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Preface

The objective of this first workshop on Multiple Partonic Interactions (MPI) at the LHC, that can be
regarded as a continuation and extension of the dedicated meetings held at DESY in the years 2006 and
2007, is to raise the profile of MPI studies, summarizing the legacy from the older phenomenology at
hadronic colliders and favouring further specific contacts between the theory and experimental com-
munities. The MPI are experiencing a growing popularity and are currently widely invoked to account
for observations that would not be explained otherwise: the activity of the Underlying Event, the cross
sections for multiple heavy flavour production, the survival probability of large rapidity gaps in hard
diffraction, etc. At the same time, the implementation of the MPI effects in the Monte Carlo models
is quickly proceeding through an increasing level of sophistication and complexity that in perspective
achieves deep general implications for the LHC physics. The ultimate ambition of this workshop is to
promote the MPI as unification concept between seemingly heterogeneous research lines and to profit of
the complete experimental picture in order to constrain their implementation in the models, evaluating
the spin offs on the LHC physics program. The workshop is structured in five sections, with the first one
dedicated to few selected hot highlights in the High Energy Physics and directly connected to the other
ones: Multiple Parton Interactions (in both the soft and the hard regimes), Diffraction, Monte Carlo
Generators and Heavy Ions.
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Standara ivioael H1ggs Searcnes at tne 1 evatron

Ralf Bernhard
Physikalisches Institut, Albert-Ludwigs Universitatefibsurg

Abstract

The latest searches for the Standard Model Higgs boson ait e eaf-
mass energy of/s = 1.96 TeV with the D@ and the CDF detectors at
the Fermilab Tevatron collider are presented. For the finsé tsince
the LEP experiments the sensitivity for a Standard ModepKligoson
has been reached at a Higgs boson mass of 170 GeV/c

1 Introduction

In the Standard Model (SM) of particle physics the Higgs na@i$m is responsible for breaking
electroweak symmetry, thereby giving mass to Weand Z bosons. It predicts the existence
of a heavy scalar boson, the Higgs boson, with a mass that aabenpredicted by the SM.
Direct searches for the Higgs Boson were performed at the &Fferiments in the process
ete” — ZH with a centre of mass energy of 206.6 GeV. A direct mass litibg > 114.4
GeV/2 [1] was set at the 95% confidence level (ELJhis limit is slightly below the maximum
available kinematic limit due to a small excess observetiéniEP data.

Indirect limits have been placed on the Higgs boson mass &y EP, SLD and Teva-
tron experiments from electroweak precision measureniehts’he main contribution to these
indirect constraints from the Tevatron experiments, D@ &@foF, are the measurements of
the W Boson and top quark masses [2]. The dependence of the Higgs omathese mea-
surements is shown in Figure 1 on the left and the Higgs massndience on the measured
electroweak precision parameters in Figure 1 on the righte $M fit yields a best value of
my = 8413% GeV/& [3]. The upper limit on the Higgs mass %% CL is my < 154 GeV/C.

If the direct mass limit is also taken into account this limitncreased teny < 185 GeV/é.

2 Higgs Searches at the Tevatron

The Tevatron experiments CDF [4] and D@ [5] search for ditéiclgs boson production in the
mass range above the LEP limit usipg collisions at,/s = 1.96 TeV. The relevant processes
at these energies are associated Higgs productign-¢ W H, q¢ — ZH) and gluon fusion
(99 — H). Typical cross-sections ase~ 0.7 — 0.15 pb for gluon fusion and ~ 0.2 — 0.02 pb
for associated production at Higgs masses in the range- 200 GeV/c.

The Higgs boson predominantly decays ihtoquark pairs in the low mass range below
135 GeV/&. Hence the signal in theg — H channel is overwhelmed by multi-jet background.
This makes the procesgs) — H therefore not a viable search channel at low Higgs boson
masses. Thé&/ H and ZH channels, where the vector boson decays into leptons, hacdé m
lower cross-sections but the lepton tag from the decay ofithe» /v or Z — ¢¢ and selections

LAll limits given in this paper are &5% CL
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Fig. 1: Constraints on the Higgs mass from precision top anti&¥s measurements (left) and fit for the Higgs Mass
from the W data showing the direct search LEP limit (right)

on missing transverse energy from the neutrino in the dedays /v or Z — vv help to reduce
the background significantly.

At higher masses, around; = 165 GeV/&, the Higgs boson will predominantly decay
into W pairs. Leptons from the decays of thié bosons and the missing transverse energy
are used to reject background, making the chagpel H — W the most promising search
channel in this mass region. A’hybrid’ channel, the asgedi@roduction with subsequent Higgs
decay into (virtual) W pairsq¢ — WH — WWW, also contributes in the intermediate mass
region.

2.1 TheTools

The main tools employed in Higgs searches at the Tevatrolepten identification and - espe-
cially in the low Higgs mass region - jet reconstruction arnet tagging. The experiments uge
jet tagging algorithms that exploit the long lifetime iohadrons. These algorithms are applied
to each jet, searching for tracks with large transverse aghparameters relative to the primary
vertex and for secondary vertices formed by tracks in the jet

To further improve theé jet tagging these variables are used as input to a artificialral
Network (NN) jet-flavor separator. The NN is trained to segp@b quark jets from light flavour
jets. By adjusting the minimum requirement on the NN outpmriable, a range of increasingly
stringentb tagging operating points is obtained, each with a diffeségmal efficiency and purity.
Using this tool at D@ p tagging efficiencies have been improved by 33% while keeflirgate
of falsely identified light flavor jets (mistags) low. The eféincies range between 40-70% tor
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jets at a low mistag rates between 0.5-3% for light flavor. jets

Almost all Higgs searches at the Tevatron employ advancelysis techniques like arti-
ficial Neural Networks (NN), boosted decision trees (BDThaatrix element techniques (ME)
to combine kinematic characteristics of signal and baakiggoevents into a single discriminant.
These techniques improve the separation of signal to baakgrover the invariant Higgs boson
mass distribution which is the most important single vdgabCareful validation of all input
variables is mandatory for robust results.

Events with neutrinos in the final state are identified usinigsing transverse energy. The
reconstruction of all these variables require excellemtgpmance of all detector components.

2.2 Signal and Background

The Higgs signal is simulated with PYTHIA [6]. The signal ssesections are normalised
to next-to-next-to-leading order (NNLO) calculations §],and branching ratios from HDE-
CAY [9].

There are many types of background to the Higgs search. Aoriapt source of back-
ground are multi-jet events (often labeled “QCD backgrdundhis background and the instru-
mental background due to mis-identified lepton$ fats is either simulated with PYTHIA (only
for the CDFZH — vvbb analysis) or is taken directly from data, since it is not vesll sim-
ulated by Monte Carlo. Determining this background fromadatdone using control samples
with no signal content.

Electroweak background processes such as di-boson proadugt — VV(V = W, Z),
V+jets ortt pair production often dominate at the final stages of theciele these are sim-
ulated using leading order Monte Carlo programs such as RXTALPGEN, HERWIG or
COMPHEP. The normalisation of these processes is obtaiitkeelr érom data or from NLO
calculations.

2.3 Search for WH — (vbb

One of the most sensitive channels for a low Higgs boson nsaseidecayV H — (vbb. This
final state consists of two jets from the Higgs boson and a charged leptcend a neutrino
from the W boson. All three leptonic decays of the W boson araysed at DG, with the
most sensitive being the decays to electrons and muons.t€asn selected with one or two
tagged jets an isolated electron or muon and missing traseswnergy. The main backgrounds
after selection aréV +jets andtt production. The di-jet invariant mass distribution for Btse
with two b-tags is shown in Figure 2 on the left side. To imgrdlie separation between the
signal and the irreducible background a NN is trained whaltes a number of kinematic and
topological variables as input. The output of this NN is uteelxtract limits on Higgs production
and is shown in Figure 2 on the right side. The analysis usefb1.! of recorded data and sets
an observed (expected) limit @Rs/os),= 9.1(8.5) for a Higgs boson massy = 115 GeV/E&
(whereog)y is the cross section predicted for this process by the Stdridadel). A dedicated
search forW*H — 7%ubb with hadronicT decays has been added at D@. Using the di-jet
mass distribution to separate signal from background aerobd (expected) limit opgs; /o 5n/=
35.4 (42.1) for a Higgs boson mass; = 115 GeV/& has been obtained in that channel. At
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CDF a similar analysis using 2.7Th of data with a NN discriminant and a combined ME+BDT
technique is performed. The analysis sets an observedd@d)dimit oncys/osp= 5.0 (5.8)

for the NN analysis andg;/osy/= 5.8 (5.6) for the ME+BDT analysis for a Higgs boson mass
mpy = 115 GeV/E.

(2] 2]
c 607|_ =1.7b? W +2jets / 2 b-tags c L =17 fo! W + 2 jets/ 2 b-tags
4 D@ Preliminary ® Data, ¢ 7 F D@ Preliminary ® Data,
L r W + jets L F CIW + jets
L =QCD r BmQCD
tt tt
r Bwbb 102 DVY b
40— M other B M other
= i WH

115 GeV (x10) 115 GeV (x10)

20

0.4 0.6 0.8 1 12 14

200 0 0.2

Dijet Mass (GeV)

250

50 100

150
NN output - 2 tags

Fig. 2: D@W H — ¢vbb channel: Di-jet invariant mass distribution for eventshwito b-tags and the NN distribution
at the final stage of the selection.

24 ZH — vuvbb

The channelZ H — vwvbb has very good sensitivity since the branching ratiosZor- vv and

H — bb decays are large. With the two b-jets being boosted in theswerse direction, the
signature for the final state are acoplanar di-jets and largsing transverse energy. Thus is in
contrast to most background di-jet events which are expdotbe back-to-back in the transverse
plane. The main background sources in this search charm@l droson orZ boson production
in association with heavy flavour jets, multi-jet events ahgairs.

The basic selection requires at least one (CDF) or two jeB) (®ith ab tag, large missing
transverse energyss > 50 GeV), and a veto on any isolated muon or electron in the event.

In the CDF analysis, the final sample is divided into threeags) one sample with exactly
one tight secondary vertéxag, the second sample with one tight secondary veértag and one
tag with the JetProb algorithm and a third sample with twattgecondary vertek tags. Two
NNs are trained one against the dominant QCD backgroundHigeiee 3 on the left side for the
second b-tag sample) and one against di-bosortfnackground (see Figure 3 on the right side
for the second sample), which is also used to extract linmitthe production cross section.

In the case of D@, events with two NNtags are used to construct a BDT for identifying
signal events. Asymmetric operating points, one loose aradtight, are chosen for the twio
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Fig. 3: CDFZH — vwbb channel: NN output distribution to separate against theidate QCD background (left)
and the NN distribution for the remaining backgrounds (figh

tags. The output distributions of the BDT, retrained forrgudiggs mass, is shown in Figure 4
on the right side.

