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1. INTRODUCTION

This report covers the topics of fragmentation of quarks and gluens apd testa
of QCIY in ¢¥e™ annibilation and i3 a summary of a rapportenr talk given at
the 1985 laternational Sympesium on Lepton and Phaton Interactions at High
Energies. The speaker was nrovided with an overwhelming amount of material
for this talk and has been unable to incorporate it all in this report if only
because of space limitations. Apologies are offered ahead of time to the prople
whose work is not represented here. We recommend that the interested render
consult the list of contributed papers which appear in the proceedings.

The topics which are covered in Seetion 2 are new data nn the peneral char-
acteristics of the e¥e™ epvironment at the T and and at PETRA and PEP. For
the fiest time there 1s a lot of data on resonance production - n, K*, p, ¢, E.
There is more data on ¢ quark fragmentation from tagged D** and direct ol»
servation of DY and D There are four experiments nsing high Pt lepons to
measure the b ynark fragmentation function  agreement amongst the experi-
menty s very goud. Al these measyrements ran nselully be incorporated in the
Monte Carlo sitnulation models.

Section 3 covers the goneral area of QCD tests. ay has been measured using
the energy dependence of the total hadronie eross seetion. Unfortunately this
methad is ne' very precise, Other measurements of a, fram shape analyses and
energy-energy correlations have been done including the effects of all second
order QCD diagrams. The results seen, to depend both on the procedure and
the models used tn extract aa. The evidence lor differences in gluon and guark
fragmentation are reviewed  There is now evidence that basyon conservation
oecurs locally in a jet rather than globally m an event. Multiplicity ond jet
mass correlations are presented as well as data on KNGO sealing.

2. STUDY OF THE HADRONIC FINAL STATES; PARTICLE
PRODUCTION YIELDS AND QUARK FRAGMENTATION

In this <eetion we will cover the composition of ¢*«¢~ hadronic final «tates.
Particle yusids wil be given as well as information coneerning the (ragraentation
functions of charm and bottoan quarks. Thete are nuw measurements of the
yiclds of a wide range of resonant <t " he selection of hadronic events in the
apalyses deseribed in thi- tin o we a standard prescription which includes
cuts on wtal charged parts le multiplicity and detected energy. The exact cuts

« seussed [or each set of data presented  suffice it to say that the
t.ackgrounds to the hadroniwe samples are in all cases small and in no way affect
the validity of the conclosions.
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(n) Measurements of the Relative Yields of 72, K% and Protons at PEP and
TETRA

The TASSO experiment! published resmlts on the relative vields of chargel
pions, kaons and protons at a center-of-mass energy [/#) of 31 GeV New data
are now available at 20 GeV from the PEP experiments TPC? and DELCO
The petiotmanee of the TPC dE/dx system has matured to the point whers
they achieve & tesolution o = 3.67% for rharged particles in hadronic jets Ther
diz/dx pesformance is shown in Fig. ) and the resnlting partele separation
is shown in Fig. 2. VUsing the dE/dx mensurements the relatiwe numbees of
charged pions, kaons and protons were obtained in the range 03 GeV/ie (0 6
GeV/e. Below 1 GeV/e the separation is excellent and one simply counts tracks
in the three particle di/dx bands {3 small .orrection for the clectron/kaon
overlap is made). Above | GeV/e n statistical separation was made. For a given
momentum bin, a fit wes made to the sum of four Gaussians (pions, kaons,
protons and electrons) whose eelative positions and widths were fixed. The data
are shown in Fig. 3 the erenrs ineluce the canteibation from systematie
effects and the effects of correlations in the variables used in the fit. The TPC
data are compared with thase of TASSO and the agreement is good. The data
have been corrected for detector inelliciencies to yield inclusive produetion eross
sections as given in Fig. 4. The eross seetion is plotted in terms of the sealing
variable r == 2£/ /s, where E is the particle energy, and Lis been normalized
ta the measured hadronic cross section. Figure 3 indieates that at low partiele
mamenta pions dominate the hadronie yield. This s presumably due 1o the
low mass of pions relative to kaons and protons. As one moves towards the
maximum available momentum one is studying leading partieles “§ e pion and

T ‘-r'— ==

i Fig. ). TPCJAE/dx versus momen-
Jl tum for the 1983 sample of hadronie

eventd, Only tracks with more than

120 wires are inchided. The insert
shows the ratio of measured dE fdx
1o the expeeted dE/dx Tor pions,
for momenta ketween 3.5 and 6
GeVie. The solid lines represent
the contributions of clectrons, pi-
ons, kaons and protons. The pro-
toa signal iy a 5 standard deviation
offect at the present statisties (2902
pb~1).
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kaon yiclds betome comparable
but the proton yield is suppressed
beeause one pays a price for
pulling a diquack system tut of
the vacuum. From Fig, 4 wo see
that the patticle production slopes
for U three particle spocies are
similar which would indicate sim.
ilar praduction mechanisms, How-
ever it should be cemembered that
the issue is complicated by the
fact that most of the stable ha-
drons ahserved result from the de-
ray of rmonanew, Using Monte
('arlo simulation progeams, which
aceount well for the hadronic fi-
nal states, the TPC group is able
to obtan the probability of pro-
ducing »n a % quark pair relative
{0 n u i quark pair in the process
wherehy a quark cascades into
hadeons, From the data shown in
Fig. 4 the TPC group finds this
relative probability to be Pla3)/
Pua) = 0.26 £ 0.1, The error
iehidos the uneertainties in the
models nrising from the ahapes of
the fragmentmting funetions, de-
vay heanching fractions and Lhe
ratio of veetor to sealar produc-
tion.

Figure 5 shows the charged
porticly frartions as measured by
the DELCO group. In all cases o
statistiea) uoinld method is veed.
For tracks with momenta below
2 GeY/e, time of flight measure-
ments were used Lo ellect o sepa-
ration, while for moments zbove
2.8 GeV/e, the separation of
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Fig. 4. Preliminary differential cross sec-
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pions from kaons and protons come froin the Cerenkov counters. The DELCO
data are in reasonable agreement with the data of TPC and TASSO and cunfirm
the trends and implications discussed easliet in this section.

(b) Measurements of 1° and g Production

There are new tesalts on 22 proditetion from the CELLO group? and the
TPC group. CELLO has made measurements at /s == 14, 22 and 34 GeV,
with corresponding integrated luminosities of 1.1 pb™!, 2.5 pb~{ and 7.0 pb=*.
The x's were reconsttucted from photons measured in the CREIL.O liquid ar-
gon calorimeters. Reconstructing x™'y in the crowded jot enviconment presents
many cxperimental difficulties® — the complexity of which is too detailed for
this discussion. lastead we show in Fig. 6 the photon-phaton invariaat maass
spectrum for the three center-of-mass energies studied. Clear 79 praks can be
seen. A background subtracted, inclusive eross aection for 7% is shown in Fig,
7 alung with the data of the Lead Glass Wall” experitont which span the en-
ergy region from 4.6-7.4 GeV, The CELLO group has compared thoir #° yields
with the TASSO yields lor charged pions and obtain a zatio 2x°/(n* + 2~) of
1.21 £0.42, 0.86.40.40 and 1.0140.35 at \/a = 14, 22 and 34 GieV respectively,
Hence within statistics the 7°'s bave the same production characteristics as the
charged pions. Thete is a tendeney for the CELLO #° data to indicate scaling
vivlations at ithe 1.5 level. However these effects eould be due to nonpertur-
bative effects which, ot these enargies, are capable of explaining the apparent
scaling violations.
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Fig. 6. Photon-Photon invariant nass speetrn ss measuted by the
CELLO collaboration.
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Figure 8 shows the photon- Nt or—-
photon invariant mass spectrum
from the TPC detector.? The data

(I SR

set comprises 20 pb~1 at /s = ) . : o : '
20 GeV. Following a background M . 2 e
subtraction and corrections for T B
detector incfliciencies, an inclu- '-"r‘;i, , -J L MA ey
sive ¢ross section is obtained as 5 5% Ly
showr in Fig. 9. Also shown are = /f] ‘
the 34 GeV data from TASSO0 ! R ;
and CELLO. ‘The TPC errors in- _ [-:’? 1 '
clude a 15 contribution farsys- &6~ ! s
tematics. Agreement amaong the 3 ' T
three experiments is fair. Figure . L
10 compates the inclusive cross . ! A f !
sections for TPC charged and [ r o
neutral plons which strongly sug-
gest that the production o ch- 1 . X ) l R ‘_ ;
anisms are the same. "f 6s ca SE oH S

The JADE group’ has made 22800/ o a
the first observation of s in the Fig. 7. Inclusive eross sections as measure ]
30 GeV energy region. Details by CELLO and the LGW experiment.

