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Constituent quark model for nuclear stopping in high energy nuclear collisions
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We study nuclear stopping in high energy nuclear collisions using the constituent quark model. It is assumed
that wounded nucleons with a different number of interacted quarks hadronize in different ways. The prob-
abilities of having such wounded nucleons are evaluated for proton-proton, proton-nucleus, and nucleus-
nucleus collisions. After examining our model in proton-proton and proton-nucleus collisions and fixing the
hadronization functions, it is extended to nucleus-nucleus collisions. It is used to calculate the rapidity distri-
bution and the rapidity shift of final-state protons in nucleus-nucleus collisions. The computed results are in
good agreement with the experimental data®@®+ 32S atE,,=200A GeV and?°%Pb+2%%Ph atE .= 160A
GeV. Theoretical predictions are also given for proton rapidity distributiolfiau-+1°7Au at \/s= 200A GeV
(BNL-RHIC). We predict that the nearly baryon-free region will appear in the midrapidity region and the
rapidity shift is(Ay)=2.24.

PACSnumbes): 25.75-0,12.39-x,13.85-1,25.40.Ep

[. INTRODUCTION tended to nucleus-nucleus collisions without examining
proton-nucleus collisions. Our opinion is that a model for
Whether the incident nucleons are stopped in or passuclear collisions should first be examined [A collisions
through the target nucleus is a fundamental and importarand then extended tAB collisions.
concern in high energy heavy ion collisions. These two dif- The notion of constituent quarks as the units of collision
ferent situations emerge according to collision energy andias been shown to be very useful to describe not only
atomic mass of the nucleus. They suggest different relevaritadron-hadron collisions but also hadron-nucleus)( col-
dynamics, the dynamics of shock formation and Landau hylisions at high energies. In particular, successful results have
drodynamicg[1] in the case of the stopping regime, or the been obtained in application to the projectile fragmentation
Bjorken longitudinal expansion and inside-outside cascadéegion ofhA collisions, since the first application toA col-
dynamics[2] in the case of the baryon-free regime. The dis-lisions by Anisovichet al. [12] and, later on, further devel-
tinction between the two situations is related to how the in-oped by several authofd3-17. General reviews on the
cident nucleons slow down by multiple collision with nucle- constituent quark model have recently been given by
ons of the other nucleus and how the collision energy iBjorken[18].
deposited for particle production. The relevant measure, the In this paper, we first formulate the CQM relevant to
nuclear stopping power, provides an estimation of the energucleon-nucleon, nucleon-nucleus, and nucleus-nucleus col-
density achieved in collisions. Experimental data indicate sdision dynamics at high energy by considering quarks, the
far a baryon-rich regime at midrapidity for a heavy nucleusconstituents of hadrons, as the unit of collision instead of
collision such as gold on gold at AGS energj8$ and sul- hadrons. When the projectile nucleon is incident on the tar-
phur on sulphuf4] or lead on lead5] at SPS, where the get in nucleon-nucleon collisions, the collided nucleon has
achievement of initial condition for QGP formation is still the probability of becoming three types of wounded nucleon
controversial. The clear baryon-free regime may be realizewith one, two, or all of the three interacted quarks. In the
at RHIC energy region. case of nucleon-nucleus collision, the incident nucleon after
For a description of high energy nucleus collision dynam-collision has these probabilities by multiple collision with
ics, there are many theoretical models, which differ in theirindividual nucleons within the target nucleus. In nucleus-
assumptions as to how the particles share the incident engpucleus collisions, each collided nucleon from the projectile
gies, where the sources of particle production are, and howucleus becomes one of the three types of wounded nucle-
the produced particles hadronize, while having almost th@ns. This distinction of the three types of wounded nucleons
same picture for a multiple collision process of constituentds a crucial difference from multiple-collision models con-
such as the Glauber modgs]. A detailed comparison of structed at the nucleon level. The three probabilities of quark
these models can be found in REf] by Werner and Ref8]  absorption can be calculated from the given nuclear density
by Wong. In particular, for the proton rapidity density distri- and the total inelastic quark-quark cross sectigil,
bution, which is related to how high baryon densities may be The three probabilities are used to estimate the degree of
attained in reactions, these model predictions show notableuclear stopping or the rapidity distribution in high energy
difference due to their different assumptions. For examplenucleus-nucleus collisions. The rapidity density distribution
as discussed by Gyulas$9], the RQMD [10] predicts a or the momentum distribution in nuclear collisions is ex-
much higher degree of baryon stopping than VENWEand  pressed by three factors: the flavor factor, the quark interac-
HIJING [11], which predict a concavity at midrapidity for a tion probability of the incident nucleon, and the fragmenta-
reaction such as lead on lead collision at SPS energies. Iton function. The flavor factor is introduced to make a
some approaches a nucleon-nucleon model is directly exdistinction of whether a final state baryon is an observed
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proton, a neutron, or a nucleon decayed from a hyperon. The

determination of fragmentation functioia(x) comes from

fitting the data on proton-protdi9] and proton-nucleus col-

lision [20]. where py(by) is the zy-integrated normalized quark distri-
This paper is organized as follows. In Sec. Il, we show thegyytion in the nucleon:

assumption of CQM and the quark interaction probabilities

having three types of wounded nucleons with one, two, or all

the three interacted quarks in nucleon-nucleon collisions at

high energy. In Sec. Ill, the quark interaction probabilities in

nucleon-nucleus collisions are given as a function of that is normalized as

mass numbeA in nucleon-nucleus collision. In Sec. IV, the

average numbers of three types of wounded nucleons are

calculated forAA interaction. In Sec. V, we compute the

fractional momentum distribution of protons frA collision.

