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Determination of the QCD color factor ratio C,/Cg from the scale dependence of multiplicity
in three jet events
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| examine the determination of the QCD color factor rafigq/Cg from the scale evolution of particle
multiplicity in e*e™ three jet events. | fit an analytic expression for the multiplicity in three jet events to event
samples generated with QCD multihadronic event generators. | demonstrate that a one paraméigf @t of
yields the expected result, /C=2.25 in the limit of asymptotically large energies if energy conservation is
included in the calculation. In contrast, a two parameter fiCQfCr and a constant offset to the gluon jet
multiplicity, proposed in a recent study, does not yi€ld/ C=2.25 in this limit. | apply the one parameter fit
method to recently published data of the DELPHI experiment aettes collider LEP at CERN and deter-
mine the effective value o€,/Cr from this technique, at the finite energy of t&8 boson, to be 1.74
+0.03+0.10, where the first uncertainty is statistical and the second is systematic.

PACS numbe(s): 13.65+i, 13.87—a, 14.70.Dj

I. INTRODUCTION C/Cr is consistent with unity in this case.
Having established a fitting technique that yields the cor-
At the basis of quantum chromodynami¢®@CD), the rect results in the limiting cases ¢f) asymptotically large
gauge theory of strong interactions, are the color fadlzys energies and2) C,=Cg, | apply the method to recently
and Cg, with values 3 and 4/3, respectivel§]. C, deter-  published datd4] of the DELPHI experiment at the'e™
mines the relative probability for a soft gluon to couple tocollider LEP at CERN. | thereby determine the effective
another gluon, whil&C determines the corresponding prob- value ofC,/Cg from this method at the finite energy of the
ability for a soft gluon to couple to a quark. The raiq /Cg Z° boson.
is perhaps the most fundamental quantity in QCD in addition
to the strong interaction coupling strength. Currently, the Il. THEORETICAL FRAMEWORK
most accurate measurements3gf/Cr are from angular cor- . .
relations between jets in four jef e” events[2] and from AN anal_ytlc expr_es.s[on.fo:thie topolc_ng dependeljce ofthe
the ratio of soft particle multiplicities at large transverse mo-mean p_artlcle multiplicity e € three jet quark-gnthuark—
menta to the jet axes between unbiased gluon and quark je®40Ndag eventsNs e, valid in the NLO approximation of
[3]. perturbation theory, is given by E§6.43 of [5] (see also
Recently, a new method to meas@g/Cr was proposed [70):
[4], based on the scale dependence of the mean particle mul-
tiplicity in e"e” three jet eventd\3 ;. This method utilizes N3z jet=Ne+e-(2E*) +r(p,)
a next-to-leading-ordér(NLO) analytic expression foN 3 jet

[5], in conjunction with a constant offset terf; [4] for the  \whereNg+.-(Q) is the mean inclusive particle multiplicity
gluon jet mu(l)tlphcny, to perf%rm a two parameter fit of o o+e= annihilation events at energy scale The quark

Ca/Cg and Ng. The constaniN, is intended to account for and gluon jet scale€* andp, are[see Eqs(6.38 and

nonperturbative effects. The variab®,/Cr is introduced (6.41) of [5]]

using an analytic expression for the mean multiplicity ratio

between gluon and quark jets, The expression used for £ _ /pq. Py
2

Ne*e*(DL)
W

[6] does not incorporate recoil effedisnergy conservation ' 2
In this paper, | examine the determination@{/Cg from

multiplicity in three jet events. My principal purpose is to 2(Pa- Po) (Pa- Po)

test the analytic expressions fidi j; andr. The theoretical = \/ Sl ALt Ea & (3)

expressions are tested by fitting them to event samples gen- Pq-Pq

erated with QCD multihadronic event generators. The main . _ —
. : . ith py, pg, andp, the four-momenta of thg, g, andg.

conclusions are that to obtain the correct asymptotic result, . 9’ ™ 9 : N

Ca/Ce=9/4=2.25 from the method it is necessary to use@ Is the energy of the quark or antiquark in the rest

. frame, whilep, is the transverse momentum of the gluon
NO ' L
fche pure QC.D resulES] without the qffset termNg and '.[O with respect to thejq axis in that frame. These equations are
include recoil effects in the expression for As a consis-