of the JADE experiment and the lead glass eleetromagnetic calorimmeters can ba
found in Ref. 7; the energy resolution of the lead glass 1 given by o /F =
0.04/ JE[GEVJ + 0.015 and ibhe angular resolution is 0.6-0.7% The photon-
photen spectrum for photons with Fy > 200 MeV and E.; > 700 MeV is
shown in Fig. 11(a}. Only photon pairs in which both photons come from the
same hemisphete [jet) are inclnded. A clear 77 signal is seen. When photons
with £ > 300 MeV which combine 16 form a 5° are removed [Fig. 1{b)] an
enhancement appears at the n mass. The background wubtracted spectrum js
shown in Fig. 11{c) and it comprises a signal of 694+ 83 n's. The yield of g's at
the ave:age /s of 34 GeV was found to be 0.2 £ 0.10 £ 0.)8 's pes rvent. The
1} signal was divided up into three momentum bins and, following corrections fur
detector inefliciencies and the sy — ~ branchiog fraction. a dilferential g-yiceld
was obtained. It is shown in Fig. 12. The n cross scetion is compared to that
for #* and K% There is some indication in the JADE data that the g-rate
might be higher in events with a planar and spherical structure than in two jet
events. However, the accuracy of this meas:.coment is not sufficient to rule sut
a eonstant 7 fraction for all event topologies,
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{r) Additional Measurements of Resonanee Production at PEP and PETRA

The JADE experiment has preliminary resnlts on g” and A*? production
at /8 == 35 GeV. The p° is seen via the decay p7 — 717" where both pions
are required to be in the same event hemisphere, The background from random
rtr~ combinations was oblained by Atting the spactrum of same sign (rEg¥)
combinations. Figure 13 shows the 77~ invariant mass spectrum after this
background subtraction has been made The spectrum shows an enhancement
at the p mass with additional contributions which are thought to rome from w
and K* refiections. These reflections have been studied with the Lund® Monte
Carlo simulation program and a fit was performed to the spectrum in Fig. 13
which included a Breit-Wigner line shape [or the g7, a parametrization for the
reflections whose parameters were nbipined from the Monte Carlo simulation
and a term for additional backgrounds. The resulting #” contribution to the fi
is shown in Fig. 14(a).

The K** is seen using the deeay mode K** — A%zt The A% — ntz”
decays are found using the standard procedure of forming 7 * 7~ invariant rnasses
for tracks whose trajectory is inconsistent with production at the event primary
vertex. Mass combinations within 80 MeV/c* of the K§ mass were chosen and
the 7+, ©~ momenta adjusted using the known masa of the ' 08 a constraint.
The K_(‘;-fr* invariant mass speettum is shown in Fig. 15, A elear K**

11



I Fig. 13, Dipion invariant mass
AR T speetrsm fromm JADE. A sub-
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enhapeessent i oseen, This speetenm was it to Ure sam of a Breit-Wigner hine
sliagre at s ficedd R ® mass and s tackgeound torm specified by four parameter
The K* widil foraes the Gt free patameter, The penlt of the §it is shown in
Fig. 15 and the background <ub-
teaetel speetrum is showa w Fig

1(b). . - - -
The LUND Monte Carlo has . ; _RLE .

been used to obtain corrected par- " L B

ticle yields and the volue of § which :'f 20 Erlioew |

is the parameter in the Monte Carlo 4 | i

which speeifies the ratio of preudos ..

scalar [PX) mesons to veetor (V) :J‘) O

mwaons  The JADE group findg .

ORZ & 0.2 4 D10 s /event and - .

OX3 £ 0.18 3 0.13 K*% fevent. In g

fitting the value of r = PS/(PS +
Vi the parameter 3, which gevers -
the bongitudieal fear o 0w <
viarts L snadt ey warhor b on-
cuee Shat the hoee ) altiphioee

WL

POt I FERRY ) el Fig (5 The A%x¥ invanant ms

14.6), The results for r are: speetrum from JADE.

+ 012 + D22
g 0.63 0

011 - D20
i + 037 + 0.2)
K**: 0.
035 _ 515 - 0.10
+005 + 010
46
mo 046 G086 — o2

[Le obmetvarem of the g was disesssed i the previans section. From spin
wtatisties aloe one would sype 1 P2 7V = 12300 = 0,25, However the situation
is comphicated by the [act that many of the pseuduscalar particles observed arise
from the decays of veetor resopances. We would expeet the pave spin statistics
argument toe hold for rank I particles {leading particles). Hore we are averaging

wver all particle momenta.

The p® was first studied in this energy range by the TASSO group? who
found a yield of 0.73 4 006 and a value of 1 = 0.42 £ 008 & 0.15. Hence the
two cxperiments are in good agreement. There are no previous observations of

13



bat have vet G ohtmn o careected vield ar g ovaiee of ¢ Howover Hivir signal
serves as eonficmati po-f tha TATIE reuiit

K8 Phe MARK D gronp bas o peelimiary cqual of 135 435 K% o Rind

The TPC gronp has cdmesved samnais b8 bt K™ and o The K (s soen
vinitsdeeay A* o A 22T wheee the & T and 27 are positieels clentdiod yang
the db./dY mensnrements disews~ed sarker The data set corresponds G 39 pb™ !
al s == 20 GV oand the teaalt 15 ropsidered prelmitary Figare 16 shaws the
TPC K ta® mvanant masy spectrnm. A clear siznal is seen ot the K e
such signal 15 soen in the same sign (A 2 x¥) spectrum. The background which
is shown in Fig. 18 comes from the Munte Carlo sunulation. This background
wan parametrized with a ~smooth fit function and this, together with a Gassian
Lne <hape for the K* was used to fit the observed spectrum. The result of
this fit = shown 1 Fig 1t abime with the backgrouad subtrarted signal whirh
corpm pends o082 £ 82 AT The K7 ofliciency as a function of momentym
was shtmne A from the Mope Carl. <imufatmon program, o varies from 107 at
=200 ol Q0 2000 At r =07 The carrerted invinant cross seetion {4
shewan i Lig 1700 with 4 prelionsaey vl of 03 2D 2 A4 K" pot ovent
wothe pange 10« 2 2O

The 1T @ vignal s fron peecnsiracting A YR mass combinalions
whete the kns are positinely idontified guing dE/dx. T spectrum is shown
in Fig. 18 A peak 18 seen just above threshold which is not present ia the
samie sign mvariant mass spectrum and cannot arise from photon conversiong in
which the eleetrons are ealled kaons A fit to the spectrum wsing 3 smoothed
background obtawed from the Monte Carlo simulation program is shown in
Fig. 18 with a @ signal whirh corresponds to 53 £ 12 events. The fit yields n
resonance mass of 1 0240 01 and a width consistent with the detector resolutinn
A preliminary o mebwsive speeirmin s shown i Fig  17(a) where the ersors are
purely statstwal For 005 € 2 <04 she 2 yield s 00R3 005 with po

. .‘l "
o 2
- . ’J' ..:
' Fiz 16 The KE3¥ invariant muss
e, : oy <peetrum from the TPC.
. H . R ;\
4." ‘.: Fa
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stemificant signal sesp for 2 > 0.1 The TI"C has about twice as muel data ia
haml and with further study the o production will be hetter understond,

The TASSO growp! has made the first ohservation of 8= and 57 in ete~
anmhlation. The E is observed using the decay chain 87 « Ax™ — pr~r,
The A — p=~ camdidates were selected by requiring that the pair inomentum
exceed 1 CieV/e, the p and = directions intersect in o plane Lransvetse to the
beamn betseen 5 and 45 cm from the interaction point. The higher momentam
track was assigned to the proton. The resulting pr spectea are shown in Figs.
19{a) and (b). A. 1 candidates were chosen to have a mass within 6 MeV/e?
of the A mass and these candidates were combined with an additivual charped
track which wax acuigned the identity of 3 pivn. The erossing point of the r
and A disechions was required to have a fight path of at least 1 em relative to
the interaction point and to eccur at a puint closer to the interaction point than
the reconstenctod A decay point. The resulting Az~ and L2+ mass speclra
arc shown n Fig. 19{c). A narrow peak around the £ mass (1.321 GeV/e?)
is visible. thowever no such structure is seen in the Az, A=~ speetrum, Fig.
19{d). ‘The speetrum shown in Fig. 19 corresponds Lo data at average /a = 14,
22 and 314 GeV For the sake of calculating E yields and invariant eross sections,
only the data at /a > 30 GeV were used. The observed events were corrected
for detector inefficicncies using a Monte Carlo simulation progeam to yield the
corrected cross section shown io Fig, 17(b). In order to account for ynseen
kinematie regions, the momentum spectrum was extrapolated using the shape
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Fig 19. Invariant mass spectra from TASSQ for (a) pr~, [b)
prt () Az~ +Ax% and (d) Ax* + R ™.
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predicted by the LUND Monte Carlo. The Iraction of the cress sectiom result-
ing tremn this extrapolation is less than 307¢. The rurves in Fig. 17{h} are the
predictions of the LUND model® with the paranieter f = 0.3, the data are rom-
patible with valuex 0.2 < d < 0.5. The parameter o reptesents the suppression
of the s-iuark relative to the d-quark in the production of dguark pairs:

_ Pluay fFlml)

1= pwy | Py

At an average speegy /A = 31 GoV the ywld of £ are 0026 £ 0.008% £ 0.000
per hadronie event and the relative yivkds 2ce /8 = 0.087 4 0.03 £ 0.03 and
B/p = 0.033 £ 0.011 £0011.

