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Abstract

Observation is made of rapidity-alignment &K~ and pp pairs which results from their asymmetric orientation in
rapidity, with respect to the direction from primary quark to antiquark. Kiek — and p p data are consistent with predictions
from the fragmentation string model. However, thg data strongly disagree with the conventional implementation of the
cluster model. The non-perturbative process of ‘gluon splitting to diquarks’ has to be incorporated into the cluster model for
it to agree with the data. Local conservationgf between particles nearby in rapidity (i.5 compensation) is analysed
with respect to the thrust direction fartz—, K+ K, and pj pairs. In this case, the string model provides fair agreement
with the data. The cluster model is incompatible with the data for all three particle pairs. The model with its central premiss of
isotropically-decaying clusters predictp@ correlation not seen in the data.2002 Elsevier Science B.V. All rights reserved.

1. Introduction clusters are rank-ordered; however, their decay prod-
ucts are not necessarily in rank-order. Consequently,

The analysis of correlations between particles pro- ON€ expects differences in the predictions for correla-
duced in hadronicz® decay is an effective tool for ~ tONs in rapidity angpr from the two models. _
studying the fragmentation process. In particular, tests ASymmetric orientations of particle pairs in rapid-
can be made of two basic classes of fragmentation 'ty are expected from string-fragmentation models.
models, ‘string’ and ‘cluster’ types, represented in this In these models, mesons are formed frpm string el-
study by Jetset 7.3 [1] and Herwig 5.9 [2], respec- ements when breaks occur between virtual flavour-
tively. Distinct differences in predictions from these N€utralgg pairs. Baryons are considered to be formed
models occur for certain particle pair correlations. In When breaks occur between diquark-antidiquark pairs.
particular, the orientation in rapidity and jir of par- AN @symmetry occurs because eagh loop breaks
ticle pairs is expected to be a distinguishing feature SUCh thatthg is always nearer on the string to the pri-
between models. Charged particle pairs, adjacent or Mary quark, and the nearer to the primary antiquark.
nearby in rapidity, are predicted to be produced in a FOr the diquark-antidiquark case, the converse orien-
different way for the string and cluster models. For tation arises. This process causesK ~ andp j pairs
K*+K- andpj pairs the string model predicts a defi- 0 assume an asymmetric rapidity orientation, termed
nite rank-ordering in rapidity, with respect to the direc- h_ere_rapldlty—allgqment, as shown in Fig. 1 First in-
tion from primary quark to antiquark. Rapidity-rankis dications of ordering along the quark-antiquark axis
defined as the position a particle has in the rapidity have beenreported by the SLD Collaboration [3].
chain after ordering the particles in an eventaccording  1he cluster model can be pictured approximately
to their rapidity values. Rapidity ordering is expected PY replacing the hadrons in Fig. 1 by clusters which
to correspond closely to string-rank ordering (position decay isotropically, usually into two hadrons. In this
on the string) as pictured in Fig. 1. By contrast, the Model, the specific cluster mass spectrum and the as-
cluster model producepj pairs, andK*+ K~ pairs sumption of isotropic decay will affect particle-pair

(partially), via the isotropic decays of clusters. The correlations in rapidity and in transverse momentum.
In the following, the string and cluster models, with

their different hadronization mechanisms, are com-
E-mail addressclara.matteuzzi@cern.ch (C. Matteuzzi). pared to the data.
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K™ Tt T P P i
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Fig. 1. lllustration ofk ¥ K~ andp j production in the string model.
Each loop represents @ or diquark—antidiquark pair produced
from potential energy in the string. (a) Productionfot K~ from
anss virtual pair. (b) Production op p from a diquark—antidiquark
pair.

2. Data sample and event selection

This analysis is based on data collected with the
DELPHI detector [4] at the CERN LEP collider in
1994 and 1995 at th&° centre-of-mass energy. The
charged particle tracking information relies on three
cylindrical tracking detectors (Inner Detector, Time
Projection Chamber (TPC), and Outer Detector) all
operating in a 1.2 T magnetic field.

The selection criteria for charged particles are: mo-
mentum above @ GeV/c, polar angle between £5
and 165 and track length above 30 cm. In addition
the impact parameters with respect to the interaction
point are required to be below®cm perpendicular
to and 20 cm along the beam. These impact parame-
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exceeding 15 GeV. The number of hadronic events is
~2 million.

