
Pro
eedings of the DIS'2004, �Strbsk�e Pleso, SlovakiaSCALING VIOLATIONS OF QUARK AND GLUON JETFRAGMENTATION FUNCTIONS IN E+E� ANNIHILATIONSMAREK TA�SEVSK�YPhysi
s Department of the Antwerp UniversityUniversiteitsplein 1, B-2610 Antwerp, BelgiumFlavour in
lusive, uds
 and b fragmentation fun
tions in biased and unbiased jetsand gluon fragmentation fun
tions in biased jets are measured in e+e� annihila-tions using OPAL data 
olle
ted at energies ps = 91.2 and 183{209 GeV.1 Introdu
tionHadron produ
tion in high energy 
ollisions 
an be des
ribed by parton showers,followed by the formation of hadrons whi
h 
annot be des
ribed perturbatively.Gluon emission, the dominant pro
ess in parton showers, is proportional to the
olour fa
tor asso
iated with the 
oupling of the emitted gluon to the emitter.These 
olour fa
tors are CA = 3 when the emitter is a gluon and CF = 4=3 whenit is a quark. Consequently, the multipli
ity of soft gluons from a gluon sour
e is(asymptoti
ally) 9/4 times higher than from a quark sour
e [1℄. The inequalitybetween CA and CF plays a key role in the explanation of the observed di�eren
esbetween quark and gluon jets: 
ompared to quark jets, gluon jets are observedto have larger widths [2℄, higher multipli
ities [2,3℄, softer fragmentation fun
tions[2,4,5℄, and stronger s
aling violations of the fragmentation fun
tions [5℄.The fragmentation fun
tion, Dha(x;Q2), is de�ned as the probability that partona, whi
h is produ
ed at short distan
e, of order 1=Q, fragments into hadron, h,
arrying the fra
tion x of the momentum of a. In this study, the momentumfra
tion is de�ned as xE = Eh=Ejet, where Eh is the energy of the hadron h andEjet is the energy of the jet to whi
h it is assigned.Three-jet q�qg events are sele
ted by applying a jet �nder. Di�erent jet �ndersresult in di�erent assignments of parti
les to jets: thus jets de�ned using a jet �nd-ing algorithm are 
alled biased. In 
ontrast, quark and gluon jets used in theoreti
al
al
ulations are usually de�ned as in
lusive hemispheres of ba
k-to-ba
k q�q and gg�nal states, respe
tively. The hemisphere de�nition yields a so-
alled unbiased jetbe
ause the jet properties do not depend on the 
hoi
e of a jet �nder. Measure-ments of unbiased quark jets have been performed at many s
ales [6,7,8℄. Dire
tmeasurements of unbiased gluon jets are so far available only from the CLEO [9℄ andOPAL [4,10℄ experiments, however. Re
ently, the OPAL experiment has measuredproperties of unbiased gluon jets indire
tly [11,12℄.In our study, we present measurements of quark and gluon jet fragmentationfun
tions at ps = 91.2 GeV and ps = 183{209 GeV. The data were 
olle
tedwith the OPAL dete
tor at the LEP e+e� 
ollider at CERN. We measured seventypes of fragmentation fun
tions: those from biased as well as unbiased 
avour
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lusive, uds
 and b jets, and from biased gluon jets. While the two types of
avour in
lusive jets have been measured many times, data on the other types offragmentation fun
tions are still rather s
ar
e.2 Analysis pro
edureThe sele
tion of hadroni
 Z and Z�=
� events and any other details of this analysisare des
ribed in [13℄. In the in
lusive hadroni
 event samples, we use the unbiasedjet de�nition where the jets are de�ned by parti
les in hemispheres of the q�q system.In the three-jet samples, we apply a jet algorithm and thus work with biased jets.Three jet algorithms are used: the Durham [14℄, Cambridge [15℄ and 
one [16℄algorithms. The jet algorithm is for
ed to resolve three jets per event. The jetenergies and momenta are then re
al
ulated by imposing overall energy-momentum
onservation with planar massless kinemati
s, using the jet dire
tions found by thejet algorithm.The measured fragmentation fun
tion is de�ned here as the total number of
harged parti
les, Np, in bins of xE and s
ale Q normalized to the number of jets,Njet(Q), in the bin of Q: 1Njet(Q) dNp(xE; Q)dxE (1)To measure the s
ale dependen
e, it is ne
essary to spe
ify a s
ale relevant tothe pro
ess under study. For in
lusive hadroni
 events, the s
ale is ps. For jets inthree-jet events, neither ps nor Ejet is 
onsidered to be an appropriate 
hoi
e ofthe s
ale [17℄. QCD 
oheren
e suggests [18℄ that the event topology should also betaken into a

