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ABSTRACT

Hadron structure is described in the framework in which a nucleon is
treated as a composite system of three valence quark clusters, called valons.
Their momentum dirtribution is extracted from deep inelastic scattering data.
The valon representation provides a quantitative description of the recom-
bination function, which characterizes the hadronization of quarks. A
formalism is then develcped in terms of valons and quarks such that the
inclusive distributions for hadronic reactions at lov-pT can be calculated

without free parametcrs.

a
Invited paper at the 1lth International iiymponium on Multiparticle Dynamics,
Bruges, Belgium, June, 1980.
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I. INTRODUCTION

In applying the quark-parton model to the description of low—pT hadronic
reactions, some of the questions one should bear in mind are: 1Is the con-
stituent picture 1eliable vhen there is no large Q? in the problem? Are
the relevant quarks the so-called "constituent quarks" in the quark model,
or are they the "current quarks" as probed in electroproduction? How do the
quarks hadronize? Any treatment of 1ov-pT Physics in the framework of quarks
must provide some answers to these questions.

There are hints tr .t suggest the relevance of the quark-parton model.
The observation by Ochsl that (x/0)(do/dx) at low-py, 1looks similar to

uwz';) iy certainly suggestive. The recombination model provides further

gupport at a quantiative 1eve].2'3

In the fragmentation region of one of the
incident particl:s, the hadrons produced have a distribution that depends
only on the natire of the fra.menting hadrons, and not the other. In the
fram:work of the quark-parton model the fragmentation process 1s to be
described in teris of quurks in the intermediate state between the initial
hadron and the final detected particle. 1t thereforc means that we must at
leact know hadron structurce as the firct part of the process as well as quark
hadronization as the final part of the process. What goes on in between 1s
the cffect of the collislon.

In the following we shall first discuss the problem of structure and
hadronization whish are intimately related once the proper representation is
found., 1t 13 herc that the valons play u crucial role. The problem of low-pT
reactlons In the fragmentntion region 1s then formuluted. The result of n
specifle calculation for proton trugmenting into a ﬂ+ will be presented.

It :hould be mentloned thai the relationship between our approach here
which 18 “asically recombination and the approach of Lund, Orsny. anc Sucluyh
(1.05) which ia basically fragmentation is at the present stage an open
question. Our appronch i confined to the fragmentation region, while the
LOS approach is an extenslon from the central reglon (where Regge theory in
used) to the fragmentation reglion usoing a phenomennloglical fragmentatlion

function without addressing tne basic questions concerning hadronlzation.
I'i. HADRON STRUCTURE

In the quark model or bag model sultable for describing bound-state

problems, there are only threce (constituent) quarks in a proton., In the parton
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model suitable for describing deep-inelastic scattering proceases, there
are three valence guarks plus an infinity of sea quarks and gluons. How
can these two picures of the nucleon be reconciled? A hoat of people5 have
suggested the idea that the constituent quarks are clusters of partons
(quarks, antiquarks, and gluons) or dressed quarka. For brevity as well as
To: emphasis that they are aot the point-like quarks probed in deep--inelastic
scattering, we shall refer to these valence quark clusters as valons. Later
in our discussion \ : shall give a more precise mathematical definition of the
valons, which may differ somewhat from other definitions in Ref.5. But
physically we may think of them as the constituent quarks in the bcund-state
problem.

It has sometimes been asked from the standpoint of the parton model why

& nucleon should have only three clusters of partons. Why not more? Why
shouldn't there be gluon clusters? The answer ig, of course, that vwe are

primarily interested in building a bridge between the bound-state and
scattering problems. From the parton model alone one wouldn't know that
there are only three. The picture can best be deacribed by consideriny
instead the deuteron problem for a moment. A first-order view (in some sense)
of the deuteron io that it has a proton and a neutron. Plons that are
exchanged between the nucleons to provide the bindingure not regarded as a
third conetituent or cluster of pions. The wave funciton of the deuteron

in terms of the nucleons alone describes the binding effect without explicit
reference to the pion glue. Thise picture is, of course, Incomplete especlally
at short d. i1ce between the nucleconsn. But generally the picture 1s ude=-
quate, i.e. uvhe proton-ncutron Fock space ls nearly com lete for the de-
scription the deuteron. It 1is sultuble ecven for scatterlng at high energy

s0 long a8 the composite naturce of the nucleons is recogalzed. Indeed, it

it this picture of the deuteron that provlides the deiermination of the
structure function o the neutron in deep-inclastic e-d scattering.

