

H̃p2 p̄
8 ~n!5H̃p8~n!2H̃ p̄

8~n!, ~4.39!

H̃n2n̄
8 ~n!5H̃n8~n!2H̃n̄

8~n!. ~4.40!

We shall use these in the next section to determine thx
dependences to be compared with the data.

V. NET PROTON AND NEUTRON DISTRIBUTIONS

Before we can compute the distributionsH(x), we need
to specify quantitatively the degradation functionD(zi ,v i)
introduced in Eq.~3.5! and discussed between Eqs.~3.16!
and~3.22!. We proposed an evolution equation forD(z,L) in
Eq. ~3.16! but left the kernelQ(z/z8) unspecified. Now, to
proceed we must specifyQ(z), which is uncalculable be
cause it represents the nonperturbative effect of the nuc
medium on a valon as it propagates an incremental dista
We shall use an one-parameter description of the effect
we shall be approximate by assuming that the effect is lik
one-gluon exchange@14#, i.e.,

Q~z!5
kz

~12z!1
, ~5.1!

where the singularity atz51 is regularized by the subtrac
tion

1

~12z!1
5

1

12z
2d~z21!E

0

1 dx

12x
. ~5.2!

Evidently, Eq.~5.1! satisfies the condition

E
0

1dz

z
Q~z!50, ~5.3!

which is required by the constraintQ̃(1)50 stated in Eq.
~3.20! that follows from baryon conservation. From the de
nition of the moments given in Eq.~3.17! we find, using Eq.
~5.1!,

Q̃~n!52k (
j 51

n21
1

j
52k@c~n!1gE#, ~5.4!

wherec(n) is the digamma function andgE is the Euler’s
constant, 0.5722. SubstitutingQ̃(n) into Eq. ~3.19!, and
changingL to n i that involves a constant factor, thereby e
fecting a change from one unknown parameterk to another,
k, we obtain the form forD̃(ni ,n i) in Eq. ~3.21! with

d~ni !5exp$2k@c~ni !1gE#%. ~5.5!

This is a one-parameter description of the effect of mom
tum degradation. We shall varyk to fit the data. Equation
~5.5! is a rigorous consequence of a simple form forQ(z)
given in Eq.~5.1!, whose reliability is unknown. The validity
03490
ar
e.

so
a

-

of d(ni) as expressed in Eq.~5.5! can only be inferreda
posteriori from the fit of the data. The exponential depe
dence on the degradation strengthk follows only from the
linear dependence ofQ(z) on k, and is sensible.

We have only two free parameters,k andq, to vary to fit
the NA49 data onp-p̄ and n-n̄ @1#. Recall thatq is intro-
duced in Eq.~4.7! in connection with flavor changes. W
repeat that the data do not include target fragmentation
cause (p2 p̄)p and (n2n̄)p have been subtracted out. Thu
the data represent only proton fragmentation and are idea
our analysis byHp2 p̄(x) andHn2n̄(x).

Since the data are in thex variable, we must make the
inverse transformation from our moments toH(x). Instead
of making the inverse Mellin transform, let us exploit th
orthogonality of the Legendre polynomials and shift the va
able to the interval 0<x<1. Thus, define

gl~x!5Pl~2x21!, ~5.6!

so that

E
0

1

dxgl~x!gm~x!5
1

2l 11
d lm . ~5.7!

If we expand the distributionH8(x) in terms ofgl(x),

H8~x!5(
l 50

`

~2l 11!hlgl~x!, ~5.8!

then the inverse is

hl5E
0

1

dxH8~x!gl~x!. ~5.9!

Thesehl can be expressed in terms of the momentsH8(n) if
we expressgl(x) as a power series inx,

gl~x!5(
i 50

l

al
ixi , ~5.10!

whereal
i are known from the properties ofPl(z). Thus from

Eq. ~5.9! we have

hl5(
i 50

l

al
i H̃8~ i 12!, ~5.11!

whereH̃8(n) is defined in Eq.~4.22!. It is now clear that our
theoretical results inH̃8(n) can be transformed toH̃8(x)
through Eqs.~5.8! and ~5.11! once we have the coefficient
al

i . Furthermore, ifH̃8(n) becomes unimportant forn.N,
then the sum in Eq.~5.8! can terminate atN.

