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We study the topology of “min-bias” and hard collisions in Run 2 at the
Tevatron by examining charged particle correlations. The A¢ dependence
of the density of charged particles and the scalar pt sum density relative to
the direction of the leading jet for “leading jet” and “back-to-back” events
are studied. The “jet structure” in the “underlying event” and in “min-bias”
collosions is studied by defining “associated” charged particle densities that
measure the number of charged particles accompanying the maximum pr
charged particle in the “transverse” region or the maximum pr particle in
the event.

PACS numbers: 13.85.—t

Fig. 1 illustrates the way QCD Monte-Carlo models simulate a proton-
antiproton collision in which a “hard” 2-to-2 parton scattering with trans-
verse momentum, pp(hard), has occurred. The resulting event contains
particles that originate from the two outgoing partons (plus initial and final-
state radiation) and particles that come from the breakup of the proton and
antiproton (i.e. “beam-beam remnants”). The “underlying event” is every-
thing except the two outgoing hard scattered “jets” and receives contribu-
tions from the “beam-beam remnants” plus initial and final- state radiation.
For the QCD Monte-Carlo models the “beam-beam remnants” are an impor-
tant component of the “underlying event”. Also, it is possible that multiple
parton scattering contributes to the “underlying event”. Fig. 1 also shows the
way PYTHIA [1] models the “underlying event” in proton-antiproton colli-
sion by including multiple parton interactions. In addition to the hard 2-to-2
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parton-parton scattering and the “beam-beam remnants”, sometimes there is
a second “semi-hard” 2-to-2 parton-parton scattering that contributes par-
ticles to the “underlying event”. One can use the topological structure of
hadron-hadron collisions to study the “underlying event” [2-6|. In Run 2
at CDF we study the “underlying event” using the direction of the leading
calorimeter jet (JetClu, R = 0.7) to isolate regions of 1-¢ space that are
sensitive to the “underlying event”.

“Hard” Scattering

Multiple Parton Interactions /outgoing Parton

Proton AntiProton Proton

derlying Event Underlying Evept

>=+p Initial-State
Radiation

Fig. 1. (left) Illustration of the way QCD Monte-Carlo models simulate a proton-
antiproton collision in which a “hard” 2-to-2 parton scattering with transverse
momentum, pr(hard), has occurred. The resulting event contains particles that
originate from the two outgoing partons (plus initial and final-state radiation) and
particles that come from the breakup of the proton and antiproton (i.e., “beam-
beam remnants”). The “underlying event” is everything except the two outgoing
hard scattered “jets” and consists of the “beam-beam remnants” plus initial and
final-state radiation. (right) Illustration of the way PYTHIA models the “underly-
ing event” in proton-antiproton collisions by including multiple parton interactions.
In addition to the hard 2-to-2 parton-parton scattering with transverse momentum,
pr(hard), there is a second “semi-hard” 2-to-2 parton-parton scattering that con-
tributes particles to the “underlying event”.

The direction of the leading jet, jet#1, is used to define correlations in the
azimuthal angle, ¢. The “transverse” region is defined by 60° < |A¢| < 120°
and |n| < 1. The “transverse” region is perpendicular to the plane of the hard
2-t0-2 scattering and is therefore very sensitive to the “underlying event”.
We restrict ourselves to charged particles in the range pp > 0.5 GeV /¢ and
[n] <1, but allow the leading jet that is used to define the “transverse” region
to have |n(jet#1)| < 2.

In the Run 2 analysis we consider two classes of events. As illustrated
in Fig. 2, we refer to events in which there are no restrictions placed on the
second and third highest Et jets as “leading jet” events. Events with at least
two jets with Fp > 15GeV where the leading two jets are nearly “back-to-
back” (JA¢| > 150°) with Er(jet#2)/Er(jet#1) > 0.8 and Er(jet#3) <
15 GeV are referred to as “back-to-back” events. “back-to-back” events are a
subset of the “leading jet” events. The idea here is to suppress hard initial
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Fig.2. Illustration of correlations in azimuthal angle ¢ relative to the direction
of the leading jet (highest Er jet) in the event, jet#1. The angle A¢ = ¢ —
®jet1 is the relative azimuthal angle between charged particles and the direction
of jet#1. On an event by event basis, we define “transMAX” (“transMIN”) to be
the maximum (minimum) of the two “transverse” regions, 60° < A¢ < 120° and
60° < —A¢ < 120°. “TransMAX” and “transMIN” each have an area in 7-¢ space
of AnA¢ = 47/6. The overall “transverse” region contains both the “transMAX”
and the “transMIN” regions. Events in which there are no restrictions placed on the
second and third highest Er jets (jet#2 and jet#3) are referred to as “leading jet”
events ( left). Events with at least two jets with Ep > 15 GeV where the leading
two jets are nearly “back-to-back” (JA¢| > 150°) with Er(jet#2)/Er(jet#1) > 0.8
and Er(jet#3) < 15 GeV are referred to as “back-to-back” events (right).