L B e e e O BN 0 T T T T L T T T
8 ol D@ preliminary (2.1 fb™) § S sor- D@ preliminary (1.2 fb"
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0 E [ — ]
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DT discriminant

Fig. 4: D@ZH — vwvbb channel: Invariant dijet Mass Distribution (left) and outtglistribution of the BDT variable
(right).

To increase the sensitivity of this analydig,H signal events where the charged lepton has
not been identified are also included in the signal definitithis search yields a median observed
(expected) upper limit on th€ H(V = W, Z) production cross-section ef;/osy = 7.9(6.3)
for CDF and7.5(8.4) for D@ at a Higgs mass aofiy = 115 GeV/E. The data set for both
experiments corresponds 2al fb~! of analyzed data.
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25 ZH — ltbb

In the ZH — ¢¢bb channel theZ boson is reconstructed through the decay into two high-
pr isolated muons or electrons. The reconstructednd two b-tagged jets are used to select
the Higgs signal. The invariant mass of the two leptons isiired to be in theZ mass range
70 < mz < 110 GeV/@ (DD) or 76 < mz < 106 GeV/& (CDF). Both experiments require
two jets with either one tighti tag or two loosé tags.

The main background sources @eproduction in association with heavy jets atigro-
duction. ZZ production is an irreducible background, apart from the srdiscriminant. CDF
trains two separate NNs to reject these two background caemis. Slices of the output of these
NNSs, projected on the two axes, is shown in Figure 5. Thetdigss resolution is improved by
training a different NN usingz7** and the kinematics of both jets. The data set corresponds to
an integrated luminosity of 2.4 fi3. The D@ analysis is performed with3 fo—! of data using
a kinematic NN and two NN tag samples with one tighttag and two loosé tags.

CDF Run Il Preliminary (2.4 fb™ CDF Run Il Preliminary (2.4 fb™)
7Jdouble tag (high) ~ ®daa 802z [ z+bb 147 ; ®dua 2z [ z+bb
_UZH X915 ig P Qe @ z+iess double tag (high) Bz DOt @ zticts

i [ fakes
M, =120Gevic> OWz gz 70 mistass

Dwz Dz ”|:| mistags
Bww @ z+cc uncertainty Bww @ z+c uncertainty

Number of Events
Number of Events
5

0.1 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Slice Along the Z+Jetsvs. ZH Axis Slice Along the ZH vs. tt Axis

Fig. 5: ZH — ¢¢bb channel: NN output projection with < 0.1 in the Z+Jets vs. ZH projections and> 0.9 in the
ZH vs. tt projection.

These searches yield a median observed (expected) uppeohnthe ZH production
cross-section 0bgs/0osy = 11.6(11.8) for CDF and11.0(12.3) for D@ at a Higgs mass of
mp = 115 GeV/&. Even though the limits are less stringent than for#é — vvbb channel,
they still provide an important input to increase the ovesahsitivity of the analysis.

26 W —-WW — fvliv

The dominant decay mode for higher Higgs massed is- WV *). Leptonic decays of the
W bosons are therefore used to suppress the QCD backgrouhd.sinature of thgg —

H — WW® channel is two highyr opposite signed isolated leptons with a small azimuthal
separationA¢y,, due to the spin-correlation between the final-state leptorihe decay of the
spin-0 Higgs boson. In contrast, the lepton pairs from bemkgd events, mainlyV’ W events,
are predominantly back-to-back ih¢y,. This is shown in Figure 6 (left) for a preselected CDF
data sample with zero reconstructed jets.
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Fig. 6: CDFWW channel: azimuthal angle between the two leptons inkhe—~ WW search. Due to spin
correlations, the signal is at lo¢,,, whereas the background is at higl,,.

An additional selection requireBs* > 25 GeV for CDF andEFss > 20 GeV for
D@ to account for the neutrinos in the final state. D@ definesetfiinal statese(" e, e* T,
andu™p~). CDF separates thH — WHW ™ events into five non-overlapping samples, first
by separating the events by jet multiplicity (0, 1 or 2), tiseibdviding the 0 and 1 jet samples
in two, one having a low signal/bacgkround (S/B) ratio, thieeo having a higher one. In these
analyses, the final discriminants are neural-network datpased on several kinematic variables.
These include likelihoods constructed from matrix-eletm@obabilities as input to the neural
network for CDF and is shown on the right side of Figure 6. TheKground subtracted NN
distribution for D@ is shown in Figure7 on the left side. Tdistribution has been used to extract
median observed (expected) limits on the production csession ofog; /osyr = 1.9 (2.0) for
my = 165 GeV/&. The obtained limits on the production cross-section asnatfon of the
Higgs boson mass are shown in Figure 7 on the right side. WghNN distributions CDF
obtainscgs /o5y = 1.7(1.6) for my = 165 GeV/&. The data sets analyzed correspond to an
integrated luminosity of 3 fb! for each experiment.

27 WH — WWW* = vl vqq

In the proces$V H — WWW* — (v{ vqq the Higgs boson is produced in association with a
W boson and subsequently decays int® & pair. This process is important in the intermediate
mass range. The signature is at least two isolated leptonstfielV decays withpy > 15 GeV
and identical charge. The associatéd and one of the twd? bosons from the Higgs decay
should have the same charge. For the final signal selectionde@a two-dimensional likelihood
based on the invariant mass of the two leptons, the missamgverse energy and their azimuthal
angular correlations.

This same-sign charge requirement is very powerful in tajgdackground fron¥ pro-
duction. The remaining background is either due to di-bgz@mauction or due to charge mis-
measurements. The rate of charge mis-measurements forsnsiaietermined by comparing
the independent charge measurements within the solerandiain the toroidal fields of the D@
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Fig. 7: DWW channel: The background subtracted distribution of the Nf)(and the obtained median observed
and expected limits on the production cross-section (yight

detector. For electrons the charge mis-measurement rdegasmined by comparing the charge
measurement from the solenoid with the azimuthal offsetvben the track and the calorimeter
cluster associated to the electron.

The expected cross-section ratio in the mass range 140 &&/180 GeV/@is ogs /o5 ~
20, i.e. this channel makes a significant contribution at timétlin this mass range.

3 Combined Tevatron Limit

The data of both experiments have been combined using treefdf analyses with luminosities
up to 3.0 fo'l. To gain confidence that the final result does not depend ouletals of the
statistical method applied, several types of combinati@mewperformed, using both Maodified
Frequentist (sometimes called the LER. ; method) and Bayesian approaches. The results
agree within about0%. Both methods use Poisson likelihoods and rely on disiobstof the
final discriminants, e.g. NN output or di-jet mass distribos, not only on event counting.

Systematic uncertainties enter as uncertainties on thecgxg number of signal and back-
ground events, as well as on the shape of the discriminatribdiSons. The correlations of
systematic uncertainties between channels, differerkgraand sources, background and signal
and between experiments are taken into account. The mainesoaf systematic uncertainties
are, depending on channel, the luminosity and normalisatie estimates of the multi-jet back-
grounds, the input cross-sections used for the MC genebatelchround sources, the higher order
corrections [ factors) needed to describe heavy flavour jet productiom jeéhenergy scale
tagging and lepton identification.

The combinations of results of each single experimentgdytie¢ following ratios of 95%
C.L. observed (expected) limits to the SM cross section:(3.&) for CDF and 5.3 (4.6) for DG
atmpy = 115 GeV/&, and 1.8 (1.9) for CDF and 1.7 (2.3) for D@ty = 170 GeV/C.

The ratios of the 95% C.L. expected and observed limit to Mec&®ss section are shown
in Figure 8 for the combined CDF and D@ analyses on the leé.sithe observed and median
expected values are 1.2 (1.2)na; = 165 GeV/&, 1.0 (1.4) atmy = 170 GeV/& and 1.3
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(1.7) atmpy = 175 GeV/c’. On the right side in Figure 8 the @{.¢ distribution as a function
of the Higgs boson mass, which is directly interpreted asete of exclusion of the search. For
instance, both the observed and expected results excludgga boson withn; = 165 GeVE?
at~ 92% C.L. The green and yellow bands show the one and two sigmdslfor background
fluctuations. We exclude at the 95% C.L. the production obad#rd model Higgs boson with
mass of 170 GeVic

Tevatron Run Il Preliminary, L=3 th 3 F — 1-CLs Observed
= T T T T T T T O S N EE R 1-CLs Expected
% ..... Expected C Expectedtl-o
é = Observed 17 lzvpnrtnrh—’)
= m tlo C
10} 1 220 . e 95% C.L.
B . == 90% C.L.
o) 5
o /

0.8
1 ] ;
I L I I I | | Jyly,30,2008, ] 0.7
155 160 165 170 175 180 185 190 195 200 L
R NN VAT AT - 2 T M S, sy N MR
my,(GeVic) 155 160 165 170 175 180 185 190 195 200
m, (GeV/A)

Fig. 8: Expected and observéd% CL cross-section ratios for the combined CDF and D@ analyéstatus July
2008).
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Studying the “Underlying Event” at CDF and the LHC

Rick Field'
(for the CDF Collaboration)

Department of Physics, University of Florida, Gainesville, Florida, 32611, USA

Abstract
I will report on recent studies of the “underlying event” at CDF using charged particles produced
in association with Drell-Yan lepton-pairs in the region of the Z-boson (70 < M(pair) < 110
GeV/c?) in proton-antiproton collisions at 1.96 TeV. The results will be compared with a similar
study of the “underlying event” using charged particles produced in association with large
transverse momentum jets. The data are corrected to the particle level to remove detector effects
and are then compared with several QCD Monte-Carlo models. Some extrapolations of Drell-Yan
production to the LHC are also presented.

1. Introduction

In order to find “new” physics at a hadron-hadron collider it is essential to have Monte-
Carlo models that simulate accurately the “ordinary” QCD hard-scattering events. To do this
one must not only have a good model of the hard scattering part of the process, but also of the
beam-beam remnants (BBR) and the multiple parton interactions (MPI). The “underlying event”
(i.e. BBR plus MPI) is an unavoidable background to most collider observables and a good
understanding of it will lead to more precise measurements at the Tevatron and the LHC. Fig. 1.1
illustrates the way the 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.
BBR). The “beam-beam remnants” are what is left over after a parton is knocked out of each of
the initial two beam hadrons. It is one of the reasons hadron-hadron collisions are more “messy”
than electron-positron annihilations and no one really knows how it should be modeled. For the
QCD Monte-Carlo models the “beam-beam remnants” are an important component of the
“underlying event”. Also, multiple parton scatterings contribute to the “underlying event”,
producing a “hard” component to the “underlying event”. Fig. 1.2 shows the way PYTHIA [1]
models the “underlying event” in proton-antiproton collision by including multiple parton
interactions. In addition to the hard 2-to-2 parton-parton scattering and the “beam-beam
remnants”, sometimes there are additional “semi-hard” 2-to-2 parton-parton scattering that
contribute particles to the “underlying event”. The “hard scattering” component consists of the
outgoing two jets plus initial and final-state radiation.

