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We present the first study of rapidity gaps ine1e2 annihilations, usingZ0 decays collected by the
SLAC Linear Collider Large Detector experiment. Our measured rapidity gap spectra fall expone
with increasing gap size over five decades, and we observe no anomalous class of events co
large gaps. This supports the interpretation of the large-gap events measured inpp andep collisions
in terms of exchange of color-singlet objects. The presence of heavy flavors or additional jets do
affect these conclusions. [S0031-9007(96)00455-3]

PACS numbers: 13.65.+ i, 12.38.Qk, 13.38.Dg
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Since the initial observation of hadronic jets, rapid
has been used to characterize the momentum of part
in jets in a frame-invariant manner. The rapidity d
tribution has been studied ine1e2 annihilation,ep and
hadron-hadron collisions, and fixed-target experime
and is a characteristic of strong interactions that is w
described by perturbative QCD combined with iterat
models of jet fragmentation [1]. Hard scattering of qua
or gluons can be modeled by color fields between the
going partons that fragment into the observed final-s
particles, typically populating the whole rapidity range.

Recently, exchange of color-singlet objects in ha
diffractive hadron-hadron scattering processes chara
ized by events containing large gaps in the particle ra
ity spectrum has been discussed [2]. Subsequent stu
of pp collisions at the Fermilab Tevatron collider foun
that roughly 1% of events comprising at least two hig
transverse-energysET d jets contain a large rapidity regio
between the two highest-ET jets with no particle activ-
ity [3–5]. These events have been interpreted in te
of color-singlet exchange between the interacting parto
Exchange of electroweak bosons is estimated to contri
only a small fraction of the observed rate of gap eve
and a model incorporating pomeron exchange is in ag
ment with the data [4,5]. Large rapidity gaps have a
been observed in roughly 10% of all photoproduced
jet events in deep-inelastic scattering at the HERAep
collider [6,7] and have also been interpreted in terms
color-singlet exchange. Models involving either vec
meson dominance of the exchanged virtual photon or h
diffractive scattering via pomerons describe the data [6

Color exchange processes account successfully for
properties of the majority of dijet events and may g
rise to large rapidity gaps due to random fluctuations.
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both theepandpp cases the interpretation of rapidity-ga
events in terms of color-singlet exchange depends upo
understanding of this color-exchange background. In
pp experiments this was estimated by extrapolation of
to the particle multiplicity distribution in rapidity intervals
into the zero-particle, or rapidity gap, region [4,5]. In th
ep experiments the background was estimated using b
a Monte Carlo simulation and anad hocparametrization
of color exchange [7]. In both cases direct measurem
of the spectrum of rapidity gaps arising in color-exchan
jet fragmentation is preferable and would clarify th
interpretation of the large-gap events.

Electron-positron annihilation into hadronic final stat
provides an ideal laboratory for study of this issue as,
QCD, it proceeds via creation of a primary quark and an
quark connected by a color field which fragments into t
observed hadrons. The inclusive particle rapidity dis
bution has a broad plateau centered at zero [8]. Inclus
studies of the local rapidity density of particles have be
performed [9] with the aim of investigating scale-invaria
cascade mechanisms in multiparticle production, but
previous study has been made of the size of rapidity g
between adjacent particles. Large gaps are expecte
occur ine1e2 ! Z0 ! qqqq or qqgg events when two
color-singlet pairs of partons are formed. The product
rate of such events with a gap of at least two units of
pidity is estimated [10] to be about1025 of all hadronic
Z0 decays, but with an unknown background from fluct
ations inZ0 ! qq fragmentation.

Here we present the first measurements of rapidity g
in e1e2 ! hadrons, usingZ0 decays. We compare ou
results with theJETSET 7.4[11] jet fragmentation model
and with the perturbative QCD prediction [10] for th
rate of large-gap events. We compare our results w
4887
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measurements frompp collisions where hadronic jets
are initiated by scattering ofu and d quarks or gluons,
and with measurements fromep collisions where jets
are initiated predominantly byu or d quarks. We have
isolated event samples enriched in primary lightsu, d, sd
and heavy (b) quarks, and have measured rapidity g
spectra in both. Finally, we have studied the depende
of the rapidity gap spectra on the event jet topology.

