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Abstrat

We present new sets of next-to-leading order fragmentation funtions for the prodution of K

0

S

and � partiles from the gluon and from eah of the quarks, obtained by �tting to all relevant

data sets from e

+

e

�

annihilation. The individual light quark avour fragmentation funtions are

onstrained phenomenologially for the �rst time by inluding in the data the light quark tagging

probabilities measured by the OPAL Collaboration.
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I. INTRODUCTION

At present, experimental results on inlusive hadron prodution from e

+

e

�

ollisions

are the most reliable soure for the extration of universal fragmentation funtions (FFs)

D

h

a

(x;Q

2

) (where a labels the fragmenting parton, h labels the produed hadron, x is the

fration of the parton's momentum taken by the produed hadron and Q is the fatorization

sale), whih are ruial for making preditions for suh proesses in future experiments, as

well as for understanding the non-perturbative mehanism of hadron formation in parton

jets. However, the extration of quark avour separated FFs from experimental data has

not been ompletely possible due to the lak of data for proesses in whih the individual

light quark avours are tagged. Therefore, theoretial assumptions between light quark

avour FFs had to be made. Reently, we published sets of FFs [1℄ for eah of the three

light harged hadrons, whose quark avours were ompletely phenomenologially separated

by inluding the light quark avour separated measurements from the OPAL ollaboration

[2℄ in the data used for the �tting. This more reliable separation in the light quark avour

setor of the FFs via real experimental data is important for the desription of hadron

prodution in proton-(anti)proton ollisions, for example at the RHIC, Tevatron, LHC and

other experiments, beause the proton is omposed predominantly of light partons.

In this paper, we extend our analysis of Ref. [1℄ to determine FFs for K

0

S

and � pro-

dution, in whih the quark avours are phenomenologially separated by inluding, among

the available data, the tagging probability measurements for eah of the quark avours for

these two partiles provided by OPAL in Ref. [2℄. FFs for K

0

S

prodution have been previ-

ously obtained in Ref. [3℄, however sine no data was available to separate the light quark

avours, it was assumed that the d and s quark FFs were equal. Muh data for K

0

S

produ-

tion an also be well desribed by using FFs for K

�

[1, 4℄, so it is interesting to verify if

these two sets of FFs are really onsistent. In Ref. [5℄, FFs for � prodution were obtained

by onstraining all light quark avours to be equal and imposing ertain relations between

them and the heavy quark FFs, sine no data was available at the time to fully onstrain

the individual quark avour FFs. A further determination of FFs for � prodution was

obtained more reently in Ref. [6℄, along with FFs for the other otet baryons, again with

relations imposed between avours, but also with some assumptions suggested by fermioni

and bosoni statistis. A more reliable determination of these FFs is important due to the
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reent data on K

0

S

and � prodution, taken by the STAR Collaboration [7℄ at BNL RHIC.

In partiular, next-to-leading order (NLO) alulations deviate onsiderably from the data

for � prodution. For the �rst time, we present FFs for these partiles without imposing

onstraints on the non-perturbative omponents (exept for the hoie of parameterization

for the FFs).

II. METHOD

In all ross setion alulations in this paper, used to �t FF parameters to data and to

produe omparisons to this data and other data, we use preisely the same method and

hoie of parameterization, sales et. as in Ref. [1℄, and therefore we refer the reader to

this paper for details. This inludes taking the �tted NLO value �

(5)

MS

= 221 MeV of Ref.

[1℄. For eah parton, our FFs for K

0

S

prodution are de�ned to be those for the prodution

of a single K

0

S

partile, whih is equal to the average of those for K

0

and K

0

, and our FFs

for � prodution are de�ned to be the sum of those for �

0

and �

0

. Our FFs inorporate

both the intrinsi (non-perturbative) and extrinsi (perturbative, dynamially generated)

omponents of hadron prodution. It is important to note that our FFs ontain intrinsi

transitions involving intermediate hadrons ouring over durations muh greater than that

of the interation, for example the proess q + q ! �

0

+X ! � +  +X in � prodution

noted in Ref. [5℄, sine suh proesses are not subtrated from the data. Treatment of suh

e�ets are beyond the sope of this work.