As illustrated in Fig. 1.3, the “underlying event” consists of particles that arise from the
BBR plus MPI, however, these two components cannot be uniquely separated from particles that
come from the initial and final-state radiation. Hence, a study of the “underlying event”
inevitably involves a study of the BBR plus MPI plus initial and final-state radiation. As shown
in Fig. 1.4, Drell-Yan lepton-pair production provides an excellent place to study the
“underlying event”. Here one studies the outgoing charged particles (excluding the lepton pair)
as a function of the lepton-pair invariant mass and as a function of the lepton-pair transverse

! This work was done in collaboration with my graduate student Deepak Kar and my former graduate student Craig Group.
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momentum. Unlike high pr jet production for lepton-pair production there is no final-state gluon
radiation.

“Hard” Scattering

Outgoing Parton

Proton

Underlying Event

State
Radiation

% Final-State
* Radiation

Outgoing Parton

Fig. 1.1. 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. The “hard scattering” component consists of the outgoing two jets
plus initial and final-state radiation.

Multiple Parton Interactions /outgoing Parton

AntiProton

Underlying Evept Upderlying Event

Outgoing Parton

Fig. 1.2. Illustration of the way PYTHIA models the “underlying event” in proton-antiproton collision 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 contributes particles to the “underlying event”.

Hard Scattering ouigoing Parton

Initial-State Ra
-

PT(hard)

Hard Scattering

‘Outgoing Parton

Initial-State Radiati
.

Proton AntiProton

Underlying Event Underlying Event

Proton AntiProton

£ Final-State Radiation

Underlying Event Underlying Exent

Outgoing Parton

Fig. 1.3. 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 “hard scattering” component of the event consists of particles
that result from the hadronization of the two outgoing partons (i.e. the initial two “jets”) plus the particles that arise from initial
and final state radiation (i.e. multijets). The “underlying event” consists of particles that arise from the “beam-beam remnants”
and from multiple parton interactions.
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Lepton-Pair Production

Inidialtat
Anti-Lepton /

AntiProton

Anti-Lepton

Lepton-Pair Production

Initial-State Radiation

Proton

Underlying Event Underlying Event

Proton AntiProton

Lepton

Fig. 1.4. Illustration of the way QCD Monte-Carlo models simulate Drell-Yan lepton-pair production. The “hard scattering”
component of the event consists of the two outgoing leptons plus particles that result from initial-state radiation. The
“underlying event” consists of particles that arise from the “beam-beam remnants” and from multiple parton interactions.

Hard scattering collider “jet” events have a distinct topology. On the average, the outgoing
hadrons “remember” the underlying 2-to-2 hard scattering subprocess. A typical hard scattering
event consists of a collection (or burst) of hadrons traveling roughly in the direction of the initial
two beam particles and two collections of hadrons (i.e. “jets”) with large transverse momentum.
The two large transverse momentum “jets” are roughly back to back in azimuthal angle. One
can use the topological structure of hadron-hadron collisions to study the “underlying event”.
We use the direction of the leading jet in each event to define four regions of n-¢ space. As
illustrated in Fig. 1.5, the direction of the leading jet, jet#1, in high pr jet production or the Z-
boson in Drell-Yan production is used to define correlations in the azimuthal angle, A¢. The
angle A = ¢ — djew1 (Ad = ¢ — ¢2) is the relative azimuthal angle between a charged particle and
the direction of jet#1 (direction of the Z-boson). The “toward” region is defined by |A¢ | < 60°
and [n| < 1, while the “away” region is |[A¢ | > 120° and |n| < 1. The two “transverse” regions 60°
<A < 120° and 60° < -Adp < 120° are referred to as “transverse 1 and “transverse 2”. The
overall “transverse” region corresponds to combining the “transverse 1 and “transverse 2”
regions. In high pr jet production, the “toward” and “away” regions receive large contributions
from the to the outgoing high pr jets, while the “transverse” region is perpendicular to the plane
of the hard 2-to-2 scattering and is therefore very sensitive to the “underlying event”. For Drell-
Yan production both the “toward” and the “transverse” region are very sensitive to the
“underlying event”, while the “away” region receives large contributions from the “away-side”
jet from the 2-to-2 processes: g +q > Z+g,q+g—>Z+q,q+g—>Z+q.

Jet #1 Direction Z-Boson Direction

“Toward” “Toward”

“Trans 17 “Trans 2” “Trans 17 “Trans 2”

Fig. 1.5. Tllustration of correlations in azimuthal angle A¢ relative to (/eff) the direction of the leading jet (highest pr jet) in the
event, jet#1, in high pr jet production or (right) the direction of the Z-boson in Drell-Yan production. The angle Ap = ¢ — jet#1
(Ad = ¢ — ¢,) is the relative azimuthal angle between charged particles and the direction of jet#1 (Z-boson). The “toward” region
is defined by |A¢ | < 60° and |n| < 1, while the “away” region is |[A¢ | > 120° and n| < 1. The two “transverse” regions 60° < Ap <
120° and 60° < -Ad < 120° are referred to as “transverse 1” and “transverse 2”. Each of the two “transverse” regions have an area
in n-¢ space of AnA¢ = 4n/6. The overall “transverse” region corresponds to combining the “transverse 1” and “transverse 2”
regions.
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Fig. 1.6. Illustration of correlations in azimuthal angle A¢ relative to (/eff) the direction of the leading jet (highest pr jet) in the
event, jet#1, in high pr jet production or (right) the direction of the Z-boson in Drell-Yan production. The angle Ad = ¢ — jet#!1
(Ad = ¢ — ¢,) is the relative azimuthal angle between charged particles and the direction of jet#1 (Z-boson). The “toward” region
is defined by |Ad | < 60° and [n| < 1, while the “away” region is |[A¢ | > 120° and [n| < 1. The two “transverse” regions 60° < A
< 120° and 60° < -A¢ < 120° are referred to as “transverse 1” and “transverse 2”. We examine charged particles in the range pr >
0.5 GeV/c and In| <1 and |n| < 1. For high pr jet production, we require that the leading jet in the event be in the region
nGet#1)| < 2 (referred to as “leading jet” events). For Drell-Yan production we require that invariant mass of the lepton-pair be
in the region 81 < M(pair) < 101 GeV/c* with [n(pair)| < 6 (referred to as “Z-boson™ events).

As illustrated in Fig. 1.6, we study charged particles in the range pr > 0.5 GeV/c and |n| <
1 in the “toward”, “away” and “transverse” regions. For high pr jet production, we require that
the leading jet in the event be in the region [n(jet#1)| <2 (referred to as “leading jet” events).
The jets are constructed using the MidPoint algorithm (R = 0.7, finerge = 0.75) . For Drell-Yan
production we require that invariant mass of the lepton-pair be in the region 70 < M(pair) < 110
GeV/c? with |n(pair)| < 6 (referred to as “Z-boson” events).

Jet #1 Direction Z-Boson Direction

“TransMAX” “TransMIN” “TransMAX” & “TransMIN”

Fig. 1.7. Illustration of correlations in azimuthal angle A¢ relative to the direction of the leading jet (highest pr jet) in the event,
jet#1 for “leading jet” events (/eff) and of correlations in azimuthal angle A¢ relative to the direction of the Z-boson (right) in “Z-
boson” events. The angle A¢ is the relative azimuthal angle between charged particles and the direction of jet#1 or the Z-boson.
On an event by event basis, we define “transMAX” (“transMIN”) to be the maximum (minimum) of the two “transverse”
regions, 60° < Ad < 120° and 60° < -Ap < 120°. “TransMAX” and “transMIN” each have an area in n-¢ space of AnA$ = 41/6.
The overall “transverse” region includes both the “transMAX” and the “transMIN” region.

As shown in Fig. 1.7, for both “leading jet” and “Z-boson” events we define a variety of
MAX and MIN “transverse” regions (“transMAX” and “transMIN”) which helps separate the
“hard component” (initial and final-state radiation) from the “beam-beam remnant” component
[2]. MAX (MIN) refer to the “transverse” region containing largest (smallest) number of
charged particles or to the region containing the largest (smallest) scalar pr sum of charged
particles. For events with large initial or final-state radiation the “transMAX” region would
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contain the third jet in high pr jet production or the second jet in Drell-Yan production while
both the “transMAX” and “transMIN” regions receive contributions from the beam-beam
remnants. Thus, the “transMIN” region is very sensitive to the beam-beam remnants, while the
“transMAX” minus the “transMIN” (i.e. “transDIF”) is very sensitive to initial and final-state
radiation.

Table 1.1. Observables examined in this analysis as they are defined at the particle level and the
detector level. Charged tracks are considered “good” if they pass the track selection criterion. The
mean charged particle <pr> is constructed on an event-by-event basis and then averaged over the
events. For the average pr and the PTmax we require that there is at least one charge particle present.
The PTsum density is taken to be zero if there are no charged particles present. Particles are
considered stable if ct > 10 mm (i.e. K, A, Z, E, and Q are kept stable) .

Observable Particle Level Detector level
Number of stable charged particles Number of “good” tracks
dN/dnd¢ per unit n-¢ per unit 1-¢
(pr>0.5GeV/e,n|<1) (pr>0.5GeV/e, n|<1)
Scalar pr sum of stable charged Scalar pr sum of “good” tracks
dPT/dnd¢ particles per unit 1-¢ per unit 1-¢
(pr>0.5GeV/c,n| < 1) (pr>0.5GeVic,n| < 1)
Average pr of stable charged particles Average pr of “good” tracks
<P~ (pr> 0.5 GeV/e, n| < 1) (pr> 0.5 GeV/e, | < 1)
Require at least 1 charged particle Require at least 1 “good” track
Maximum pr stable charged particle Maximum pr “good” charged tracks
PTmax (pr> 0.5 GeV/e, | < 1) (pr>0.5 GeV/e, n| < 1)
Require at least 1 charged particle Require at least 1 “good” track
“Jat” MidPoint algorithm R = 0.7 f,cree = MidPoint algorithm R = 0.7 fcree =
0.75 applied to stable particles 0.75 applied to calorimeter cells

The CDF data are corrected to the particle level to remove detector effects. Table 1.1 shows
the observables that are considered in this analysis as they are defined at the particle level and
detector level. Since we will be studying regions in 1-¢ space with different areas, we will
construct densities by dividing by the area. For example, the number density, dN/dnd¢,
corresponds the number of charged particles per unit n-¢ and the PTsum density, dPT/dnd¢,
corresponds the amount of charged scalar pr sum per unit n-¢. The corrected observables are
then compared with QCD Monte-Carlo predictions at the particle level (i.e. generator level).

