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ABSTRACT 

Distributions of rapidity gaps between charged particks are studied in Zo decay events 

recorded by the SLD experiment at SLAC. We find that our measured gap spectra 

are well modelled by standard Monte Carlo simulations of hadronisation. Gaps in 
hadronic events are studied as a function of event primary flavor, jet multiplicity and 

total charged multiplicity. 
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1 Introduction 

Since the initial observation of hadronic jets, rapidity has been used to characterize the 

momentum of particles in jets in a frameinvariant manner [l]. Recently Bjorken [2] has 

called attention to the production of color-singlet systems in hard di&active hadron- 
hadron processes which would be characterized by a large gap in the event rapidity 

spectrum. Rapidity gaps have been observed at Fermilab 13, 4 and DESY [5, 61 
although their origin is not yet understood. The interpretation of these phenomena 

is dependent on an understanding of the spectrum of rapidity gaps arising in the 
hadronization process, and in particular on a knowledge of the probability of random 

Buctuations producing large gaps. 
Bjorken et al. [?] have discussed e+e' annihilation to Iasge rapidity gap events via a 

color screening mechanism. We present the .first measurements of rapidity gap spectra 
in e+e- annihilation. In particular we study the dependence of the measured rapidity 

gap spectra on the event primary flavor and on the event jet topology. 

We describe the detector, the event trigger and the event selection criteria applied 

to the data in Section 2. In Section 3 we define the observables used in this analysis. 
The analysis of the data is described in Section 4, and conclusions are presented in 

Section 5. 

2 Apparatus and Hadronic Event Selection 

The e+e- annihilation events produced at the Zo resonawe by the SLAC Linear Col- 
lider (SLC) have been recorded using the SLC Large Detector (SLD). A general descrip- 

tion of the SLD can be found elsewhere [SI. Charged tracks are measured in the central 
drift chamber (CDC) and in the vertex detector (VXD) (91. Momentum measurement 

is provided by a uniform axial magnetic field of 0.6 T. Particle energies are measured 

in the Liquid Argon Calorimeter (LAC) [lo], which contains both electromagnetic and 

hadronic sections, and in the Warm Iron Calorimeter [ll]. 
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Three triggers were used for hadronic events. The first required a total LAC electre 

magnetic energy greater than 12 GeV; the second required at least two well-separated 

tracks in the CDC; and the third required at least 4 GeV in the LAC and one track in 
the CDC. A selection of hadronic events was then made by two independent methods, 

one based. on the topology of energy depositions in the calorimeters, the other on the 

number and topology of charged tracks measured in the CDC. 
The analysis presented here used the charged tracks measured in the CDC and 

VXD. A set of seIection cuts w e  applied to the data to select well-measured tracks and 

events well-contained within the detector acceptance. Charged tracks were required to 

have (i) a closest approach transverse to the beam axis within 5 cm, and within 10 cm 
dong the aJEis from the measured interaction point; (ii) a polar angle B with respect 
to the beam axis within J cos8 I< 0.80; and (iii) a momentum transverse to the beam 

axis p~ > 0.15 GeV/c. Events were required to have (i) a minimum of five such tracks; 
(ii) a thrust a x i s  [12] direction within I cos& I< 0.71; and (iii) a total visible energy 

36, of at least 20 GeV, which was calculated from the seIected tracks assigned the 

chasged pion mass. From our 199495 data sample we have used 34,890 events which 

passed these cuts. The eEciency for selecting hadronic events satisfying the I cos I)T I 
cut was estimated to be above 96%. The background in the selected event sample 

was estimated to be 0.3 f O.l%, dominated by Z0 -+ r+r- events. Distributions of 

single particle and event topology observables in the selected events were found to be 

well described by Monte Carlo models of hadronic Zo decays [13,14] combined with a 

simulation of the SLD. 
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3 Definitions of Observables and Event Tags 

A Rapidity gaps 

Charged paxticle rapidity is defined by 

where E is the particle energy calculated from its measured momentum sad a presumed 

charged pion mass and f i I  is its momentum component along the thrust axis of the 

event. W e  order the N charged particles in an event by their rapidity, which defines 
N - 1 rapidity gaps between pairs of particles taken as nearest neighbors in the rapidity 
ordering. The largest rapidity gap in the event, Aqmw, is defined as the lazgest of the 
N - 1 gaps between nearest neighbors. 

We define the average gap size by 

where q m a  is the greatest particle rapidity in the event and qmin is the least particle 

rapidity. 

