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Probing color-singlet exchange inZ12-jet events at the CERN LHC
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The purely electroweak processqq→qqZ ~via t-channelg/Z orW exchange! provides a copious and fairly
clean source of color-singlet exchange events inpp collisions at the CERN LHC. A judicious choice of
phase-space region allows the suppression of QCD backgrounds to the level of the signal. The color-singlet-
exchange signal can be distinguished from QCD backgrounds by the radiation patterns of additional minijets in
individual events. A rapidity-gap trigger at the minijet level enhances substantially the signal versus the
background. Analogous features of weak-boson scattering events makeZ12-jet events at the CERN LHC an
ideal laboratory for investigation of the soft-jet activity expected in weak-boson scattering events.
@S0556-2821~96!03023-8#

PACS number~s!: 13.87.Ce, 12.38.Bx, 14.70.Hp
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I. INTRODUCTION

The study of weak-boson scattering events and the se
for a heavy Higgs boson will remain among the most imp
tant tasks of the CERN Large Hadron Collider~LHC! as
long as the origin of the spontaneous breakdown of the e
troweak SU(2)3U(1) gauge symmetry has not been esta
lished by experiment. Consequently, much work has b
devoted in recent years on devising methods for the sep
tion of weak-boson scattering events, i.e., the purely el
troweak processqq→qqVV, from background events suc
as weak-boson pair production or top-quark decays. O
such technique is forward jet tagging, the requirement
observe one or both of the two forward quark jets of t
qq→qqVV process@1–3#. However, additional characteris
tics of the signal must be employed to suppress backgrou

In a weak-boson scattering event, no color is exchan
between the initial-state quarks. Color coherence betw
initial- and final-state gluon bremsstrahlung then leads t
suppression of hadron production in the central region,
tween the two tagging-jet candidates of the signal@4#. This is
in contrast with most background processes which typica
involve color exchange in thet channel and thus lead to
enhanced particle production in the central region. It w
hoped that the resulting rapidity gaps in signal events~large
regions in pseudorapidity without observed hadrons! could
be used for background suppression. Unfortunately, inpp
collisions atAs514 TeV at the CERN LHC, the low-signa
cross sections require running at high luminosity, and th
overlapping events in a single bunch crossing will likely fi
a rapidity gap even if it is present at the level of a sing
pp collision. The different color structures of signal an
background processes can be exploited even at high lumi
ity, however, if one defines rapidity gaps in terms of minije
~of transverse momenta in the 20–50 GeV range! instead of
soft hadrons@5#.
5421/96/54~11!/6680~10!/$10.00
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Sizable background reductions via a minijet veto requi
the lowering of jet-energy thresholds to a range where t
probability for additional parton emission becomes ord
unity. In a perturbative calculation, the resulting condition
s(n11jets)'s(njets), indicates that one is leaving the va
lidity range of fixed-order perturbation theory, and it be
comes difficult to provide reliable theoretical estimates
minijet emission rates. Gluon emission is governed by ve
different scales in signal as compared to background p
cesses, due to their different color structures. Thus a par
shower approach cannot be expected to give reliable answ
either unless both color coherence and the choice of scale
implemented correctly, for which additional information is
needed.

In this paper we describe why and how a different pro
cess,Z j j production with subsequentZ→l 1l 2 decay, can
be used to answer experimentally these questions at
CERN LHC in a region of phase space very similar to th
one relevant for weak-boson scattering. The dominant sou
of Z j j events is theO(as