2. QCD Monte-Carlo Model Tunes

PYTHIA Tune A was determined by fitting the CDF Run 1 “underlying event” data [3] and,
at that time, we did not consider the “Z-boson” data. Tune A does not fit the CDF Run 1 Z-boson
pr distribution very well [4]. PYTHIA Tune AW fits the Z-boson pr distribution as well as the
“underlying event” at the Tevatron [5]. For “leading jet” production Tune A and Tune AW are
nearly identical. Table 2.1 shows the parameters for several PYTHIA 6.2 tunes. PYTHIA Tune
DW is very similar to Tune AW except PARP(67) = 2.5, which is the preferred value determined
by D@ in fitting their dijet A distribution [6]. PARP(67) sets the high pr scale for initial-state
radiation in PYTHIA. It determines the maximal parton virtuality allowed in time-like showers.
Tune DW and Tune DWT are identical at 1.96 TeV, but Tune DW and DWT extrapolate
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differently to the LHC. Tune DWT uses the ATLAS energy dependence, PARP(90) = 0.16,
while Tune DW uses the Tune A value of PARP(90) = 0.25. All these tunes use CTEQSL.

The first 9 parameters in Table 2.1 tune the multiple parton interactions (MPI). PARP(62),
PARP(64), and PARP(67) tune the initial-state radiation and the last three parameters set the
intrinsic kr of the partons within the incoming proton and antiproton.

Table 2.1. Parameters for several PYTHIA 6.2 tunes. Tune A is the CDF Run 1 “underlying event” tune.
Tune AW and DW are CDF Run 2 tunes which fit the existing Run 2 “underlying event” data and fit the Run
1 Z-boson pr distribution. The ATLAS Tune is the tune used in the ATLAS TRD. Tune DWT use the
ATLAS energy dependence for the MPI, PARP(90). The first 9 parameters tune the multiple parton
interactions. PARP(62), PARP(64), and PARP(67) tune the initial-state radiation and the last three
parameters set the intrinsic kt of the partons within the incoming proton and antiproton.

Tune Tune Tune Tune

Parameter A AW DW DWT ATLAS

PDF CTEQSL | CTEQSL | CTEQSL | CTEQSL | CTEQSL
MSTP(81) 1 1 1 1 1
MSTP(82) 4 4 4 4 4
PARP(82) 2.0 2.0 1.9 1.9409 1.8
PARP(83) 0.5 0.5 0.5 0.5 0.5
PARP(84) 0.4 0.4 0.4 0.4 0.5
PARP(85) 0.9 0.9 1.0 1.0 0.33
PARP(86) 0.95 0.95 1.0 1.0 0.66
PARP(89) 1800 1800 1800 1960 1000
PARP(90) 0.25 0.25 0.25 0.16 0.16
PARP(62) 1.0 1.25 1.25 1.25 1.0
PARP(64) 1.0 0.2 0.2 0.2 1.0
PARP(67) 4.0 4.0 2.5 2.5 1.0
MSTP(91) 1 1 1 1 1
PARP(91) 1.0 2.1 2.1 2.1 1.0
PARP(93) 5.0 15.0 15.0 15.0 5.0

Table 2.2. Shows the computed value of the multiple parton scattering cross section for the various PYTHIA

6.2 tunes.
o(MPI) o(MPI)
Tune at 1.96 TeV | at 14 TeV
A, AW 3097 mb | 484.0 mb
DW 3517mb | 549.2 mb
DWT 351.7 mb 829.1 mb
ATLAS | 3245mb | 768.0 mb

Table 2.2 shows the computed value of the multiple parton scattering cross section for the
various tunes. The multiple parton scattering cross section (divided by the total inelastic cross
section) determines the average number of multiple parton collisions per event.

JIMMY [7] is a multiple parton interaction model which can be added to HERWIG [8] to
improve agreement with the “underlying event” observables. To compare with the “Z-boson”
data we have constructed a HERWIG (with JIMMY MPI) tune with JIMUEO = 1, PTJIM = 3.6
GeV/c, IMRAD(73) = 1.8, and IMRAD(91) = 1.8.
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Fig. 3.1. CDF data at 1.96 TeV on the density of charged particles, dN/dnd¢, with pr > 0.5 GeV/c and [n| < 1 for “leading jet”
(top) and “Z-boson” (bottom) events as a function of the leading jet pr and pr(Z), respectively, for the “toward”, “away”, and
The data are corrected to the particle level and are compared with PYTHIA Tune A and Tune AW,

respectively, at the particle level (i.e. generator level).
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Fig. 3.2. CDF data at 1.96 TeV on the scalar PTsum density of charged particles, dPT/dnd¢, with pr > 0.5 GeV/c and |n| < 1 and
“leading jet” (top) and “Z-Boson” (bottom) events as a function of the leading jet pr and pr(Z), respectively, for the “toward”,
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“away”, and “transverse” regions. The data are corrected to the particle level and are compared with PYTHIA Tune A and Tune
AW, respectively, at the particle level (i.e. generator level).

3. CDF results

3.1 “Leading Jet” and “Z-Boson” Topologies

Fig. 3.1 and Fig. 3.2 show the data on the density of charged particles and the scalar
PTsum density, respectively, for the “toward”, “away”, and “transverse” regions for “leading jet”
and “Z-boson” events. For “leading jet” events the densities are plotted as a function of the
leading jet pr and for “Z-boson” events there are plotted versus pr(Z). The data are corrected to
the particle level and are compared with PYTHIA Tune A (“leading jet”) and Tune AW (“Z-
boson”) at the particle level (i.e. generator level). For “leading jet” events at high pr(jet#1) the
densities in the “toward” and “away” regions are much larger than in the “transverse” region
because of the “toward-side” and “away-side” jets. At small pr(jet#1) the “toward”, “away”, and
“transverse” densities become equal and go to zero as pr(jet#1) goes to zero. As the leading jet
transverse momentum becomes small all three regions are populated by the underlying event and
if the leading jet has no transverse momentum then there are no charged particles anywhere.
There are a lot of low transverse momentum jets and for pr(jet#1) < 30 GeV/c and the leading jet
is not always the jet resulting from the hard 2-to-2 scattering. This produces a “bump” in the
“transverse” density in the range where the “toward”, “away”, and “transverse” densities become
similar in size. For “Z-boson” events the “toward” and “transverse” densities are both small and
almost equal. The “away” density is large due to the “away-side” jet. The “toward”, “away”,
and “transverse” densities become equal as pr(Z) goes to zero, but unlike the “leading jet” case
the densities do not vanish at pr(Z) = 0. For “Z-boson” events with pr(Z) = 0 the hard scale is
set by the Z-boson mass, whereas in “leading jet” events the hard scale goes to zero as the
transverse momentum of the leading jet goes to zero.

Fig. 3.3 compares the data for “leading jet” events with the data for “Z-boson” events for
the density of charged particles in the “transverse” region. The data are compared with PYTHIA
Tune A (“leading jet”) , Tune AW (“Z-boson”), and HERWIG (without MPI). For large
pr(jet#1) the “transverse” densities are similar for “leading jet” and “Z-boson” events as one
would expect. HERWIG (without MPI) does not produce enough activity in the “transverse”
region for either process. HERWIG (without MPI) disagrees more with the “transverse” region
of “Z-boson” events than it does with the “leading jet” events. This is because there is no final-
state radiation in “Z-boson” production so that the lack of MPI becomes more evident.

Fig. 3.4 compares the data for “leading jet” events with the data for “Z-boson” events for
the average charged particle pr in the “transverse” region. The data are compared with PYTHIA
Tune A (“leading jet”) , Tune AW (“Z-boson”), and HERWIG (without MPI). MPI provides a
“hard” component to the “underlying event” and for HERWIG (without MPI) the pr
distributions in the “transverse” region for both processes are too “soft”, resulting in an average
pr that is too small.
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Fig. 3.3. (fop) Data corrected to the particle level at 1.96 TeV on the density of charged particles, dN/dnd¢, with pr > 0.5 GeV/c
and [n| < 1 for “leading jet” events as a function of the leading jet pr in the “transverse” region compared with HERWIG
(without MPI) and PYTHIA Tune A at the particle level (i.e. generator level). (middle) Data corrected to the particle level at
1.96 TeV on the density of charged particles, dN/dnd¢, with py > 0.5 GeV/c and [n| < 1 for “Z-boson” events as a function of the
leading jet pr(Z) in the “transverse” region compared with HERWIG (without MPI) and PYTHIA Tune AW at the particle level
(i.e. generator level). (bottom) Data on the density of charged particles for “leading jet” and “Z-boson” events as a function of
the leading jet pr and pr(Z), respectively, for the “transverse” region compared with PYTHIA Tune A (“leading jet”) and Tune

AW (“Z-boson”).
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Fig. 3.4. (top) Data corrected to the particle level at 1.96 TeV on the average charged particle transverse momentum, <pr>, with
pr > 0.5 GeV/c and |n| < 1 for “leading jet” events as a function of the leading jet pr in the “transverse” region compared with
HERWIG (without MPI) and PYTHIA Tune A at the particle level (i.e. generator level). (middle) Data corrected to the particle
level at 1.96 TeV on the average charged particle transverse momentum, <pr>, with py > 0.5 GeV/c and n| < 1 for “Z-boson”
events as a function of the leading jet pr(Z) in the “transverse” region compared with HERWIG (without MPI) and PYTHIA
Tune AW at the particle level (i.e. generator level). (bottom) Data on the average charged particle transverse momentum for
“leading jet” and “Z-boson” events as a function of the leading jet pr and pr(Z), respectively, for the “transverse” region
compared with PYTHIA Tune A (“leading jet”) and Tune AW (“Z-boson”™).
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Fig. 3.5. (top) Data corrected to the particle level at 1.96 TeV on the density of charged particles, dN/dnd¢, with pr > 0.5 GeV/c
and |n| <1 for “leading jet” events as a function of the leading jet pr for the “transMAX” and “transMIN” regions compared with
HERWIG (without MPI) and PYTHIA Tune A at the particle level (i.e. generator level). (middle) Data corrected to the particle
level at 1.96 TeV on the density of charged particles, dN/dnd¢, with pr > 0.5 GeV/c and n| < 1 for “Z-boson” events as a
function of the leading jet pr(Z) for the “transMAX” and “transMIN” regions compared with HERWIG (without MPI) and
PYTHIA Tune AW at the particle level (i.e. generator level). (bottom) Data on the density of charged particles for “leading jet”
and “Z-boson” events as a function of the leading jet pr and pr(Z), respectively, for the “transMIN” region compared with
PYTHIA Tune A (“leading jet”) and Tune AW (“Z-boson”).