. valid for massless quarks and gluons.
tency check, | apply my method to Monte Carlo events with 1,5 ¢ antityr (Q) is the ratio of the mean multiplicities
Ca=Cr=4/3 to verify that the fitted result for the parameter j,oyeen gluon and quark jets. It has been calculated analyti-
cally in the next-to-next-to-next-to-leading-ord8NLO) ap-
proximation of perturbation theory, including recoil effects
IAlso referred to as MLLA. [8]:
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F(Q)=ro(1—r1y0— 273~ r37d), (4) The analytic expressipn far[Eq. _(4)] is introduced into
Eq. (1). rq, ry, andrg in expression4) depend on 1
where yo(Q) = V2Cpag(Q)/m, ro=Ca/Cg, and the cor- and 1C,, as stated above. Similarly, in Eq. (5) depends
rection termsrq, r,, andry are constants in QCD, which gn 1t,, while B, and B; depend onC,. The leadingr,
functionally depend on the color factors through terms proterm in Eq.(4) and the 17, terms inrq, 1, r5, andB; form
portional to 1¢y and 1C, [8]. r depends on the scal®@  ihe fitted parameter.C, in rq, Ty, I3, Bo, and By is set
only throughas: equal to its QCD value of 3.1 is then determined in a one
B, In(2y) parameter fit of Eq(1) to tr_\e Monte Carlo or experimental
ag(Q)=———|1- ————|, (5)  results forNge as a function of scale. The DELPHI Col-
Boy Boy laboration recently presented a similar stydy. | discuss
with y=1In(Q/A), A a cutoff which defines the limit of per- the DELPHI method and results in Sec. VII.
turbative evolution, By=(11CA—2n)/3, B1=[17(CA)?
—n;Ca(5+3/rg)]/3, andn; the number of active quark fla-
vors. In this paper, | sem;=5 and use the corresponding IV. MONTE CARLO SAMPLES AND EVENT SELECTION
result for A found in a fit of the 3NLO expression for quark
jet multiplicity [9] to inclusivee®e™ data. This resultA

2
1

For the principal Monte Carlo based results | present, |

=0.148 GeV[9], is similar to the value of g [10].2 use event samples generated with HeRwIG Monte Carlo
’ multihadronic event generatpt 3], version 5.9. The param-
Ill. ANALYSIS TECHNIQUE eter values used faHERWIG are the same as those given in

[3]. HERWIG contains the most complete computer simulation
Three jet events are selected using standard jet findingf Qcp presently available, including terms up to and be-
algorithms(see Sec. IV. Two of the jets are |dgnt|f|ed as the yond the next-to-next-to-leading-ordé@NLO) approxima-
quark (q or q) jets, the other as the gluon jet. The four- {ion | this senseierwiG resembles an analytic calculation.

momentum of each jet is assigned to the underlying, or |, aqdition, HERWIG implements exact energy-momentum
g. Since expression®) and(3) are based on massless Kine- - ,qenation at each parton branching and a model for had-

Eat;c?r,]th_e get momenta adre rr:odllflte%to obta_un rtr;ass(ljess 1®%snization. HERWIG yields the correct asymptotic result of

thltrasz;\ngleejsetfeztiv:/i:ssj:gtgeascsimr?gethee?:trsaté%ﬁ%é ;Saes}{sgs 2.25 for the multiplicity ratior [14] and related quantities

e.g.,[11]). Second, the jet three-momenta are scaled as fol[—3]' I p_rowdes aﬁqo%(_i gescrlptlf)lnté); gJuon an.d quar:k Jet
properties up to the highest availaldee™ energies. Thus

lows: i .
HERWIG provides a suitable QCD reference samplerwIG

. Ecale = generally predicts that QCD variables reach their asymptotic
P=— jet finders (6)  values at center-of-mass energies of several TeV or more,
|Pjet finde depending on the variable. In the following, | choose 10 TeV

o2 . ) . _as the canonical c.m. energy at which to test my fit method in
With Pjet finger the jet three-momentum determined by the jetine asymptotic limit.