The e1e2 annihilation events produced at theZ0 res-
onance by the SLAC Linear Collider (SLC) have be
recorded using the SLC Large Detector (SLD) [12]. Th
analysis used the charged tracks measured in the ce
drift chamber [13] and in the vertex detector [14]. Th
trigger and initial hadronic event selection criteria are d
scribed elsewhere [15]. Events were required to hav
minimum of five well-measured tracks [15], a thrust ax
[16] direction within j cosuT j , 0.71, and a charged en
ergy calculated from the selected tracks assuming thep6

mass of at least 20 GeV. From our 1993–95 data sam
101 676 events passed these cuts, including the backgro
of s0.3 6 0.1d% dominated byZ0 ! t1t2 events.

Particle rapidityy ­ 0.5lnsE 1 pkdysE 2 pkd, where
E is the particle energy andpk its momentum componen
along the thrust axis of the event, was calculated fr
the measured momentum assuming thep6 mass. The
charged track rapidity spectrum is shown in Fig. 1(
We ordered theN tracks in each event by their rapidity
which definedN 2 1 rapidity gaps,Dy, between pairs
of adjacent tracks. For each event we considered
largest gapDymax, the average gapkDyl, and the size
of the central gapDycent, i.e., that gap containing the
mean rapidity of the tracks. TheDymax distribution is
shown in Fig. 1(b); asDymax increases it rises to a
peak aroundDymax ­ 1, and for 1 # Dymax # 6 it falls
approximately exponentially; forDymax $ 6 a “shoulder”
is apparent, suggesting that the data sample contain
class of events characterized by large rapidity gaps.

This feature was found to be due to the 0.3% conta
ination of t1t2 events in theqq sample. They and
Dymax distributions for a sample ofJETSET 7.4 [11] qq
and KORALZ 3.8 [17] t1t2 Monte Carlo events, com
bined according to their standard model fractions ofZ0

decays and subjected to a simulation of the detector
to the same selection cuts as the data, are also show
Figs. 1(a) and 1(b), respectively; the simulation describ
the data well. The requirement on the minimum numb
of charged tracks per eventnch was increased from 5 to 7
yielding 100 964 events with a reduced contribution fro
t1t2 events of 0.13%. The resultingDymax distributions
for the data and simulated events are shown in Fig. 1
for Dymax $ 1.0 the data fall exponentially and are we
modeled by the simulation. Similar results were obtain
for kDyl andDycent (not shown). All further analysis was
based upon the requirementnch $ 7.

Also shown in Fig. 1(b) is theDymax distribution from
JETSETqq events at the generator level; all particles, e
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FIG. 1. (a) Normalized distribution of the absolute rapidi
of charged particles; data (solid circles) and Monte Ca
simulation (histogram). (b) Normalized distribution of eve
maximum rapidity gap. Fornch $ 5 snch $ 7d the data are
shown as open (solid) circles and the combinedqq and t1t2

Monte Carlo sample is shown as the dot-dashed (dash
histogram. The solid histogram is the distribution for Mon
Carlo qq events at the generator level.

cept neutrinos, with lifetimes larger than3 3 10210 sec,
as well asp0’s, were considered stable and were used
the analysis. Comparison of this with the measured dis
bution indicates the effects of the detector and of the tra
and event selection criteria, in particular, the exclusion
neutral particles, on theDymax spectrum. The generator
level spectrum exhibits the same structure as the data,
it is shifted to smaller values ofDymax and has a steepe
exponential decrease due to the larger number of parti
considered in each event.

