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We present the first study of rapidity gapsdhe™ annihilations, usingZ® decays collected by the
SLAC Linear Collider Large Detector experiment. Our measured rapidity gap spectra fall exponentially
with increasing gap size over five decades, and we observe no anomalous class of events containing
large gaps. This supports the interpretation of the large-gap events measygdaimd ep collisions
in terms of exchange of color-singlet objects. The presence of heavy flavors or additional jets does not
affect these conclusions. [S0031-9007(96)00455-3]

PACS numbers: 13.65.+i, 12.38.Qk, 13.38.Dg

Since the initial observation of hadronic jets, rapidity both theepand pp cases the interpretation of rapidity-gap
has been used to characterize the momentum of particlevents in terms of color-singlet exchange depends upon an
in jets in a frame-invariant manner. The rapidity dis-understanding of this color-exchange background. In the
tribution has been studied ia" e~ annihilation,ep and  pp experiments this was estimated by extrapolation of fits
hadron-hadron collisions, and fixed-target experimentso the particle multiplicity distribution in rapidity intervals
and is a characteristic of strong interactions that is welinto the zero-particle, or rapidity gap, region [4,5]. In the
described by perturbative QCD combined with iterativeep experiments the background was estimated using both
models of jet fragmentation [1]. Hard scattering of quarksa Monte Carlo simulation and aad hocparametrization
or gluons can be modeled by color fields between the outsf color exchange [7]. In both cases direct measurement
going partons that fragment into the observed final-statef the spectrum of rapidity gaps arising in color-exchange
particles, typically populating the whole rapidity range. jet fragmentation is preferable and would clarify the

Recently, exchange of color-singlet objects in hardinterpretation of the large-gap events.
diffractive hadron-hadron scattering processes character- Electron-positron annihilation into hadronic final states
ized by events containing large gaps in the particle rapidprovides an ideal laboratory for study of this issue as, in
ity spectrum has been discussed [2]. Subsequent studi€CD, it proceeds via creation of a primary quark and anti-
of pp collisions at the Fermilab Tevatron collider found quark connected by a color field which fragments into the
that roughly 1% of events comprising at least two high-observed hadrons. The inclusive particle rapidity distri-
transverse-energiEr) jets contain a large rapidity region bution has a broad plateau centered at zero [8]. Inclusive
between the two highe#;r jets with no particle activ- studies of the local rapidity density of particles have been
ity [3—5]. These events have been interpreted in termperformed [9] with the aim of investigating scale-invariant
of color-singlet exchange between the interacting partongascade mechanisms in multiparticle production, but no
Exchange of electroweak bosons is estimated to contribuferevious study has been made of the size of rapidity gaps
only a small fraction of the observed rate of gap eventsbetween adjacent particles. Large gaps are expected to
and a model incorporating pomeron exchange is in agreeccur ine*e™ — Z° — ¢gqq or gggg events when two
ment with the data [4,5]. Large rapidity gaps have alsacolor-singlet pairs of partons are formed. The production
been observed in roughly 10% of all photoproduced di+ate of such events with a gap of at least two units of ra-
jet events in deep-inelastic scattering at the HEBA  pidity is estimated [10] to be abou0 > of all hadronic
collider [6,7] and have also been interpreted in terms oZ° decays, but with an unknown background from fluctu-
color-singlet exchange. Models involving either vectorations inZ° — ¢g fragmentation.
meson dominance of the exchanged virtual photon or hard Here we present the first measurements of rapidity gaps
diffractive scattering via pomerons describe the data [6,7]in ¢*e~ — hadrons, usingZ’ decays. We compare our

Color exchange processes account successfully for thesults with theleTseT 7.4[11] jet fragmentation model
properties of the majority of dijet events and may giveand with the perturbative QCD prediction [10] for the
rise to large rapidity gaps due to random fluctuations. Imrate of large-gap events. We compare our results with
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measurements fronpp collisions where hadronic jets 102
are initiated by scattering afi and d quarks or gluons,
and with measurements frorap collisions where jets
are initiated predominantly by or d quarks. We have
isolated event samples enriched in primary lightd, s)

and heavy if) quarks, and have measured rapidity gap
spectra in both. Finally, we have studied the dependence
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drift chamber [13] and in the vertex detector [14]. The
trigger and initial hadronic event selection criteria are de-
scribed elsewhere [15]. Events were required to have a
minimum of five well-measured tracks [15], a thrust axis
[16] direction within|cos97| < 0.71, and a charged en-
ergy calculated from the selected tracks assumingrthe & | |
mass of at least 20 GeV. From our 1993-95 data samples 10 ' ! '
101 676 events passed these cuts, including the background AYmax
of (0.3 = 0.1)% dominated byz® — 7% 7~ events.

