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Abstract.

Improving our understanding and modeling of the underlyéwgnt in high energy collider
environment is important for more precise measurementseat HC. CDF Run Il data for the
underlying event associated with Drell-Yan lepton pairdarction and early ATLAS data measuring
underlying event activity with respect to the leading trarse momentum track are presented.
The data are compared with several QCD Monte Carlo moddkssken that no current standard
Monte Carlo tune adequately describes all the early ATLAG dad CDF data simultaneously. The
underlying event observables presented here are particirtgportant for constraining the energy
evolution of multiple parton interaction models.
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INTRODUCTION: THE UNDERLYING EVENT

To perform many precise Standard Model measurements arhstamew physics phe-
nomena at hadron colliders, it is essential to have a goodrstahding not only of the
short-distance “hard” scattering process, but also of tu®mpanying interactions of
the rest of the proton — collectively termed the “underlyevgnt” (UE). This includes
the beam-beam remnants (BBR) plus the multiple partonanteEm (MPI). It is impos-
sible to uniquely separate the underlying event from thel Isaattering process on an
event-by-event basis. However, observables can be melasieh are sensitive to its
properties.

This paper reports the measurement of underlying eventedidges that have been
performed in Tevatropp collisions in dijet and Drell-Yan events at the CDF experitne
in Run | [1] and Run 1l [2] at center-of-mass energies,&8 = 1.8 TeV and 196 TeV
respectively, and in LHQp collisions at ATLAS experment with the leading charged
track at,/s=900 GeV and 7 TeV [3].

The leading calorimeter jet (reconstructed with the Mid®algorithm [4] having
jet radiusR = 0.7) in the region|n| < 2 or Z-bosons decaying into Drell-Yan (DY)
lepton pair was taken as the hard scattering process in Cidi,respect to which
the underlying event was measured. The charged particldeirangepr > 0.5 GeV
and|n| < 1 were selected. For the DY analysis, only the region of Zehoslefined
as 70 Ge\< M < 110 GeV, was considered. For Drell-Yan lepton pair produntihe
outgoing lepton anti-lepton pair in the final state meansatisence of colored final state
radiation. Hence it provides a very clean way to study thesdgithg event.

The track with the largespr in the event — referred to as the “leading” track — is
used in ATLAS. The axis given by the the leading track is vdgfined for all events,
and is highly correlated with the axis of the hard scatteinmiigh pr events. A single
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FIGURE 1. Definition of the toward, transverse and away regions in #imathal angle with respect
to the leading object.

track is used as opposed to a jet or the decay products of avagsaige boson, as it
allows significant results to be derived with limited lum&ity and avoids the systematic
measurement complexities of alignment with more complgeaib. Only events with
leading trackpt > 1 GeV within the inner detectof)| < 2.5, were considered, in
order to reject events where the leading track selectiorpoéentially introduce large
systematic effects, and also to reduce the contributiom fodfractive hard scattering
processes. All the other tracks were required to have- 500 MeV and the samg
range.

As illustrated in Figure 1, the azimuthal angular differerbetween charged tracks
and the leading objectA@| = [@ — @eading objedt IS Used to define the following three
azimuthal regions, for both ATLAS and CDF analysis:

Ag| < 60°, the “toward region”;
« 60° < |Ag| < 120, the “transverse region”; and
. |Ag| > 120, the “away region.”

The transverse regions are most sensitive to the undenrbyiagt, since they are gener-
ally perpendicular to the axis of hardest scattering anactédrave the lowest level of
activity from this source. The observables examined indhislysis are corrected back
from detector level to particle level, which can be compatiedctly with the QCD MC

models. The detector level corresponds to the tracks gasisencorresponding anal-



ysis selection criteria, and the particle level correspotaddistributions with primary
charged particles

The UE may involve contributions from both hard and soft ptsy;swhere “soft”
labels interactions with low transverse momentum transéween the scattering par-
ticles. Soft interactions cannot reliably be calculatethvgerturbative QCD, and are
generally understood within the context of different phmeoaological models, usually
implemented in MC event generators. These models contaiy iparameters whose
values are noa priori known. Therefore to obtain insight into the nature of softlm)C
processes, and to optimize the description of UE backgmtoragtudies of hard-process
physics, the model parameters must be fitted to experimeatal This tuning effort has
been very active in recent years, and the data presentedshaneimportant input for
these efforts.

CDF data are compared with PYTHIA [5] tunes A and AW [6] and NWES [7].
ATLAS data is compared with predictions by PYTHIA with the I2AS MCO09 [8],
DW [9], and Perugia0 [10] tunes, by HERWIG+JIMMY [7, 11] witihe ATLAS MCOQ09
tune, and by PHOJET [12].

RESULTS

Charged particle multiplicity

The charged particle multiplicity density from CDF and ATEAneasurements in the
transverse region are shown in Figure 2. In Figure 3 theitiebvn all three regions are
compared, and finally in Figure 4, the ATLAS results,& = 900 GeV and 7 TeV are
compared.

