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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 regipi afllisions 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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[. INTRODUCTION the momentum of the nucleon, while each valon has one
valence quark and its own sea quarks and gluons. Although
The study of proton-nucleup@) collisions is important  soft processes are nonperturbative, the valon m@delud-
because they are tractable intermediaries betwsgrand ing recombinatioh nevertheless provides a systematic way
AA collisions, when intense interest exists in discovering theof calculating all subprocesses that contribute to a particular
extent to which the dense medium created irAancollision  inclusive process. Some of the subprocesses can be identified
differ from that of linear superpositions pf collisions. One  with certain diagrams in other approaches, e.g., baryon junc-
of the properties opA collisions is that the momentum of tion and diquark breaking terng,8].
the leading baryon in the projectile fragmentation region is The valon distributions in the proton will be determined
degraded, a phenomenon commonly referred to, somewhéy fitting the parton distributions at lo®?. The effect of the
inappropriately, as baryon stopping. Such a transference dfuclear medium on the valon distribution of the proton pro-
baryon number from the fragmentation to the central regionectile will involve two parameters, one characterizing the
contributes to the increase of matter density at mid-rapiditymomentum degradation and the other flavor flipping. The
thereby raising the likelihood of the formation of quark- color indices are all averaged over, since multiple gluon in-
gluon plasma. Thus, it is important to understand the proceggractions, as the projectile traverses the target nucleus, are
of baryon momentum degradation and its dependence opumerous and uncomputable. Their effects are, however,
nuclear size or centrality. quant_ified in terms of t_h_e number of target n.ugle_ons that
Since it is not feasible to perform first-principle Participate in thepA collision. For that reason, it is important
parameter-free calculations of the momentum degradation &fat the experimental data must have centrality selection ex-
this point, experimental guidance is of crucial importance Pressible in terms of the average
Recently, several experiments have produced useful data on The inclusive procesp+A—p+X has been studied be-
the subject, in particular, E910 and E941 at the AGS, andore in the valon mode[14]. However, the pertinent data
NA49 at the SP$1]. It is the x; dependences of the distri- e_lvailable at that time had no centrality cuts and were for
butions ofp— p andn—n that we shall focus on: moreover, [1X€d Pt [15]. Now, NA49 hasp-Pb data on the production

their dependences on centrality will guide us in our determi©f p,p,n and n in the proton fragmentation regiofwith
nation of the nuclear effect on baryon momentum degradacontribution from the nuclear target subtradtéor various
tion. values ofv [1]. To extract more information from these re-
The degradation of baryon momentum has been studied ifined data we have improved our formulation of the valon
various approaches befof2—8|. In Refs.[2-5] the investi- model, allowing for momentum degradation of each of the
gations are done at the nucleon level, while in R§fs-8]  valons independently and for changes in their flavors. The
the string model is the basis. Since it is questionable that theffect on the nucleon momentum distributions can be calcu-
concept of color strings can be relevant in heavy-ion colli-lated and the effective degradation length deduced.
sions where the abundance of color charges in the overlap In Sec. Il, we determine the valon and parton distribution
region renders unlikely the development of constricted colofunctions from the published distribution functions at low
flux tubes[9], our approach in this paper will be on the Q2. The valon model fopA collisions is then discussed in
various levels of the constituents of the nucleon that are conSec. Ill, in which momentum degradation is formulated. In
sistent with the parton model. More specifically, we shall useSec. IV, we consider in detail the projectile fragmentation
the valon mode[10—17 to keep track of the momenta of the process and the subsequent process of quark recombination
constituents and the recombination molde?,13 to describe  so that the inclusive distribution of nucleons can be calcu-
the hadronization of the partons. The valons play a role in théated. The net proton and neutron distributions are then cal-
collision problem as the constituent quarks do in the boundeulated and compared to the experimental data in Sec. V.
state problem. Thus a nucleon has three valons that carry éfredictions for pion production in the proton fragmentation
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region are made in Sec. VI. The conclusion is given in Secmodel are convolutions 06,(y) with the evolution func-
VILI. tions that describe the valon structure. The latter have two
varieties:K (z,Q?) for the favored partons anid(z,Q?) for
II. VALON AND PARTON DISTRIBUTION EUNCTIONS the unfavored partons. That is,is favored inU andd is
o ] favored inD, but they are unfavored iD and U, respec-
The d|s_tr|but|o_n functions of valons and partons havetively. At high Q2 we may ignore the influence of the spec-
been considered in Refsl1,12. They were, however, deter- iator valons when one valon is probéthe usual impulse

mined by fitting the muon and neutrino scattering data of theypproximation, so we can write for ther andd quark dis-
late 1970s. We now have modern parton distributions fromyinution functions as

various groups at various values @F. It is, therefore, ap-

propriate for us to revisit the problem and determine the ) 1 )
valon distribution functions in light of the new parton distri- x u(x,Q%) = fx dy[2Gy(y)K(x/y,Q7)
bution functions.
In the valon model a proton is considered to consist of +Gp(y)L(xly,Q?)], (2.6

three valons YUD), which have the same flavors as the

valence quarksyud) that they individually contain. Thus, a o [t 5

valon may be regarded as a parton cluster whose structure x d(x,Q%)= L dy[Gp(y)K(X/y,Q%)

can be probed at high?, but the structure of a nucleon itself

in a lowr scattering problem is described in terms of the +2Gy(y)L(xly,Q?)]. 2.7

valons. As in the parton model we work in a high-momentum

frame so that it is sensible to use the momentum fractions df should be emphasized thafx), d(x) andG(y) are non-
the constituents. Reservingfor the momentum fraction of a invariant distributions defined in the phase spdzeanddy,
quark, we usg to denote the momentum fraction of a valon. While K(z) and L(z) are invariant distributions defined in
In this papery never denotes rapidity. Let the exclusive va-the phase spaz/z.

lon distribution function be The favored distributiork (z,Q?) has two parts, valence
and sea, while the unfavored distributitiiz, Q%) has only
Guup(Y1.Y2:Y3) =9(Y1Y2)“Y58(y1+Yo+Yys—1), sea. The valence part is also referred to as the nonsinglet

(2.2 componentKy(z,Q?), so we may write

wherey, andy, refer to theU valons andy; the D valon. K(z,Q%)=Kys(z,Q?) +L(z,Q?). (2.9
The delta function ensures that the three valons exhaust the
momentum of the proton. The exponentsand 8 will be At high Q2 the moments of botK ys andL can separately be
determined by the parton distribution functions. The normal-determined from the splitting functions in perturbative QCD
ization factorg is determined by requiring that the probabil- and the range of evolutiofil1]. That procedure is not reli-
ity of finding these three valons in a proton be one, i.e., able at lowQ?. Instead of treating Eqg6) and(7) as evo-
) . . lution equations, we regard them as definitions of the quark
N AR _ distributions(for use in lowp; processesin terms of con-
JO dleo dygjo dysGuup(¥1.¥2.ys) =1. volutions of the probabilities of valons in nucleons and the
(2.2 probabilities of quarks in valons. We use phenomenological
forms forKys and L at lowQ? with parameters to be deter-
Thus we have mined by the low©? parton distributions, now available,