and final-state radiation thus increasing the sensitivity of the “transverse”
region to the “beam-beam remnants” and the multiple parton scattering
component of the “underlying event”. Also, comparing the two “transverse”
regions on an event-by-event basis provides a closer look at the “underlying
event” and defining a variety of MAX and MIN “transverse” regions helps
separate the “hard component” (initial and final-state radiation) from the
“beam-beam remnants” component. MAX (MIN) refer to the “transverse”
region containing largest (smallest) number of charged particles or to the
region containing the largest (smallest) scalar pp sum, PT'sum, of charged
particles.

The data presented here are uncorrected and are compared with PYTHIA
Tune A [6] (with multiple parton interactions) and HERWIG [7| (with
“beam-beam remnants” but no multiple parton interactions) after detec-
tor simulation (i.e. after CDFSIM). Fig. 3 shows Run 2 data on the A¢
dependence of the density of charged particles, dNeng/d¢dn, and the scalar
PTsum density, dPTg,m/d¢dn, for charged particles relative to the direc-
tion of the leading jet for 30 < Et(jet#1) < 70 GeV (rotated to 270°) for
“leading jet” and “back-to-back” events as defined in Fig. 2. Also shown is
the average density of charged particles and the scalar PTsum density for
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Fig.3. Run 2 data on the A¢ dependence of the density of charged particles,
dNechg/dedn ( top), and the scalar PTsum density, dPTsum/d¢dn (bottom), for
charged particles (pr > 0.5 GeV/c¢, |n| < 1) relative to the direction of the leading
jet for 30 < Er(jet#1) < 70GeV (rotated to 270°) for “leading jet” and “back-
to-back” events as defined in Fig. 2. Also shown is the average density of charged
particles, dNchg/d¢dn (top) and the scalar PTsum density, dPTsum/d¢dn (bottom)
for “min-bias” collisions (pr > 0.5 GeV /¢, |n| <1). The “transverse” regions defined
in Fig. 2 are shaded.

“min-bias” collisions. The two “transverse” regions are very sensitive to the
“underlying event” and as we saw in our previous analyses [2,3] the “trans-
verse” region in a hard scattering process has a higher density of charged
particles and PTsum than an average “min-bias” collision. Also as expected,
Fig. 3 indicates that there is less hard initial and final state radiation in the
“transverse” region for the “back-to-back” events compared with “leading jet”
events.
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Fig.4. Run 2 data on the average density of charged particles dNgng/dédn (top)
and the average PT'sum density dPTys,m/d¢dn (bottom) for charged particles (pr >
0.5GeV/c, |n]<1) for the “transverse” region for “leading jet” events and for “back-
to-back” events defined in Fig. 2 as a function of the leading jet Er compared with
PYTHIA Tune A and HERWIG at 1.96 TeV after CDFSIM. The density in the
“transverse” region corresponds to the average of the “transMAX” and “transMIN”
densities.

Fig. 4 compares the “leading jet” and “back-to-back” data on the average
density of charged particles, dNcyg/d¢dn, and the average PTsum density,
dPTyum/dédn, in the “transverse” region (i.e. average of “transMAX” and
“transMIN”) as a function of the leading jet Er. Fig. 4 also shows the pre-
dictions of PYTHIA Tune A and HERWIG after CDFSIM. The “leading
jet” and “back-to-back” events behave quite differently. For the “leading jet”
case the densities rise with increasing Er(jet#1), while for the “back-to-
back” case they fall with increasing Er(jet#1). The rise in the “leading jet”
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Fig.5. Run 2 data on the average density of charged particles dNgng/dédn (top)
and the average PTsum density d PTysum /d¢dn (bottom) for charged particles (p >
0.5 GeV/c, |n| <1) in the “transMIN” region defined in Fig. 2 for “leading jet” events
and for “back-to-back” events as a function of the leading jet Er compared with
PYTHIA Tune A and HERWIG at 1.96 TeV after CDFSIM.

