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Fragmentation functions from flavor-inclusive and flavor-taggede*e™ annihilations
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Fitting Z%-pole data from ALEPH and SLD, and TPC data at a lower c.m.s. energy, we fix the boundary
condition for NLO parton-hadron (hadros 7=,K*,=,h*) fragmentation function$FFs at the low reso-
lution scale of the radiative parton model of Gk) Reya and VogtGRYV). Perturbative L@~ NLO stability is
investigated. The emphasis of the fit is on information on the fragmentation process for individual Jais) (
and heavy ¢,b) quark flavors where we comment on the factorization scheme for heavy quaeksein
annihilations as compared to deep inelastic production. Inasmuch as the light quark input parameters are not
yet completely pinned down by measurements we assume power laws to implement a physical hierarchy
among the FFs respecting valence enhancement and strangeness suppression both of which are manifest from
recent leading particle measurements. Through the second Mellin moments of the input functions we discuss
the energy-momentum sum rule for massless FFs. We discuss our results in comparison to previous fits and
recent 3-jet measurements and formulate present uncertainties in our knowledge of the individual FFs.

PACS numbes): 13.87.Fh, 13.65:i

[. INTRODUCTION found in[5]. From a combined use of both—fragmentation
and parton distribution functions—in one hadron inclusive
In this article we consider the production of identified deep inelastic scattering information on the initial state par-
light hadrons ine*e™ collisions or more precisely the pro- ton flavor can be obtained from leading particle effects
duction of charged hadrons built from light up, down andwhere a high energetic hadron inside a jet remembers the
strange valence quarks, i.e. dominantly pions, kaons ang@lence parton it has been produced|@#8]. Parton infor-
nucleons. Within perturbative QCD the light hadron produc-Mation from semi-inclusive measurements based on an un-

tion dynamics ofe*e~ annihilations inevitably comprise a derstanding of the fragmentation process also extends to po-

nonperturbative long distance component from the ncmpe|J_arized DIS where the spin flavor structure of the nucleon sea

turbative hadronization of perturbatively produced partons!S still rather unknovyr{_Q,Ei]. 1” this article we will restrict
We will fix this latter nonperturbative component in the ca- ogrse_lves o the defining e process and leave other ap-
nonical QCD framework of parterhadron fragmentation plications to futuLe work10]. h blish
functions(FF9 at the low resolution input scale of the radia- Recent years have seen much eff&il1-19 to establis

. . _ a similar technical skill for FFs as for existing sets of PDFs
tive Gluck-Reya-Vogt(GRV) parton mode[1]. In the naive 1 19 5. we will take a further step towards this goal and

parton model the FBy(2) has the interpretation of & prob- o this purpose we concentrate mainly on data which con-
ability density that some final state partprhadronizesor  strain the flavor decomposition of fragmentation spectra;
fragments into a mean numbeD;(z)dz of hadronshperdz  sych data sets exist at t#8 pole for chargeds* andK*
wherez is the fractional momentum which receives from  mesons from SLD[21] and for the inclusive sum over
the parton. Field and Feynman have construg@dan early  charged hadrons from ALEPH7]. Lower energy counter-
set of mesonic fragmentation functions footing solely on thisparts from TPJ22] will be included to correctly take QCD
intuitive probabilistic interpretation. Today's state of the artscaling violations—which have been re-established recently
embeds thEDB(Z) functions in the framework of QCD fac- in [5,13,17 — into account. The flavor separation confronts
torization theory[3] including explicit operator definitions us with the question of how to treat heavy flavors within
[4]. Fragmentation functions are the final state analogues a§"e~ production dynamics which we will answer in some
the initial state parton distribution functiogBDFg and pre-  detail. Especially the SLAC Large Detect(8LD) data sets
cisely as the PDFs do the FFs parametrize our ignorance @ flavor tagged fragmentation inte™ andK = mesons con-
QCD bound state dynamics. Fragmentation functions intaain new flavor information not included in previous fit]
identified hadrons are therefore in their own right an interto which we compare our results, thereby formulating the
esting source of information on the hadronization procesgresent uncertainty of our knowledge on the individual FFs.
and they are a necessary ingredient to interpret present and

future measurements of any one-particle-inclusive hard cross ||. PARTON FRAGMENTATION IN e*e~ COLLISIONS
section within fundamenta(perturbative QCD theory as BEYOND THE LEADING ORDER

compared to Monte Carlo model approaches. Whereas PDFs .
are mainly determined from fully inclusive deep inelastic  1he .next—llead|+ngi order(NLO) framework  for one-
scattering(DIS) the cleanest extraction of FFs is fragfie™ hadron-inclusivee™e™ annihilations has been well known
collisions. FFs pinned down ie" e~ can, by universality,

then be applied to, e.g., the hadro- or leptoproduction of

identified hadrons and compatibility with the transverse mo- The formulas below include the LO framework in an obvious
mentum spectrum produced in photon-proton collisions wasvay by dropping subleading terms.
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for a long time[5,11,13,16,23—2]7and we restrict ourselves doh

- 1dZ .
to a brief theoretical introduction here in which we closely —TPoTL f —gc'P(g,Q{,uE R)
follow Ref.[11] in notation. dz [azuds.... | Jz ¢ '
To be specific we will consider the reaction I -
2 n
_ z m Aoep
dote" e —72%=h% _do" d_a$+ dof " XD Z-Mﬁ) +0 Q—g) +0(%) (5)
dz ~dz dz  dz’
where the powen of the nonperturbative correctiofg8]
where cannot be determined from an operator product expansion
based analysis, contrary to=4 in Eq. (4) and to deep in-
z=2E,/Q=2P;q/Q? (2)  elastic scattering where higher twists are known to be sup-

pressed by a power=2. As anywhere,LEYR are the factor-

_ ization and renormalization scale, respectively, and we will
is the energ$ E;, of the observed hadron scaled to the beamget them both equal ngﬂlzz R:Qz in the applications.
energyQ/2= \/s/2;° with the positron-electron beam MOmen- The treatment of charm and bottom in the sum over quark
tum Pe-=(Q/2,0,0=Q/2) and q=Pe++Pe-. The right-  flayorsq=u,d,s, . .. in Eq.(5) will be discussed in Sec. IV.
hand side(RHS) of Eq. (1) distinguishes the contributions The coefficient function@ip are given up to(’)(aé) in the