B Flavor tagging 

Events were classified as being of light (u, d or s) or heavy (b) flavor based on impact 

parameters of charged tracks measured in the vertex detector. The 22,908 events 
containing no track with normalized transverse impact parameter with respect to the 
interaction point blob > 3 were assigned to the right flavor sample. The 4,669 events 

containing three or more tracks with normalized tramverse impact parameter with 

respect to the interaction point blab > 3 were assigned to the heavy flavor sample. The 

light flavor content of the light sample was estimated from Monte Carlo simulations to 

be 85% and the b flavor content of the heavy sample was estimated to be 89%. A full 
discussion of flavor tagging can be found in [15]. 
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C .Jet  tagging 

The JADE jet-finding algorithm fl6] was used to define the number of jets in an event. 

The values 0.005,0.02 and 0.13 of the scaled invariant mass, gat, were used. For yat = 
0.005 the sample contained 4,280 2-jet and 30,567 23-jet events; for ycut = 0.02 13,314 

2-jet snd 15,693 23-jet events, asd for yat = 0.13 32,281 2-jet and 2,504 >$jet events. 

4 ' Rapidity Gaps Analysis 

The measured distributions of I q I, < A? >, and A?,,,- are shown in Figurea la, b 
and c respectively. Also shown are the predictions of the JETSET 7.4 Monte Carlo 

program fl?] for the simulation of Zo decays, combined with a simulation of the SLD, 
and with the same cuts as applied to the data. The simulation models the data well 

except at the high end of the rapidity gap spectra. This small discrepancy is due to 

T+T- event contamination of the hadronic sample. Also shown in Figures l b  and c is 
a KORALZ [lS] simulation of Zo T+T- combined with a simulation of the SLD and 

subjected to the same cuts as the data. This simulation describes the high < AT > 
and Aqmot regions well. 

We have performed a Monte Carlo study to investigate further the observed spectra. 

In each of Figures 2a, b and c we show the following three samples: 

(1) Generator-level events including all charged and neutral final state particles 

except neutrinos. 

(2) Generator-level events including only stable charged final-state particles. 

(3) Events with detector simulation, including only charged tracks, and with the 
track and event selection cuts applied. 

The rapidity spectra for cases (1) - (3) are very similar (Fig. 2a), but the gap spectra 

are noticeably different (Figs. 2b, c). In the step &om (1) to (2) the reduction in the 

number of final-state particles produces a widening of both gap distributions and an 
increase in the peak positions. Going from (2), generator-level, to (3), detector-level, 
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narrows the distributions and decreases the peak positions of both gap distributions. 
This is due to an increase in the number of charged particles from interactions in the 

detector, particularly from conversion of photons from TO decays. 
We have investigated the dependence of the measured spectra of the three observ- 

ables, I q 1, < Aq >, and A)7moz on jet topology and event primary flavor. For the 
jet etudy we examined the spectra qara te ly  for 2-jet and 23-jet event samples. The 
number of jets in an event is defined by the yccn value used in the jet-finding algorithm. 

A smaller d u e  of gmt corresponds to a smder invariant IIUISS cutoff in the combining 

of particles into jets and implies that fewer events will be classified as 2-jet events, 
and that these events will be more collimated along the thrust axis than 2-jet events 
defined with a larger value of ymt. 

The rapidity spectra for 2-jet and ZS-jet -events for gat = 0.005, 0.02, 0.13 are 
shown in Figures 3a, b and c. The peak of the 2-jet spectrum moves to lower rapidity 

as gcut is increased and less collimated events are added to the 2-jet sample. As these 
events leave the 23-jet sample, that spectrum tends to become narrower as it loses its 

higher rapidity particles. In all cases the Monte Carlo reproduces the data. 

The < A? > and Aqmot gap spectra are shown in Figures 4a, b and c and in Figures 
5a, b and c respectively. In each case they are separated into 2-jet and 23-jet event 

samples for the three values of y,t. The peak of the 2-jet spectra moves to lower gap 

size as ycut is increased and as less collimated events are added to the 2-jet sample. As 

these events leave the 23-jet sample, that spectrum tends to become narrower as it 

loses its larger gap events. Again, the Monte Carlo reproduces the data. 

