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Cross sections for the inclusive reactions p +4 —A or £%4anything in the proton frag-
mentation region are analyzed in terms of the constituent-quark model. Contributions from
the leading single quarks and leading diquarks are determined separately and the results are
interpreted in terms of the quark-fragmentation-recombination picture. It is strongly sug-

gested that recombination of leading quarks with a heavy (anti)quark (s,5,¢,C, . .

.) or a pair

of (anti)quarks from the central sea is strongly suppressed compared to recombination with
a single light (anti)quark (u, @, d, or d) from the sea.

I. INTRODUCTION

It is now widely recognized that both hadrons and
nuclei are equally useful to study strong interactions
at high energies in terms of hadronic constituents,
i.e., quarks and gluons. In particular, the notion of
constituent quarks with the quark additivity approx-
imation for hadron-hadron (hh) collisions has been
shown to be very useful to describe not only Ah col-
lisions but also hadron-nucleus (h4) [and probably
nucleus-nucleus (A44)] collisions at high energies.
The most successful case in h4 collisions is found in
the application to the projectile fragmentation re-
gion.!'~7

Experimentally, inclusive single-particle spectra in
reactions h +A4 —c +anything show a distinct effect
of nuclear attenuation in the forward region. That
is, the yield of a hadron c in the projectile fragmen-
tation region decreases as the mass number A4 in-
creases. In order to describe the 4 dependence, ex-
perimentalists conventionally parametrize the cross
sections in the form

Sra(x,pr)=n4(x,pr) exp[aj(x,pr)Ind]

(1.1a)
or
gi4(x)=C5(x) exp[af(x)Ind] , (1.1v)
where
3
fﬁA(x,pT)EEé—QM—) (1.2a)
d’p
~and
giix)= [ dpr*fiatx.pr) - (1.2b)
27

If one parametrizes also the 4 dependence of cross
sections for nondiffractive inelastic h-4 collisions by
the power law

Opa =05 explal Ind) , (1.3)
then the nuclear attenuation implies that
ag(x) or af(x,pr) <ajf , (1.4)

for a certain range of x and pr.

All the hitherto measured reactions exhibit a clear
attenuation effect that depends rather strongly on
the reaction mode h—c. Some salient features are
the following.3~!% (i) Both pion fragmentation into
charged mesons ¢ =7*, K* and proton fragmenta-
tion into 7% show a rather x-independent attenua-
tion, i.e.,

ay—as(x,pr)=~ay —aj(x,pr)
~0.12—-0.13

for 0.3 <x <0.9. (ii) Proton fragmentation into p or
A exhibit an x-dependent strong attenuation, i.e.,

ag(x,pr)za;}(x,pr) <a‘,?

for 0.2<x <0.9 and small pr, both ab(x,pr) and
al’,‘(x, pr) decreases monotonically as x increases and

ay —ap(x,pr)=~0.21

for x >0.9 and B =p and A. To my knowledge, the
constituent-quark model (CQM) first applied to A4
collisions by Anisovich et all and, later on,
developed further by many people’~’ is the only
model that can explain simultaneously the above
features (i) and (ii). However, the uncertainties of
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FIG. 1. The observed values of the exponent af(x,pr)
for B=p (pr=0.3 and 0.5 GeV/c, open triangles), B =A
(pr=0 GeV/c, solid curve), and B=E° (pr~0 GeV/c,
open circles). Error bars of Z° data points are not shown.

experimental data are so large that one cannot rule
out other models at present.

Recently, experimental data with high precision
have been obtained for the reaction

p +A—E"+ anything (1.5)

at 300 GeV/c.!! The data show again a clear at-
tenuation effect which is, however, clearly different
from the one seen in p4d-—-pX (Ref. 10) or
pA—AX.%° See Fig. 1 for experimental values of
af(x,pr) for B=p, A, and Z°. The attenuation in
pA—E"X is definitely weaker than that in the other
reactions, i.e.,

o (x,pr)>al(x,pr) (B=p or A)

for the whole range of x. Hence, we consider it
worthwhile to analyze the reaction p4 —Z°X togeth-
er with p4—AX (Ref. 9) in terms of the CQM. Al-
though a similar analysis has already been carried
out for pA—AX by Bialas et al.* and by Berlad
et al.,’ our results show an important difference
from those in Ref. 4 as will be discussed in Sec. III.
The procedure of analysis adopted in Ref. 5 is dif-
ferent from ours.

