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Abstract

A sample of about 1.4 million hadronic Z decays, selected among the data reconrded by the DELPHI detector at LEP
during 1994, was used to measure for the first time the momentum spectra of K+, K°, p, A and their antiparticles in gluon

and quark jets. As observed for inclusive charged particles, the production spectra of identified particles were found to be
softer in eluon iets than in auark iets, with a higher total multinlicitv, f\ 1997 Published hv Elsevier Science B.V.

SO 11 BaUOn LS waldid 3L Gudli jeis, Wil a g oAl MURPICly. UDISIeC ISCVICT JUICTICE

1. Introduction ons. Hence, jets originating from the fragmentation

of energetic quarks and gluons are expected to show

In Quantum Chromodynamics (QCD), quarks and differences in their particle multiplicity, energy spec-
gluons carry different colour charges and therefore trum, and angular distribution.

have different probabilities of emitting additional glu- The LEP detectors can select gluon jets in bbg

events by tagging the b quarks, using selections based

Thha e esence AF martintiac urith laraa immnant rnarama_
Ull Lll P il UL PCLl LIVIVD YWilll 1cu5u llllya\/L l.l(l.l(llll\/

L On leave of absence from IHEP Serpukhov.
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ters. This technique has allowed conclusive measure-
ments of the above differences in the behaviour of

AL VL UL Qe CRAECECIICTS 11 UID DLiaVaLl

quark and gluon jets from LEP data (see for example
Refs. [1-3], and Ref. [4] for recent reviews). From
first order QCD and in the asymptotic limit, the hadron
multiplicity is expected to be higher in gluon jets than
in quark jets by the factor C4 /Cr = 9/4, but including
higher order terms and energy conservation leads to
lower values [J _| The expenmental resulis also pOmL
to lower values, ~ 1.5 or below and typically found
to be about 1.25, which denend on how the lets are
defined [1-3] and increase Wlth energy [3].

No systematic comparisons of identified particle
yields in quark and gluon jets have yet been published,
although a higher 7° rate in gluon jets has been re-
ported recently [6]. The DELPHI detector at LEP,
equipped with powerful systems for particle identifi-

r7 Q1 ida infarmal o tha
cation Li,0], Can proviae miormation on ne sp""*“a

of identified particles in quark and gluon jets, thus
testing the predictions of QCD based models in finer
detail, and possibly providing hints for better separat-
ing quark jets from gluon jets.

The study of the spectra of identified particles (K™,
K®, proton and A) ? in quark jets and gluon jets
from selected symmeiric 3-jet topologies is the sub-
ject of this paper. The paper is organized as follows.

Section 2 describes the hadronic event selection, the

quark/ gluon separation, and the particle identification.
The experimental results are presented and discussed
in comparison with the predictions of models in Sec-
tion 3. Finally the conclusions are presented in Sec-
tion 4.

2. Experimental technique and event sample

The DELPHI detector and its performance are de-
scribed in [7,8].

2.1. Event selections

A sample of hadronic events was selected by re-

Y m h A +11 ith h
\.luuulé J Of mMore Caargea pall;c;es with a combined

energy of at least 12% of the beam energy. A charged
particle was required to have a momentum, p, of more

2 Here and in the following, unless otherwise stated, antiparticles
are included as well.

than 400 MeV/c , a track length of at least 30 cm,

and a nolar angle to the beam direction. 8 hetween

and a PURAL algit W0 ubil vlainil G, ¢, DGLWCELI

20° and 160° [8]. The selection efficiency was about
95% for hadronic Z decays. The data sample pass-
ing the hadronic criteria contained 1393000 events
with a small contamination (< 0.7%) arising from
77 pairs, beam-gas scattering and yy interactions
[8]. Only the data collected during 1994 were used in
this ai‘lal}"Sm, in order to pluut from the full oper ation
of the main particle identification detector, the RICH
[8], and from the vertex detector of DELPHI.