_ 1 without assuming any connection with the splitting functions
g=[Bla+1p+1)B(atlatp+2)]", (23 |, pQCD. We adopt the forms

whereB(m,n) is the beta function. The single-valon distri- Kng(2)=23%(1—2)"/B(a,b+1) 2.9
butions are obtained by appropriate integrations ' '

L(2)=15(1-2)°, (2.10
GU(Y)ZJ dY2j dysGuun(Y,Y2:Ya)

=gB(a+1B8+1)y*(1—y)** AL,

where Eq.(2.9) satisfies the requirement that there is only
(2.4) one valence quark in a valon, i.e.,

1dz
—K =1. 2.1
GD(Y):f dylf dy,Gyup(Y1.Y2.Y) fo z ns(2) 213

=gB(a+1la+1)yP(1—y)2* "1 (2.5 Equation (2.10 has the usual sea-quark distribution, also
used previously14].
The two-valon distributions are trivial because of th&unc- The parton distributions that we use to fit are the ones
tion in Eq. (2.1). determined by the CTEQ Collaborati¢t6]. In particular,
In a deep inelastic scattering the structure of the proton ishey have the distributions at lo®?, labeled CTEQ4LQ,
probed to reveal the parton distributions, which in the valonposted on the web[17]. We choose the one a@?
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1 : : : : valon structure, anKNS(z,QS) is changed fromj(z—1) to
(1—2) %% in the largey region, whileL(z,Q3) becomes
— CTEQ4LQ nonvanishing. These are the valence and sea-quark distribu-
tions that we shall use for nucleon production at Ipwin
*.r Calculated 7 the following.

Q*=1 (GeV/c)
I1l. MOMENTUM DEGRADATION
06 , IN THE VALON MODEL

The valon model for inclusive reactions is basically a
s-channel description of particle production in contradistinc-
tion from the Regge-Gribov approa¢h9] which is essen-
tially based on cutting-channel exchanges in elastic ampli-
tudes. The two approaches are roughly complementary in
that the former can best describe the fragmentation region,
s i while the latter is more suitable for the central region.

™ It has been known for a long time that the pion inclusive
cross section in the proton fragmentation region has-a
dependence that is very similar to the quark distribution in
the proton[20]. That similarity has been reconfirmed more
recently inpA collisions by the E910 experimefit] even at
X the relatively low energy of,,,=17.5 GeV. It suggests that
the proton structure is highly relevant to the spectra of par-
ticles produced in the fragmentation region. The connection
between the quark distribution and the pion inclusive distri-
bution was first put on a calculable basis by the recombina-
tion model[13], which was subsequently improved in the
framework of the valon modégll2]. The idea of recombina-
, tion as a basis for hadronization in hadronic collisions is
(2'4)_(2.'10). by varying «,$,a,b, and I.O' The r_esults_ are eminently reasonable, since for a pion to be detectex} at
shown in _F|g. 1, where the_ CTEQ fur_1ct|ons are in solid lines,_ 0.8, say, it is far less costly to have a quarkatcoalesc-
and_ our fitted curves are in dotted lines. We havg a'ftempt_efhg with an antiquark ak,, each<0.8, to form a pion at
to fit the u-quark distribution as perfectly as possible; the mx,:zx1+x2, as compared to the fragmentation process for

of the d-quark distribution turns out to be good only at high which a quark or diquark must first have=0.8. In quark

- . . . 2 .
X M|ssm.g the normallzqnon od(x,Q%) atlow x is a blem- ts, fragmentation is reasonable because hadronization is
ish, but is acceptable since we shall use the valence qua*

AR A . . ! itiated by a leading quark, but it is less persuasive when
dls_trlbutlons mainly |n.the Iargg-rezgmn. B.es'des.' the reli- adapted to hadronic fragmentation unless the projectile mo-
?.blhty of an extrazlpolatlon of higi® deep inelastic ;catter— mentum resides entirely in a quark or diquéBd,2, con-
ing data to lowQ* can always be called into question. trary to Ochs’s observation of the relevance of the canonical

The parameters of the fit are quark distributions.

The s-channel treatment of relating quark distributions to
inclusive hadron distributions ipp collisions essentially re-
gards the effect of the opposite-going initial proton as unim-
portant, an approximation that can only be justified in the
fragmentation regions due to short-range correlation in rapid-
ity. Thus the valon model, as it has been developed up to
now, is not expected to be applicable to the central regions,
where the interaction between the two incident particles is of
paramount importance. Although our calculations will be
done on the assumption that E¢®). and(7) are valid for all
2 / | X, we do not expect the results to be reliablexpr0.2. For
(1—y)"~ respectively, for the previous resulg. The values ofy o collisions even the factorization of the fragmentation
a and b in Eq. (2.13 suggest thatyg(z,Q%) is highly  yronerties is not entirely valid, since the hadron distributions
peaked neaz= 1, according to Eq(2.9). That2|S asitshould  gre known to depend on centrality or target size. This is the
be, sinceQ? is only about twice the value &g and thus not  proplem that we shall treat in this paper in the framework of
much evolution. If there were no evolution, i.@?=Qf,  the valon model. More specifically, we shall consider the
then KNS(z,Qg) would bed(z—1) andL(z)=0, a situation  problem of momentum degradation of the valons due to the
indicating no probing of the valons. What we have@t  nuclear medium. Recombination occurs outside the nucleus
=1 Ge\? gives only a modest degree of resolution of theand is, therefore, unaffected.

04 | f 8

FIG. 1. Parton distribution functionsx-pdf(x) at Q2
=1 (GeVic)?. The solid lines are from CTEQ4LQLE], and the
dotted lines are from our calculation.

=1 Ge\? evolved from Q3=0.49 Ge\t. We fit the
u(x,Q% and d(x,Q? distribution functions using Egs.

a=0.70, B=0.25, (2.12
a=0.79, b=-0.26, 1,=0.083.  (2.13

The values ofe and 8 are not very different from the ones
determined in Ref[11] based on muon-scattering data at
Q?=22.5 Ge\f analyzed by Duke and Robeft8]; there
we hada=0.65 and8=0.35. As can be seen from Eq2.4)
and (2.5), our present result means th@g,(y)s(1—y)%%®
andGp(y) =< (1—y)?*at largey, as opposed to (1y)2%and
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The NA49 data omp-Pb collisions are presented in terms spacedy,dy,dys, etc., whileD(z,»;) is an invariant distri-
of two mean values of the number of participating nucle- bution defined indz/z;. We postpone our discussion of

ons in the targety=6.3 for central collisions and=3.1 for ~ WhatD(z;,») is until Sec. V.

noncentral collision§l]. We assume a Poissonian fluctuation _ For an _event,wrsh/ (,30||!Slonj5 the evoly_ed valon d.|str|bu-
from that mean with the distribution tion function G (y;,Y5,y3) with v partitioned as in Eq.
(3.4) is given by the multinomial formula

14

o
Pﬂv)=;(e”—l)‘1, (3.0

1 vl
GLYI.Ys,Ys)=— >,

37 (7 WV—MG’(yiiyéiyé;VLVZ!VS)!
; : : !

which is normalized by (3.9

o where[ v;] implies that the summation is ovey,v,, andvs
E P(v)=1 (3.2 subject to the constraint of E¢B.4). Note that if the nucleus
=1 ’ had no effect on the valons, i.e.,

where we have excluded the=0 term, since it is necessary D(z,v)=6(z—-1), 3.7
for v=1 in order to have a collision. Thusis the number of

nucleons in the nucleus that suffer inelastic collisions in anyndependent ofv;, thenG’(yy,y;.y3;v1,v2,v3) becomes
given event,y being an integer. That is the counting on the G(Y1.Y2,Y3) in Eq. (3.5 and so doe5,(y;.y>.y3) in Eq.
target side, while on the projectile side we count in terms 0f(3.6), as it should. To relate to the experimentalwe have
the valons. Let théth valon encounter; collisions. In gen-

eral, the total valonic collisions is bounded by GLY! Y. y,)_z Gyl yh YL P() (3.9
p\Y19Y2,Y3) v\ Y11 Y25 3]0 AP/ .