This paper is organized as follows. General for-
malism is given in Sec. II. Reactions p4—AX and
pA—EX are analyzed in Secs. III and IV, respec-
tively. An interpretation of the results in terms of a
quark-fragmentation-recombination picture is given
in Sec. V. Section VI is devoted to discussions and
conclusions.

II. GENERAL FORMALISM
Consider an inclusive reaction
p +A—B +anything , for B =a baryon ,

in the projectile (proton) fragmentation region. Ac-

cording to the CQM, the cross section is expressed
as

ot (X)/0,4 =Pyilgy L 5 (x)+ Py, 2 p(x) . (2.1)
where P’ff;) is the probability that i constituent
quarks out of three in an incident proton make in-
elastic collisions with a target nucleus, and g,ﬁ'_),g(xX
is the x distribution of baryons B that come from
fragmentation or recombination of the correspond-
ing leading quarks. The other cross sections
f If,(x,pr) can be expressed similarly. Contributions
from the wounded quarks for x > 0.2 are assumed to
be negligible.*>!2 The situation is illustrated in Fig.
2. The explicit form of the probabilities Plﬁ,’} is

(1)
PpA =3(0'pA —On4q )/UPA ’

P =320y —0pa—044)/0pa , (2.2)
Pi=1-Pp—Pp7 ,

where 0,4, 0,4, and o, are inelastic p4, 74, and
gA cross sections, respectively. A crucial point here
is the fact that P;,,‘,’ decreases monotonically while
both P}i) and P‘ﬁ) increase monotonically as
A increases up to A~240. If the cross section g,ﬁ, (x)
is dominated by diagram 2(a), then the spectrum
should show a strong nuclear attenuation because of
the A dependence of P,ﬁ,l,). As diagram 2(b) gets im-
portant relative to diagram 2(a), the attenuation be-
comes weaker because the A dependence of P;f,) can-
cels partially that of P;,I,). As will be discussed in
more detail in Sec. V, this is the general reason why
the attenuation in p4 —ZE°X is weaker than that in
pA—AX.

Before analyzing the experimental data by using
(2.1), one has to choose a set of cross sections 0,4,
044> and 0gy. For o, and 0,4, we use

0,4 =44.94%° mb , (2.3a)
Oy =28.54%2 mb , (2.3b)

which are the best power-law fits to the average

~ \
}

(a) (b)

FIG. 2. In pA collisions, baryons B in the fragmenta-
tion region of incident protons are produced through frag-
mentation or recombination of leading diquarks (a) or
leading single quarks (b). The distributions g,ﬁl_),g(x) and

gﬁ, 8(x) correspond to diagrams (a) and (b), respectively.
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TABLE L Inelastic cross sections 0,4 and quark absorption probabilities Ppy.

(i)

Our parameters

Parameters used in Ref. 4

Experimental cross sections

A o, mb? Py PZ 0, (mb P 04 (mbP Op4 (mb)°
Be 206.8 0.846 0.146 194.2 0.738 0.229 210+2

Cu 808.1 0.585 0.347 748.7 0.429 0.357 796+8 769423
Pb 1827.8 0.421 0.432 1651.2 0.284 0.330 1812435 1752453

2A smooth fit given by (2.3a) to the cross sections averaged over E =20—60 GeV from Ref.

13.

®Cross sections averaged over E =20—60 GeV from Ref. 13.

