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Abstract 

Measurements of the subjet structure of quark and gluon jets in hadronic Z decays are presented. The analysis is based on 
one million hadronic events recorded by the ALEPH detector. Roughly symmetric three-jet events are selected with a coarse 
jet-resolution cut-off, yt . Gluon jets are identified with a purity of 94.6% in those events where evidence of long-lived heavy- 
flavour hadrons in the other two jets is found. The jets are then analyzed using a smaller cut-off ya (< yt) so that subjets 
are resolved. The properties of the jets (subjet multiplicities (N4), (N,) and rates Ri’q’ for n = 1,2,3,4) are determined 
and are found to be in good agreement with the expectations of perturbative QCD as long as the subjet resolution parameter 
yo is sufficiently large to keep non-perturbative effects small. In particular, the ratio (N, - l)/(N, - 1) , which to leading 
order in QCD is given by the ratio of colour factors C*/Cp = 9/4, is measured to be 1.96 f 0.15 for ya = 2. 10W3, but falls 
to 1.29 f 0.03 for yo = 1.6 . 10e5. 
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1. Introduction 

The large number of events of the type e+e---+ 
hadrons available from the ALEPH experiment at 
LEP provides an opportunity to investigate the de- 
tailed structure of hadronic final states. In this letter, 
measurements are presented of subjet rates and mul- 
tiplicities in identified quark and gluon jets from 
three-jet events. Comparisons with theoretical predic- 
tions indicate that these quantities are sensitive to the 
colour structure of the underlying quark and gluon 
interactions. 

Jets in an event are defined with an iterative clus- 
tering procedure (the “Durham” algorithm [ 1 ] ) . For 
each pair of particles i and i in the event, one defines 
the quantity yij 

Yij = 
2min(E~,E~)(l -cosBij) 

E?is 
(1) 

where Ei and Ej are the particles’ energies, 0, is the 
opening angle of the pair, and Evis is the total visible 
energy in the event. The pair with the smallest value 
of vij is replaced by a pseudoparticle (cluster). The 
four-momentum of the cluster is taken to be the sum 
of the four momenta of particles i and j (the “E” re- 
combination scheme), The procedure is repeated until 
all of the yij are greater than a given threshold, ycut 
(the jet resolution parameter). The number of jets is 
defined to be the number of remaining clusters. 
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First, three-jet events are selected using an initial 
value of the resolution parameter, yt = 0.1. This leads 
to three well separated jets of approximately equal 
energy. Such an event configuration arises predomi- 
nantly from the radiation of a single hard gluon from 
the original quark antiquark pair. Perturbative QCD 
predicts that the probability for an additional gluon 
to be radiated from the quark is proportional to the 
COlOUr factor CF = 4/3, whereas gluon radiation from 
a gluon is proportional to the factor CA = 3 (see e.g. 
Ref. [ 21) . This results in distinct predictions for the 
internal structure of quark and gluon jets [ 3-61. 

In order to investigate this internal structure, the 
particles of the individual jets are clustered using a 
smaller value of the resolution parameter yo ( < ~1) so 
that subjets are resolved. Several properties of quark 
and gluon jets are measured as a function of yo, in- 
cluding the mean subjet multiplicity, (N,,,) (~0)) and 
n-subjet rates R$4)(yc) for n = 1,2,3,4. This tech- 
nique for forming subjets was first investigated the- 
oretically [ 71 and experimentally [ 8-101 in studies 
without identification of the quark and gluon jets. 

2. Event and jet selection 

The data used were recorded by the ALEPH de- 
tector in 1992 and 1993 at a centre-of-mass energy 
of Ecm = 91.2 GeV. A detailed description of the 
ALEPH detector is given in Ref. [ 111. The measure- 
ments presented here are based on both charged par- 
ticle measurements from the time projection cham- 
ber, inner tracking chamber, and vertex detector, as 
well as information on charged and neutral particles 
from the electromagnetic and hadronic calorimeters. 
An energy-flow reconstruction algorithm is applied, 
which takes advantage of the redundancy of energy 
and momentum measurements and exploits photon, 
electron and muon identification [ 121. The output of 
this algorithm is a list of “energy flow objects”, with 
measured momentum vectors, which are used as input 
to the jet clustering algorithm. 