Fig. 3.5 compares the data for “leading jet” events with the data for “Z-boson” events for
the density of charged particles for the “transMAX” and “transMIN” regions. The data are

compared with PYTHIA Tune A (“leading jet”) , Tune AW (“Z-boson”), and HERWIG (without

MPI).
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Fig. 3.6. Data corrected to the particle level at 1.96 TeV on the density of charged particles, dN/dnd¢, with pr > 0.5 GeV/c and
[n| < 1 for “Z-boson” events as a function of pp(Z), in the “toward” and “transMIN” regions. (top) Data in the “toward” and
“transMIN” regions are compared with PYTHIA Tune AW. (middle) Data in the “toward” region are compared with HERWIG
(without MPI), HERWIG (with JIMMY MPI), and three PYTHIA MPI tunes (AW, DW, ATLAS). (middle) Data for the
“transMIN” region are compared with HERWIG (without MPI), HERWIG (with JIMMY MPI), and three PYTHIA MPI tunes
(AW, DW, ATLAS).

3.2 The “Underlying Event” in Drell-Yan Production

The most sensitive regions to the “underlying event” in Drell-Yan production are the
“toward” and the “transMIN” regions, since these regions are less likely to receive contributions
from initial-state radiation. Fig. 3.6 and Fig. 3.7 show the data for “Z-boson” events for the
density of charged particles and the scalar PTsum density, respectively, in the “toward” and
“transMIN” regions. The data are compared with PYTHIA Tune AW, Tune DW, the PYTHIA
ATLAS tune. HERWIG (without MPI), and HERWIG (with JIMMY MPI). The densities are
smaller in the “transMIN” region than in the “toward” region and this is described well by
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PYTHIA Tune AW. Comparing HERWIG (without MPI) with HERWIG (with JIMMY MPI)
clearly shows the importance of MPI in these regions. Tune AW and Tune DW are very

similar. The ATLAS tune and HERWIG (with JIMMY MPI) agree with Tune AW for the scalar
PTsum density in the “toward” and “transMIN” regions. However, both the ATLAS tune and
HERWIG (with JIMMY MPI) produce too much charged particle density in these regions. The
ATLAS tune and HERWIG (with JIMMY MPI) fit the PTsum density, but they do so by
producing too many charged particles (i.e. they both have to “soft” of a pr spectrum in these
regions). This can be seen clearly in Fig. 3.8 which shows the data for “Z-boson” events on the
average charged particle pr and the average maximum charged particle pr, in the “toward”
region compared with the QCD Monte-Carlo models.
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Fig. 3.7. Data corrected to the particle level at 1.96 TeV on the scalar charged particle PTsum density, dPT/dnd¢, with pr > 0.5
GeV/c and |n| < 1 for “Z-boson” events as a function of pr(Z), in the “toward” and “transMIN” regions. (fop) Data for the
“toward” and “transMIN” regions are compared with PYTHIA Tune AW. (middle) Data for the “toward” region are compared
with HERWIG (without MPI), HERWIG (with JIMMY MPI), and three PYTHIA MPI tunes (AW, DW, ATLAS). (middle)
Data for the “transMIN” region are compared with HERWIG (without MPI), HERWIG (with JIMMY MPI), and three PYTHIA
MPI tunes (AW, DW, ATLAS).
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Fig. 3.8. Data corrected to the particle level at 1.96 TeV on the charged particle average transverse momentum, <pr>, with pr >
0.5 GeV/c and |n| <1 (fop) and average maximum charged particle transverse momentum, <PTmax>, with pr > 0.5 GeV/c and
n| < 1 (require at least one charged particle) (bottom) for “Z-boson” events as a function of pr(Z), in the “toward” region
compared with HERWIG (without MPI), HERWIG (with JIMMY MPI), and three PYTHIA MPI tunes (AW, DW, ATLAS).

3.3 Extrapolating Drell-Yan Production to the LHC

Fig. 3.9 shows the extrapolation of PYTHIA Tune DWT and HERWIG (without MPI) for the
density of charged particles and the average transverse momentum of charged particles in the
“towards” region of “Z-boson” production to 10 TeV (LHC10) and to 14 TeV (LHC14). For
HERWIG (without MPI) the “toward” region of “Z-boson” production does not change much in
going from the Tevatron to the LHC. Models with multiple-parton interactions like PYTHIA
Tune DWT predict that the “underlying event” will become much more active (with larger <pr>)
at the LHC.

MPIO8 25



"Toward" Charged Particle Density: dN/dnd¢

2.0
CDF Run 2 Preliminary "Drell-Yan Production”
2> data corrected 70 < M(pair) < 110 GeV
K] PYDWT generator level
S 15+
a
T
&
2
S 1.0
[3)
]
g
2 05
o
E Charged Particles (I|<1.0, PT>0.5 GeVic)
excluding the lepton-pair
0.0 } } } } }
0 25 50 75 100 125 150
PT(Z-Boson) (GeVic)
"Toward" Charged Particle Density: dN/dnd¢
2.0 —
CDF Run 2 Preliminary "Drell-Yan ion"
> generator level theory PYDWT LHC14 | 79 < M(pair) < 110 GeV
K]
R e 7
a
°
@
> Fe==s=-c--s
S 107 peceeccacaaaan. , | HW Tevatron 1
L T EELERIRE R s s s
e e e m e = = m =
[ I T I Charged Particles (|n|<1.0, PT>0.5 GeV/c)
excluding the lepton-pair
0.0 } } } } }
0 25 50 75 100 125 150
PT(Z-Boson) (GeVic)
"Toward" Average PT Chargedl
1.6 —
CDF Run 2 Preliminary | pyDWT LHC14 | “Drell-Yan Production”
data corrected 70 < M(pair)[< 110 GBV
< generator level theory T
H I T
G2~ T——#—i—— 1L
~ e e - -
£ - -y i 1
[ s x$-% o ¢ 'E E
5 i 3
g 08 rw—=—"—"——/ [~ o o= S~~~ —
.2 /
: | _PYDWT Tevatron | Charged Particles ([n|<1.0, PT>0.5 GeVic)
excluding the lepton-pair
0.4 ‘ I

0 20 40 60 80 100
PT(Z-Boson) (GeVic)

Fig. 3.9. (top) Data corrected to the particle level at 1.96 TeV on the density of charged particles, dN/dnd¢, with pr > 0.5 GeV/c
and |n| <1 for “Z-boson” events as a function of pr(Z), in the “toward” region compared with PYTHIA Tune DWT at 1.96 TeV
(Tevatron), 10 TeV (LHC10), and 14 TeV (LHC14). (middle) Predictions of HERWIG (without MPI) and PYTHIA Tune DWT
for the density of charged particles, dN/dnd¢, with pr > 0.5 GeV/c and |n| < 1 for “Z-boson” events as a function of pr(Z), in the
“toward” region at 1.96 TeV (Tevatron) and 14 TeV (LHCI14). (bottom) Data corrected to the particle level at 1.96 TeV on the
average charged particle transverse momentum. <pr>, with pr > 0.5 GeV/c and |n| < 1 for “Z-boson” events as a function of
pr(Z), for the “toward” region compared with HERWIG (without MPI) and PYTHIA Tune DWT at 1.96 TeV (Tevatron) and 14
TeV (LHC14).

3.4 <pr> versus the Multiplicity: “Min-Bias” and “Z-boson” Events

The total proton-antiproton cross section is the sum of the elastic and inelastic components,
Gt = OpL T omn. The inelastic cross section consists of three terms; single diffraction, double-
diffraction, and everything else (referred to as the “hard core”), ow = osp + opp + onc. For
elastic scattering neither of the beam particles breaks apart (i.e. color singlet exchange). For
single and double diffraction one or both of the beam particles are excited into a high mass color
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singlet state (i.e. N" states) which then decays. Single and double diffraction also corresponds to
color singlet exchange between the beam hadrons. When color is exchanged the outgoing
remnants are no longer color singlets and one has a separation of color resulting in a multitude of
quark-antiquark pairs being pulled out of the vacuum. The “hard core” component, Gyc,
involves color exchange and the separation of color. However, the “hard core” contribution has
both a “soft” and “hard” component. Most of the time the color exchange between partons in
the beam hadrons occurs through a soft interaction (i.e. no high transverse momentum) and the
two beam hadrons “ooze” through each other producing lots of soft particles with a uniform
distribution in rapidity and many particles flying down the beam pipe. Occasionally there is a
hard scattering among the constituent partons producing outgoing particles and “jets” with high
transverse momentum.

Minimum bias (i.e. “min-bias”) is a generic term which refers to events that are selected with
a “loose” trigger that accepts a large fraction of the inelastic cross section. All triggers produce
some bias and the term “min-bias” is meaningless until one specifies the precise trigger used to
collect the data. The CDF “min-bias” trigger consists of requiring at least one charged particle
in the forward region 3.2 < n < 5.9 and simultaneously at least one charged particle in the
backward region -5.9 < m < -3.2. Monte-Carlo studies show that the CDF “min-bias” collects
most of the Guc contribution plus small amounts of single and double diffraction.

Minimum bias collisions are a mixture of hard processes (perturbative QCD) and soft
processes (non-perturbative QCD) and are, hence, very difficult to simulate. Min-bias collisions
contain soft “beam-beam remnants”, hard QCD 2-to-2 parton-parton scattering, and multiple
parton interactions (soft & hard). To correctly simulate min-bias collisions one must have the
correct mixture of hard and soft processes together with a good model of the multiple-parton
interactions. The first model that came close to correctly modeling min-bias collisions at CDF
was PYTHIA Tune A. Tune A was not tuned to fit min-bias collisions. It was tuned to fit the
activity in the “underlying event” in high transverse momentum jet production [3]. However,
PYTHIA uses the same pr cut-off for the primary hard 2-to-2 parton-parton scattering and for
additional multiple parton interactions. Hence, fixing the amount of multiple parton interactions
(i.e. setting the pr cut-off) allows one to run the hard 2-to-2 parton-parton scattering all the way
down to pr(hard) = 0 without hitting a divergence. For PYTHIA the amount of hard scattering in
min-bias is, therefore, related to the activity of the “underlying event” in hard scattering
processes. Neither HERWIG (without MPI) or HERWIG (with JIMMY MPI) can be used to
describe “min-bias” events since they diverge as pr(hard) goes to zero.