The situntion ls very almilar in the carce of the nicleon otructure. A
nucleon has three vanlonn, the detuil lnternal structure of which cannot be
resolved at low Q?. The probabllity for a valon Lo have momentum fraction
y 1in the hadron (nuclconl in Gv/h(y). 1n deep-lnelantlic peattering the
virtual photon ut high Q° haa the repnolution to probe the partona in a
valon, the structure function of which Is denoted by Fv(z.QP). Ir QP 18

)
high enough, the binding energy of the valons is nmall compared lo Q' , so we
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may use impulse approuximation to justify the neglect of spectators in a deep~
inelastic process and write the structure function of the nucleon as a
6’7 !8

convolution

1l
Pad®) = ) / ay 6, (PF (x/y &) (2.1)

If we have reliably solved the bound-state prdéblem of the nucleon, we would
know Gv/h(y)' Using perturbative QCD we can determine Fv(x/y,Qe) at high
Q2. Combining the two in (2.1) would then enable us to determine the nucleon
structure function from fi-st principle. Unfortunately, the confinement
problem is still unsolved, ani the so-called "hadronic complication” remains
untractable. However, we can turn the procedure around by using the experi-
mental data for Fh(x,QQ) as input and derive through (2.1) n semi-phe-
nomenologlical description for G /h(y) Th.t is whaL we have d':wne'r_9 using
muon as well as neutrino scattering data at high Q as input.

For details of' the extraction of Gv/h(y) the reader is referred to
Refs.7-9. Before the results are exhibited, it is important to state the
approximantion made so that the mathemutlcal definition of the valons cun be
made precise. In applying (2.1) we hnve used only the leading-order result
for FV(Z,QQ). That ia, for the momentn Mv(n,Qp) of Fv(z,Q?) we have used
for the nonsinglet part

N"("‘Q ) = cxp (- :” n) (n0.0)

.
O

where dﬁ is the anomaloun dimenojon and o ia the evolution parameter

’

n = fn !ﬂ_ﬂ;[ﬂ% (0.3)
41 Qb/A'

The singlet part has a combination of exponentlals ns in (2.72). For canc of
discussion lct un focus only on the non--singlet componvntqhorc. Because of
non-leading order and higher-twlot contributions, M;S(H.QL) deviates from
the form given in (2.2) when Q? is small. But when Q"1 is large, the
exponential form inq(?.?) is relinble, We adjust Q; and AP such that
the data at high Q° can be fitted. According to (2.1) Gv/h(y) i8 to be
identified wlith Fh(y) ir Fv(z.Q?) in &8(z - 1). The § function in Just

(Al
whnt M;S(n.QL) would corresporid to (1.e. equal to one for all n) ir (.0)
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is extrapclated to Q? - Qg « Thus the valons are éffective constituents of
the hadron at Qg. effective in the preciee pense that leading-order ex-
pressions such as (2.2) are extrapolated to Qg (beyond its region of validity).
Since there exists no reliable method to extrapolate accurately to the low
Q2 region without first solving the confinement problem (which is what we
;int to circumvent) the inclusion of the next-to-the-leading-order terms in
(2.2) would considerlably complicate the matter without yielding a more
illuminating description of the constituent quarks. Since QO turns out to
be 0.8 GeV9 vhich 1s quite reasonable (larger than the inverse size of the
nucleon but smaller than the onset of precocious scaling), the valons de-
scribed by Gv/h(y) may be thought of aBs an epproximation of the constituent
quarks. The important point is that the wave functior of the nucleon in
terms of iLhe valons, or more precisely its absolute square, is mathematicalily
defined by (2.1) and (2.2), and can bc extracted from data.