Charged particle identification is provided by a
tagging procedure which combines Cherenkov angle
measurement from the RICH detector with ionization
energy loss measured in the TPC. Details on the
particle identification can be found in Ref. [4]. In
addition, the polar angle for identified particles is
restricted to be in the barrel region, betweerf 47
and 133.

3. Rapidity-alignment of K* K~ and pp pairs

In the following, the rapidity-alignment resulting
from an asymmetric orientation oK ™K~ or pp
pairs in rapidity with respect to the primary quark-
to-antiquark direction is investigated. The rapidity,
is defined as3 IN((E + pr)/(E — p1)), where p;,
is the component of momentum parallel to the thrust
axis, andE is the energy calculated using the RICH
determined particle mass. The thrust approximates
the directions of the primary; and g, especially
for two-jet events. Specifically, a study is made of
the preference for either the positive, or negative,
charged member of the pair to be nearer in rapidity to
the particle containing the primary quark rather than
primary antiquark, see Fig. 1.

To study the rapidity-alignment of particle pairs
it is necessary to determine the directions of the
primary quark and antiquark. Advantage is taken of
the fact that a primarys initiated event will frequently
hadronize yielding a high momentu&i™ and K —.

An effective tagging of the directions of the primary
guark(s) and the antiquarks) is achieved by selecting
events where the highest momentum particle in each
hemisphere, defined by ‘thrust’, is a charged kaon
(a K~ in one hemisphere, andi&™ in the other).

The data selected for this study are those tagged
events (i.e., where the leading particle in each hemi-
sphere is a kaon) that contain either an additional

ter cuts decrease the number of protons which result K+ K~ pair (not the tagged pair), or @p pair. The

from secondary interactions in the detector. Also, pro-
tons fromA andX decays are largely removed.
Hadronic Z° decays are selected by requiring

restriction is made that events have only ‘aig and
one K’ (notincluding the tagged’s), or only ‘one
p and onep’ in a given hemisphere. Hemispheres are

at least three charged particle tracks in each eventdefined, one for positive and one for negative, with

hemisphere, defined by the ‘thrust’ axis (see next
section), and a total energy of all charged particles

respect to the thrust direction. Each hemisphere is con-
sidered independently. Essentially no events had addi-
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tional K™K~ or pp pairs in both hemispheres. For the
KT K~ events the combined-probability tag for par-
ticle identification is required to be at the ‘standard’
level, see Ref. [4]. Because of reduced statistics, the
combined-probability tag fopp events was taken at
the ‘loose’ level. In each case, these respective levels
also apply to the primary quark kaon tags. This se-
lection yields 1250 events fatr K —, and 835 events
for pp.

The same procedure was used on Monte Carlo
events from Jetset. Standard DELPHI detector simu-
lation along with charged particle reconstruction and
hadronic event selection are applied to the events from
Jetset with parameters tuned as in Ref. [5]. The num-
ber of selected Monte Carlo events f&t K~ (pp)
was found to be D2 (127) times that of the data, for
equal luminosity. The difference ipp between data
and Monte Carlo may result from some deficiency in
the fragmentation properties of the model.

A study of events from Jetset including detec-
tor simulation determined the purity for thé™ K~
tagged events with an addition&l™ K~ or pp pair
to be ~45% and~35%, respectively. The event de-
tection efficiency for events witlk * K~ or pp pairs
is ~7% and~12%, respectively, resulting from the
requirement to identify four particleX(s or p’s) in

Letters B 533 (2002) 243-252
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Fig. 2. Distribution of primary-quark flavour from Jetset and Herwig

each event. These values are nearly constant over thehown by the solid and open circles, respectively, for events that

range of the analysis variabley defined later. The
purity is computed from the ratio of Jetset events de-

tected and congruous with a generated event, to the

total number of events detected. The efficiency is ob-
tained from the ratio of Jetset events detected to the
total number of events generated.

The distributions of primary-quark flavour, for the

have been tagged by high momentum chargesl (a) Fork T K~
production (in addition to the taggeki’s). (b) For p p production.

rank order, theK ™ of the pair should be nearer in
the rapidity chain to the tagged—. Equivalently, the
K~ from the pair should be nearer to the tagded.

events that are tagged, are shown in Fig. 2 for JetsetThis is depicted in Fig. 1, assuming a correspondence

and Herwig by the solid and open circles, respectively.
A background subtraction of like-sign pairs has been
applied to account for uncorrelated kaon or baryon
pairs. As seen, the contribution is enhanced for both
the KK~ and pp events. It is also possible fe
primary quarks to generate rapidity alignment. This
results from the production ab°[D*] mesons from
thec quark, which strongly favour decaysko™ rather
thank *; the opposite occurs for tiie Thebb primary
quarks also produce an effect though through a longer
chain fromB meson toD meson to kaon.