3
Vsizl vi<3v. (3.3 wherePy(v) is given in Eq.(3.1.

It is useful to introduce the notion of an effective nucleon
after v collisions by giving it a momentum fractiop’ and

The upper bound occurs only when all three valons partici
PP y PaICt Jefining the probability of finding it ay’ by

pate in each of the struck nucleon, while the lower limit is
for only one valon per struck nucleon. In the Appendix, we
shall show that the data favor the lower bounds, so for sim-g;(y’):f dy1dysdysGl(y1,Y5.Y4) 8(Y1+Ys+ys—Y').
plicity we proceed in the following with the assumption

(3.9
v=vitvotvs. (34 conservation of baryon number requires that
It is useful to interpret this in theé-channel picture. The 1
incident proton is represented by three constituents, each of f dy'gL(Y')=1=f dy;dy,dysGL(y1,Y2,Y3)-
which exchangew; ladders withy; target nucleons so that 0 (3.10

the overall diagram is highly nonplanar. Cutting the ladders

gives rise to the particles produced in thehannel, mostly  The possibility that flavor can change is a secondary issue
in the central region. that will be discussed later; here, the issue is that the baryon

Focusing on the evolution of the valons, we first assumeoy1d be somewhere in the intervak@’ <1. The second
that the three valons interact with the target independentl;ha” of Eq.(3.10 puts a constraint 0B (z , »;), since we can
since they are loosely bound to form the proton, just as th@piain from Eqs(3.5 and(2.2) b

nucleons are in a deuteron. If we denote the degradation

effect of the nucleus on thigh valon byD(z ,v;), then we dz
can write the evolution equation on the valon distribution as f ?D(ZyVi)zl- (3.1
Y1Y2Y3G'(¥1.Y2.Y3:v1,v2,v3) The likelihood that the three evolved valons will in reality

reconstitute a nucleon is extremely low, but the fictitious
_ [ dv.dv.d nucleon that they form carries a baryon number that is con-
= | dy:dy2dysG(y1.y2.y3) served, and a momentum that is not conserved. Indeed, we
) , ) expect the averagg’ to decrease with, i.e.,
y y y
_l , Vl) D ( _2, ) D( ;

XD v —,V
Y1 y2' 2] T \ys'?

: (3.9

_ 1
y,= fody’y'g;(y’)<1. (3.12

whereG' is the valon distribution function afteng,v,,v3)
interactions with the nucleus. As in EqR.6) and (2.7), G That is commonly referred to as stopping. In Sec. V, we shall
and G’ are noninvariant distributions defined in the phaseinfer from the data what the stopping power is.

034905-4



CENTRALITY DEPENDENCE OF BARYON AND MESON . ..

Even without stopping, such as pp collisions, it does
not mean that the real proton produced cannot hkavel. It

is known that inpp collisions the proton inclusive cross
sectiondo/dx is nearly flat inxg . Stopping goes on top of

PHYSICAL REVIEW ®5 034905

Since v; is proportional toL, let us now reverD(n,L) to
D(n;,v;) and write Eq.(3.19 as

D(n;,v)=d(n)", (3.20

that distribution, making it roughly exponential decrease in

Xg. How to proceed from the valon distributidd’ to the

whered(n;) is trivially related t0e?™ with a power expo-

section.

The convolution Eq.(3.5 can be simplified when ex-
pressed in terms of the moments on account of the convolu-

tion theorem. Thus let us define

B(Hivvi):f:%ziﬂilD(ZiIVi)! (313)

~ 1 1-yg 1-y1-yo
G(”l-nz-ns):fo d)hfo dY2f0 dys

3
< ILy" |Gy y2ys) (314
and similarly  for G'(ny,n,,Nn3;vi,vp,v3)  and

G!(n;,n,,n3). It then follows from Eqs(3.5) and(3.6) that
(~3;(n1,n2,n3)

3
1 vl - -
Y [EV;] l/ﬂ,v—zl,l/e,!G(nl’nz’n3)i1Jl D(n;,vj).
(3.15

Now, D(n;,v;) itself can be described by a convolution
equation[14]. If instead of the discrete; we use a continu-
ous variabld. that denotes the length of the nuclear medium

a valon traverses, we can express the changb (@jL) for
an incremental distanaglL in the form[23]

d B 1dz’ , 1y
d_LD(Z'L)_L?D(Z ,L)Q(z/Z"), (3.19

with some reasonable kern€l(z/z’). In terms of the mo-
ments with

Q(n)= J:dzgn‘zQ(z). (3.17
Eq. (3.16 becomes
;—Lﬁ(n,L)=5(n,L)(~g(n), (3.18
whose solution is
D(n,L)=exdQ(n)L]. (3.19
The constraint3.11) implies
D(1L)=1 and Q(1)=0. (3.20

follows
d(1)=1. (3.22
We now can use E3.21) in (3.15 and obtain
3 v
-, ~ 1
Gi(n1.nz,n5)=B(ny,nz na) 3 2, d(n)| - (323

What we have derived here is that the dependence igrin
the exponent, implying that the effects of the successive col-
lisions with the nucleons in the target nucleus are multipli-
cative, as is reasonable. We can now go back to(Ed.2)

and calculate the averag_éu after v collisions. Using Eg.
(3.9 we get

y'=G1(21,)+G/(1,2)+G/(1,1,2

=[G(2,1,D+G(1,2,)+G(1,1,2]{[2+d(2)1/3}",
(3.29
with the help of Eqs(3.22 and(3.23. The first factor in the
square brackets is just 1, since it is
fdyldY2dY3(y1+Y2+y3)G(Y1 Y2,Y3) = < EI yi> =1,
(3.25

which is guaranteed by thé function in Eq.(2.1). Hence,
we have

V=&,
Averaging overP,(v), defined in Eq(3.1), yields

£=[2+d(2)]/3<1. (3.26

)= Z VP = - Di(e'=1).  (3.27

This is the average momentum fraction of the effective

nucleon aftew collisions but before fragmentation into final-
state particles in the fragmentation region.