To obtain FFs for K

0

S

prodution, we �t to all available e

+

+e

�

! K

0

S

+X data, overing

a range of entre-of-mass energies

p

s, being the untagged data from TASSO at

p

s =14,

22 and 34 GeV [8℄ and at 14.8, 21.5, 34.5, 35 and 42.6 GeV [9℄, from HRS [10℄, MARK II

[11℄ and TPC [12℄ at 29 GeV, from TASSO at 33.3 GeV [13℄, from CELLO at 35 GeV [14℄,

from TOPAZ at 58 GeV [15℄ and from ALEPH [16℄, DELPHI [17℄, OPAL [18℄ and SLD [19℄

at 91.2 GeV. The data from DELPHI at 183 and 189 GeV [20℄ are not inluded in the �t

as will be explained below. In addition, light,  and b quark tagged data from SLD at 91.2

GeV [19℄ and u, d, s,  and b quark tagged probability measurements from OPAL at 91.2

GeV [2℄ are used to separate the individual quark avours of the FFs. Likewise, FFs for

� prodution are obtained by �tting to all available e

+

+ e

�

! �

0

(�

0

) +X untagged data

from TASSO at 14, 22 and 34 GeV [8℄, from HRS [21℄ and MARK II [22℄ at 29 GeV, from
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TASSO at 33.3 GeV [13℄ and at 34.8 and 42.1 GeV [23℄, from CELLO at 35 GeV [14℄, from

ALEPH [16℄, DELPHI [24℄, OPAL [25℄ and SLD [19℄ at 91.2 GeV and from DELPHI at

183 and 189 GeV [20℄. The individual quark avours of the FFs are separated using light,

 and b quark tagged data from SLD at 91.2 GeV [19℄ and u, d, s,  and b quark tagged

probability measurements from OPAL at 91.2 GeV [19℄. Soft gluon e�ets [26℄ ause the

DGLAP evolution to fail at small x = 2p=

p

s, where p is the momentum of the observed

hadron produed in the �nal state. Consequently we restrit our analysis to data for whih

x > 0:1, whih implies that our FFs will not be valid below this x value. Thus we have

a total of 193 data points for K

0

S

prodution and of 129 for � prodution. The individual

systemati errors on the data sets are not given in the literature by these experimental

ollaborations, whih means that, like all previous FF determinations, we are limited to

�xing the o�-diagonal elements of the ovariane matries for the data sets to zero. We

stress however that the experimental onstraints on FFs (and �

s

(M

Z

)) would be greatly

improved by the inlusion of these orrelation e�ets.

III. RESULTS

In this setion we perform �ts to K

0

S

and � prodution data to determine FFs for these

partiles. In a �rst analysis, the FF parameters N , � and � for the gluon and eah of the

5 quark avours are released. While an overall good �t is obtained, the �tted initial gluon

FFs are negative for both partiles. Suh a result may be unphysial. Redoing the �ts with

the initial gluon FFs �xed to zero (so that the evolved gluon FF in eah ase is generated

dynamially from the quarks) gives similar results, implying that the initial gluon FFs are

onsistent with zero with respet to these data. This is to be expeted sine the gluon FF

only enters the ross setion at NLO, and an therefore only be reasonably onstrained by

more aurate data suh as that in Ref. [1℄. To obtain a set of FFs in whih the gluon FF is

reliable, we redo both �ts with the initial gluon FF for eah partile �xed to some funtion

whose hoie and motivation will now be explained. Using the approximation

D

K

0

S

a

=

1

2

D

K

�

b

; (1)

where b = u; d if a = d; u, otherwise b = a, we �x the inital gluon FF for K

0

S

prodution to

half the AKK [1℄ initial gluon FF forK

+

+K

�

prodution. For � prodution, it is reasonable
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to assume that the gluon FF is related to that of the proton. However, sine the valene

struture of � is uds ompared to uud for the proton, we assume that this relation holds

with an overall suppression fator, whih we determine approximately by requiring a good

desription of the pp initiated ross setion measurements from the STAR ollaboration [7℄

to be disussed later. We �nd that a good desription of suh data is ahieved if the initial

gluon FF for � prodution is �xed in the �t to the AKK initial gluon FF for p+p prodution

suppressed by a fator of 3. Thus the STAR data is in some sense rudely inluded in the

�t, at least in the sense of providing some onstraint on the gluon FF for � prodution.