°Cross sections at E =280 GeV from Ref. 14.

cross sections measured by Denisov et al. for the in-
cident energies 20—60 GeV."> In order to estimate
044, We use a standard optical geometrical formula
at the constituent-quark level, assume the quark ad-
ditivity in hadron- (or quark-) nucleon collisions,
and use for simplicity the uniform-disk approxima-
tion for quark densities in nuclei. The cross sections

for inelastic i4 collisions (here, i =a hadron or a |

quark) are then given as
34C

[ ” i
9

1— |1—

oy =mby? , (2.4)

1TbA2'

where b, is the radius of the nuclear disk, “o,,” is
the effective gg cross section, and C; is the number
of constitutent (anti)quarks contained in a particle i,
and hence C,=3, C,=2, and C,=1. We first
reproduce the “experimental” cross sections given by
(2.3a) and (2.3b) by freely adjusting the values of b,
and “o,,” for individual A. The cross sections 0,4
are then calculated by simply putting C;=1 in (2.4).
The effective cross section “o,,” turns out to be
slightly dependent on 4. This is an indication that
the uniform disk approximation is not very accu-
rate. Nevertheless, we believe that the above pro-
cedure is not too bad as a method of extrapolation

S
p

3. Ip(x) (mb)

2
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FIG. 3. The solid curve represents the CQM extrapola-
tion of g (x) to A =1. Experimental data on g (x) are
shown by the shaded region. The dashed curve is the 4¢
extrapolation from Be and Pb data to 4 =1.

from the points where C;=3 and 2 to the point
where C;=1. ]

Our choices of 0,4 and prj} are listed in Table I
for three kinds of nuclei, where the same quantities
used in Ref. 4 as well as two sets of experimental
0p4 from two groups'>!* are also shown for com-
parison. Note a significant difference between our
parameters and those used in Ref. 4. Now we are
ready to determine g,ﬁ'l.g(x) [or flﬁig(x,pr)] by
comparing (2.1) with experimental data.

III. p +A — A+anything

We have calculated the experimental cross sec-
tions g;}(x) by integrating f,ﬁ(x,pr) given in Table
VI of Ref. 9 over p;%. The data are available for
A =Be and Pb at incident proton energy 300 GeV.
Since two unknown functions g;,'l. Alx) (i=1,2) are
involved in (2.1), they can be determined by using
the two experimental cross sections g;}(:@) for
A =Be and Pb as inputs. The result for g,f'l,,\(x)
parametrized in the form cx%1—x)® is

g A(x)=0.0265x62(1 —x)!-34 | (3.1a)
g\ A(x)=0.0594(1—x)*3 , (3.1b)

both for 0.2<x <0.85. Here, the uncertainty of
g\ (x) for 0.2<x <0.85 and that of g}, (x) for
0.2<x <0.7 are comparable to that of the input
glf}(x), i.e., well less than 10%. However, the uncer-
tainty of gﬁ,A(x) for 0.75 <x is so large that any
smooth extrapolation from smaller x is possible as
long as it is positive and decreases monotonically as
X increases.

From (3.1a) and (3.1b), one obtains the cross sec-

tion for the reaction p +p— A +anything:

g (x)=0,g, %) , (3.2)

where the quark-additivity approximation, Pp(;)=1
and P;,:’:O, has been used. This is a model-
dependent extrapolation of g;} (x) to A =1. In Fig.
3, the extrapolated cross section calculated from
(3.1a) and (3.2) with 0,, =28.5 mb is compared with
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FIG. 4. The cross sections f,ﬁ;(x,pT=0) calculated
from (3.3a) and (3.3b) are shown by the solid curves in
comparison with the experimental data (Ref. 9). Actually,
the curves for Be and Pb are our CQM fit while the curve
for Cu is the CQM interpolation. The open triangles are
the A ® interpolation from Be and Pb data points to Cu.

data on pp—AX.15—17 The agreement is satisfacto- -
ry though not perfect. For comparison, the result of

an extrapolation by using the power-law fit (1.1b) is
also shown there.

