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The concept of parton fragmentation in QCD hard scattering phe-
nomenology as well as NLO pQCD analysis of fragmentation fuations are
outlined. Hadroproduction of pions of g,few GeVp, is discussed through
the example of recent measurements at Sgnic = 200 GeV.
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1. Introduction

Hard pQCD reactions produce highly virtual partons that wil | radiate o
their virtualities, thus evolving into the non-perturbati ve states that contain
observable hadrons. A quantitative understanding of this pocess, known
broadly as the fragmentation of partons, considerably widaes the class of
reactions that can be handled within a perturbative QCD approach. Exam-
ples are too many to enumerate here (as the reader may conviatimself by
browsing through the proceedings), two recent cases will béiscussed below
in Secs. 3.2 and 3.3.

A graph such as in Fig. 1 serves as a popular illustration of QD fac-
torization [1]. It also displays the role of fragmentation functions D (z) in
hard scattering phenomenology when there are detected haolns in the nal
state. The early Field & Feynman [2] cascade model for quarkrbgmenta-
tion into mesons is depicted in Fig. 2 side by side with a latereld-theoretic
de nition in terms of a bilocal operator [3]. At leading twist accuracy, these
describe fragmentation (or decay) functions (now in a narraver sense of the
word) that turn a single parton into a single-hadron inclusive state, with
fractional momentum transfer z from the parton to the hadron. Analogous
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Fig. 1. Factorization in terms of parton densities and fragmentation functions.

to parton densities, renormalization induces evolution ofthe (transposed)
DGLAP type
@p _ X

@n Dj Pij . (1)

i=aag
This write-up discusses a few theoretical aspects of fragmttion func-

tions and fragmentation processes. Please confer also Hachar's contribu-
tion to these proceedings [4] for experimental results.
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Fig.2. Field & Feynman model (upper) of cascade fragmentattn and bilocal
operator (lower) a la Collins & Soper.
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2. Global analyses of fragmentation functions

Fragmentation functions are determined in NLO QCD ts to dat a. They
are statistically dominated by e e annihilations with particularly precise
e'e | hX data from Z° decays at LEP and SLD. Even though thee* e
data can be reproduced very successfully over a wide range erfiergy, there
are several limitations:

1. The leading order partonic proces®e ! qq produces quarks only;
the subleading terms are too weak to constrain gluon fragmeation
su ciently. Gluon quark mixing in the evolution Eq. (1) isn ot enough
of a constraint, either.

2. Data are less accurate at large- This fact translates into less accurate
functions Di(2)jiqge -

3. The individual light avor channels (corresponding to the Ranks in
Fig. 2) cannot be disentangled from the avor inclusive data

These items limit, at present, the accuracy of the functionD;(z). They re-
quire that fragmentation analyses become truly global the \ay that analyses
of parton densities already are,.e. including data from di erent processes
that constrain di erent kinematic regions and avor combin ations.

Recent global analyses of fragmentation functions, deterined at Next-
to-Leading-Order accuracy in QCD, were performed in [5]. Tle individual
ts are conceptually very similar, such that a comparison baween the ts
gives a good rst estimate of the uncertainties in the functons D;(z). As
explained above, the uncertainties of these functions areatfa driven and can
be large. It can indeed be shown [6] that the electroweak colipgs of up and
down type quarks at theZOPpoIe suggest that only avor-insensitive combi-
nations such as the singlet Dg:q are well determined. Flavor structure
can be constraint through the analysis of semi-inclusive 3 [6]. The simple
lowest order term

X h i
d sipis / a(x)Dg(2) + a(x)Dg(2) ; &)
q

illustrates that the information is local in z (no convolution at LO) and that
the by now very good knowledge of the parton distributionsq(x) provides
reliable avor weights.

Having discussed item 3, we are still left with items 1, 2 fromour shop-
ping list above. They lead over to the analysis of hadroprodation reactions.
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3. Fragmentation in hadroproduction reactions

3.1. Partonometry at P SrHic =200 GeV

RHIC (pp mode) operates atp Sruic =200 GeV, between lower energies
(such as ISR or Fermilab), where the pQCD catgulations are kown to be
problematic [7], and higher CMS energies (Up t0 Srevatron ), Where pQCD
seems to work [5]. It was quite remarkable to see, how well pioproduction
data in RHIC pp collisions [8] agree with the NLO QCD calculation [9] at
central and forward rapidity and down to p, vglues as low ag, & 1GeV.
While it remains a challenge to understand the S dependence of hadropro-
duction spectra in terms of power c?{rections [10], the goocgreement of
the pion spectrum with NLO QCD at = Sgrpic and the good precision of the
RHIC data are a gold-mine for fragmentation analyses.