The influence of the detector on the analysis was
studied with the full DELPHI simulation program,
DELSIM [8]. Events generated with the JETSET
7.3 Parton Shower (PS) model [9], with parameters
tuned by DELPHI [10], were passed through DEL-
SIM and processed with the same reconstruction and

analveic nrooram tha raal data Cimulatiaong hacad
uucu_y 21D Pluélmllﬂ uo LLIN AW UL, UJllluluLLUllO Uu.ouu

on JETSET 7.4 PS and HERWIG 5.8 [11] with
parameters tuned by DELPHI [10] were also used.

Three-jet events were selected by means of the k|
(or Durham) jet algorithm [12]. In this algorithm,
a jet resolution variable y;; is defined for all pairs of
particles

2 -min(E?, E3) - (1 — cos ;)
Yij = I3 (1)

where a;; is the angle between the two particles, E;
(E;) is the particle energy (obtained in our case from
the particle momentum by assuming the pion mass for
the charged particles, and zero mass for the neutrals
except in the case of a V', for which the mass of the V®
itself was USCU) and Dws is the sum of all pai‘ijuc en-
ergies observed in the event. The particle pair with the
smallest y;;, if its y;; is smaller than a cut-off value ey,
is replaced by a pseudo-particle with four-momentum
equal to the sum of the four-momenta of particles i and
J- This procedure is repeated until all y;; are greater
than y.,. At the end of the procedure, the remaining
(pseudo)particies are the jets. The value used for the
cut-off, y.u, = 0.015, was optimized using the JETSET
7.3 PS model, by maximizing the statistics available
and the quark/ gluon purity attained for the three-jet
event samples [3], thus allowing a reliable compari-
son with perturbative QCD. Both charged and neutral
particles were used in the jet reconstruction algorithm.

The number of 3- ]Ct events selected was 359 084.
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Fig. 1. Geometry of Y and Mercedes type events.

Two samples of 3-jet events with different geome-
tries were used:

- “Y events”, two-fold symmetrical events with each
of the two angles 8, and 65 (see Fig. 1) in the inter-
val between 135° and 165°: only the two closest jets
(jets 2 and 3 in Fig. 1) were used in the analysis,
and the condition |@, — 63| < 15° was imposed in
order to limit the energy difference between them.

- “Mercedes events”, three-fold symmetrical events
with each of the three angles 6}, 6, and 85 in Fig. 1
in the interval between 100° and 140°. All three jets
were used in the analysis.

In both cases, all three jets were required to have polar

angles to the beam direction between 30° and 150°,

and the planarity condition #; + 62 + 63 > 355° was
imposed.

The advantage of using Mercedes and Y events in
this way is that the gluon and at least one quark jet have
about the same energy, thus removing phase space ef-
fects. The disadvantages are the limited range of par-
ton energies spanned and the severely limited statis-
tics. The numbers of 3-jet events in these Mercedes
and Y samples were equal to 9805 and 59 166 respec-
tively.

The energies of the jets were calculated from the
jet directions and the angles between them. Assuming
massless kinematics, the jet energies can be expressed
as
P;alc - qualc

_ sind;
~ sinf; + sinf; + sind;

Vs, j=1,2,3 (2)

where 6; is the inter-jet angle as defined in Fig. 1.
Studies using a full simulation of the DELPHI detector
showed [3] that, for the whole available range of jet

energies, Ejal" gives a better representation of the true
jet energy than the reconstructed (or visible) jet en-
ergy does. The use of expression (2) corrects for the
energy shift towards low values due to particle loss,
and improves the energy resolution from about + 2.5
GeV toabout + 1 GeV .

2.2. Quark/gluon separation

The probability of producing b-quark pairs inside
gluon jets is expected to be small [ 13]. Gluon jets can
therefore be collected from a sample of reconstructed
bbg three-jet events by directly identifying the two
quark jets as originating from & quarks. The exper-
imental techniques employed in the present analysis
detect b-jets efficiently, enable reasonably high gluon
jet purities to be attained, and thus allow the study of
a sample of gluon jets containing only a small back-
ground. ‘

The b-jet tagging was done after requiring the prob-
ability Pg [8,14], for the hypothesis that none of the
charged particles with positive impact parameter in the
event came from a secondary vertex, to be smaller than
2% 10~2. The bb purity attained was about 71.2% and
69.5% in the Mercedes and Y samiples, respectively.