Fig. 3.10 shows the new CDF “min-bias” data presented at this conference by Niccolo’ Moggi
[9]. The data are corrected to the particle level at 1.96 TeV and show the average pr of charged
particles versus the multiplicity for charged particles with pr > 0.4 GeV/c and [n| < 1. The data
are compared with PYTHIA Tune A, the PYTHIA ATLAS tune, and PYTHIA Tune A without
MPI (pyAnoMPI). This is an important observable. The rate of change of <pr> versus charged
multiplicity is a measure of the amount of hard versus soft processes contributing to min-bias
collisions and it is sensitive to the modeling of the multiple-parton interactions [10]. If only the
soft “beam-beam” remnants contributed to min-bias collisions then <pr> would not depend on
charged multiplicity. If one has two processes contributing, one soft (“beam-beam remnants”)
and one hard (hard 2-to-2 parton-parton scattering), then demanding large multiplicity will
preferentially select the hard process and lead to a high <pr>. However, we see that with only
these two processes <pr> increases much too rapidly as a function of multiplicity (see
pyAnoMPI). Multiple-parton interactions provides another mechanism for producing large
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multiplicities that are harder than the “beam-beam remnants”, but not as hard as the primary 2-
to-2 hard scattering. PYTHIA Tune A gives a fairly good description of the <pr> versus
multiplicity, although not perfect. PYTHIA Tune A does a better job describing the data than
the ATLAS tune. Both Tune A and the ATLAS tune include multiple-parton interactions, but
with different choices for the color connections [11].

‘Average PT versus Nchgl
1.4 — =
CDF Run 2 Preliminary . P
data corrected . Min-Bias
. 1.96 TeV
T12t--—=—c=——---——=%+——~[ pya f----———--——-
2
Qo
g T LL it
% 10+---———-—"\-5-——————= TmesErT ===~
:
S
2
X081+ —— g e e——
Charged Particles (|n|<1.0, PT>0.4 GeV/c)
0.6 + + +
0 10 20 30 40
Number of Charged Particles
‘ Average PT versus Nchgl
25 = -
CDF Run 2 Preliminary
data corrected
s201t generator level theory
> "Drell-Yan Production”
<3 70 < M(pair) < 110 GeV
Es]
o
o
<
$
< 1.0 +
harged Particles (|n|<1.0, PT>0.5 GeV/c)
excluding the lepton-pair
0.5 + + + + + +
0 5 10 15 20 25 30 35
Number of Charged Particles
PT(Z-Boson) versus Nchgl
80 -
CDF Run 2 Preliminary ‘
data corrected R
- generator level theory | HW |
S 60 CRNN
Q‘i "Drell-Yan Production®
I 70 < M(pair) < 110 GeV
=4
o
o
=3
i
o
Tt T T —— e 4
Charged Particles (In|<1.0, PT>0.5 GeV/c)
excluding the lepton-pair
0 + + + + + + +
0 5 10 15 20 25 30 35 40
Number of Charged Particles

Fig. 3.10. (fop) CDF “Min-Bias” data corrected to the particle level at 1.96 TeV on the average pr of charged particles versus the
multiplicity for charged particles with pr > 0.4 GeV/c and |n| < 1 from Ref. 14. The data are compared with PYTHIA Tune A,
the PYTHIA ATLAS tune, and PYTHIA Tune A without MPI (pyAnoMPI). (middle) Data corrected to the particle level at 1.96
TeV on the average pr of charged particles versus the multiplicity for charged particles with pr > 0.5 GeV/c and [n| <1 for “Z-
boson” events. (bottom) Data corrected to the particle level at 1.96 TeV on the average pr of the Z-boson versus the multiplicity
for charged particles with pr > 0.5 GeV/c and |n| < 1 for “Z-boson” events. The “Z-boson” data are compared with PYTHIA
Tune AW, the PYTHIA ATLAS tune, HERWIG (without MPI), and HERWIG (with JIMMY MPI).

Fig. 3.9 also shows the data at 1.96 TeV on the average pr of charged particles versus the
multiplicity for charged particles with pr > 0.5 GeV/c and |n| < 1 for “Z-boson” events from this
analysis. HERWIG (without MPI) predicts the <pr> to rise too rapidly as the multiplicity
increases. This is similar to the pyAnoMPI behavior in “min-bias” collisions. For HERWIG
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(without MPI) large multiplicities come from events with a high pr Z-boson and hence a large pr
“away-side” jet. This can be seen clearly in Fig. 3.10 which also shows the average pr of the Z-
boson versus the charged multiplicity. Without MPI the only way of getting large multiplicity is
with high pr(Z) events. For the models with MPI one can get large multiplicity either from high
pr(Z) events or from MPI and hence <P1(Z)> does not rise as sharply with multiplicity in accord
with the data. PYTHIA Tune AW describes the data “Z-boson” fairly well.
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Fig. 3.11. (top) Data corrected to the particle level at 1.96 TeV on the average pr of charged particles versus the multiplicity for
charged particles with pr > 0.5 GeV/c and |n| < 1 for “Z-boson” events in which pr(Z) < 10 GeV/c. The data are compared with
PYTHIA Tune AW, the PYTHIA ATLAS tune, HERWIG (without MPI), and HERWIG (with JIMMY MPI). (bottom)
Comparison of the average pr of charged particles versus the charged multiplicity for “Min-Bias” events from Ref. 14 with the
“Z-boson” events with pr(Z) < 10 GeV/c from this analysis. The “Min-Bias” data require pr > 0.4 GeV/c and are compared with
PYTHIA Tune A, while the “Z-boson” data require pr > 0.5 GeV/c and are compared with PYTHIA Tune AW.

Fig. 3.11 shows the data at 1.96 TeV on the average pr of charged particles versus the
multiplicity for charged particles with pr > 0.5 GeV/c and |n| < 1 for “Z-boson” events in which
pr(Z) < 10 GeV/c. We see that <pr> still increases as the multiplicity increases although not as
fast. If we require pr(Z) < 10 GeV/c, then HERWIG (without MPI) predicts that the <pr>
decreases slightly as the multiplicity increases. This is because without MPI and without the
high pr “away-side” jet which is suppressed by requiring low pr(Z), large multiplicities come
from events with a lot of initial-state radiation and the particles coming from initial-state
radiation are “soft”. PYTHIA Tune AW describes the behavior of <pr> versus the multiplicity
fairly well even when we select pr(Z) < 10 GeV/e.

Fig. 3.11 also shows a comparison of the average pr of charged particles versus the charged
multiplicity for “min-bias” events [9] with the “Z-boson” events with pp(Z) < 10 GeV/c. There
is no reason for the “min-bias” data to agree with the “Z-boson” events with pr(Z) < 10 GeV/c.
However, they are remarkably similar and described fairly well by PYTHIA Tune A and Tune
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AW, respectively. This strongly suggests that MPI are playing an important role in both these
processes.

4. Summary & Conclusions

Observables that are sensitive to the “underlying event” in high transverse momentum jet
production (i.e. “leading jet” events) and Drell-Yan lepton pair production in the mass region of
the Z-boson (i.e. “Z-boson” events) have been presented and compared with several QCD
Monte-Carlo model tunes. The data are corrected to the particle level and compared with the
Monte-Carlo models at the particle level (i.e. generator level). The “underlying event” is similar
for “leading jet” and “Z-boson” events as one would expect. The goal of the CDF analysis is to
provide data that can be used to tune and improve the QCD Monte-Carlo models of the
“underlying event” that are used to simulate hadron-hadron collisions. It is important to tune the
new QCD Monte-Carlo MPI models [10, 11] so that we can begin to use them in data analysis. I
believe once the new QCD Monte-Carlo models have been tuned that they will describe the data
better than the old Pythia 6.2 tunes (see the talks by Peter Skands and Hendrik Hoeth as this
conference).

PYTHIA Tune A and Tune AW do a good job in describing the CDF data on the
“underlying event” observables for “leading jet” and “Z-boson” events, respectively, although
the agreement between theory and data is not perfect. The “leading jet” data show slightly more
activity in the “underlying event” than PYTHIA Tune A. PYTHIA Tune AW is essentially
identical to Tune A for “leading jet” events. All the tunes with MPI agree better than HERWIG
without MPI. This is especially true in the “toward” region in “Z-boson” production. Adding
JIMMY MPI to HERWIG greatly improves the agreement with data, but HERWIG with JIMMY
MPI produces a charged particle pr spectra that is considerably “softer” than the data. The
PYTHIA ATLAS tune also produces a charged particle pr spectra that is considerably “softer”
than the data.

The behavior of the average charged particle pr versus the charged particle multiplicity is
an important observable. The rate of change of <p> versus charged multiplicity is a measure of
the amount of hard versus soft processes contributing and it is sensitive the modeling of the
multiple-parton interactions. PYTHIA Tune A and Tune AW do a good job in describing the
data on <pr> versus multiplicity for “min-bias” and “Z-boson” events, respectively, although
again the agreement between theory and data is not perfect. The behavior of <pr> versus
multiplicity is remarkable similar for “min-bias” events and “Z-boson” events with pr(Z) < 10
GeV/c suggesting that MPI are playing an important role in both these processes.

Models with multiple-parton interactions like PYTHIA Tune DWT predict that the
“underlying event” will become much more active (with larger <pr>) at the LHC. For HERWIG
(without MPI) the “toward” region of “Z-boson” production does not change much in going
from the Tevatron to the LHC. It is important to measure the “underlying event” observables
presented here as soon as possible at the LHC. We will learn a lot about MPI by comparing the
Tevatron results with the early LHC measurements.
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Abstract

Recent developments in jet clustering are reviewed. We present a list
of fast and infrared and collinear safe algorithms, and also describe
new tools like jet areas. We show how these techniques can be applied
to the study of underlying event or, more generally, of any background
which can be considered distributed in a sufficiently uniform way.

1 Recent Developments in Jet Clustering

The final state of a high energy hadronic collision is inherently extremely complicated. Hundreds
or even thousand of light hadrons and leptons can be recorded by modern detectors, making
the task of reconstructing the original (simpler) hard event very difficult. This large number of
particles is the product of a number of branchings and decays which follow the initial production
of a handful of partons. Usually only a limited number of stages of this production process can be
meaningfully described in quantitative terms, for instance by perturbation theory in QCD. This
is why, in order to compare theory and data, the latter must first be simplified down to the level
described by the theory.

Jet definitions offer precisely this possibility of creating calculable observables from many
final-state particles. This is done by clustering them into jets via a well specified algorithm,
which usually contains one or more parameters, the most important of them being a “radius”
R which controls the extension of the jet in the rapidity-azimuth plane. One can also choose
a recombination scheme, which controls how partons’ (or jets’) four-momenta are combined.
The combination of a jet algorithm, its parameters and the recombination scheme is called a jet
definition [1], and must be specified in full (together with the initial particles sample) in order for
the process

{particles} Jet definition {jets} )

to be fully reproducible and the final jets to be the same.

While (almost) any jet definition can produce sensible observables, not all of them will
produce one which is calculable in perturbation theory. For the latter to be true, the jet algorithm
must be infrared and collinear safe (IRC safe) [2], meaning that actions producing configurations
that lead to divergences in perturbation theory, namely the emission of a soft particle or a collinear
splitting of a particle into two) must not produce any change in the jets returned by the algorithm.