To determineal
i , we make use of the recursion formula

~ l 11!Pl 11~z!5~2l 11!zPl~z!2 lPl 21~z!, ~5.12!

to infer through Eqs.~5.6! and ~5.10!
5-10
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al
052

1

l
@~2l 21!al 21

0 1~ l 21!al 22
0 #, ~5.13!

al
i52

1

l
@~2l 21!~al 21

i 22al 21
i 21!1~ l 21!al 22

i #,

~5.14!

wherel>2, and 1< i< l . For i 50 and/orl ,2, we have

a0
051, a1

0521, a1
152. ~5.15!

With these we can generate allal
i , so hl can be directly

computed.
Summarizing our procedure, we calculateH̃p2 p̄

8 (n) and

H̃n2n̄
8 (n), substitute them in Eq.~5.11! and then~5.8!, and

then use Eq.~4.21! to determineHp2 p̄(x) andHn2n̄(x). We
vary k and q to fit the data of NA49 shown in Fig. 5. Th
inclusive distributiondN/dxF corresponds to ourH(x)/x.
The solid lines are our results forp2 p̄ and the dashed line
n2n̄ for both n̄53.1 and 6.3. The values of the paramete
adjusted are

k50.62, q50.37. ~5.16!

The most striking aspect of our result is that the normali
tion of the calculated distributions turns out to be corre
even though we have no free parameter to adjust that.
degradation strengthk affects the shape of the distribution
and the flavor-flip probabilityq affects the difference be
tween p2 p̄ and n2n̄. The agreement between theory a
experiment is fairly good, considering that we have only t
free parameters and that the experimental errors~a typical
size of which is shown in the figure! are large, especially a
largex. The shapes of the distributions forp2 p̄ are reason-
ably well reproduced and so is the dependence onn̄. For n

FIG. 5. Inclusive distributions for the production ofp2 p̄ ~solid!

and n2n̄ ~dashed! in p-Pb collisions. The data are from NA49
reported in Ref.@1#.
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2n̄, the calculated curves are somewhat steeper than
data. However, there exist some data points forn2n̄ above
x50.8 that are significantly lower, though with much larg
errors. Taken as a whole the agreement is satisfactory. T
we conclude that the physical process of proton fragme
tion and the nucleon momentum spectra are well underst
in the framework of the valon model.

We can determine from the value ofk what the momen-
tum degradation length is. First, we get from Eq.~5.5!

d~2!5e2k50.54, ~5.17!

for k50.62, sincec(2)1gE51. By definition Eq.~3.26! we
obtain j50.85. Inserting this in Eq.~3.27! we obtain a de-
pendence of̂y8&n̄ on n̄ that can be well approximated by

^y8&n̄}e2(12j) n̄, ~5.18!

for n̄>2. This gives the fractional momentum loss per c
lision

1

^y8&n̄

d

dn̄
^y8&n̄52~12j!520.15. ~5.19!

If we related n̄ to average nuclear path lengthL by n̄
5spptA and tA5ArL, wherer5(4p/3)RA

3 , then for spp

530 mb we haven̄.0.4L with L in fm. Thus, if we define
the degradation lengthL by

^y8&5e2L/L, ~5.20!

then

L5@0.4~12j!#21.17 fm. ~5.21!

This gives an estimate of how far a proton must travel in
nuclear medium in order to lose its momentum by a factor
e21.