In the Mercedes events, the gluon candidate was
then selected as the jet with the largest Py, provided it
had P; above 0.1 and the two other jets had P; below
0.1, where P; is calculated like Pr but using only the
charged particles in a given jet.

In Y events, the gluon candidate was selected as the
jet with largest Py, provided it was greater than 0.1. If
this was the most isolated jet (jet 1 in Fig. 1 left), the
event was discarded. It was required in addition that
the nearest jet had P; < 0.1,

After b tagging, the numbers of 3-jet events in the
Mercedes and Y samiples were equal to 1090 and 7017
respectively. '

The average and root-mean-square spread of the
energies of the jets selected as b and gluon jets are
indicated in Table 1, for both the Mercedes and Y
events.

Three classes of jets were considered in the follow-
ing analysis:

— a g-enriched class, containing the gluon candidates
selected as just described;

- a b-enriched class, containing the two jets not se~
lected for the g-enriched class in the Mercedes sam-
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Table 1
Averages and root-mean-square spreads of the energies of the b
and gluon jets selected in the Mercedes and Y events.

Table 2
Fractional compositions of the three jet classes for Mercedes and
Y events.

Class Gluon b

Mercedes events

Average energy (GeV ) 29.5 30.9

RMS spread (GeV ) 34 32
Y events

Average energy (GeV ) 235 250

RMS spread (GeV ) 3.3 3.2

ple, and the non-gluon jet among jet 2 and jet 3 in

the Y sample;

- areference class, containing all the jets in the Mer-
cedes events, and all jets 2 and 3 in the Y events,
before b tagging.

The compositions of these samples were calculated
using events generated with the JETSET 7.3 PS model,
which were subsequently passed through DELSIM,
to simulate detector effects, and the jets were then
reconstructed. In each event, the generated particles
were clustered into the same number of jets as had
been reconstructed (three in the selected samples).
Two different methods were then used to assign the
reconstructed jets to the generated jets:

- Generated heavy hadrons were assigned to the gen-
erated jets, and the reconstructed jet which had the
largest angle to the generated heavy hadron jets was
assumed to be the gluon induced jet.

~ Partons were clustered into three jets, and the re-
constructed jets were associated to the parton jet
closest in angle.

The two methods were in good agreement.

The calculated compositions of the three jet classes
determined using these procedures are summarized in
Table 2 for Mercedes and Y events. The gluon frac-
tions in the reference samples are easily understood,
since by symmetrization we expect 1/3 of the jets in
Mercedes events to be gluon, and nearly 1/2 in Y
cvents,

2.3. Identification of final state particles

The K* and protons were tagged using the
Cherenkov angle measurement in the RICH detector
and the ionization energy loss (dE/dx) in the TPC.
The dE/dx information was used to identify Kt for

Class g b udsc
Mercedes events
g-enriched 0.828 0.069 0.102
b-enriched 0.076 0.774 0.148
Reference 0.334 0.143 0.521
Y events
g-enriched 0.837 0.068 0.093
b-enriched 0.104 0.720 0.174
Reference 0.462 0.110 0.426

momenta below 0.7 GeV/c¢ and protons below 0.9
GeV/c , where no RICH information is available.
At higher momenta, due to the better resolution and
better separation between the expectation curves, the
tagging performance of the RICH is superior, so the
tagging was performed mainly using the RICH.