In Sec. VI, we calculate the rapidity distribution of leading  UsingW(b) of Eq. (3), we can evaluate the total inelastic

protons inAA interaction. Finally, Sec. VIl is devoted to cross section and various probabilities. When a projectile

conclusions and discussions. nucleon is at an impact parametbrrelative to a target

nucleon, the probability of the occurrence of an inelastic

event is

W)= [ dbydb () o (B )by by). (3)

pN(bN):f pn(b,zn)dzy . 4

J pn(by)dby=1. 6)

Il. QUARK INTERACTIONS
IN NUCLEON-NUCLEON COLLISION
N _ _ g(b)=1—{1-W(b)}°, (6)
We start by giving the outline of the assumptions of the

CQM pertinent to the description of nuclear stopping in highwhere the second term means the probability that all quarks
energy nuclear collisions. The CQM is based on three funin the projectile pass through the target nucleon without any
damental assumptions that are related to the structure of haphelastic collision. Therefore, we obtain the total inelastic
rons, the interactions between constituents of the projectil o NN/ , e
and the target hadrons, and the hadronization of guafrks i%ross sectiomyne for the NN* collision
participant nucleonfl12—-17. We first assume that a hadron
(meson or baryonconsists of two or three spatially sepa-
rated constituent quarks. Secondly, in a hadron-hadron,

hadron-nucleus, or nucleus-nucleus collision, some quarkgne probabilityg(b) of Eq. (6) can also be expressed as a
from the projectile are assumed to interact independently ofg®(b), which is the probability that quarks in the

with some quarks from the target, thus losing a considerablgqiectile nucleonN collide with any quarks of the target
fraction of their initial momenta, while the quarks that es-, ;cjeonN’:

cape from colliding in both the projectile and the target pass
through retaining their initial momenta. The third assumption

claims that those quarks hadronize eventually via fragmenta-
tion and recombination mechanism.

In order to calculate the total inelastic cross section for
nucleon-nucleon collisions in terms of CQM, we need theWhere
probability of having a quark-quark inelastic collision when
one quark in the projectile is at an impact paraméteela-
tive to another quark in the target, which is given by

ohal = J dbg(b). )

3
g(b)zgl gV(b), (8)

0= ¥ 111 -wioRT - Wi, @

(1) Here (}) is the combinatorial factor and the term
1—-{1-W(b)}® implies the probability that a particular

in the point particle approximation. The integration over im-quark out of the projectile nucleon interact at least once with

pact parameter gives the total inelastic cross section ahe quarks in the target nucleon. Integrating over the impact

quark-quark collisions: parameteb and dividing by the total inelastic cross section,

we obtain three integrated probabilities thajuarks out of

three are absorbed in nucleon-nucleon collision:

h(b) = o14,6'?(b)

f h(b)db= %9, @

: 1 :
We consider the collision of a beam nuclebhwith a P,%,: WJ dbg"(b),
target nucleoN’. To the probability of a quark-quark colli- Tinel
sion (1), by multiplying the probability elements for finding

(10

a quarkpy(by) dbydzy andpy: (by:)dby dzy: in the volume
elementdbydzy anddby,dzy:, and by integrating over the
collision axiszy and zy,, we obtain the probability that a
particular quark inN interacts with a particular quark in
N’ whenN andN’ are at an impact parameterrelative to
each other,

which is illustrated in Fig. 1.

Given the quark density distributigry(b) and the inelas-
tic quark-quark cross sectiar{ld;, we can calculate the total
inelastic proton-proton cross sectiof}?, and the probability
of quark absorptiorPg,)) in the proton-proton collision. The
quark distribution is assumed to be Gaussian for simplicity,
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———2 ment of finding the nucleon, arg{b—b,) is the probability
E I f of inelasticNN interactions at impact parameter b, given
" by Eq. (6).

The total inelastic cross section frA collisions is given

by
FIG. 1. Three possible interactions of the incident nucleon col-
liding with the target nucleon, or nucleus, in CQM. Of&, two f A
(b), and all threg(c) incident quarks interact with the target. 0'”9' dbf1={1=Va(b)}"]. (14)
(b)= 1 ox _b_2 (11) As g(b—b,) in Eqg. (13) is given by Eq.(8), Va(b) is de-
PN 2732 23°) composed into a sum of three terms:
where the parametes is related to the root-mean-square
radius of the protom?},, Va(b)=> V¥(b), (15)
i=1
1
Bzzg(rrpms)z' (12

wherevﬂ)(b) is the probability that quarks in the projectile

nucleon interact with a nucleon in the target nucleus,
Electron scattering datg21] givesrp,.=0.862 fm. For the d

inelastic quark-quark cross section as the input, we take

oihe=4.32 mb in order to reproduce the total inelastic cross VX)(b):f dbapa(ba) g (b—by). (16)
section of thepp collision a}%=30 mb which is observed
for center-of-mass energy 3 GeV \s <100 GeV and _

o4.=6.64 mb to giveoPh =41 mb for Js=200 GeV[22]. Let us calculate the probabilitieB“) for projectile nucleon
The numerical values of the probability of quark mteracuonhﬁvmgl interacted quarks ilNA collisions. We first expand
in pp collision for o4 =4.32 mb are shown in Table I. It i Of EQ. (14) into a sum of the contributions from
should be noted tha\?) is considerably large implying vio- N—N collisions:

lation of the additive quark approximatig@3].

