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Leading and nonleading D+ production in the va]on mode]
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Recent data on D+ production in the pion fragmentation region reveal a significant dependence
on the flavor of the beam particle, contrary to the expectation of perturbative +CD. It is shown
that the result obtained in the valon model without any adjustable parameters agrees well with the
data. The dynamical mechanism is the recombination of the projectile partons, whose momentum
distributions are well specified by the valon model.

PACS number(s): 13.85.Ni, 12.39.Ki

Recent experimental data on the production of charm
mesons in sr+-p interactions show a significant difference
between the x~ dependences of the leading and nonlead-
ing charm particles (D+) [1,2]. As pointed out in [2],
that difference cannot be accounted for either in pertur-
bative QCD [3 or by the Lund string model implemented
by PYTHIA [4. In this paper we show how the valon
model for low-pT interactions [5] can produce a result
that agrees with data without adjusting any parameters.

More specifically, the data referred to above are on the
asymmetry A defined by
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FIG. 1. Asymmetry A(x): data are from Ref. [2], solid line
(valon model) is from Eq. (12), dotted line (PYTHIA) and
dashed line (p+CD) are from Ref. [2].

where o(leading) is the cross section for sr+(beam) to
D+, and o(nonleading) is for sr+ to D+. All quantities
in (1) are for a common value of xp. The data exhibit a
rapid rise in A(xp), as xp is increased from 0.2 to 0.7, as
shown in Fig. 1. They imply the approximate equality
of the two cross sections at small xp, but o (nonleading)
decreases more rapidly with increasing x~. This fea-
ture suggests the strong connection between the quantum
numbers and momenta of the quarks in the beam particle
and of those in the inclusively measured outgoing parti-
cle. That connection is the basis of the recombination
model for low pT production -[6], which has been found

to be very successful in a variety of inclusive processes in
the beam fragmentation region [7,8].

While the recombination model as originally described
[6] is simple and physically direct, it lacks the sophistica-
tion to treat charm production quantitatively. The valon
model [5] is a more complete formulation of the low-pT
production process with a more precise determination of
the multiquark distribution in the beam particle. The
role of valons in an hadronic collision problem is analo-
gous to the role of constituent quarks in the hadronic
bound-state problem. The hadronization part of the
collision problem is recombination, not fragmentation.
The physical content of the model is first to regard the
hadronization of the projectile in the beam fragmenta-
tion region as being mainly controlled by the quark (and
antiquark) distributions in the projectile, minimally dis-
turbed by the target at high energy, since the partons in
the target are far in rapidity separation from those in the
projectile and thus have little influence due to the short-
range (in rapidity) soft interaction among the partons.
In this respect the soft parton interaction in hadronic
collisions is drastically different &om hard interactions
in e+e annihilation or large-pz- production, for which
hadronization through fragmentation of the parton pro-
duced at high virtuality is more relevant.

Although the data on A(x) are compared in [2] only
to perturbative QCD and PYTHIA results, there are some
more recent theoretical works that can fit the data bet-
ter [9,10]. In both of these papers recombination is also
an important component of the hadronization process;
however, the quark distributions before recombination
are determined differently from our approach. Broadly
speaking, there are two approaches to the problem: one
&om the hard-scattering, high-virtuality point of view,
including intrinsic charm [9—ll], the other f'rom the soft-
scattering, low-virtuality point of view [5,6]. Charm pro-
duction is a problem lying on the border between the two
camps, and can therefore be approached &om both sides.
'The valon model, being constructed primarily for low-pz-
processes, treats vr, K, D, and p productions in the same
&amework; it has predictions on the x~ distribution, but
not on the pT dependence.