A similar analysis was carried out for the cross
sections measured at 6,,,=0.25 mrad.” Since the p;
dependence at a given x is very weak at small pr,
the cross sections for such a small angle can be ap-
proximately regarded as pr x,pr) for pr~0. The
result obtained by using pBe and pPb data is

A1 A(x,0)=0.0532x %4%6(1 —x)°8%8 (GeV /)2,
(3.3a)
£ A(x,0)=0.070(1—x)*° (GeV /c) =2, (3.3b)

both for 0.2<x <0.95. Again the uncertainty of
f,fz_),A(x 0) is large for 0.65 <x. The cross sections
reproduced for 4 =Be and Pb, or interpolated to
A =Cu by using (3.3a) and (3.3b) are shown in Fig. 4
together with the experimental data.’ Another in-
terpolation to 4 =Cu by assuming 4¢ behavior is
also shown for comparison. Agreement of our
CQM interpolation with pCu data is better than that
of the 4¢ interpolation.

As was mentioned in Sec. I, the same data were
analyzed by A. Bialas and E. Biafas.* Our result for
f,ﬁl_),A(x,O) [Eq. (3.3a)] is consistent with theirs.

There is, however, a blg dlscrepancy as to the result
on ﬁ’m(x 0). Thelr fp_,A(x 0) is so hard that it
behaves like (1—x)!° at large x. A main cause of
the discrepancy is identified with the different sets
of cross sections (and hence the probability P, (2’)
used in the two analyses. See Table I. Note that the
cross sections 0,4 used in Ref. 4 are not consistent
(at least, not in good agreement) with either experi-
mental cross sections of Ref. 13 or of Ref. 14.

IV. p + A —E%4anything

By following the same procedure as was described
in the preceding section, the fragmentation func-
tions of incident protons into Z° via leading quarks
are determined from the data on pd—Z°X for
A =Be, Cu, and Pb.!! Actually, the fragmentation
functions fp‘) —o(x,0) are overdetermined if one uses

all the data on three kinds of nuclei at the same
time. So we have first calculated them in three ways
by using Be and Cu data, or Be and Pb data, or Cu
and Pb data Although some points of the three sets
of 5, ) " 20(x,0) thus calculated show large fluctua-

tions for some x (mainly for x >0.6) due to fluctua-
tions of the corresponding data points, other points
have reasonably small fluctuations around the aver-
ages of the three sets. That is, the deviations from
the averages, of about 60% (75%) of all the calcu-
lated values of f'” ¥ z0(x,0) are well less than +30%
(£50%). So we have simply taken the average of
the three sets and then made a smooth fit by using a
functional form constant X (1—x)°. The final re-
sult is

£,2 20(x,0)=0.00109(1—x)** (GeV/c)™2,  (4.1a)

f‘” (x,0)=0.003 52(1—x)** (GeV/c)~2, (4.1b)

both for 0.2 <x <0.8. However, the uncertainty of
f;i,o(x 0) is very large for 0.6 <x. The cross sec-

tions reproduced from (4.1a) and (4.1b) are shown in
Fig. 5 with the experimental data.!!.

V. INTERPRETATION IN TERMS OF
QUARK FRAGMENTATION-RECOMBINATION

We would like to interpret the results on
f(') (x,0) [or g“) x)] for B=A and Z° obtained
in Secs. III and IV in terms of CQM with fragmen-
tation or recombination of leading quarks. In the
original model proposed by Anisovich et al.,! a had-
ron in the projectile fragmentation region is pro-
duced via “pure” recombination of leading quarks
with (anti)quarks with small momentum in the cen-
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FIG. 5. The cross sections f,,s,f(x,pr=0) calculated
from (4.1a) and (4.1b) are shown by the solid curves in
comparison with the experimental data (Ref. 11).

