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Abstract

Analysis of the rapidity structure of charge correlations in hadronic events from Z° decays gives evidence for chain-like
charge-ordering of particle production along the thrust axis, as predicted by ‘QCD-motivated’ string-like fragmentation

models.©© 1997 Published by Elsevier Science B.V.

1. Introduction

The phenomenon of chain-like flavor-ordered par-
ticle production is a general prediction of ‘QCD-
motivated’ string-fragmentation models for jet hadro-
nisation [1]. Hadronic events produced from ete™

10On leave of absence from IHEP Serpukhov.
2 CICYT-AEN96-1681.

annihilation yield two primary quarks (gg) which
carry opposite quantum numbers and which are at the
end points of a chain. The chain (or string) is formed
from the color neutral system which stretches (due
to linear confinement) between the primary quarks.
Hadronisation results from the break-up of the string
as the two primary quarks move apart. The breaks oc-
cur between a quark and antiquark forming a virtual
flavor-neutral gg pair produced from potential energy
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Fig. 1. (a) Annihilation event with flavor-ordered chain production.
The particles at the ends of the chain are ‘rank 1°, those adjacent are
‘rank 2°, etc. (b) Event with charged particles ordered according

to their rapidity values in the throst direction. The quantity n,
indicates the rapidity-rank, and Ay is the rapidity gap adjacent

tn a “tacoad’ narticla (n_ == 1) chown here for one cide
0 a "tagged’ parudie (nr = i), 540wWn NCrC 107 ond siGe.

i [ S T .

lﬂ me bll'lllg ndUI'UIlb pIUUULCU Oy i IilUUt:l dic lIl
strict flavor ordering, called ‘rank’ [2], as illustrated
in Fig. 1a where, on the left side, the ud becomes
the first rank particle 7+, the dii the second rank
particle 7, etc. (see also Fig. 1b for a description
of rank). Flavor ordering is a result of the fact that
two adjacent-ranked hadrons share a gg pair. Owing
to the chain-like oruenng, margeu hadrons \regard-
less of flavor) are predicted to be produced with an
alternating charge structure along the entire chain.

It should be noted that although ordering in rank
is strict, the corresponding ordering in rapidity is not.
This 1s because of the softness of the fragmentation
function, hard gluon production, py effects, and clus-

ter/resonance decavs, all of which can mix the order in

W { IVOUILGIIVGY GOUG Y 5y Qil U WIiiwal CQRIL INEA e URSSS 20

rapidity of the detected hadrons. Nevertheless, a weak
coupling between rank and relative position in rapid-
ity is predicted and can be studied experimentally.
Previous studies at lower energy [3] have shown
evidence for charge rank ordering at the ends of the
rapidity chain. This paper gives evidence for the ex-
istence of charge-ordered hadron production in the

rapidity variable measured along the thrust axis in

hadronic Z° decays in ete™ events at LEP,

In addition, the data are compared to predictions
of the JETSET 7.3 [4] and HERWIG 5.5 [5] mod-
els. From the above discussion, it is clear that the
string-model JETSET is expected to yield charge-
ordering. But HERWIG, ajthough a ciuster model,

alan hae ‘qgtrino_lila’ faatiirae Tha sanecanmt of ‘nre
aisG nas Sing-igke 1tatuxes. iic COncCpr 61 prc-

confinement’ is used to produce clusters, which are
represented by a string stretched between g and §
endpoints of the cluster. Large clusters are split into
smaller clusters which take for their motion the di-
rections of the original cluster endpoints, i.c. along
the string direction. Thus both models have string (or

linear confinement) nronertieg: ag ceen later. their
Anear connnement) properics; as seen ater, (elr

predictions are very similar,

2. Data sample and event selection

This analysis is based on the data collected with
the DELPHI detector [6] at the CERN LEP collider
from 1991 to 1994. The data were recorded at center-
of-mass energies around 91.2 GeV. The present anal-
ysis relies on the information provided by the three
cylindrical tracking detectors (Inner Detector, Time
rlU_]cCllOﬂ Chamber (TPC), and Outer Detector) ail
operating in a 1.2 T magnetic field. The Inner Detec-
tor and TPC each cover the angular range 20° < ¥ <
160°, where ¢ is the polar angle with respect to the
beam axis, and the Outer Detector covers the range
43° < § < 137°