from transverse(T) and longitudinal (L) virtual bosons, - . S
where the polarization axis is in the direction of the momen—mOdIerd minimal subraction (MSscheme{11,23,24 by

tum of the observed hadrdm Experimental data are com-

monly not presented for the absolute cross section in(Bqg. ag(u3) Q2
but for the normalized distribution C%(éV.QZ.,u,Z:,R): S(1-0)+ o Cect &5 | |od(9)
HE
1 AN" 1 do" A0 @ , ,
AT o dp 3Az-0 oo u3) Q
Niot AZ oot dz C%(g,Qz,,u,z:'R)z 5277 Cecd {— 2 ad(s)
ME/ @
where AN" counts the registereti-events per bimAz and
N;o: denotes the inclusive sum of hadronic events. Within as(,uré) Q2
perturbative QCD and up t@(«?) the total hadronic cross  Cl(¢,Q% uf g)= 5 Cecl g,—2> al(s)
sectiono,; is given by & ME
2 2
2 m?2 A2 as(pR) Q
=S ol(s) (1+ o(Q )>+(9 Mol | o Aoco)  cprQtuie= S et 15| S s @
q m Q? Q! KE/ d

(4)

and for antiquarksC{ =C{ . The ¢!} and of can be
where the parton model, i.€(a2), electroweak cross sec- found in the Appendix. Th&)(«?2) contributions to the co-
tions o for producing agq pair are given in the Appendix. efficient functionsC${ in Eq. (6) are known[29] but are of
The power suppressed terms arise from perturbative quarkext-to-next-to-leading order and will therefore not be con-
mass effect@@(mé/Qz)] or nonperturbative higher operator sidered _in this NLO analysis, with one exception to be dis-
matrix element§ O(A$ep/Q?)]. We will discuss the quark cussed in Sec. llI.
mass effects in Sec. IV where we give ample reasons for our In the MSscheme the parton model expectation
choice of the factorization scheme. Higher operators are not
considered in this article.

1
QCD factorization theory predicts that J dzz>, DM(2)=1 @)
0 h

2 . . . .
Inl cases .where experimental qlata are presented |mdmenFum that the entire parton energy is shared by the parton’s frag-
scaling variablez,=2p,/Q we will transform the data ta using  mentation products is preserved under renormalization

the relativistic energy momentum relatif = pj+m; andassum-  r5h . 5hey ,2)1 of the fragmentation functions by en-
ing pion production dominancer(,=m,,) whenever the hadrdmis eré 30?5&5/5#0? g y

not specified.
3Thoughs=Q? we will use both variables —s andQ? — in the h
2 . . 1 1 do
following in their role as the c.m.s. energy and perturbative hard dz ZE R (8)
scale, respectively. 20¢0tJ0 n dz
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whereda" is related to theDih via Egs.(1) and (5). The
renormalized fragmentation function@bih obey massless
Altarelli-Parisi-type renormalization group equations

dD}'(z.Q%) _
dlnQ?

1df

2 2
§ (gQ)D@Q) €)

where theP;; have a perturbative expansion

2
Pij(2,.Q%)= (Q) PP(2)+ ii) PiP(2)+0(ad).

(10

The NLO piecesP(" of the timelike P;; in Eq. (10) differ
from their spacellke counterparts. TRg are implicitly un-
derstood to represent thienelikesplitting functions in[25].*

The evolution equations will be solved analytically in
Mellin n-space as described, e.g., [i24,26]. We have in-
cluded then-space expressiofig4,26 for thec$ in Eq. (6)
in the Appendix. The timelike splitting functlor(SO) up to
two loop order[25] have been transformed t@space in
[26]. To keep this article compact we do not reproduce thes
lengthy formulas nor do we repeat the solution of E).in
Mellin space. Suffice to say here that some functional inpu
forms for the Dih(z,,uz) are required where we make the
Ansatz

D(z,u3) =Nzl (1-2)# (11)
which we assume to hold for light partons<g,u,d,s and
corresponding antiquarksat the low input scalm§=0.4
Ge\? of the recent NLO revisiofil] of the radiative parton
model[30-33. (Accordingly,,ug=0.26 GeVf [1] will serve
as the input scale for the LO fits to be discussed bglés.

already mentioned, the treatment of heavy flavors will be

specified in the next section. Along with the low input scale
w5 we also adopt the evaluation ef'-° used in[1], i.e. we
numerically solve the renormalization group equation

da(@®)  Bo B )
B 12
dnQ? ~ ani@)7 e 5alQd) 2
exactly by finding the root of
Q2 4 B1 4 B1
——=Inl———+—= (13
"N B @) B | Boan @) | B

with Bo=11-2f/3 and B,=102—38f/3 and where the
numberf of active flavors in the quark loop contributions to
the beta function is

4A misprint in the second reference §25] was corrected in
[26,27.
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3ui<Q?<m?,

4m2<Q?<mg,
14
5mZ<Q?<m?, 14

6,m*<Q?,

with [1] m. , ;=1.4,4.5, 175 GeV. Equatiofi4) guarantees
the continuity ofag at the transition scalesi; , ; in the MS
scheme up to two loopk34], if we furthermore adopf1]
Ag456=299.4,246,167.7,67.8 MeV in NL@and Ag 456
=204,175,132,66.5 MeV in LD The continuity ofag at
the transition scale®,, wheref—f+1, is guaranteed for
Q§=mZ,( [34] from the ratio of the renormalization con-
stantsZ; in a renormalization scheme wiftandf + 1 active
flavors, respectively. Hence the continuity is not affected by
the choice of solving the NLO renormalization group equa-
tion exactly as implied by Eq(13) or by an analytical ap-
proximation up to some inverse power ofQA, as, e.g., in
Eq. (9.59 of [35]. The exact numerical solution of E¢L3)

is more appropriatgl] in the low Q><m? regime and will
Be used over the enti®? range.

t

Ill. THE LONGITUDINAL CROSS SECTION daE/dZ

We shall comment here briefly on the counting of pertur-
bative orders for the longitudinal structure function on the
RHS of Eq.(1). Experimentallydo]/dz is extracted 17] by
reweighting inclusive hadronic events according to their po-
lar angle @) distribution as

v d2g"
= fﬂ,d cos¢9d

TOSHWL(COSH,U),

(15

where the projecto, was introduced in[11] and v
=|cosfmax iS Set by the detector geometry, evg= 0.94 for
ALEPH [17].