case is, of course, due to hard initial and final-state radiation, which has
been suppressed in the “back-to-back” events. The “back-to-back” events
allow for a more close look at the “beam-beam remnants” and multiple par-
ton scattering component of the “underlying event” and PYTHIA Tune A
(with multiple parton interactions) does a better job describing the data
than HERWIG (without multiple parton interactions). HERWIG rises with
increasing Er(jet#1) even for the “back-to-back” events. PYTHIA Tune A
agrees fairly well with both the “leading jet” and “back-to-back” events.
Fig. 5 compares PYTHIA Tune A and HERWIG with the “leading jet”
and “back-to-back” data on the average density of charged particles,
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Fig.6. Run 2 data (top) and data minus theory (bottom) for the A¢ dependence
of the scalar PTsum density, dPTsum/dddn for charged particles (pr > 0.5 GeV/c,
In| < 1) relative to the direction of the leading jet with 30 < Ep(jet#1) < 70 GeV
(rotated to 270°) for “back-to-back” events. The theory corresponds to PYTHIA
Tune A (after CDFSIM). The “transverse” regions defined in Fig. 2 are shaded.

dNehg/dodn, and the average PT'sum density, dPTyum/d¢dn, in the “trans-
MIN” region as a function of the leading jet Ep. The “transMIN” densities
are more sensitive to the “beam-beam remnants” and multiple parton in-
teraction component of the “underlying event” [2,3,8|. The “back-to-back”
data show a decrease in the “transMIN” densities with increasing Er(jet#1)
which is described well by PYTHIA Tune A (with multiple parton interac-
tions) but not by HERWIG (without multiple parton interactions). The de-
crease of the “transMIN” densities with increasing Er(jet#1) for the “back-
to-back” events is very interesting and might be due to a “saturation” of the
multiple parton interactions at small impact parameter. Such an effect is
included in PYTHIA Tune A but not in HERWIG (without multiple parton
interactions).
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Fig.7. Run 2 data (top) and data minus theory (bottom) for the A¢ dependence
of the scalar PTsum density, dPTsum/d¢dn for charged particles (pr > 0.5 GeV/c,
In| < 1) relative to the direction of the leading jet with 30 < Ep(jet#1) < 70 GeV
(rotated to 270°) for “back-to-back” events. The theory corresponds to HERWIG
(after CDFSIM). The “transverse” regions defined in Fig. 2 are shaded.

Fig. 6 and Fig. 7 compare the A¢ dependence of the charged particle
density and the PT'sum density relative to the direction of the leading jet
with 30 < Er(jet#1) < 70GeV for “back-to-back” events with PYTHIA
Tune A and HERWIG, respectively, after CDFSIM. Fig. 7 shows clearly that
HERWIG (without multiple parton interaction) produces too few particles
(and not enough PT'sum) in the “transverse” region.

In Run 2 at CDF we examine the jet structure in “min-bias” collisions by
studying correlations among the charged particles. For “min-bias” collisions
we examine correlations in azimuthal angle A¢ relative to the direction of the
highest pt charged particle in the event, PTmax. The A¢ dependence of the
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Fig.8. (top) Run 2 data on the A¢ dependence of the “associated” density of
charged particles, dNechg/dodn, with pr > 0.5GeV/c and || < 1 (not including
PTmax) relative to the direction of PT'max (rotated to 180°) with PTmax >
0.5 GeV/¢, PTmax > 1.0 GeV/¢, and PTmax > 2.0 GeV/c for “min-bias” colli-
sions at 1.96 TeV. (bottom) A¢ dependence of the “associated” density of charged
particles, dNchg/dddn, with pr > 0.5GeV/c and |n| <1 (not including PTmax)
relative to the direction of PT'max (rotated to 180°) compared with the average
density of charged particles, dNechg/dpdn, with pr > 0.5GeV/c and |n| < 1 for
“min-bias” collisions at 1.96 TeV.