The average number of charged particles in the transveggarancreases with lead-
ing pr, until it reaches an approximately constant “plateau”. NMogood agreements is
observed with PYTHIA tune A and AW predictions for CDF leagliet and Drell-Yan
data, although tune A does not have quite enough activityvever, all the pre-LHC
MC tunes considered show at least 10—-15% lower activity tharATLAS data in the
transverse region plateau. The PYTHIA DW tune is seen to &éeltsest model to data
for the transverse region.

For Drell-Yan data toward and transverse densities are $ro#idl and almost equal.
The away density is large due to the away side jet to balareckefton paimpy. For the
leading track analysis, the toward and away regions are raed by jet-like activity,
yielding gradually rising number densities.

The 900 GeV and 7 TeV ATLAS data show the same trend. The uidgrevent
activity is seen to increase by a factor of approximately beoween the 900 GeV and
7 TeV data. This is roughly consistent with the rate of inseepredicted by MC models
tuned to Tevatron data.

1 Primary charged particles are defined as those with a mestiml#r > 0.3 x 1015, either directly
produced inpp interactions or in the decay of particles with a shortetilifie.
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FIGURE 2. CDF data at,/s= 1.96 TeV (left) and ATLAS data at/s = 7 TeV (right), showing the
density of the charged patrticles in the transverse regmmpared with different Monte Carlo models.
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FIGURE 3. CDF Drell-Yan data at/s = 1.96 TeV (left) and ATLAS data at/s = 7 TeV (right),
showing the density of the charged particles in all threéoregg compared with different Monte Carlo
models.

Charged particlescalar py sum

The charged particle scalgr sum,y pr density from CDF and ATLAS measure-
ments in the transverse region are shown in Figure 5. In Eiguthe activities in all
three regions are compared.

The summed charged partighg in the plateau characterizes the mean contribution
of the underlying event to jet energies. Again, we can seepditeaLHC tunes model
CDF data better than ATLAS data. The higher number densitdATa AS data implies
a higherpt density as well.

In the ATLAS data, in the toward and away regions, jet-lik@my profiles are ob-
served, in contrast to the plateau in the transverse reg@ioa.toward region includes



T T T T T T T
% [ Transverse Region ATLAS Preliminary
S 4 p>05 Gevand | <25
Z T e e e e b—a—a]
o
\%

o
2
AREEERERERRREE

Ratio
N
N oo

"
o

-

ST
N
w
N
ol
(o2}
N
[oe)
[ls}
15

FIGURE 4. Comparison of the ATLAS data g¢s =900 GeV and,/s =7 TeV for the density of the
charged patrticles in transverse region, compared withigtieds from ATLAS PYTHIA MCO09 tune.
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FIGURE 5. CDF data at,/s =1.96 TeV (left) and ATLAS data at/s =7 TeV (right), showing the
charged particle scalgsr sum density in the transverse region, compared with difftekéonte Carlo
models.

the leading charged particle, and has a highies than the away region as there is
higher probability of highpt particles being produced in association with the leading
pr charged patrticle. In the toward region the highest fracbbenergy has been al-
located to a single charged particle. This implicitly reesiche number of additional
charged particles in that region, since there is less rantaenergy to be partitioned.
As a result the multiplicity of charged patrticles is slighkbwer in the toward region
by comparison to the away region for hiplﬁad. The increase of thpt densities in the
toward and away regions indicates the extent of the vanatighe charged fraction of
the total energy in each region. For the CDF Drell-Yan ddta,away density is again
large due to the away side jet to balance the leptongair
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FIGURE 6. CDF Drell-Yan data at/s = 1.96 TeV (left) and ATLAS data at/s = 7 TeV (right),
showing the charged particle scalar sum density in all three regions, compared with differentniéo
Carlo models.
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FIGURE 7. CDF data at/s= 1.96 TeV (left) and ATLAS data at/s =7 TeV (right), showing the
charged particlépr) in the transverse region, compared with different Montd@anodels.

Charged particle mean py

The charged particlépr) from CDF and ATLAS measurements in the transverse
region are shown in Figure 7. These plots were constructaa event-by-event basis by
dividing the total charged particlgr in each region by the number of charged particles
in that region, requiring at least one charged chargedgbarti the considered region.

Again, it can be seen that pre-LHC tunes model CDF data bebider ATLAS data,
but the agreement is better than multiplicity gmdsum distributions. There is relatively
little discrimination between MC models for this obsenglall predictions are within
~ 10% of the data values.
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FIGURE 8. CDF Drell-Yan data at/s=1.96 TeV showing the charged particle (top left, and at bottom
with restrictingpr (Z) < 10 GeV ) or the Z-boson (top rightpr) against the charged particle multiplicity,
compared with different Monte Carlo models.

Charged particle mean py and multiplicity correlations

The correlation between the mean of charged particles and the charged patrticle
multiplicity in that region is sensitive to the amount of &gperturbative QCD) versus
soft (non-perturbative QCD) processes contributing touthe@erlying event.