Fig. 3 decomposes RHIC collisions into 2-parton initial andl-parton-
inclusive nal states. For Fig. 4 the corresponding scalingvariables have
been evaluated at their average values, manifesting the symetric and asym-
metric kinematics of central and forward rapidities, respetively. The par-
ton densities are probed in regions oki., where they are well known al-
ready whereas new constraints are imposed on the largefragmentation
functions, and in particular on the gluon function. While the constraint
on the gluon fragmentation function is nonlocal (convolutal) in hadropro-
duction reactions, a QCD analysis of this reaction is more saightforward
than an analysis of anti-tagged gluon jets ine*e ! bbgcon gurations [4].
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Fig.3. Partonic decomposition of the initial and nal state of pp collisions at
200 GeV; central and forward rapidity.
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The latter are nontrivial due to the fact that jets and fragmentation func-
tions are not the same in QCD.

| will next leave the fragmentation functions and move on to dscussing
theoretical aspects of two recent pion production measureents at RHIC.

Central Rapidity Forward Rapidity

P,™[GeV] E7 [GeV]

Fig.4. Scaling variables, averaged over the parton initialand nal state of pp
collisions at 200 GeV; central and forward rapidity.

3.2. The double-spin asymmetnA, |

The gluon helicity contribution g to the proton spin is probed in colli-
sions of longitudinally polarized protons under the conditon that the domi-
nant dynamics are perturbative and of leading twist origin. These conditions
may apply to the measurement of beam helicity asymmetries

d d ++ d +
AL|_=d :d+++d+ 3)
for high transverse momentum reactions whered d =dp2 jiarge p, -

For large p, pion production, a variant of Fig. 1 with polarized beams
illustrates that the (glue glue contribution to the) react ion can schemati-
cally be written as

ALl (G @ "X D 4

The Mellin transform
ga(N) go(N)"3 X(N)D (N) (5)

R
[with  ga(N) le'\I 1ga(x) etc] turns the nonlocal (in parton momen-
tum, i.e. X5 6 Xp) convolutions

71 Z1
Oa Ga:ii= dXa dXp  Ga(Xa) Oo(Xp) ::: (6)

2 2 —
XT XT =Xa
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into products that are local in the moments N. For small to medium p, .
4GeV one can then show [11] by variation A = g = 0 that A, has
a minimum and is basically positive de nite at leading twist, i.e.

AlLlp,. agev > O 10 s (")

is a necessary condition for leading twist dynamics to be domant in the
production of small to medium p, pions. To achieve aslightly negative A, |
of orderO 10 3 the Mellin inversion of gap(N) back to  gab(Xap) has
to generate a crossing of g(x) through zero and explore the fact that the
convolution in Eqg. (6) can then pick xa 6 Xp such that ga(Xa) Gu(Xp) < O.
For any foreseeable experimental accurac® 10 2 ' 0 which is why
A, is basically positive de nite. At present, data [12] are Hatistically
not conclusive and the positivity of A, remains yet to be conrmed, or
disproved.

3.3. Production of (! 2 ) mesons

Recent data [13] indicate that the invariant mass spectrum 6 pion pairs
in ppcollisions peaks at a value around, but signi cantly belowthe mass as
measured ine* e exclusive production. Now, resonance mass shifts would
seem an unlikely manifestation of a perturbative e ect if it were not for
the fact that the e ect extends to large values of transversemomentum
p, 3GeV wherethe can be expected to be a parton fragment. The strong
decay ! 2 then contributes ap-wave resonance to thdd? fragmentation
function [14]*.

In Fig. 1, the fragmenting parton momentum k runs over the following
virtualities and transverse momenta:

78 (1 2)=gk® M2=)
dk? dk3 (8)

M 2=z 0

Strictly, Eq. (8) diers from the operator product depigied in Fig. 2 which
is de ned to be UV-divergent [after integration over d*k (k* P*=2)].
The argument | am about to make, though, is not related to the sibtle [15]
problems that arise from cutting o0 momentum integrals.

The partonic center of mass energys can, for an order of magnitude
estimate, be inferred from Fig. 4 throughh8i = hx31X2i Sryic. Under the
assumption that the partonic spectrum behaves likek 2, a Breit Wigner

1 For the semi-quantitative argument we are making here, we wi |l ignore the mixing
of m-hadron fragmentation with n-hadron (n < m) fragmentation, as well as the
non-resonant s wave channel.
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peak in the2 mass spectrum positioned atthe mass forp, !'1 is
then shifted to a lower value by a few 10 MeV around a nitep, =3 GeV.
This suggests a partonic e ect that is dual to the pion phase pace distortion
at low p, ! 0. A more detailed evaluation will be given in [16].

4. Conclusions

Parton fragmentation processes explore conceptually andhq@nomenolog-
ically rich aspects of hadronization, as | hope to have dematrated through
the examples of a positivity bound on the spin asymmetryA , and a per-
turbative ansatz to explain resonance mass shifts at higlp, . | have also
outlined the next steps in global analysis of fragmentationfunctions; a cor-
responding update will be made available very soon.
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