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Comparison of the Particle Flows in Three-Jet and Radiative Two-Jet Events
from e+ e Annihilation at E, = 29 GeV
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We have made a detailed comparison of the charged-particle flow in three-jet events (e e
qqg) and radiative two-jet events (e+e qqy) from e+e annihilation at E, =29 GeV.

Accurate comparisons can be made because these two event types have similar topologies. In the
angular region between the quark and antiquark jets, we observe substantially fewer charged tracks
in the two-jet events than in the radiative three-jet events.

PACS numbers: 13.65.+ i, 13.87.Fh

According to quantum chromodynamics (QCD),
three-jet events are produced in e+e annihilation
when either the primary quark or the primary anti-
quark emits a hard gluon (e+e qqg). Several
groups'2 have used these three-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 effect, 3

is a depletion of particles in the angular region
between the quark and antiquark jets relative to the
numbers of particles in the regions between the quark
and gluon jets and the antiquark and gluon jets. Re-
cent QCD calculations4 attribute the string effect to
coherence of the soft-gluon emission from the qqg sys-
tem. Soft gluons between the parent partons can be
thought of as being produced by "color dipoles" which
stretch between the quark, antiquark, and gluon. De-
structive interference of the radiation from the dipoles
causes fewer particles to be produced in the region
between the q and q than would be expected without
coherence. This behavior is predicted by the Lund
"string" model of hadronic-event production and by
the Webber-Marchesini QCD shower model, s both of
which account for the destructive interference in the
region between the q and q in a natural way.
Independent-fragmentation models 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 three-jet events and radiative two-jet events
(e+e qqy). 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 three-jet
(qqg) events are replaced by photons, radiative two-jet
(qqy) events have only one color dipole, which lies in
the angular region between the q and q. Particle pro-
duction in such events should therefore not be
suppressed in this region. We observe the effects of
the different color flows in qqg and qqy events by
comparing the azimuthal distributions of particles in
their event planes.

For this measurement we use a data sample collect-
ed with the Mark II detector on the PEP e+ e storage
ring at SLAC. The total integrated luminosity of 215
pb ', taken at a center-of-mass energy (E, ) of 29
GeV, corresponds to approximately 90 000 hadronic
events. Previous publications contain detailed de-
scriptions 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 resolu-
tion of (Sp/p)2= (0.025)2+ (0.0lp)2 (pis the particle
momentum in GeV/c). A lead-liquid-argon elec-
tromagnetic calorimeter is used to detect photons.
The calorimeter is fourteen radiation lengths thick,
covers 64'/0 of 4' in the central region, and has an en-
ergy resolution of 5E/E = (0.14 GeV'/2)/v E.

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 ~cos0~ «0.8
with respect to this axis. The track's closest approach
to the beam interaction point must be within 10 cm in
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z and 5 cm in r (r is measured in the x-y plane). For
tracks with momenta less than 1 GeV/c, the cut on r is

loosened to rp ~ 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 re-
quire an event to have at least five charged tracks and
a detected total energy (charged+ neutral) E„;,~ 0.25E, . The event's reconstructed primary vetex
must be within 5 cm of the beam spot in the x-y plane,
and within 10 cm in z. Its thrust axis must satisfy
Icos~I ~0.7. After applying these cuts, we obtain
73 477 events.

We select three-jet candidates from hadronic events
without radiative photon candidates (defined below).
The Lund cluster algorithm9 is used to find candidate
events with three clusters (jets) of particles. If n( is
the normalized direction vector for jet i, we require
jni ' (n2 ~ 113) j

~ 0.34 to ensure that the events are
planar. We define an event plane using the thrust ten-
sor, '0 and project the jet direction vectors into this
plane. Jet energies are calculated from the angles
between the projected direction vectors, " and the jets
are labeled according to their energy E, with jet 1 the
most energetic and jet 3 the least energetic. We re-
quire E)~0.98Eb„(Eb„=—,

' E, ) to reduce the
two-parton background, and E3 ~ 3.0 GeV for reasons
discussed below. After all cuts, 6585 three-jet events
remain. To aid in the study of backgrounds and sys-
tematic errors, we have produced a large sample of
Monte Carlo events using the Lund hadronic-event
generator3 and a detailed simulation of the Mark II
detector. First-order initial-state radiative processes
are included in the Lund generator. '2 From these
events, we estimate that 1% of the selected three-jet
events are misidentified two-parton events, '3 and that
jets 1, 2, and 3 are produced by the gluon 9'/0, 25'/o,

and 65'/o of the time, respectively.
Radiative two-jet events are selected from hadronic

events with a radiative photon candidate of measured
energy E„~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~ 500 MeV/c) charged
tracks with 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. %e retain t~o-
cluster events, and include the photon as a third "jet."
The resulting events are then treated like the three-jet
events discussed earlier in that they are required to be

planar, the jet energies E» E2) E3 are calculated
from the angles between the projections of the jets in

the event plane, and the same cuts on Ei 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 sam-
ples. Finally, to ensure that the photon energy mea-
sured in the calorimeter (E„(L")) is consistent with its
energy calculated from the angles between the jets
(E('"g"') ) we require ~b,„j~ 0.3, where