Ill. QUARK INTERACTIONS Thol= E fdb( )[VA D) I"[1-Va(D) A" (17)
IN NUCLEON-NUCLEUS COLLISION

When an incident nucleon collides with the targetBy substituting Eq(15) for Eq. (17) and expanding the lat-
nucleus, the projectile nucleon can interact with many nucleter, we obtain

ons in the nucleus. We use the probabilities of quark absorp-

tion in NN collision to obtain those iNNA interactions. A ia

When a nucleon is incident at an impact parambtegiative PIA=—z > (n) j dbU{A(n;b){1—Va(b)}A ",

to the nucleusA, the probability for the nucleon to collide Oinel n=1

with a particular nucleon in the target nucleus is given by (18

VA(b):f dbapa(ba)g(b—ba) (13  Where U{A(n;b) is the probability of havingj interacted
' quarks inn N—N collisions and is given by

wherepa(ba) is thez-integrated nucleon density distribution <1) D
of nucleusA, dbapa(ba) is thez-integrated probability ele- A(N;b)=U{3)(n;b), (199

TABLE |. Comparison of a calculated total inelastic cross seabiﬁ@ with the experimental values from
Ref.[20] and[26], the probabilitiesPSZ\ having one, two, or all three interacted quarkgif collisions and
their average valuéi).

A bl ca(mb) bl exg{mb) P PR P2 (i)

p 30 31.3+1.2 0.81 0.17 0.02 1.21
°Be 188 176-2 0.61 0.30 0.09 1.48
825 493 0.47 0.34 0.19 1.72
64Cu 785 7678 0.39 0.34 0.27 1.88
1087 ¢ 1118 109712 0.33 0.33 0.34 2.01
B8y 1584 1540- 16 0.27 0.31 0.42 2.15
208py 1724 175253 0.26 0.30 0.44 2.18

=y 1880 186(-20 0.25 0.29 0.46 2.21
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'(VZA(n,b):UEi;(n b)—|—U(2)(n b) 1.0 i T T 111117 IR T |||\||l
S P A(l)
+ Z ( u<l J(k;b)U ) (n—k;b) 08 I~ - R
u P A(3)
L @U@ : B |
+§U(1)(k,b)U<2)(n—k,b) , (19b e[ ]
el i
URA(N:b) =[Va(b)]"=URA(n;b) —URA(n:b), (190 0a | /S
where U(n;b) is the probability of havingj interacted r R
qguarks inn N—N collisions while having interacted quarks 02 7 -
in each collision, and is given by i ]
1 n 00 1 ||IIIII‘ L \IHIH‘ L \HIH_\
Ui3(nb)=3|% m(b)} (20a 7 10 100 1000
A
2. N 1 1) n FIG. 2. TheA dependence of the probabilities that one, two, or
U(l)(n,b)=3(2 -2) §VA ()|, (20b) three quarks in an incident nucleon interacipiA collision.
2 1 2 n ability of having two interacting quarks is not so small. All
Ui2)(n;b)=3 §VX (b) (200 three probabilities have comparable magnitudesAfar60.

In Appendix A we present the details of our calculation of |, QUARK INTERACTIONS IN NUCLEUS-NUCLEUS
PUL. COLLISIONS
Now we need to fix the nucleon density distribution .
pa(b) in order to carry out the numerical calculation. We use, " nucleus-nucleus collisions, many nucleons of the pro-

the Woods-Saxon parametrization, jectile nucleus A) may collide with many nucleons in the
target nucleusB) by multiple collisions. After the full pro-
Po cess of multiple collisions, the incident nucleons are divided
pa(r)= m (21 into four types of nucleons having zero, one, two, or all the

three interacted quarks. When the beam nuckuand the
for heavy nuclei A=16) while the Gaussian distribution  target nucleu are situated at an impact parametterela-
tive to each other, the probability for the occurrence of a
collision between one nucleon & and one nucleon iB is

(22 given by

1 r?
oA~ e 50

for °Be, where both distributions are normalized as
Vag(b)=| dbadbgpa(ba)pe(bg)g(b+by—bg), (26)

f d3rpa(r)=1. (23
whereg(b) is given by Eq.(6).

The parameters for each distribution can be obtained fro The total inelastic cross section faiB collision is given

the data on elastic electron and hadron scattering on nucl
For the Woods-Saxon distribution, we use the parami@ter
anda in Ref.[24]: ‘TQZZJ db[1—{1—Vg(b)}*B]. (27)
R=1.12AY3-0.86A" %, a=0.54 fm (24)

In the same way as in Eq$l5) and (16), the probability
Vag(b) can be expressed as a sum of three probabilities of
incident nucleons havinginteracted quarks

for (A=16). For the Gaussian distribution, we tdi&b]

2= rms)2 rée =23 fm (25) ,

Vag(h) =, Vil(b), 28
for °Be. The calculated values of the total inelastic cross as(D) 21 as(D) 28)

sectionafg and the probabilitieP(R, P, and P are

shown in Table | and the behavior &) as a function of where

A is shown in Fig. 2. The calculated cross sections are in

good agreement with the experimental val(i26,2G. The (.) 0

process of one quark interaction with the probabimyA) is B(b)= | dbadbgpa(ba)pg(be)g" (b+ba—be),
dominant for light nuclei. However, even for Be, the prob- (29
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sectigil; with the experimental values from Re#] and empirical

formula, the average number of wounded nuclegm$ and the average values for three types of wounded nuclegh, (m,), (ms) for
different triggers inAA collisions. Here “no-bias” implies that the impact parameter integration is carried out from zero to infinity.