The RICH analysis was restricted to the barrel RICH
region (41° < 6 < 139°). The RICH hadron iden-
tification was based on three standard DELPHI soft-
ware packages, ‘RICFIX’, ‘RIBMEAN’ and ‘NEW-
TAG’ [15]. RICFIX corrects the real and simulated
RICH data for detector related effects (such as slight
fluctuations in pressures and refractive indices, back-
ground arising from photon feedback, cross-talk be-
tween readout strips and wires, 6-rays, track ionization
photoelectrons, etc.) in order to optimise the perfor-
mance and to ensure good agreement between data and
simulation. RIBMEAN then estimates the Cherenkov
angles in the liquid and gas radiators by applying a
clustering algorithm to the detected Cherenkov pho-
tons, and simultaneously assigns a quality flag to each
charged particle (track) passing through the RICH.
Finally NEWTAG performs the 77, Kt and proton tag-
ging. Basically, a particle is tagged if its measured
Cherenkov angle is within 2.5 standard deviations of
the prediction of the given mass hypothesis and at least
1 (loose tag), 2 (standard tag) or 3 (tight tag) stan-
dard deviations from the nearest neighbour hypothe-
sis. The exact cuts depend on the particle type and
momentum, in order to take into account the varying
separation quality of the detectors involved.

In the momentum range below 0.9 GeV/c , the
clearly separated bands corresponding to efeciron,
pion, kaon, and proton in the plot of dE/dx versus
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Fig. 2. Efficiency (squares) and contamination (open circles) as a function of momentum for Y events and Mercedes events for different
types of particle: the histograms in the 1st, 2nd, 3rd and 4th columns correspond to particle types p, K*, A and KO respectively. The Ist
and 2nd rows of histograms refer to Y-type events, the Ist row for ghion jets and the 2nd row for quark jets. The 3rd row corresponds to
glnon jets in Mercedes type events and the 4th row to quarks jets in Mercedes type events.

momentum were used for identification (muons can
not be distinguished from pions). Detailed calibration
was performed as described in [16].

The efficiency averaged over the momentum spec-
trum was estimated from the full detector simulation
to be 56% (46%) with a purity of 75% (92%) for
K™ (proton), in the sample of events selected for this
analysis. Fig. 2 shows the efficiency and contamina-
tion as a function of momentum for the X+ and pro-
tons selected.

The K2 and A candidates were detected by their
decay in flight into 7777~ and p7~ respectively. Can-
didates were found by considering all pairs of oppo-
sitely charged particles. The vertex defined by each
such pair was determined by minimising the y? for the
hypothesis of a common vertex, and the track parame-
ters were refitted to the common vertex. The selection
criteria were the “tight” ones described in {8]. The
average detection efficiency of this procedure is about
36% for K3 — 7+ar~ and about 28% for A — pm™
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Table 3
Momentum bins used for the study of identified particles.

Bin Momentum bins (GeV/c )
KO A K™, proton

1 0.5-2.0 0.3-0.5

2 2.0-5.0 0.5-09

3 5.0-10.0 0.9-2.3

4 10.0-25.0 2.3-45

5 4.5-9.0

6 9.0-25.0

in multihadronic events (Fig. 2). The backgrounds
under the invariant mass peaks were subtracted, sep-
arately for each momentum bin, by linear interpola-
tion between two side-bands in invariant mass: these
were the regions between 0.40 and 0.45 GeV/c? and
between 0.55 and 0.60 GeV/c? for the K9, and the
regions between 1.08 and 1.10 GeV/c? and between
1.14 and 1.18 GeV/c? for the A.

3. Analysis and results

The production of identified particles in the final
state was studied in four momentum bins for K® and
A, and in six momentum bins for charged kaons and
protons, as indicated in Table 3.

The ratios of the momentum distributions, not yet
corrected for the contamination of the different jet
classes or for the reconstruction efficiency of the parti-
cles in those jets, are shown in Fig. 3 for the g-enriched
class relative to the reference class, together with the
same ratios for charged particles. The simulation sam-
ple used consisted of about 4.6 - 10% hadronic Z de-
cays generated with the JETSET 7.3 PS model, with
JETSET 7.4 PS and with HERWIG 5.8. The spectra
of identified particles in the class enriched in gluon
jets appear to be softer than the corresponding spectra
in the reference class.