A preselection of events is made by requiring at least 
5 charged tracks and 20 GeV of visible energy in the 
detector. This procedure results in a sample of 988461 
candidate hadronic events. From these, three-jet events 
are selected according to the Durham algorithm with 
a value of the jet resolution parameter yi = 0.1. In 
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Fig. 1. (a) Distribution of the smallest separation angle between 
jets f3k” in all three-jet events. (b) Distribution of jet energies 
in the tagged and mixed gluon samples. All distributions are 
nomalized to unit area. 

order that most of the particles of a jet pass through 
the vertex detector, it is required that each jet has an 
angle of at least 35” with respect to the beam axis. To 
reject events of the type q-g, an event is not accepted 
if more than 85% of the energy of a jet is carried by a 
single photon. This results in a sample of 28350 three- 
jet events, with no significant background from other 
event types such as r+r- final states or two-photon 
collisions. Because of the high value of yi , the jets are 
well separated and of approximately equal energy. The 
distribution of the smallest separation angle between 
jets for the selected three-jet events is shown in Fig. 
l(a). 

From the selected events, the observables being 
studied are measured using two sets of jets. In the fol- 
lowing the variable X will be used to represent one of 
the possible observables, i.e. mean subjet multiplici- 
ties or n-subjet rates. The first set simply consists of 
all the jets in the three-jet sample, which is a mixture 
of 2/3 quark and l/3 gluon jets. In the following a 
measured quantity from this sample will be referred 

to with the subscript mix. The second set of jets is ob- 
tained by requiring evidence of long-lived hadrons in 
two of the jets (indicating b or c-quark jets) based on 
precision tracking information from the silicon ver- 
tex detector. These two jets are rejected and the third 
is taken as a candidate gluon jet. Quantities based on 
this set of jets will be referred to with the subscript 
tug. The distributions of jet energies for the tagged 
and mixed jet samples are shown in Fig. 1 (b) . 

The general technique for the tagging of heavy- 
quark jets is based on a three-dimensional impact pa- 
rameter measured for each charged-particle track. This 
is described in detail in Ref. [ 131, where it is shown 
that the systematic uncertainty in the purity of a tagged 
heavy-quark jet sample is at the level of l-296. Based 
on the measured impact parameter and estimated reso- 
lution a quantity pj,, is constructed for each jet so as to 
be uniformly distributed between zero and one if all of 
the charged particles in the jet originate from the pri- 
mary vertex. This distribution is sharply peaked near 
zero if the jet contains particles which do not, such as 
decay products of long lived hadrons containing b or 
c quarks. It is required that two of the three jets have 
a value of P&t less than 0.01, and that the third jet has 
a probability greater than 0.01. According to Monte 
Carlo studies based on the JETSET model version 7.3 
[ 141 plus detector simulation, only 2% of the gluon 
jets have & < 0.01, which arises in part from pro- 
duction of a secondary b& pair in the gluon jet. The 
bias introduced in the gluon jet sample by requiring 
P&t > 0.01 is therefore small. These selection criteria 
result in a sample of 1750 tagged gluon-jet candidates. 

The purity of the tagged gluon-jet sample is deter- 
mined by the following procedure. The program JET- 
SET is used to generate a system of partons (quarks 
and gluons) according to the parton-shower picture of 
QCD, which is then converted into a system of hadrons 
by means of a string model. The hadrons are processed 
by the detector-simulation program and then by the 
same reconstruction algorithms as used for the real 
data. The jet clustering algorithm is first applied to the 
parton-level information provided by the Monte Carlo 
generator, in such a way that three clusters are always 
formed for each event. The quark and antiquark jets 
are identified as those containing the original quark 
and antiquark from the 2 decay, and the remaining jet 
is then the gluon jet. The jet analysis is then applied to 
the Monte Carlo data after detector simulation yielding 
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a set of tagged gluon jet candidates. The parton-level 
jets are matched to the jets of detected hadrons by suc- 
cessively associating hadron-parton jet pairs with the 
smallest angular separation. For the standard cut used 
in this analysis (set C”t = 0.01) the selection efficiency 
is 6.1% (i.e. fraction of three-jet events that yield a 
tagged gluon jet) and the gluon-jet purity is 94.6%. 

Since a high value of yl was used, the three jets 
are well separated and the matching procedure results 
in angles between associated parton and hadron level 
jets that are small compared to the angular separation 
between different jets. In a negligibly small fraction 
of events (0.5%) the primary quark and antiquark are 
clustered into the same jet, resulting in an ambiguous 
event. 

3. Corrections to the data 

Before determining the subjet multiplicities and 
rates for pure samples of quark and gluon jets, the 
measurements for the tagged and mixed jet samples 
are corrected for effects of geometrical acceptance, 
detector efficiency and resolution, decays, secondary 
interactions and initial state photon radiation. A first 
set of hadronic events was produced with the JETSET 
program followed by detector simulation (the same 
data set as for determination of the gluon-jet purity 
above). From these data (i.e. simulated energy-flow 
objects) the various observables (multiplicities, etc.) 
were computed, yielding XEpdet for the case of 

gluon-jet tagging and X,, MC+det for quantities computed 
from all jets in the selected three-jet events. 

