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Abstract. General properties of hadron production are investigated in proton-proton collisions at LHC ener-
gies. We are interested in the characteristics of hadron production outside the identified jet cones. We improve
earlier definitions and introduce surrounding rings/belts around the cone of identified jets. In this way even mul-
tiple jet events can be studied in details. We define the underlying event as collected hadrons from outside jet
cones and outside surrounding belts, and investigate the features of these hadrons. We use a PYTHIA generated
data sample of proton-proton collisions at

√
s = 7 TeV. This data sample is analysed by our new method and

the widely applied CDF method. Angular correlations and momentum distributions have been studied and the
obtained results are compared and discussed.

1 Introduction

The production of hadron showers with large transverse
energy (named as ”jets”) is one of the most interesting phe-
nomena in high energy proton-proton (and hadron-hadron)
collisions. Jet production is explained by the interactionof
the ingredients of protons, namely partons: quarks, anti-
quarks, and gluons. The perturbativ quantum chromody-
namics (pQCD) improved parton model [1] can describe
the momentum distribution of produced secondary partons
very successfully. The hadronization of the secondary par-
tons is followed by parton fragmentation functions and the
resulted hadron showers carry the energy and momenta
of the original partons. Jet analysis efforts are aiming the
identification of these original partons and to determine
their properties. However, during proton-proton (pp) col-
lisions the leading jet production is only one part of the
activity, in parallel many partonic subprocesses take place
with smaller interaction energy.

First of all, multiple parton-parton collisions with rel-
atively large momentum exchange can happen with a rea-
sonable probability generating the problem of multiple-jet
identification. At LHC energies these multiple-jet events
have a reasonable yield, their investigation will become
one of the focus study of strong interaction in forthcoming
LHC experiments. These interactions form a background
event, and it is very important to separate these jets prop-
erly from the leading jets, which is not an easy task. The
basic problem is the overlap of two (or more) hadron show-
ers and the uncertainties on jet identifications. Under a lim-
iting momenta the separation can not be done, even more
the reconstruction slightly depends on the applied method,
especially with decreasing parton energies.
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If momentum exchange become small, then the back-
ground events can not be separated into jets, but considered
together. This is the ”underlying event” (UE), where the
application of pQCD is ambiguous and phenomenological
descriptions appears to catch certain features of the hadron
ensamble. The underlying event is important especially in
such a cases, when large hadron multiplicities appear in the
final state, leaving open the question if these extra hadrons
are produced during jet fragmentation or in the center of
the collisions with small momentum excange. In this lat-
ter case we expect increasing hadron multiplicities with
increasing energy even inpp collisions, which indicates
the enhancement of entropy production connected to low
energy parton-parton interactions. This hadron ensamble
could display collective behaviours including thermaliza-
tion or the appearance of different flow phenomena. The
characteristics of the UE event inpp collisions can be con-
nected to the study of heavy ion collisions, where the UE
state is dominantly collective and jet-matter effects can be
investigated. Our aim is to collect information about the
jets and UE event, and to study their measurable features
if jet-UE interaction appears.

Underlying event was originally defined by the CDF
Collaboration [2] at the energy of TEVATRON. Since mul-
tiple jet events were very rare, then UE has denoted the
remaining hadrons of a proton-antiproton (pp̄) collisions,
after leading jets were identified and hadrons of jet cones
were removed from the whole event. The CDF definition
of the underlying event is a simple tool. However, with this
definition we are unable to analyze multiple jet production.
We have increased the quality of the extracted information
by a modified definition introducing multiple surrounding
belts (SB) around identified jets [3,4]. This new definition
immediately leads to a more sophisticated analysis of UE.
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We have already performed analysis with the new SB-
method and summarized our results in Ref. [5]. However,
many question remained open. Especially the discussion
on quantitative differences between the consequences of
CDF-definition and the SB-method is missing.

Here we focus on this comparision. We recall the orig-
inal CDF-based and our SB-based definition of the UE and
compare them qualitatively. We perform quantitative cal-
culations and compare several physical quantities: (i) the
average hadron multiplicities within the defined areas rel-
ative to the total event multiplicities; (ii) simple geomet-
rical properties such as azimuthal angle distributions and
pseudorapidity distributions in the close-to-midrapidity re-
gions; (iii) transverse momentum distributions in the dis-
cussed regions.