AA[ Js(A Gev)] Trigger Tinel ca(Mb) el exmb) (m) (my) (my) (mg)
S+5(19.4 No-bias 2173 1707402 9.4 5.6 2.9 0.9
Veto(2%) 43 34 27.2 9.8 111 6.3
E{(11% 239 190 25.3 10.6 9.9 4.8
Peripheral 1422 1000 4.0 3.1 0.8 0.1
Pb+Ph(17.4 No-bias 7660 7630 77.0 32.7 26.6 17.8
Cent(15%) 1149 - 196.0 39.5 75.5 81.0
Au+Au(200 No-bias 74147179b 7328 80.2 25.8 25.8 28.6
Cent(15%) 1112 - 192.7 18.2 54.0 120.5
3/alues of empirical formula in Ref27], see text.
bValue for o9%,=4.32 mb.
with g)(b+b,—bg) being given by Eq(9). The expansion 1 A\ m\/{m-m,
of the total inelastic cross secti¢@?7) gives the probabilites Pas(m;mg,my,mg) = A J db m /| m,
ne

of havingm wounded nucleons on the beam side

1 A
Pag(m)= UTBJ db( m)[l_{l_VAB(b)}A]m

X[1—=Vag(h)]BA™, (30
and the average number is
A
(m)= 2, mPag(m). (31

The numberm is a sum ofm;, the number of nucleons

havingi interacted quarks:
(32)

3
=>m
i=1

We shall evaluate the probabilitf? ,g(m;m,m,,m3) of

X[REB(D) 1M RIZ(b) 1™ RIZ(b) 1™
X[{1—Vag(b)}B1A™™ (35

wheremz=m—m; —m,. The average number af; is given
by
A m  m-—mg
(mpy=2 2 > mPag(mmy,my,mg). (36)
m=1 m;=0 m,=0

Using the nucleon density distribution of E1) with
Eq. (24), the nucleus-nucleus inelastic cross section and the
average number of wounded nucleons are calculated for
325+ 323 (Ep=200A GeV), %Pb+ 2%%Pp (E,n=160A
GeV), and Au+ 97Au (\s=200A GeV) reactions as
there are recent experimental data from CERN SPS for the
first two reactions. The third reaction is chosen to give a
prediction for RHIC experiment. Along witb/y5, the cal-
culated values of my, (m;), (m,), and{(mg) for no-bias
events are listed in Table Il. For AvtAu and Pb+-Pb reac-

having such a configuration of wounded nucleons. It is contions, we have ShOW” the values estimated from the empiri-

venient to introduce the probablllﬁl(')(b) that one of inci-

cal formula ofhe=mr3(AY3+BY¥—b)2 with parameters

|neI_

dent nucleons hap interacted quarks at a fixed impact pa- fo=1. 48 fm andb=1.32 fm[27]. The calculated cross sec-

rameterb. It is obtained in a similar way as iNA collision
by expanding the factor 2{1—Vg(b)}*. The result is

. ° (B| .
RSA&(b):Zl(n)Ui{é(n:b)[l—vAB<b>}1B-“ (39

with

w

21

Ria(b)=1—{1—Vag(b)}B. (34)

Here, U§4(n;b) is obtained by substitutiny$}(b) in AB
interaction instead o¥/{’(b) in NA interaction in Eqs(19)
and (20). Using the polynomial expansion, we have

tion ofpy is larger than the experimental values fot-S,
while it is in good agreement with data for AtAu and
Pb+Pb reactions. The discrepancy of the cross section in
S+S does not affecP ,g(m;m;,m,,mz) and(m;).

The probability distribution$®,5(m) of Eq. (30) and the
corresponding average valuégs) for S+S and PB-Pb re-
actions for different triggers are shown, respectively, in Fig.
3 and Table Il where the values ¢fm;) are shown also.
Here, veto ancE; triggers in SFS reactions mean central
triggers that correspond to 2% and 11% of total inelastic
cross section, respectivelyt]. Corresponding to these trig-
gers, we introduce the impact parameter cutnff, in our
theoretical calculations so that the partial cross section

f dbah(b) (37
[b] <Dmax
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FIG. 3. The probability distributionP,g(m) of having m FIG. 4. The proportion of three types of wounglgd n3l;clelms
wounded nucleons for different triggers @) 3%5+3%S and(b) 1O tg(t)al Woyonded nucleons: in no-bias event ofg) *S+*°S and
208pphy+ 208, Here we have usedld,=4.32 mb. (b) 2°®Pb+2°Pb collisions.

becomes 2% or 11% of the total cross section. The cutoff i$+S reaction. On the other hand, for=197, the fraction
found to be bp,=1.18 fm for the veto trigger and (ms(m))/m becomes largest in PHPb reactions. For this
Pmax=2.78 fm for the E; trigger. For both P#Pb and region, (m3) is largest in central PbPb collision at
Au+Au reactions, we takd,,=6.05 fm andb,,,=5.86  \/s=17.4A GeV as seen in Table II. The trend is stronger in
fm, respectively, corresponding to 15% ’;l. Onthe other  Au+Au collisions at RHIC energy because of largef, .
hand, the peripheral trigger intS5 reactions corresponds to
65% of o which leads to the smallb| cutoff by,,=4.9 fm.