IV. FRAGMENTATION AND RECOMBINATION

We now consider the problem of how a projectile proton
fragments and how the quarks recombine to form the de-
tected nucleon, thereby specifying how the inclusive distri-
bution can be calculated. To give an overview of the proce-
dure, let us summarize the two steps above by the two
invariant distributionsf(x,,X,,x3), the probability of find-
ing au quark atx,, anotheru quark atx,, and ad quark at
X3, andR,(X1,X2,X3,X), the recombination function, which
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specifies the probability that those three quarks coalesce twhich follow from the condition that the number of proton

form a proton ak. How these distributions are related to the and its momentum fraction be 1. Without any collision the
valon distributions will be discussed later. But first we statequarks are identified with the unresolved valons, so
that the invariant distribution function for the detection of a F(x4,X,,X3) becomes

proton atx is

FO(X1,X2,X3) =X1XpX3Gyup (X1, X2,X3)- 4.3
x doP The recombination function is the time-reversed form of the
— ——=Hy(x) valon distribution, so
Tin dx
1 [ dx; dx, dx _ X1XoX3 X1 Xz X3
=3 _1_2_3F(X11X21X3)Rp(X11X21X31X)1 Rp(X1,X2,X3,X) = X3 UUD| "y 'y 'y (4.4
NJ X1 X, X3
(4.1)  Putting these in Eq4.1), we obtain in view of Eq(2.1)
0 g (1 = 2a+1
where the normalization factdt will be given below. Equa- Hp(x)= Wfo dxlfo dXo(X1%2) “* " (1 =X
tion (4.1) is the essence of the recombination mdd&—14.
For meson production, only the distributions fqrand q —Xp) 2B Iy~ Bt B2 5(x~ 1), (4.5

need be considered and Ed.1) can be simplified accord-

ingly. As in all distributions considered in this paper, color Because of the presence &fx—1), the two integrals in Eq.
and spin components are averaged over in the initial stateét-2 are identical, and we get

and summed in the final state so that we are not concerned

explicitly with such degrees of freedom. Flavor, however, is
different, since we identify the final-state particles by their
flavors; that problem will be treated presently.

Before proceeding, we emphasize what has been me
tioned in the preceding section already, namely, @dl) is
expected to be valid in the proton fragmentation region onIy,(4'5)' . e N . .
if F(x,,X,,X3) is to be determined from the projectile valon . The identification of the recombination function with the

distributions with no quarks originating from the target Invariant form of the_ valon distribution in Ed4.4) is the
nucleons. In this-channel approach, the factorization of the principle characteristic of the valon model. On the one hand,

projectle and target fragmentations, apart from thell r€COgNIZES the role of the wave function of the proton both

momentum-degradation effect studied in the previous sec' @ projectile and in a produced proton. On the other hand,

tion, can be justified only if the two fragmentation regionsthe momentum fractions; of the outgoing valons can add

are well separated. At AGS that is not the case. Even at SP?O tora prototn arf( 50 th‘ranren'f 2? nme(:rd f?ir gnyr cotns;t;';;Jent n
the central region in rapidity can encompass sizable portion € process 1o have a momentu action greater Xyats

of the positive and negative- variables. The application of would be necessary in a quarl_< _fragmentatmn model. One
the valon model to the analysis of the data, therefore, needSdY then question how in a collision process can the quarks

some help from the experiments at X1, X,, and x3 in Eqg. (4.1) become the valons of the

Fortunately, the NA49 Collaboration has treated theirdata?u'[gomg proton. The answer is that hadronization occurs

in such a way as to eliminate the contribution of the targetgtgzgjleJ trl[ﬁ;r?]rgsseinsnfjhEtect:r(])?ngﬁ:ekiarro?]\gngf ?h?awnrscf(rjeuirg q
fragmentation from the projectile fragmentation region. p P

. proton without any change in the net momentum of each
From their data on the net proton producpes A—(P—P)  quark/valon, which is all that matters in the specification of
+ X, for which we use the abbreviated notatiop<p),, Rp(X1,X2,X3,X).

they subtract the distribution forp(~p).., which is 3[(p We now consider the quark distributidf(X;,X5,X3) in
—p).++(p—p),]. By charge conjugation symmetryp( Ed. (4.1) in pA collision before recombination. In the pre-

—H) should have no projectile fragmentation, only targetceding section we have formulated the procedure to calculate
fragr;entation Thus the differencep{—ﬁ) ,(p E) the effect of the nuclear medium on the momenta of the
. p_ - T

. ) valons as they traverse the target. Momentum degradation is,
should have no target fragmentatifit4]. With those data as  owever, only one of the effects of valon-nucleon interac-
our goal for analysis, Eq4.1) is then particularly suitable.  jon 1t such an interaction is represented by a Regge ex-

The normalization factoN in Eq. (4.1) is determined by cange we should also consider the possibility of flavor
requmngO that the proton distribution in the absence of a”ychanges of the valons due to nonvacuum exchanges at non-
target,Hy(x), satisfies the sum rules asymptotic energies. In the spirit of tisechannel approach
that we have taken, in which the probabilities of occurrences
) . at various stages are assembled multiplicatively, we assume
f d?XHg(X):J' dng(x)zl, (4.2 that the flavor changes at each of thecollisions are inco-

0 0

herent so that the net probability of a flavor change after

N=g’B(2a+2,2a+2B8+4)B(2a+2,28+2). (4.6
The factorg?, although known from Eq(2.3), will cancel

fhe similar factor that will emerge from the integral in the
numerator of Eq(4.1), just as they appear explicitly in Eqg.
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yimV M) v oy U ) dox Other distributions involving unfavored quarks are simi-
/ ! -/ ’ larly defined. Examples o¥/f;, Vi, W', and W/Y, are
depicted by diagrams in Fig. 2.
(a) (b) In view of Eq. (4.9 and Eq.(4.10 we can write by defi-
nition
vi=p,Kl=|+q,L il (4.1
X X 1] Vi v; PR .
u u- ] Yi
)/i‘ U yi' U X X;
L, d ) Vi=p,L y—J +q, K y—J : (4.12
K k i i
(c) (d)
xj Xk
FIG. 2. (a) V,] , favored quark in a valon(p) Vj;, unfavored | ]k =Py, K| =L
quark in a valon(c) W' ik » two favored quarks in a valoq) wi Tk Yi Yi =X jk
a favored and an unfavored quark in a valon.
X
. o o . +q, L L]l —= . (413
interactions is also multiplicative. Letbe the probability of i / Yi =X ”
a flavor change frond to D, or fromD to U, at one of they; !
interactions. Furthermore, Ie|tyi be the probability of flavor X, Xy
change aftew; interactions. Them, satisfies the recursion Wije=p,,) L ik v —x
relation ' bk
Xj Xk
d,+1=9,(1-a)+(1-q,)q, (4.7) +qyi[ K(—, Ll - , (4.14
Yi Yi =X/ )
where the first term on the right-hand sid®HS) denotes no X X
change in the last step from to v, 1, while the second term WI =P, { K( _J) L( K ) ]
denotes a change in the last step. The solution of &£@) is ' yi Yi =X ik
~li--29m] 4.8 +q |L 5 k| )] (4.15
qyi_ 2 q ' ' i yi, yi’ _Xj ik
We may now write what & and aD valon become after; ~ Where
interactions in obvious notation X X
j k
i Yi Yi =X/ )
U—p,U+q,D, (4.9
1 X; X X X;
> fl(—{>f2< T —f)fl( ] ) .
Vi Yi Yi =X Yi Yi = Xk
D—>pViD+qViU’ (41@

(4.19

where p, =1—q,.. This regeneration process depends onin terms of these/ and W distributions we can now write
i i out, by inspection, all possible contributions to theid

one parameteq. We expectg to decrease with energys. quarks, shown in Fig. 3, for the production of a proton
Here we treat it as one free parameter to fit the NA49 data at

one energyE ;.= 158 GeV. Mp(Y1,Y2,Y3:X1,X2,X3)
For the quark distribution in a valon we have the favored F o o fy
and unfavored types discussed in Sec. Il, and denoted by = VIV Vit 2{VI VeVt 2{ VI W53 1,

K(z) andL(z), respectively. We drop th®? dependence,

. . . : + 2V WA+ 2f v Wik
since we now consider loyw; hadronic processes for which 1Wz,1272{ 312

there is no precis®?. Nevertheless, we shall use the param- +2ViWg' o+ 2{V31W1 1ot 2V33W1 12

etrization in Eqs.(2.9), (2.10, and (2.13, from the Q?