A second set of Monte Carlo data without detector 
simulation was generated, in which all particles with 
mean lifetimes less than 1 ns were required to decay, 
the others were treated as stable, and initial state radi- 
ation was turned off. The jet clustering algorithm was 
applied to all final state particles (including neutrinos) 
and three-jet events were selected with the resolution 
parameter yl = 0.1. In order to insure that these events 
originated from q?jg and not q-F@ configurations, events 
were rejected if more than 85% of the energy of a 
jet was carried by a single photon. From these events, 
quark and gluon jets were defined using the same pro- 
cedure as that described in Section 2; i.e. parton and 
hadron level jets (in the present case without detec- 
tor simulation) were matched according to minimum 

separation angles. The observable quantities from the 
resulting quark and gluon jets were computed, and are 
referred to here as X7 and Xr . 

The two Monte Carlo data sets, “generator only” 
and “full simulation and tagging procedure”, were 
used to derive multiplicative correction factors for the 
observables, with separate corrections for both the 
mixed and tagged jet samples. The factors are com- 
puted as a function of the subjet resolution parameter 
yo. The corrected quantities are given by 

xj corrected = xj measured . cj v 

where 

(2) 

,~=PjX~+(l-pj)Xr 
I XvCfdet 

J 

and where the index j refers to the jet sample, mixed 
or tagged. For the mixed sample, the numerator of 
the correction factor corresponds to simply using all 
of the jets. This procedure corrects the measurements 
to a fixed centre-of-mass energy (free of initial state 
radiation) and a well defined final state particle com- 
position for a fraction of p gluon jets and 1 - p quark 
jets, for the two cases p = ptag = 0.946 and p = pkx = 

l/3. The corrections remove small biases introduced 
by the tagging procedure, resulting for example from 
the fact that the quark jets in the tagged jet sample (i.e. 
the 5.4% that are misidentified as gluon jets) have a 
different flavour composition than the quark jets ob- 
tained by using all jets. The factors for the mean subjet 
multiplicities minus one (Ng - l), (N4 - 1) and for the 
subjet rates are typically in the range 0.9 5 C I 1.1. 
The corrections for the two samples are very similar, 
differing only by a few percent. 

From the tagged and mixed observables after ap- 
plication of the detector-correction factors, the corre- 
sponding quantities for pure quark and gluon jets, X, 
and X,, can be extracted by solving the following set 
of equations: 

X,, =pta& -t- (1 - Ptag)& 

&i,=Pmixx,+ (1 -Pmix)X,. 

(4) 

It was checked that the corrected jet multiplicities 
and rates are not sensitive to the selection criteria. 
The largest sensitivity was found to come from the 
Cut on Pj,,. Systematic errors have been estimated by 
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Fig. 2. Measured mean subjet multiplicity minus one (points) 
for (a) quark jets (Ns - I) and (b) gluon jets (NR - 1) as a 
function of the subjet resolution parameter yo. Also shown are the 
predictions of various Monte Carlo models (curves). 

repeating the analysis with this cut equal to half and 
twice the standard value of 0.01. A cut value of 0.005 
gives a gluon purity ptag = 0.968 and 0.02 gives pug = 

0.925. The maximum deviation of the final result is 
then taken as an estimate of the systematic error. For 
the mean subjet multiplicities and for the ratio r = 
( IV8 - 1) / ( N4 - 1) , statistical errors are approximately 
twice as large as systematic errors over the entire range 
of yo. For the n-subjet rates the systematic errors are 
comparable to or smaller than the statistical errors. 

4. Results 

Fig. 2 shows the mean subjet multiplicity minus one 
for quark and gluon jets, (N4 - 1) and (N, - 1). Error 
bars on the plots of final results are the quadratic sum 
of statistical and systematic uncertainties. Also shown 
on the figures are the predictions of the Monte Carlo 
models JETSET version 7.3 and HERWIG version 5.4 
[ 151. The ratio r = (NR - l)/(N, - 1) is shown in 

\ 
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Fig. 3. Measured ratios of subjet multiplicities minus one 
(Ns - l)/(N, - 1) for gluon and quark jets (points) with the 
predictions of various Monte Carlo models (curves) as a function 
of the subjet resolution parameter yo. 