From the theoretical side we can read off E@8, (6) that
dof/dz receives its leadingnonzero (finite and scheme-
independentcontribution at(’)(aé). When considering data
on do| obtained from reweighted events as in Ef5) we
will therefore include for ounext-to-leading ordemnalysis
the O(«?) contributions of Ref[29]. We will, however, treat
the O(al) coefficientsC9 in Eq. (6) assubleading(NLO)
contributions to theotal do"=do+do] in Eq. (1) which
receives itdeadingcontribution from tthO’?— component to
O(ad).

To O(ag) the convolutions in Eq(5) are most conve-
niently decomposed according to the flavor group as de-
scribed in[29]. The corresponding coefficient functions for
d(r[‘/dz are given in Eqs(17), (18) and (20) in the second
reference of29]. For the transformation to Mellim space
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the nontrivial ones of the required identities can be found in s u?)=N"ze (1 z)B., (16)
[36-38.
to hold at,u, m along Eq.(14) which guarantees the con-
tinuity of ag at u? in NLO. TheD'_ cp are thendlscontlnu—
ously “switched on” in the evolution am but enter the
Heavy quark initiated jets provide a substantial contribu-cross section in Eq(l) only above the partomc threshold
tion to one-hadron-inclusive*e™ annihilation spectra. In  Q?>4m? 8 It is certainly questionablfL3] to fit pure QCD
principle, the hard scattering production of heavy quarks hafiagmentation functions for heavy quarks to inclusive or
a well defined and unique perturbative expansion withinheavy quark tagged data because charm and bottom jets are
QCD but the residual freedom of arranging the perturbatiodlighly contaminated by weak decay channels. Adopting such
series at finite order leads into scheme ambigufts®. The @ procedure anyway is a necessity as long as data corrected
key question is whether the convergence of perturbative cafor weak decays do not exist.
culations improves if fixed order calculations are supplied
with an additional resummation of quasi-collinear logarithms V. EITTING PROCEDURE
[(ag/27)IN(QYMA)]" to all ordersn, wherem is the heavy
quark mass. The explicit all order resummation is equivalent Early model attempt49] to generate fragmentation func-
to solving massless evolution equations from an input scaléOﬂS entirely by QCD dynamics from a delta peak input
of O(m). The boundary condition at the input scale is agamD (2) 5(1—2) are outruled by modern high statistics data
calculable at fixed order and has been derivedefoe™ an- [17 21,23 which require smooth input functiori$l), (16) to
nihilations in[40] to O(«y). be fitted to experiment. Recently, fragmentation functions
Fixed NLO calculations seem at present to be reliabléhave been fitted te* e~ production data using either free fit
[1,41] for the deep inelastic production of charm and bottomAnsaze[5] or Ansdze strongly constrained by SU(8sym-
— dominantly in scattering events off wee gluons at lowmetry[15]. We will take an intermediate path and constrain
partonic c.m.s. energy where mass effects are most importafree fit Ansaze by making power law assumptions about
[41]. Contrarily, ine*e™ annihilations each quark of a pri- valence enhancement and strangeness suppression within the
mary heavy quark pair receives the ene@§2>m at the radiative parton model of Ref§1,30-33. The model is
intermediate boson decay vertex. Such a highly relativistioriginally tailored for parton distribution functions to pertur-
quark will obviously not “feel” its mass anymore and at the batively generate the high population of quarks and gluons in
energies which we will consider, primary up- and down-typehadrons at low Bjorkem. It should be clear from the scratch
quarks are each produced in equal number, irrespective ofhat its predictivity cannot be transfered to FFs where a well

IV. TREATMENT OF HEAVY FLAVORS

the quark mass. We therefore expect heavy quarks' e definedlow z analogue of the deep inelastmv x regime is
to behave essentially like massless partons with massuissing[16].
(quasijsingularities to be resummed. [42—44 all order Our aim is to pin down fragmentation functlo@§(z w?)

NLO collinear resummations were demonstrated to be refor (anti-quarks and gluons hadronizing into charged pions
quired and adequate in order to describe the energy distribth=7",7"=#"""), charged kaonsh=K" ,K =K*")

tion of charm and bottom quarks over the partonic final statend the inclusive sum over charged hadrpBg(h™+h™)

of high energye*e™ annihilations. In particular, all order =>h*]; basically from high statistics data at tZ8 peak
massless resummations for charm quarks were proven to beeasured by ALEPH17] at LEP £h*) and by SLD[21]
necessary to describe the amount of secondary charm quarks™,K=) at SLAC. Besides their high statistical accuracy,
from g—cc splittings in the parton showering, visible in a these data sets have the advantage of furnishing along with
rise of the cross section at loweas observed by OPA[45]  their fully inclusive measurements also flavor enriched
and ALEPH[46] and as opposed to the fix&d(a2) order e\ﬁents which can be used to fix the flavor structure of the
contributionZ?— QEQHQECE[M] which turns out to be far Pi (z,u?) to some extent. Both data sets distinguish between

too small[43,44. Bottom production has an evolution length 19ht quark (u,d,s), charm, and bottom events where the

which is shorter by the amount af In Qz—ln(mﬁ/mg) which quark flavor refers to the primarg®-boson decay vertex.
suffices to suppress secondary bottom pairs as experime ince pure flavor separated sets cannot be obtained directly
tally observed 48] in a flatz—0 B-spectrum. 17 ,21], Monte Carlo simulations are required to estimate the

Hence, we will includeqy—h FFs mixing under evolu- El:avi)r cct)rrtljposr:;:)n fcl)f the taggehd gata setts Frorln th(re]se Mgnte
tion with their light parton analogues, i.e. describing all long ario studies the favor enriched event samples have been

distance(collinear parton showeringnd hadronization ef- unfolded at a given systematic uncertainty to pure flavor sets
fects of the fragmentation process. Heavy flavors are treated

above their respective MShresholds” Qy=m, ,, as active
flavors in the evolution of theD“g(z 4?) in Eq (9). We ®The partonic thresholdm?—or similar low resonance threshold

adopt the functional form of Eq11) also forD". ie. scales[5]—may therefore be considered a natural choicepfér
cb: We follow existing PDF sets which avoid the discontinuitiesein

induced byu; #m;.
Similarly, == will denote #"+ 7~ to be distinguished from
SWe do not, of course, consider the superheavy top quark here.w ~=x",7; for kaons accordingly.
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for the SLD data whereas ALEPH quotes percentages fosummations may become necessgi§]. Also, the univer-
each flavor contribution to any of its flavor enriched samplessality, i.e. process independence of the FFeie™ annihi-