2) QCD correction to Drell-Yan
production. These events involve color exchange betwe
incident partons, similar to the QCD backgrounds to wea
boson scattering events. In addition, there are electrowe
sources of Z j j events; namely, processes of the typ
qq→qqZ which proceed via color-singletg, Z, or W ex-
change. TheW-exchange process includes the fusion of tw
virtual W’s to aZ boson, as shown in Fig. 1~e!, and thus is
very similar to Higgs-boson production via weak-boson fu
sion. By tagging the two forward quark jets and requiring
large rapidity separation between the two, the QCD bac
ground can be reduced to the level of the signal, or ev
below. It thus becomes possible to study minijet emission
electroweak and QCDZ j j production separately and to ob
tain the necessary experimental information for correct mo
eling of multiple parton emission int-channel color-singlet
and color-octet exchange.
6680 © 1996 The American Physical Society
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Our analysis is based on full tree-level Monte Carlo pro
grams at the parton level. We start out in Sec. II by descri
ing these tools. Simulating the minijet emission inZ j j events
requires a calculation ofZ13-jet cross sections. While the
QCD backgrounds@6–8# and theZ j j signal process@9# have
been available in the literature, we here present a first calc
lation of electroweakqq→qqZg production~and crossing
related processes!. In Sec. III, using theZ j j programs, we
identify forward-jet-tagging criteria which lower the QCD
backgrounds to approximately the level of the signal. W
also show how tagging-jet and decay-lepton distributions c
be used to separate the signal from the background on
statistical basis@9,10#.

Having defined the hard scattering processes to be inv
tigated, we then turn to the different minijet patterns in signa
and background events in Sec. IV. Two characteristics d
ferentiate between signal and QCD background, the angu
distribution of minijets and their typical transverse momenta
We discuss the probability for finding minijets in hardZ j j
events and describe how this probability and the minijet mu
tiplicity depend on the phase space region of the hard sc
tering event. Final conclusions are then drawn in Sec. V.

II. CALCULATIONAL TOOLS

Two aspects of minijet~or soft-gluon! emission inZ j j
production need to be modeled correctly in order to descri
soft-jet activity in these hard-scattering events: the angul
distribution of soft emitted partons which reflects the colo
coherence specific to the underlying hard scattering eve
and the momentum scale governing soft-gluon emissio
Both aspects are taken correctly into account by using fu
tree-level matrix elements for all subprocesses which co
tribute toZ j j j production.

A. The qq˜qqZ„g… signal process

Our basic signal process isZ bremsstrahlung in quark–
~anti!quark scattering viaW, Z, or photon exchange,

qQ→qQZ, Z→l 1l 2 ~ l 5e,m! ~1!

FIG. 1. Feynman graphs forZ j j production via charged-current
exchange. TheWW-fusion graph~e! simulates weak-boson scatter-
ing processes.
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and crossing related subprocesses. Subsequent leptonicZ de-
cay allows identification of the signal. The lepton distribu-
tions and the tagging of the two~anti!quark jets provide a
good discrimination against QCD backgrounds~see below!.
In the phase-space region of interest the charged-curren
~CC! process of Fig. 1 dominates over neutral-current~NC!
exchange, mainly because of the larger coupling of the
quarks to theW as compared to the photon andZ. The
WWZvertex in the Feynman graph of Fig. 1~e! then leads to
a contribution which resembles very closely Higgs-boson
production in weak-boson scattering,qq→qqH, and thus
our signal process becomes a laboratory for studying QCD
aspects of weak-boson scattering.

We use the results of Ref.@9# for our calculation of the
qq→qql 1l 2 signal. All CC and NC subprocesses are
added, and finiteZ-width effects are included. When requir-
ing a large rapidity separation between the two quark jets
~tagging jets!, the resulting large dijet invariant mass sup-
presses severely anys-channel processes which might give
rise to the dijet pair. We, therefore, consider onlyt-channel
weak-boson exchange. Also note that graphs with
s-channel electroweak-boson exchange involve color ex-
change between the incident partons and have a counterpa
in the QCD backgrounds to be considered below, but with
electroweak-boson exchange replaced by gluon exchange
i.e., (a/2 sin2uW)

2'2.831024 replaced byas
2'1.431022.

Thus the electroweaks-channel processes may be considered
as a minor correction to the QCD backgrounds.

In order to determine the minijet activity in signal events,
we need to evaluate theO(as) real parton emission correc-
tions to the signal. We have performed a first calculation of
theO(a4as) subprocess

qQ→qQgl 1l 2 ~2!

and all crossing related subprocesses. Production of th
l 1l 2 pair via Z and g exchange is considered. For CC
processes, such asus→dcgl 1l 2, 52 Feynman graphs con-
tribute to Eq.~2!; for NC processes 112 Feynman graphs
need to be included. The resulting amplitudes are evaluate
numerically using the techniques of Refs.@6,11# and have
been checked against amplitudes generated with MadGrap
@12#. The cross sections for the various subprocesses ar
evaluated and added in a Monte Carlo program1 whose
phase-space generator and overall normalization have bee
tested by comparing to an analogousqQ→qQgH generator
@13#.