The value ofq50.37 for flavor-flip probability may at
first sight appear to be surprisingly large. However, if it
regarded as an effective way of accounting for resona
production, it becomes quite acceptable. To see that, we
state that resonance production, which we have not ta
into account explicitly, can easily produce neutron fro
uuud& throughD1→n1p1. The process can be depicted b
a dual diagram, as shown in Fig. 6~a!. Such a leakage of1
charge through the emission ofp1 is equivalent to a flavor
flip, which changesUUD to DUD, symbolized by a square
box in Fig. 6~b!, and the favored process, for example,
having valence quarks changes fromuud to dud. Since a
consideration of resonance production would invol
masses, threshold, polarization, decay distribution, and o
complications, our method of using flavor changes to
count for the effect presents considerable technical econo
Even though resonance production can occur only at h
ronization in the end charge leakage can take place at
point where a projectile valon interacts with the targ
hence, the consideration in Sec. IV leading up to Eq.~4.10!
is an effective way to take such subprocesses into accou
5-11
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VI. PION PRODUCTION

Having successfully computed the nucleon distributio
resulting in the determination of the only two free paramet
in the model, we are now able to predict the pion distrib
tions without any further ambiguities. The NA49 data pr
sented in Ref.@1# do not include the pion spectra. The E91
data@1# do have the pion distributions in the proton fragme
tation region; however, being atElab512 GeV the energy is
too low to avoid substantial spillover of quarks and produc
hadrons from target fragmentation into thex.0 region.
Without the target fragmentation being subtracted, as is d
for p2 p̄ in the NA49 data, the E910 data cannot be co
pared to the predictions from our model. We present
result below for a future comparison.

The invariant distribution for pion production is

x

s in

dsp

dx
[Hp~x!5E dx1

x1

dx2

x2
Fp~x1 ,x2!Rp~x1 ,x2 ,x!,

~6.1!

whereFp(x1 ,x2) is the invariant distribution for finding a
quark atx1 and an antiquark atx2, andRp is the correspond-
ing recombination function to form a pion. An importa
aspect about pion production concerns the role of gluon
subject that will be discussed below in connection withL(z).
For now, we consider the appropriate forms forFp andRp .

We begin with the valon distributionGn̄
8(y18 ,y28 ,y38), as

given by Eq.~3.8!. As before, we shall omit the subscriptn̄,
and replace it by the valon labels so that for the two-va
distributions we have

GUU8 ~y18 ,y28!5E
0

1

dy38GUUD8 ~y18 ,y28 ,y38!, ~6.2!

and similarly for GUD8 (y18 ,y38) by integrating outy28 . The
single-valon distributions are involved in the five subpr
cesses that contribute toFp(x1 ,x2) shown in Fig. 7 for the
production ofp1. Of course, because of the flavor chang
the valon labels are only indicative of the unchanged co
ponents. More precisely, we can expressFp in the moment
form, as in Eq.~4.36!, for p1

FIG. 6. ~a! A dual diagram that represents the processD1→n
1p1. ~b! The square box symbolizes a flavor change fromU valon
to D valon before the quark momenta are determined in the va
model.
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F̃p1~n1 ,n2!

5@G̃UU8 ~n1 ,n2!12G̃UD8 ~n1 ,n2!#$Ṽ11
f Ṽ22

u %12

12G̃UD8 ~n2 ,n1!$Ṽ12
u Ṽ21

u %1212G̃U8 ~n11n221!W̃1,12
f u

1G̃D8 ~n11n221!W̃3,12
uu , ~6.3!

and forp2

F̃p2~n1 ,n2!

5G̃UU8 ~n1 ,n2!Ṽ11
u Ṽ22

u 12G̃UD8 ~n2 ,n1!$Ṽ21
f Ṽ12

u %12

12G̃UD8 ~n1 ,n2!$Ṽ11
u Ṽ22

u %12

12G̃U8 ~n11n221!W̃1,12
uu 1G̃D8 ~n11n221!W̃3,12

f u .

~6.4!

