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11 Introduction. 

The fragmentation of heavy quarks is both of theoretical and prac- 

tical interest, but so far little is known about it. Most properties of 

the D meson have been determined within the first years of its discov- 

ery'. However, the fragmentation function of the D meson, or more gener- 

ally that of charmed hadrons, has not been measured over a wide momentum 

range. At SPEAR energies the threshold was too high, D mesons could 

only be produced at the upper end of the spectrumz. Recently, several 

e+e- experiments have reported D* production around 30 GeV3-6. There 

was already indirect evidence from measurements of the lepton spectrum 

in opposite side dilepton events in Y N scattering'**, indicating that 

charmed quarks fragment differently from light quarks. Substantially 

more neutrino scattering data is now available making it possible to 

extract a charm fragmentation function from p,+p- events9. Another neu- 

trino experiment using emulsions lo has observed several events with 

charmed hadrons and they have also measured the charm spectrum. Thus 

far, no one has been able to reconstruct a bottom meson and all new 
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information on the bottom quark is indirect. Inclusive lepton spectra in 

e+e- annihilation allow one to determine semi-leptonic branching rat- 

ios6p11-i3 and the fragmentation function of the b-quarklb. The heavy 

quark fragmentation functions, among other things, matter in understand- 

ing the inclusive hadron spectra and its energy dependence in e+e- anni- 

hilation. For a quantitative analysis and comparison to, e.g. QCD, one 

needs to know the heavy quark fragmentation functions. 

21 Early Results. 

In deep inelastic yN scattering charmed quarks are produced via the 

GIM mechanism15: 

u + d (s) -* p- + c 

The Second lepton, of opposite charge, originates from the semileptonic 

decay of the charmed particle: 

c+s+1++v 

The CDHS collaboration has were the first to study the charm fragmenta- 

tion function' from this reaction. They observed about 315 ptp- events 

in an exposure of the 200 GeV neutrino narrow band beam at CERN. The 

result of the normalized p+ spectrum is shown in fig. 1 as well as the 

expectations from different models. The only conclusion that could be 

drawn at the time was that charmed quarks fragment harder than light 

quarks. 

The production of D-mesons in e+e- annihilation provides a particu- 

larly clean way to study the charmed quark fragmentation, since the ini- 

tial quarks are "known" in this case. However, early measurements did 

not have enough energy in the center of mass to be well above the thes- 

hold for D production. The MARK I collaboration at SPEAR2 could only 
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observe D-mesons with z=2Eo/E cm > 0.6 (the threshold is at ~~0.51 at 

that energy). The result is shown in fig. 2. 

Higher energy (for e+e-1 and more statistics (for vN scattering) 

were needed to get better measurements. 

3) Recent Results from VN Scatterins Experiments. 

In 1981 the CDHS collaboration has analysed 10380 IJ.-~L' events in 

deep inelastic vN scattering9 in the 400 GeV neutrino wide band beam at 

CERN. The large statistics allows the determination of the charm frag- 

mentation function from a fit in bins of z=ED/E= of the ~1~ spectrum, 

Q=P&/(Pw+Ehadron), and the hadron spectrum, Yh=Ehadron/Etot. The 

result is shown in fig.3. The fragmentation function shows a peak around 

z=0.7-with a very small contibuiton below 0.4. Since the data points are 

correlated the detailed shape cannot be obtained reliabiy. A simple 

delta function, s(z-0.681, also gives an adequate fit to the data. How- 

ever the average z is well determined and is <2>=0.68?0.08 including 

systematic errors. Since the energy of the D meson is not measured in 

this experiment, a Monte Carlo model has been used to determine ED. 

Also, one should remember, that this is a measure of the c quark frag- 

mentation into any charmed hadron. D-mesons are only the dominant con- 

tribution. 

A second neutrino scattering experiment, E531 at Fermilab, has used 

a different technique. The neutrino interaction took place in an emul- 

sion and the outgoing particles were then measured in a downstream spec- 

trometer'*, A sketch of this experiment is shown in fig. 4a. All charm 

candidates were scanned and fully reconstructed. In a preliminary analy- 

sis (~50% of their data) they obtained 42 charmed hadrons, unambiguously 
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reconstructed. The resulting fragmentation function'e is shown in fig. 