B. The QCD Zjj „ j … background

Given the clean leptonicZ decay signature, the main
background to electroweakZ1n-jet events arises from
O(as

n) real emission QCD corrections to the Drell-Yan pro-
cessqq̄→Z→l 1l 2. ForZ j j events these background pro-
cesses include

qq̄→ggZ, ~3a!

1The code is available upon request from
rain@pheno.physics.wisc.edu
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TABLE I. Signal and background cross sectionsBs for Z j j ( j ) events inpp collisions atAs514 TeV.
The two decay modesZ→e1e2,m1m2 are considered. Results are given in units of fb after increasingly
stringent cuts. The last column gives the ratio of signal to background cross section.

Z j j signal QCDZ j j background S/B

Generic cuts@Eqs.~4!–~6!# 516 1.293105 1:250
1 forward jet tagging,@Eqs.~7! and ~8!# 86.6 627 1:7.2
1 mj j.1500 GeV 44.2 87.9 1:2.0
1 mj j.2500 GeV,Dh l j.1.6 10.7 6.8 1.6:1
1 pT j.100 GeV 4.6 1.6 2.9:1
qg→qgZ, ~3b!

or

qq→qqZ ~3c!

via t-channel gluon exchange and all crossing related p
cesses@18#. We shall call these processes the ‘‘QCDZ j j ’’
background. The cross sections for the correspond
Z13-jet processes, which we need for our modeling of min
jet activity in the QCDZ j j background, have been calcu
lated in Refs.@6–8#. Similar to the treatment of the signa
processes, we use a parton-level Monte Carlo program ba
on the work of Ref.@7# to model the QCDZ j j and Z j j j
backgrounds.

For all our numerical results, we have chose
aQED5a(MZ)51/128.93, MZ591.19 GeV, and
GF51.1663931025 GeV22, which translates into
MW579.97 GeV and sin2uW50.2310 when using the tree-
level relations between these input parameters. The runn
of the strong-coupling constant is evaluated at one-loop
der, withas(MZ)50.12. MRS A structure functions@14,15#
are used throughout, and the factorization scale is chosen
the minimal transverse momentum of a defined jet in t
event ~see below!. For theqQ→qQgZ signal, the scale of
the strong coupling constant is taken to be the minimal tran
verse momentum of any of the three final state partons. F
theZ j j ( j ) QCD backgrounds, withn52 andn53 colored
partons in the final state, the overall strong-coupling consta
factors are taken as (as)

n5) i51
n as(pTi), i.e., the transverse

momentum of each additional parton is taken as the relev
scale for its production, irrespective of the hardness of t
underlying scattering event. This procedure guarantees t
the sameas

2 factors are used for the hard part of aZ j j event,
independent of the number of additional minijets, and at t
same time the small scales relevant for soft-gluon emiss
are implemented.

Different scale choices or different input parameters wi
of course, affect our numerical results. The use of leadi
order~LO! CTEQ 3L@or next-to-leading order~NLO! CTEQ
3M# distribution functions@16,15#, for example, changes the
cross-section values listed in the second row of Table I
approximately 24% (15%). These small changes are
much smaller than the uncertainties inherent to a tree le
calculation and justify the use of NLO parton distributio
functions in our LO calculations. Of more concern is th
scale choice detailed above. A variation of the factorizatio
and renormalization scales by a factor of two changes
2-jet cross sections in the second row of Table I by abo
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615% for the signal and by about a factor 1.5 for the QCD
background. Choosing the transverse mass of theZ as the
scale leads to variations within the same range. Thus we
expect the signal cross sections to be fairly well determined
at leading order, similar to the analogous Higgs-boson pro-
duction process by weak-boson fusion@17#, while the much
larger theoretical uncertainty for the background again em-
phasizes the need for experimental input.