For the recombination function we have

Rp~x1 ,x2 ,x!5
x1x2

x2 GUD̄
p S x1

x
,
x2

x D , ~6.5!

whereGUD̄
p (y1 ,y2) is the valon distribution in a pion. Fo

the latter we adopt the same form derived in Ref.@12#,

GUD̄
p

~y1 ,y2!5d~y11y221!, ~6.6!

which satisfies

E
0

1

dy1E
0

12y1
dy2GUD̄

p
~y1 ,y2!

5E
0

1

dy1E
0

12y1
dy2~y11y2!GUD̄

p
~y1 ,y2!51.

~6.7!

Consequently, the structure function of the pionFp(x), that
is related to the single-valon distributionGU

p(y),

n

FIG. 7. Five types of contributions to the quark stateud̄ in a
proton.
5-12
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Fp~x!}E
x

1

dyGU
p~y!, ~6.8!

behaves at largex as (12x)1, in agreement with the count
ing rule (12x)2r 21, where r is the number of residua
quarks (r 51 for pion andr 52 for proton!.

Using Eqs.~6.5! and ~6.6! in Eq. ~6.1! yields

Hp~x!5
1

xE0

1

dx1E
0

12x1
dx2Fp~x1 ,x2!d~x11x22x!.

~6.9!

By defining

Hp8 ~x!5x3Hp~x!, ~6.10!

we then have for the moments@see Eq.~4.22!#

H̃p8 ~n!5E
0

1

dx1E
0

12x1
dx2Fp~x1 ,x2!~x11x2!n

5(
[ni ]

n!

n1!n2!
F̃p~n1 ,n2!, n5n11n2 , ~6.11!

whereupon Eqs.~6.3! and ~6.4! can be used for the produc
tion of p1 andp2, respectively. The inverse transform ca
be done as before, using Eqs.~5.8! and ~5.11!.

Having formulated the procedure to calculate the pion d
tribution in the projectile fragmentation region, we must co
front one final issue on the role of the gluons. Although t
gluons carry roughly half the momentum of a proton,
glueball has ever been seen. They, therefore, hadroniz
converting toqq̄ pairs, which subsequently form pions. W
take them into account by enhancing the sea to saturate
momentum sum rule@25#. That is, for the purpose of pion
production we revise the normalization of the quark distrib
tion L(z) such thatqq̄ in the sea carry all the momentum o
the incident proton apart from the momenta of the vale
quarks, leaving nothing for the gluons. The average mom
tum fraction carried by the valence quark in a valon is

^z&val5E
0

1

dzKNS~z!5
a

a1b11
, ~6.12!

where Eq.~2.9! has been used. If we denote the saturated
distribution by

L1~z!5 l 1~12z!5, ~6.13!

where only the constant factorl 1 has changed from Eq
~2.10!, then each sea quark carries on average a momen
fraction of l 1/6. That is to be identified with (12^z&val)/2f ,
where f is the number of flavors. From Eq.~2.13! we have
^z&val50.52. Settingf 53, we get

l 150.48. ~6.14!
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With this value inL1(z), which is then used in Eqs.~4.11!–
~4.15! in place ofL(z), we obtain the appropriateV andW

functions that should be used for the calculation ofF̃p6 in
Eqs.~6.3! and ~6.4!.

Evidently, there are no parameters to adjust for the ca
lation of the pion distributions. The results are shown in F
8 for p1 andp2 separately atn̄53.1 and 6.3. For ease o
comparison betweenp1 andp2 the same curves are replo
ted in Fig. 9, where the charge andn̄ dependences ar
grouped differently. No data points are included beca
none correspond to proton fragmentation only and at thn̄
considered, as discussed at the beginning of this sec
Nevertheless, if one compares our results to the data of E
shown in Ref.@1#, there is rough agreement, both in norma
ization and in shape. Generally speaking, the difference

FIG. 8. Inclusive pion distributions ofp1 andp2 at n̄53.1 and
6.3.

FIG. 9. Same as in Fig. 8 but grouped differently.
5-13
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tweenp1 andp2 diminishes asn̄ is increased, though no
as rapidly as in the E910 data atElab512 GeV. We are
confident that our predictions will agree well with the da
when they become available, since the pion distributio
have always demonstrated the reliability of the recombi
tion model@12,13#.