It is impressive how many final state production cross sections amk event
vields are now measured in the ete™ 30 GoV oenergy cange. This information
should now be fol baeck inta the Monte Carlo simulatuon programs to remove
some of Lhe Jecibility which these programs have, The more we pursue these
partiele produetion measueerents the better we are able to understand the 30
GeV orergy region and, using data fram SPEAR, DORIS and CESR, the hetter
we are able to understand the enorgy depeadenee of the production mechasisms.
We summarize in Table 1 the measuced paeticle vields disenssed here, T addition
the TASSO and JADE yrelds are used as a eonstrast where ineasurensents are
not presenied here, Measurements oot refeeenced mothe table are disenssed for
the fiest time here,

{d} Particle Production Studies in the T Energy Regon

The CLEO! gronp has new data on the production of A, K7 and ¢ in the T
energy region, The data comprise 35 pb=! at the T(1S8), 10 pb=1 a1 the T{15)
and 14 pb'l in the continuum between the T3S and the T18) Hudrome
evelts were tequired to have {a) a vertex consistent with the known position of
the interaction point, {b) at least theee charged particles emanating feom the
pritary vertex and (e} at least 3077 of the conter-of-mass snergy carried by the
charged particlez. The efficieney for the event seleetion s given e Table 2

For the A and &7 stadies “vees™ were found using standard technigues which
require that the vertex formed by the deeay tracks be gen > ! from the primary
event vertex, that the momentum veetor of the *vee” point back to the premary
vortex and that the “vee™ have a minimum (300 Moy fe for K7s 450 MeV /e
fur A'¢) momentum. No particle wlentifioation was tsed  lavatiant mass speetra
were generated yor the decay hypotheses K¢ — r*x~ and A -« pr~ or } -
prt. An example of the quality of the CLEO data is shown in Fig. 20, Alsa
shown it the figire are the Monte Carlo generated efficiencies for observing A
and A ¢ as a function of mamentum. A {A) eandidates were those for which
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Table 1. Particle yiclds in the /s = 20-34 GeV range

Particle Yield/Hadronic Event | Measured By
CASFY 10.3 £ 0.4 TASS0!
i G.}+20 TASSOP
5.2 1.8 CELLO#
" 0.72£010£ 018 JADE?
F'i 0.73 4 0.08 TASSO?
0522 0.52+0.10 JADE
At + K™ 20+02 TASSO!
K°+R" 1.6+ 0.1 TASSOW
1.45 £ 0.08 £0.15 Japitt
K**+K* | 083+018+0.13 JADE
K*+K" | 05201 (r<08) TPC
é ~ 0.08 TPC
p+p 08+ 0.1 TASSO!
A+ 0.28 + 0.04 TASSO!0
==+ =27 0.026 £ 0.008 £ 0.009 | T.85012

JMy -~ Mgl < 20 MeV/e? (| Mps — My| < 5 MeV/c®). The invariant mass
spretra were §iv Lo p smooth background and a Gaussian 1o establish the level
of background within the selection windows discussed abuve. The momentum
dependence of the background was obtained from mass bins adjacent to the
sigeal bins o addion a continuum subtraction was made for data on the
resonances. Ap extrapidation was performed to account for unscen X% and A at
low mmementa This was done by fitting the corrected differential cross section
and extrapolating to the anseen momentam regions. The size and uncertainty of
this extrapulation is given in Table 2. Also shown in the table are other sources
of sicmatic error the total systematic error in the cross seetjons is 1295,
typical reative systematic errors are < RG.
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Fable 2 Corrections and systematic errory {C1EO)

Capreinn Size Systematic Error in Cross Section
“vre” Finding 10 (A) &%
Filiceney 720°% (K?)
Background 40% (A) 8% (A
Subtraction 15% (K% K
Continuam 80% [T(45)) 6%
Subtraction 10 [T(15)) %
Event Selection 01 [T(4S5)) %%
Eflicicney 88 [T(15]]
719 {continuum}
Luminasity P
Low Momentum 8% ary
Extrapolation
) a:; n;m "; | ‘[ ‘t" "..'Y!.
z X f ’ ‘- !
z
oot *
= b

Fig. 20, CLIEQ invariant mass spec-

tra for (a) =¥x~, {b) px. and (¢}
w2k ¢ shows the efficiency for observing
5 - K°— wx*s andA - pr asa
= 1 function of parent momentum,
. A ~pr
0 1 [} 1 1 i [
e 05 15 25 38
as10a3% MOME NTUM (Gevrel
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The number of K* and A per event per GeV/e is shown i Figs. 21 and 22
respectively. The eontinunm spectrum is significantly harder than the T{15),
The average number of particles pey event are summarized in Table 3 along with
the CLEO results for charged kaons and protons submitted te this ronference.
Within statistics the kann production rates in the continuum and «n the T(15)
are the <ame and the charged and neutral rates are the snme. The production of
kaons inereases signifivantly on the 14 48) presumably because of the dominance
of 6 — ¢ — #in B nuson deray. However for the A's there & a large [~ 25)
inrrease in going from the continuum to the T{15). The same increase is seen in
the protens. It is interesting to spxculate why the dominantly three gluon

CLED
2 r-+ - -r ¢ -I- -7 T T T
I .
— i. T(as: «° '_ Tiis «° [ Contingum K° ‘1
5 i o1 bl ! (et
3 ’ I
= - — I—. =
’ i
s 1 C e | oo
- ,» * ’- v 4
¢ ’ } . ! .0.
L ‘e . . L. fageeel. 1 1"%hee,
2 3 = é 3 0 | 2 3 a4
MONMENTUM (GQWI: ) 48104 41

Fig. 21. CLECQ differential cross section versus momentum for K 2.
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¥ig. 22. CLEQ differential cross section versus
momentum for A
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Tabie 3. Particle yields at TS T005) and contwam (CLEO)

Adfevent | K% eoent I Pl event At fevent I
combionim [0OR L 0008 105 L0025 (11§ 0001 | 1011 4 0323
TiLS} Q00 [0054£ 0025 0205540005 (0UN] + D02

T(48) 116 £ 006 l 1435 + O OCBA

final state of the T(LS) deeays to hapyons so el more capiously than the 94
continuum state.

To study the parton fragmentation more shreetly, the CLEO gronp has plot-
ted in Fig. 23 the inclusive ctoss seetion as a nevion of = F/E, 0 Fot the
Y48} they assume that the speetpym eesubts from BB devavs ol therefore they
use 2 = Ef[Eyqm/2). T s staking how simnlar the eross weetim of 0 da fufz s
for A" at the TUARY and the eombipmmn This s odd sinee the sesonanee die
cays weakly whoeteas the contimnnn teprosents ¢ ¢ fragmentation direetly The
gealing crose seetinns have been 0 10 the foem Ae™ aml viekd the following
valites of b

A TN AT 2005, cantinuutn 05 2 08

A's: TS 991+02 continuum 23:02 THS)702104

IO‘L . & - . . g -

,a"
oo ‘s . \ .‘M“‘
< : A " »
H "4 )
dle : ? ¢ ? "
¢ .t -
L_...__; — . _— . .:I. )
P 0.2% .75 0.2% G748
_ 7€ /Emox. -
Fig. 23. CLEQ inclusive speetea for A% and A. Note Eyyoz is equak (o
Escam Tor the continunm and T(15) but Ey, .. /2 for the T(4X) since
each B meson carrivs only Fyom.