4b, very similar to the one obtained by the CDHS group. Its average 2 

value is <z>=0.58?0.04 (statistical error only). 

4) Charm production in e+e- at hiqh enerqies. 

The observation of charmed mesons produced in high energy e+e- 

annihilation is more difficult compared with D production at SPEAR. The 

high multiplicity yields a large combinatorial background. Other means 

are necessary to reduce this background. In the reaction 

D* + D ~lr D  + Kn 

the kinematic constraint from the D*+ D decay with AM = 145 MeV sup- 

presses the background very efficiently. The first observation of D*'s 

at high energies has been published by the MARK II collaboration at the 

PEP storage ring3. They have searched for the-channels where the D* is 

charged and the D is neutral. No positive particle identification has 

been used, the time-of-flight measurement was only required to be con- 

sistent with a pion or kaon assumption. Despite the good momentum reso- 

lution of (6~1~)~ = 0.0152 + [0.006p)2 the combinatorial background does 

not allow one to observe the D-meson in the Kn spectrum. However, if the 

K-rr mass is within 270 MeV of the D mass, a clear D* signal is observed 

when fast cz>O.4) Dn candidates are selected (see fig. 5a1. The cor- 

rected 0" spectrum is shown in fig. 5b for z>O.2 [threshold is at 0.13 

GeV). Again a similar shape as seen in the neutrino experiments is 

observed with an average <z> = 0.5gt0.05. 

A second experiment at PEP, DELCO , has reported the observation of 

the 0" mesons. This detector is not particularly suited to reconstruct 

resonances in jet events. But the particular kinematics of the D*+DB 
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decay together with the particle identification capabilities of the 

DELCO detector make this analysis possible. The background in the spec- 

trum of the mass difference Knn - Kn is reduced considerably by kaon and 

pion identification thus compensating the poor mass resolution of 5 MeV. 

Fig. 6a shows a D* peak above a small background, in particular for 

z>O.4. The fragmentation function is more flat than the ones obtained in 

the other experiments. Given the large errors at small z values there 

is good agreement with the HARK II result. One should also have in mind 

that the acceptance for D* in the DELCO detector is rising from the 

threshold to its maximum in the second bin whereas it is constant for 

the MARK II detector for z>O.2 

The largest sample of D* events has been collected by the CLEO 

.groupb at the CESR storage ring at 10 GeV center of mass; They found 83 

D* events showing a clear signal in the Knn - Kn mass difference ( see 

fig. 7aI. But the fragmentation function is only measured above zjO.5 

(threshold is at 0.37). Therefore not much can be concluded about the 

shape of the fragmentation function. The TASS0 group at PETRA has 

reported D* production as well6 but only for zjO.5. In Fig. 8 the mass 

differences of all 5 e+e- experiments are summarized. 

3) Theoretical expectation. 

Simple kinematical considerations17 for a heavy quark fragmenting 

into a hadron containing Q  ( as sketched in fig. 9) lead to a different 

shape than the one from light quark fragmentation. The inertia of the 

heavy quark Q  is retained by the (Q?j)-meson, resulting in a harder frag- 

mentation than if the quark masses can be neglected. Following these 
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ideas and  calculating the quantum mechanical  transition probabil ity for 

the process as shown in fig. 9  one  gets the following fragmentat ion 

function18: 

N 
DQ(z) =  IS.11 

Z ( 1  - l/Z - EQ (1-z) 1' 

where N is a  normalization factor. The  parameter eQ scales inversely 

with the square of the quark mass, a  l /mQ2. In fig. 10  this function is 

drawn for EQ = 0.25 on  top of the four measurements from VN and  e+e- 

experiments. The  agreement  is remarkably good,  given the systematically 

very different experiments and  processes involved. 

6) D* Cross-sect ion in e+e- Annihilation. 

Besides the shape of the fragmentat ion function, the D* cross sec- 

tion has  been  measured by several experiments.- Two branching ratios ( 

B(D*+D) and  B(D+KlrI 1  which are not measured very precisely .enter into 

the total D* cross section. The D+Kn braching was taken to be  (3?0.6)%1y 

by all groups while there have been  two values used for the D*+D branch- 

ing, (44+10)%20 and  (64t10)%21 . In Fig. 11  the 0" cross section from 

all experiments has  been  plotted (assuming BCD*+D)=64%). There is 

rather satisfactory agreement  given the small data samples of each 

experiment. The  total D* cross section from MARK II, DELCO and  CLEO are 

displayed in table 1. All results have a  relatively large-cross section 

( 2  50% of the total CT product ion) but the error due  to the branching 

ratios is big ( 2  25%).  
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Table I. 