Fig. 3, along with the predictions of the above men- 
tioned models as well as those of ARIADNE! version 
4.02 [ 161, and NLLjet version 2.0 [ 171. (For a re- 
view of event generators see e.g. Ref. [ 181.) The im- 
portant parameters of these models have been tuned 
using ALEPW data on charged particle inclusive and 
event-shape distributions [ 191 (see also [ 81). Also 
shown are the predictions of a toy model based on 
JETSET, in which the colour charge for the parton 
splitting g -+ gg has been changed from 3 to 4/3, 
i.e. equal to that for the splitting q --+ qg. The re- 
maining parameters of the toy model were kept the 
same as used for the usual JETSET. This reproduces 
the main features of the data such as event-shape dis- 
tributions and hadron multiplicities. For example, the 
mean charged multiplicity in the toy model is 20.4, 
compared to 20.8 in the standard JETSET model. A 
tuning of the toy model’s parameters based on event- 
shape and inclusive charged-particle distributions re- 
sulted only in small changes in the predicted subjet 
rates and multiplicities, with e.g. an increase in the 
ratio r from 1.45 to 1.5 1 at yo = 2 . 10e3. 

The measured quantities, are in generally good 
agreement with the QCD based models and in signif- 
icant disagreement with the toy model. In particular, 
the measured multiplicity ratio r = (Ns - 1) /(N4 - 1) 
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is in good agreement with the QCD models over the 
entire range of ya, but is significantly higher than that 
of the toy model for intermediate values of ya. For 
ya = 2 . 10e3, the multiplicity ratio Y is measured to 
be 1.96 f 0.13 f 0.07, and for ye = 1.6. 10m5 one 
obtains 1.29 i 0.02 IL 0.01. The enhanced value at 
intermediate yc provides significant evidence for the 
higher colour charge of the gluon. 

Although gluon jets are observed to have more sub- 
jets than quark jets at intermediate yc, this fact does 
not result in a correspondingly large number of subjets 
at low ya, i.e. when individual hadrons are resolved. 
The sensitivity to the QCD colour factor decreases for 
small yo where both the QCD based and toy mod- 
els predict multiplicity ratios in the range 1.2 - 1.3. 
As one would expect, the ratio (Ns - l)/(N, - 1) = 
1.29 found for small yo (1.6 . 10v5) is similar to 
the value obtained by using all charged particles. The 
mean charged particle multiplicities in the quark and 
gluon jets are found to be (Wqh) = 8.94 f 0.07 f 0.09 

and (Nib) = 10.89 f 0.14 f 0.13. The systematic 
error here includes a 1% normalization uncertainty 
based on previous studies of the charged multiplic- 
ity distribution [20] as well as the error estimated by 
varying the cut on Pj,r. The charged particle multi- 
plicities give the ratio r& = (NC’ - l)/(A$h - 1) = 
1.246 f 0.028 f 0.014. This is in qualitative agree- 
ment with results of other analyses based on individ- 
ual hadron multiplicities [ 2 1,221. 

Some additional Monte Carlo studies have been 
carried out to investigate the origin of the enhance- 
ment in the gluon’s subjet multiplicity. Fig. 4(a) 
shows the mean subjet multiplicities for quark and 
gluon jets at both hadron and parton levels as pre- 
dicted by the JETSET model. One sees that hadron 
and parton levels are in good agreement as long as the 
subjet resolution parameter ya is greater than about 
10W3. This corresponds to the subjets being separated 
by a relative transverse momentum kl of approxi- 

mately fi - Km x 3 GeV. For lower ya, the relative 
kl between subjet pairs decreases, corresponding to 
an increase in the effective strong coupling a,( kt ) 
and a breakdown of the perturbative description. Non- 
perturbative (hadronization) effects then become 
important, as can be seen by the divergence of the 
hadron and parton level predictions. 

Fig. 4(b) shows the multiplicity ratio r = (Ns - 

-1 IO 

10-5 16 4 10 lo-' 16 

YO 

Fig. 4. (a) Mean subjet multiplicities for quark and gluon jets on 
both hadron and parton levels as predicted by the JEZTSET model. 
(b) The ratio of mean subjet multiplicities (N, - l)/(N, - 1) 
obtained from JETSET and from a toy model in which the gluoa’s 
color charge C,J was reduced from 3 to 4/3. Also shown is the 
prediction of leading order QCD, CA/C,C = 9/4. 

l)/(N4 - 1) for JETSET and the toy model. At parton 
level, JETSET gives a maximum ratio of 1.8 1, whereas 
the toy model has a maximum of 1.27. The fact that the 
QCD based JETSET does not predict the asymptotic 
value of 9/4 at parton level is a result of the finite 
centre-of-mass energy. The finite energy effects are 
enhanced by the fact that the average gluon jet energy 
of 28.0 GeV is somewhat smaller than that of quark 
jets, 3 1.6 GeV. Monte Carlo studies also indicate that 
this energy difference is responsible for the drop in r 
as ya approaches yr. 