“associated” density of charged particles, dNchg/d¢dn, and the “associated”
scalar PT'sum density, dPTgu /d¢dn, for charged particles (not including
PTmax) are plotted relative to the direction of PT'max which is rotated to
180°. The “associated” density is a measure of the particles accompanying
the maximum pr charged particle. Fig. 8 shows the Run 2 data on the A¢
dependence of the “associated” density of charged particles relative to the
direction of PTmax for PTmax > 0.5 GeV /¢, PT'max > 1.0 GeV /¢, and
PTmax > 2.0 GeV/c for “min-bias” collisions at 1.96 TeV. Fig. 8 indicates
“jet structure” in “min-bias” collisions. The density of charged particles “as
sociated” with PT'max is larger than the average density of charged particles
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Fig.9. (left) Illustration of correlations in azimuthal angle A¢ relative to the direc-
tion of the highest pr charged particle (pt>0.5GeV/c, [n|<1) in the “transverse”
region, PTmaxT for “back-to-back” events defined in Fig. 2. On an event-by-event
basis, the direction of the leading jet (highest Et jet) in the event, jet#1, is used
to define the two “transverse” regions, 60° < A¢ < 120° and 60° < —A¢ < 120°,
with PTmaxT being the highest pr charged particle in these two regions. (middle)
The A¢ dependence of the “associated” density of charged particles. dNcng/dédn,
and the “associated” scalar PTsum density, dPTyum/d¢dn, for charged particles
with pp > 0.5GeV/c and |n| <1 (not including PTmaxT') are plotted relative to
the direction of PTmaxT. (right) The direction of positive A¢ is chosen so that
jet##1 is always to the right of PTmaxT which is rotated to 180°.
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in “min-bias” collisions. Fig. 8 shows the “birth” of jet#1 in “min-bias” colli-
sions. One can also see the “birth” of jet#2, which results in the rise in the
number density in the region opposite PT'max. Fig. 8 also shows a rapid
increase in the activity in the “transverse” region as PTmax increases.

The jet structure in the “underlying event” is examined by studying cor-
relations among the charged particles in the “transverse” region in “back-to-
back” events. As illustrated in Fig. 9, we examine correlations in azimuthal
angle A¢ relative to the direction of the highest pp charged particle in the
“transverse” region, PTmaxT. On an event-by-event basis, the direction of
the leading jet (highest Ex jet) in the event, jet#1, is used to define the
two “transverse” regions 60° < A¢ < 120° and 60° < —A¢ < 120°, with
PTmaxT being the highest pt charged particle in these two regions. The A¢
dependence of the “associated” density of charged particles, dNeyy/dédn, and
the “associated” scalar PT'sum density, dPTyyy /dédn, for charged particles
(not including PTmaxT) are plotted relative to the direction of PTmaxT
which is rotated to 180°. The direction of positive A¢ (clockwise versus
counter-clockwise) is chosen, on an event-by-event basis so that jet#1 al-
ways lies in the range 240° < A¢ < 300°. The “jet#1 region” and the “jet#2
region” region are shaded in Fig. 10 which shows the Run 2 data on the A¢
dependence of the “associated” density of charged particles, dNeg/d¢dn, and
the “associated” scalar PT'sum density, dPTyym /d¢dn, for charged particles
relative to PTmaxT for PTmaxT > 0.5 GeV /¢, PTmaxT > 1.0 GeV /¢, and
PTmaxT > 2.0 GeV/c for “back-to-back” events with 30 < Erp(jet#1) <
70 GeV.
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Fig.10. Run 2 data on the A¢ dependence of the “associated” density of
charged particles dNcng/d¢dn (top) and the “associated” scalar PTsum density
dPTsum/d¢dn (bottom) for charged particles (pr > 0.5 GeV/e, |n| < 1, not in-
cluding PTmaxT) relative to the direction of PTmaxT (rotated to 180°) for
PTmaxT > 0.5GeV /¢, PTmaxT > 1.0 GeV/c¢, and PTmaxT > 2.0 GeV/c¢ with
30 < Er(jet#1) < 70 GeV for “back-to-back” events defined in Fig. 2. The “jet#1”
and the “jet#2” regions shown in Fig. 9 are shaded.

Fig. 10 shows the “birth” of jet#3 in the “transverse” region. One can
also see the “birth” of jet#4, which results in the rise in the number density
in the region 180° from PTmaxT (e.g. the region opposite to PTmaxT'). It
is interesting to speculate as to whether the evidence for jet#3 and jet#4
come from 2-to-2 parton-parton scattering combined with gluon radiation
(i.e. 2-to-3 or 2-to-4 subprocesses) or whether there is an increased four jet
topology arising from multiple parton interactions (i.e. two 2-to-2 parton-
parton scatterings). Of course the next step is to look directly at four jet
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topologies in the data and to identify an enhanced component of the four
jet topology due to two independent 2-to-2 parton—parton scatterings; one
with two high Et jets and the other with two low Et jets. This analysis is
currently underway at CDF and I hope to report the results soon.
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