There is one more general comment to be made before
we enter into the specifics. The valon model for soft pro-
duction has found phenomenological success at ~s ( 100
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GeV and low pz . It should, however, be understood that
when 8 is high enough to generate a significant compo-
nent of hard subprocesses (~s ) 200 GeV), oint and (pT)
will both increase and the inclusive distributions will lose
their scaling behavior. Nevertheless, the soft component
is unchanged, and the valon model remains valid so long
as it is applied to the appropriate component. The cm
energy of the experiments of concern here is in the 20—25
GeV range, which is high enough for the low-p~ processes
to exhibit scaling behavior in the large x~ fragmentation
region where the soft process dominates and the valon
model is applicable. The valon model is not designed for
the central region, which for 20 ( ~s ( 30 GeV extends
over the range —0.2 ( x~ ( 0.2, where the interaction of
sea quarks cannot be neglected.

In the valon xnodel the valence quark and its associ-
ated sea quarks belong to one or another of the valons in
a hadron. The momentum &actions of the valons are pre-
cisely known because of the sum rules on the number and
momenta of the valons. The multiquark distributions of
the quarks and antiquarks in a hadron are therefore also
known, even at low Q due to precocious scaling. The
inclusive distribution of the produced meson is then de-
termined by a convolution of the multiquark distribution
with the recombination function, whose dependence on
the quark and antiquark momenta is fixed by the valon
distribution of the produced meson. For the production
of light mesons there are no Bee parameters [5]. For the
production of heavy mesons there is one unknown pa-
rameter governing the normalization of the probability
of having a heavy quark in a valon. But that parameter
is cancelled in a ratio such as A in (1). Thus in our calcu-
lation of A below there will be no adjustable parameter.

The basic equation that expresses the recombination
model for the invariant inclusive distribution of mesons
produced in the &agmentation region is

x dc' dxy dx2
E(xi, x2)R(xi, x2, x)

0 dx xl x2
(2)

where x is Feynman's x~ of the detected meson,
E(xi, xz) is the quark-antiquark distribution in the
projectile with momentum fractions x~ and x2, and
R(xi, x2, z) is the recombination function. Since our
present interest is in ~ + D+ anything, we use xz and
x2 to refer to the light and charm quarks, respectively.

[

Evidently, for the production of leading D &om vr

for example, (2) expresses the joint probability of finding
d(xi) and c(x2) in vr, convoluted with the probability
that they recombine to form a D at x.

By time-reversal consideration Rri(zi, zz, x) for dc -+
D is related to the invariant valon distribution of Vg
and V— in D, where Vq denotes the valon of flavor q,
i.e. , RLi(zi, zz, x) = yiy2GD(yi, y2) with yi ——xi/z and
y2

——z2/x [5]. With valons of unequal masses, we have,
in general, for a meson M,

GM(yi, yz) = [&(a, b)] 'yi 'y2 '~(yi+y2 1) (3)

where B(a, b) is the P function and the average momen-
tum f'ractions of Vj;shi and Vi„„z in M are yi ——a/(a+ b)
and y2 ——b/(a+ b), respectively. Letting the ratio of the
momenta be proportional to their masses, we have, in the
case of D+, a/b = yi/y2 = mq/m, 1/5. The require-
ment that GD(y2) = f dyiGD(yi, y2) be finite at y2

——1
is sufhcient to yield a = 1 and b = 5. Consequently, we
have

5x,x, x, x,1 5

Ra(x, , x2, T) =, b —+ ——r)x x x (4)

Of course, the same applies for the nonleading case: dc ~
D+. Note that (4) implies the predominance of the heavy
quark in determining the momentum of the D meson.

The primary burden in using (2) is the determination
of E(xi, x2). The valon model provides an unambiguous
procedure for doing that [5]. The vr has two valons,
Vp and V„—. The two quarks at xz and x2 can either
both come &om the same valon, or &om the two difer-
ent valons. Let their contributions to E(xi, x2) be de-
noted by E~ l(xi, x2 and El &(xi, x2), respectively, so
that E = E( ) + E ) . Thus E( ) is a convolution of
the single-valon distribution G (y) in the pion and the
two-quark distribution in the valon, while E( ) is a con-
volution of the two-valon distribution G (yi, y2) in the
pion and the single-quark distinctions in the two valons.
Let the distribution of the momentum fraction z of the
valence quark d in the valon V~ be Kivs(z), that of the
light sea quark in either valon be L(z), and that of the
charm quark in either valon be L,(z). Then with the
subscripts l and nl denoting leading and nonleading pro-
cesses (i.e., dc and dc in 7t, respectively), we have