III. Zjj EVENTS: ELECTROWEAK SIGNAL
AND QCD BACKGROUNDS

Before analyzing the minijet activity in signal and back-
ground events, we need to identify the phase-space region
for hard scattering events,pp→Z j jX with two hard jets in
the final state. In a tree-level simulation, processes with ex-
actly two final-state partons need to be considered for this
purpose. In the actual experiments this would correspond to
two-jet inclusive events. We are interested in electroweak
Z j j production as a model process for weak-boson scatter-
ing. Thus we first need to identify the phase-space region
where theWW-fusion graph of Fig. 1~e! becomes important.
This question has been analyzed before for electroweak
Wj j production at the Superconducting Super Collider
~SSC!, and we follow closely the procedure outlined in Ref.
@10#. The acceptance cuts to be discussed below are chosen
with the design of the ATLAS and Compact Muon Solenoid
~CMS! detectors at the CERN LHC in mind@19#.

The leptonicZ decay is a crucial part of the signal, and
and we, therefore, consider events with two opposite-sign
leptons,l 1l 25e1e2,m1m2, of sufficient transverse mo-
mentum, in the central part of the detector, and well isolated
from any jets:

pTl . 20 GeV, uh l u , 2 ,

Rl j5A~h l 2h j !
21~f l 2f j !

2 . 0.7. ~4!

Hereh denotes the pseudorapidity andRl j is the lepton-jet
separation in the pseudorapidity azimuthal-angle plane. In
addition, the dilepton invariant mass must be consistent with
Z decay:

mZ210 GeV, ml l , mZ110 GeV. ~5!

In the following, unless stated otherwise, any parton satisfy-
ing the transverse momentum, pseudorapidity, and separa-
tion requirements

pT j . 20 GeV, uh j u , 5 , Rj j . 0.7, ~6!
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FIG. 2. Lepton and jet distributions of signal~solid lines! and background~dashed lines! Z j j events within the cuts of Eqs.~4!–~6!.
Shown are normalized distributions of~a! uh l umax, the maximum lepton pseudorapidity,~b! the pseudorapidity separation
Dh jets5uh( j 1)2h( j 2)u of the two jets, and~c! the differential cross sectionds/dpT j ,min , wherepT j ,min is the smaller of the two jet
transverse momenta.
will be called a jet.
Event rates after these acceptance cuts are shown in

first row of Table I. Lepton and jet differential distribution
for the signal~solid lines! and the background~dashed lines!
are shown in Fig. 2. The lepton rapidity distribution of Fi
2~a! shows that signal leptons are more centrally produc
than those in QCDZ j j events. Concentrating on central lep
tons (uh l u,2) does little harm to the signal while reducin
the background by more than a factor of two. A strong
reduction of the background is achieved by exploiting t
larger pseudorapidity separation of the two jets in t
t-channel electroweak-boson exchange of the signal as c
pared to the QCD background@see Fig. 2~b!#. Finally, the
transverse-momentum distribution of the softer of the t
jets is shown in Fig. 2~c!.

The large jet separation of the signal is typical also
weak-boson scattering events, and we, therefore, requir
least three units of pseudorapidity between the jet definit
cones of the two tagging jets. In addition, the leptons
required to occupy the pseudorapidity range between the
cones and the two tagging jets must fall into opposite he
spheres of the detector. With a cone radius of 0.7 for eac
the jets, these conditions can be summarized as

uh j
tag 12h j

tag 2u . 4.4, h j
tag 1

•h j
tag 2, 0 , ~7a!

h j
tag 110.7, h l , h j

tag 220.7

or ~7b!

h j
tag 210.7, h l , h j

tag 120.7.

Finally, the jetpT distributions of Fig. 2~c! suggest a more
stringent transverse-momentum requirement on the tagg
jets as another means of enhancing the signal with respe
the background. We find that a cut at 70 GeV would
optimal for the significance of the signal. However, such
high cut would take us well outside the acceptable range
double jet tagging of weak-boson scattering events. The
cident longitudinally polarized weak bosons inqq→qqH
the
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events lead to substantially lower transverse momenta of the
tagging jets than the transversely polarized incidentW’s in
the Z j j signal ~medianpT'30 GeV vs'70 GeV for the
softer of the two tagging jets!. Since we want to explore
events which are as similar as possible to longitudinal weak-
boson scattering events, we compromise at

pT j
tag. 40 GeV. ~8!