We are interested in these physical quantities, because
we want to use them to look jet-matter interactions and
other collective effects in nucleus-nucleus (AA) collisions.
Such investigation demands better understanding of UE
events inpp collisions, since UE can serve as baseline for
the detailed study ofAA results.

We have performed our analysis on a data sample gen-
erated by PYTHIA 6.2 [6] forpp collisions at 7 TeV. The
jets have been identified by the cone-based UA1 jet finder
algorithm [7], setting jet cone angleR = 0.4.

2 Generalized definition of the UE

The basic definition of underlying events is very simple:
remove all particles connected to identified jets from the
total event and the wanted UE consists of the remaining
particles. This kind of definition may have some depen-
dence on the applied jet-finding algorithm (and its param-
eters), especially on the momentum threshold of identified
jets. However, if we trust in the correctness of recent state-
of-the-art jet-finding algorithms (see Refs. [8,9]), then the
remaining particles must be unambiguously defined and
we can focus on the properties of this particle ensamble.

Historically the CDF collaboration was the first to es-
tablish a plausible definition to determine UE [2], which
was commonly used for decades in various analysis. This
CDF-definition corresponds to jet identification in one-jet
events, where the second jet is assumed to move automat-
ically into the away side. The CDF event geometry can be
fixed easily, since the position of the leading jet defines the
toward region, and theaway regionwill be chosen respec-
tively. The left side of Fig. 1 displays this definition.

Our concept was to improve the CDF-based definition
on the following points:

– to develop an new UE definition, which is strongly con-
nected to the identified jets (excluding all hadrons from
all identified jets), independently on the number of jets.
Thus it can be used for multijet events, also.

– to gain the capability of investigating the surrounding
areas around identified jets, without major changes in
jet-finding parameters. Thus we can studypp andAA
collisions in the same frame and compare the obtained
results, directly.

These requirements led us to the definition of surround-
ing belts (SB) around jet cones. Thus the UE is defined via
excluding hadrons both from jet cones and SBs. We are us-
ing jet-finding algorithms to define jets and jet-cones, than
the concentrical surrounding belts are selected by fixing
the width of the belts. The correctness of jet finding algo-
rithm can be easily checked by comparing the properties
of hadrons inside jet cone and surrounding belts.

Fig. 1. ((Color online) The schematic view of the underlying
event (UE) defined by the CDF-method (left panel) and the SB-
method with surrounding belts (right panel). Detailed explanation
can be found in the text and Ref. [5].

Fig. 1 serves for the visual comparison of the two def-
initions. The CDF-based definition is seen on theleft side,
the SB-based new definition is indicated on theright side.
The two definitions can be summarized by means of the
azimuthal angle,Φ, and (pseudo)rapidity, (η) y plane:

CDF-based definition of the UE is based on the subtrac-
tion of two areas of the whole measured acceptance:
one around the identified near jet (toward region) and
another to the opposite (away) direction. Both regions
are∆Φ × ∆η-slices of the measured acceptance around
the near jet and to the opposite, with the full∆η range
and limitedΦ-range, namely∆Φ = ±60o in azimuth.

SB-based definition means the substraction of all hadrons
connected to identified jets and their SB-areas. Each
jet is characterized by an approximate dial-like area,
around which concentric bands (or rings) are defined.
If the jet cone angle,R =

√

∆Φ2 + ∆η2 is given, then a
first ’S B1’ and a second ’S B2’ surrounding belt will be
defined for all jets, where the thickness ofδRS B1 and
δRS B2 are introduced. UsuallyδRS B1 = δRS B2 = 0.1 at
jet-cone valuesR = [0.5, 1]. It is easy to see that this
UE definition is independent from the identified jets,
even if we have more jets in one collision.
Furthermore, increasing theδRS Bi values, similar (but
not the same) area can be covered by the SB-method
as by the original CDF-definition. In this way the cov-
ered areas of the two models can become close to be
identical at large SB-thickness.
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Fig. 2. (Color online.) The charged hadron multiplicities,Ni, of the selected areas depending on the total multiplicities of the events,Ntot.
The CDF-based results are displayed on the left panel, SB-based results can be found on the right panel. Details can be found in the text.