finder. Tbe quark and gluon four-momenta defined by For studies withC,=Cr=4/3, | employ a special version
= (Ecac,P) are used to determine the scal@sand(3). This  of the JeTseT Monte Carlo multihadronic event generator
method of defining massless jets is referred to in the literaf15), version 7.4, with parameter values given[i6]. In
ture as theE0 schemd 12]. addition to settingC,=Cg, | turn off gluon splittings,g
The values oNe+-(2E*) andNe+e-(p,) in Eq.(1) are  _,qq. The reasomETsETis used for these studies, and not
determined using parametrizations Nf+.-(Q) VersusQ.  Lerwig, is thatHERWIG does not allowC,=Cp . JETSETIS
These parametrizations are based on sixth-order polynomiajsased on leading-ordétO) QCD with a simulation of co-
in In(Q). A parametrization is determined independently forherence effects due to higher orders. The standard version of
each Monte Carlo event sampland for the data. For the jetsetdoes not yield the correct asymptotic result foms
Monte Carlo samples, the parametrizations are obtained by geen from Fig. 2 of14], except perhaps at exceptionally
fit to the predicted values dflg+e- versusQ=E. in the  high energiesE, ,>100 TeV?. Thus the QCD predictions
interval between 10 GeV and 10 TeV, whelfg, is the  of jeTseTshould be treated with precaution. For the present
center-of-massc.m, energy. For the data, a fit is made to purposes it is sufficient that quark and gluon jets have the
measurements dfle+- for 12 GeV<E.,<189GeV: The  same internal properties, such as multiplicity,0f=Cg .
parametrizations provide good representations of the multiThjs is satisfied by the special versionsefrseTat the parton
plicity in all cases. level. By parton level, | mean the ensemble of quarks and
gluons which are present at the termination of the perturba-
tive stage of evolution.
2\ and Ay are strongly related to each other, but are not neces- T1hree jet events are constructed from these samples by

sarily the same. adjusting the resolution sca of a jet finding algorithm for
3HERWIG at the parton and hadron levels, amtseTat the parton ~ €ach event so that exactly three jets are found. | choose three

level with C,=Cg; see Sec. IV. jet finding algorithms: thek, [17], JADE [18], and cone
“The data used are the same as presented in Fig[@].of [19] jet finders. These three algorithms are very different in
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<n>

FIG. 1. Schematic representation of a threeggly event pro-
duced ine*e™ annihilations with a¥ event topology11], in which
the angle between the highest energy jet and each of the two lower
energy jets is about the same. The an@leopposite the highest
energy jet is used to specify the event topology.

their treatment of soft particles. The difference in the results
found using the three algorithms therefore provides a rigor-
ous test of the jet finder independence of the method. | retain
events if the angle between the highest energy jet and each of
the two other jets is the same to within 5°, the so-callet “
events.”™ An example of a event is shown in Fig. 1. Mea-
surements of the particle multiplicity of events as a func-
tion of topology(i.e., scal¢ have recently become available
[4]. | wish to utilize these data for my fit€Sec. V). This
provides my principal motivation for selectingevents. For FIG. 2. (a) The mean parton level multiplicity of three jat
Y events, the three jet event multiplicily, ; and the scales events as a function of the opening anglg for events generated
(2) and(3) depend only orE,, and one angle in the event, With the HERWIG multihadronic event generataib) The analogous
conveniently chosen to b (see Fig. 1 For fixedE, ,,, 6,  results for events generated with therset multihadronic event
therefore determines the scale. generator withC,=Cg. The event samples i@ and (b) are se-
For the Monte Carlo events used here, the quark ar]&,\cted u.sing thék, , JADE, ar?d cone jet finders. The center-of-mass
gluon jets are identified using parton level Monte Carlo€N€rdy is 10 TeV. The solid curves show the results of a one pa-
(MC) information. The directions of the primary quark and rameter QCD fit to events se.leaed using khejet finder. The fits
antiquark are determined after their perturbative evolution are performed within the regions shown.
has terminated. The jet closest to the direction of the eVOIVegackground: thus the results of the jet finders diverge.

primary quark or antiquark is considered to be a quark J-mSince the results should be independent of the choice of a jet