We obtain �

2

DF

= 1:14 and �

2

DF

= 1:39 for the �ts to the K

0

S

and � prodution data,

respetively, indiating that both �ts are good overall. The quality of the �t to eah individ-

ual data set is determined by its �

2

DF

value, and these are listed in Tables I { IV. The values

in Tables I and II show that the agreement with the OPAL tagging probabilities is good.

The good agreement with heavy quark tagged data is surprising when ompared with our

�ndings of Ref. [1℄. For that analysis of light harged hadron prodution data, although we

found good agreement with the DELPHI, SLD and TPC heavy quark tagged data, a poor

desription of the OPAL heavy quark tagged data was obtained, whih, as we suggested,

may be due to large angle gluon emission e�ets. Whatever e�et aused this disagreement

is learly not as signi�ant for the K

0

S

and � prodution data we are onsidering here, al-

though we note that we �nd a rather large �

2

DF

value for b quark tagged K

0

S

prodution.

The �

2

DF

values for K

0

S

prodution in Table III indiate that eah data set is well �tted

exept the DELPHI data at 183 and 189 GeV whih are exluded from the �t. When these

data are inluded, their �

2

DF

values remain high (and not muh less than those shown in

Table III). Suh data require further onsideration. In any ase, only 3 data points of these

DELPHI data lie in the region x > 0:1, so they do not signi�antly hange the size of the

data sample used in our �t. We will therefore exlude them in our �t. Table IV shows that

unsatisfatory agreement was obtained only with untagged data from DELPHI and b quark

tagged data from SLD, both at

p

s = 91:2 GeV. The data points from DELPHI at 183 GeV

(1 point) and 189 GeV (1 point) for � prodution were exluded for the same reasons as in

the ase of K

0

S

prodution, although the point at 183 GeV ould be well �tted.

The results for the FF parameters are shown in Table V. The value for � and/or � may

beome large beause the shape of the FF at small and/or large x respetively is not well

onstrained. However, the value of N is then large to ompensate for this. For � prodution,
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the inital FF for the d quark is negative, probably beause this initial FF is onsistent with

zero with respet to the data whih onstrains it. The initial u quark FF has a large negative

�, due to a lak of data to onstrain this FF at small x.

The graphial omparison with the quark tagging probabilites is shown in Fig. 1. The

urves obtained from our FF set in this analysis (labelled \AKK") agree well with the data.

For K

0

S

prodution, we also show the urves obtained from the FF set for K

�

prodution

in Ref. [1℄, assuming the relation in Eq. (1). These urves are onsistent with these mea-

surements. Also shown are the urves obtained from the FF set for K

0

S

prodution of Ref.

[27℄ (labelled \GR"). These urves are onsistent with the data, showing the validity of

these authors' method of obtaining these FFs from the Monte Carlo generator HERWIG.

We note that urves alulated from the FFs for K

�

prodution from Ref. [27℄ (also ob-

tained from HERWIG) using the same assumptions (Eq. (1)) are also onsistent with the

K

0

S

quark tagging probabilites. For � prodution, we also show the urves obtained from

the FF set presented in Ref. [5℄ (labelled \FSV"). These are generally onsistent with the

data exept for the s and  quark tagged data. Unfortunately, we are unable to show the

preditions from the FF set for � prodution of Ref. [6℄, sine the Mellin transform of the

parameterization used therein, that is required for our Mellin inversion alulation of the

ross setion [1℄, annot be obtained in losed form. Suh preditions require a NLO x spae

program. The omparison with the di�erential ross setions is shown in Figs. 2 and 3. For

K

0

S

prodution, the disagreement of the alulation with the DELPHI data point at 183

GeV an be seen, and, of the two points at 189 GeV, with the one that is the higher in x.

For � prodution, the failure of the desription of the data point at 189 GeV an be seen.

Note that the DELPHI data for � prodution at 91.2 GeV that gave a high �

2

DF

has rather

small errors. Finally, in Fig. 3 the ross setion for � prodution in the region x < 0:1 is not

shown sine large negative values were obtained there. This results from the large negative

value for � in the FF for the u quark disussed earlier.