In Fig. 3(a), the distributionP 5g(m) for no-bias events of V. FRACTIONAL MOMENTUM DISTRIBUTIONS
S+S reactions shows the well-known horseback shape. It is OF PROTONS IN PROTON-NUCLEUS COLLISIONS

obvious that the distribution at smatl is dominated by pe- In this section, we study the inclusive spectra of protons

:kpeh((a:rearl:tf;"(l)sr:ggs%Zlil(teger 22ea?;tl%rr?%ﬁﬂgrggnrﬁteodngzts iin the projectile fragmentaion region of proton-nucleus col-
: P P fﬂsions, as it gives basic information on the nuclear stopping

the m distribution is a consequence of the strong correlatioqn high energy nuclear collisions. According to CQM, both

b_etweenm a_nd b AS shown in .F'g' &), in Pb+Pb CO”". articipant quarks and spectator quarks hadronize via frag-
SIons, Fhe distribution for no-bias events ShOW.S PrOMINeM entation and recombination. However, instead of giving a
peaks in both the smallest and the largestregion. The detailed description of such hadronization dynamics, we here

z?(r)?w?tr'phfgrfgsfrgkcaorLli;Sbeled(f)(?altTﬁ:aesd :fytthh: gsgggl ggg'i'nintroduce a phenomenological fragmentation functigx)
' P 8:1,2,3), which is a fractional momentum distribution of

; . 0
of e nciden nicleons aré wounded i the centralcolisang!©1oTS COTING from a wounded nucieon havigreractec
%uarks. Assuming the independent fragmentation of each

of both Pbt+Pb and Au-Au. .
. . . type of wounded nucleon, we express the proton spectra in
Shown in Fig. 4 arem dependence of fractions pp, pA, andAB interactions as

{m;(m)}/m in no-bias events of S and PB-Pb reactions.
Here(m;(m))/m is the average value of;; for a fixedm. At

small m, the wounded nucleon having one interacted quark dN
m,; dominates in both reactions. At larger, the fractions —

3

— (1)
_ ax| =2 NP0, (38a
{m;(m))/m and(m,(m))/m are comparable to each other in

pp—pX
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dN 3 (|) 4 C T T T T T T T T T T T T ‘ T T i
ax :21 AiPpafi(x), (38b i .
pA—pX - 1 ]
3 - — € -FZ(X) ]
. e B
dN : (A B .
ax =2, M (my)fi(x), (380 o T 7
AB—px =1 ¥ o ]
v B T9-1 % ]
for 0<x<<1, wheredN/dx is the normalized single particle C . :\L % o ]
inclusive cross sectiomri;éda/dx and x is the Feynman 0 F f "-~-....\TET,_\I~E_, e
scaling variable defined in ¢.m. system. Moreowver,and C ]
A® are the flavor factors that can be interpreted as the prob- P N I I e
abilities of finding a proton in the hadronization product 0 0.2 04 0.6 0.8 .
from wounded nucleon haviniginteracted quarks provided ' Tox '
the effect of baryon-antibaryon pair production is negligible.
The probabilitiesPS,)) and PS/)% are given by Eqgs(10) and FIG. 5. The fragmentation functioris;(x) obtained from the

(18) while (m;) are given by Eq(36) and all thef;(x) are fractional momentum distribution of protons ip, pCu, andpAg
normalized as reactions.

1 Though the fragmentation functions have been deter-
f dxfi(x)=1. (39 mined at variousx, we needF;(x) for all x in order to
0 calculate the nuclear stopping power in any reactions. In this
. . , . case a meaningfy}? fit for the wholex region is impossible
It is obvious that the right-hand sidRHS) of Eq. (38),  pecause of absence of the experimental date<ad.2 and
being integrated ovex from 0 to 1, just gives the average e |arge errors of data point at 8&=<0.3. Therefore, we
multiplicity of the _final—stgte protons for each reaction in the ;o me appropriate functional forms and impose some physi-
beam fragmentation region. o cal conditions:F4(x) is assumed to be a linear function of
Three fragmentatlon fu_nctlons can.be determlneq if dat@h F,(x) and F4(x) are Gaussian and exponential, repec-
on three different reactions are given. In addition totively, with conditions on the average fractional momenta
pp—pX of Ref. [19], we use data ompCu—pX and  /yy > 4\ = (x). and another condition on the flavor factors
PAg— pX provided by two experimental grou20,2§ in N1>\,>\3. Here, we do not use thep— pX data point at

order to cover the wida range. As Ref[28] gives only the = 5 g shown in Fig. 6) because they are dominated by the
cross sections at fixep's, we assume that they are propor- gigrractive contribution. The inequality for the average frac-
tional to thepr-integrated cross section: tional momenta(x);=fdxxf(x) means that a wounded
nucleon with more interaction loses more momentum. It is
Xd_“: KEd_‘T _ (40) obvious frompp data that\;=0.7, which indicates that the
dx dp fixed py probability of flavor change, is small for a single interaction.
In such a case, it is reasonable to assume that the probability

Actually the constant can be determined by requiring that of flavor change increases as the number of interacted quarks

the data of Ref[28] at pr=0.3 GeV£ coincide with the data increases. Thereforey; will be the smallest. However, a
of Ref. [20] in the range 0.3 x<0.6 where there exist data consideration based on a simple model indicates that it can-
' | . - Jiot be much smaller than 0.5. For example, if we consider

only two flavorsu andd and if the memory of the flavor of
the projectile proton is completely lost in the collision with
i=3, then a baryon made ofu(id) may be formed with
0_probability 1/2 provided only a proton and a neutron are
possible final states. Thus we have assumed that
N1=0.7>\,>A3=0.5 in the parameter fitting. The resultant
fragmentation functions are

cause the dependence of a fixeph cross section of28] is
really similar toxdo/dx of [20] as shown in Figs. @) and
6(d). The values ofk are k=1.30 and 1.2Q(GeV/c)?] for
A=Cu and Ag, respectively. For information, the same pr
cedure has been applied mp—pX with the result that
xk=1.18[(GeV/c)?]. See Fig. 6a). It is remarkable that the
values ofk are almost the same, i.e., independenAaf the
three cases.