For the study of the dependence of the measured spectra on event flavor we selected 

samples of light (u, d and s) quark events and heavy (b) quark events. These spectra 

arre shown in Figures 6a, b, and c. The rapidity spectrum of the &tagged sample is 

relatively ffat out to rapidity of 2.2 followed by a sharp drop off. The light quark 
spectrum peaks at a low value of rapidity and falls slowly. This difference can be 
explained by the kinematics of B-hadron decays. For the gap observables, < Aq > and 

6 



Aqmot, we observe that the light-quark sample has a bigger tail of events with large 

gaps but the peaks of the distributions are at about the same place as the heavy quark 

8mp1e 

5 Summary 

We have studied the observables, rapidity, event average rapidity gap, and event max- 

imum rapidity gap in e+e- --+ Zo 3 qq events. We have studied the dependence on 

jet topology and looked separately at light and heavy quark flavor samples. We find 

that the JETSET 7.4 event generator with detector simulation models the qualitative 

features of these dependences well, particularly in the large rapidity gap region. 

Acknowledgements 

We thank the personnel of the SLAC accelerator department and the technical staffs 

of our collaborating institutions for their efforts which has resulted in the successful 

operation of the SLC and the SLD. 

References 

[l] See eg: M. Althoff et aL, 2. Phys. C22 (1984) 307. 

[2] J. D. Bjorken, Phys. Rev. D47 (1993) 101. 

[3] F. Abe et ul., Phys. Rev. Lett. 74 (1995) 855. 

[4] S, Abachi et uZ.,Phys. Rev. Lett. 72 (1994) 2332. 

[5] T. Ahmed et aZ., Nuc. Phys. B429 (1994) 477. 

[SI M. Derrick et al., Phys. Lett. B332 (1994) 228. 

7 



. 
[7] J. Bjorken et al., Phys. Lett. B286 (1992) 153. 

18) SLD Design Report, SLAC Report 273 (1984). 

[9] C. J. S. Darnerell et al., Nucl. Inst. Meth.- A288 (1990) 288. 

[lo] D. Axen et aZ., Nucl. Inst. Meth. A328 (1993) 472. 

[11] A. C. Benvenuti et al., Nucl. Inst. Meth. A290 (1990) 353. 

[12] S. Braadt et al., Phys. Lett. 12 (1964) 57. 

E. Farhi, Phys. Rev. Lett. 59 (1977) 1587. 

1131 T. Sjijstrand and M. Bengtsson, Comp. Phys. Comm. 43 (1987) 367. 

[14] G. Marchesini et d., Comp. Phys. Comm. 67 (1992) 465. 

[15] SLD Collab., K. Abe et al., SLAC-PUB 6569, submitted to Phys. Rev. D. 

(161 JADE Collab., W. Bartel et al., 2. Phys. C33 (1986) 23. 

[l?] T. Sjcstrand, CERN-TH.7112/93 (1993) 

[I81 S. Jadach, B.F.L. Ward, 2. Was, Comp. Phys. Comm. 66 (1991) 276. 

List of Authors 

K. Abe,(291 I. Abt,(14) C.J. T. N.J. Allen,@) W.W. A ~ h , ( ~ ~ ) t  
D. Aston,t2') K.G. Baird,(24) C. Baltay,(=) H.R. Band,(32) M.B. Barrikat,(33) 

G. Ba.rdo,('*) 0. Bardon,(") T. bark lo^,(^') A.O. Bazarko,(l') R.. Ben-David,(33) 
A.C. Benvenuti,f2) T. B i e n ~ , ( ~ ~ )  G.M. Bilei,(22) D. Bisello,(21) G. Blay10&,(~) 

J.R 
W.M. Bug,(%) D. Burke,(27) T.H. B ~ m e t t , ( ~ ~ )  P.N. Burrows,(1g) W. Busza,(16) 

A. Cal~a.terra,('~) D.O. Caldwell,@) D. Ca.U~way,(~~) B. Carnanzi,(l2) M. Carpinelli,(23) 

T. Bolton,(") G.R Bower,(27) J.E. Bran,@) M. Breidenbachtn) 

R. Ca~sell,(~') R Castaldi,(13)(') A. Castro,(21) M. CavaJli-Sforza,(') E, 

8 



. 
H.O. C ~ h n , ( ~ )  J.A. Coller,13) V. Cook,(31) R. Cotton,(') R.F. Cowan,(lg) 

D.G. Coyne,(') A. D'Oliveira,(8) C.J.S. Da~nerell,(~~) M. D~udi , (~ ' )  R De Sa.ngro,(l3) 

P. De Simone,(13) R. Dell'Or~o,(~~) M. Dima,(s) P.Y.C. DU,(=) R. D~bois,(~') 

B.I. Eisenstein,(") R. Elia,(27) D. Falciai,(22) M. J. Fero,(16) R. Frey,(20) K. Furuno,(20) 
T. GiIlman,(35) G. Gla.~iding,(~~) S. Gonzalez,(16) G.D. HaIIewell{2') EL. Hart,(") 

