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Abstract 

We have made a detailed comparison of the charged particle flow in 3-jet events 

( e+e- + qgg) and radiative 2-jet events (e+e- + qqy) from e+e- annihilation at 

E cm = 29 GeV. Accurate comparisons can be made because these two event types 

have similar topologies. In the angular region between the quark and anti-quark 

jets, we observe substantially fewer charged tracks in the S-jet events than in the 

radiative Z&jet events. 
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According to quantum chromodynamics (&CD), 3-jet events are produced in 

e+e- annihilation when either the primary quark or primary anti-quark emits a 

hard gluon (e+e- + qpg). Several groups112 have used these S-jet (qqg) events to 

study the impact of hard gluon bremsstrahlung on the hadronization process. One 

of the effects which they have observed, often referred to as the string effect3, is a 

depletion of particles in the angular region between the quark and anti-quark jets 

relative to the numbers of particles in the regions between the quark and gluon jets 

and the anti-quark and gluon jets. Recent QCD calculations4 attribute the string 

effect to coherence of the soft gluon emission from the qqg system. Soft gluons 

between the parent partons can be thought of as being produced by “color dipoles” 

which stretch between the quark, anti-quark, and gluon. Destructive interference 

of the radiation from the dipoles causes fewer particles to be produced in the region 

between the q and p than would be expected without coherence. This behavior is 

predicted by the Lund “string” model3 of hadronic event production and by the 

Webber-Marchesini QCD shower model: both of which account for the destructive 

interference in the region between the q and i$ in a natural way. Independent 

fragmentation models617 cannot account for global effects such as this, and do not 

exhibit the string effect. 

In this letter we present a new method of observing the string effect which relies 

on a detailed comparison of S-jet events and radiative 2-jet events (e+e- + qijy). 

The systematic errors due to event selection and jet finding are nearly identical for 

the two event types because they have very similar kinematics and topologies. Since 

the hard gluons of 3-jet (qqg) events are replaced by photons, radiative 2-jet (qqy) 

events have only one color dipole, which lies in the angular region between the q 

and q? Particle production in such events should therefore not be suppressed in this 

region. We observe the effects of the different color flows in qqg and q?jy events by 

comparing the azimuthal distributions of particles in their event planes. 

For this measurement we use a data sample collected with the Mark II detector 

on the PEP e+e- storage ring at SLAC. The total integrated luminosity of 215 pb-l, 
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taken at a center of mass energy (Ecm) of 29 GeV, corresponds to approximately 

90,000 hadronic events. Previous publications8 contain detailed descriptions of 

the Mark II detector, and we review here the features relevant to this analysis. 

Charged particle tracking is provided by inner and central drift chambers which 

have a combined momentum resolution of (S~/P)~ = (0.025)2 + (0.01~)~ (p is the 

particle momentum in GeV/c). A lead-liquid-argon electromagnetic calorimeter is 

used to detect photons. The calorimeter is 14 radiation lengths thick, covers 64% 

of 47r in the central region, and has an energy resolution of 6E/E = 0.14/a (E 

in GeV). 

Charged tracks used in this analysis are required to have at least 100 MeV/c 

of momentum in the plane transverse to the beam axis and to have 1 cos 81 < 0.8 

with respect to this axis. The track’s closest approach to the beam interaction point 

must be within 10 cm in z and 5 cm in r (r is measured in the z-y plane). For tracks 

with momenta less than 1 GeV/c, the cut on r is loosened to r . p 5 5 cm GeV/c 

to account for multiple scattering errors. Photons included in this analysis must 

deposit at least 250 MeV in the liquid-argon calorimeter and be farther than 7 cm 

(at the radius of the calorimeter) from the closest charged track. 

To obtain a clean sample of hadronic events, we require an event to have at least 

5 charged tracks and a detected total energy (charged + neutral) E,,is 2 0.25&,. 

The event’s reconstructed primary vertex must be within 5 cm of the beam spot 

in the z-y plane, and within 10 cm in z. Its thrust axis must satisfy 1 cos 81 5 0.7. 

After applying these cuts, we obtain 73,477 events. 

We select S-jet candidates from hadronic events without radiative photon can- 

didates (defined below). The Lund cluster algorithm’ is used to find candidate 

events with three clusters (jets) of particles. If iii is the normalized direction vector 

for jet i, we require Ifi1 . (?Q x fis)l 5 0.34 to insure that the events are planar. 

We define an event plane using the thrust tensor’q and project the jet direction 

vectors into this plane. Jet energies are calculated from the angles between the pro- 

jected direction vectorslt and the jets are labelled according to their energy Ei with 
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jet 1 the most energetic and jet 3 the least energetic. We require El 5 0.98Eb,,, 

(Ebearn = ;E,,) to reduce the 2-parton background, and E3 2 3.0 GeV for rea- 

sons discussed below. After all cuts, 6585 3-jet events remain. To aid in the study 

of backgrounds and systematic errors, we have produced a large sample of Monte 

Carlo events using the Lund hadronic event generator’ and a detailed simulation 

of the Mark II detector. First-order initial state radiative processes are included in 

the Lund generator t2 From these events, we estimate that 1% of the selected S-jet 

events are misidentified 2-parton eventslt and that jets 1, 2, and 3 are produced by 

the gluon 9%, 25%, and 65% of the time, respectively. 