The distinct jet closest to the other evolved primary quark Qralgorithm to be sensible, | restrict the fits to the region where

antiquark is considered to be the other quark jet. The remai . - . ;
ing jet is identified as the gluon jet. This algorithm is appliedr‘thaem;;edégtggfg(fzéﬁe jet finders approximately agree,

to jets at both the parton and hadron levels. By hadron level, The solid curve in Fig. @ shows the result of the one
I mean the level after hadronization, with charged and neu- . ; - .
tral particles with lifetimes greater thar»GlOflosgtlreated as parameter fit of Eq(1) to the event multiplicity determined
P 9 using thek, jet finder. The curve provides a reasonable de-

stable. Hence charged particles from the decayK band scription of the multiplicity inside the fit region. Outside this

weakly decaying hyperons are included in the definition ofie4ion je., for angles less than 80°, the fitted curve does not

<n>

the hadron level multiplicity. describe the event multiplicity well. The multiplicity of the
events in Fig. 2a) is not well defined fom;<80°, however,
V. MONTE CARLO —BASED RESULTS since the results from different jet finders disagree strongly.

Therefore, | do not consider the discrepancies between the

1 begin by studyingtiERWIG events at the parton level, fitted curve and the jet finder based results g« 80° to be
with E;,,=10 TeV. This large energy is meant to ensurémeaningful.

that the fit results are asymptotic, as mentioned above. The The results for, are summarized in the top portion of
mean multiplicity of these events as a function of the open-apje |. Taking the result found using tke jet finder as the
ing angled, is shown in Fig. 2a). The results are shown for cenral value, with half the difference between the extreme
the three jet algorithms. The results of the three algorithmgg)yes found using the different jet finders as a systematic
are seen to be similar for angles larger than about 80%4,As uncertainty, | obtairr ;= 2.248+0.010 (sta} +0.024 (sys?,
becomes smaller, the two lower energy jets are not as wellynsistent with the QCD asymptotic expectation of 2.25.
separated and background from two jetlike events increases. The analogous results foETSETat the parton level with
Different jet finders have different efficiencies for selecting Ca=Cg are shown in Fig. @). Again, the c.m. energy is 10
TeV. The predictions of the three jet finders are seen to be
similar only for 6,>90°. Therefore, I limit the fit range to

5Y events were first studied jri1]. 90°< 6, =<120° in this case. The results fog are given in
8.e., theq andq produced directly in the electroweak decay of the the bottom portion of Table I. Combining the results in the
virtual 2%y in e*e™— (2% y)* —hadrons events. manner described in the previous paragraph yields
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TABLE I. Results of a one parameter fit of=C,/Cg to the 28 o T
parton level multiplicity in three jet events, as predicted by the
HERWIG QCD multihadronic event generator and by tegseTmul- 26 [
tihadronic event generator with,=Cr . TheE_, value is 10 TeV
for both samples. The fits are performed using the 3NLO expression 24 L
for the multiplicity ratio between gluon and quark jets,The un-
certainties are statisticalpr is the number of degrees of freedom. 2 b
HERWIG partons ro=Ca/Cg X/ Npg & oL
k, jet finder 2.2480.010 5.9/8 o N
JADE jet finder 2.269:0.010 12.8/8 S Y
Cone jet finder 2.2210.013 14.7/8 [ . }  Data, hadron level
1.6 -
JETSETpartons,Ca=Cr i s ¢ Data, parton level
I 7 — — Herwig, hadron level
k, jet finder 1.012-0.009 5.9/6 ur s Herwig, parton level
JADE jet finder 1.032-0.007 3.9/6 . Herwig, parton level,
Cone jet finder 0.9790.008 6.7/6 12 no recoil effects in r
Ll L Ll L Ll
! 10° 10’ 10

E_, (GeV)