We now glve the reault.? Let the exclusive three-valon distribution in

a proton have the form
b

where a 1o a normualization ennctant that is flxed by

/‘“’1‘“’2‘“3 Gup/pl¥1¥oyy) = 1 : (2.5)

All hinh-Q? data (Q° > 20 GeVQ) on deep-inelastic upp, Hn, YN and VN scattering
have been Citted by

Qo = 0.8 GeV , A = 0.65 GeV . (2.6)
a = 0.6Y |, b = 0.35 . (n.7)

Eqs.(.6) and (D.7) describe two :ueparate aspects of the valons: Qal egiven
wn otimnte of the effective size of the valons, while a and b speclfy
the nomentum diatribution of the valons. We shall unc (2.6) for all valons
regardless of the type of hadron they are in, but the values of a and b
obvioualy will depend on the particular hwlron.
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The single-vanlon inclusive distribution is obtained from (2.4) by
integruting out the two unspecified ¥y <variables. The result is

6o = 19837 a-p? (2.8)

- GD/p(y) = 6.01 yO' {1 - y)23

. (2.8v)
The two-valon inclusive distribution can be even more simply obtained by
muaking one triviel integration. If the valons have no internal motion in the
proton, ther. the G tunctions in (2.8) should be proportional to 8(y - 1/3).
The fact that they are so widely spread out indicates that the binding
effects are not negligible. Yet, the ability to fit all high—Q2 data implies
that (2.1) is sensible; hence, the impulse approsimation contained in (2.1)
must be approximately walid at such high Q2 despite the significant binding
effect on the valon distributions.

It should be remarked that (2.8) should not be trusted in the y + 1
limit because theoretically the off-mass-shell effects have not been taken
into account and experimentally the data fitted are only for moments with
n € 10. But in the bulk of the y range our result should be a reliable
description of |<UUD|P>|2 . Note that, as implied earlier, the three valon
state 1s a nearly complete description of the proton. Thils isto be contrasted
from the behavior in the x + 1 1limit where the Fock state containing three
quarks <uud| becomes more important than the other states with more quarks.l0
Because the kinematical region and the constituents are different from ovrs,
the large-x behavior of |<uud|P'>|2 based on counting rule should not bear
any resemblance to (2.8).

For the pilor we can derive the valon distribution from the pion structure
function inferred from lepton-puir produection data.ll
of x for which the higher-=iwist effect512'13

at least over the recgion
are not important. It has

been fou."ld:Lh that the pion structure function can be well fitted by use of

a valon distribution that has the simple form

Gv/“(y) = ] . (2.9)

This is a ncn-trivial phenomenological result even though it reems to be a
trivial soluticn of the sum rules

-



1

/Gv/n(y)dy = 1 . (2.10a)
0
1

- f-cv/“(y)ydy = 1/2 . (2.10p)
0

It can easily be verified that any expression of the form «o ya(l - y)a can
satisfy both of (2.10).

To summarize what has been discussed so far, we have found a valon
representation for the description of the hadron. In terms of quarks and
gluons at high Q2 the wave function <q...,3...,8...|P> is untractable since
the different parton-number states in the entire Fock space are all important.
In terms of vaelons at low Q2 the wave function <UUD|P> 1is simple. Its
relaticnship to the parton inclusive distribution at high Q2 is made celcu-.
lable in QCD by virtue of the definition of the valons, i.e. leading-order

evolution in Q2.

III. HADRONIZATION OF QUARKS

The problem of hadronization of quarks has thus far been studled only in
the recombination mode1.2’8‘15 In the early version2 the recomblnation
function was discussed in the coutext of counting rule.16 But the extent of
its validity was uncertain except that it yielded a sensible cesult. More-
over, the normalization was unspecified and the role of gluons ignored.
Clearly, a more thorough study of the hadronization problem is needed.

The evailability of a valon representation for the hhdron facilitates a
quantitative description of the hadronization problem. The knowledge of the
proton wave function in terms of the valons <UUD|P> obviously implies a
knowledge of the recombination function from valons to proton i<P|UUD>|2.
Similarly, for pion formation we would have |<ﬂ+|U5>|2. Defining R to be
the probabilily for recombination in invariant phase space, we then ha.vee’15
from (2.9) and (2.h)

X X
n , 172 1 2
RU(x)0x50x) = =3 6(— + - 1) ' (3.1)



x.x x_\3/2 X x
BN(xl,x2,13,x) = 3'2%2 (—l——g—l) 6(;}- + ;g + ;3' - 1) » (3.2)

X

vhere in (3.2) we have neglected flavor dependence, i.e. setting a=b=1/2 in
(2.4). Note that not only is the dependence on x, and x, in (3.1) exactly
as puggested in Ref.2, the normalization is now fixed.