The operational definition of rapidity-alignment is
given as follows. For & ™K~ pair to bein rapidity-

between string-rank and rapidity-rank order. Similarly,
for a pp pair the p of the pair should be nearer in
rapidity to the tagged —; and thep from the pair
nearer to the taggek .

Since particle pairs with small rapidity differ-
ence between them have a high probability to have
‘crossed-over’ (reversed rank), this study is performed
as a function of the absolute rapidity difference be-
tween the two particles of the paity = |[y* — y~|,
wherey* (y™) are the rapidities of the positive (neg-
ative) members of the pair. Rapidity-rank cross-overs
can result from resonance/cluster decays, hard gluon
production andgpr effects.



DELPHI Collaboration / Physics Letters B 533 (2002) 243-252

(a) (b)
K'K - pp
g . —00— 4 _l__.——il—
o §
. S
2 | |
] - e
a ‘ g
o - H (o]
x _| o
2+ ‘O
0 | | | | 0 | | | |
0 6 1.2 0 6 1.2
Ay Ay

Fig. 3. Rapidity-alignment, uncorrected, as a function of the
absolute rapidity difference\y, between the particle pair. The data
points are indicated by the solid circles, and the predictions of
Jetset are shown by the open circles. The plot is an integral; i.e.,
all pairs with Ay greater than a given (abscissa) value are plotted.
(a) for KT K~ pairs. (b) forpp pairs.

The rapidity-alignmentvariablé, for K™K~ and
for pp pairs is defined as follows,

P(Ay) = (Nin — Nout)/ (Nin + Nouwp, 1)

where Ni; and Ngyt are defined as the number of
particle pairs with their charges andout of rapidity-
rank order, and are implicitly a function aky. In
Figs. 3 and 4, the calculation is given as an integral
over Ay; that is, all pairs withAy greater than a
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Fig. 4. Rapidity-alignment, corrected for background, as a function
of the absolute rapidity difference\y, between the particle pair.
The data points are indicated by the solid circles, and the predictions
of Jetset and standard Herwig are shown by the open circles and
squares, respectively. The plot is an integral; i.e., all pairs with
greater than a given (abscissa) value are plotted. (aXfoK —

pairs andr 7~ pairs; thexr T~ pairs do not have like-sign pair
subtraction, see text. (b) fgrp pairs. The Herwig result with the
process gluon to diquarks included is shown by the open triangles.

agreement with the data. Herwig predictions incorpo-
rating detector simulation with misidentifications were
not available for a comparison to the uncorrected val-
ues.

A correction has been applied to the values of
P(Ay) for the data to account for particle misiden-
tifications and uncorrelated kaon or baryon pairs. This

given (abscissa) value are plotted. In the absenceis achieved by a background subtraction of like-sign

of rapidity-alignmentNj, and Noy: should be equal,
within statistics, for allAy.

The uncorrected values oP(Ay) for K™K~
and pp pairs are displayed in Figs. 3(a) and (b),
respectively. The data, shown by the solid circles,
for both K+ K~ and pp exhibit a definite rapidity-
alignment which increases withy. The predictions
from Jetset, shown by the open circles, are in good

kaon or baryon pairs. The like-sign pairs provide a di-
rect measure of the background which would be con-
tained in thekK+* K~ and pp pairs. Since misidentifi-
cations or uncorrelated pairs would not favour a rank
ordering, the background represented by one half of
the like-sign pairs is subtracted from badthand out

of order pairs equally. The corrected valuesagfA y)

for KY K~ and pp pairs are displayed in Figs. 4(a)
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and (b), respectively. The data, shown by the solid cir-
cles, now display a stronger rapidity-alignment with
values approaching@ for largeAy. However, larger
errors result from the subtraction procedure.