=1.012+0.009(stap =0.027(sysd, consistent with unity. FIG. 3. Results of a one parameter fitrgf=C,/Cg as a func-
Thus a one parameter fit of yields the correct results in tion of the c.m. energy, foreErwic Monte Carlo three jeY events
the limiting cases of1) QCD at asymptotically large ener- at the parton and hadron levels. The events are selected usikg the
gies and(2) C,=Cg, as long as the fit range is restricted to jet finder. The corresponding results for dé4d at E. ,,=91 GeV
regions where the results of the different jet finders agree ogre shown by the open and solid points. The hadron level results are
equivalently, to regions where the fitted curves provide ased on charged part?clgs only. For QaFa points, the verti.cal lines
good description of the multiplicity. The fits generally yield show the total uncertainties, with s_tatlstlcal_ and_ systematic terms
Y2INpe~1 (Table ), whereNp is the number of degrees of a_ldded in quc_s\d_rature. The small horizontal lines indicate the statis-
. ) tical uncertainties.
freedom in the fit.
It is of interest to determine the importance of energy
conservation in the expression farTo this effect, | replace
Eq. (4) by the corresponding result in the NNLO approxima- Ecm~3 TeV.” The hadron level curvédashed ling con-
tion both with[20] and without[6] recoil effects, and repeat Vverges to the asymptotic limit much more slowly, however.
the fit of HERWIG events described above. The NNLO ap-As a consequence, the hadronization correction, defined by
proximation is used for this test, and not the 3NLO approxi-the ratio of the parton to the hadron level results, is fairly
mation, because a 3NLO expression fowithout energy large. The hadronization correction is predicted to be 1.30 at
conservation is not available. For tke-based event sample, the mass of th&° and 1.06 at 10 TeV. The principal origin
the NNLO calculation with energy conservation yieldg  Of this correction is the effect of hadronization on the gluon
=2.254+0.010(stad, not very different from the 3NLO re- jet scale(3): e.g., the mean value @f, atE;,,=91GeV is
sult presented above. The corresponding result without er36% larger at the parton level than it is at the hadron level, as
ergy conservation is only 2.0790.009 (stah, however sig- determined usingifERWIG. The corresponding difference for
nificantly smaller than 2.25. This implies that it is important E. ,,=10 TeV is only 2%.
to include energy conservation in the analytic expressions, The dotted curve in Fig. 3 shows the fitted resultsrfpat
even forE;,,=10TeV. the parton level if the NNLO expression fomwithout recoil
In Fig. 3, | show the fitted results far, as a function of effects is used in place of the 3NLO expression. The QCD
E.m., USINgHERWIG events at the parton and hadron levels.asymptotic limit of 2.25 is not attained in this case, again
The events are selected using thejet finder. The hadron emphasizing the importance of energy conservation.
level multiplicity is based on charged particles only. The fit
interval is 80 #;<120°, i.e., the same as in Fig@ The
fitted curves provide good descriptions of the multiplicity 71,4 asymptotic resulty=2.25 is not reached for values Bf, ,,

within the fit region for all c.m. energies at both the partonpeoy ahout 3 Tev because of the approximate nature of expres-
and hadron levels. The fit results are observed to have only gons(1)—(4) at finite energies. For example, the analytic result for

moderate dependence on the choice of the jet algorithm, geR{expression4)] is 1.7 at the scale of th&° [8], compared to its
erally similar to that indicated in Table | for parton level experimental and Monte Carlo values of about 1.51 and 1.54, re-
events or in iten{1) of the list presented below in Sec. VI for spectively[3]. Further, the assumption of massless kinematics em-
hadron level events. From the parton level cufselid line)  ployed for expression&) and (3) becomes strictly valid only for

it is seen that the asymptotic resulj~2.25 is reached for scales well above thg°.
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FIG. 4. Measurement®] of the mean charged particle multi- ~ FIG. 5. () Results of a one parameter fit 0f=C,/Cr to

plicity of three jetY events as a function of the opening angle measurementst] of the charged particle multiplicity of three j&t
for E.,=91 GeV. The events are selected using khget finder.  events aE.,=91 GeV, as a function of the lower limét;"" of the
The solid curve shows the result of a one parameter fit to the datfit range 87""<6,=<120°. (b) The corresonding values af2/Npg-.
within the fit region shown. The events are selected using thejet finder.

VI DATA-BASED RESULTS +0.038(stat). | take half the difference between these val-

Recently, the DELPHI experiment at LEP presented meaues as a systematic uncertainty. A further test of the choice
surements of the charged particle multiplicity\oévents and  of the fit interval is presented in Fig. 5. Figuréabshows the
the scaleg2) and(3) as a function of the opening angg fitted results fomrg as a function ofg7"", where 67" is the
[4]. The results are based on tke jet finder with Ec,  |ower limit of the fit ranged]""<6,<120°. The correspond-
=91 GeV_. These data allow me the pOSS(I)bIhty to determmqng values ofy?/Npg are shown in Fig. &). The x2/Npg is
the effectlvef.i valuehofdo a_lt_rt]heglcilgﬁlf thzI .ul_smg my one 1 4 or less foreTin>6oo, but much larger forelmin<600_
Enarr?{netrer k|1t vr\?r?tinOFi. 4(?I'h result T?ht'p'c'ty measutre—f his provides justification for not extending the fit range
ments are sho ~19. 4. The result ot the one parame ero elow 60°; i.e., the fit is restricted to an interval where the
is shown by the solid curve. The fit range employed is 78 : : .