‘tral sea. The main mechanisms which contribute
to glﬁl_lA(x) [or f‘(,I_),A(x,pT)] and g,(,z_),A(x) [or
f,ﬁz_).A(x,pT)] would then be given by the diagrams
shown in Figs. 6(a) and 6(b), respectively. (Such an
annoying twofold expression as g, p(x) [or
f ,S'l.p(x,pr)] will not be repeated hereafter, and
hence the twofold meaning, when relevant, is to be
understood.) A smearing effect due to resonance
production and their decay is to be understood here-

after. The exponent of 1—x [1.349 in g‘(,l_lA(X) and

4.5 in g,ﬁ2_>,A(x)] seems, however, too large for those
diagrams being dominant. In fact, if one admits
that the reaction pp—AX is dominated by the dia-
gram that corresponds to the one shown in Fig. 6(a),
one would fall into a difficulty in explaining the dif-
ferent shapes of x distributions of pp—AX and

pp—nX.'® Hence, we would like to suggest that the

(=0 P(y_’_—g)/\
I,
(@) (b)

FIG. 6. Production of A in the incident proton frag-
mentation region in pA collisions would be dominated by
diagrams (a) or (b) if “pure” recombination of leading
quarks were responsible for it. Here, ¢ =u or d. Actual-
ly, contributions from those diagrams will be strongly
suppressed because a heavy quark or a pair of quarks
have to be picked up from the central sea.
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FIG. 7. The diagrams that will actually give the main
contribution to production of A in the proton fragmenta-
tion region in pA collisions. Here, g is a light quark, i.e., u
or d. Those diagrams are free from the suppression
mechanism discussed in the text and in Ref. 18.

reaction p4A—>AX is dominated by the diagrams
shown in Fig. 7. The rules here are the following!®:
(i) Recombination of a leading quark with a heavy
(anti)quark (s,5,c,C,b,b, ...) from the central sea is
strongly suppressed compared to recombination
with a light (anti)quark (u, &, d, or d) from the sea.’
(ii) Recombination of a leading quark with a pair of
(anti)quarks from the sea is likewise suppressed
compared to recombination with a light (anti)quark
from the sea. This suppression mechanism is easily
understood in terms of old-fashioned perturbation
theory.!®

One might wonder here if the diagram shown in
Fig. 7(b) is really different from the one shown in
Fig. 6(a). This point is related to the problem of
possible equivalence between the recombination
[e.g., Fig. 6(a)] and the fragmentation [e.g., Fig.
7(b)]. Our viewpoint is that they are not equivalent.
This point may be most clearly explained by consid-
ering the x distributions of the A hyperons and the
associated § quarks. In Fig. 6(a), the associated §
quark in the central region (not shown explicitly)
has a small x (it can be nearly vanishing) while the x
of A is the sum of those of the leading diquark and
the picked-up s quark. In Fig. 7(b), on the other
hand, the diquark from the incident proton frag-
ments into A and § in a scale-invariant way. There-
fore, the x of A is, in general, smaller than that of
the incident diquark in contrast with the recombina-
tion case of Fig. 6(a), and the § quarks have a non-
trivial x distribution that can be entirely different
from that of the § quarks in Fig. 6(a). In other
words, the momentum of the leading diquark flows
partially into the 5 quark in Fig. 7(b) while it does
not in Fig. 6(a). This difference between Figs. 6(a)
and 7(b) is indeed crucial in explaining the different
x distributions of the reactions pp—AX and
pp—nX.1?

For p—E°, the model of Ref. 1 would suggest the
diagrams shown in Figs. 8(a) and 8(b) as dominant
processes for f ;1_:._;0(x,pT) and f;ﬂso(x,pT), respec-
tively. The model would then predict that
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FIG. 8. Production of Z° in the proton fragmentation
region would be dominated by diagrams (a) or (b) if
“pure” recombination were responsible for it. Actually,
those diagrams will be doubly suppressed because a pair
of heavy quarks (ss) has to be picked up from the central
sea.