025 075
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The CLEG group teconstencts @< via thor deeay 10 KPR . e most of
the Kinematic range. no pueidnve ko dentiGeaton w s required. Al teacks
which were twt peositively wdeatfied as prony by onazaiion or iime of light wepe
usedd to form the K ¥R~ wovanaat mass speetes shown o Figs  24{ak{c). For
kasn mamenta i the range 0 $5-1 9 GeVfe porar.ie identificatsn was possible
and Wwenee for o4 n the momentom range 12 (eV/e a better signal to noise
rate: was ehtatned by roquiring one pesitively identified kaon. These invariant
mass spectra are shown i Fige. 24(dR{f). The data were fil to the sum of o
smueth background and a Ganssian cesponse fanetion for the ¢, This procedure
was appliet 16 thres soparate momentum bins to yield the number of @'s. This
¥ield was then rurrecied for the detector inelliciencies and the unseen decay
meades of the o T'he data on the tesonanees was corrected for the continuum
contnbulm  The T{1S) data were also corrected for contributions from ope
photon aniinlaton procsses to yield the ¢ meson production from direct three
glusm decny This nermahzed differentind eross weetion s shown in Fig. 25 for
the three gluon pars of the YIS and the sostinsum,. We see the same trend
with the @'~ a with the A sand A~ the continuum spectramas harder. Thi,
t presuimably o surprse and is related 10 the faet that the eontinunm shares
tie energy viunlly with Tao partons whereas the Y(18) deeays via three partons,
Fhe yaelds for o 2 per event & momenta Jarger than 1 GeV/e is D.ORT £ 0.012
for Ahe contimuum amt 0036 £ 0018 for the theee glaon deecays of the T(1S),
Extragedating o the foll snotnentum Fange using the LUND Moate Carto yields
O Lo~ perovent on the TUIN] and 0 13 @'s per event i the cantinuum,

On the YUiN1 the subtraction of the eontinyum yields a ¢ production eate
af 000 £ 06 nb If the TN always deeays o B D. this would correspond
to an wppeer Lot (95 ~onfidence tovel) for the #2 — o\ inclusive branching
fraction of 3% for o momenta atese 600 MoV /e

{¢) Tagged DE D aad DY the Charm Fragmentation Funection

New data on £* productien are sow avatable Trom the HRS, DELCO and
CLEO and s dirvet 12 produeties, from the HRS and CLE. 2. The 5% 18 studied
via s ey P2 Lo Dozt Che DELCO group observe the 12 0 its decay
mode Kx. Az aml KX where thesr inass window of the D? is sufficiently
wide 1o aedude the lattor decay oven though the thied decay product (X} is
not seen The DELCO svpersment nem data comprisiog 90 pb~ L. The analyss
proeeeds by Twe methods  [a) ether the £ of K from the D° decay is positively
dentified ung ther Cerenkor counter or (b) time of Bight is ased to positively
wentfy the kaon  These celectiwns favor high momentum and kw mnomentom
°s respectvely  Beranse of the positive sdentification of the D° decay product,
DELCCO 15 able 1o measure thewr background using eveats for which the
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bachelor 7 in the D*2 decay has the wroug sign relative to the kaon in the D°
deeay. The mass difference, A, beiween the seconstructed D% and the D® s
shawn for the DELCO data in Fig. 26.
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Fig 26. The mass dilference A — M(D°x%) —
AM{D°) is shown for tha DELCO experiment. (a)
Usirg the Cherenkov tag snd (b} using the time
of fught tag. The shaded region is nn estimate of
the backgrouad obtained from wrong sign K's.



“The power of exeellenl mamentum resolution shows up strikingly in the
MRS data. They have two data sets, one comprising 19.6 pb~! and anotber,
whase results are preliminary, which comprises 30 pb~*. Results from both are
presensgbhere. The SRS observes the D* — D?x*, D° — K~ x* decay chain
where no patlicle identification is used. Figure 27 shows their plot of A for the
80 pb~! data set. Four regions of = = 2Ep+/ /3 ave shown  there is goad
evidence for a signal at = < 0.4, The HES also has a clear signal in their 10.6
pb~! data set.
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The measured cross sections o{D*t + D*~) are 0.154+ 0.02 £ 0.04 ab (2 >
0.35) for DELCO and 0.1040.04 nb (19.6 pb~1 data set) and 0.11 3 0.04 nb (RD
ph=! data set) for the HIRS. These ean be contrasted to the MARK ' result
of 0.25 £ 0.13 ob at /4 = 20 GeV and TASSO'S of 0.00 40024003 (2 > 0.3)
at ap average /7 = 34.4 GeV. The corrected inclusive eross section »/8 do/dz
is shown in Fig. 28 for the four experiments which have made measurements
in this energy region. The trend of the charm fragmentation function shown in
Fig. 28 is that charm is “hard” — the {zps} is fonnd to be 0.56 4 0,02 (JIRS),
0.57 & 0.02 & 0.05 [DELCO) and 0.50 £ 0.08 (MARK M). The fragmentation
function has been fit to the form suggested by Peterson ot al.!®

y= A
Pt z(l-}-;‘-.qg)g "

where @ deooles a heavy flavor species apd ¢g & Ma”. ‘The vaiues Iound for ¢,

are 0.3640.12 {18.6 pb~?} end 0.28:0.1) by HRS, 0.79 by DELCO, 0.181.0.07
by TASSO and 0.14 + 0.03 by CLEO (see Iater in this section}. There are two
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Fig. 28. The D*2 inelusive ¢ross seclions
for all experiments at PEP and PETRA.



comments in order here:  (a) the shape of Do(z) varies slowly with ¢ and the
large vatiation in ¢ above docs not represent a major difference in shap.c and
(b) the fits have been made directly to the chserved s{do/dz) spectra. Radiative
effeets tend to lower the effective (/3 and hence raise the measured valne of =
This has not been taken into account in the above determinations.

One can conclude from these studies that considerably more data are oeeded
before the charm fragmentation function is well understood. By the same token
more data are needed to pin down accurately the charm c1oss seetion in the 30
GeV energy region.

The CLEO gronp!? has studied the production of P*'s in the T energy
region. The total data sample consists of 150,000 resonant hadronic events
which corresponds 1o an integrated tuminosity of 60 pl—! at an average /5 =
10.5 CieV. The D*'s are found in the usual manner (same as HRIS discussed
earlier). Requiring |A — 145.4] < 1.5 MeV/¢® provides a signal of 268 £ 41 D™'s
— the K*x~ invariant mass for these D* candidates with momenta above 3
GeV /e is shown in Fig. 20. CLEO measures an inclusive cross section!® for D**
of 0.87 £ 0.1D & 0.28 nb for z > 0.35 where 2 = p/pumgsr [CLEO cheoses the
variable x because Lhen ali experiments have the same kinematic range: if

a0 e e e e

3
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em My, (Gew/ic?)
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Fig. 29. The CLEO K*7™ invariomt
mass speetrum where 1439 < A < 1469
MeV/c? was required and Py > 3 GeV/e.
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sealing holds £ i8 a3 useful 2 variable as z). The corrected cross section s{de/dz)
is shown in Fig. 30{a) along with the data of MARK 11 and TASS0). The fit shown
as a solid line is to {1) above with the sealing variable z (¢, = 0.10 +0.02) and
as a dashed line using the sealing variable 2 {¢; = 0.14 4 0.03). Assuming that
there are an equal aumber of charged and neutral P*'s prodyeed and that the
charm cross seetion is 4075 of the total hadronie cross section, CLE(Q estimates

that 65 £ 7 £ 217 of charmed quarks produced fragment into D*'s with r >
0.35.

CLEQ is also able to see the direct production of £® via the decay D° —
K~ &*. K7 invariant mass combinations were fortned for all oppositely charged
particle pairs for which |cos 0| < 0.75, where 0 is the decay angle of the K
in the A'w rest frame. This cut does not severely limit the D° cfficieney since
the D has spin zero. However it strongly disfavors the backgrouad which is
peaked a3t [eos x| = 1. The invariant mass spectram for Fg, > 2.5 NieVfe
is shown i Fig. 31. The D° signa) comprises 644 & 80 cvents and corresponds
to a corrected inclusive cross section of 1.6 £ 0.3 4+ 0.3 nb for D" with ¢ > 0.3

The differentia) D® produetion ctoss section is shown in Fig. 30[b) along with
the MARK 11 data,
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Fiz. 30. The inelusive cross section as 2
function ef x is shown for D*% in {a) and
D?in (b).
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The CLEQ group is able to use their D* and D data 1o «stimate how often
a D? is produced dire-tly. Since the D? is observed in both analyses 1 the same
decay tnode, the uncertainty in this D° branching fraction drops out. Assuming
all D*'s decay to D? and that D*° production is equal to D*+ production, CLEQ
obtains a cross se:tion for direct D° preduction of 0.1240.1540.14 nb for 7 >
0.55. This corresponds to a D?/D** production ratio of 0.18 + 0.24 + 0.25 for
£ > 0.55. This result is consistent with both t and 1/3, the result from naive
spin statistics. It seems unlikely that they are produced equally at this energy.

The HRS experiment is able to exploit their excellent momentum resolution
to observe D0 and D* directly at PEP. Figure 32 shows the K77 and K*r¥ 77
invariant mass distributions for the indicated = cuts. The distributions are from
their 19.6 pb~! data set. The fits shown in Fig. 32 are used to extract the
following ratios: D°/D** = 1.7+0.7 (2 > 04), D°/DY =231 1.2 (z >
0.5). 1f we assume that D*? always decays to D2 and that B{D*% — Dort) =
0.44 then, if all D? came from D*, the ratio D?/D*% wonid be 0.7. The HRS
data indicate then that at /2 = 20 GeV there sould be significant direct D°
praduction.