In the latter case some uncertainty will reside in the translatlations and semi-inclusive DIELO], respectively, is not yet
: : : +

tion of the Monte Carlo studies to the perturbative calculaye| settled at largez [8]. We therefore keeD7 /Df}+

tions we are performing here which can unfortunately not be_ (1—z) for the time being. Our assumptions in EG0) are

quantified since no systematic errors are quéfied for the
percentages. Anyway, we will reweigh the electroweak cou
plings in Table Il in the Appendix to reproduce the ALEPH
flavor composition as quoted ifL7]. In order to have our

FFs respect QCD scaling violations properly we include

lower scale (/s=29 Ge\) TPC data[22] in our fits which
also furnish flavor informatiorfunfolded to purgu,d,s}, ¢
andb event samplesor =h* and forz= but only inclusive
measurements fdf . Needless to say, the fits will be domi-
nated statistically by th&®-pole measurements of ALEPH
and SLD.

Our Ansdze for the fragmentation functions will be the
ones of Eqs.(11), (16) for light parton and heavy quark
fragmentation, respectively, where we assume the followin
symmetries and hierarchy:

DY M =DE " h=m K 17)
ot P ot s
D =DJ,<Dj =Dj (18)
£+__ K+ K+ E+
D, =Dgyg<Dj <Dy , (19

where Eq.(17) respects charge conjugation and E@s8),

(19 should hold from the valence structure of pions and

kaons and strangeness suppression. The equality iGlBy.

seems to be confirmed by “leading particle” measurements

[50] which also indicate the secomgequality in Eq.(19) at
large z from the suppression of secondasg formation

which is required to form &* from au but not from ans
quark. Beyond strangeness suppressiongin~ or K*~

production we expect differences from favored valence-type

(e.g. u—=") and unfavored sea-typge.g. s—=") frag-

compatible with Dg+(n=2)~—~0.6 Dl’f+(n=2) where the

second moments are defined below in E2¢d) and where
their ratio can be estimated from European Muon Collabora-
tion (EMC) one-pion-inclusive datd7]. These data have
been analyzed in a parton model context and the extracted
scale-independent FFs pf] can therefore not be compared

to our fit in more detail. The corresponding one-kaon-
inclusive measurements jii] seem to prefer an even stron-
ger suppression of sea-type fragmentation in kaon formation.
For the time being, we do, however, assume the suppression
of sea-type channels to be a universal phenomenon modeled
by one extra power in (% z) for the input FFs. This assump-
tion, as any of our above assumptions on the light flavor

Ltructure of annihilation data, must obviously be expected to

be violated to some extent if dedicated measurements will
become possible.
If we furthermore assume for simplicity

. _
DCy=D{p (21)
to hold in the heavy quark sectdrve are left with the fol-
lowing set of independent input parametrizations for pions
and kaons:

at 2\ ot aﬂ_+ ﬁ‘n'+
DU,E(ZaMo)—Nu Zz% (1—2)Pu

=t ot aﬂ_+ ot
D5 (z,u§) =Ny z% (1-2)fu **
D7 (z,u2)=NT 7% (1-2)F5 (22)

g ll‘LO —Ng 9 ( Z) 9
D":(z m2)=N”+z“g+(1—z)ﬁg+

c,C L o} c

+ + =t ot
Dpp(z2mp)=Np 2% (1-2)%

mentation channels. Nevertheless, we assume a universal

—0 behavior, determined by the input parametérand ¢;

in Eqg. (11). This assumption is guided by the idea that the

valence enhancement of, say " fragmentation should
manifest itself mainly as a “leading particle effec{50],
parametrized bys; in Eq.(11) asz— 1. We will assumg51]

ot K+ Kt + K+
Biatl, By =Bag=Bi T1=B; +2,

(20

+ at
Bi =Bss

which suppress&sgformation as well as sea-type fragmen-

tation asz—1. A linear suppression facthf/DL’f:(l
—2) for sea-type fragmentation is compatible with semi-
inclusive deep inelastic measuremen68| in the range

K+ K+ a£+ K*
Dy (zu§)=Ng z% (1-2)%s
+ KT KT

DX (z,u2)=NE 2% (1-2)F5 1

K+ KT
DXz, ud)=NE 2% (1-2)8s 2
(23

+

DK (2,12)=NK"2% (1-2)%%
+ + +
D:’cﬂz,mg) = N(’§+zo‘cK (1—2)P

+ + K" K*
Dy5(zmd)=NE 2% (1-2)% .

0.1<z=<0.8. These measurements seem to prefer a factor

~(c—2) with ¢=0.25 forz>0.8. The very large behavior
of theD!‘(z) is, however, not very well constrained by e~

8We would expect Eq(21) to hold exactly if heavy quark jets

measurements and from the theoretical side soft gluon rewere not contaminated by weak decays.
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In practice, we will express the normalizatioN$ through 0 01 02 03 04 05 06 07 08 09 1
the physically more interesting contributions to the energy 3
integral in Eq.(7), given by the second Mellin moment

Dl(n=2u?)= f ‘dz 20(z42) (24)
0

inclusive

1/, do/dz

which would be an exact invariant under evolution s
only if Dih(n=2,,u2) were the same for all—which is not
the case. Anyway, guided by the idea of having an interme-
diate gluon in the parton cascade connecting a valence- and
sea- type quark we will reduce the parameter space

BN” ‘d#&' a’ KT 7T KTy somewhat by
emandin

o 2 1 wt 2 at 2
Dg (n=2,M0)=§[DS (n:21M0)+Du (n:21/~l’0)]
. (25)
Dg (n=2,u8)=5[Dg (N=2u5)+Dy (n=2u5)]

which reduces the strength of the evolution of tlbé(n
=2,u?) considerably and does not influence the quality of 10
the fits.