The resulting cross sections, after the cuts of Eqs.~4!–~8!,
are given in the second row of Table I. Distributions in dijet
invariant mass and lepton-jet separation are shown in Fig. 3.
These distributions show clearly that the QCDZ j j back-
ground can be further suppressed with respect to the signal,
e.g., by increasingmj j , the dijet invariant mass of the two
tagging jets, or by requiring a larger minimal separation,

Dh l j5min
l , j

$uh l 2h j
tagu%, ~9!

between theZ decay leptons and the two tagging jets. Cross
sections and signal to background ratios for three examples
of more stringent cuts are shown in the last three rows of
Table I; it will be possible to prepare event samples with
very different fractions of electroweak- and QCD-induced
Z j j events. The availability of both signal- and background-
dominated event samples then will allow the study of radia-
tion patterns of minijets in botht-channel color-singlet ex-
change events~signal! and in events which are due to color
exchange between the incident partons~QCD background!.

With regard to the separation of signal and QCD back-
ground, it also should be noted that the calculation of full
NLO QCD corrections is possible for theZ j j signal with
presently available techniques. Our calculation of gluon
emission inqQ→qQZ ~and all crossing related processes!
constitutes already a full determination of the real emission
corrections which contribute to the signal cross section at
NLO. Since the signal involvest-channel color singlet ex-
change only, 1-loop amplitudes witht-channel gluon ex-
change do not interfere with the Born amplitude and, as a
result, the most complicated Feynman graphs to be consid-
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FIG. 3. Lepton and jet distri-
butions of signal~solid lines! and
background ~dashed lines! Z j j
events within the cuts of Eqs.
~4!–~8!. Shown are~a! the dijet
mass distribution of the two tag-
ging jets and ~b! the minimal
pseudorapidity separationDh l j
between any of the leptons and
tagging jets. Note that the distri-
bution in pseudorapidity separa-
tion has been normalized to unit
area.
-
he
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ered for the virtual corrections are box diagrams. Thus it c
be reasonably expected that a NLO calculation of the sig
cross section will be available by the time these measu
ments can be performed at the CERN LHC. Given the me
sured event rate and the predicted signal rate, the comp
tion of theZ j j events should be known at the 10% level o
better. Shape differences of distributions, as in Fig. 3, th
can be used to verify the relative composition of eve
samples.

IV. RADIATION PATTERNS OF MINIJETS

Having isolated a phase-space region similar to the o
populated by weak-boson scattering events, one can use t
jet inclusiveZ production events to study the soft-jet activit
in events with or without color exchange in thet channel. As
discussed in Sec. II, we simulate the minijet activity in ha
Z j j events by generatingZ13-parton signal and background
events. In the presence of three jets, the tagging jets now
defined as the two most energetic jets withpT

tag.40 GeV in
opposite hemispheres of the detector. In the following we a
interested in the properties of the third or soft parton, whic
may or may not qualify as a minijet.

The pseudorapidity and transverse-momentum distrib
tions of this third jet are shown in Fig. 4, where thepT j
threshold has been lowered to 10 GeV. As expected
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t-channel color-singlet exchange, additional jet activity in
the signal is concentrated in the forward and backward re
gions. Color exchange between the incident partons, as in t
case of the QCD background, leads to minijet activity in the
central region. These differences become particularly pro
nounced when measuring the soft jet’s rapidity with respec
to the center of the two tagging jets, i.e., by using the shifte
pseudorapidity

h3*5 h32h̄ 5 h32
h j
tag 11h j

tag 2

2
. ~10!