Because the valons are parton clusters that include gluons, the role of
gluons in recombination is therefore not ignored. It then seems that the
burden 13 on the determination of the valon distribution in a process Just
before hadronization. However, it is only necessary to calculate the quark
and antiquark distribution (for the production of pions) because a quark (or
antiquark) can in time dress itself up by virtual processes and turn into
2 valon with the same momentum. Since the convolrtion integral that describes
hadronization in the recombination model involves integration over momenta of
the recombining constituents, it does not matter whether we call them quarks
or valons: the same momentum distribution is involved.

We have tested the recombination mechanism by calculating the quark
fragmentation function in e+e_ annihilation processes using perturbative QCD
to determine the qa distribution in a quark Jet and then (3.1) for hadroni-

zation. The result15

agrees well with data, and represents a first successful
attempt to describe quark fragmentation proecess all the way to the hadron
level. Since no adjustable parameters have been used, it gives a good check
of the recombination model for hadronization, certainly recessary if not
sufficient.

In the calrulation described above the contribution due to resonance
decay has been added by hand according to known 1;::-ocedurel"7 developed for
familiar hadronic reactions. It would be more preferable if resonance pro-
duction can be independently calculated in the recombination model. However,
the corresponding recombination function is unavailable. What is needed is
an analysis of the inclusive 7 distribution in photoproduction and by use of
the recombination model determine the structure function of p 1in just the
same way that the structure function of 7 and K have been determined.18
The recombination function for p then follows from the valon distribution
in o .



IV. LOW-p, REACTIONS

The stage 1s now set for treating Fhe low-pT problem. We cannot delay
“urther the first question askedi at the beginning: 1s the constituent picture
reliable when there is no large Q2 in the problem? We have already made
Progress toward answering this question by showing the relevance of valons.
Before collision an incident hedron can be described by wave function in
terms of the valons. After collision hadronization tekes place also from the
valons. The central question now is how the initial velons turn into a multi-
tude of final valcns. In the fragmentation region of one incident particle
the other incident particle is not relevant by virtue of short-range corre-
lation in parton rapidity. Thus we ask how three valons (in the case of
proton) break up into partons which dress themselves up after a long time to
become meny valons. Since we confine our attention to tlhe fragmentation
region, we need not be specific about what takes place in the central region;
color separation may cor may not be an important mechanism. We need only
recognize that the bags are broken upon col.ision, and the unknown confinement
mechanism that keeps the three valons as distinct entities in the static
problem is no longer operative. The partons in each valon which are originally
virtual in the static problem become on-shell and take on definite
world lines in accordance to their momentum distributions in the valon, which
in turn has a momentum distribution in the initial hedron. The partons in
the fragmentation reglon are all very near the light cone at high energles
and the time scale involved for hadronization is highly dilated in the c.m.
system. What we need is the parton distribution in the valons.

Is it meaningful to discuss parton distribution without being at high
Q2? The question can best be approached first on phenomenological grounds,
We know that even for Q2 in the 1 -3 GeV2 range in the early days of
electroporoduction experiments at SLAC, "precocious" scaling wes already
found for vwz(x), even though theoretically there was no compelling reason
for 1t to be sc. At higher Q2 the modification on vwz(x) i8 only of order
logQ2 correction which is calculnble in perturbative QCD. Whal the
phenomenology reveals for us is that there is a primitive parton distribution
which is not calculable at present and which gives rise to the observed
vwz(x) at low Q2 vhere the parton model itself may be questionable us
originally formulated. We venture to use parton nodel at low Q2 not on the
usual basis that the interaction time is short compared to the lifetime of a
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parton in a particuiar state, but rather on the following basis, Each valon
has e primitive parton distribution, which spread out over & wide renge in
the repidity space because of soft gluon radiation. Hadronization, however,
occurs 1n a limited range in rapidity space for each detected hadron. Thus
in calculating inclusive cross section one 1s essentially focussing on a
narrow region in rapidity, ignoring whatever that goes on in the rest of the
rapidity space. This is very akin to the impulse approximation which gives
Justification for ignoring the response of the residual system. Indeed,
there are models which give a close relationship between rapidity and time.
Short-range parton interaction in rapidity therefore Justifies the discussion
of partons at low Qr. The assumption of the exlstence of an unive-~sal
primitive parton distribution in every valon then enables us to express the
parton distributions in a hadron by convolution integrals.