=1 Ge\? CTEQ parton distributions. We use the following (4.17

notation for the invariant distributions of quarks in valons where{ },, denotes symmetrization of, andx,. We have

Wlth superscrlph‘ signifying “favored” and u “unfavored™  jgnored the contributions corresponding to all three quarks
”ff favored quark ak; in valon aty; , coming from the same valon. The quark distribution from the
W; i : two favored quarks at; andx, in valon aty; . proton source for proton production is then
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You L+ og—uv Lo—uv Lo d 5
b7 F(X1,X2,X3).

3
Ti(nl,nz,n:g):f XmdX2dX3 H X
=1

|
P Un u U_o_d U_0<U L0<u (4.23
d u .

Thus it follows

o—- ~ nt
H (n)=[ni] mF(n1+a+3,n2+a+3,n3+,8+3).
u u (4.29
U 6 v g d U O< Uy O<
d u From Eq.(4.18 we expect from the convolution theorem to
have

u u
D O< D O< D 5 ub 5 4
d u
FIG. 3. Eight types of contributions to the quark stated in a
proton.

F(ny1,ny,n3)=G%(ny,ny,n5)M(ny,n,,n3), (4.29

Whereé';is given by Eq.(3.195, apart from the Poissonian
Fp(X1,X2,X3) sum of Eq.(3.8). However, because of the ordering xof
relative toy; in Eq. (4.17), the simple form of Eq(4.25 is
valid only for the first term oM (y;,Y5,Y5;X1,X2,X3). For

~ [ dviayioviivi.va ML YE YA X Ko ), | | i
that first term, which we denote %), we have

(4.18

’ . . . - . 3
whereG (y1,Y5,Y3) is given in Eq.(3.8). Forp production = ,, =, = ~
we need only change &l functions in Eqs(4.11)—(4.15 to F(ng,nz,ns) =G (nl,nz,ng)i]:[l [Py K (M) +a, L(no)],
L functions, since all antiquarks are in the sea. Denoting the (4.26
corresponding quantities in Eq4.17) and(4.18 by My and

Fp. we have finally for net proton production where the subscrip_thas been omitted. The summation over

Fpp=Gla(M,—Mp), 419 v in Eq.(3.19 for G’(ny.nz,n;) should extend ovep,
andq, in Eq. (4.26. The moments oK(z) andL(z) are
where the convolution is defined by the integral in Eq.defined as usual for the invariant distributions as
(4.18. It should be recognized thélﬁyi ,Y5,Yy3) involves a
summation ofG’ (y;,y5,y3) overv, which in turn involves a ~ n-2
summationG’(y;,Y5,Y5;V1,V2,v3) OVEr vy, v, and vz K(ni):jodzizi K(z). (4.27
that appear in th& and W distributions.

We are now ready to substituté&(x,,X,,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 involves;, v/,
andx; . Obviously, we should go to the moments and reduc
them to products. First, using Eq2.1) in Eq. (4.4), we have

For all other terms in Eq4.17 there areVi“j and W func-
tions, and the simple form of E@4.25 must be modified,
especially when only two valons contribute. For notational
G\'5|mpI|c|ty let us define

Vi=p,K(n)+q,L(n), 4.2
H(x)=%x‘(2“+ﬁ+2)j dx;dx,dX3F (Xq,X2,X3) 1= Py K+ ay L)) (4.28
X(X1X2) T IXETLS(X+ X+ X3—X).  (4.20 Vﬂ=pvit(nj)+qviﬁ(nj), (4.29
For convenience, let us leave out the known factors and de- - @
fine Wi i=p, {K(”J MOL(n}+a, {L(nj ML ks
(4.30
N
H'(x)= —x?*"AT4H(x). (4.22)
9 |]k =p, {L(nj ML} +a, {K(nj ML)}k,
Then define the moments (4.31)
H'(n)=fldxx”—2H'(x), (4.22 W= P, (R .moL(noljict a,, {Tnjmo K(nk)}(JZ!BZ)
0
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whereR(nj ,n) is defined by and similarly forf(nj ,n). These moments arise whenever
two quarks are from the same valon, as they do forvall

~ Lo, . distributions. Take, for example, the third term in £4.17);
K(nj,nk)zfodzqu (1_Z)nk K(Z), (433) we have

X2

Y2

K

X1
2 pvlpsz -

3
~ 1 1—vy! o
F(3)(n1,n2,n3):f dyif yldyéG(JU(yi,yé)f {H dxixinI ?
0 0 i=1 Y1

X
f2 )]
Yo X2
1 1—vy! B B 1 _
=fodyifo dysGly(y1.ypy Tty 2t 22pylpyzf0d212'fl *K(z1)

1 1
Xf dzzzngz(l—zz)”flK(zz)f dz3zg372L(23)+---
0 0

=2{G{y(ny,ny+ n3_1)'\7f11\7\12123}12! (4.34

where{ }1, here means symmetrization nf andn,, and terms, as shown in Fig. 4. We can write, by inspection, the

) , momentsF (X, ,X,,X3) similar to Eq.(4.36)
Glu(Mmy,my) =Gl yp(Mm,my,me=1).  (4.39 Mot

T [T /f Su U
Performing the same type of operations on all terms we ob- Fa(X1,%2,%2) =2{Glup(Na.N1.M2) V1321V azt12

tain +Glup(N1.n2,ng) ViV5, Vi,

Fp(N1.n2,N3)=G{yp(N1,N2,n5) Vi, V5V, +28y(ng.ny +np— HVEEY,
+2{G{up(N1.ng,N2) V1, Vit1 V5, +2{B 0NN+ ng— 1)VE WL 1
+2{G{y(N1,Nz+Ng— 1V Woha1, +2G{)p(Ng,ny+ny— VWL,
+2G{y(ng,ny+ N~ VWS, +2{G{;p(ny,ny+nz— 1)V Wiy,
+2{G{p(N1,Np+ng— HV,Wikat 1, +2G{p(ny+ny—1n3)WiY Vs 4
+2G{p(ng,ny N~ 1 ViWEY, +2{G{p(Ny+nz— 1) Wi VL b
+2{G()p(n,+ n3_1:n1)\7vf1?23v5]}12 (4.38
+2{G{p(n+ n2—1,n3)\7v§f1§/;3}12. Yoo L o—d Lo v L d