Samples of inclusive charged hadratis™ are dominated
by charged pions and adding a kaon background is a reasor 1
able approximation for most applications: 1072

b enriched

longitudinal

Eht ﬂ_: +
D" =D K, (26) 10

) ) ) 0 0l 02 03 04 05 06 07 08 z09 1
Equation (26) is, however, not adequate to compare with

high statistics measurement from tB&pole[17], which are FIG. 1. ALEPH[17] Zh~ inclusive particle spectra, measured
sensitive at the?(1%) level. We will fit a small residue at the Z° pole, and the corresponding fit results. Details to the
from higher mesons and baryons along individual data samples and curves are given in the text. The “lon-

gitudinal” set has not been included in the fit.
D" =D +D*, @7) | | |
charged pion productiof22] at \/s=29 GeV lie above the
using again simplé\nsdze as in Eqs.(11), (16) where we corresponding SLD datg21] at Vs=M; (do™™9,=01
distinguish between light flavor(**=D'®=D®%), heavy = >do>"P|,~4 ) which contradicts the establishf&i17] QCD
charm and bottom quark®(**,D{*) and gluons D) and  evolution @o°“"/ds|,~(,>0) predicting thato increases
whereD®*>0 serves as a consistency check. The residuanith Vs at low z. Since the SLD measurements are compat-
functions amount to a sufficiently small correction not toible with the LEP data of e.g. ALEPHL7] we exclude TPC
constrain them any further. For the same reason the approx¢harged pion data below<<0.1. Data on the longitudinal
mation that the hadronic residue is half posmvely, half negastructure funcUordaEh available from ALEPH 17] will be
tively charged for any parton, i.eD>"" =p7 '~ *K""  considered for consistency but are not weighted in the fit
+D!®/2 can be safely used for the inclusive sum of onlybecause we found no significant statistical impact of these
positively (negatively charged hadrons. Altogether, tha-  data on the fit results. Although one might hape, to con-
size(22), (23), (27) with the constraint25) will be fed into strain the gluon fragmentation function because the gluon
the evolution equatior9) to evaluate the cross sectigh) ~ enters at “leading” O(ag) a closer NLO inspectiori53]
using the factorization theorefs). The y?-minimization al- ~ reveals thatdo is dominated by quark fragmentation over
gorithm miNnUIT [52] will be used to obtain best possible most of thez range.
agreement of the outcome with experimental dafg21,23
over the range 0.65z<0.8. Towards lowz the TPC data for VI. RESULTS AND DISCUSSION

The quality of the fit can be inferred from Figs. 1, 2, and
3. All nonb event samples can be well described within
we do not |nCIudeD—+ in the second average of E(R5) be-  errors, even thénonb-tagged ALEPH data where the error
cause gluon fragmentanon into & must be strangeness- is dominated by a normalization uncertainty of only 1%. As
suppressed. already noted 17,53 the b quark fragmentation spectrum
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LB W o o e e e o S R
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E
S $=(29 GeV)’ .
g : :
3 ]
g E
2 d E
10 uds events F
| Ly | 3
102
1§ g
E 1 F 1 T E
2 E  cevents: (Bo)” do/dz 3
10k cevents [ i :
107 3
102 - 7
10 1y 3
N , 3
1 af 10 “f bevents: (Bo) do/dz =
T I I T B I B I
af b events 0 005 01 015 02 025 03 035 ,04 045
10 Bvyv v by by o by g by vy 1y 0y

0 01 02 03 04 05 06 z07 FIG. 3. =h* and =" inclusive particle spectra and flavor sepa-

FIG. 2. SLD[21] =* andK* inclusive particle spectra, mea- rated events over the range<@< 0.9 (inclusive and 0<z<0.45
sured at th&° pole, and the corresponding fit results. Details to the({U:d:S}, ¢, andb events;3=p,/E,=1 for not too smallz) as
individual data samples are given in the text. measured at/s=29 GeV by TPC[22]. The corresponding curves

are the fit results. Details to the individual data samples and curves
cannot be described perfectly well using the simple funcare given in the text. Also included in the fit were inclusk/é data
tional form (16) as input to the evolution. Thesets are only BY TPC which are, however, not accompanied by flavor tagged
reproducible at some 5% accuracy. With the inherent uncers_amples and are therefore not shown in the figure for clearness.

tainty due to weak decays we consider this a reasonable prenannels which mostly contaminakejets. Furthermore, a
cision and do not investigate more involved functioAat- physical interpretation of the second moment integ(a#
saze for the DE . Note that the |0ngitudinal cross section over the rangee[o;]_] is delicate and may be mis|eading in
(lowest curve in Fig. 1, calculated along29], has not been general due to a sizable contribution from the perturbatively
included in the fit. We list in Table | the input functions unstable very low region, as we will discuss in more detail
introduced in Eqs(22), (23), (27) along with their contribu-  jn Sec. VI B.
tions to the energy integral). As a representative we show  \We have also evolved olh* fit to a c.m.s. energy of
the selDi7T+ of input fragmentation functions int@ositively) Js=161 GeV and compared the evolution to measurements
charged pions in Fig. 4. Evolution effects to higher scalesoy OPAL [54] in Fig. 6. The agreement is convincing albeit
can be inferred for the low input scalg§=0.4 Ge\? [1])  not too surprising because scaling violations frdvy,
functionsDi’fu'd,S,g from Fig. 5. They are quite dramatic for H16.1 GeV are rathe.r moderqte. In Figs. 7 apd 8 we compare
the gluon FF but less pronounced for the light flavors. ForPur f'tte.d fragmentatlon functions to a previous NLO fit by

_ 5 L. _ ot _ Binnewies, Kniehl and Krame(BKK) [5]. These authors
tE_e ?|gher Sﬁalem?b), 'an# funcUons}Ich'b » hot s_lrlwwn km confirm QCD scaling violations within a wider range of data,
this |giu+re,t & evolution eflects are of course S;[TL WeaXEr 8beit not with the flavor information of Ref21] on the
for D{4s. The peculiar shape of the inpiy (z,15)  individual == andK™ spectra. Instead, the flavor separation
should be traced back to starting the evolution at the lowin [5] was done by fitting to the flavor tagged ALERH7]
input scale of{1] thereby maximizing the driving force of sn* gata and assuminga.zhi:do-(ﬂ‘*'K)i+f wheref is a
Dg+. From pion dominance we would assume a value ofsmall residual from(anti-protons as measured [®5]. In