The detection of multihadronic events uses charged

martinlag and 1tral Alvatara alantenmaagnatia

Pq-lklbl\zb [«f8LN Y 11uutxal \rluDL\dlD Jll Lh\-t ulobuuulasuuuu
calorimeters [7]. The selection criteria for charged
particles are that the momentum, p, should be above
0.4 GeV/c, the relative error on p less than 100%, the
polar angle between 20° and 160°, and the track length
above 30 cm. In addition, the impact parameter with
respect to the beam in the plane perpendicular to the

beam axis, and to the loneitndinal coordinate at the

UL QALS, GG L0 ROUBARGULNG, SVLIGRIIAW &L

origin, should be below 4 cm and 10 cm, respectively.
Hadronic events are selected by requiring at least
six charged particles (with at least three in each hemi-
sphere) and a total visible energy, E i, exceeding 20%
of the c.m.s. energy. For good multiparticle acceptance
the thrust axis is required to be at more than 50° to the
beam. The thrust axis is defined as the direction that

maximizes the sum of the absolute values of the lon-
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| Ap(n,)'

- (o) - (b) L

(e)

Fg. 2. Compensating charge,
Ap(ny), as a function of n,
(nr < 10), for (a) Ayg > 0.5, (b)
Aymg > 1.0, and (c) Ayag > 2.0.
The tagged hemisphere is repre-
sented on the left side of each plot,
starting with n, = 2. The data point
for the tagged particle (nr = 1),
which is equal to —1.0, is not shown.
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gitudinal momenta of all the charged particles in the
event. The number of events selected is ~ 1.8 million.

3. Analysis

This analysis is a study of charged particle correla-
tions in the rapidity variable with respect to the thrust
direction. The thrust direction approximates the di-
rections of the primary g and g, especially for two-
jet events. With all particles assumed to be pions, the
rapidity, y, is defined as £ In((E + pr)/(E — p1)),
where p;, is the component of momentum parallel to
the thrust axis, and E is the energy calculated using
the pion mass.

To detect chain-like ordering of charge, first the sign
of the charge of one of the primary quarks in the event
is identified (or tagged). The charged particles in each
event are ordered according to their rapidity values in
the thrust direction, as shown in Fig. 1b. The ‘tagged’
particle (one for each hemisphere) is defined as the
particle having the largest absolute value of rapidity
in that hemisphere. Hemispheres are defined, one for

by dashed lines.

positive y and one for negative y, with respect to the
thrust direction.

To improve the efficiency for tagging the correct
primary-quark charge, the rapidity gap adjacent to the
tagged particle, Ayg,, is required to be larger than a
specified value, i.e. a ‘tag condition’. A small rapid-
ity difference between the leading and next-to leading
particle would involve a larger probability for them to
have ‘crossed over’, i.e. reversed rank. Zero, one or
two tags are possible for a given event. Each hemi-
sphere is considered independently. Later in this sec-
tion, the more general case of tagging with more than
one leading particle is considered.

The integer rapidity-rank (n,) is defined as the po-
sition that a particle has in the rapidity chain when
charged particles in the event are ordered according to
their y values along the thrust axis. The counting for
n, begins at the end of the chain in each hemisphere
(see Fig. 1b).
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Fig. 3. Compensating charge,
Ap(n;), as a function of n,
(nr < 10), for (a) all Ayug, (b)
Aytag > (.5, and (C) Aylag > 1.0,
with the adjacent-rapidity-gap condi-
tion Ay; > 0.5 (1.0) applied. The
tagged hemisphere is again repre-
sented on the left side of each plot,
but the data points n, = 2 (val-
ues 0.071, 0.143, and 0.115 for (a),

35789 97531

nr

35789 975 81

3.1. Compensating charge Ap(n,)

For the sample of N, tagged hemispheres, the av-
erage compensating charge at rapidity rank », is:

Ap(ny) = po(ny) — py(nr), (1)

where p,(n,) = N,(n,) /Nig and N,y(n,) is the num-
ber of particles at rank n, with charge opposite to the
tagged particle; p;(n,) is defined similarly but for par-
ticles with the same charge. Charge conservation re-
quires that the total charge of all the other particles in
the event be minus the charge of the tagged particle.
Of course, the reconstructed event will not always con-
serve charge because of possible missing tracks and
secondary interactions.