(4.3 d u

Substituting this in Eq(4.24), we have the final form for the P FO-¢ =—0—d U—O< U—O<
d d

momentsﬁé(n). ForEproduction we need only change all

K in Egs.(4.28—(4.32 to L. Dod L g u
For the production of neutron the recombination function
is
X1 XX X1 Xo X d .
17273 1 2 A3
Rn(X1,X2,X3,X) = TGDDU(?1;aY)a (4.37) L0 —u 21— U—0< U—O<
d d
d d
where we useg/; andy, to refer toD andy; to U, so the D D D D
dependence dBppy(Y1:Y2,Y3) OnYy; is the same as that of _0< q _O< —0—v —0—¢
Guup(Y1,Y2,Y3) given in Eq.(2.1). The quark distribution !
Fn(x1,X2,X3) with the corresponding identification &f and FIG. 4. Eight types of contributions to the quark statid in a

X, with the d quark, andx; with the u quark, also has eight proton.
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Substituting this in Eq(4.24) givesH/(n). Forn production ~ of d(n;) as expressed in Ed5.5 can only be inferreca
simply replace alK in F’(n) by T posteriori from the fit of the data. The exponential depen-
4 .

Finally for net nucleon production we have c_ience on the degradation stren@;trﬁqllows qnly from the
linear dependence @({) on «, and is sensible.

A —(n)=H’(n)—FXn) (4.39 We have only two free parametefsandq, to vary to fit
PP P P the NA49 data orp-p andn-n [1]. Recall thatq is intro-
= TR duced in Eq.(4.7) in connection with flavor changes. We
Hy n(m=Hn(n) = H(n). (4.49 repeat that the data do not include target fragmentation be-
We shall use these in the next section to determinexthe cause p—p), and (1—n) . have been subtracted out. Thus,
dependences to be compared with the data. the data represent only proton fragmentation and are ideal for
our analysis byH,_5(x) andH,_7(x).
V. NET PROTON AND NEUTRON DISTRIBUTIONS Since the data are in the variable, we must make the

inverse transformation from our moments Hg{x). Instead

Before we can compute the distributioRi{x), we need  of making the inverse Mellin transform, let us exploit the
to specify quantitatively the degradation functidr(z;,v;)  orthogonality of the Legendre polynomials and shift the vari-
introduced in Eq.(3.5 and discussed between Ed8.16  able to the interval &x<1. Thus, define
and(3.22. We proposed an evolution equation (z,L) in
Eq. (3.16 but left the kernelQ(z/z") unspecified. Now, to g(x)=Pj(2x—1), (5.6
proceed we must specif@)({), which is uncalculable be-
cause it represents the nonperturbative effect of the nucleso that
medium on a valon as it propagates an incremental distance.
We shall use an one-parameter description of the effect, so 1 1
we shall be approximate by assuming that the effect is like a fo dXgi(X)gm(X) = 5777 Sim- (5.7
one-gluon exchanggl4], i.e.,

If we expand the distributiofd’ (x) in terms ofg,(x),

Q)= (5.
(1-94° . “
H' (x)= 21+1)h , 5.8
where the singularity atf=1 is regularized by the subtrac- (x) |=Eo ( Jai(x) 68
tion
then the inverse is
e[ 62
1-0. 1-¢ 2 V)ii—x ' 1
(1=0)+ ¢ 0 hlzfodxH'(x)gl(x). (5.9
Evidently, Eq.(5.1) satisfies the condition
1d¢ Theseh, can be expressed in terms of the mométgn) if
f ?Q(g):o, (5.3  we expresg)(x) as a power series ix
0
|
which is required by the constraif(1)=0 stated in Eq. g|(x):2 aixi, (5.10
=0

(3.20 that follows from baryon conservation. From the defi-

nition of the moments given in E¢3.17) we find, using Eq. .
(5.2, wherea; are known from the properties &(z). Thus from

) Eqg. (5.9 we have
ne

~ 1

Q(n)=—x2, ==~ k[¢(n)+yel, (5.4 L

=1 h|=_20 afl'(i+2), (5.11)
where /(n) is the digamma function ang is the Euler’s .

constant, 0.5722. Substitutin@(n) into Eq. (3.19, and  \yherefi’(n) is defined in Eq(4.22. It is now clear that our
chapglngL to »; that involves a constant factor, thereby ef- theoretical results mj',(n) can be transformed t&’(x)
fecting a change from one unknown parameteto_ another, through Egs(5.8) and(5.11) once we have the coefficients
k, we obtain the form foD(n; ,»:) in Eq. (3.21) with al. Furthermore, ifH’(n) becomes unimportant far>N,
d(n;)=exp{ — K[ ¢(n;) + &1} (5.5 thenthe sum in IiEq(.5.8) can terminate ai. .

To determines;, we make use of the recursion formula
This is a one-parameter description of the effect of momen-
tum degradation. We shall vaily to fit the data. Equation (I+21)P,1(2)=(21+1)zP(2)—IP,_4(2), (5.12
(5.5 is a rigorous consequence of a simple form @(¢)
given in Eq.(5.1), whose reliability is unknown. The validity to infer through Eqgs(5.6) and (5.10
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] —n, the calculated curves are somewhat steeper than the
- data. However, there exist some data pointsrfem above
x=0.8 that are significantly lower, though with much larger
10 il ] errors. Taken as a whole the agreement is satisfactory. Thus
. we conclude that the physical process of proton fragmenta-
~ _ - tion and the nucleon momentum spectra are well understood
o -2 r=3.1 .
J10 7} Data NA49 Ref. (11 | in the framework of the valon model.
rad . : —— We can determine from the value kfwhat the momen-
AT L P+Pb — (p-p)+X | tum degradation length is. First, we get from E§.5)
. p+Pb = (n—n)+X
a d(2)=e *=0.54, (5.17)
10 ¢
for k=0.62, sincey(2)+ yg=1. By definition Eq.(3.26) we
10 -2 v=6.3 N obtain £€=0.85. Inserting this in Eq(3.27) we obtain a de-
pendence ofy’), on v that can be well approximated by
0 0.2 0.4>< 0.6 0.8 (y' ;e =97, (5.18

FIG. 5. Inclusive distributions for the productionpf-p (solid) ~ for v=2. This gives the fractional momentum loss per col-

andn—n (dashedl in p-Pb collisions. The data are from NA49, lision
reported in Ref[1].
1 d
—— —=(y'),=—(1-§)=-0.15. (5.19

1 T\ —
af=-Tl(2-Dal ;+(1-1al,], (513 ('), dv
If we related v to average nuclear path length by v
=oppta andta=ApL, where p=(4m/3)R}, then for oy,

=30 mb we haver=0.4L with L in fm. Thus, if we define
(5.14  the degradation length by