D" (n=2)=<2/3 and it is interesting that this expectation is addition to discrepancies in the barely c0n§trai'ﬁl%!-l.0ur
roughly confirmed. Also, estimating the contributions from procedure of decoupled fits oh™~, 7= andK™ data yields
neutral hadrons from SU(2symmetry results in values for quite different results for the individual flavor fragmentation

the RHS of Eq(7) within [0.9;1.0 which confirms energy functions intor= andK=. Note that the differences of our fit
conservation(8) except forD;" which violates Eq.(8) to 0 BKK decrease stepwise the more flavor-inclusive sums of

about~10%. However, as mentioned above, a pure QCD fit-Fs are considered. For the “democratic” uzt,ﬁg;ﬁb

to bottom fragmentation is questionable due to weak decathe difference shrinks to at most 4% within €.2<0.8. In
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TABLE I. Numerical values for the NLO fit parameters in Egs. 193
(22, (23, and (27). The input scales areu3,m?m?
=0.4,1.96,20.25 Ge¥[1]. The normalizationd\!" are determined 102 ]j.r*(z,Q2=M%)
by the second moments of the input functions. These moments '
evolve rather mildly(typically less than 10% up tM%) to higher
scales due to the constraifs).

TTTT]

- - - - DP(z,pu2=0.4 GeV?)

-

D}'(2.Q9) Nz (1 2) A1 DI'(n=2Q7) TE S

s at_— '1:
DUE(Z’MS) N7 z 0.829(1_2)0.949 0.264 10 F

+ + FE !/ A
D;Tg(zuug) N7 Z708291 — 7)1.949 0.165 S/ \
Df (zud)  Nj 2¥{1-2)°7 0215 0y
D:%(vag) N7z~ 03041~ 2)5004 0.166 10'3:."...|....|....|....|....|....|... AN
D;’%(z,mﬁ) Ng*z—1A075(1_z)7.220 0.227 0 01 02 03 04 05 06 07 08 z 09 1

K™ 2 K*_ 1. . ) . . .
D§+(Z,Mo) N;+Zl 1-z)t30 0.148 FIG. 5. The input for light ¢ds) quarks and gluons of Fig. 4
D{ (z,.15) NE 210741 - 7)2316 0.064 evolved upward taQ?=M2.
DdK%(Z u2) Nﬁ+21.072(1_2)3.316 0.033

als s h
DK* z, 2 NK*Zs.el 1— 7)5:889 0.048 h o 1 ANi_ o En .
DER( Mgi N 20 58(;((1 2;5162 0.074 P k) N dxe g 29

z,m : -2)> : i

c.c 1] C C

K+ 2 K*_—0.0861 _ 7.998 0.052 j
D?ég(z,mg) N?eszl,oo “ 25?843 i.e. as the spectrum in ener@y, scaled to the jet enerdy!®
Dges(z"“g) N?esze.ssi(l_Z)eAss 0.043 of some hadron specidsdistributed inside a jet initiated by
Drges(zv'“g) N?esz-llgl_z) 5017 0.088 a partoni. In general, QCD scale dependence from leading
D?es(z'mi) Nfeszio'ej(l—z)s'm 0.082 logarithms can be understood non-covariantly from the trans-
Dy, (z,my) Nyz 2%q1-2)% 0.113 verse phase space volume available for collinear parton

emission(splitting proces$

any case, the light flavoruds) structure is, at present, arbi-

ma 2 max, 2
trary to some extent in our fit as well as the one of REf. f(m g dﬁ[P(P)(Z)] _o=PO(2)In EN) (29
and differences between the two fits of the individual u? p2 = TR ! 2
D?:h;dvs estimate the present uncertainty on these functions.

and a phase space boundap]'{")?=0(s) leads to the com-
A. 3-jet measurements and gluon fragmentation; mon choiceu = Vs=Q for an (one-particlefinclusive phase
leading particle effects space. A differenp® is, however, induced in a three jet
) ) .. topology from the requirement that parton emission proceeds
C_omp!rerrjentar_y_to our considerations of one-particle inyhtq 5 cone the geometry of which is defined by the hadrons
clusivee” e annihilation data, individual quark and gluon \\hich are grouped together as the jet. The analysis@
fragmentation functions can also be derived from 3-jet 0155 demonstrated the fragmentation function defined in Eq.
pologies[56—-58 which can at the leading perturbative order (,g) 1o undergo scaling violations compatible with LO QCD
be att.ributed to partoniqqg configurations andlwhere an evolution in the jet topology scale = E*! sin(6/2) where6
experimental fragmentation function can be defined as  is the angle to the nearest jet in a 3-jet event. For the time

1 prerprrrr e e

é é 10 Sl B B UL NLNLELELE BLELELELEY BURLELELE BLELELEL N L=
E.Z 3 2D (2. QD) E s OPAL ]
R = 2. _ 3 2 )
07 E Q§=”°2’.1,'u’d’s’g i g s= (161 GeV)’ E
06 F Qo=mi;i=ch i ¢ ]
05 E 3 -0 3
04 F 3 ]
0.3 f 3 1 3
. \ | |
0.1 E 10 E
0 eSS £ 0o 02 05 a0 os o7 zos
0 01 02 03 04 05 06 07 08, 09 1

. FIG. 6. OPAL inclusiveSh™ particle spectrum measured at a
FIG. 4. The input fragmentation functior3” as given in  c.m.s. energy ofys=161 GeV. The curve is the fit of Fig. 1
Table | at their respective input scales. evolved upward to that energy.
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being, these considerations have to be restricted to a LO TABLE Il. Input parameters as in Table I but for our LO fit
treatment, since NLO correctioristemming e.g. from a ki- whereu3=0.26 GeVf [1].