3 Qualitative comparison of different UE
sets

We have already performed an SB-based analysis of a sim-
ulated data set forpp collisions at 7 TeV and published
the results in Ref. [5]. Here we extend this early inves-
tigation for a larger data set of 500 000pp events cre-
ated by PYTHIA-6 simulation [6], applying the Perugia
tune [10]. This sample is similar to the LHC10e14 sam-
plecreated at the ALICE experiment for 7 TeVpp col-
lisions. In the available sample the jets are identified by
the UA1 method [7]. We restrict our analysis to a lim-
ited sample, where the cuts ofpT HardMin = 10 GeV/c and
pT HardMax = 20 GeV/c have been applied. After these cuts
we still had around 156 000 events, which contains at least
one jet. All quantitative results displayed in this paper are
extracted from this data sample.

3.1 Multiplicity dependences in both analysis

First we analyse the charged hadron multiplicities in the
various regions of both geometrical definitions. We apply
UA1 jet-finding algorithm to identify jets, than we col-
lect the multiplicities in the different regions of the CDF-
method and the SB-method. Since the statistics is higher
than previously, then we expect results with higher preci-
sion than in Ref. [5].

In Fig. 2 we display the multiplicities,Ni of the dif-
ferent areas depending on the total multiplicities of the
events. In theleft panelthe displayed results are obtained
by the CDF-method. HereNi refers to the following con-
tributions: the multiplicities of the identified ’leading/near
jet’ (blue squares), the jet-excluded ’toward’ area (green
dots), the ’away’ side area at the opposite direction (purple
dots), and the CDF-defined UE yield (pink dots).

Theright panelof Fig. 2 displays the multiplicities cor-
respond to the SB-based definition of the underlying event
and contains detailed information on more areas: the mul-
tiplicities of the identified leading jet (blue squares), the
away side jet (blue dots), multiplicities for the surround-
ing belts,S Blead,1, S Blead,2, S Baway,1, andS Baway,2 (open

red squares, open purple triangles, open red circles, open
purple diamondsrespectively). Finallyorange crossesde-
note multiplicities for the newly defined underlying events,
which collect hadrons outside all identified jets. We denote
this quantity byUE2. (Note, all color codes correspond to
the areas of Fig 1.)

One can see in Fig. 2 that all multiplicities,Ni, in-
creases linearly with the total multiplicity in the region
Ntot < 120 in both cases. Applying the CDF-based defini-
tion, the away region gives the largest contribution, and the
leading jet contribution is the smallest one. The transverse
area (named as UE) yield an intermediate size contribution.
Moreover, it is interesting to see, that after excluding thejet
from the toward region, the remaining area has almost the
same multiplicity as the underlying event. This shows the
correctness of the jet finding algorithm and the ”safety” of
the CDF-based underlying event definition (e.g. 1/3 of the
whole acceptance is far from any jet-contaminated areas).

The multiplicities with the SB-based definition differ
from the results of the CDF-based analysis. The near side
jet and away side jet have similar contribution, since jet-
finding algorithm was working properly. The contributions
from the belts,S Bi, have small multiplicities, since they
cover very small areas. On the other hand, the contribution
from the newly defined underlying event,UE2 dominates
the plot, since it covers almost the whole acceptance.

In general, the multiplicity fraction of the defined ar-
eas are almost proportional to the geometrical surface, only
the jet-content part violates this dependence, as Fig. 2 dis-
plays. Thus, the SB-basedUE2 is characterized by larger
multiplicity value than the CDF-based UE.

3.2 Test of geometry

On Fig. 3 we plotted the azimuth-angle (Φ) distribution of
the selected areas for CDF-based (left panel) and SB-based
(right panel) definitions. Here we used the color codes of
Fig. 1 and Fig. 2.

Due to the geometrical roots of the underlying event
definitions, the azimuth-angle distribution is clearly sepa-
rated for the CDF-based definition but very complicated in
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Fig. 3. (Color online.) The azimuthal angle (Φ) dependence of particle production in the CDF-based (left panel) and SB-based (right
panel) analysis of UE. Details can be found in the text.
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Fig. 4. (Color online.) The pseudorapidity (η) dependence in the CDF-based (left panel) and SB-based (right panel) analysis of UE.
Details can be found in the text.

the SB-based case. The CDF-based results display a clear
envelope curve includingred ”wings”. The UE yield — in-
dicated bymagenta— is almost flat. Opposite to the lead-
ing jet, atΦ ≈ π, the away side region is characterized by
a well-defined Gaussian-like distribution.