We quantified our data sample in terms of the fraction
eventsfs y0d containing no charged particles in the interv
j yj # y0y2, shown in Fig. 2; it falls exponentially. The
JETSETqq simulation falls below the data fory0 $ 3, but
the data are well described by the simulation includi
t1t2 events, demonstrating that even for events w
nch $ 7 the influence oft1t2 event contamination is
noticeable at large gap values. In Fig. 2 we comp
fs y0d with the perturbative QCD prediction [10] for th
fraction of Z0 decays intoqqqq and qqgg, where in
each case two color-singlet parton pairs are produced w
rapidity separationy0. The prediction, forassM2

Zd ­
0.120 6 0.008 [15], has a similar exponential falloff to the
data, but is between 2 and 3 orders of magnitude sma
The effect of neglect of neutral particles (Fig. 1) is mu
smaller than this difference. These results imply that
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FIG. 2. Fraction of events containing no charged part
within j yj # y0y2 (solid circles). Prediction fromJETSETqq
events (dashed histogram), and from the combined samp
qq andt1t2 events (solid histogram). The hatched region
the prediction from Ref. [10]. Similar results are shown fro
D0 [3] (squares) and ZEUS [7] (open circles).

production of events with large rapidity gaps in hadro
Z0 decays is dominated by fluctuations in color-excha
jet fragmentation.

We also comparefs y0d with similar measurement
from pp andep collisions, although, due to differences
selected event topology, particle selection, and defini
of rapidity, such a comparison can be made in qual
tive terms only. The D0 Collaboration has studied [3] t
fraction of events that have no tagged particles in pseu
rapidity space between the two highest-ET jets in their
multijet event data sample. Jets were defined usin
cone algorithm [3] and required to haveET . 30 GeV;
y0 was taken to be the difference in pseudorapidity
tween the edges of the two jet cones, and a tagged p
cle was defined to be a tower in the D0 electromagn
calorimeter withET . 200 MeV. For y0 # 1 the D0
results decrease exponentially (Fig. 2); fory0 . 1 they
indicate a plateau, withfs y0 . 3d ­ 0.0053 6 0.0009
[3]. The CDF Collaboration has reported similar r
sults, fs0.8 # y0 # 4d ­ 0.008510.0026

20.0017 [4], based upon
absence of charged tracks of momentum larger t
400 MeVyc between jets. The ZEUS Collaboration h
studied [7] photoproduced events containing two j
with ET . 6 GeV. The fraction of events that hav
no calorimeter clusters withET . 250 MeV between the
two jets, defined using a similar cone algorithm as D0
with a larger cone radius, decreases withy0 (Fig. 2) but
may reach a plateau;fs y0 ­ 1.7d ­ 0.1110.02

20.03 [7].
For y0 , 1 our measurement of an exponentia

falling rate of gap events is qualitatively similar to bo
thepp andepcases at lowy0. For y0 . 1 our measured
exponential decrease, which is well described by theJET-
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SET model for color exchange between the primary qu
and antiquark, contrasts with the onset of a plateau in
pp and ep data samples, and supports the interpretat
of the large-gap events inpp and ep collisions in terms
of hard colorless exchange processes [3–5].

The JADE jet-finding algorithm [18] was used to defin
jets and the rapidity and gap distribution were stud
as a function of the jet multiplicity of the events. W
considered 2-jet and$3-jet events defined for values o
the scaled jet-pair invariant mass in the range0.005 #

ycut # 0.13. We show results for the 12 394 2-jet even
at ycut ­ 0.005 and the 6885 $3-jet events atycut ­
0.13. The former are events with two narrow back-t
back jets, while the latter events contain at least 3 w
separated jets where the additional jet(s) are typically
to hard gluon radiation.