I . o theoretical expressiofl) describes the data accurately.

<#,<120°, similar to the interval of 8G%6,<120° | (3) P trizati f Rather th
choose foHERWIG events(Figs. 2a) and 3. The small dif- | Qra}me flzation ot I§|+ec—mversus QRather than use a
ference in the choice of fit interval between therwic and ~ Polynomial parametrization d-- versusQ (Sec. I, |
DELPHI samples is not importafisee item(2) below]. The ~ US€ the parametrization based on the 3NLO expression for

analytic curve provides a good description of the measureduak jet multiplicity [9] with the parameter values i9].
ments within the fit region, yielding?/Np-=8.9/8. This yieldsr,=1.804+0.032 (stat). The difference with re-

The result for the fitted parameter ig=1.737-0.032  SPect to the standard result is taken as a systematic uncer-
(stab. To estimate a systematic uncertainty for this result, [tainty. Note that the polynomial provides a better description
consider the following. of Ng+o- versusQ than the 3NLO expression.

(1) Jet finder dependenc&@he DELPHI results are pre-  (4) Value ofA. SettingA in Eq. (5) to the PDG value of
sented for thek, jet finder, but not for theADE or cone jet  Aws=0.220 GeM10], rather than using 0.148 Gegec. I,
finders. HERWIG at the hadron level withE. ,=91GeV yieldsry=1.761+0.033 (stat). | take the difference with re-
yieldsr,=1.585 for thek, jet finder, 1.601 for theADE jet  spect to the standard result as a systematic uncertainty.
finder, and 1.516 for the cone jet finder, where the statistical (5) Averaging procedure for € and p, . The DELPHI
uncertainty is 0.008 in all cases. Half the difference betweemesults for the quark and gluon scal® and(3) are found
the extreme values is taken as a systematic uncertainty. by taking thegeometric meansf E* andp, , averaged over

(2) Fit interval. The fit interval | choose for the DELPHI the event sample, as a function @f. For the Monte Carlo—
data is 78%<6,=<120°, as stated above. Decreasing thebased results presented in Sec. V, | employ the much more
lower limit of this interval to 60° yieldsro=1.705 commonarithmetic meansFor hadron level events at 91
+0.025 (stat), while decreasing the upper limit to 90°, withGeV, HERWIG with the k, jet finder yieldsry=1.629 for
the lower limit at the standard value, yieldg=1.755 geometric means angy=1.585 for arithmetic means, where
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TABLE Il. Summary of systematic uncertainties for the effec- 32 e g T
tive value ofr, at the scale of th&° as determined using daftd]. r
3L ]
Systematic term Arg [ ]
28 -
(1) Jet finder dependence 0.043 -]
(2) Fit interval 0.025 26 | -7 .
(3) Parametrization oNg+- 0.067 [ o7 ]
(4) Value of A 0.024 oM 7 ]
(5) Averaging procedure foE* andp, 0.044 =L, E T~ 77— - === R
(6) Number of active flavors 0.002 L,f Tt / 1
Total 0.097 = L[ 7 h
18 _ // } Data, hadron level _:
the statistical uncertainty is 0.008 in both cases. The differ- i / — — Herwig, hadron level ]
ence between these values is taken as a systematic uncer- 16 | / Herwig, parton level
tainty. E
(6) Number of active flavors; . Usingn;=3 rather than L 7
n;=5 in the analytic expressions forand a5 [Egs.(4) and Ly ]
(5], and correspondingly evaluatingas using A 12 = 1'02 — 1'03 — 1'04
=0.322 GeV [9] rather than A=0.148 GeV, yieldsr, E_, (GeV)
=1.735+0.029 (stat). The difference with respect to the .
standard result is taken as a systematic uncertainty. FIG. 6. Results fory=C,/C from a two parameter fit method
The systematic uncertainties are summarized in Table 1[[4] as a function of the c.m. energy, faerwic Monte Carlo three
The largest terms arise from the parametrizatiorNgf .-, jet Y events at the parton and hadron levels. The events are selected

the averaging procedure for the scales, and the choice of j&ging thek, jet finder. The corresponding hadron level resuit found
finder, in that order. The terms are added in quadrature t§Sing date{4] at E., =91 GeV is shown by the solid point. The
define the total systematic uncertainty. The final result fo’adron level results are based on charged particles only. The uncer-
the effective value of ;=C,/Cr at the scale of th&° is tainty shown for the data point is statistical.