For the study that incorporates corrections for
misidentifications, the model predictions from Jetset
and Herwig are taken from the generation level with
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alignment. The prediction, for these parameter values,
is shown by the open triangles in Fig. 4(b). The agree-
ment with the data in this case is satisfactory. This
new parameter setting, however, causes the predicted
baryon multiplicity to increase, and to be inconsistent
with the data. This problem can be mitigated by re-
ducing the value of the a priori weight-parameter, for

momentum and angle cuts as were applied to the the splitting of clusters to baryons, 460.25, from the
data. For Jetset the predictions are in agreement withtuned value of 74, Ref. [5]. The a priori hypothesized

those obtained from the detector simulation version
which allows for misidentifications. The predictions
from the string-model (Jetset) shown by the open cir-
cles are in agreement with both te™ K~ and pp
data. The cluster-model (Herwig) predictions, shown
by open squares, also give agreement withKhex —
data. However, Herwig predicts no alignment for the

default value is D.

For completeness, the potential rapidity-alignment
of 7 t7~ pairs is also examined. In this case, the large
pion multiplicity with a string-like alternating charge
structure should preclude ™z~ pairs from having
any substantial rapidity-alignment, see Ref. [6]. Each
777~ combination in a given event is included in the

pp case. This occurs because baryon—antibaryon pairscalculation of P(Ay). Predominant pion production

are produced jointly from individual isotropically-
decaying clusters, see Ref. [2]. The ‘detected
pairs cannot be rapidity aligned, whether they origi-
nate from the same cluster or from different clusters.
It was found that 70% of detectegp pairs come from
the same cluster.

The Herwig program is customarily employed in
the ‘standard’ mode that doewmt include the non-
perturbative process of splitting gluons into diquark—
antidiquark pairs, see Ref. [2]. If the gluon-to-diquarks
process were allowed, rapidity-aligngg pairs could
be produced. The diquark and antidiquark would sep-
arately adjoin into adjacent clusters which are rank
ordered. In this case, a proton produced from the di-
quark, and an antiproton produced from the antidi-
guark would be rank ordered since they do not origi-

with normal occurrence of like-sign pion pairs makes
background subtraction incongruous in this case. The
subtraction technique used f&rt K~ andpp pairs to
correct for particle misidentifications is not necessary
for like-sign pion pairs since misidentifications are not
their primary source. For charged pion identification
the combined-probability tag is set at the ‘standard’
level. The values oP(Ay) for thexr *7~ data, shown

by the solid circles, are included in Fig. 4(a). The
rapidity-alignment is quite small, as compared to that
from KTK~ and pp. The small, but finite, rapidity-
alignment indicates an incomplete cancellationirof
andout of orderz T~ pairs expected from a string-
like alternating charge structure. The predictions from
Jetset and Herwig, shown by the open circles and open
squares, respectively, are in qualitative agreement with

nate from the same cluster as in the case of standardthe data.

Herwig. The rank ordering then allows the pairs to
be rapidity-aligned. Herwig has a provision for this

process, which is controlled by a scale and a rate pa-
rameter. The scale parameter sets the maximum four
quark mass sum, see below; and the rate parameter i

4. pr compensation of x¥x~, K*K~ and pp

S'pairs

a measure of the amplitude for the process. These pa-

rameters are normally set to the default values which

The mechanism of locapy conservation (i.e.,

suppress the non-perturbative process; the default ratecompensation) can be studied from correlationg4n

parameter for this process is zero.
To attempt to reproduce the data with Herwig,

between particles which are adjacent or nearby in ra-
pidity. The azimuthal-angle difference between par-

the scale parameter for the gluon-to-diquarks processticles, A¢, measured in ther-plane, wherepr is

was set to 1, to include light diquarks (below the
four (s) threshold). The rate parameter was set to
the value 1, which produces a sufficient rapidity-

transverse to the thrust direction, is the variable used
in this analysis. The tagging procedure used for the
rapidity-alignment analysis is not employed here.
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According to the string and cluster modelsr (o) ! (b) (c) +
correlations should be stronger for oppositely-charged Lot K* K™ PP |
like-particle pairs. In the case of the string model, this |
can be understood from examination of Fig. 1, where 5.0k 'i’

adjacent hadrons share quarks from a single ‘breakup’
vertex. For cluster modelg;7 correlations can also
be expected, for example, from the fact that clusters
frequently decay into like-particle pairs.