nematical configuration where the quark of tggg triple

emits a highp, gluon into the jet clustered around the anti- D{'(2.Q0) NihZ“ih(l—Z)ﬁih Di'(n=2.Q9)
quark have to our knowledge not been formulated yet and -+ A

we have therefore refrained from including the datd5&— Du,g(zlf‘g) NU+Z PH1-29)% 0.377
58] in our fits. The gluon fragmentation functidD{J1 is, how- D (2,1 N z79%%q1-2)*97 0.244
ever, barely constrained from one-particle-inclusive final D.ff(z,,ug) Ng*25-271(1_z)8-235 0.311
state measurements &1 e~ annihilation because it enters Dwi(z m?) Ng+z—0.818(1_z)3.461 0.241
the cross section in Eq$5), (6) only in subleading order eet g 107 6.605 0.264
O(a?) and where the leading part is factorized into the evo- Pbp(ZMb) No 2 -2 '
lution (9) whereD" mixes with the quark singlet fragmenta- Dt (z.u3) NE 2001(1—2)074 0.213
tion function EqD%. Therefore, keeping the vagueness of Df(z,ﬂg) N§+ZO.617(1_Z)1.744 0.085
this comparison in mind we use the 3-jet data of R&7] to DKi(z,;LS) ,\FK+ZO.617(1_Z)2.744 0.044
compare our fittedDgh_(z,,uz) with, i.e. we compare Dﬂ'*q(z]#g) N§+Zs.132(1_z)5.77e 0.064
D§h7(2=xE,M2=(Ej§t)zz(4O GeVY) with the measured Dﬂj(z m?) N§+zl-419(1—z)6-171 0.085
(/N (AN/AXg) in Eq. (28) for the time being, with the eg ; NK' 201941 — 78534 0.062
caveatthat this cannot give us more than an idea of the D?ég(z,mg) ?eszo o 2)7734 '
compatibility of our NLO gluon FF with 3-jet measurements. Pq (Z:40) Ng°2**{1-2)" 0.146
For illustration we also include the gluon fragmentation Dg (Z.x) Ng °z%1*{1~2)37 0.003
function of [5] [using the approximatiof26)] and an inde- D¢ °(z.m;) NE°z~ 00341~ 2)2480 0.084
pendent experimental LO determination from DELHE8] Di*(z.mp) Npsz~07%(1-2)%0% 0.137

in our comparison. Hence, the discrepancy between the data

[57] and the LO QCD fit to an independent measurement,, .
) . : y order. We have accordingly performed an accompa-
[58] estimates the accuracy to which the 3-jet d&d can nying LO fit following exactly the same lines as the NLO fit

be iden'tified With a QCD gluonic fragmentation fgr]ction. escribed above and resulting in Table Il. In order not to
rom 75, vie s ht e o seen poriand aheron e ot s e o e prcedn s
) . L o tions with narrow pairLO, NLO) of lines and instead of
ably contribute to removing the existing ambiguities in the oo ating the details for the LO fitting procedure we rather
gluon fragmentation function. concentrate in this separate section on two-LNLO issues

Similar thetoretllcal Ilmltatlotns tas outlm;ad atéO\t/e_Ifcar 3F;Jetc orth mentioning. As a representative we will consider our
measurements aiso prevent at present a detaie Q ts of pionic fragmentation functions. In Fig. 10 we show

analysis of leading particle effedis0] in e*e~ annihilations K-factors forde in Eq. (1) K=do" /do- as well as for
which are based experimentally on phase space restrictions P NLOTEHLO

which do not fully match a one-particle inclusive QCD ach flavor contribution
framework. Qualitatively, the results of the leading particle

=" (AT N q 2
measurements ifb0] are accounted for by Eq20). Dq (z.Q9)=[(D4 +Dy )©Cr.1(z.Q%)

+[Dg ®C¥,1(z.Q) (30)
B. Perturbative stability and energy sum rule o ,
whereC{,, =C{,, X[od/Zq0( ] is theC, of Eq. (6)

The full NLO framework of Sec. Il is expected to yield | L S
per flavor” and where® denotes a convolution integral as

more reliable and less scale-sensitive results compared to
LO truncation of the perturbation series where the known 3
O(«g) terms of the coefficient function®) are neglected as

well as theB; contribution to the running of and where 25
the omission of thePi(jl) parts of the splitting functions re-
duces the evolutiont9) to summing only the most domi- 2
nantly leading logs ¢/27 In Q%" for all n. Still, an accom-
panying LO fit is—besides future effective LO applications 1.3
—valuable as a test of the perturbative £MILO stability
which is a delicate requirement for perturbati@CD) ap- 1
proaches to strong interaction phenomena—especially if the
perturbative QCD dynamics is supposed to set in at the®>
rather low input scale in Eq11) taken from[1]. For infrared
unsafe quantities—such as the one-particle-inclusive spectr:
considered here—the nonperturbative parameters have to be
redefined at each perturbative order since they replace new FIG. 7. Ratios of the individual fragmentation functions ob-
infrared sensitive terms of the factorized perturbation seriegined from this NLO fit to their analogues in R§%].
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35 pro e e o T LS prpr e e
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2 E s d Q2=100G6V2 D™z, Q%): 1.3 3 ]

B T this fit / BKK 12 b 3

2 F

15 F
1
05 NLO/LO
Q* =100 GeV* 3

0.1 0.2 03 0.4 0.5 0.6 07 z 038

0.5
FIG. 8. Same as Fig. 7 but for the fragmentation functions into 0

charged kaon&=. FIG. 10. K-factors for individual flavors and inclusive charged

pion production. The vertical lines indicate the range where the fit is
rather well defined where,,, is set by perturbative stability and
Zmax DY experimental statistics.

in Eq. (5). Note that the@(a;) terms of Eq.(6) entering Eq.
(30) in NLO are neglected in LO where only the §(1
—z) term of C{ contributes. The vertical lines in Fig. 10 . o )
indicate the range inwhere the fit is rather well determined, Perturbative reliability. The far steeper LO evolution has pro-
wherez>0.05 excludes the perturbatively unstafé] low  found impact on the second moments in Table Il which vio-
zregion and where foz=0.7 statistics drop rather logonly ~ late the energy sum rule). We demonstrate this point in
one data point foz>0.7). Hence, the spread of the curves Fig- 11 where we show the truncated moment
towards largez should not be taken as a perturbative insta- N
blitiy but attributed mainly to the decreasing experimental f

Zmin

y but attr . . dz D] (2,Q?)
statistics which do not determine the FFs very Wé&B] in
DI (n=2Q%

the z—1 hard fragmentation limit and where poorly defined (3D

x> minima may easily fake perturbative instability in decou-

pled L%NLO f!ts. It is therefore reassuring to observe thatin LO and NLO. It can be seen that the full second moment
the flavor-inclusivedo has aK-factor closer to one than the receives in LO a sizable contribution from the unstable

individual flavor-contributions where the latter have poorer g og region where the evolution generates a too steep spec-
experimental statistics and larger systematic errors than trpurh resulting in large second moments violating E}. On

former. On the other hand, the unstalzle-0 behavior i ho other hand, in NLO the second moment, truncated at
unaffected by the choice of input parameters and can beg