Radiative 2-jet events are selected from hadronic events with a radiative photon 

candidate of measured energy E, 2 2.5 GeV. Since a true radiative photon with 

this much energy would be well separated from any hadronic jets in the event, we 

require that there be no moderately energetic (p 2 500 MeV/c) charged tracks 

within a 30’ cone around the candidate photon. If more than one photon in a given 

event passes these cuts, we choose the one with the highest energy. There are 3474 

events with candidate photons. 

We then apply the Lund cluster algorithm to events with photon candidates. 

All tracks are used in the cluster search except this photon. We retain 2-cluster 

events, and include the photon as a third “jet.” The resulting events are then treated 

like the 3-jet events discussed earlier in that they are required to be planar, the jet 

energies El > E2 > E3 are calculated using the angles between the projections of 

the jets in the event plane, and the same cuts on El and E3 are applied. Because 

we require radiative photons to deposit at least 2.5 GeV in the calorimeter, the cut 

on E3 assures similar kinematics in the two event samples. Finally, to insure that 

the photon energy measured in the calorimeter (EyA1) is consistent with its energy 

calculated from the angles between the jets (Ekragles)), we require I A, I 5 0.3, where 

A7 E 
EyA) _ Etandes) 7 

Ebeam 
. 

There are 544 radiative events that pass all cuts. With our Monte Carlo sample, we 
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estimate that 15% of these are events with a misidentified ?r”, which is the primary 

source of background. The photon is jet 1, 2, or 3 with a frequency of 17%, 24%, 

or 59%, respectively. 

For each of the jets in the selected qijy and qqg events, an event plane angle 

4 is measured relative to the projection of jet 1, with the direction of increasing 

4 toward jet 2. By definition, then, jet 1 has 4 = 0 and jet 2 has a smaller value 

of 4 than jet 3. The average jet energies ((El), (Ez), and (Es)) and event plane 

angles ((41)~ kb), and (43)) for th e selected qqy and qgg samples are in excellent 

agreement, typically differing by less than their statistical errors. 

If a depletion of particles due to a string effect is present in qpg events, it 

should occur principally between jets 1 and 2 since jet 3 is the gluon jet 65% of the 

time. Therefore the qqy events of interest are those in which the photon is jet 3. 

There are 320 such events. The azimuthal particle flows in the qqg and qijy events 

are displayed in Fig. l(a), where we plot 

&q - N l 
events 

dn;;ks , 

the charged track density as a function of the event plane angle 4. The string effect 

should be enhanced for particles with large transverse masses [(m)2 + (pyut’)2]1/2, 

where py”’ is the component of particle momentum perpendicular to the event 

plane?j14 Figure l(b) shows the charged track density for tracks with Iptut) I 2 

300 MeV/c. In the angular region between C$ = 0’ and # = 150°, which separates 

the q and p for all of the qijy events and for 65% of the qpg events, the figures 

clearly show a depletion in the qpg data relative to the qg7 data, and this depletion 

is enhanced by the pl (out) cut . We use the Lund model to investigate possible 

systematic errors in our analysis, and show its predictions for p(d) in Fig. 1. It 

has previously been shown lj2 that independent fragmentation (IF) models do not 

exhibit the string effect, and as an additional check we have included in Fig. 1 

the ~(4) distributions for qqg events selected from a sample of hadronic events 

generated15 with the Ali IF model? 
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To reduce the possibility that systematic errors might result from different jet 

angular distributions in the two event samples, the charged particle density is also 

plotted (see Figs. 2(a) and 2(b)) relative to ~4, a “normalized” 41 The variable xd 

is defined for tracks between jets 1 and 2 as qSt/&, where & is the 4 of the track, 

and 42 is the 4 of jet 2. Figures 2(c) and 2(d) show the ratios of the charged track 

densitv distributions 
1 dn [ 1 maq - 

r(x(& f 1 dn qqg 

[ 1 maq - 
PI7 

for all tracks and for tracks with Ip(J’“) I 2 300 MeV/c. From our sample of Lund 

Monte Carlo events, we estimate that possible contributions to T(x~) from event 

selection and cluster finding biases are less than 5%. This estimate is supported by 

our Ali Monte Carlo sample, which predicts an r(x+) distribution that is similar 

to the data in statistical significance and is consistent with unity. After adding a 

5% systematic error to the statistical errors shown in Fig. 2, the x2 statistic for 

the hypothesis that Y(x+) = 1 in Fig. 2(c) is 33.3 for 8 degrees of freedom. A 

similar calculation for Fig. 2(d) y ie Id s a x2 of 48.8, again for 8 degrees of freedom. 

Thus, a clear difference in hadron density in the angular region between the q and 

p in qijg and qijy events is demonstrated by the data, establishing that hard gluon 

bremsstrahlung has global effects on particle production in hadronic events. 

In summary, we have found clear evidence for a depletion of particles between 

the q and p jets in 3-jet events relative to the number present in radiative 2-jet 

events. Because these two kinds of events have similar overall particle flow dis- 

tributions, accurate comparisons of the particle densities between the jets in the 

events are possible. As expected, the depletion is enhanced for tracks with large 

momentum components out of the event plane. 
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FIGURE CAPTIONS 

1. The charged track density as a function of the event plane angle 4. The 

angular region between r$ = O” and 4 = 150’ separates the q and p for all of 

the q?jy events and for 65% of the qifg events. 

2. The charged track density in the region between jets 1 and 2 versus the 

normalized angle x4. The densities for qqg and qpy events are displayed in 

(a) and (b), and the ratios of their densities are shown in (c) and (d). The 

bin width in the plots is 0.125. 
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