VII. CONCLUSION

We have formulated the projectile fragmentation probl
in pA collisions in the valon model. Despite the nonpert
bative aspect of the problem, the formulation results in
well-defined procedure of calculating various contributio
to the nucleon and meson distributions in the proton fr
mentation region. The nuclear target effects, which pres
the only unknown in the model, are summarized by two
rametersk and q. They are determined by fittingp2 p̄ and
n2n̄ distributions for two values ofn̄. With those param-
eters fixed, the predictions for the pion distributions can
calculated without any other adjustable parameters.

The results of our calculations have shown that the NA
data can be well described by the valon model. The norm
ization of the nucleon spectra turns out to be correct with
any freedom for adjustment. The shapes of the distributi
are also acceptably reproduced. The inferred value ofk that
gives a quantitative measure of momentum degradation
be translated to a degradation lengthL in the forme2L/L for
the degraded momentum fraction withL.17 fm.

While a value forL can serve as a succinct numeric
summary of the stopping effect of the nucleus, we admit t
it cannot be inferred directly from thepA collision data with-
out a detailed analysis in the framework of the valon mod
This aspect of the problem is worthy of further attention
the hope that a degradation length can be extracted b
appropriate model-independent analysis of the data
nucleon inclusive cross section.

It should be noted that since the valon model does
make explicit use of Regge exchanges, it is not capable
predicting the energy dependence. To compensate for
drawback, it makes possible thes-channels approach to th
calculation of the fragment distributions.

There are obvious directions into which this work can
extended. One is to incorporate strangeness and study
distributions of hyperons and kaons. Another is to genera
from pA to AA collisions. From the properties of degrad
tion that this work has revealed, one is better positioned
assess the extent to which nuclear matter can be compre
in AA collisions. Furthermore, with some knowledge abo
strangeness production inpA collisions, one can determin
for AA collisions how much strangeness enhancement is
mal and how much anomalous.

Although the valon model represents an approach to m
tiparticle production that appears to be orthogonal to m
other approaches based on strings, it should be recogn
that thes-channel andt-channel approaches are compleme
tary, not contradictory. One may be able to identify diagra
in Figs. 3 and 4 that correspond to baryon junction or
quark breaking. Just as the notion of duality has benefi
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the investigation of high-energy processes many years
that found its idealization in the form of Veneziano amp
tude, which has perfects- and t-channel symmetry, so als
here in nuclear processes the exploration of complemen
descriptions of common as well as unusual phenomena
help to elucidate the underlying dynamics responsible
them.
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APPENDIX

In Sec. III, we have considered the problem of describ
n collisions with the target nucleons in terms of the numb
of collisions that each valon experiences. With thei th valon
encounteringn i collisions, the sum( in i satisfies the bounds
given in Eq.~3.3!. In this appendix we investigate the ph
nomenological preference for that sum within that range.

Let us define the integerm by

m5n11n21n3 ~A1!

so thatm is bounded by

n<m<3n. ~A2!

Since at least one valon must interact with the nucleus,
that valon bei 51. Let p be the probability that either one o
the other two valons also interacts. Furthermore, letBn(m)
denote the probability that out ofn independent collisions
the target nucleons encounter,m valonic collisions occur. For
n51, we have B1(1)5(12p)2,B1(2)52p(12p) and
B1(3)5p2, which count the probabilities that valonsi 52
and 3 interact in addition to thei 51 valon. Generalizing tha
to n collisions, we have

Bn~m!5S 2n
j D pj~12p!2n2 j , j 5m2n, ~A3!

which is a binomial distribution of havingm2n valonic col-
lisions by thei 52 and 3 valons out of a maximum of 2n
possible such collisions. We can define a generating func
from Bn(m),

Sn~z!5 (
m5n

3n

zmBn~m!