(E(LA) E(angles) )/E'y beam

There are 544 radiative events that pass all cuts. With
our Monte Carlo sample, we estimate that 15% of
these are events with a misidentified 7ro, which is the
primary source of background. The photon is jet 1, 2„
or 3 with a frequency of 17%, 24%, or 59'/o, respective-
ly.

For each of the jets in the selected qqy and qqg
events, an event-plane angle Q is measured relative to
the projection of jet 1, with the direction of increasing
$ toward jet 2. By definition, then, jet 1 has Q = 0 and
jet 2 has a smaller value of Q than jet 3. The average
jet energies ((Ei), (E2), and (E3) ) and event plane
angles ((@i), (42), and (P3) ) for the selected qqy
and qqg 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 qqg events, it should occur principally
between jets 1 and 2 since jet 3 is the gluon jet 65'/0 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 events
are displayed in Fig. 1(a), where we plot

p(0) = (&/N, „,„„)(dn, „„„Jdp), .

the charged-track density as a function of the event
plane angle $. The string effect should be enhanced
for particles with large transverse masses [ ( m )
+ (pi('"') )2]'/2, where pi('"') is the component of par-
ticle momentum perpendicular to the event plane. '
Figure 1(b) shows the charged track density for tracks
with jpi('"'~

j ~300 MeV/c. In the angular region
between $ = 0 and Q = 150', which separates the q
and q for all of the qqy events and for 65% of the qqg
events, the figures clearly show a depletion in the qqg
data relative to the qqy data, and this depletion is
enhanced by the p)('"') cut. We use the Lund model to
investigate possible systematic errors in our analysis,
and show its predictions for p($) in Fig. 1. It has pre-
viousiy been shown'2 that independent-fragmentation
(IF) models do not exhibit the string effect, and as an
additional check we have included in Fig. 1 the p(Q)
distributions for qqg events selected from a sample of
hadronic events generated' with the Ali IF model.

To reduce the possibility that systematic errors
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FIG. 1. The charged-track density as a function of the
event-plane ang1e $. The angular region between Q = 0' and
qh =150' separates the q and q for all of the qqy events and
for 65% of the qqg events.

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 x~, a
"normalized" $.t The variable x~ is defined for
tracks between jets 1 and 2 as $,/$2, where @, is the @
of the track, and Q2 is the qh of jet 2. Figures 2(c) and
2(d) show the ratios of the charged-track density dis-
tributions

[W- t dn/d, ]„
[W ' dn/dx~],

for all tracks and for tracks with I
pti'"'i

I
~ 300 MeV/ c.

From our sample of Lund Monte Carlo events, we es-
timate that possible contributions to r (x&) from
event-selection and cluster-finding biases are less than
5%. This estimate is supported by our Ali Monte Car-
lo sample, which predicts an r(x~) distribution that is
similar to the data in statistical significance and is con-
sistent with unity. After we add a 5'/0 systematic error
to the statistical errors shown in Fig. 2, the X statistic
for the hypothesis that r(x~) = I in Fig. 2(c) is 33.3
for eight degrees of freedom. A similar calculation for
Fig. 2(d) yields a X' of 48.8, again for eight degrees of
freedom.

Thus, a clear difference in hadron density in the an-
gular region between the q and q in qqg and qqy
events is demonstrated by the data, establishing that
hard-gluon bremsstrahlung has global effects on parti-
cle production in hardonic events.

FIG. 2. The charged-track density in the region between
jets 1 and 2 vs the normalized angle x~. The densities for
qqg and qqy events are displayed in (a) and (b), and the ra-
tios of their densities are shown in (c) and (d). The bin
width in the plots is 0.125.

In summary, we have found clear evidence for a de-
pletion of particles between the q and q jets in three-jet
events relative to the number present in radiative
two-jet events. Because these two kinds of events
have similar overall particle-flow distributions, accu-
rate comparisons of the particle densities between the
jets in the events are possible. As expected, the de-
pletion is enhanced for tracks with large momentum
components out of the event plane.
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