. . L ; ) min=0.05, is rather close to itsntruncated value leading to
traced back to including or omitting the NLO p|ecE§1L of  NLO moments that compare rather well with E8). One

the splitting functions in the NLO or LO evolution. Indeed, st note. however. that the choizg,=0.05 is rather arbi-
our choicezy,=0.05 appears already to be on the edge Ofyary and that the regioze[0.0;0.09 does not contribute

much in NLO partly becaus@gi(z,Qz) turnsunphysically

R RS LR Rl LR MRS RS LLARS LERAS LR
e 1 1.2 T U IR
this fit (NLO) - /
BKK (NLO) -3 ol SRETr—
DELPHI (LO) 4 08 |
— 06 [ truncated moment:
e _ NLO
sr:':\_\ 04 | =------ LO
3 . SO [
10 OPAL data: Dg(XE) N i
S 02
Yy P U I PUUTN I T A T ....|.\ Swat] [
0 01 02 03 04 05 06 0.7XE0.8 09 1 L |
0 ' ' L1 1 1.1
107 107

FIG. 9. The gluon fragmentation function as defined experimen-
tally in Eq. (28) and measured by OPAI57] compared to the NLO
fits of our analysis as well as the one[i]. An experimental LO
determination from DELPHJ|58] is also included for comparison.

FIG. 11. The truncated second moment of the u-quark contribu-
tion to charged pion production as defined in Eg§), (31). Shown
are results for our NLO and LO fit.
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negativeat very smallz due to the timelike NLO evolution TABLE lIl. Electromagnetic and electroweak couplings enter-

[16]. This observation renders the energy sum (8)ea deli-  ing Eq. (A2).
cate concept for perturbative QCD FFs and we believe it
should not be considered within this theoretical framework Particlei € vj a
unless thee—0 behavior of FFs is under better control. - 1 _ 1
-1 —3+2 sirfby -5
VIl. CONCLUSIONS up-type quark +§ +%—§sin26w +%
Within the radiative parton modél,30—33 we have fit- down-type quark 3 2+ 3simhy z
ted parton fragmentation functions to identified hadrart (
K=*) and inclusive charged particle spectra measured at the 2
Z° pole[17,21]. Scaling violations were properly taken into 9 ¢ Q_ —(1+2?) In(1-9) _ §[L
account by simultaneously fitting lower energy TPC data. T ME 1-¢ |, 2[1-¢],
Special attention was paid to the flavor structure of the par-
ton FFs where a collinearly resummed renormalization group 1+ 5
equation(RGE) formalism was argued to be adequate for the 2Nt (A=OF 3T 5
treatment of heavy quark contributions. In the light quark
sector we made power law assumptions which qualitatively Q?[1+72
establish a physical hierarchy among the FFs which is guided Xo(1={)+In— 1—¢|
by the ideas of valence enhancement and strangeness sup- M +
pression and which is observed in leading particle measure-
ments. It would be desirable to interpret these measurements [ . Q° _21+(1—§)2 n(1— )42 In e+ | Q?
—as well as gluon-jet measurements from 3-jet topologies T 5’? N l n(1=9) ng n?
—in more quantitative detail within the language of NLO F F
QCD fragmentation functions. A corresponding framework 1-¢
has, however, to our knowledge not been developed yet. De- _4T’
spite the high precision data available, thedividual
D?jia’g *g'fcfb are therefore still rather uncertain. To estimate 2
the present theoretical uncertainty we compared our fittothe ¢¢| {,— | =1,
one of [5] and found sizable deviations. An inclusive sum MF
over the distinct flavors is, however, rather reliably deter-
. .. . . 2 _
mined for not too large. The missing experimental infor- c9| ¢ Q” :42 (A1)
mation at largez may fake perturbative instability in inde- L ,U«E I

pendent LG-NLO fits manifesting, however, just the fact

that the FFs are still unknown in the~1 hard fragmenta- The parton model, i.e0(a?) electroweak cross sectiarf]
tion limit. We also considered the contributions of the indi- ¢, producing aqq pair ine*e~ annihilation are given by
vidual FFs to the energy integral in E(/) and found rea-

sonable values in NLO while the steeper LO evolution Aol

requires too large moments. The instability of the timelike aa(s)= S [eé+ 2equevip1(S)

evolution at lowz makes, however, energy conservation a

concept which may hardly be useful within perturbative +(v§+a§)(v§+a§)pg(5)] (A2)

QCD even for NLO FFs.

with the QED fine structure constantand where
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request. standard model values:
APPENDIX: MS COEFFICIENT FUNCTIONS FOR 0;=Taj—2€; Sin’ by
ONE HADRON INCLUSIVE e*e™ ANNIHILATION
a=Tg;, (A4)
The O(ag) coefficient functions for one hadron inclusive R
e*e™ annihilation as introduced in Sec. | refill,23,24 whereT is the weak isospin anéy, the Weinberg angle.
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The Mellin transforms of the?{ in Eq. (A1) read[26] where the sums

Q? 3 n
cdl n,—|=5S(n)+Si(N)+S,(n)| z — —— 1
"z S(n)+Si(n) + Sy |5 n(n+1) S‘(n)zg’lj—k (A6)
2 3 3 1 9
- ;Jr (n+1)2 " 2nhn+1 2 have to be analytically continug®1,3€ to the complexn
plane
— 2 3 I <
e T2 WR e S,(n)=ye+ ¥(n+1),ye=0.577216
(AT)
of @ _y n+n+2 4 , 2
Az =2 SO e T o S(={2)-¢'(n+1), §(2)=—
2 2
i_ s n +n+2|nQ_ with the help of logarithmic derivatives of thE function
n> (n+1)2] n(n?-1) uZ P (n)=d**VInT(n)/dn*. Analogously to the O(a})

contributionF_ to the deep inelastic electron nucleon cross
section, the(’)(ai) contribution from longitudinally polar-
ized virtual bosons to the fragmentation spectruneire”
annihilations is scheme independent and finite. Thé do

Q2 4 thereforenot depend on the factorization scaé , contrary
cﬁ( Z, —2) =) (A5)  to thec$9 which are infrared safe only after factorization of
pi/ (n=D1n the collinear singularities.
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