D* cross section,g(D*++D*') in nb,for two different 

values of BID*+D). The underlined values are the published ones. 

Experiment B(D*-D)=44% B(D*-D)=64% CT bT; 

MARK II22 0.25+0.13 0.17t0.09 0.30 0.10 

DELCO5 0.20t.06t.07 0.30 0.10 

CLE04 1.6t.04f.04 1.15.03t.03 3.0 

- 

21 Inclusive Electrons in Hadronic e+e- Events. 

In the same way as the lepton spectrum from opposite-side dilepton 

events in deep inelastic neutrino scattering provides information on the 

charm fragmentation, the inclusive lepton spectrum in hadronic events in 

e+e- annihilation at high energies allows a determination of the charm 

and bottom fragmentation function. In particular at large transverse 

momentum of the lepton with respect to the jet axis, .the bottom contri- 

bution becomes significant. Several experiments have used this signature 

to measure semileptonic branching ratios6*11-1't. Table 2 summarizes 

these results. 



Table II. 

Semileptonic branching ratios (in %) 

from inclusive leptons in e+e'. 

MARK J " B(c"p) = 9.8rl.lr2.0 

MARK IIt4 B(c-+e) = 7 t 2 t 2 

CUSB'2 B(bje) = 13.1t2.5t3.0 

CLEO'S B(b*e) = 12.721.721.3 

CLE0'3 B(b+p) = 12.421.723.1 

MARK J" B(b+pL) = 9.3'2.9+2.0 

TASS06 B(b+e) = 13.624.924.0 

TASS06 B(b+w) = 15.0t3.5r3.5 

MARK IIJQ B(b+e) = l l.Ot3.0'2.0 

The Mark II collaboration has tried to determine the bottom frag- 

mentation function simultaneously with the branching ratios since these 

quantities are correlated. This analysis selects electron candidates by 

requirement of a sufficient energy deposit ( >50% of momentum > of a 

track in the first 8 radiation lengths of the liquid argon electromag- 

netic calorimeter. From 10691 e+e- hadron events in the MARK II detector 

at PEP, 1013 electron candidates were found, with substantial back- 
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ground. Misidentified hadrons give 425 events and there are 200 elec- 

trons from known sources other than charm and bottom. The data were 

plotted in bins of p and p1 of the electron ( pI with respect to the 

thrust axis> which are shown in fig. 12. A fit of a sum over 4 pro- 

cesses ( c-+e-,b+e',b-+c+e' and background) in four bins of z, the rela- 

tive momentum in the fragmentation process, was performed. The charm 

fragmentation function was taken from the D* analysis ( actually the 

formula 5.1 with e,=O.30 was used). Since there were not enough data to 

determine several bins of the bottom fragmentation function, the same 

shape of equation 5.1, but eb as free parameter, was assumed. The result 

for the three parameters is B(c+e)=0.07?0.02t0.02, B(b-+e)=O.llt0.03~0.02 

and ~b=O.04 -0.025+0.035 with a x2=13.6 for 18 degrees of freedom. Data 

points were not used in the fit where the backgiound is dominant ( p < 4 

GeV - 2p,( GeV) 1. The fit result is a very good description of the data 

(see fig. 121 even in the area excluded from the fit. Fig. 13 shows the 

decomposition of the electron spectrum for tuo different pI intervals. 

There is a dominance of the electronic bottom decay fat pL 1 1GEV and p 

> 3 GeV. 

The result of the bottom quark fragmentation function is displayed 

in fig. 14. It exhibits a much harder spectrum for bottom quarks than 

for charm quarks. For curiosity one can scale the parameter ~,=0.3 with 

mc2/mb2 and gets eB=O.O3 compared to the measured 0.04. 