1 : - i
aj=-l(2-1)(aj ;—2a D+ (1-D)aj ],

wherel=2, and ki=<I. Fori=0 and/orl<2, we have (y'y=e A, (5.20

ad=1, al=-1, aj=2. (5.15  then

With these we can generate @], so h, can be directly A=[041-§)] =17 fm. (5.2
computed. ~, This gives an estimate of how far a proton must travel in a
Summarizing our procedure, we calculate —(n) and  npyclear medium in order to lose its momentum by a factor of
ﬁ;_ﬁ(n), substitute them in Eq5.11) and then(5.8), and el _ N
then use Eq(4.2)) to determined,_5(x) andH, (x). We ~_ The value ofq=0.37 for flavor-flip probability may at
vary k and g to fit the data of NA49 shown in Fig. 5. The first sight appear to be surprisingly large. However, if it is
inclusive distributiondN/dxe corresponds to ouH(x)/x. ~ 'egarded as an effective way of accounting for resonance
The solid lines are our results fcpr—Eand the dashed line production, it becomes quite gcceptaple. To see that, we first
— — state that resonance production, which we have not taken
n—n for both »=3.1 and 6.3. The values of the parametersini, account explicitly, can easily produce neutron from
adjusted are |uud) throughA " —n+ 7. The process can be depicted by
a dual diagram, as shown in Fig(ad Such a leakage of
charge through the emission ef' is equivalent to a flavor

The most striking aspect of our result is that the normaliza—gip’ Whil(::_h ch?)ngeydUIrD] t? DUDd' symbolizefd by a sqL:are .
tion of the calculated distributions turns out to be correct,’°X N 19- 4b), and the favored process, for example, o

even though we have no free parameter to adjust that. Thléaving valence quarks changes framd to dud. Since a

degradation strengtk affects the shape of the distributions CONSideration of ‘resonance production would involve
and the flavor-flip probabilityq affects the difference be- masses, threshold, polarization, decay distribution, and other

N 5 andn—n. Th t bet th dcomplications, our method of using flavor changes to ac-
Weenp—p andn=n. the agreement between theory andqq nt for the effect presents considerable technical economy.
experiment is fairly good, conS|der|ng that we have o_nly WO en though resonance production can occur only at had-
free parameters and that the experimental ertarsypical

. £ which is sh in the fi | Sl at ronization in the end charge leakage can take place at any
size of which is shown in the figurere large, especially at qint \where a projectile valon interacts with the target;

largex. The shapes of the distributions fpr-p are reason- hence, the consideration in Sec. IV leading up to @qL0
ably well reproduced and so is the dependence oRor n is an effective way to take such subprocesses into account.

k=0.62, q=0.37. (5.16
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ud U y
u_/Ld U_DLO_d
u u U O u U_O_u U_O_d
U _
p d
d d D O d D_O_E D —()—u

() (0) D

FIG. 6. (a) A dual diagram that represents the procAss—n
+ 7", (b) The square box symbolizes a flavor change ftdwalon
to D valon before the quark momenta are determined in the valon

model.
U _O: D _O:
VI. PION PRODUCTION 3 3

Having successfully computed the nucleon distributions, _ o _
resulting in the determination of the only two free parameters F!G. 7. Five types of contributions to the quark staie in a
in the model, we are now able to predict the pion distribu-Proton-
tions without any further ambiguities. The NA49 data pre-_
sented in Ref{1] do not include the pion spectra. The E910 F,+(ny,ny)
data[1] do have the pion distributions in the proton fragmen- - - o
tation region; however, being &,,=12 GeV the energy is =[G{u(n1,n2) +2G{p(n1,n2) {V11Vool12
too low to avoid substantial spillover of quarks and produced
hadrons from target fragmentation into tlkxe>0 region.
Without the target fragmentation being subtracted, as is done
for p—p in the NA49 data, the E910 data cannot be com-
pared to the predictions from our model. We present ougand for
result below for a future comparison.

The invariant distribution for pion production is F.-(ny,ny)

+2G 5Ny, NIV NS }1o+ 26 (ng +ny— 1)W1 12

+Gh(ny+ny—1)WaY,, (6.3

=G,u(n1,n) Vi Vi,+ 2G| p (N, n){V5 Vi,
+2G(p (N, M) { Vi Vi,

+2G{(ny+ny— 1)\7\/2}]12—’_ Gp(ny+n,— 1)\7V2L,112-

where F _(X4,X,) is the invariant distribution for finding a (6.4
quark atx, and an antiquark at,, andR, is the correspond- o )
ing recombination function to form a pion. An important ~ For the recombination function we have

x do” dx, dx,
= H0= | TR xR 0 0,
62

aspect about pion production concerns the role of gluons, a X X
subject that will be discussed below in connection wifiz). R_(X1 ) Xp,X) = —oo ( L 2) (6.5
For now, we consider the appropriate forms Fay andR,, . X X' X

We begin with the valon distributio®,(y; .yz.Ys), as where Gj5(y1,y>) is the valon distribution in a pion. For

given by Eq.(3.8). As before, we shall omit the subscript e |atter we adopt the same form derived in Rég],
and replace it by the valon labels so that for the two-valon

distributions we have GESWl Y2)=08(y1+Yo—1), (6.6)

1 which satisfies
Glui v~ | dviGlun(viviyh, (62 Lo
fo d)ﬁfo dyzGJD%yl,yz)

and similarly for G|,p(y;,y3) by integrating outy;. The 1 1y,

single-valon distributions are involved in the five subpro- :f dylf dya(Y1+Y2)G5(Y1.Y2) =
cesses that contribute #,(x;,X,) shown in Fig. 7 for the 0 0

production ofzr*. Of course, because of the flavor changes, (6.7)
the valon labels are only indicative of the unchanged com-

ponents. More precisely, we can expréssin the moment Consequently, the structure function of the piBp(x), that
form, as in Eq.(4.36), for 7 is related to the single-valon distributid®(y),
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-1
Fa(x)% J dyGj(y), 68 07wl gy
- e
1 . 10 |
behaves at large as (1—x) -, in agreement with the count-
ing rule (1-x)? "%, wherer is the number of residual 10721
quarks ¢=1 for pion andr=2 for proton. b . at
Using Egs.(6.5 and(6.6) in Eq. (6.1) yields 310 il -
~
111 1-xq = -1
H.(x)= ;j dxlf dXoF ,(X1,X2) (X1 +Xo—X). 20
0 0
(6.9 10 2|
By defining 10°]
-4
HL00=XH (%), (6.10 0 | e
we then have for the momenitsee Eq.(4.22)] 0 0.2 0'4>< 06 08
- 1 1-xq FIG. 8. Inclusive pion distributions of * and =~ at v=3.1 and
H (n)= fo XmJO dXoF 7(Xq,%2) (X1 +X5)" 6.3.
n . With this value inL,(z), which is then used in Eq$4.11)—
:[;] WFw(nlan)a n=n;+ny, (6.1)  (4.15 in place ofL(z), we obtain the appropriaté¢ and W

functions that should be used for the calculationFgf: in

whereupon EQs(6.3 and(6.4) can be used for the produc- Eq; (%'3) Tndl(16.4). dust for the cal
tion of 7+ and 7, respectively. The inverse transform canI Evi (fenrt]y, t_ er((ej_argbno_ paraﬂ(‘eters tol adjust r?rt € ce|1:_<:u-
be done as before, using E4S.8) and (5.11). ation of the pion distributions. The results are shown in Fig