Distributions in the variable Ap(n,) should reveal
the nature and location in #, of the charge compensa-
tion of the tagged particle. The distribution of Ap(n,)
for three values of the Ay, requirement, (3) Ay, >
0.5, (b) Aywg > 1.0, and (c) Aypg > 2.0, is shown
in Fig. 2. Tt is seen that for n, near that of the tagged
particle there is a large contribution of compensating

3579

® 7531 (b), and (c), respectively) are not

shown in order to accommodate an
expanded scale.

charge, i.e. a short-range correlation (SRC); and at
n, furthest from the tagged particle in the opposite
hemisphere there is evidence of a narrow-width corre-
lation, called a long-range correlation (LRC) because
of its distance from the tagged particle. The LRC is
stronger (i.e. more fractional compensating charge)
for the largest Ay requirement, indicating that the
primary parton charge is more efficiently tagged. The
predictions for tagging efficiency (particle with largest
rapidity in a hemisphere has the same sign of charge as
the primary quark) from JETSET 7.3 for all Ay, and
for Ayy > 1.0 are 56% and 64%, respectively. Also
shown in Fig. 2 is a prediction of a random charge
model, produced by randomizing the charges of parti-
cles in the data. The charges are randomized such that
the net charge from reconstructed charged particles in
each event is reproduced. This random charge model,
although retaining the effects of charge conservation
convoluted with the multiplicity distribution (because
individual multiplicities have different ranges in n,),
does not reproduce the data.
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Fig. 4. Compensating-charge ratio,
R(n,), as a function of n, for (a)
all Ayug, (b) Ayng > 0.5, and (c)
Aymg > 1.0, for the hemisphere op-
posite to the tagged particle. The ad-
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The SRC is qualitatively consistent with local
charge conservation, as expected from a string model
and/or from resonance decays. The LRC provides
evidence for the presence of charged primary partons,
since tagging a given charge at one end of the rapid-
ity chain yields a positive correlation for the opposite
charge at the other end of the chain. Requiring larger
values of Ay greatly increases the observed strength
of the LRC, and decreases the observed width of the
SRC (from three to two rapidity-rank units). Since
the average Ay, A, is ~ 1/2 unit for rapidity gaps near
the ends of the event, the width (half maximum) of
each peak is estimated, from Fig. 2c, to be approxi-
mately one unit in y (two rapidity-rank units wide).

To increase the sensitivity for observing particles in
their original rank order, the rapidity gaps Ay; between
the particle with rapidity-rank », and those at n, — 1
and n, + 1 are both required to exceed a given value.
The rapidity gaps are defined as positive quantities.
Generally, the requirement Ay; > 0.5 is imposed but,
to give ‘equal’ treatment to the particle with largest
rapidity at the end of the chain (n, = 1) and with

jacent-rapidity-gap condition is ap-
plied. The points for n, > 7 have
Jlarge uncertainties and are not shown.

only one adjacent gap, the requirement is doubled for
this particle (i.e. to Ay; > 1.0); this is somewhat ar-
bitrary, but in accord with the assumption of an expo-
nential rapidity-gap distribution, as seen in other data
[9]. This adjacent-rapidity-gap condition is applied
independently to each particle to include it in a distri-
bution. It is not applied to the ‘tagged’ particle, which
has separate requirements.

Distributions of A p(n,) obtained after applying this
condition are shown in Fig. 3 for (a) all Ayue, (b)
Ayiag > 0.5, and (¢) Aypg > 1.0. These distributions
are similar in shape to those of Fig. 2. However, a ‘see-
saw’ effect can now be observed in the data furthest
from the tagged particle in the opposite hemisphere.
With the adjacent rapidity gap requirement and the
Ayt cut, only a small number of charged particles are
retained (e.g. 3% for Fig. 3b); however, capability to
see charge structures in the data is attained. In gen-
eral, the fraction of particles remaining after cuts on
Ayag and Ay; can roughly be estimated from a product
of exponentials representing the rapidity-gap distribu-
tions, i.e. exp(—Ayga/A) - [exp(—Ayt/A) ]2, with
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Fig. 5. Compensating-charge ratio, R{n,), as a function of n,
with Aywg > 0.5, for (a) the three-leading-particle tag, and (b)
the five-leading-particle tag. The adjacent-rapidity-gap condition
is applied.

A= % This formula assumes gap independence and
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t overestimates the fraction in the data.

somewh:

In the following, the charge-compensation behav-
ior is studied exclusively in the hemisphere opposite
to that of the tagged particle. Detailed structures are
difficuit to observe in the tagged hemisphere because
of the large amount of compensating charge resulting

from local charee conservation to the fnoced particle

ELVAAL AUMGE Vilidd 50 LURISVL VRawIL W VAT WGs piiCit.

Tt should be noted that this effect does not depend on
having a correct tag of the primary quark charge. A
large tagging efficiency for the incorrect charge results
in a large background for the tagged hemisphere; thus,
any detailed structure is euectively washed out. How-
ever, a very small ‘alternation’ in the tagged hemi-
sphere may be seen in Fig. 3c, as evidenced by the

fact that the n, = 4, 6 points are significantly above a

steeply falling smooth curve drawn through the n, =
3.5.7 points. The opposite hemisphere, which is far
from the effect of local charge conservation to the
tagged particle, offers an unbiased situation for study-
ing structure such as charge ordering.