Applying data on three different reactions to ER8a) F1(x)=0.56+0.1%, (419
and (38b), one can determine the three fragmentaion func- )
tions. However, the immediate application gives too large Fa(x)=1.4exp(—3.54°) —exp(—3.54}, (41b
uncertainties forf,(x) and fz(x) due to the propagation of
the experimental errors. We accordingly assume that F3(x)=3.25exg§—6.5X). (419

f3(x)~0 for x=1/3 because a wounded nucleon having all

the three interacted quarks loses most of its incident momerAs shown in Fig. 5,F;(x) is nearly constant while both
tum. The fragmentation functions thus obtained are shown as,(x) andF3(x) decrease toward zero asincreases. The
points with error bars in Fig. 5, where they represent thelavor factors aren;=0.65\,=0.61, and\;=0.50 and the
values of the fragmentation functions including the flavoraverage fractional momenta ape), =0.52,(x),=0.28, and
factors,F;(x)=\;f;(x) at variousx. (x)3=0.15. The error ok, is some 10% provided the func-
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FIG. 6. The proton spectra ipA collisions forA=p (a), Be (b), Cu(c), Ag (d), W (e), and U(f); pp, pCu, andpAg data are used as
inputs. Curves show the model result while data points are taken i (p-integratedpp data at 100 Ge\¢: triangles, [20]
(pr-integratedpA data at 100 Ge\¢: solid circles and[28] (py-fixed pp andpA data at 120 Ge\¥. open squares

tional form of F1(x) is fixed. The errors ok, andA ; cannot
be estimated because the errors of data points at smiall

Fig. 5 are too large.

In Fig. 6, the calculated proton spectra foA— pX reac-
tions (A=p,Be,Cu,Ag,W and Yare compared with the ex-
perimental dat§19,20,28. Our theoretical proton spectra es-

TABLE Ill. Flavor factors \(* calculated by Eqs(B1) and

(B2) in Appendix B.

A )\(lA) )\(ZA) )\(3A)

S 0.415 0.415 0.415
Pb 0.365 0.374 0.397
Au 0.368 0.376 0.398

timated from Eq.(38) with above fragmentation functions
(41) and probabilities of quark absorption given in Table |
reproduce not only the input data,Cu,Ag but also the
other data(Be,W,U). This result suggests the validity of
CQM.

A similar analysis was done by Dag¢ al.[29] using data
of Ref. [28]. They assumed thaP()=1, P{)=P{)=0
(quark additivity and F3(x)=0. Our analysis includes the
newer datd20], which covers the smal region. We do not
assume the quark additivity and also do not assume that
F3(x)=0 at smallx. In fact, F5(x) gives a dominant contri-
bution at smallx for heavy nuclei. The fact that all the
Fi(x)’s are estimated with reasonable accuracy fpindata
makes it possible to evaluate the nuclear stopping power in
AA collisions rather accurately as will be shown in the next
section.



856

~
T

LN T N N N TR T O I |

T T 11

ill I'IIIIIIIIIIIII

dN/dy

[IIIIIJII]

L1y

i"."."'."|".47.->.--~.-~|--.-~1-.—-».

2.0

0.5 1.0 1.5

ylab

2.5 3.0

FIG. 7. The rapidity distribution of participant protons in
825+ 323 collision atE,,,=200A GeV [4]. The solid, broken, and
dotted lines correspond, respectively, to vefg,, and peripheral

triggers. The corresponding experimental data are shown by th

circles, triangles, and squares, respectively.

VI. RAPIDITY DISTRIBUTION OF PROTONS
IN AA COLLISIONS

The rapidity distributions of participant protons have re-
cently been measured fortSs collisions atE,,=200A GeV
by the NA35 Collaboratioi4] and also for centraf°%b+
208pp collision atE,,,= 160A GeV by the NA44 Collabora-
tion [5]. In our model the fractional momentum distribution
of protons can be calculated from E§80c) with f;(x) given
by Eq. (42), {m;) given in Table Il, and the flavor factors
A" given in Table Ill. Calculation of the factors® is
given in Appendix B. The rapidity distribution can be ob-
tained from the fractional momentum distributié88c) us-
ing the relation

S AW mya(y) (42
dy = I | I 1
with
{10 O o e e s e e e B e e
50 |- —:
40 | —
Z - ]
g % -
20 | =
10 [ —
o0 Ll Lo by b by by 1:
0.0 0.5 1.0 1.5 2.0 2.5 3.0
(ymgel) ylab (yc.m. = O)

FIG. 8. The proton rapidity distribution in centrdl5% triggey
208ppy- 208 ph collision atE,,,= 160A GeV. The solid line stands for
the theoretical result, which includes the contribution frande-
cay. Experimental data are taken from Ré&i.
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FIG. 9. Theoretical prediction for proton rapidity distribution in
central (15% triggey *°’Au-+2°"Au collision at /s=200A GeV.
Contribution fromA decay is included. It amounts to some 20% of
the total yield.