(f) High P, Leptons As a Tag for b and e Quarks; the b and ¢ Quark
Fragmentation Functions

The MARK I experiment was the first experimeat to use high P electrons
as a means of tagging b and ¢ quark .dccays!® and thereby obtaining the frs:
indication of the b quark fragmeri .cion functien. Since then results have fol-
lowed from the MAC group (muons),®® the MARK J group®! (muons) and the
TASSD group telectrons). The MARK Il has updated its electron analysis and
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sevmptotest 1to mnen analysis. Since theee of the four analyses are published
awd The fmieth ['FASKO) follows the same basic analysis pattern, we present
ove o general outline of the analysis procedure and focus rather on the resulis.
{ optomn are nlentified in hadronic events and their momentum transverse to the
thrust avis (1Y) is mensured. The data ore then divides mto bins of P and Fy.
Bavkpronnd sources are caleulated and/or measured and s fit is done to the
data in which one permits as sources for the leptons semi-leptonic decays of
bottom quarks, charm quarks and background. As an example typically a b-
vntiched sample (large P, large P;) will comprise leptons which are 6075 from b,
20" from ¢ end 209 background. The fits require input from the Monte Carlo
simulation programs which will specify the eilicieney for a given P and F; bin as
a function of the parameoters which specify quark fragmentation functions. The
semileptante branching fractions ate also parameters ia the fits. As an example
of the quality of the Jatn, Fig. 33 shows the TAGSO electron yields (P > 2
GceV/c) as 8 function of /% where the backgrounds have been subtracted. Figure
a4 displays the same information from the MARK J in terms of a normalized
cross scetion versus P2, All experiments use the parametrization given in (1)
for the fragmentation function, However the MARK J quote results for 5
not ¢g. The reaults of the fits to the data ate summarized in Table 4(a) for
b quarks and 4(b) for ¢ quarks. The agreement between the experiments for
(2} is most striking - b quark fragmentation is very hard with the primary B
meson taking typically 75-80%% of Lhe available quork euurgy. As an example of
what the parameters in Table 4 mean, Fig. 35 shows the fragmentrtion function
obtained from the MARK J fit for charm (a) and bottom (h) quarks. The dashed
lines represent the le ercors for the fits.

1 | ! |
150 TASSO Etectrors
(P> 2 Geva)
e Q6
3 l g g' ¢ Fig. 33 TASS50 electron yields as
9 o0 - afunction of £ for P > 2 GeV/c.
= I The fitted soarce for the lepton is
§ indicated and background contri-
] butions are subtracted.
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| Fig. 31. The MARK J dote are
shown as a fanction of P2, {a) The
data are compared to the Monte

[ Gev. ¢ 2]

3P{:: Carlo predictions for the muon par-
—lb.? ents shown and (b) the cross see-
tion is shown fur F > 2 GeV/e
. by the open eirelus and for al) mo-
N SN 3 ! menta for the solid circles. The
i two spectra differ only for P <
) J 2.0 (GeV /<)
© C Py 4 & 8 10
. 2 levii?]
- - ?sl
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- Treem
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Tt ‘ " Fig 35. Data and fit results from
- F 7.+ the MARK 1 for the ¢charm (a) and

Oy (2

a- /./( + bottom {b) fragmientation functions.




Table 4. b and ¢ quask fragmentation parameters

{a) Bottom Quarks

fb 1 e

MARK Il ¢} {o0015F 3823+ D024 | 07040062000

(0 |ooa2X Q8B F 082 | o72x0151000

MARK I () 0.15 £ 0,03 & 0.05* 0.75 £+ 0.03 £ 0.06
MAC (g) o.008 0.037 .80 £ 0.10
TASSO (¢) | 0.022F Q037 + 0020 0.75 + 0.08

(b} Charm Quarks

S DR 1 (:}E -

MARK J (g) 0.8+0.1-+02" 0.46 + 0.02 + 0.05

TASSO (¢ | 023X Q38 T 3] 055258 |

* MARK J meuure;—,ﬁ._

3. QCD TESTS IN ¢*e~ IN THE 30 GeV ENERGY REGION

In this section we consider new data from PEP and 1 TRA in the area of
QCD tests.?? During the last year the experimental grot ps have begun to do
O(a®) QCD tests and there is general agreement that a, obtained in this way is
reduced by about 2072, We will look iuto the cvidence far differences in quark
ond gluon Iragmentation and data pertaining to correlations between forward
rod backward jets.

{a} Measurement of a,
Three approaches to the measurement of a, ate presented here
{ i) The measurement of R (JADE).
{ ii) Energy-energy correlations (MARK J, CTLLO and MAC).
(iii)) Shape analyses (TASSO).

The JADE group has made a study of R, the ratio of the hadronic cross section
to the mu-pair cross section, as & function of \/s. The advantage of this approach
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is that QCD has a “gold plated™ prediction namely
= 2 as Y
R—qu:cq{!i-r rea(2)} (2)

and terms of higher order in o,/ can be safely ignored. In Eq. {2) nbove q is
an index for quark flavor and ranges over those quark pairs which are above the
threshold. ey is the quark charge and in the AfS scheme Cy = 199 - 0.12 Ny,
where Ny is the number of fiavors. The JADE data for / as a funetion of /7 is
shown in Fig. 36 and yields (R} = 3.97 £ 0.05 2 0.10. These data are fit to the
sum of Eq. {2) and a contribution from the weak propagator {£?2) to yield

sin®fy = 023+005 ard  a,=020+0.08

Unfortunately this “gold plated™ test of a, yiclds an exporimental result of
Yimited accuracy.

Before we can discuss the tests listed under {ii) and (i) we are forced to
digress for a moment to discuss Monte Catlo models. All the subsequent tests
discussed in this section will rely on corrections which are made using models
- models botk for the QCD matrix elements an'! for the fragmentation of the
quarks and gluons whose dynamics is specified by the matrix elements. The main
distinguishing element in the implementation of QCD itself is the use of models
for the inclusion of second order effects. There are two main classes of models?
which are widely used in e~ physics — the string approach embodied in the
LUND Monte Carlo® and the independent jet models, examples of which are the
Ali et al.,®* and the Hoyer ct al. model.?% For convenience we will refer to these
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Fig. 36. R as 3 fuaction of /5 from SADE.
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two different approaches as STR and IF. We consider first the perturbative inpat
to the models. For two jet topologies there is no difference in thie mod-ls, but for
the three jet (and four jet) topologics the modets are different as illustrated in
Fig. 37. Figure 37 shows the praduction of a 77 g parton state in the it where
there are no transverse degrees of freedom {o; = 0) in the hadronization. In
Fig. 37(b) {IF) the threc partons will frazment independently of each other, the
hadrons will be produced along the direction of the partons and the probability
of a prrticular parton kincmatic configuration is specified by the QCD miatrix
clements. In Fig. 37(a) the ¢ and § are formed by a string - the ¢ig final
state arises when the string is plucked trapsversely. The string will eventually
break as a g* 3’ pair are pulled trom the vacuum. The LUND model then decays
the ¢, ¢/ systems in their own rest frames and transforms the kadrous back
into the laboratory frame. So even if ¢4 = 0 in the decay of cach ¢7 system,
the hadrons in the laboratory frame do not all follow the parton directions. In
the LUNI model the color strings have coupled the jets. Until recently, these
models employed either fiest order QCD disgrams only or the second order di-
agrams shown in Fig. 38(a). More recently people have heen incorporating the
virtual dingrams shown iu Fig. 38(b). However there are two different thenretical
approaches to the ealenlation of the virtual diagrams. The first approach. com-
menly referred to as the ERT or VGO scheme, is due to two groups; EHis, Ross
and Terrann®® and Vermasseren, Gaemers end Oldham®® while ihe serond, so
catled FKSS scheme, is due to Fabricius, Kramer, Sehierholtz and Schmidte, ¥
There was an apparent disagreement in the size of the virtual corrections as
caleulated by ERT (VGO) and FKSS. However this has now been resalved (sec
for instance, Ref. 28) as a difference in the way the “cutoffs™ have heen applied.
The cutoff parameters are used to decide when a final state is 3 versus 4 partuns,
2 versus 3 partons ete. There are two basic schemes used for cutclls:  {a) the
definition of a jet in terms of the Sterman-Weinberg®® variables ¢, 6 and (b) the
use of the variable y;; = M':'}/ /2 where i and j refer to two partons with mass
Mi;. It yi; is less than yo the two partons are recombined into oue. Typieal
valtues ysed in analyses are v ~ 0.02, (9 ~ 0.1 and & ~ 15°

\

Fig. 37. Artist's perception of the
difference between ¢qg deeay in the

3o string picture (a) and the indepen-
VAN L .
. ~  dent fragmentation picture {b). For
/ these pictures o4 = 0.
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Fig. 38. [a) Tree level dingrams for 3 and 4 parton final states and (b) second
order virtual parton contributions,