ro=1.737:0.032 (stah +0.097 (sysb. 7) (1), by using the NNLO result for without energy conser-
vation[6] rather than the 3NLO expression, and by invoking

Multiplying this value by the hadronization correction of a two parameter fit of, and Ng rather than a one parameter
1.30 mentioned at the end of Sec. V vyieldg=2.26 fit. The DELPHI analysis also differs from mine in the
+0.04 (stat}-0.12(sysh as the corresponding result at the choice of fit range and in the parametrizationNyf+ .- ver-
parton level. The data-based results | obtain at the hadrosus Q. In the DELPHI study, the fit range is 38°9;
and parton levels are shown by the solid and open points ir=120° rather than 78% 4,<120° and the parametrization
Fig. 3. The experimental results lie somewhat above th@f Nq+o- versusQ is based on the NLO expression for
HERWIG curves, but are generally consistent with them. Be-quark jet multiplicity ine*e™ annihilations[21] rather than
cause the data are not entirely consistent wWiRrwiIG, it is  a polynomial. The DELPHI results utilize events Bt ,,
possible that the numerical similarity between the parton=91GeV selected using thk, jet finder, as stated in
level measurement of 2.26 and the QCD asymptotic predicSec. VI.

tion of 2.25 is somewhat coincidental. Repeating the DELPHI analysis, viz., a two parameter fit
of Eq. (8) to the data in Fig. 4, using the DELPHI values of

VIl. COMPARISON TO A TWO PARAMETER FIT E* andp, , the expression for in [6], a fit range from 30°
METHOD to 120°, and the NLO expression for quark jet multiplicity to

) o _ parametrizeN,+- versusQ,® | obtain
In their recent publicatiofd], the DELPHI Collaboration

presented an alternative method to determige C,/Cg ro=2.200+0.066 (stad, 9
from three jet event particle multiplicity. | used the data of
that study, shown in Fig. 4, to obtain the results of Sec. VI. N8=1.46i 0.10 (stab. (10

The DELPHI analysis is based on a fit of the expression o
The x?/Np of the fit is 13.2/16. The resul{®) and(10) are

very similar to those of DELPHI, namelyr,=2.251
(8)  +0.063(stat) and 1.400.10 (stat)[4]. The result(9) for r,
is shown by the solid point in Fig. 6.

Ne*e*(pi)
2

N3 jer= Ne+e-(2E*) +r1(py) _Ng
to the three jet event multiplicity data, whdklg is a param-
eter meant to account for differences in the hadronization of