4 PTmax
gi(y)= Wfo dprpr(2mycosty/s)

x fi(2mysinhy/\/s)exp(—2pr/(p7)), (49

where my is the

transverse mass of the particle,

Prmax= 'S/ (4 cosRy) —m? (44)

and we have assumed that thand thep; dependences are
factorized and the latter is exponential.

The results for $S collisions are shown in Fig. 7. We
have used the average valygs) = 0.622, 0.595, and 0.45
GeV/c for central(veto andE triggen and peripheral colli-
sions, respectively4]. There is a good agreement between
theoretical results and experimental data, particularly in the
midrapidity region. There is a trend that the proton yield is
slightly overestimated for the central triggers while it is un-
derestimated for the peripheral collision. This may be due to
a sharp cut of the impact parameter in our calculation. Our
model can also reproduce well the preliminary data on cen-
tral Pb+Pb collision[5] as shown in Fig. 8. Considerable
yield of protons in the central rapidity regiogf,=3) is due
to the dominance ofmz(m)/m) at the largesm. See Fig.
4(b).

In Fig. 9, the theoretical prediction is given fé?’Au-+
197Au collisions at\/s=200A GeV to be measured at BNL-
RHIC. It is remarkable that the midrapidity region becomes
nearly baryon free in contrast to Pb collisions at CERN-
SPS(Fig. 8).

As a useful measure of nuclear stopping power, one usu-
ally uses the mean rapidity shift of the projectile proton from
their original beam rapidit Ay), or the mean fractional
momentum retained by the final-state protoq) [29]. The
larger the(Ay), the more stopping is present and hence the
more baryons are produced in the central rapidity region. In
Table 1V, (Ay) and (x) and the integrated yield
(Np)=Jdy(dN/dy) calculated by our model are shown in
comparison with experimental values. The rapidity shifts in
S+S reactions for various triggers are in good agreement
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TABLE IV. The mean multiplicitiegN,) and the mean rapidity shi{Ay) for y<y,, of the final state proton in our theoretical results
are compared with the experimental values in R&ffor S+S reaction aE,,= 200A GeV.(x) is the mean fractional momentum retained
by the final state proton.

AA[ \/E(A GeV)] Trigger <Np>|exp <Np>|cal <AYp>|exp (AY)] cal ) ca
S+5(19.9 Veto(2%) 12.8+1.4 11.3 1.580.15 1.52 0.34
E1(11% 10.3+1.4 105 1.580.15 1.46 0.36
Peripheral 3.£0.8 1.7 1.0&0.15 1.10 0.47
Pb+Ph(17.4 Cent(15%) 96.4 1.67 0.27
Au-+Au(200 Cent(15%) 96.2 2.24 0.22

with the experimental values. THay) in both central trig-  syronger transparency. For PBb collision, our model and
gers are significantly larger than the ones in the peripherqi;QMD [10] predict similar strong stoppinfs] contrary to
trigge_r, Whic_:h implies I_arger stopping _in_ centr_al coIIi_sions VENUS and HIJING, which give weaker stopping. The dif-
than in peripheral collisions. The rapidity shiftdy) in  terent models lead to different predictions for the nuclear
Au+Au collision at ys=200A GeV are much larger than stopping. It should be stressed that the proton spectra of
that in Pb+Pb collision at 17.A GeV, althoughim) in two  AB collisions in our model result from fitting thpp and
processes are similar to each other. This increag& g} is pA data through Eq(38). In general, any reasonable ex-
due to the increase ofms). In spite of the increase of trapolation frompp to AB via pA will give a similar result,
(Ay) at RHIC energy region, the baryon number densitya rather strong nuclear stopping.
decreases at the central rapidity region because the beam Qur model can describe the proton spectran pA and
rapidity also increases. The mean fractional momenfun  AB collisions in a unified manner. The notable feature of the
in central collisions of heavy nuclei is smaller than that infundamental formulg&38) not shared with other models, is
central collisions of light nuclei by about 0.1. However, still the factorization ofx and A dependences. Equatio38)
more than 20% of the incident momentum is carried by thesummarizes the crucial feature of our dynamical assumptions
leading nucleons in central collisions of heavy nuclei. that different types of wounded nucleons distinguished by
The mean proton multiplicitfNp) calculated from our the number of interacted quarks hadronize differently and
model for StS collision is in good agreement with data independently. One has to notice that fragmentation func-
within experimental errors. It is remarkable tifat;) in cen-  tions that have been determined by the experimental data in
tral collisions of heavy nuclei is larger than the number ofthis work should be eventually derived from theoretical con-
incident protons. This is due to the charge asymmetry okiderations in the future. Anyway, we would like to stress
incident nuclei. Consider, for example, collisions of fictitious that the constituent quark model is so simple that it has only

nuclei made of only neutrons. a small number of free adjustable parameters or functions:
ofly and fi(x) for i=1, 2, and 3. Although most models
VIl. CONCLUSIONS AND DISCUSSIONS have recently been constructed as complicated event genera-

_ tors, we feel it still worthwhile to pursue a simple phenom-
It has been shown that our theoretical results of protorenological model that allows an analytical calculation and a

spectra are in good agreement with experimental data fosimple interpretation of the results of data analysis.
both the fractional momentum distribution A reactions
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the baryon number density in the central rapidity region in-

creases with increasing mass number of colliding nuclei, APPENDIX A: THE PROBABILITIES
whereas it decreases with increasing incident energy. During OF HAVING j INTERACTED QUARKS
the course of this analysis, we have established a formula, IN n NUCLEON-NUCLEON COLLISIONS