Figure 8 (top left) shows this correlation for CDF Drell-Yavents. HERWIG (with-
out MPI) predicts thd pr) to rise too rapidly as the multiplicity increases, sinceéar
multiplicities come from events with a higby Z-boson having a larger away-side
jet. This can be seen clearly in Figure 8 (top right) whichvetithe averager of the
Z-boson versus the charged multiplicity. Without MPI thdyoway of getting large
multiplicity is with high pr (Z) events. For the models with MPI one can get large mul-
tiplicity either from highpr (Z) events or from MPI and henc@r(Z)) does not rise as
sharply with multiplicity like in the data. PYTHIA tune AW deribes the Z-boson data
fairly well. Figure 8 (bottom) shows thigr) of charged particles against the multiplic-
ity for charged particles for Z-boson events in whigh(Z) < 10 GeV. We see thdpr)
still increases as the multiplicity increases althoughasofast. If we requirgT (Z2) <
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10 GeV, than HERWIG (without MPI) predicts that tkipr) decreases slightly as the
multiplicity increases. This is because without MPI andhwiit the highpr away-side
jet which is suppressed by requiring lgwy (Z), large multiplicities come from events
with a lot of initial-state radiation and the particles coigifrom initial-state radiation
are soft. PYTHIA tune AW describes the behaviorpf) versus the multiplicity fairly
well even when we selegtr (Z) < 10 GeV. This strongly suggests that MPI are playing
an important role in both these processes.

In Figure 9, the ATLAS profiles in the transverse and awayaegjiare very similar,
showing a monotonic increase @br) with Nen. The profile of the toward region is
different, as it is essentially determined by the requinenaé a track withpr > 1 GeV.
ForNg, = 1, it contains only the leading charged particle and as\thes increased by
inclusion of soft charged particles the average is redudedever, forNg, > 5 jet-like
structure begins to form, and the weak rise of the mears observed. Comparing the
900 GeV and 7 TeV data, it is seen that the mean charged earticls. Nc, profiles are
largely independent of the energy scale of the collisions.

Angular distributions

The angular distributions with respect to the leading cbdngarticle of the charged
particle number andl pr densities at the center-of-mass energy of 7 TeV at ATLAS) wit
charged particleor > 0.5 GeV, are plotted in Figure 10. The leading charged particle
taken to be afA\@p = 0 has been excluded from the distributions. The data arersfaw
four different lower cut values in leading charged partipte These distributions are
constructed by reflectind\g| about zero, i.e. the regionrT < Ag < 0 is an exact mirror
image of the measuredg| region shown in &< Ap < 1.

These distributions show a significant difference in shapeveen data and MC
predictions. With the increase of the leading charged @danir, the development of jet-
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FIGURE 10. ATLAS data showing thep distribution of charged particle multiplicity (left) andalar

S pr density (right), with respect to the leading charged plrtiotated t0@eading= 0, excluding the
leading charged particle and compared to different MC mpdadiictions. The distributions obtained by
restricting the minimum leading charged partigie to different values are shown separately. The plots
were symmetrized by reflecting them abdgt = 0.

like structure can be observed, and the corresponding shase in transverse regions
compared to the MC. MC models essentially predict a strongeelation than is seen
in the data, and this discrepancy in toward region assatiadeticle density was also
observed at CDF [13].

SUMMARY AND CONCLUSIONS

One of the goals of these analyses is to provide data thatecasdd to test and improve
MC models for current and future physics studies at the LH&& dnderlying event ob-

servables presented here are particularly important fastcaining the energy evolution
of multiple partonic interaction models, since the platkaights of the underlying event
profiles are highly correlated to multiple parton interastactivity. The data at 7 TeV

are crucial for MC tuning, since measurements are needédatleast two energies to
constrain the energy evolution of MPI activity.

PYTHIA tune A and tune AW do a good job in describing the CDFadanh the
underlying-event observables for leading jet and Drel-¥aents, respectively, although
the agreement between predictions and data is not perfeetlehding-jet data show
slightly more activity in the underlying event than PYTHIAue A, although they
are very similar - which may indicate the universality of engling event modeling.
However, all pre-LHC MC models predict less activity in tmartsverse region (i.e in
the underlying event) than is actually observed in ATLASlieg track data, for both
center-of-mass energies.

There is therefore no current standard MC tune which adetyudescribes all the
early ATLAS data. However, using diffraction-limited mmum bias distributions and
the plateau of the underlying event distributions presériere, ATLAS has devel-



oped a new PYTHIA tune AMBT1 (ATLAS Minimum Bias Tune 1) and emHER-
WIG+JIMMY tune AUETL1 (ATLAS Underlying Event Tune 1) whichadel thept and
charged multiplicity spectra significantly better than pine-LHC tunes of those gener-
ators [14, 15]. It is critical to have sensible underlyingeymodels containing our best
physical knowledge and intuition, tuned to all relevantilade data.
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