ount. Similarly to previous studies, the transverse momentum-likes
ale, Qjet = Ejet sin(#=2), is used where # is the angle between the jet with Ejetand the 
losest other jet.In this analysis, three methods are used to identify quark and gluon jets: the b-tag and the energy-ordering methods in biased three-jet events, and the hemispheremethod in unbiased in
lusive hadroni
 events. In addition, b tagging is used toseparate uds
 and b quark jets from ea
h other, both for the biased and unbiasedjet samples. The energy-ordering method only allows 
avour in
lusive quark jetsto be distinguished from gluon jets.All three methods are in detail des
ribed in [13℄. In three-jet events, any ofthe three jets is used to extra
t the fragmentation fun
tions. The purity of theb-tag (gluon) jet sample in LEP1 data is estimated to be 90% (84%) and theeÆ
ien
ies are 23% (40%). The 
orresponding purities in LEP2 data are 60%(80%) and eÆ
ien
ies 27% (45%). The purity of the b-tag hemispheres in LEP1data is estimated to be 99.7%, while in LEP2 data it is 75%.After subtra
ting the remaining ba
kground from LEP2 data using MC es-timates, the data and MC distributions at dete
tor level are multiplied by 
orre-sponding inverse matri
es to get the distributions at level of pure quarks and gluons.As a last step, the data are 
orre
ted for e�e
ts of limited dete
tor a

eptan
e andresolution using 
orre
tion fa
tors obtained from MC events.



Quark and gluon jet fragmentation fun
tions 33 ResultsThe measured fragmentation fun
tions are presented with emphasis on the s
aledependen
e (the xE dependen
e and other 
omparisons are shown in [13℄) and are
ompared with previous measurements as well as with theoreti
al NLO predi
tions.The term s
ale in the following �gures stands for Qjet in 
ase of biased jets andps=2 in 
ase of unbiased jets. The published unbiased jet results and the NLOpredi
tions are s
aled by 12 sin
e they refer to the entire event, thus to two jets.In Figs. 1a){d) the results for the uds
, b, gluon and 
avour in
lusive jet frag-mentation fun
tions are presented. The LEP1 unbiased jet data 
orrespond tops = 91.2 GeV. The LEP2 unbiased b jets are measured in ps range of 183{209 GeV, while the unbiased uds
 and 
avour in
lusive jets are measured in threeps intervals: 183{189, 192{202 and 204{209 GeV. The quark biased jet data fromLEP1 
over the region Qjet = 4{42 GeV, while those from LEP2 
over the regionQjet = 30{105 GeV. The results from the region 0:01 < xE < 0:03 are not shownbut they are presented in [13℄. As also dis
ussed in [13℄, the results are found tobe 
onsistent with previous measurements. The uds
 jet results above 45.6 GeV,the gluon jet results above 30 GeV (ex
ept for the gin
l jets, see [4℄), and the b jetresults at all s
ales ex
ept 45.6 GeV represent the �rst measurements.The data are 
ompared to three theoreti
al predi
tions: Kniehl, Kramer andP�otter (KKP) [19℄, Kretzer (Kr) [20℄ and Bourhis, Fontannaz, Guillet and Werlen(BFGW) [21℄. For the uds
 jet fragmentation fun
tion (Fig. 1a)), all three predi
-tions give a good des
ription in the entire measured phase spa
e, ex
ept for thelowest xE bin where the KKP 
al
ulations overestimate the data, and the highestxE bin where the data are underestimated by the Kr and BFGW 
al
ulations.The situation is rather di�erent for the b and gluon jet fragmentation fun
tions(Figs. 1b) and 1
)) where the des
ription of the data by the NLO predi
tions isworse and where there are signi�
ant di�eren
es between individual NLO results,the latter being expe
ted due to di�eren
es in the 
al
ulations as dis
ussed in [13℄.In Fig. 1b) the KKP predi
tion is de�
ient with respe
t to the data for xE > 0:12.In this 
ontext, it is important to note that B hadron de
ay produ
ts are indire
tlyin
luded in theory predi
tions sin
e they are present in the data sets to whi
h the�ts were made.For the gluon jet fragmentation fun
tions, the two alternative methods of iden-tifying gluon jets des
ribed above are examined, see Fig. 1
). The Qjet binning isnot the same for the two methods be
ause of their di�erent regions of appli
ability.A satisfa
tory 
orresponden
e between the b-tag and energy-ordering methods isfound in the entire s
ale range a