Ei (xi, x2) =(~)

%1+%2
1—K2

E, (xi, x2) =(2)

~1

(2)
1—X2

E„, (xi, x2) =
~1

t, y) &y —»)
(xi &

dyzG (yi y2) K~s
I

—I+2L I

—
I0»)

(xi' (z2&
dy2G (yi, y2)2L

~

X2 &») &»)

(5)

Note that we have not written down the E„& contri-(~)

bution because in a state where cc is present, the charm
quarks being massive dominate the momentum in the
sea, leaving the light sea quarks in the same valon with

negligible momentum xq. The recombination of such sea
quarks with e or c is insignificant in the x ) 0.2 region
due to the xi factor in R(xi, x2, x). In short, in the single
valon contribution only the recombination of the valence
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where K~s(z) in (9) is given in [7], and L(z) describing
the saturated sea (with gluon conversion) is denoted by
L(z) in [5,12]. L, (z) is the invariant distribution of a
charm quark in a valon, i.e. , zP,~v. (z), where P,yv(z) is
the corresponding probability for finding c at z. Because
of the high mass of cc relative to mv. , P,yv(z) is nearly
independent of z [13], so

L (z) = cz, (9)

where c (& 1 is the only unknown parameter in the prob-
lem, representing the suppression factor of having cc in
the pion. Fortunately, the parameter c is canceled out in
the ratio for A(x), so we can calculate A(x) without any
ambiguity.

We now have specified all the functions necessary to
evaluate E~ „)(xq,x2), which in conjunction with (4), can
then be used to carry out the integration in (2). Using
the abbreviation H(x) = (x/o)do/dx, we write

dx1 dx2
2(2) = f +I 1(22 22)B22(22 22 2) (10)

X1 X2

and therefore have

Hi (x) —H„)(x)
Hi(x) + H„)(x)

Putting (4)—(9) into (10) and (11), we obtain

I(~) (x) + I(2) (x)
I(~) (x) + I(2) (x) + I(2) (x)

' (12)

where

I, (2:) =f d fd222f ~2

quark with charm quark is important, hence F& only.
Such arguments do not apply to E~ ~, since the sea quarks
in the other valon can have any momentum &action in
that valon. The LL, terms in (6) and (7) are doubled
because either valon can contribute to the charm quark.
They cancel in the combination F~-F„~, leaving only the
K~sL contribution, which will be crucial in giving rise
to the increase of A(x) in x.

The distributions G (y), G~(yq, y2), K~s(z), and L(z)
are know from previous treatment of the pion production
problem [5]; they are G (y) = 1, G~(yq, y2) = h(yq+y2—
1),

K~s(z) = 1.2z ' (1 —z) ', L(z) = 0.41(1 —z) '

high energy, where the cross sections are scaling. Non-
scaling effects due to hard processes at ~s ) 200 GeV
are, of course, not considered here. We stress again that
there are no &ee parameters in the problem. The result
is shown by the solid line in Fig. 1. Evidently, the agree-
ment with data [1,2] is very good except at low x were
the model is less reliable. In the central region where the
interactions between the projectile and target partons
cannot be neglected, we expect the creation of consid-
erable number of partons, which are not considered in
the valon model. At ~s = 22—25 GeV that region can
extend over the range ~x~ & 0.2. The dominance of the
sea quarks (with gluon conversion) renders H~ -- H„), so
our theoretical curve for A(x) would be lowered by the
inclusion of such created quarks in better agreement with
the data.