Particle rapidityy = 0.5In(E + p)/(E — py), where FIG. 1. (a) Normalized distribution of the absolute rapidity
E is the particle energy ang its momentum component of charged particles; data (solid circles) and Monte Carlo

. simulation (histogram). (b) Normalized distribution of event

along the thrust axis of the event, was calculated fromyayimum rapidity gap. Fome, = 5 (2., = 7) the data are
the measured momentum assuming thé mass. The shown as open (solid) circles and the combiredand 7+ 7~
charged track rapidity spectrum is shown in Fig. 1(a).Monte Carlo sample is shown as the dot-dashed (dashed)
We ordered theN tracks in each event by their rapidity, histogralm. The solid histogram is the distribution for Monte
which definedN — 1 rapidity gaps,Ay, between pairs C2r0¢q events at the generator level.
of adjacent tracks. For each event we considered the
largest gapAym.x, the average gapAy), and the size
of the central gapAy..n, i.€., that gap containing the cept neutrinos, with lifetimes larger th&nx 10710 sec,
mean rapidity of the tracks. ThAyn.. distribution is as well as7”’s, were considered stable and were used in
shown in Fig. 1(b); asAy..x increases it rises to a the analysis. Comparison of this with the measured distri-
peak aroundAy.x = 1, and forl = Ay,..x =< 6 it falls  bution indicates the effects of the detector and of the track
approximately exponentially; fakyn.x = 6 a “shoulder”  and event selection criteria, in particular, the exclusion of
is apparent, suggesting that the data sample containsreutral particles, on thAy,,x spectrum. The generator-
class of events characterized by large rapidity gaps. level spectrum exhibits the same structure as the data, and

This feature was found to be due to the 0.3% contamit is shifted to smaller values afy,.x and has a steeper
ination of 77~ events in theqg sample. They and exponential decrease due to the larger number of particles
Aymax distributions for a sample ofeTset 7.4[11] gg  considered in each event.
and KorALz 3.8 [17] 7*7~ Monte Carlo events, com-  We quantified our data sample in terms of the fraction of
bined according to their standard model fractionsZ8f eventsf(yo) containing no charged particles in the interval
decays and subjected to a simulation of the detector anldy| = yo/2, shown in Fig. 2; it falls exponentially. The
to the same selection cuts as the data, are also shown JBTSET¢q Simulation falls below the data for = 3, but
Figs. 1(a) and 1(b), respectively; the simulation describethe data are well described by the simulation including
the data well. The requirement on the minimum numberr™ 7~ events, demonstrating that even for events with
of charged tracks per event, was increased from 5to 7, nc, = 7 the influence ofr*7~ event contamination is
yielding 100 964 events with a reduced contribution fromnoticeable at large gap values. In Fig. 2 we compare
7777 events of 0.13%. The resultingly.x distributions  f(y) with the perturbative QCD prediction [10] for the
for the data and simulated events are shown in Fig. 1(bfraction of Z° decays intoggqg and gggg, where in
for Aymax = 1.0 the data fall exponentially and are well each case two color-singlet parton pairs are produced with
modeled by the simulation. Similar results were obtainedapidity separationy,. The prediction, fora,(M2) =
for (Ay) andAycene (Not shown). All further analysis was 0.120 * 0.008 [15], has a similar exponential falloff to the
based upon the requiremeny, = 7. data, but is between 2 and 3 orders of magnitude smaller.

Also shown in Fig. 1(b) is thé\y,.x distribution from  The effect of neglect of neutral particles (Fig. 1) is much
JETSET gq events at the generator level; all particles, ex-smaller than this difference. These results imply that the

of the rapidity gap spectra on the event jet topology. 3

The e*e™ annihilation events produced at t#é res- £ i ]
onance by the SLAC Linear Collider (SLC) have been § 1072 =
recorded using the SLC Large Detector (SLD) [12]. This 5 i 3
analysis used the charged tracks measured in the central % | =
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seT model for color exchange between the primary quark
and antiquark, contrasts with the onset of a plateau in the
pp andep data samples, and supports the interpretation
of the large-gap events ipp and ep collisions in terms

of hard colorless exchange processes [3—-5].

The JADE jet-finding algorithm [18] was used to define
jets and the rapidity and gap distribution were studied
as a function of the jet multiplicity of the events. We
considered 2-jet anek3-jet events defined for values of
the scaled jet-pair invariant mass in the rarfg@05 =
yeurt = 0.13. We show results for the 12 394 2-jet events
at yc,r = 0.005 and the 6885 =3-jet events aty.,, =
0.13. The former are events with two narrow back-to-

L back jets, while the latter events contain at least 3 well-

separated jets where the additional jet(s) are typically due
Yo to hard gluon radiation.