The effects of the contaminations in the jet classes
were unfolded by applying an algebraic correction
method to the momentum distributions. The method
uses the compositions of the classes of jets in Table 2
as the only input from simulation. If M, enriched (7,
M penrichea (1) , and Miegerence (11;) TeSpectively repre-
sent the momentum distributions constructed from the
g-enriched class, the b-enriched class, and the refer-

ence class, where m; is the content of bin i, then

M;(mi) = Pg(j) - G(m;) + Pp(j) - B(my)
+ P, (j) - Q(my) (3)

where G(m;), B(m;) and Q(m;) are the distributions
for pure g, pure b and pure g = udsc jets respectively,
with P,(j), Pp(j), and P,(j) being the fractions of
the jets in class j (j= g-enriched, b-enriched and refer-
ence) which are pure g, b, and g = udsc respectively,
as given in Table 2. These equations can be solved to
extract the pure g, b, and g = udsc contributions.

Only two pure classes were extracted in the present
analysis: the class of pure gluons and a pure quark
class including all quarks (g = udsch) in the pro-
portions predicted by the standard model for Z decay
into quarks. This g = udscb class was obtained from
the compositions of udsc and b quarks in the enriched
classes and the reference class of Table 2, neglect-
ing the c-enrichment in the b-enriched class: this was
however accounted for later, in the systematic uncer-
tainties.

The reconstruction efficiencies were determined,
using the JETSET 7.3 PS model, by comparing the
momentum distributions of the identified particles in
the two pure classes of jets extracted from the simu-
lated events with those extracted from the generated
ones.

The ratios obtained, after unfolding the contamina-
tion of the jet classes and correcting for the reconstruc-
tion efficiencies of the particles in the pure jet classes,
are shown in Fig. 4, together with the corresponding
ratios for charged particles.

Normalized ratios R%(p) were then defined by:

rx(p)
s 4
ren(p) )

where ry(p) is the fully corrected ratio of the average
multiplicity of the identified particle X (X =K° A,
K™, proton) measured in gluon jets relative to quark
jets in a given bin of the momentum p, and rep(p)
is the corresponding ratio for all charged particles.
These normalized ratios, which are shown in Fig. 5,
are computed from the ratios in Fig. 4.

To further test the model predictions, the normalized
ratios

Ry(p) =

Ry =rx/Fehs (%)
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Fig. 3. Observed uncorrected ratios of the yields of (a) protons, (b) K+, (c) A, and (d) K¥ in the g-enriched class with respect to

1ds of {a) protons,
the reference class (black squares), for Y events; (e) and (f) for Mercedes events correspond to (a) and (b) respectively. The circles
represent the observed ratios of the yields of charged particles in the g-enriched class with respect to the reference class. The predictions

from the JETSET 7.3 PS model are shown as a dotted Iine, the fuil line represents the predictions from the JETSET 7.4 PS model, and

the dash-dotted line represents the predictions from HERWIG 5.8.

were also defined, where rx is the fully corrected ra-
tio of the average mulitiplicities of the identified par-
ticles X (X =K°, A , K*, proton) in gluon jets rela-
tive to quark jets in the momentum range 0.5 < p <
25.0 GeV/c, and rg, is the corresponding ratio for alt
charged particles. These normalized ratios are shown
and compared with the predictions from the simula-
tion in Table 4. The values of 7., were found to be
too = 1.224+0.01 and roy = 1.30 4+ 0.03 for the Y
and Mercedes events respectively, consistent with the
dependence of this ratio on the jet energy observed

A

previously [3].

The systematic uncertainties on these ratios were
estimated by summing in quadrature the following
sources.

(1) An overall uncertainty of +5% was used for the
K™ and proton identification efficiency and pu-
rity, deduced from the simulation by comparing
the results from loose, standard and tight tag-
ging for different track quality samples. For KO
and A , this systematic uncertainty was taken as
+15%.

(2) The uncertainties on the flavour compositions

in Table 2 were found by assuming that all the
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Fig. 4. As Fig. 3, but for the fully corrected ratios of yields in gluon jets with respect to quark jets (black squares), and the corresponding
model predictions. The corresponding values for all charged particles are shown as open circles.