The unknown in the above description is the primitive parton distribution.
We have determined it phenomenologically by fitting the low Q2 data on
\sz(x).8 Ouce done, there are no free parameters left in the problem. If
we denote by P(z) the primitive single-parton distribution and P(zl,zz) the
primitive two-parton distribution in a valon, then the qq distribution in a
hedron 1is

Flapx) = 8 (xuxy) ¢ F2x x) : (.2)
1
(1) _ %
F (xl,xz) = z / dy Gv/h(y)an(y— . }T_) . (4.2)
Toajrxg

(2)(x ) _2 f J '2 v , /h(yl,yz)Pi(%)Pa(;:—).(h.B)

1 2 x

(1) (2)

Clearly, F end F describe separately the contributions from a single
valon and two valons, respectively. As we hav~e dlscussed in Sec.III, these

quark and ar.ig.ark can develop their own clusters, with the corresponding

valons still heving momentum fractions Xy and X,e Hence, we can directly
use the recombination formula.2
dx, dx
x dg 1 2
g dax = fF(xl’x2)R(xl’x2’X) -—xl ‘—xo s (4.4)

..10-



in the caiculation of inclusive pion cistribution.

The result of our no-parameter calculation is remasrkebly good.8 It is
shown in Fig.l. It agrees with data19 over a variation of three orders of
magnitudes. It gives strong indlcation that the formalism presented has
Epptured the essence of hadron fragmentation at low-pT.

Application of the formalism to various reactions involving different
beam and detected particles can readily be cerried cut. In particular,
attention to reactions involving kaons should lead to a determination of the

valon distribution in kaons.lh

V. DISCUSSION

It is useful to point out that the formalism presented here does not
rely on detailed descripticn of color separation in low-pT reactions. Nor
does it make use of any quark fragmentation functions borrowed from high—Q2
e+e— annihilation data. To use phenomenological fragmentation function in
1ow--p,II physics is to abandon any attempt to treat the hedronization problem.
The point of view of our approach is to start from the valon-parton basis in
dascribing inclusive reactions and hopefully to derive Regge behavior even-
tuslly as an output. In contrast, the fragmemtation modelh ie based on dual-~
topological-unitarization diagrams intimately related o Regge theory. It
may be eminently sensible for describing the central region. but its extention
to the fragmentation region does not offer an elucidation of the hadronization
process. The two approaches may be complementary. Since they emphasize
different regions, unificaticn is a possibility that cannot be ruied out.

It is of interest to point out also that the valon representation of a
hadron offers an intriguing possibility of investigating certain problems
that have thus far been mainly the concern of those solving bound-state
problems. The valon distribution is a statement about the weve function of
the hadron, but instead of solving a potential problem or the bag problem, we
have obtained it from deep inelastic scattering date. It is our hope that on
the basis of our valon distribution we can calculate such quantities as the
pion decay constant f". Preliminary effort20 in that direction indicates
that a numerical determination of fTr is not only feasible but seems to yield
a result that is close to the experimental value.

In the area of low—pT physics the recombination model S;B been used to
calculate two-particle correlation with remarkable success, Since the two-

particle distributions reveal detalled properties of the hadronization process
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in the fragmentation regicn, they mey well pose crucial tests for tne various
models of hadronic reactionc at low-pT.

Another area of application for the valon-parton description of rnadronic
processes is the fragmentation of the so-called "diquark" system. In a hard
scattering process in which a quark suffers a large-mamentum-transfer
collision, the residtal parton system of the hadron fragments in a completely
caleulable way in the framevork outlined here. The result of this investi-
gation will soon beéqme avallable and should provide a stringent test of the
theoretical ideas when compared to experimental data which are in the process

of being analyzed.
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Fig.1  Theoretical prediction (solld 1ine) compnred to the datn (Rer.a)

for the incluslve crose section pp * n+x #t 100 and 171YH GeV.,
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