The 2-jet rapidity spectrum [Fig. 3(a)] peaks atj yj ,
2.5 and the regionj yj , 2.5 is depleted but nonzero
reflecting the color field between theq and q. The
$3-jet rapidity spectrum peaks at a lower value, whi
is expected from the lower-jet energies, the jet topolo
and higher event track multiplicity. Corresponding effec
are visible in theDymax distributions [Fig. 3(b)]; the 2-jet
events peak at a gap of 1.5 units, and there is a long
at high gap values; the 3-jet events peak at a gap siz
about 0.7 unit and there are few events withDymax . 2.5.
Similar results were observed at other values ofycut and
for the kDyl andDycent distributions (not shown). In al
cases the high-gap tails demonstrate exponential fa
and are well described by hadronic Monte Carlo samp
subjected to the same selection criteria.

The rapidity and gap spectra were studied as a func
of event primary flavor using impact parameters
charged tracks measured in the vertex detector to
samples enriched in light (Z0 ! uu, dd, or ss) and
heavy sZ0 ! bbd flavor. The 65 243 events containin
no track with normalized transverse impact parame
with respect to the interaction pointbysb . 3 were
assigned to the light-flavor sample. The 13 269 eve
containing three or more tracks withbysb . 3 were
assigned to the heavy-flavor sample. The light-flav
content of the light sample was estimated to be 85%
the b flavor content of the heavy sample was estima
to be 89%. Details of flavor tagging are discussed
Ref. [19].

The rapidity spectrum of theb-tagged sample
[Fig. 3(c)] is relatively flat out toj yj , 2.4 and falls
sharply thereafter. The light quark spectrum peaks
j yj , 0.6 and falls more slowly at high rapidity. Thi
difference can be explained by the fact that the rapid
of B hadrons inZ0 decays peaks strongly atj yj ø 2.3,
corresponding to the averageB momentum of 32 GeVyc
[20], and the large number ofB-hadron decay product
contributes only a small additional spread about t
value; additional tracks from fragmentation following th
B-hadron formation are restricted to lower momenta a
4889



VOLUME 76, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 24 JUNE 1996

id
s
w
.
(d

n

r-
a
h
id
ir

v
o
e

it

o
fo
e
k
it

s
su

es
m-
d
nd

tor
ting
nd
nd

ly.
ly.

u
,

B

.,

ys.

r-
FIG. 3. Normalized distributions of (a) charged particle rap
ity and (b) event maximum rapidity gap for 2-jet (solid circle
and $3-jet (open circles) events; the simulations are sho
as solid (2-jet events) and dashed ($3-jet events) histograms
Normalized distributions of (c) charged particle rapidity and
event maximum rapidity gap foru-, d-, s- (solid circles), and
b-tagged (open circles) samples; the simulations are show
solid (u-, d-, s-tagged) and dashed (b-tagged) histograms.

rapidities. ForDymax [Fig. 3(d)], as well askDyl and
Dycent (not shown), the distributions for the two flavo
tagged samples are found to peak at roughly the s
value, but theb-tagged distribution falls faster at hig
values. These features are expected since the rap
of B hadrons inZ0 decays is limited to 2.8, and the
high decay multiplicity populates the regionj yj , 2.8
independent of the fragmentation process. The beha
of fs y0d is similar for both flavor-tagged samples (n
shown), although the slope of the exponential decreas
greater in theb-tagged case.

In conclusion, we have studied distributions of rapid
and of rapidity gaps using charged particles ine1e2 !

Z0 ! qq decays, and their dependence on the jet top
ogy and quark flavor of the events. After accounting
backgrounds fromt1t2 events, we find that the inclusiv
distribution of the maximum rapidity gap per event pea
at about 1 unit and subsequently falls exponentially w
increasing gap size. In contrast to results frompp andep
collisions we find no evidence for any anomalous clas
events characterized by large rapidity gaps, and thus
port the interpretation of the large-gappp andep events
4890
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in terms of exchange of color-singlet objects. Differenc
in peak position and exponent of the falloff between sa
ples of different jet multiplicity or flavor can be explaine
by differences in event topology, charged multiplicity, a
the effects ofB-hadron production and decay.
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