The quark tagged data from SLD is shown in Figs. 4 and 5, together with the alulation

of these ross setions from the FF sets of this analysis. Reasonable agreement is found with

most of the data. However, in Fig. 5 there is signi�ant disagreement with the interval from

the b quark tagged ross setion for � prodution whose entral point is just below x = 0:4.

The light avour quark tagged ross setion in this �gure is large and negative in the region

x < 0:1, again due to the large negative value for � in the FF for the u quark.
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We �nd that the large initial strange and harm quark FFs for � prodution render the

other quark FFs negligible at large x, and this is reeted at higher sale in the OPAL tagging

probabilities at large x

p

. This �nding was not observed in Ref. [5℄, where the light quark FFs

were onstrained to be equal. This should make a signi�ant di�erene to hadron prodution

data from proton-(anti)proton ollisions, where the light quark PDFs are important.

To test our FFs, we use them to predit the reent preliminary measurements for pp ini-

tiated ross setions at

p

s = 200 GeV from the STAR Collaboration [7℄ and for pp initiated

ross setions at

p

s = 630 GeV for K

0

S

and � prodution from the UA1 Collaboration [28℄

at the CERN SPS. We use the NLO oeÆient funtions for this proess from Ref. [29℄,

and the CTEQ6M parton distribution funtions from Ref. [30℄. Figure 6 shows the results

for K

0

S

prodution, whih are very similar to those obtained in a similar plot in Ref. [1℄, as

is to be expeted from the similarity between the two AKK urves of Fig. 1. While good

agreement with STAR data is found, some other e�ets are required for the desription of

the UA1 data. Figure 7 shows the results for � prodution. As disussed earlier, the STAR

data were used to motivate the hoie of the initial gluon FF: Firstly, �xing the initial gluon

FF to that of the AKK proton from Ref. [1℄ and performing a �t to the e

+

e

�

data, we found

that the desription of the STAR data was too high by a fator of about 3. Sine we also

found that these data are dominated by the gluon FF at low fatorization sale, we divided

this hoie of the initial gluon FF by this fator and redid the �t (i.e. �tted the initial quark

FFs) to get our �nal FF set for � prodution. The plot shows good agreement with both

STAR and UA1 data within the theoretial errors.

IV. CONCLUSIONS

We have obtained FFs for K

0

S

and � prodution by �tting to data from e

+

e

�

ollisions

over a wide range of

p

s values, from 14 to 91.2 GeV. To separate the light quark avour

FFs, and to improve the determination of the heavy ones, we have inluded for the �rst time

the quark tagging probabilities from Ref. [2℄. For K

0

S

prodution, we �nd good agreement

with the FFs from Ref. [27℄ and the FFs for K

+

+K

�

prodution from Ref. [1℄ (using Eq. (1)

in the latter ase) adding support to the reliability of the data of Ref. [2℄. For � prodution,

we found that the light quark avour FFs are signi�antly di�erent at large x, with the

initial strange quark FF dominating over the remaining quark FFs.
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In both ases the initial gluon FF is �xed in the �t. For K

0

S

prodution, we use the AKK

initial gluon FF for K

�

(divided by 2). This leads to a good desription of the pp initiated

STAR data for K

0

S

prodution, but a bad desription of the UA1 data. This problem was

also found in Ref. [1℄ using the AKK FFs for K

�

prodution via Eq. (1). For � prodution,

we use the AKK initial gluon FF for p=p prodution, after dividing by a fator of 3. This

fator is hosen to give a good desription of the STAR data for � prodution, and also leads

to a good desription of the UA1 data. Sine suh data onstrains the gluon well at low

p

T

, it should in future analyses be diretly inluded in the list of data �tted to. However,

urrently the alulation, whih implements Monte Carlo integration, is too slow to obtain

�tted FFs in a reasonable time.