The importance for jet algorithms to be IRC safe had been recognized as early as 1990 in
the ‘Snowmass accord’ [3], together with the need for them to be easily applicable both on the
theoretical and the experimental side. However, many of the implementations of jet clustering
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Jet algorithm Type of algorithm, (distance measure) | algorithmic complexity
ki [5,6] SR, dij = min(kz;, k7;) ARS; / R® NInN
Cambridge/Aachen [7, 8] SR, dij = AR}/ R? NInN
anti-k; [10] SR, di; = min(k;;”, k;;*)AR?; / R? N3/2
SISCone [9] seedless iterative cone with split-merge N2InN

Table 1: List of some of the IRC safe algorithms available in FastJet. SR stands for ‘sequential recombination’.

ks is a transverse momentum, and the angular distance is given by AR?j = Ayfj + quﬁfj.

algorithms used in the following decade and a half failed to provide these characteristics: cone-
type algorithms were typically infrared or collinear unsafe beyond the two or three particle level
(see [1] for a review), whereas recombination-type algorithms were usually considered too slow
to be usable at the experimental level in hadronic collisions.

This deadlock was finally broken by two papers, one in in 2005 [4], which made se-
quential recombination type clustering algorithms like k; [5, 6] and Cambridge/Aachen [7, 8]
fast, and one in 2007, which introduced SISCone [9], a cone-type algorithm which is infrared
and collinear safe. A further paper introduced in 2008 the anti-k; algorithm [10], a fast, IRC
safe recombination-type algorithm which however behaves, for many practical purposes, like a
nearly-perfect cone. This set of algorithms (see Table 1), all available through the FastJet
package [11], allows one to replace most of the unsafe algorithms still in use with fast and IRC
safe ones, while retaining their main characteristics (for instance, the MidPoint and the ATLAS
cone could be replaced by SISCone, and the CMS cone could be replaced by anti-£;).

2 Jet Areas

A by-product of the speed and the infrared safety of the new algorithms (or new implementations
of older algorithms) was found to be the possibility to define in a practical way the area of a jet,
which measures its susceptibility to be contaminated by a uniformly distributed background of
soft particles in a given event.

In their most modest incarnation, jet areas can be used to visualize the outline of the jets
returned by an algorithm so as to appreciate, for instance, if it returns regular (“conical”) jets or
rather ragged ones. An example is given in Fig. 1.

Jet areas are amenable, to some extent, to analytic treatments [13], or can be measured
numerically with the tools provided by FastJet. These analyses disprove the common as-
sumption that all cone-type algorithms have areas equal to wR2. In fact, depending on exactly
which type of cone algorithm one considers, its areas con differ, even substantially so, from this
naive estimate: for instance, the area of a SISCone jet made of a single hard particle immersed
in a background of many soft particles is rather 7R? /4. This little catchment area can explain
why iterative cone algorithms with a split-merge procedure (like the MidPoint algorithm in use
at CDF) have often been seen to fare ‘well’ in noisy environments. One can analyse next the k;
and the Cambridge/Aachen algorithms, and see that their single-hard-particle areas turn out to be
roughly 0.817 R2. Finally, this area for the anti-k; algorithm is instead exactly 7w R?. This fact,
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Fig. 1: Typical jet outlines returned by four different IRC safe jet clustering algorithms. From [10].

together with its regular contour shown in Fig. 1, explains why it is usually considered to behave
like a ‘perfect cone’.

Jet areas also allow one to use some jet algorithms as tools to measure the level of a
sufficiently uniform background which accompanies the harder events. This can be accomplished
by following the procedure outlined in [14]: for each event, all particles are clustered into jets
using either the k; or the Cambridge/Aachen algorithms, and the transverse momentum p; ; and
the area A; of each jet are calculated. One observes that a few hard jets have large values of
transverse momentum divided by area, whereas most of the other, softer jets have similar (and
smaller) values of this ratio. The background level p, transverse momentum per unit area in the
rapidity-azimuth plane, is then obtained as

p = median {%} . 2)
7 ) jer

The range R should be the largest possible region of the rapidity-azimuth plane over which the
background is expected to be constant.

The operation of taking the median of the {p; jet/Aje:} distribution is, to some extent,
arbitrary. It has been found to give sensible results, provided that the range R contains sufficiently
many soft background jets — at least about ten (twenty) of them, if only one (two) harder jets are
also present, are usually enough.
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Fig. 2: Determination of the background level p of a toy-model random underlying event, as a function of the radius
parameter R. Each point is the result of averaging over many different realizations. The parameters have been adjusted
to roughly reproduce the situation expected at the LHC.

3 Underlying Event Studies

To a certain extent, and within certain limits, the background to a hard collision created by the
soft particles of the underlying event (EU) can be considered fairly uniform. It becomes then
amenable to be studied with the technique introduced in the previous Section. This constitutes an
alternative to the usual and widespread approach of triggering on a leading jet, and selecting the
two regions in the azimuth space which are transverse to its direction and that of the recoil jet.
These two regions are considered to be little affected by hard radiation (in the least energetic of
them it is expected to be suppressed by at least two powers of «), and therefore one can expect
to be able to measure the UE level there.

This way of selecting the UE can be considered a topological one: particles (or jets) are
classified as belonging to the UE or not as a result of their position. On the other hand, the
median procedure described in the previous Section can be thought of as a dynamical selection:
no a priori hypotheses are made and, in a way that changes from one event to another, a jet is
automatically classified as belonging to the hard event or to the background as a result of its char-
acteristics (namely the value of the p; j/A; ratio). One can further show that this selection pushes
the possible contamination from perturbative radiation to very large powers of «: for a range R
defined by |y| < Ymaz. perturbative contamination will only start at order n ~ 3y4./R% [14].
This gives n ~ 24 for ymqe, = 2 and R = 0.5, suggesting that the perturbative contribution is
minimal.

A sensible criticism of this procedure is that the UE distribution is not necessarily uniform,
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Fig. 3: Determination of the background level p in realistic dijet events at the LHC, with (right) and without (left)
pileup. Preliminary results.

and may for instance vary as a function of rapidity. A way around this is then to choose smaller
ranges, located at different rapidity values, and repeat the p determination in each of them. Of
course care will have to be taken that the chosen ranges remain large enough to satisfy the cri-
terion on the number of soft jets versus hard ones given in the previous Section: for instance, a
range one unit of rapidity large can be expected to contain roughly 27 /(0.557 R?) ~ 15 soft jets
for R = 0.5, which makes it marginally apt to the task!.

A final word should be spent on which values of the radius parameter R can be considered
appropriate for this analysis. Roughly speaking, 1?2 should be large enough for the number of
‘real’ jets (i.e. containing real particles) to be at last larger than the number of ‘empty jets’
(regions of the rapidity-azimuth plane void of particles, and not occupied by any ‘real’ jet). It
should also be small enough to avoid having too many jets containing too many hard particles.
Analytical estimates [14] and empirical evidence show that for UE estimation in typical LHC
conditions one can expect values of the order of 0.5 — 0.6 to be appropriate. Much smaller values
will return p ~ 0, while larger values will tend to return progressively larger values of p, as a
result of the increasing contamination from the hard jets. Fig. 2 shows results obtained with a

toy model where 100 soft particles with p7” '~ 1 GeV are generated in a ly| < 4 region. Ten

hard particles, with pl}‘"d =~ 100 GeV, can be additionally generated in the same region. One
observes how, after a threshold value for R, p is estimated correctly for the soft-only case, while

when hard particles are present they increasingly contaminate the estimate of the background.

The same analysis can be performed on more realistic events, generated by Monte Carlo
simulations. Fig. 3 shows the determination of p in a simulated dijet event at the LHC, with
and without pileup. In both cases the general structure of the toy-model in Fig. 2 can be seen,
though it is worth noting that in the UE case (left plot) the slope can vary significantly from event
to event, and also according to the Monte Carlo tune used [15]. The larger particle density (and
probably higher uniformity) of the pileup case allows for an easier and more stable determination.

Once a procedure for determining p is available, one can think of many different appli-

'Its performance can be improved by removing the hardest jets it contains from the {p+,;/A;} list before taking
the median [15].
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Fig. 4: Distributions of p from the UE over many simulated LHC dijet events (pr > 50 GeV, |y| < 4), using different
Monte Carlos and different UE tunes. Preliminary results.

cations. One possibility is of course to tune Monte Carlo models to real data by comparing
rho distributions, correlations, etc. A preliminary example is given in fig. 4, where studying
the distribution of p can be seen to allow one to discriminate between UE models which would
otherwise give similar values for the average contribution (p). More extensive studies are in
progress [15].

Yet another use of measured p values is the subtraction of the background from the trans-
verse momentum of hard jets. Ref. [14] proposed to correct the four-momentum p,,; of the jet
J by an amount proportional to p and to the area of the jet itself (the susceptibility of the jet to

contamination):
sub

Puj = Puj — PAuj &)
where A,,; is a four-dimensional generalization of the concept of jet area, normalized in such a
way that its transverse component coincides, for small jets, with the scalar area A; [13]. One
can show [14, 16] that such subtraction of the underlying event can improve in a non-negligible
way the reconstruction of mass peaks even at very large energy scales. A similar procedure
is also being considered [17] for heavy ion collisions, where the background can contribute a
contamination even larger than the transverse momentum of the hard jet itself (partly because of
this, one usually talks of ‘jet reconstruction’ in this context, rather than just ‘subtraction’). Initial
versions of this technique have already been employed at the experimental level by the STAR
Collaboration at RHIC in [18, 19], where IRC safe jets have been reconstructed for the first time
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in heavy ion collisions.

4 Conclusions

Since 2005 numerous developments have intervened in jet physics. A number of fast and infrared
and collinear safe algorithms are now available, allowing for great flexibility in analyses. Tools
have been developed and practically implemented to calculate jet areas, and these can used to
study various types of backgrounds (underlying event, pileup, heavy ions background) and also
to subtract their contribution to large transverse-momentum jets.

These new algorithms and methods (as well as the ones not mentioned in this talk, like
the many approaches to jet substructure, see e.g. [20-23], useful in a number of new-physics
searches) are transforming jet physics from being just a way to obtain calculable observable to
providing a full array of precision tools with which to probe efficiently the complex final states
of high energy collisions.
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Soft and Hard Multiple Parton Interactions

Paolo Bartalini
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In the years ’80, the evidence for Double Scattering (DS) phenomena in the high-py phe-
nomenology of hadron colliders suggests the extension of the same perturbative picture to the
soft regime, giving rise to the first implementation of the Multiple Parton Interaction (MPI) pro-
cesses in a QCD Monte Carlo model by T.Sj ostrand and M.van Zijl. Such model turns out to be
very successful in reproducing the UAS charged multiplicity distributions and in accounting for
the violation of the sensitive Koba Nielsen Olesen scaling violation at increasing center of mass
energies.

The implementation of the MPI in the QCD Monte Carlo models is quickly proceeding
through an increasing level of sophistication and complexity, still leaving room for different
approaches and further improvements like the introduction of a dynamical quantum description
of the interacting hadrons providing a modeling of the diffractive interactions in the same context.
See the detailed discussion in the introduction of Section IV.