We see that the two classes of models for the serturlative QCD differ in
their approach to the problem and it would be very surprising if their predic-
tions for e¥e™ hadronic events were identical. We would lib e to stress here that
in a sense these two models form two different extremes and that the real world
prebably lies somewheree in between, Why do they form two extreries? As long
r= A eitracted using the LUND approach is coming out 500- 1600 AMeV, the color
string must be stretehiog very far before it breaks. This i extreme because it
wanld seem energetically more favarable to break the string carlicr and pull a
q§ pair from the vacuum. At the ather extreme however the [F models ignore
color cotrelations completely. As an additional shortcoming, neither madel in-
corporates the effects of soft gluons which could be important at these energies
(== 3t GeV). Finally, the implementation of the virtual diagrams provides an-
uther pessible “knob” in the Monte Carlo program and everybody's “knobs™ are
not sct to the same position.
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More “knobs” are introduced in the nonperturbative (hadronization) inputs
of the madels. The LUND model has either standard Feynmaa-Fietd™ fragmen-
Iation or ils own fragmentation model. The IF models use the Feynman-Ficld
approach. They are many inputs into these fragmentation models - parame-
ters which govern the transverse and longitudinal fragmentation of quarks and
gluons, the psendosealar to vector frastion fof primary mesons, the relative prob-
ahility to produce 2 2@, 25 and dd quark pair from the vacuum, the diquark
prabability, branching fractions ete.

The message is then clear  as long as tests of QD rely on models it is
hard to compare two different analyses because the Monte Carle simulations
can differ in many ways. It is no longer reasopable to assume that one group's
“LAUND" is equivaient to another group’s “LUND™ -- they ean diff=r in the im-
plementation of the virtual diagrams, the fragmentation parzameters, the choice
of fragmentation madel, ete. This is an unfortunzte situation and experimental
groups, in cooperation with the authors of the simulation programs, should try
to allot some Lime to making the models more uniform.

Table 5 summatizes measurements of a,, with corrections Lo Olo';.’), using
the two differenl approaches to the implementation of QCD. The JADE resujt
has been available for quite some time;** the other three results are more re-
cent. Defore we discuss the measurements it is worth observing that while the
experiments differ in degree, they are all consistent with the trend that a,(STR)
> a4{IF) namely that a, obtained using the LUND model is larger than o, ob-
tained using the IF models. In the light of the previous discussions this should
not come 28 a surprise, since one expects naively to have more three jet events in
the LUND approach than in the IF approach. Before drawing more conclusions
we will look at the data.

Table 5. Comparison of o, Results to {a?)

Experiment o, {IF) a, (STR) Methed
MARK 3! 0.12 4+ 0.01 0.14+ 0.01 Encrgy-LEnergy
Correlations
CELLO 0.i2 £ 0.02 0.19 £ 0.02 Energy-Encgy
Correlations
TASSO 0.16 + 0.02 0.21 £ 0.02 Combined Fit to
Many Distributions
JADE* | 016 0.015+0.03 [ 0.18£0015+0.03 | Fitto Xy, X}
S RS 1 - - o
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The MARK J3!, CELLO and MAC cxperiments have used the energy-
energy correlation to measure a,. The encrgy-coergy correlation™ involves
using hadronic events to study the encrgy weighted cross scction

I dx 1 EE;
- = - ¥ 5 L7 Afeos xg;)
o deosy N g s b%&. i

where the sum ranges over all /V events including all particle pairs i and j with
energies E; and E;. The particles i and j are separated by the angle x;;. Two
jet events will give rise to peaks at conx = +1.0in the absence of any transverse
momentum in the {ragmentation. The presence of this hadron Py will provide
correlations at ather values of cos x. Gluoa emission will provide an asymmetry
to the energy correlation. Hence to isolate such an emission one studies the
asymmetry

-y (3)

dcos x deosy

dE dL
A{(.‘O‘SX)::; h)]

I all sourees of nonperturbative effects were symmetric, one could hope to
project out the perturbative QCD using Eq. (3). So the hopes were that the
encrgy correlation wou'd

{2) iminimize the effects of fragmentation;

{b) reduce the soft hadron effects via the use of the energy weighted
correlation;

{c} permit therefore a direct compatison hetween the data and the per-
turbative QCD calculations, i.e. treduce to a minimum the use of
madels in the determination of a,.

A little history is now in order. In 1980 PLUTO™ showed that 1 /o dE/deos
was {ragmentation dependent and hence one should use the asymmetry A{cos x).
In 1982 the MARK 1l group® showed that the fragmentation of the ¢§ g state
contributes an asymmetry about 20 of the predicted perturbative efiect. Since
this contribution from fragmentation ix a nonperturbative effect, comparison be-
tween data and perturbative QUP wouid lead to an incorrect determination of
as. In 1082 the CELLO group™ voncluded that Afcos y) was influeaced by
nonperturbative fragmentation. In 16982 Steve Ellis™ used the string picture to
confirm the result of the MARK H. In 1882 Ali and Barrciro™ put in second
order QCD and showed that it had a small effect on A{cos x) but reaftirmed
that the fragmentation of the g§g¢ parton state contributed about a ~ 20%
component to Afecos x), and that this effact persisted at all values of cosx. The
result of this history lesson then is that it is very hard to compare perturbative
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QCD calenlations directly with the data. Unhappily this returned the energy
correlation measorement back to the uneertain land of the Monte Carlo models.

The MARK J group®! kave used the Ali et ul. Monte Carlo with Feynman-
Field fragementation as their IF model and the LUND model with Feyaman-
Field fragmentation as their STR model. Virtual corrections afe accounted for
using the ERT® caleulations and the Sterman-Weinberg cutofls ¢ and 8. The
asymmetry, A{cos x), is shown in Fig. 30. The data have been correctad for all
detector imperfections. However the effects of initial state radiation have not
been corrected for in Fig. 30. The solid histogram is the prediction of either the
IF and STR models which are indistinguishable. The solid line is perturbative
QCD with a, = 0,13. Fits have heen performed to the data for feos x| < 0.72
(where the fragmontation effecie are minimized) and yield o {STR} = 0.11 &
0.01 and a,([F} = 0.12 & 0.0, Assuming an average a; = 0.13 2 0.01 £ 0.02,
the MARK J calenlates A{ X%} using the second order formala given in Rel. 38
to he ACK75) = 180T §9 Mov.

For the region |cos x| < 0.72, the measurement is insensitive ta Jarge ranges
of the cutofl parameter § which was chosen to be 132 for this analysis. The
a, measurement is also insensilive to the chinice of ¢ in the range 0.07 < ¢ <
0.15; € = 0.1 was used to obtain the results given above.

The CELLO group has performed a similar analysis with considerably less
statistics than the MARK J. CELLO uses the LUND model to generate parton
kinematics, For the I[F model they turn off the elects of the string fragmentation
and use instead Feynman-Fiold fragmentation. For the STR model, the standard
LUND fragmentation model® is used. The virtual corrections are

10 5 3
E MARK J 3
- Fig. 30. Data from the MARK
— i 1 for the energy-cnergy asym-
R metry compared with the pre-
E., F diction at the parton level with
< : 0, = 0.13. The histogram
we k- is the prediction of the two
simulatiovn models (STR and
L IF) which are indistinguish-
o [ ) ) . able in the plot.
-1.00 0.7 -050 -025 [+]
18 cos{x) aioas
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implemented using the cotofl variable y;, deseribed eatlier in this section. The
results presented below are insensitive to the choice of & cutoff in p;; in the range
0.017-0.05 which corresponds to a jet energy cutofl in the range 4.4.7.6 GV,
The CVLLO group uses the variable x instead of cos x.

The CELLOQ asymmetry 4{x} = {1/ sin x) Alcos x} is shown in Fig. 40. The
predictions of the two Monte Carle models are shown, The data is fit to the
madels in the region cosy < 0.92 to yicld the values n, {STR) = 0.19 £ 0.02
and a, {IF) = 0.12 -+ 0.02.

The conclusion drawn by the CELLO group differs from that drawn by the
MARK J; CELLO concludes that a, determined using cnergy correlations is
madel dependent. It would be useful to compare the MARK J and CELLO data
to see il the differences are in the data being fit or in the models used to fit the
data. CELLO’s data are fully corrected, but as discussed earlier the MARK 1
data are not corrected for the effects of initial state radintion. It would improve
onr understanding of the conflict if the MARK J could provide fully corrected

data.