To emphasize the relative difference between the

annncite and came chargee the follawi ing afiny 18 1no
OPPOLIHL dliU 5alliC CliafZls, Wil 10UO0OWINE rafio 1S 1n-

troduced:

R(n,) = (po(”r) ’_Ps(nr)>/)00(nr)~ (2)
This ratio is shown in Fig. 4 for (a) all Ay, (b)
Ayng > 0.5, and (¢) Ayyg > 1.0. The adjacent rapid-

ity oan condition descrihed ahove ic acain annlied A
1ty gap congt tion described above 1S again applied. A

strong oscillating pattern is seen which extends from
the first particle in rapidity-rank to the sixth (n, =
1,...,6). (Statistical uncertainties are too large be-
yond n, = 6 to see any effect.) This type of behav-
ior is the signature that would be expected for chain-
like charge-ordered particle production in hadron jets.
With larger Ay, the data show an increased oscilla-
tion amplitude resultmg from the better tagging effi-
ciency.

The tagging method described above can be gen-
eralized to include more than one leading particle If
\,ucugc—ULUe‘ni‘lg is valid, any odd number of 1cau1ug
charged particles can be used to identify the sign of a
primary-quark charge. A group tag is considered when
either three or five leading charged particles (i.e. those
with the largest values of | y| in a hemisphere) have
net charge 1 (or —1) and rapidity-gap between the
third (or fifth) particle and the following particle in

th hain larcar than a minimuam Ty
l.lle Clla‘lll uus\a LhicLL a uuﬂhu‘uxu V?u'ue.

Fig. 5 shows the result for three (and five) leading
particles, respectively, with the condition Ay, > 0.5.
The alternating charge structure observed is similar to
that seen for the case of a single leading particle. This
gives further confirmation that charge-ordering exists
locally over the entire rapidity chain.

Combining these tags, the event (each hemi thm‘e\

is tagged if the rapldlty -gap is larger than a given value
following the leading, or third, or fifth particle; only
one entry per hemisphere is plotted. This gives the
greatest number of tagged events. The ratio R(n,) for

thn noadrinad tag with tha cama thran A 4 conditinong
the combinea tag, wiiil the same {nree A Ytag CONGIUOHIS

as in Fig. 4, is shown in Fig. 6. With the greater statis-
tics, the alternating charge structure has increased sig-
nificance.
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R(n )

Fig. 6. Compensating-charge ratio,
R(nr), as a function of n, for
(a) all Ayag. (b) Aymg > 05,
and (c) Aywmg > 1.0, for the com-
bined case of tagging single, three,
or five leading particles. The ad-
jacent-rapidity-gap condition is ap-
plied. The data points (®’s) are
shown unconnected. The predictions
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Fig. 6 also compares the predictions of the Monte
Carlo models JETSET 7.3 and HERWIG 5.5 with

hhn Aota Tl T
tne gata. 1he generatlon parameters for JETSET 7.3

are given in Table 10 of Ref. [8]. The HERWIG
5.5 event generation is done with default parame-
ters, and the particle decays are treated by JETSET.
Standard DELPHI detector simulation along with
charged particle reconstruction and hadronic event
selection are applied to the events from JETSET 7.3.

The events from the HERWIG generation are not pro-

A0 OVOIILS 110400 Wi JIN SO Ale 110

cessed through the full detector simulation; 1nstead
a three-dimensional acceptance-probability function
in momentum, azimuth and polar angles for charged
particles, based on the ratio of accepted to generated
particles in the JETSET simulation, is applied io each
charged particle.® As seen in Fig. 6, both HERWIG

and JETSET are in good agreement with the data.

31t has been checked that applying this rejection algorithm to an
ama Aot oot ~F Cenamata anto wamesndnnaas tha wacnaltc

A o ]
mut:pcuucul UL UL JLl L)l_d.l gullciaicu SVENts ICTPIUUULGS Ui ICsuas

from JETSET events processed with full detector simulation.

of JETSET 7.3 ((1’s) and HERWIG
5.5 (A’s) are connected by dashed

LAALE D)

and dotted lines, respectively.
4. Conclusions

Evidence for chain-like charoe-ordered narticle nro-

Y IGONOC O LU LLAQl pU-Ol ULILA patlatic Pl

ductionis observed in hadronic events from 70 decays.
This confirms a fundamental and long-standing pre-
diction of string-like fragmentation models. The weak
coupling between the rank of a particle in the string
and its position in the rapidity chain allow this effect
to be studied. The JETSET and HERWIG models both

agree with the data.
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