5zn(
j 50

2n

zj S 2n
j D pj~12p!2n2 j

5zn~12p1pz!2n5@S1~z!#n. ~A4!
5-14
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The above consideration can now be applied to Eq.~3.23!

where G̃n8(n1 ,n2 ,n3) is related toG̃(n1 ,n2 ,n3) under the
assumption of Eq.~3.4!, i.e., n5n11n21n3. That assump-
tion is now liberated by Eqs.~A1! and ~A2!. The factor
@( i 51

3 d(ni)/3#n in Eq. ~3.23! should thus be replaced b
@S1(z)#n, which allowsm to vary betweenn and 3n. In the
limit p50,S1(z) becomesz and we recover the earlier resu
if we identify

z5
1

3 (
i 51

3

d~ni !. ~A5!

Using Eq.~A4! in Eq. ~3.23!, we finally have, with the help
of Eq. ~3.8!
o
k,

03490
G̃n̄
8~n1 ,n2 ,n3!5 (

n51

`

G̃~n1 ,n2 ,n3!Bn~n11n21n3!Pn̄~n!

3S 1

3D n11n21n3 ~n11n21n3!!

n1!n2!n3! )
i 51

3

d~ni !
n.

~A6!

The summation overn i is included in the sum in Eq.~3.15!
but without the restriction of~3.4!.

We have used theG̃n̄
8 given in Eq.~A6! to calculateH8(x)

for p2 p̄ andn2n̄, as in Sec. IV and V. The only differenc
from before is that we now have one additional parametep
in Eq. ~A2! to adjust, which controls the number of valon
collisions abovem5n. Our best fit of the data, as in Fig. 5
yields p50.05 with the values ofk and q being essentially
the same as in Eq.~5.16!. Sincep is so small, any contribu-
tion from m different fromn can be neglected. Thus it is th
data that instruct us on the suitable range of values ofn i ,
namely:n11n21n3 is dominantly at its lower boundn.
an,
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@4# J. Hüfner and A. Klar, Phys. Lett.145B, 167 ~1984!.
@5# C.Y. Wong, Phys. Rev. Lett.52, 1393~1984!.
@6# B.Z. Kopeliovich and B.G. Zakharov, Z. Phys. C43, 241

~1989!; A. Capella and B.Z. Kopeliovich, Phys. Lett. B381,
325 ~1996!.

@7# D. Kharzeev, Phys. Lett. B378, 238 ~1996!.
@8# S.E. Vance, M. Gyulassy, and X.-N. Wang, Phys. Lett. B443,

45 ~1998!.
@9# R.C. Hwa, Nucl. Phys. B~Proc. Suppl.! 92, 348 ~2001!.

@10# R.C. Hwa, Phys. Rev. D22, 759 ~1980!.
@11# R.C. Hwa and M.S. Zahir, Phys. Rev. D23, 2539~1981!.
@12# R.C. Hwa, Phys. Rev. D22, 1593~1980!.
@13# K.P. Das and R.C. Hwa, Phys. Lett.68B, 459 ~1977!.
n@14# R.C. Hwa and M.S. Zahir, Phys. Rev. D31, 499 ~1985!.
@15# D.S. Bartonet al., Phys. Rev. D27, 2580~1983!.
@16# H.L. Lai et al., CTEQ Collaboration, Phys. Rev. D51, 4763

~1995!.
@17# CTEQ4LQ, http://zebu.uoregon.edu/;parton/partongraph.

html
@18# D. Duke and R.G. Roberts, Phys. Lett.85B, 289 ~1979!.
@19# V.N. Gribov, Sov. Phys. JETP30, 709 ~1970!.
@20# W. Ochs, Nucl. Phys.B118, 397 ~1977!.
@21# B. Andersson, G. Gustafson, and C. Peterson, Phys. Lett.60B,

221 ~1977!.
@22# A. Capella, U. Sukhatme, C.I. Tan, and J. Tran Thanh V

Phys. Lett.81B, 68 ~1979!.
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