The MAC data are shown in Fig. 41, Their approach to the QCD model is
the same as CELLO  they use the LUND gencrator with LUND fragmenta-

tion for TR and Feynman-Field fragmentation for IF. However MAC has not
included

I L
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Fig. 40. The CELLO data for the asymme-
try showing the predictions of the STR and
I¥ models.
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the effects of the virtual corrections. They present their analysis ns a “status
report” because they are struggling to understand the strong model dependence
indicated by the curves in Fig. 41. The errors included in Fig. 41 are statistical
only — the systematic ertors are estimated to be ~ 15%. The MAC data arc
fully corrected and can he compared directly with the CELLO data. This is
done in Fig. 42, Unfortunately the CELLO data are statistics limited in the
regions of cos x where fragmentation effects are minimized. However within the

~a i Pertuibotwe GLD (0, 10I3)

STR(a, - 0.3

—e—

-0.4
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Av13ag4

Fig. 41. The MAC asym-
metry data showing the pre-
dietion at the parton level
as well as predictions for the
STR and I¥ models for var-
ious choices of a,. Statistj-
cal errors are shown — sys-
tematics are £15°¢,

stated errors the data of CELLO and MAC agree where there is overlap.
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Fig. 42. A compatison of the asymmetry as
measured by MAC and CELLO.
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The TASS0 group has performed an analysis in which they cheose groups
of kinematie variables as “shape parameters” and then fit the data to the differ-
ent Monte Carle mudels. They make no distinetion between two, three,... jet
topolugies -~ all the hadronic events are used for the fits. The IFF model is the
Ali et al®? generator with modified Feynman-Field fragmentation. The LUND
Monte Carlo is used for the STR model. TAS50 has fixed as many of the frag-
mentation parometers — r = PSfV, ¢, ¢, Pls)/P{u), Pla))/Plg) — ns they
can wsing Jata from a variety of experiments, TASSO finds that a modifieatinon
of the longitudinal fragmentation functiun Tor light quarks in the Feyrman-Ficld
model improves the quality of their fits. They use fz) = (1+ag)(1—2)* rather
than the standard form f(z) = 1 —ay + daz(1 ~ )2, For heavy quarks, TASSO
uses the farm given by Eq. (1). The distribution of the transverse momentum
of the cascadv partons is assumed to kave the form exp(—q%/ﬁogl.

The virtual corrections are put in using the FKSS scheme® with Stermane
Weinberg cutofls. The values of {¢,4) used in this analysis are (0.2,40°) which
would correspond roughly to a eutoff in y;; of 0.025 for a three parton state.

TASSO chooses variables for their fits which decouple as nearly as possible
the Gt parameters ay. o, and a,. The variables used are as follows:

{a) Jet mass. It has been stressed by Clavelli®? that jet masses are a sensitive
measure of gluon emission (n,}, Accordingly each event is divided into two
hemispheres by a plane perpendicular to the sphericity axis. The mass of the
particles in each of the hemispheres is calculated. Denoting the high (low] jet
mass as My (M) the variable

Mp - M}
I.:‘..i

vis

AM- = is formed.

{b) The 1nomentum tensor. The generalized momentum tensor is given by
the formula

. P Py
W% B/

where o, 3 refer to the (artemian momentum components of the j™ particle
and N denoles the number of particles n the event. Tensor T and TR are
used — T4 corresponds to the familiar tensor associated with sphericity which
has eigenvalues Q1. @=- and Q3. T12) has the property that momentum enters
quadratically. Tr avoid this quadratic dependence, T with its eigenvalucs
Ly, L2 and Ly, is employed. The role of the L; is analogous to the tole of the
mare familiar ¢, .

42



() zp = 2p/\fa, pi, piF. Here p*t (piF) measure the smount of mo-
mentum out of (in) the cvent plane where the event plane is defined by the 717
analysis {sphericity).

For a given mode) a lattice of 5 X 5 X 5 poinis in the ay. 64, a. space
was used. 2000 Monte Carlo events were generated for each lattice point and
the contents of cach bin of cach distribution was parametrized by a second
order polynomial in ay, g and a,, These parametrizations were then fit to the
correeted data to yield it values. The results are summarized in Table 6 for the
STR and IF models. The fitted distribution columns are most sensitive to a, o
and a, respectively. The contribution to the nverall x* is shown for each variable
separately, The variables in column three, which determine the value of a, most.
directly, have reasonable x> contributions - namely these distributions are well
fit. Only statistical errors have been used here; the addition of systematic errors

in the quantity zp for instance will reduce it x? contribution to a reasonable

Table 6(a). TASSO it results for the independent jet madel, second order

QCD {IF)
B ) Overall )
Distrlbuuon (xg/ DF) 2/ DF‘ ar oq oy
=pt4 0) Q1(2 31 Qu(l 9) 38 | 687 + 017 |.362 +.003 |.166 + .003
ol ) | Prow(3.3) | prva(l.0) | 48 | 8304 .014 |.350%.002 |.155+ .002
ol ) | Lls) | 12(1.9) 38 | .207+.016 |.316 +.003 |.155 4+ .003
z(4.7) Q,(z 0) AM"’(O.?) 33 | 6784 .020 {.255 4 .003 |.166 + .004
Table 6{b). TASSO fit results for the String model, second arder QCD {STR)

— s e g p -
Distribution (x%/DF} x*/DF ay, o4 s
2040) | Qued) | @A12) | 32 |.419%.017 [382.2 001 206 2 oma
zpl ) { Prout(5.2) | preal2.5} 40 | 473 £ 012 |.324 4+ .003 |.201 1 003
ol ) | Li88) | La(22) 40 | 300+ 016 |.323 .4 001 {.221 4+ 003
70400 | @i{28) |AM1.1)| 32 | .4371 .020 |.320+.001 [-IO:I: 001
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level. The most notable result from ‘Table 6 for our discussion here is that for
the STR model . == 0.21 whereas for the IF mode) &, == 0.16.

The TASSO group has shown that if a kinematie region is chosen for the vari-
ables Q2. pi¥, Lo and AAf? which strongly enhances the pesturbative process (3
jet events), the values obtained for ay are almost identical to those obtained by
the fits to the ful; kinematic range. If the Stermon-Weinberg cutoll parameters

(¢, 5) are variei from (0.175, 35°) to (0.255, 45°), a, changes by +0.02 in both
models.

The TASSO analysis indieates that there is a significant model dependence
in the determination of a,.

For completeness we can state the published result of the JADE group?
which used a fit to three jet event topologies to make the second order o,
determination a,. = 0.160 +0.0150.030 whore the result is independent of the
fragmentation medel used within the stated errors.

What should we conclude then about these measurements of a,? This re-
viewer would make the lollowing observations:

{a) Different analysis procedures encounter differont problems. However
they all rely on the use of models Lo oblain a measure.ncnt of a,.

{b} The measurements of &y, are model depeadent and could be procedure
dependent.

{¢) With the strong dependence on models it would be useful if the Monte
("arlo simulation programs could be kept more uniform. With all the
groups using different parameters and different fragmentation models
zad different second order cutoff procedures, compatisons between
resulis. especiatly when they reach diverent conclusions, are difficult.

{d) We mnst remember that the STR and IF models represent two dif-
ferent exiremes with respect 1o the application of color strings. The
real world probably lies somewhere in between. In addition, neither
model includes the effects of soft gluons — these could still be im-
portant at these energies.

{¢J Patience is a virtue — what scems 10 be a cloudy situation aow might
well become clearer in the futare - 50 we should ot get too upset
by the present difficulties with the a, determination. In particular if
PETRA could get a reasonable sized data set at high encrgy (/8 >
10 Ge¥), this will help the situation considerably. In particular one
could then measure the energy dependent effcets which we are now
trying to model.



(b} Transverse Momentum Structure of Jets in the Fnergy Range 0 — 32 GeV

The PLUTO group has made a very thurough study of the Pt structure
of particles in jets in the energy range 9.4-31.6 GeV. All their data are fully
corrected for detector and initial state radiation cffects. Comparisons are made
with the leading log QCD (LLA) predictions of Rakew and Webherf?. The reason
for making a comparison with LLA calculations is that they include the effects
of soft gluons. Figure 43(a) shows the evolution of (&, F}}/ /a with /5. The
sum ranges over all the charged and neutral particles and £ is measured with
respect ta the thrust or sphericity axis, The average is taken over all the events.
The fit shown in Fig. 43(a) is to the LLA prediction of Rakow and Web_er and it
yiclds a value of A = 600425 MeV which would correspond to a,(900 GeVy =
0.20 + 0.01. Reference to different jet axes yields a systematie effect of 0.01 in
ay. PLUTO has studied the effects of fragmentation on the determination of a,.
If they use their simulation program to study the difference hetween the average
P, as mcasured by the primary vector and pseudoscalar mesons rather than by
their decay products, they find that e, is 25% lower. Hence they eonclude that,
while the Rakow and Webber LLA prediction fits the cvolution of the average
Py very well, fragmentation effects preciude an accurate determination of a,.