Y. Hasegawa,(=) S. Hedges,(') S.S. Hertzbach,(lq M.D. Hildreth,(27) J. Huber,(20) 

M.E. H~f€er,(~') E.W. Hughes,(27) H. Hwang,(20) Y. I w a ~ a k i , ( ~ )  D.J. Jackson,(25) 

P. Jacques,(24) J. Jar~s,(~') A.S. Johnson,(3) J.R E A .  Johnson,(8) 
T. Junk,(27) R Kajikawa,(lS) M. Ka.Ie&a~,(~') H. J. Kang,(26) I. Ka,rliner,(") 

H. Ka~ahara,(~') H.W. KendaIl,('*) Y. Kim,@) M.E. King,(27) R. King,(z7) 

R.R. KofIer,(") N.M. Krishna,(lo) R.S. Kroeger,(18) J.F. Labs,(27) M. Langston,(20f 

A. Lath,(16)J.A. Lauber,(lo) D.W.G. Leith,(2') M.X. Liu,(=) X. Liu,(') M. Loreti,(21) 

A. H.L. Lynch,(27) J. Ma,@') G. Mancinelli,(22) S. G. Mantovani,(22) 

T.W. Ma.rkiewic~,(~') T. Mar~yama,(~') R. Massetti,(22) H. Mas~da,(~') 
T.S. Matti~on,(~') E. Mazzucato,(12) A.K. M~Kerney,(~) B.T. Meadows,(8) 

R. Mes~ner,(~') P.M. M~ckett,(~') K.C. Moffeit,cZ7) B. M ~ u r s , ( ~ ~ )  G. M~iller,@~) 

D. Muller,(27) T. Nagaxnine,(") U. Nauenberg,(lo) H. Ned,(27) M. Nussbaum,(8) 

Y. Ohnishi,(lg) L.S. Osborne,(") R.S. Panvini,(30) H. Park,(2o) T.J. Pa~el,(~') 

I. Peruz~i,('~)(~) M. Piccolo,(13) L. Piemontese,(12) E. Pieroni,(33) K.T. Pitts,(2a) 

R. J. Piano,@*) R P r e p ~ s t , ( ~ ~ )  C.Y. Pres~ott,(~') G.D. Pun.ka~,(~') J. Quigley 9 

B.N. Ik~tcliff,(~~) T.W. J. Reidy,(") P.E. L.S. Rochester,(27) 

J.E. R~thberg,'~') P.C. Rowson,(ll) J.J. Russell,(27) O.H. Saxt~n,(~') 

S.F. S~haJ€ner,(~') T. Schalk,(') R.H. S~hindler,(~') U. Schneekloth,(16) 
B.A. Sch~mm,('~) A. Seiden,(') S. Sen,(=) V.V. S e r b ~ , ( ~ ~ )  M.H. Shaevitz,(") 

J.T. Shank,@) G. Shapiro,(") S.L. Shapiro,(") D.J. Sherden,(lq K.D. Shmak~v , (~ )  
C. Simop~ulos,(~~) N.B. Sinev,(zo) S.R. Smith,(m) J.A. Snyder,(33) P. Sta,~ner,(~') 

H. Steiner,(I5) R Steiner,(]) M.G. Strauss,(l') D. Su,(") F. Suehe,(=) 

A. Sugiyam~~,('~) S. Suzuki,(") M.  swart^,(^') A. SZUIII~~O,(~~) T. Takaha~hi,(~') 

9 



F.E. Taylot,(l6) E. Torrence,(*6) J.D. T. Usher,(n) J. Va'~ra,(~~) 

C. Vannini,(23) E. Vella,(n) J.P. Venuti,(30) R.. Verdiet,(16) P.G. Verdini,(23) 

S.R Wagner,(27) A.P. Waite,(27) S.J. Watts,(" A.W. Weidemam,@) E.R Wei~s,(~l)  
J.S. Whitaker,(3) S.L. White,(28) F.J. wick en^,@^) D.A. Williams,(7) 
D.C. Williams,(16) S.H. W i i a m ~ , ( ~ q  S. Willocq,(s) RJ. Wilson,@) 