The enhancement of the ratio r- from the expected 
value of one to 1.27 for the parton level of the toy 
model is the result of finite quark masses. This has 
been investigated by generating events with light and 
heavy primary quarks (& and b’i;) separately. For the 
dz events, the parton level ratio is approximately one 
over the entire range of ya. Collinear gluon radiation 
in b-quark jets, however, is highly suppressed because 
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of the large b-quark mass. The combination of event 
flavours from Z decays leads to the ratio shown in 
Fig. 4(b). 

As can be seen from Fig. 4(b), hadronization ef- 
fects also play a noticeable role in the multiplicity ra- 
tio, even for intermediate values of yc. For yo > low3 
the hadron level ratio is 5-10% higher than the parton 
level. Although the measured value of 1.96 is close 
to the QCD prediction of 9/4, part of the gluon jet’s 
enhancement in multiplicity is seen to be related to 
hadronization effects. A possible explanation of these 
effects in the context of a string model such as JET- 
SET is that the gluon jet results from two strings (flux 
tubes) connected to both the leading quark and anti- 
quark, whereas a quark jet results from a single piece 
of string connected to the gluon. A similar effect is ex- 
pected in the HERWIG cluster model, where a three- 
jet event leads to two sets of clusters, one extending 
from the leading quark to the hard gluon, the other 
from the gluon to the leading antiquark, so that the 
gluon jet receives contributions from both sets. 

The n-subjet rates give similar information on the 
internal jet structure. For the quark jets shown in Fig. 
5(a), the toy and QCD based models all predict sim- 
ilar rates, and all are in reasonably good agreement 
with the data. The prediction of the toy model is, in 
fact, expected to be largely unchanged with respect to 
the QCD case since the gluon radiation from quarks 
depends only on CF, which in both cases is 413. 

For the n-subjet rates of gluon jets shown in Fig: 
5(b), the toy model with the reduced gluon colour 
charge predicts lower rates for higher numbers of sub- 
jets than the QCD based models (JETSET and HER- 
WIG), corresponding to a shift of the rate curves to- 
wards lower yc. The data are in good agreement with 
JETSET and HERWIG, and in significant disagree- 
ment with the toy model. Monte Carlo studies of the 
n-subjet rates on hadron and parton levels indicate a 
behavior similar to that already seen with the sub- 
jet multiplicities. That is, the hadron and parton lev- 
els are in good agreement for ya > 10W3, and di- 
verge for smaller values of ya. Figs. 5(a) and 5(b) 
show substantial differences between quark and gluon 
jets, with e.g. gluon and quark 2-subjet rates mea- 
sured to be g = 0.496 f 0.017 f 0.016 and g = 
0.270 * 0.009 f 0.008 at yc = 2 . 10e3, giving a ratio 
~/~=1.83f0.12f0.11. 
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Fig. 5. Measured n-subjet rates Rn for (a) quark jets and (b) 
gluon jets (points) as a function of the subjet resolution parameter 
yu. Also shown are the predictions of various Monte Carlo models 
(curves). 

5. Conclusions 

A sample of 1750 gluon jets from three-jet events 
with a purity of 94.6% has be selected by requiring ev- 
idence of long-lived heavy flavour hadrons in the two 
remaining jets. By considering all jets without tagging 
a second jet sample of 2/3 quark and l/3 gluon jets 
is obtained. These samples are used to determine the 
subjet structure of pure quark and gluon jets. In partic- 
ular, the subjet multiplicities and rates for quark and 
gluon jets have been measured and compared to the- 
oretical predictions, showing a significant indication 
for the higher colour charge of the gluon. Clear dif- 
ferences are observed between quark and gluon jets. 
The subjet multiplicity ratio of gluon to quark jets 
(Ns - 1)/(N4 - l), predicted to be CA/C,V = 9/4 in 
leading order QCD, is measured to be 1.96 f 0.15 for 
yc =2.10-3,butfallsto 1.29f0.03foryc = 1.6~10-5, 
where the errors are the quadratic sums of statisti- 
cal and systematic uncertainties. This value as well 
as other aspects of the internal structure of quark and 
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gluon jets can be understood to result from both per- 
turbative and non-perturbative effects. A high sensitiv- 
ity to the parton colour charge is only found when the 
subjets are resolved with a sufficiently large resolution 
parameter (ye > 10p3) such that non-perturbative ef- 
fects remain small. 
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