(35 for the probability of having three types of wounded o ] o
nucleons inAB collisions and have determined the fragmen- N NA collisions, we have considered that the incident
tation functions(41) for those wounded nucleons. The prob- nucleon collides with many nucleons of the target nucleus by
abilities given by Eqs(10), (18), and(35), of having differ- ~ Multiple collisions. By expanding the formula of the total
ent quark interactions ifN, NA, andAB collisions should ~ inelastic cross sectioil4), the probabilities of havingn

be useful to evaluate various spectra, e.g., the transverse eifiicléon-nucleoncollisions in an average collision with all

ergy distribution, in nuclear collisions at quark level. possible impact parameters are written as

It is worthwhile to compare our model with other models
for nuclear stopping.. For_SS rgaction, the e>.<perimental Pua(n)= tAf db(A)[VA(b)]n[l_VA(b)]An'
data show a flat rapidity distribution of protons in agreement Tinel n

with our model and VENUS7] while HIJING [11] shows (A1)
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To obtain the probabilities of projectile nucleon having (V& (b)1m= U( J(m;b), (A10)
interacted quarks in collisions, it is enough to expand only
the second factor of EqAL) [V(b)]", the probability of

having exactlyn collision, in terms oi\/g')(b), the probabil- Substituting Eqs(A3), (A7), and(A10) for Eq. (A2), we
ity of finding i interacted quarks in one nucleon-nucleon col- ' ' '

isi obtain
lision, as follows;
> S ()" K vy V=3 g(n)(n_k> U (kib)+ U 2)(k:b)
[VA(b)]n:kZ()lEo(k)( | ){V;)(b)} {Vi(b)} A o =0 \k/\ | Vi (L
X{VR (b}, (A2) +UF) (kb HUE) (1) + U515 b)}
x{U3)(n—k—1I;b)}. (A11)

The factor{Vﬂ)(b)}k on the RHS implies the probability
of havingk collision with the sama/{(b) and can be ex-

pressed in terms dl(})(k;b), the probabilities of having |, Eq. (A11), all terms includingj =3 contribute the prob-

interacted quarks nk coII|S|ons while havingi interacted ability of having three interacted quarks incollisions and
quarks ineach nucleon-nucleon collisiorFor k collisions  the cross terms are divided into the probabilities of having
with the same probability5”(b), it is given by two or three interacted quarks with suitable weight. Thus one

can write[ V(b)]" in terms ofU{{A(n;b), the probability of

V() }*=U{1)(k;b) +UZ)(k;b) +U(3)(k;b), (A3)  havingj interacted quarks in nucleon-nucleon collisions in

the form
where
[Va(b)]"=URA(N;b) + URA(N; b) + URGA(N;b),
) 1w (A12)
Ul)(kib)=3 gvxkb)} , (A4)
where
(2) 1 1 “
Ul (kib)=3(2"-2) ng(bﬁ : (A5) URA(n:b) =U{3)(n;b), (A13)
k n—-1 n
U (kb ={(3"-3)—3(2"-2)} v<1><b>} (A6) UNA:B) =UE)(nib) + UG (nib) + 2, (k)
=1

Here, Eq.(A4) is the probability of one quark in the incident
nucleon interacting repeatedly with any nucleon of target
nucleus and then having one interacted quark aollisions.
Equation(A5) implies the probability of one quark interact-
ing with the target nucleon, also another quark interacting in
other collision, then having two interacted quarks. The prob-
ability of three quarks interacting in each collision appears in (3) n_ (1) )

Eqg. (A6). When the projectile nucleon interacts with the tar- AlN:D) = [Va(D) "= Ua(n;b) = Ua(n;b).
get nucleon simultaneously in one collision, there are two

possibilities of having two interacted quarks and three inter-

acted quarks i collision as follows:

(k b)U (n—k;b)

UE)(k; b)U@?(n—k;b)}, (A14)

(A15)

From Eqgs(A12) and(Al), therefore, we obtain the formulas
for the probability function of quark absorption in average

(2) — 112 - (3)1-
VA (D)} =Upg) (b +U)(1:b), (A7) n collisions.
where
1 |
U3)(I;b)=3 V&P(b)} : (A8) APPENDIX B: CALCULATION OF THE FLAVOR
FACTORS IN AA COLLISIONS
Ug;(l;b)= (3n_3) <2>(b) (A9) The flavor factor_s_ iAA collisions are _the weighted aver-
age of the probabilities that a proton is produced from an

incident proton or from an incident neutron. If one neglects
In a case where all three incident quarks are participating ithe effect of baryon-antibaryon pair production and assumes
one N—N collision, the projectile nucleon has necessarilythat an incident nucleon fragments into eitipen, or A, one
three interacted quarks im N—N collisions: has
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(1=Ai—7), (B1)

S

)\i(A):é()\i)"‘(

where 7 is the probability that an incident nucleon is con-
verted intoA after interaction and/A is the proportion of

CONSTITUENT QUARK MODEL FOR NUCLER ...

859

7\(3A)=%(1—77)- (B2)

The numerical value of; is estimated to be 0.17 by using the

the proton over the atomic mass. For a charge Symmetri&xperimental data on centrahS collisions[4,30].

system Z/A=1/2), it reduces to
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