W.J. Wisniewski,@) M. Wmds,i") G.B. Word,(24) J. Wys~, (~ l )  RK. Ya,mmoto,(l6) 
3.M. yam art in^,('^) X. Yang$*) S.3. Yellin,@) C.C. Y~ung,(~~f E. Yuta,@@) 
G. Zapdac,(32) R.W. Z d a r k ~ , ( ~ ~ )  C. Zeitlin,@) 2. Zhang,(16) and J. Zhou,(20) 

(3)AdeZphi University, Garden City, New York 11530 

(2)INFN Sezione di Bologna, 1-40126 Bologna, Italy 
( 3 ) B ~ ~ t ~ n  University, Boston, Massachusetts 02215 

(4 Brunel University, Uxbridge, Middlesex UB8 3PH, United Kingdom 

('1 California Institute of Technology, Pasadena, California 91 125 

University of California at Santa Barbara, Santa Barbara, California 93106 

University of California at Santa Gruz, Santa Cruz, California 95064 
(8) University of Cincinnati, Cincinnati, Ohio 45221 

Colorado State University, Fort Collins, Colorado 80523 

(''1 University of Colorado, Boulder, Colorado 80309 

(11) Columbia University, New York, New York 10027 

(12)INFN Setione d i  Ferrara and Universitk d i  Ferrara, 1-41 00 Ferrara, Italy 
('3)INF'N Lab. Nazionali di Frascati, 1-00044 Frascati, Italy 

(I4) University of lllinois, Urbana, lllinois 61801 

(")Lamnce Berkeley Labomtory, University of California, Berkeley, California 
94 720 

(")Massachusetts Institute of Technology, Cambridge, Massachusetts 02199 

(''1 University of Massachusetts, Amherst, Massachusetts 01 003 

10 



d 

(") University of Mississippi, Unioersity, Mississippi 98677 
(")Nagoya University, c h i h a - k u ,  Nagoya 464 Japan 

@')&hioersity of Oregon, Eugene, Oregon 97403 

(")INFN Sezione d i  Padova and Unioersitci di Padova, 1-95100 Padova, Italy 

(2z)INFN Sezione di Pemgia and Universitd di Perugia, 1-06100 Perugia, Italy 
@)INFN Sexione di Pisa and Universitd d i  Pisa, I-56100 Pisa, Italy 

(24)Rutgers University, Pisataway, New Jersey 08855 
(25) Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX1 1 OQX United 

Kingdom 
(261Sogang University, Seoul, Korea 

(27)Stanford Linear Accelerator Center, Stanford University, Stanford, California 

94so9 
(28) University of Tennessee, Knozuille, Tennessee 57996 

(29) Tohoku University, Sendai 980 Japan 
(30) Vanderbilt University, Nashville, Tennessee 37285 

(31) University of Washington, Seattle, Washington 981 95 

(32) University of Wisconsin, Madison, Wisconsin 53706 
Yale University, New Haven, Connecticut 06511 

t Deceased 

(")Also at  the Universitd di Genova 
(')Also at the Universitci di Perugia 

11 



-- 

I_ 

- 

. 
Figure captions 

Figure 1. 
Normalized distributions of (a) charged pastide rapidity for data and Monte Carlo 

samples. Normalized distributions of (b) event average rapidity gap and (c) event 

maximum rapidity gap for data, hadronic Monte Carlo and 7%- Monte Carlo samples. 
Figure 2. 

Normalized distributions of (a) particle rapidity, (b) event average rapidity gap, and 

(c) event maximum rapidity gap for event generator level with dll final state particles, 
event generator level with charged final state particles, and detector simulation with 

selection cuts samples. 

Figure 3. 

Normalized distributions of charged particle rapidity for 2-jet and 23-jet events 

selected by y,t values of (a) 0.005, (b) 0.02, and (c) 0.13. For each jet topology, data 
and Monte Carlo samples are plotted. 

Figure 4. 

Normalized distributions of event average rapidity gap for 2-jet and 23-jet events 

selected by y,t values of (a) 0.005, (b) 0.02, and (c) 0.13. For each jet topology, data 
and Monte Carlo samples are plotted. 

Figure 5.  

Normalized distributions of event maximum rapidity gap for 2-jet and 23-jet events 

selected by y,t d u e s  of (a) 0.005, (b) 0.02, and (e) 0.13. For each jet topology, data 

and Monte Carlo samples are plotted. 
Figure 6. 

Normalized distributions of (a) charged pastide rapidity, (b) event average rapidity 

gap, and (c) event maximum rapidity gap for light (u, d and s) and heavy (b) quark 
samples. For both flavor groups, data and Monte Carlo samples are plotted. 
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