One can see that the SB-based analysis is more so-
phisticated, it carries more information. The jet ”wings”
at the sides and the envelop curve is the same as the results
from the CDF-based analysis. However, the yields from the
away-side jet and surrounding beltsS Baway,1 andS Baway,2

shows complex structure (blue dots, purple diamonds and
orange circles). The validity of our underlying definition
(UE2)is supported by the appearance of a wide flat area in
η (indicated byorange crosses), clearly spearated from jet
cone and SB contributions.

On Fig. 3 the pseudorapidity distributions are shown
for CDF-based (left side) and SB-based (right side) anal-
ysis. Since we have limited acceptance in the rapidity di-
rection, we focus on the close-to-midrapidity regions:η ∈
[−0.9; 0.9]. Within this areas, both underlying event defini-
tions yield flat rapidity distributions. Since particle yields
correspond to the surface of the defined areas, thusS Bs

yields are small. However, theUE andUE2 contributions
dominate the yields.

3.3 The pT -distribution for the selected areas

We are interested in the transverse momentum spectra of
charged hadrons detected in the different areas of the CDF-
and SB-setup. Fig. 5 displays results forpT ≤ 60 GeV/c.
We can see relatively large difference between the CDF
and SB cases. Theleft panelshows the CDF-based re-
sults, the color encoding corresponds to Fig. 1. The ob-
tained spectra are quite similar for the different regions,
a close to linear shift characterizes the differences, which
is connected to the proper geometrical surface. Thus jet-
excluded near and the UE areas (pink and green dots) dis-
play the smallest yield at high-pT . The spectra of away side
hadrons (purple dots) dominates the yields, but without any
structure. It seems to us, the CDF-based underlying event
definition generates separation between the spectra of the
selected areas.

On the other hand, the SB-based definition results in a
better separation for the different momentum distributions.
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Fig. 5. (Color online) The transverse momentum spectra (pT ) for the CDF-based (left panel) and SB-based (right panel) underlying event
and related geometrical regions. More details can be found in the text.

The transverse momentum spectra within the identified jet
cone, plotted byblue squares and pointsfor comparision
and corresponds to the CDF-based definition. The under-
lying event has similar spectra, however the SB-based def-
inition results in a more steeper distribution at lower-pT

values. Spectra for the surrounding belts have the lowest
yields and starts together with the SB-defined underlying
event spectra, but with a cut-off at pT ≈ 10 GeV/c.

4 Conclusions

We have studied underlying event definitions in proton-
proton collisions at

√
s = 7 TeV. We have investigated and

compared the multiplicities, azimuth-angle and pseudora-
pidity distributions, and transverse momentum spectra for
the CDF-based and SB-defined regions.

We tested the multiplicity fraction of the defined re-
gions and repeated our earlier study [5]. Using a larger data
sample a clear separation of the undelying event has been
found. Comparing the CDF-based and SB-based underly-
ing event definitions the latter gives a better separation in
sense of highest multiplicity relatively to the total multi-
plicits of the event,Ntot. This originates from the more so-
physticated definition and the larger geometrical surface
to be considered. Oppossite to this the original CDF-based
definition does not give a good multplicity separation, since
away, transverse and jet-excluded toward regions have sim-
ilar multiplicity content.

A more clear explanation of the geometrical distribu-
tion is arising from the azimuth angle and pseudorapidity
distribution. The CDF-based azimuth angle distribution is
quite clear, it results in two small, almost flatΦ distribution
of the UE. In the SB-setup, the obtained azimuth angle dis-
tributions are overlapping, but the whole underlying event
region becomes a well defined background. Moreover, in
the investigated close-to-midrapidity region,|η| . 1, the
magnitude of the constantη distrubution is proportional to
the area of the CDF- or SB-defined regions.

Finally, we compared the transverse momentum spec-
tra for the different regions. The SB-method gives a more

sophisticated separation of the charged hadron yields from
different regions and its general use is much more sup-
ported to study the properties of the UE and any jet-matter
interactions inside the surrounding belts.
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