f;_)’_ ,pT)/f;_l_;o(x,pT) is independent of x be-
cause the momentum flows from the leading quarks
to the produced Z° in the two diagrams have the
same structure. This is totally in disagreement with
our result (4.1a) and (4.1b). If the suppression
mechanisms (i) and (ii) operate actually, the dia-
grams shown in Fig. 9 will become dominant. Now
the values of exponents of 1—x in our result [2.5 in
f’f” =0(x,0) and 4.5 in f‘2 _o(x 0)] are quite reason-
able. In Fig. 7(a), one strange meson must be emit-
ted prior to recombination of a leading diquark into
A. The x distribution of A from Fig. 7(b) is expect-
ed to be similar to or even slightly harder than that
of A from Fig. 7(a). On the other hand, two strange
mesons must be emitted prior to recombination of a
leading diquark into Z°. See Fig. 9(a). Therefore,
the exponent of f (1 )_o(x,pT) should be larger than
that of f,_, () (x,pT) On the other hand, both dia-
grams shown in Figs. 7(c) and 9(b) have the same
structure with respect to the momentum flow of
leadmg quarks into A or Z°. Hence, the exponent of
fp__, A ,p{' must be the same as (at least similar to)
that of f (x,p7). Both expectations are indeed

the case 1n our results.

p(_—))/—z/ —g)=° +/L§

Dl

(@) (b)

FIG. 9. The diagrams that will actually give the main
contribution to production of Z° in the proton fragmenta-
tion region in pA collisions. Here, q is a light quark, i.e., u
ord.

Finally, we would hke to discuss the relatrve mag-
nitudes between fp_,B(x,pT) and fp_,B x,pr) for
B=A and Z° In order to produce A, one 5§ pair
must be produced commonly in every diagram in
Fig. 7. Similarly, two s§ pairs must be produced in
order to produce Z° in every diagram in Fig. 9.
Therefore, the suppression factor for s§ pair produc-
tion relative to uir or dd production will be at least
approxrmately canceled by taking the ratio
f,,_.B(x,pT)/fp_,B(x,pT) Figure 7(c) is identical to
Fig. 9(b) except for the flavor content of the pro-
duced quark-antiquark pairs, while the number of
mesons emitted in Fig. 9(a) is larger than that in
Fig. 7(a). Furthermore, there is an additional dia-
gram Fig. 7(b) which contributes to f’fﬂA(x,pT).
Hence we expect that

f,:z_).so(x’PT)/f:_),:o(x,Pr)
> AP /f A pr) . (5.1)

This inequality is the reason why the attenuation in
p—E° is weaker than that in p—A, and it is of
course realized in our results (3.3a) and (3.3b) and

(4.1a) and (4.1b).

VI. DISCUSSIONS AND CONCLUSIONS

Before concluding, we would like to mention an
interesting observation made recently by Busza.!’
Compiling world data on pA collisions, he clalrns
that aj(x,pr) is independent of ¢ for ¢ =7+, K°,
K™, p, n, and A within experimental uncertainties.
If this universality were indeed the case for any c, all
the existing models might be ruled out as was point-
ed out by him. However, we would like to point out
two experimental facts which do not apparently
reconcile with the suggested universality. (i)

a},’+(x,pT) from Ref. 10 shows a significant devia-
tion from the suggested universal curve. (ii)

( ,pr) from Ref. 11 is obviously different from
al',‘(x,pT) from the same experimental group.®
This is nothing but the reflection from the fact that
the nuclear attenuation in p—Z° is weaker than that
in p— A, one of the main points of this paper which
are discussed at length. Therefore, it appears that
the universality does not necessarily hold. However,
we are also aware of another experimental fact that

a,'fo(x,pT) from Refs. 8 and 9 is very similar to
ap(x,pr) in accordance with the universality. Such
a similarity is not necessarily expected from CQM.
A rather complicated mechanism may be necessary
to explain it. Unfortunately, statistics of K° data
are not so good as that of A or Z° data. So, we
would like to urge experimentalists to provide K°
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data with higher statistics and wider x ranges.
Better data are also needed for production of other
particles such as 7* and K* to prove (or disprove)
the possible (but probably partial) universality of
ay(x,pr). Of course, it is very interesting to mea-
sure further reactions such as p4d—cX with
c=¢,07%w0,K%D,... .

To conclude, experimental data on the reactions
p +A—A or E® + anything in the proton fragmen-
tation region are well explained in terms of the
CQM if one assumes that recombination of a lead-

ing quark with a heavy (anti)quark or a pair of
(anti)quarks from the central region is suppressed
compared to recombination with a single light
(anti)quark.
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