The particle pairsttz~, K*K~, and pp, de-
termined with the particle identification combined-
probability tag at the ‘standard’ level, are used in this
study [4]. The requirement is made that the absolute ¢
relative difference inpr between the two particles,
|pF — p71/0.5(pF + p7), be less than Q. In this for-
mula pr is treated as a scalar. In addition, the thrust

SN

Number of Events

value for the event is required to be greater th&850 3.3k

for the events withr 7~ and K~ K~ pairs, and, be- L C L
cause of reduced statistics, greater thanfor the p p 0 %0 180 0 5 180 0 50 180
case. These stringent conditions provide better defini- A

tion of pr with respect to the initiayg direction, and
thus more sensitivity to differences between the string Fig. 5. Azimuthal-angle difference\¢, between particles from the
and cluster models. Also, for the"z ~ pairs, the par-  0Ppositely-charged particle pairs™x~, K"K ~, and pjp. A¢ is

. . . . L " measured in ther-plane, wherepy is transverse to the thrust
ticles are requwed to be adjacent in rapldlty (I‘apldlty direction (defined in text). In addition, a requirement on thrust

ranks_ differ by one unit). For_thK+K_ pair_s, _the and pr is made (see text). The data points are indicated by the
rapidity-ranks are allowed to differ by two units in or-  solid circles. The predictions from Jetset and standard Herwig are

der to increase statistics. For tpg pairs, this condi- shown by the dashed and dot-dashed lines, respectively. Error bars
tion is not applied because of reduced statistics. for Jetset (open circles) and Herwig (open squares) are shown for

e e . selected points (see text). (a) fof" 7~ pairs, adjacent in rapidity.
The uncorrected distributions af¢ are shown in Plot has suppressed zero. (b) f6F K ~ pairs, rapidity-ranks differ

Figs. 5(a), (b), and (c) for*x~, K*K~, and pp up to two units. (c) forpp pairs, without a rapidity condition.
pairs, respectively. The data are represented by theThe prediction from Herwig with the process gluon-to-diquarks
solid circles. The string and cluster model predic- implemented is shown by the dotted line, with error bars and open
tions, from Jetset and standard Herwig, are shown by friangles for selected points.

the ‘dashed’ and ‘dot-dashed’ lines, respectively. Er-

ror bars for Jetset (open circles) and Herwig (open into account localpry compensation between neigh-
squares) are shown for selected points. The Jetset erbouring vertices, see Ref. [7].

rors are statistical. Since Herwig did not give good A clear disagreement occurs for the model Herwig
agreement with the data, systematic errors were evalu-which predicts a stronger peaking of the distribution
ated by varying the parameters from Herwig according at A¢ = 180°, for all three cases, as compared to
to the fit results of Ref. [5]. Only the cluster-mass cut- the data. This comes about because the clusters decay
off parameter had a significant effect on the distri- predominantly into two particles which emerge back-
bution. to-back in pr, for clusters with small initialpy.

In all three cases, the Jetset predictions give signifi- This ‘limitation’ of the Herwig model design arises
cantly better agreement with the data than does Her- from the assumption of isotropically-decaying clusters
wig. However, Jetset does not predict quite enough which is basic to the model.
peaking atA¢ = 0° for the K™K~ and pp pairs. It For comparison to the p data one might expect
should be mentioned that although Jetset contains  better agreement from the Herwig model which incor-
conservation in each string breakup, it does not take porates the gluon-to-diquarks process. The prediction,

for this case, is shown by the ‘dotted’ line in Fig. 5(c),
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with error bars and open triangles for selected points. isterium fir Bildung, Wissenschaft, Forschung und
As seen there is significantimprovementin the Herwig Technologie, Germany; General Secretariat for Re-
prediction, however it still fails to give an adequate de- search and Technology, Greece; National Science

scription.

5. Conclusions

The rapidity-alignment ofk K~ and pp pairs
resulting from their asymmetric orientation in rapidity,
with respect to the direction from primary quark
to antiquark, is observed. The Jetset string model
agrees well with both th& * K~ and pp data. The
Herwig cluster model agrees with théT K~ data;
however, agreement for thep case can be achieved
only if the non-perturbative process gluon-to-diquarks
is implemented. In this case, the predicted baryon
production is greatly increased. Inauspiciously, in
order to obtain agreement with the data, it is essential
to reduce a priori weight-parameter (hypothesized
value 10) for splitting a cluster to form baryons to
~0.25.

Particle pair correlations ip7 are in much better
agreement with Jetset than with Herwig. Herwig
fails to describe thepy correlations for all cases,
xTn~, KTK~, andpp because of the mechanism of
isotropically-decaying clusters inherent in the model.
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