As deeply discussed both in Section I and Section II, considerable progress in the phe-
nomenological study of the Underlying Event (UE) in jet events is achieved by the CDF experi-
ment at the Tevatron collider, with a variety of redundant measurements relying both on charged
tracks and calorimetric clusters, the former being intrinsically free from the pile-up effects and
achieving a better sensitivity at low py. Challenging tests to the universality features of the mod-
els are provided by the extension of the UE measurement to the Drell Yan topologies and by the
additional complementary measurements on MB events dealing with the correlations between
charged multiplicity and average charged momentum.

While preparing the ground for the traditional Minimum Bias (MB),Underlying Event
(UE) and Double Scattering (DS) measurements at the LHC along the precious Tevatron experi-
ence also complemented with the recent UE HERA results, new feasibility studies are proposed
which in perspective will constitute a challenge to the predictivity and to the consistency of the
models: the usage of jet clustering algorithms providing an automated estimation of the UE
activity, the measurement of large pseudo-rapidity activity correlations, the investigation of the
mini-jet structure of the MB events, the evaluation of the impact of the MPI on the total cross
section.

With the LHC data taking period approaching, the experiments put a lot of emphasis on
the physics validation and tuning of the models, in particular for what concerns the energy de-
pendency of the parameters. The tune of the MPI parameters is a very delicate issue which has
impact on the calibration of major physics tools like the vertex reconstruction and the isolation
techniques.

A significant fraction of the early measurements of ALICE, ATLAS, CMS, LHCb and
TOTEM will be affected by the MPI, with most of the LHC feasibility studies shown in these
proceedings turned into physics publications in a reasonably short time scale. In other words the
MPI will be one of the first features of the LHC physics which will be deeply tested with an high
degree of complementarity and redundancy, and we should be ready for possible surprises!
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Abstract

The production of equal sign W boson pairs, through single and dou-
ble parton collisions, are comparable in magnitude at the LHC. As a
consequence of the strong anti-shadowing of MPI in interactions with
nuclei, the double scattering contribution is further enhanced in the
case of hadron-nucleus collisions

1 Multiple production of 1V bosons in proton-proton collisions

Multiple parton interactions are a manifestation of the unitarity problem caused by the rapid
increase of the parton flux at small x, which leads to a dramatic growth of all cross sections with
large momentum transfer in pp collisions at the LHC [5]. The critical kinematical regime may
be identified by comparing the rate of double collisions with the rate of single collisions. When
the two rates become comparable multiple collisions are no more a small perturbation and all
multiple collisions become equally important, while the production of large p; partons becomes
a common feature of the inelastic event [10] [3]. In its simplest implementation [9] the double
parton scattering cross section o p is given by

2

1o
op = = S

= (D

200ff
where o is the single scattering cross section. The problem with unitarity becomes hence critical
in the kinematical domain where o and the scale factor o, s are of the same order.

The experimental indication is that the value of o.ff is close to 10 mb [1]. One might
hence conclude that one should worry about multiple parton collisions only when the single scat-
tering cross section becomes comparable with o.7¢. On the contrary multiple parton collisions
may represent an important effect also in cases where the single scattering cross section is many
orders of magnitude smaller that o.y¢. The consideration applies to the interesting case of the
production of equal sign W boson pairs. The leptonic decay channel of W bosons, which leads
to final states with isolated leptons plus missing energy, is in fact of great interest for the search
of new physics [2].

The production of two equal sign W bosons is a higher order process in the Standard
Model and two equal sign W bosons can be produced only in association with two jets [7]. At
the lowest order there are 68 diagrams at O(ag;-) and 16 diagrams at O(a%a?;,) (some of the
diagrams are shown in Fig.1) and, even though avg > ayyy, the strong and electroweak diagrams
give comparable contributions to the cross section, which is infrared and collinear safe and can
be evaluated without imposing any cutoff in the final state quark jets.

fspeaker
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Fig. 1: Some of the three level diagrams which contribute to equal sign W pairs production

The resulting cross sections to produce W bosons and W boson pairs, by single parton
scattering in pp interactions, are shown in Fig.2 as a function of the c.m. energy. As apparent in
the figure (left upper panel) the cross section to produce two equal sign W bosons is five orders
of magnitude smaller with respect to the cross section to produce a single W boson. The same
reduction factor is expected for the production of two equal sign W bosons through a multiple
collisions processes:

1 ow ow 10%nb

OWw = 50w

~ =10"° 2
2 O'Bff7 Oeff 10mb ( )

The argument above relies on the simplest expression of the double scattering cross sec-
tion, obtained by assuming a factorized expression for the the double parton distributions, which
is obviously inconsistent in the case of the valence because of the correlations induced by flavor
conservation. In the actual case, given the large mass of the W bosons, one may expect important
contributions of the valence also at the LHC. One may hence normalize the double parton dis-
tributions in such a way to satisfy the flavor sum rules and work out the double scattering cross
section accordingly. The effect on the cross section is shown in the left lower panel of Fig.2,
which shows that, at the LHC, the cross sections is reduced by about 20%.

The integrated rates of equal sign W boson pairs, by single and double parton collisions,
are hence comparable in pp collisions at the LHC. The distribution in phase space is however
rather different in the two cases.

In the right lower panel of Fig.2 we show the distribution of the produced Ws, as a function
of their transverse momenta. The distribution in transverse momenta of the produced W's is
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obtained by following the recipe of the "Poor Man’s shower model” of Barger and Phillips [4]
and using as a smearing function at low p; the expression in Eq.15 of [8]. The two contributions
may be separated with a cut of 15 GeV/c in the transverse momenta of the produced W's. In Fig. 3
we show how the W bosons (left panels) and their decay electrons (right panels) are distributed
in transverse momentum and rapidity. The case of double parton collisions is shown in the upper
panels, while the case of single parton collisions is shown in the lower panels. In the case of
a double parton collision, the W bosons are mainly produced with small transverse momenta,
while the rapidity distribution of the W boson reminds the momentum of the originating up
quarks. The distributions of the final state charged leptons is peaked at the same rapidity of the
parent W boson and at a transverse momentum corresponding to 1/2 of the W boson mass.

In the case of single parton collisions (lower panels of Fig.3) the Ws and the corresponding
decay leptons have a much broader distribution in p; and rapidity and the characteristic peaks of
the double scatterings are completely absent. The two contributions are hence disentangled very
easily by adopting appropriate cuts in rapidity and transverse momenta of the finally observed
charged leptons.

WWw+ ete’

d(sigma) / dy dpT (nb/GeV)

d(sigma) / dy dpT (nb/GeV)

d(sigma) / dy dpT (nb/GeV)

Fig. 3: WTW™ and e*et pairs distribution in transverse momentum and rapidity, in the case of single parton
collision (upper panels) and of double parton collisions (lower panels) in proton-proton collisions.
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2 Multiple production of W bosons in proton-nucleus collisions

As pointed out in [11], a major feature of MPI in hadron-nucleus collisions is the strong anti-
shadowing. Double parton collisions may in fact be amplified by a factor 2 or 3 on heavy nuclei
as compared with the corresponding cross section in hadron-nucleon collisions multiplied by the
atomic mass number A. Notice that for, say, values of x of the order of 1073 and for values of
Q? > 10 GeV?, the usual nuclear shadowing correction is a much smaller effect and corresponds
to a reduction of the cross section not larger than 10% even on heavy nuclei [6]. The effect
is schematically illustrated in Fig. 4, where non additive corrections to the nuclear structure
functions are neglected, in such a way that each nuclear parton may be associated to a given
parent nucleon. As shown in Fig.4, in proton-nucleus interactions one may hence distinguish
two different contributions to the double parton scattering cross section, depending wether the
two nuclear partons undergoing the interactions are originated by one or by two different target
nucleons.

Fig. 4: W production cross sections by single parton scattering in pp collisions as a function of the c.m. energy.

The cross section may thus be written as the sum of two terms

op = bl +oply 3)
and
1 1
Bh=3 iy /deT A, odl, = 5a%v/d%T?(b) x AY/3
Teff

The anti-shadowing effect is apparent in Fig.5, where the W production cross sections in
proton-proton collisions are compared with the cross sections in proton-nucleus collisions (after
dividing by the atomic mass number A). In the upper panels one compares the cross sections
as a function of the c.m. energy, while in the lower panels one compares the distributions in
transverse momenta of the two W™ bosons. The region where double parton collisions dominate
now extends to transverse momenta of the order of 40 GeV/c.
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Fig. 5: W and W pairs production in proton-proton and proton-nucleus collisions. Integrated cross sections as a

function of the c.m. energy (upper panels) and distributions in transverse space (lower panels).
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In the upper panels of Fig.6 (left and right respectively) we show the distributions in trans-
verse momentum and rapidity of the W™ bosons and of the decay leptons in pA collisions. The
W bosons are produced with a small transverse momentum, while the rapidity distribution of the
W boson reminds the momentum of the originating up quark. The asymmetry in rapidity is due
to the different content of up quarks in the proton as compared with the content of up quarks in
the pairs of nucleons of the target nucleus undergoing the process (pp, pn and nn). The distribu-
tions of the final charged leptons is peaked at the same rapidity of the parent I/ boson and, as in
the case of proton-proton interactions, at a transverse momentum corresponding to 1/2 of the W

boson mass.

1/A d(sigma) / dy dpT (nb/GeV)

|| ]
r, “
\ ”|\ l

1/A d(sigma) / dy dpT (nb/GeV)
d(sigma)/ dy dpT (nb/GeV)

.‘ﬁ.lﬁim ”H’

Fig. 6: WTW™ and ete™ pairs distribution in transverse momentum and rapidity, in the case of single parton

collision (upper panels) and of double parton collisions (lower panels) in proton-nucleus collisions.

The distributions of equal sign W bosons and of the decay leptons generated by single
parton collisions in pA interactions are shown in the lower panels of Fig.6 (left and right respec-
tively) as a function of rapidity and transverse momenta. The contribution of double collisions
is overwhelming when selecting leptons with transverse momenta of the order of one half of the

W mass.
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3 Concluding summary

Equal sign W boson pairs are produced by a higher order process in the SM. As a consequence,
the cross section to produce two W bosons with equal sign is more than two orders of magnitude
smaller in pp collisions at the LHC, as compared with the cross section to produce two W bosons
with opposite sign. An outcome is that the integrated cross sections, to produce two equal sign
W bosons through single and double parton collisions, are similar in magnitude. The equal sign
W bosons and the corresponding decay leptons are however distributed very differently in phase
space by the two production mechanisms, which allows to disentangle the two contributions
easily by looking at the distribution of the decay leptons.

As a consequence of the strong anti-shadowing of MPI in collisions with nuclei, the con-
tribution of double scattering is greatly enhanced in the case of hadron-nucleus collisions.
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