In order to make preditions, our �tted FF's over the range 0:1 < x < 1

and M

0

< M

f

< 200 GeV an be obtained from the FORTRAN routines at

http://www.desy.de/~simon/AKK2005FF.html, whih are alulated using ubi spline in-

terpolation from a linear grid in x and linear interpolation from a linear grid in ln

p

s.
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TABLE I: �

2

DF

values obtained from the measured quark tagging probabilities for K

0

S

prodution,

�

K

a

, at

p

s = 91:2 GeV in Ref. [2℄.

a d u s  b

�

2

DF

0.27 1.38 0.54 1.77 2.36

TABLE II: �

2

DF

values obtained from the measured quark tagging probabilities for � prodution,

�

�

a

, at

p

s = 91:2 GeV in Ref. [2℄.

a d u s  b

�

2

DF

1.05 1.00 0.29 1.39 1.02
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TABLE III: CM energies, types of data and �

2

DF

values for various samples of K

S

0

prodution

mesurements. Samples not used in the �ts are marked by asterisks. The olumns are labelled by

the quarks that were tagged in the mesurements (q implies no tagging).

H

H

H

H

H

H

H

H

H

p

s [GeV℄

tagged:

q uds  b

14.0 1.82 [8℄

14.8 2.65 [9℄

21.5 0.69 [9℄

22.0 0.99 [8℄

29.0 1.27 [10℄ 0.40 [11℄ 0.16 [12℄

33.0 0.82 [13℄

34.0 1.33 [8℄

34.5 1.89 [9℄

35.0 0.30 [9℄ 1.64 [14℄

42.6 1.02 [9℄

58.0 0.01 [15℄

91.2 0.33 [16℄ 0.57 [17℄ 0.31 [18℄ 1.13 [19℄ 0.93 [19℄ 0.54 [19℄ 1.85 [19℄

183.0 21.87 [20℄

�

189.0 4.41 [20℄

�
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TABLE IV: CM energies, types of data and �

2

DF

values for various samples of � prodution

mesurements. Samples not used in the �ts are marked by asterisks. The olumns are labelled

by the quarks that were tagged in the mesurements (q implies no tagging).

H

H

H

H

H

H

H

H

H

p

s [GeV℄

tagged:

q uds  b

14.0 0.73 [8℄

22.0 0.73 [8℄

29.0 1.19 [21℄ 0.83 [22℄

33.0 1.59 [13℄

34.0 1.85 [8℄

34.8 2.29 [23℄

35.0 0.88 [14℄

42.1 0.90 [23℄

91.2 0.43 [16℄ 4.05 [24℄ 0.47 [25℄ 0.33 [19℄ 1.63 [19℄ 1.54 [19℄ 3.70 [19℄

183.0 4.89 [20℄

�

189.0 16.34 [20℄

�
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TABLE V: Values and errors of N , � and � resulting from the �t.

Hadron Flavour N � �

K

0

S

d 0.0297 -0.949 0.0953

u 1.29 0.137 4.53

s 0.560 -0.283 1.43

 8.43 0.550 6.04

b 28.8 0.574 13.5

g (�xed) 7.96 2.72 2.45

� d -16.7 -0.169 20.2

u 0.0016 -3.67 4.27

s 46043 9.27 9.11

 156 2.71 9.51

b 244 2.15 15.6

g (�xed) 0.289 0.130 0.854
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FIG. 1: Quark tagging probabilities �

h

a

(x

p

; s) at

p

s = 91:2 GeV. The solid urves labelled \AKK"

are alulated from our FF set for K

0

S

prodution in the graphs on the left hand side and our

FF set for � prodution in the graphs on the right hand side. The urves of the same label from

the K

�

FF set in Ref. [1℄ (after interhanging u and d) are also shown. In addition, we show the

predition for K

0

S

prodution from the K

0

S

FF set of Ref. [27℄ (labelled \GR") and the predition

for � prodution from the � FF set of Ref. [5℄ (labelled \FSV"). The orresponding measured

OPAL probabilites of Ref. [2℄ are also shown.
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Preliminary data from the STAR Collaboration [7℄ at

p

s = 200 GeV (divided by a fator of 30

for larity) and data from the UA1 Collaboration [28℄ at

p

s = 630 GeV are shown, together with

their preditions using the FFs obtained in this paper. In the latter ase, the upper, entral and

lower urves are alulated with a renormalization and fatorization sale of � = M

f

= p

T

=2, p

T

and 2p

T

respetively.
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FIG. 7: As in Fig. 6, but for � prodution.
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