gluons and quarks. The DELPHI analysis differs from mine 8ror the NLO parametrization of quark jet multiplicity, | use the
principally by using expressiof8) rather than expression parameters ifi22].
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The value ofr, derived from the DELPHI two parameter generator as a reference, | find that the QCD expression
fit method is numerically very similar to the QCD asymptotic yields the correct resul 5 /Cg=2.25 in the asymptotic limit
result C,/Cg=2.25. On this basis, DELPHI sugged®$] of large energy scale®~3 TeV as long as it is used in
that their analysis provides a measurement of that quantityconjunction with an expression forwhich incorporates en-
To test this hypothesis, | determine the results of theergy conservation, whereis the ratio of mean particle mul-
DELPHI method in the two limiting cases discussed in Sectiplicities between gluon and quark jets. This emphasizes the
V: (1) asymptotically large energies af2) C,=Cr. For  importance of energy conservation in QCD analytic expres-
HERWIG events at the parton level with; ,,=10 TeV, the sions, even at large scales. My analysis is based on a one
DELPHI fit method yieldsr;=2.80+0.03, 3.19-0.03, and parameter fit ofC,/Cf to three jet event mean particle mul-
4.03+0.05 for events selected using tke, JADE, and cone tiplicity as a function of the topology of the event.
jet finders, respectively, where the uncertainties are statisti- As a second test, | apply my method to a sample of Monte
cal. These values are much larger than 2.25 and exhibit arlo three jet events in which the color factors are set equal,
strong dependence on the choice of the jet finder, in contrag€,=Cr. | obtainC,/Cr~1 in this case, demonstrating the
to the results of Sec. \top portion of Table ). The analo- self consistency of the technique.
gous results forJETSET at the parton level withE., Applying my fit method to recently published dd#] of
=10TeV and C,=Cy are 1.76-0.03(stat), 2.05 the DELPHI experiment at LEP, | obtai€,/Cr=1.737
+0.02(stat), and 2.680.03 (stat), which are inconsistent *+0.032 (stat}-0.097(sys) as the effective value of the
with unity and again exhibit a strong jet finder dependencecolor factor ratio a€. ,,=91 GeV from this technique. This
This is also in contrast to the results of Sec(Bottom por-  result is based on charged particles. It is of interest to com-
tion of Table ). For the above results, the NLO expressionpare this result to related measurementEagf, =91 GeV
for quark jet multiplicity is fitted to the MC predictions of based on the charged particle multiplicity ratio between
Ng+e- Versusk, ,, for both theHERWIG andJETSETsamples, gluon and quark jets,.,. The experimental result far, in
using scale values between 20 GeV and 10 TeV. The resulfsll phase space is 1.5340.019 (stat)- 0.034(sysb [3,14].
are similar if the polynomial parametrizations discussed inThe corresponding result far,, in limited phase space, de-
Sec. lll are used instead. fined by soft particles with large transverse momenta to the

The dashed and solid curves in Fig. 6 show the results jet axes, is 2.290.09 (stat}-0.15(sysy [3]. All these
obtain for ry from applying the DELPHI fit method to measurements—the one presented here and the two based on
HERWIG events at the hadron and parton levels. The results—are predicted to equal 2.25 in the limit of large energies.
are shown as a function & , . The hadron level results are The result presented here is seen to be intermediate to the
based on charged particles only. The event samples are s®vo based om,, both in value and in the size of the uncer-
lected using thé, jet finder. Thus Fig. 6 is the analogue for tainty. Whereas 4, in limited phase space has already at-
the DELPHI method of the results | show in Fig. 3 for my tained its asymptotic value &.,,=91GeV, rg, in full
method. The hadron level curve in Fig. 6 is seen to be irphase space and the result presented here are subasymptotic
general agreement with the experimental reg@jt at the  at this scale.
scale of thez®. Asymptotically, the hadron level prediction  After correction for hadronization, the result | obtain from
reaches a value of about 2.7, however much larger than 2.2%he DELPHI data isC,/Cg=2.26+ 0.04 (stat)- 0.12(sys?,

The parton level curve exceeds 2.25 by a large margin evesomewhat larger than the parton level predictiombpRwiG
atE. =91 GeV. (for E.,=91GeV) of 2.06. The numerical similarity be-

On the basis of the above results, | conclude that theween the parton level measurement of 2.26 and the QCD
DELPHI fit method probably does not meas@g/Cr and  asymptotic result of 2.25 may be somewhat fortuitous, given
that the similarity of the hadron level resul9) to the that the data andERWIG are not entirely consistent.
asymptotic predictiorC,/Cg=2.25 is most likely a coinci- Last, | test a two parameter fit method to determine
dence. As a last note, | remark that if energy conservation i€, /Cg from particle multiplicity in three jet events, pro-
included in the NNLO expression far, the result(9) in- posed in a recent study]. | find that this method does not
creases toy=2.479+0.081 (stat). Thus, if energy conserva- yield the correct result€,/Cr~2.25 orC,/Cg~1 in the
tion is incorporated into the DELPHI fit method, the value of two limiting cases of QCD at asymptotic energies or identi-
ro derived from charged hadrons at 91 GeV is no longercal color factorsC,=Cg, in contrast to my method. Thus |
similar to 2.25. conclude that this two parameter fit method probably does

not measure the color factor ratio.
VIIl. SUMMARY AND CONCLUSIONS
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