FIG. 2. Fraction of events containing no charged particle The 2-jet rapidity spectrum [Fig. 3(a)] peaks|atl ~

within | y| = yo/2 (solid circles). Prediction fromETSETgg 2.5 and the region| y| < 2.5 is depleted but nonzero,

events (dashed histogram), and from the combined sample ¢éflecting the color field between the and g. The

tqhﬁ a”dgftf e]}’e”tSR(S]?"‘igiStosgra{")- Thﬁ hatCheﬁ regi‘f)“ IS>3.jet rapidity spectrum peaks at a lower value, which
e prediction from Ref. . Similar results are shown from - - -
DO [%] (squares) and ZEL[JS][Y] (open circles). is expected from the lower-jet energies, the jet topology,

and higher event track multiplicity. Corresponding effects
are visible in theAy.x distributions [Fig. 3(b)]; the 2-jet
events peak at a gap of 1.5 units, and there is a long tail
production of events with large rapidity gaps in hadronicat high gap values; the 3-jet events peak at a gap size of
7 decays is dominated by fluctuations in color-exchangabout 0.7 unit and there are few events Wiy, > 2.5.
jet fragmentation. Similar results were observed at other valueyQf and

We also comparef(yo) with similar measurements for the (Ay) and Ay.. distributions (not shown). In all
from pp andep collisions, although, due to differences in cases the high-gap tails demonstrate exponential falloff
selected event topology, particle selection, and definitiorand are well described by hadronic Monte Carlo samples
of rapidity, such a comparison can be made in qualitasubjected to the same selection criteria.
tive terms only. The DO Collaboration has studied [3] the The rapidity and gap spectra were studied as a function
fraction of events that have no tagged particles in pseudmf event primary flavor using impact parameters of
rapidity space between the two highdst-jets in their  charged tracks measured in the vertex detector to tag
multijet event data sample. Jets were defined using samples enriched in lightZ0 — uu, dd, or s5) and
cone algorithm [3] and required to hav& > 30 GeV; heavy (Z° — bb) flavor. The 65 243 events containing
yo was taken to be the difference in pseudorapidity beno track with normalized transverse impact parameter
tween the edges of the two jet cones, and a tagged parivith respect to the interaction poir/o, > 3 were
cle was defined to be a tower in the DO electromagneti@ssigned to the light-flavor sample. The 13269 events
calorimeter withEr > 200 MeV. For yo = 1 the DO  containing three or more tracks with/o, > 3 were
results decrease exponentially (Fig. 2); far > 1 they assigned to the heavy-flavor sample. The light-flavor
indicate a plateau, withf(yo > 3) = 0.0053 = 0.0009 content of the light sample was estimated to be 85% and
[3]. The CDF Collaboration has reported similar re-the b flavor content of the heavy sample was estimated
sults, £(0.8 = yo = 4) = 0.00850.0015 [4], based upon to be 89%. Details of flavor tagging are discussed in
absence of charged tracks of momentum larger thaRef. [19].
400 MeV/c between jets. The ZEUS Collaboration has The rapidity spectrum of theb-tagged sample
studied [7] photoproduced events containing two jetqFig. 3(c)] is relatively flat out to|y| ~ 2.4 and falls
with Er > 6 GeV. The fraction of events that have sharply thereafter. The light quark spectrum peaks at
no calorimeter clusters withy > 250 MeV between the |y| ~ 0.6 and falls more slowly at high rapidity. This
two jets, defined using a similar cone algorithm as DO budifference can be explained by the fact that the rapidity
with a larger cone radius, decreases with(Fig. 2) but  of B hadrons inZ° decays peaks strongly &p| =~ 2.3,
may reach a plateayy( yo = 1.7) = 0.11°5:9% [7]. corresponding to the averagemomentum of 32 Ge)t

For yo <1 our measurement of an exponentially [20], and the large number d-hadron decay products
falling rate of gap events is qualitatively similar to both contributes only a small additional spread about this
the pp andepcases at low,. Fory, > 1 our measured value; additional tracks from fragmentation following the
exponential decrease, which is well described bys#tre  B-hadron formation are restricted to lower momenta and

100 T | T | T | T
% e SLD == Ref. 11
-- qgMC o DO

00 __gf+ttt MC o ZEUS
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FIG. 3. Normalized distributions of (a) charged particle rapid-
ity and (b) event maximum rapidity gap for 2-jet (solid circles)

and =3-jet (open circles) events; the simulations are shown

as solid (2-jet events) and dashesgl3jet events) histograms.
Normalized distributions of (c) charged particle rapidity and (d)
event maximum rapidity gap fou-, d-, s (solid circles), and

b-tagged (open circles) samples; the simulations are shown a

solid (u-, d-, stagged) and dashet-agged) histograms.

rapidities. ForAym.x [Fig. 3(d)], as well as(Ay) and
Aycent (nOt shown), the distributions for the two flavor-

tagged samples are found to peak at roughly the same

value, but theb-tagged distribution falls faster at high
values. These features are expected since the rapid
of B hadrons inZ° decays is limited to 2.8, and their
high decay multiplicity populates the regidry| < 2.8
independent of the fragmentation process. The behavi
of f(yg) is similar for both flavor-tagged samples (not
shown), although the slope of the exponential decrease
greater in théo-tagged case.

in terms of exchange of color-singlet objects. Differences
in peak position and exponent of the falloff between sam-
ples of different jet multiplicity or flavor can be explained
by differences in event topology, charged multiplicity, and
the effects oB-hadron production and decay.
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