&I Inclusive Hadron Spectra and Scale Breakinq in e+e- Annihila- 

tion A 

The observation of scaling violations in the nucleon structure 

functions from deep inelastic lepton-nucleon scattering experiments has 
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significantly supported the notion of QCO and gluon bremsstrahlung. Sim- 

ilar patterns of scale breaking are expected in the energy dependence of 

fragmentation functions23. Therefore much attention has been paid to the 

measurements of the inclusive charged particle cross section in hadronic 

events in e+e- interactions. The differential cross section, sdo/dx (or 

l/odo/dx), with x the fractional energy of the particle, has been meas- 

ured by several groups. The systematic limitations in comparing measure- 

ments from different detectors at different energies at first did not 

allow one to observe the scaling violation effects. Only when the same 

detector had measured sda/dx at different energiestq was the expected 

scale breaking pattern observed. Recently, there have been more meas- 

urements from different groupst5at6 in good agreement with each other in 

the energy interval of 5 GeV to 35 GeV. In Fig.-15 the quantity l/odu/dx 

is displayed for x)0.1 from the TASS0 and MARK II experiments. The rel- 

ative uncertainty between the two experiments is 10%. At large values 

of x a strong decrease of the cross section with energy is observed ( a 

factor 2 from 5 GeV to 35 GeV). The same was found by the PLUTO group6 

(fig.16). One can use the following parameterisation for the energy 

dependence: 

sdu/dx = b ( 1 + cl In s( GeV) 1 

The coefficient cl, a measure of the strenght of the sacling violation, 

is given in fig. 17 in good agreement from all three experiments. 

The interpretation of these results is however difficult2'. In a 

purely perturbative frame of QCD, scaling violation emerges only from 

gluon bremsstrahlung off the quarks, and non-perturbative effects from 

masses and transverse momenta in the subsequent fragmentation into 
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hadrons are ignored. Indeed, such a picture2e is able to account for the 

observed scaling violations with a QCD parameter A u 200 MeV'*. The 

other extreme considers only the non-perturbative contributions. A 

Monte Carlo simulation2g of the fragmentation of the u,d and s quark 

only, yields most of the.observed scale breaking (dotted line in fig. 

18). The addition of the heavy charm quark, with its different fragmen- 

tation function, as discussed above, seems to be important, in particu- 

lar at high energies. Finally the radiation of a hard gluon brings this 

model in good agreement with the data3* (see full line in fig. 18). 

In conclusion deciphering fragmentation functions seems to be dif- 

ficult. Mass effects and heavy quark fragmentation are important unless 
- 

much higher energies are reached. 
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Fiqure Captions. 

Muon spectrum, z=EW/(Ecr + Ehad)r from early CDHS vN -) p-u+ + h 

scattering. 

D spectrum from MARK I at SPEAR. 

Charm fragmentation from the CDHS vN experiment. 

a) E531 v-emulsion experiment at FNAL. 

b) Charm fragmentation from E531 v-emulsion experiment. 

D* results from MARK II at PEP. 

a) D*v-D* mass difference. 

b) II* fragmentation function. 

D* results from DELCO at PEP. 
- 
a) Don-Do mass difference. 

b) D* fragmentation function. 

D* results from CLEO at CESR. 

a) Don-Do mass difference. 

b) D* fragmentation function. 

Don-Do mass difference from 4 different e+e' experiments. 

The fragmentation of a heavy quark Q  into a meson CQ?j>. 

Charm fragmentation function from zrN and e+e- experiments. The 

curve is eq. 5.1 with eq = 0.25. 

OR cross section in e+e- with B(D*'D)=0.64 and B(D*K~1=0.03. 

Inclusive electron spectrum from MARK II for different transverse 

momentum. The full line is the result of a fit of c+e-, b*e-, 

b+c+e- and background. The hatched area was excluded in the fit. 

Components of the electron spectrum from a fit to the MARK II data. 

14. Heavy quark fragmentation functions,normalized to 1. The bottom 
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quark function is a fit result of equ. 5.1 to the MARK II data. The 

hatched area indicate the lu limits. 

15. Inclusive hadron spectrum from TASS0 and HARK II. 

16. Inclusive hadron spectrum from PLUTO. 

17. Strength of the scaling violations from TASS0 and PLUTO, sdo/dx 0: 

1 + Cl In s( GeV). 

18. Ratio of sdu/dx at two different energies. The dotted line isa , 

Monte Carlo simulation with u,d and s quarks only. The dashed 

lines include C quarks. The full line includes hard gluon emission. 

a1 MARK II data. b) TASS0 data. 
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