essible. The data tend to show larger s
alingviolations than predi
ted by any of the 
al
ulations.The results for the 
avour in
lusive jet fragmentation fun
tions, presented inFig. 1d), are seen to be 
onsistent with published unbiased jet data from lowerenergy e+e� experiments (TASSO, MARK II, TPC and AMY) [6℄ and previousOPAL results [22,23,24℄. The data are also 
ompared to the NLO predi
tions ofKKP, Kr and BFGW whi
h all give a reasonable des
ription of the data in theregion of 0:06 < xE < 0:60 and over the entire s
ale range.A good 
orresponden
e found between the results from biased and unbiased jets



4 Marek Ta�sevsk�yin all four �gures suggests that Qjet is an appropriate 
hoi
e of s
ale in three-jetevents with a general topology. A similar 
on
lusion was previously made in [5℄.The MC study presented in [13℄, however, demonstrates that the bias introdu
ed inthe gluon jet identi�
ation is not negligible for xE > 0:6. In ea
h of these �gures,the s
aling violation seen in the data is positive for low xE and negative for highxE. It is more pronoun
ed in the gluon jets than in the quark jets.Referen
es1. S.J. Brodsky and J.F. Gunion, Phys. Rev. Lett. 37 (1976) 402;K. Konishi, A. Ukawa and G. Veneziano, Phys. Lett. B78 (1978) 243.2. OPAL Coll., G. Alexander et al., Phys. Lett. B265 (1991) 462; OPAL Coll.,P. A
ton et al., Z. Phys. C58 (1993) 387; OPAL Coll., R. Akers et al., Z.Phys. C68 (1995) 179; DELPHI Coll., P. Abreu et al., Z. Phys. C70 (1996)179; ALEPH Coll., D. Buskuli
 et al., Phys. Lett. B384 (1996) 353.3. ALEPH Coll., D. Buskuli
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Figure 1: S
ale dependen
e of fragmentation fun
tions in di�erent xE bins. The s
ale denotesQjet for the biased jets and ps=2 for the unbiased jets. The inner error bars indi
ate the statis-ti
al un
ertainties, the total error bars show the statisti
al and systemati
 un
ertainties added inquadrature. The data are 
ompared to the NLO predi
tions by KKP [19℄, Kr [20℄ and BFGW [21℄.a) uds
 jets, b) b jets, 
) gluon jets from b-tag (BT) method and energy-ordering (EO) method.In addition, the published gin
l jets [4℄ are shown at Ejet = 40:1 GeV. d) 
avour in
lusive jets.In addition, the published unbiased jet data by TASSO, TPC, MARK II, AMY [6℄ and OPAL[22,23,24℄ are shown.