We have achieved our aim of showing that the new
data on charm production does not present any prob-
lem to theoretical understanding. As indicated by the
dashed line in Fig. 1, perturbative QCD fails to describe
the data of the low-pz process. The dotted line shows
that the &agrnentation process of a fast quark, as de-
scribed by pvTHIA [4], is almost acceptable at high x,
but signiffcantly overestimates the asymmetry A(x) for
x ( 0.5. These curves were presented in [1,2] together
with the data. The success of our model clearly indicates
that what is responsible for the production of particles
in the &agmentation region of the beam hadron is the
recombination process of the beam partons. There are
two parts to the problem: what the parton momenta
are and how they recombine. Quantitative information
about both parts is specified by the valon model. It is
important to recognize that an essential property of the
model is the hierarchical structure of a hadron: valons
in hadrons, and partons in valons. Because of this struc-
ture it is possible for a d and a c to have approximately
equal momenta that favor recombination, if they belong
to different valons. The resultant D -meson momentum
is the sum of the d and c momenta, thereby enhancing the
probability of producing D at large x. For vr —+ D+
both d and c are in the sea; the small x1 of d disfavors
recombination at large x. Hence A(x) is large at large x
and decreases with decreasing x.

The emphasis on the asymmetry A(x) in the foregoing
has an experimental origin. Although the data on H~(x)
and H„~(x) exist separately, they involve far less ana-
lyzed events because of the necessity to make acceptance
correction. For A(x) the eff'ects of detector ineKcienry
cancel in the ratio, so significantly more data samples
have been included. To compare our theoretical results
with the data on the leading and nonleading charm cross
sections separately, we obtain, from (1)—(10),

1—a ~5

u+v (1 —u —v)

&~(z) = K~s(z) &2(z) = 4L(z) .

They can directly be computed. There is no energy de-
pendence because the model is for a soft interaction at

These invariant inclusive distributions are plotted as
c dlV/dx = H~ „)(x)/cx in the log scale in Fig. 2 in
order to compare with the data of WA82 on vr ~ D+
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[1]. The latter, being given with arbitrary normalization,
have been renormalized by the same factor for both D+
and D . The suppression of the points at z = 0.55 and
0.65 is present in both D+ data and are canceled in the
asymmetry A(x), as is evident in Fig. 1. Nevertheless,
Fig. 2 shows that the results of the valon model are in
general agreement with the data. A precise experimen-
tal determination of the normalization of the inclusive
distribution will make possible the determination of the
charm suppression factor c.

If future experiments that measure the D+ pro-
duction can also collect data on m+ and K+ in-
clusive cross sections with the same detector, then
a good place to compare theory and experiment
would be the ratios H ~D+ (—x) /H ~+ (x-) and
H ~~ (x)/H ~Jc- (x—). The valon model is well
suited to predict those ratios because it has been success-
ful in producing the observed pion and kaon distributions
[5,8]. Specifically, we give below a calculation of the ratio
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FIG. 3. The ratio B(x) for o'(7r —+ D+)/rr(7r + n+) as
predicted in the valon model, (19), in units of c.

B(x) = H D+(x)—/H +(x) —.
k»J k»J (17)

If the data con6rm our prediction of the x dependence of
B(x), then even the parameter c in (9) can be fixed.

Both reactions in (15) are nonleading. Now, I'„& is
not negligible. We have

&1&2 &1 +2R (xi, x2, x) = h
X2 X X

Used in conjunction with (4) and (7), they give

1

ky —») (16)

where
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PIG. 2. The leading and nonleading inclusive distributions
for 7r ~ D+ in units of c as determined from Eqs. (13) and
(14) and compared to data from Ref. [1]. Here log stands for
logarithm to base 10.
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The result of B(x)/c is shown in Fig. 3. Future exper-
imental data on B(x) can further test the reliability of
the valon model, and determine the normalization of the
charm quark distribution.

The valon model has been successful in reproducing
pion and kaon inclusive cross sections from m, K, and p
initiated reactions without adjustable parameters. Now
we have extended the scope to cover open charm produc-
tion. What one learns &om this study is that in the pro-
jectile fragmentation region one should not think about
quark fragmentation, but should consider parton recom-
bination, whose validity does not depend on high virtu-
ality. Furthermore, the main issues in the recombination
process are the proper recombination function and the
two-parton distribution function, both of which can be
reliably determined in the valon model, as evidenced by
the result of this study.
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