PLUTO
[corrected data)

6 & Thrust ous O Sphencilyans & Quark ows Flg 43. The PLUTO

o T ‘ r data for (a) (L £1)/ \/3
F o ta) { as a function of /3.
| Thefull {open) ciecles
= 04 T 84 k% refer to F relative to
el 14 - 1 the thrust (sphericity
o2 wb - axis). The triangles
[ refer to values of Fy

obtained with respeet

© i : *J? o the most energetic

Cl $ 4  parton direction. The

oy L % A solid line indicates the
8 i LLA QCD prediction
r / of RRakow and Web-

& T 1 ber for A = 600 MeV.
oo L (b) (£ P?) as & func-
i tion of /3. The pre-

o l '. : diction of Rakow and

o 0 -0 0 20 Webber is represented

e A (Gev) T by the shaded area.
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Figure 43{b) shows the evolutivn of the average i, 1n this case the predic-
tion of Rakow and Webber does not account well for the data and the diserepancy
cannot be explained by fragmentation cffects.

{¢) Does lhg_Gluon‘F‘raElingli_I?jl}'greplly Than the Quark?

There has been evidence from the JADE group*! that the transverse mo-
mentum which charasterizes the fragmentation of a gluon is different than that
for quarks. This evidence was based un their data at /s > 20 GeV. JADE
has now added to their analysis the data for /s = 22 GeV oand expanded the
seope of their analysis. Their conclusion remains that gluon enriched jote exhibit
larger (£} in their fragmentation. We present here some of the arguments and
comment un the analysis.

A sphericity analysis was performed on the data and cuts (@) < 0.08, (}a -
21 > 0.07) are made to select planar, 3 jet eveats. Pacticla in these planar
events were assigned to one of three jets using the method of 1riplicity. *? The
jet directions were then caleulated from the vector sum of the particles which
constitute each jet. Because jet direclinns are better measired than jet energies,
the jet energies are caleulated from the jet directions on the assumption that the
partons are massless. These energies, E)'-‘, were then ordered such that £§ >

E{,‘ p-2 E_—‘f. Events having a jet with less than four particles or an obseeved
energy of less than 2 GeV were removed from the sample. Both charged and
neutral patticles were used in the analysis. At 33 GeV the Monte Carlo models
for QCD indicate that the probabilitics that jet #1. #2 and #3 is the gluon are
12, 22 and 517 respectively and 9, 20 and 34 at 22 GeV. The sum of these
three probabilities is not 100 because the 3 jet sample is contaminated by 7
cvents. The thrust of the analysis now is to compare jets af the same energy
but wilh different gluon conteat.

Figure $1(a} shows the {7) measuted relative to the got axves for the thees
jets. Data are from the 22 and 33 GeV energy regions. The data are not
corrected for detector biases, 2nd beth neutral and changed tracky enter into
the plot. Jet #2 has a smaller {F) than 1t #3. The Monte Carlo models prediet
that the gluon rontent of jet #2 15 ~ 257¢ and that of jet #3 is ~ 307 for
B < Lgs < 10 GeV. The data in this jet enetgy region are plotted in Fig. 45
in terms of Fy. In the region of 0.2 GeV/fe < Fy < 1.5 GeV/e the data were
fit with do/dF; T erpl—A, F%) and the ratio of AafAy = 1.13 £ 0.04 was found
indicating that the fet with Inghet gluon content has a larger {F%). Using charged
particles only A2/A3 = 1.10 + 0.05

We return now to Figs  4#{bl(d). Two madels were used for comparison
with the data. The resalt of the LUND model is shown in Fig. 44{d). The
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model used jn Figs. 44(b) and 44(c) is the independent fragmentation model of
Hoyer et al.%® In Fig. 44(b) the quarks and gluoas [ragment identically, namely
0q == a0y = 330 MeV/c, whereas in Fig. 44(c) o = 330 McV/c but op = 500
MeV/e — the gluon is assigned a larger primordial ;.

At the heart of this test is the question of whether QUD is a non-Abelian
theory. If it is, then the presence of a gluon self coupling term would in fact
provide a broader P; for gluon jets than for quark jets of the same energy. So
JADE is probing a very important question here and their result could prove to
be very significant. For such an important issue it wontd be comforting to have
confirmation — such confirmation is still not forthcoming. It is unfortunate
that the JADE test hinges so crucially on the models for ita result. The author
has concerns about the procedure {any procedure at these energies) of assigning
particles to jets #2 and #3. Because of the proximity of these two jots, there
will be a tendency to assigh some patticles to the wrong jet. In particular, jet #3
is looking for ways to get over the definition ents of low multiplicity and energy
discussed earlier. The misassigned particles will tend to have larger than average
Py, The JADE response to this eriticism would he that the application of the
LUND model or the independent fragmentation model with o4 > o4 reproduces
the data (Fig. 44). Hence the corument that the result hinges on the models
Inadequacies in the models could possibly contribute to an incotrect conelusicn.

{d} Can We Distinguish Experimentally the Diflerence Between the String

l’iclu_{‘:'_a._ll_d the Ill(_.'_i_‘p(_‘l_l_(l(;nf. Fragmentation P_irtuf_e?.

We have indicated in this section that the detumination of a, is model
dependent and in particalar one obtains a different value for a, using the string
model and the indesendent [ragmentatien model. An obvious question then
is can we determine whether one of these models provides & more aceurate
representation of the data? The JADE group has presented several ways of
inoking at this problem - we choose one here for illustration. Again the thr -
jet [planar} events are used (see Section c). For each particle the transverse
mementutn is calculated in the event plane relative to the reconstructed jet axis
(P¢") where the sign of Pji7 is defined by the insert in Fig. 46(a). Figure 46
shows {(P{™) plotted against P". where P is the momentum component along
the jet axis. Also shown on the figure are the predictions of the LUND model
aud the Hoyer et al. model, where the models have been optimized for the
total data set. The data favor the LUND description. However, we have to ask
ourselves whether we are testing something fundamental about the difference
between the string picture and nonstring picture or whether we are measuriog
differences and/or inadequencivs in the models used in the analysis? The author
lias concerns about tests which depend so strongly on the simulation models for
their interpretation.
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(¢} Baryon. Charge and Jet Mass Correlations; KNO S-aling

Is barson puinber conserved locally in a jot or globally m an event? ‘The
TASSQ graup has presented evidence that baryon number eompensation in the
Vv# = 34 (ieV region is mostly a loeal phenomenon. They eonsider hadronie
events with pp, pp and pp topologies, requiring p > 1 GeV/e for the baryons,
Using their Cherenkov counteps, TASS0 is able to identify protons with mo-
menta up to the maximum .dlowrd Kinematically. They classily the dibaryon
eveids aecording to whether tie baryons are in the same jet or in opposite hemi-
sphere jets. The results are shown in Table 7. Contributions from background
topologies have been subtracted but the entries are not carrected for detector
inefficiencies. The entries in Table 7 are numbers of events. Oge sees that the
TASSO data imply that for fast baryons, the baryon number compensation oe-
curs mustly in the sas e jet. Le. is a local phenomenon. However more statisties
are needed to see if t ore is any long range compensation. In a contribution to
this conference, A. Ba-tl et al. ¥ predict a 10-20° compensation in opposite jots
at this \fs.

Table 7 TASSO baryon correlations. Background
sustracted event populations are shown.

Same Jet Opposite Jet
P+ PP —-0.24+21 274+ 3.1

ST 150+ 46 3.0+ 30

The HRS and TIC groups have looked into the corrrlations of chatged
multiplicity. The ha- ronic eveats are divided into (wo hemispheres (forward
and backward) by a | 'anc perpendicular to the sphericity axis - cuts on event
shape are made tu seiv 1 predomioaniy twe jet events. The TPC data are shown
ir Fig. 47 where the arerage charged multiplicity in the backward hemisphere is
i*-tted as a function <f the multiplicity in the forward hemisphere. [The varinble
y=(1/2)yn(E+ P T~ PH) is the rapidity] The curve is the prediction of
the LUND Monte Ca 1. The TPC sers no iarge charge multiplicity correlations
-~ those exhibited 1. the plot are due to instrumentai effects of solid angle
coverage and hadron selection criteria {charged 1 altipiicity > 6). The HRS
Zata are shown in Fip 48 for two regions +f rapidity. In Fig. 48{b} tke central
region is removed. Th- HRS data, like those of TPC, support the fragmentation
independence of the wo jets. The doited line in Fig. 48{a) represents the
trend of th~ cen ral region of 540 pp data.$* The HRS has also looked inta jet
mass correlations as shown in Fig. 49. They support the sesults of the charged

50



multiplicity, namely there is no cvidonee for large correlations between the two
fragmenting jets.

HRS has studied KNO scaling. % Thelr data are shown in Fig. 50 as eom-
pared to data from pp annihilation and pp interactions. The HRS e*e~ data

are clearly narrower, However their result is in reasonable agreement with the
TASSO data ¢
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Fig. 47. TPC data (ar multiplicity corvelations.
‘The apparent correlation ia an artifact of the de-
tector and analysis cuts as shown by the Monte
Carlo prediction.
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