Having formulated the procedure to calculate the pion dis8 for =" and 7~ separately av=3.1 and 6.3. For ease of
tribution in the projectile fragmentation region, we must con-comparison betweenr ™ and#~ the same curves are replot-
front one final issue on the role of the gluons. Although theted in Fig. 9, where the charge and dependences are
gluons carry roughly half the momentum of a proton, nogrouped differently. No data points are included because
glueball has ever been seen. They, therefore, hadronize Byne correspond to proton fragmentation only and atithe
converting toqq pairs, which subsequently form pions. We considered, as discussed at the beginning of this section.
take them into account by enhancing the sea to saturate tidevertheless, if one compares our results to the data of E910
momentum sum rul¢25]. That is, for the purpose of pion shown in Ref[1], there is rough agreement, both in normal-
production we revise the normalization of the quark distribu-ization and in shape. Generally speaking, the difference be-
tion L(z) such thatgq in the sea carry all the momentum of

the incident proton apart from the momenta of the valence “ ot
quarks, leaving nothing for the gluons. The average momen- 10
tum fraction carried by the valence quark in a valon is 2
10
= J ' S 6.1 3
(Z)va= . ZKNs(Z)—m, (6.12 10 |
310 *l =63
where Eq(2.9) has been used. If we denote the saturated sea g ‘ - ,
distribution by =z - s
- 10
X
Ll(Z)le(l—Z)S, (613) 10 -2_
where only the constant factdy has changed from Eg. 10'3 I
(2.10, then each sea quark carries on average a momentum al =31
fraction of|,/6. That is to be identified with (%(z),)/2f, 10 | --- 7=6.3
wheref is the number of flavors. From E2.13 we have ‘ : : :
(Z)ya=0.52. Settingf =3, we get 0 02 0-4X 06 08
[,=0.48. (6.14 FIG. 9. Same as in Fig. 8 but grouped differently.
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tween7" and 7~ diminishes as is increased, though not the investigation of high-energy processes many years ago
as rapidly as in the E910 data Ei,=12 GeV. We are that found its idealization in the form of Veneziano ampli-
confident that our predictions will agree well with the datatUde,_Wh'Ch has perfect andt-channel Symmetry, so also
when they become available, since the pion distributiond'€re in nuclear processes the exploration of complementary

have always demonstrated the reliability of the recombinadescriptions of common as well as unusual phenomena can
tion model[12,13. help to elucidate the underlying dynamics responsible for

them.
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well-defined procedure of calculating various contributions ' '

to the nucleon and meson distributions in the proton frag-
mentation region. The nuclear target effects, which present APPENDIX

the only unknown in the model, are summarized by two pa- , -
tersk anda. Th determined by fitting— b and In Sec. lll, we have considered the problem of describing
rameters< andg. they are determined by fiting—p an v collisions with the target nucleons in terms of the number

n—n distributions for two values ob. With those param-  of collisions that each valon experiences. With ttrevalon
eters fixed, the predictions for the pion distributions can bencountering; collisions, the sunk, »; satisfies the bounds
calculated without any other adjustable parameters. given in Eq.(3.3). In this appendix we investigate the phe-

The results of our calculations have shown that the NA4%omenological preference for that sum within that range.
data can be well described by the valon model. The normal- | et ys define the integer by

ization of the nucleon spectra turns out to be correct without
any freedom for adjustment. The shapes of the distributions
are also acceptably reproduced. The inferred valuke thiat W=+ vat g (A1)
gives a quantitative measure of momentum degradation can
be translated to a degradation lengttin the forme™"'* for
the degraded momentum fraction with=17 fm.

While a value forA can serve as a succinct numerical
summary of the stopping effect of the nucleus, we admit that v=u<3v. (A2)
it cannot be inferred directly from thgA collision data with-
out a detailed analysis in the framework of the valon modelgince at least one valon must interact with the nucleus, let
This aspect of the problem is worthy of further attention inthat valon be = 1. Letp be the probability that either one of
the hope that a degradation length can be extracted by afe other two valons also interacts. Furthermore Bigfi)
appropriate model-independent analysis of the data OBenote the probability that out of independent collisions

nucleon inclusive cross section. the target nucleons encountgryalonic collisions occur. For
It should be noted that since the valon model does nof,_1 “we have B,(1)=(1—p)2,B4(2)=2p(1—p) and

make explicit use of Regge exchanges, it is not capable Oél(B)sz, which count the probabilities that valofis:2

predicting the energy dependence. To compensate for thafg 3 interact in addition to the=1 valon. Generalizing that
drawback, it makes possible tisechannels approach to the j ,, ~oliisions. we have

calculation of the fragment distributions.

There are obvious directions into which this work can be )
extended. One is to incorporate strangeness and study the B L I P
distributions of hyperons and kaons. Another is to generalize B”(’u)_( j )p (1=p) TR A3)
from pA to AA collisions. From the properties of degrada-
tion that this work has revealed, one is better positioned tQuhich is a binomial distribution of having — v valonic col-
assess the extent to which nuclear matter can be compressggons by thei=2 and 3 valons out of a maximum ofv2
in AA collisions. Furthermore, with some knowledge aboutpgssible such collisions. We can define a generating function
strangeness production A collisions, one can determine from B, (u),
for AA collisions how much strangeness enhancement is nor-
mal and how much anomalous.

Although the valon model represents an approach to mul-
tiparticle production that appears to be orthogonal to most

We are grateful to G. Veres for a helpful communication.

so thatu is bounded by

3v

S.(2)=2 zB,(p)

other approaches based on strings, it should be recognized . 5

that thes-channel and-channel approaches are complemen- L . j 2v i 20—

tary, not contradictory. One may be able to identify diagrams =z ]ZO Zi P (1-p)

in Figs. 3 and 4 that correspond to baryon junction or di-

quark breaking. Just as the notion of duality has benefited =72"(1-p+p2)?’=[S(2)]". (A4)
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The above consideration can now be applied to(B3
where G/(n;,n,,n,) is related toG(n;,n,,n;) under the
assumption of Eq(3.4), i.e., v=v,+ v,+ v3. That assump-
tion is now liberated by Eqs(Al) and (A2). The factor
[E?Zld(ni)/B]” in Eqg. (3.23 should thus be replaced by
[S1(2)]”, which allowsu to vary betweerv and 3v. In the
limit p=0,S,(z) becomez and we recover the earlier result,
if we identify

3
21 d(n;).

W[ =

zZ= (A5)

Using Eq.(A4) in Eqg. (3.23, we finally have, with the help
of Eq. (3.8

PHYSICAL REVIEW ®5 034905

©

G(n1.n2.09)= 3 BNy Nz, Ng)B, (vt vt 1g)P(v)

3

I1 d(ny.

=1

1

3

P23 () + vy vg)!
X e —

Vl! V2! V3!
(A6)

The summation ovep; is included in the sum in Eq3.15
but without the restriction of3.4).

We have used thé’;given in Eq.(A6) to calculateH’ (x)

for p—p andn—n, as in Sec. IV and V. The only difference
from before is that we now have one additional parampter
in Eg. (A2) to adjust, which controls the number of valonic
collisions aboveu=v. Our best fit of the data, as in Fig. 5,
yields p=0.05 with the values ok and q being essentially
the same as in Eq5.16). Sincep is so small, any contribu-
tion from w different fromw» can be neglected. Thus it is the
data that instruct us on the suitable range of valueg; of
namely:v,+ v,+ v is dominantly at its lower bound.
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