Table 4

Normalized ratios Ry = rx/ren of the ratio rx of the average multiplicities of the identified particles X in gluon jets relative to quark jets
with momentum 0.5 < p < 25.0 GeV/¢ normalized to the corresponding ratio ry, for all charged particles in data and in simulation. For
the data, the first error quoted is statistical, the second is systematic. The breakdown of the systematic error is given in Table 5.

Rs( Measured JETSET 7.3 PS JETSET 74 PS HERWIG 5.8
Y events
R;, 1.12 4+ 0.11 + 0.04 1.3640.03 1.53 £0.05 0.941:0.02
Rk N 0.93 £ 0.04 £ 0.02 0.831+0.01 0.84 +0.01 0.70+0.01
Rj\ 140 £+ 0.30 £ 0.23 1.404:0.06 1.53 +0.07 1.02+0.03
R;d) 1.13 £ 0.09 £ 0.13 0.9440.02 0.98 +0.02 0.9340.01
Mercedes events
R;, 125 4+ 0.22 4+ 0.05 1.4310.05 1.35 £0.06 1.0740.04
R’K " 0.92 £ 0.09 + 0.03 0.82+0.02 0.84 £0.02 0.684:0.02
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Fig. 5. As Fig. 3, but for the normalized ratio, R} (p) defined in the text (black squares), and the corresponding model predictions.

(3

¢ quark jets in the g-enriched and b-enriched
classes were in fact b quark jets. In addition, the
gluon jet purity was varied by 5% in the Y and
Mercedes samples. The larger of the two varia-
tions was taken as the estimator of the system-

atir affacte
adiC C1illus.

The effect of neglecting the c-enrichment in the
b-enriched class when unfolding the effect of the
contamination of the jet classes was estimated
from the effects of considering all ¢ quarks as
b’s, and all uds quarks as b’s. The half distance
between the two results was taken as a conser-
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vative estimate of this b_y'chumuu unceriaiiily.

The effects of these sources of systematic uncer-

tainty on the normalized ratios are summarized in Ta-
ble 5

It can be seen in Table 4 that all the R values
are consistent with unity, i.e. the ratios of the aver-
age multiplicities in g jets and g jets for all identified
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for charged particles. The value of R;, in Y events is
about 1.5 standard deviations higher than predicted by
HERWIG 5.8, and 2 to 3 standard deviations lower
than predicted by JETSET. The value of R, is higher
than predicted by HERWIG 5.8 by about 5 standard
deviations in Y events, and by about 2.5 standard de-
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Table 5 References

Systematic uncertainties on the normalized ratios R} given in
Table 4.

R Source 1 Source 2 Source 3 Total
Y events
R;, 0.011 0.010 0.038 0.041
R;< " 0.014 0.001 0.014 0.020
Rj\ 0.139 0.130 0.123 0.227
R%O 0.112 0.074 0.008 0.134
Mercedes events
R;, 0.013 0.003 0.050 0.052
R;ﬁ 0.014 0.020 0.015 0.029

4. Conclusions

Based on a sample of about 1.4 million hadronic
Z decays collected by the DELPHI detector at LEP,
the production spectra of identified particles in jets
initiated by gluons and jets initiated by quarks were
analysed in order to search for possible differences
between gluon and quark jets.

As observed for inclusive charged particles, the pro-
duction spectrum of identified particles was found to
be softer in gluon jets compared to quark jets, with a
higher total multiplicity.

For all identified particles, the ratio of the average
multiplicity in g jets with respect to g jets was found to
be consistent with the same ratio measured for charged
particles. However, for protons, the ratio normalized to
the ratio for charged particles in Y events is about 1.5
standard deviations higher than predicted by HERWIG
5.8, and 2 to 3 standard deviations lower than predicted
by JETSET. For charged kaons, the normalized ratio
is higher than predicted by HERWIG 5.8 by about
5 standard deviations in Y events, and by about 2.5
standard deviations in Mercedes events.
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