The dip in Fig. 4~a! ath3*50 is the hallmark of color coher-
ence in color-singlet exchange@4,20,21#. Beyond this differ-
ent angular distribution of the soft-jet activity, another strik-
ing difference arises in the transverse-momentum
distribution of the third jet; the additional jet is substantially
harder in the QCD background than in the signal. This dif
ference is hardly noticeable in the shape of thepT3 distribu-
tion. It becomes apparent, however, by integrating theZ j j j
cross section above a given minimum transverse momentu
pT,min , of the nontagging jet,

s35s~pT3.pT,min! 5E
pT,min

` ds

dpT3
dpT3 . ~11!
FIG. 4. Characteristics of the third~soft! jet in
Z j j j signal~solid lines! and background~dashed
lines! events at the LHC.~a! The pseudorapidity
h3* is measured with respect to the center of the
two tagging jets,h̄5(h j

tag 11h j
tag 2)/2, and the

distributions are normalized to unit area.~b! Inte-
grated transverse-momentum distribution of the
third jet,s(pT3.pT,min). The acceptance require-
ments of Eqs.~4!–~8! are imposed on the two
tagging jets. The corresponding cross sections at
lowest order, with two partons in the final state,
are indicated for the signal~dotted line! and for
the background~dash-dotted line!.



54 6685PROBING COLOR-SINGLET EXCHANGE INZ12-JET . . .
This integrated three-jet cross section,s3, is shown as a
function ofpT,min and compared to the two-jet cross sectio
s25s j j , in Fig. 4~b!.

The number of events with two leptons and two taggin
jets, which satisfy the cuts of Eqs.~4!–~8!, will be clearly
independent of the transverse momentum thresholdpT,min .
At tree level we must, therefore, interpret theZ j j cross sec-
tion s2 as the two-jet inclusive cross section.2 The alterna-
tive interpretation ofs21s3 as the two-jet inclusive cross
section is unphysical sinces3 can be made arbitrarily large
by loweringpT,min .

As long as s3(pT,min)!s2, fixed-order perturbation
theory should be reliable, and we can expect cross secti
for four or more jets to be small. Figure 4~b! demonstrates
that, for the electroweak signal, this perturbative regime co
ers all pT thresholds of practical interest;s3 saturates the
two-jet inclusive cross section,s2, at pT,min(signal)57.6
GeV, and this value is well below the range where minije
from overlapping events become important; at design lum
nosity of L51034 cm22 sec21, a random jet ofpT j*20
GeV is expected in about 20% of all bunch crossings@22#.

The situation is very different for the QCD background
Here s3's2 is reached atpT,min(background)541 GeV.
Clearly, fixed-order perturbation theory is breaking down fo
pT,min*70 GeV and large values ofs4, s5, etc. must be
expected. In the actual experiment multiple minijet emissio
will appear in this transverse-momentum range. Thus t
t-channel color-singlet exchange of the signal and the co
exchange of the QCD background lead to dramatically d
ferent minijet activity in individual events; color-singlet-
exchange events will sport a low occupancy of fairly soft je
in the forward and backward region with very little activity
in the central region, while a typical QCD background eve
will have several minijets of transverse momentum above
GeV, predominantly in the central region, between the t
two tagging jets.

In the analogous case of weak-boson scattering eve
the same pattern arises and a veto on central minijets can
used to suppress the backgrounds@5#. The efficiency of a
minijet veto can be tested experimentally at the CERN LH
using theZ j j events discussed here. The precise definition
a minijet veto will depend on detector performance, mult
plicity of minijets from overlapping events@22#, and detailed
signal and background characteristics. Given the characte
tics of signal and backgroundZ j j j events discussed above
the veto region may be defined as the pseudorapidity ran
between the tangents to the two tagging jets, and as jet tra
verse momenta above a minimal value,pT,veto,

pT j
veto. pT,veto, ~12a!

min$h j
tag 1,h j

tag 2%10.7, h j
veto, max$h j

tag 1,h j
tag 2%20.7,

~12b!

2Here and in the following we use the term ‘‘n-jet inclusive cross
section’’ to count the number of events withn or more jets, i.e.,
each event is counted once, independent of the jet multiplicity in t
event.
n,
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and we will use this definition as an example in the follow-
ing.

Jets with transverse momentum in the 20 GeV range
should be observable in hard events at the CERN LHC@22#,
and perhaps even lower thresholds are possible at luminosi-
ties belowL51033 cm22 sec21. Since, for the QCD back-
ground, thispT range is below the validity region of fixed-
order QCD, we need to resort to some modeling in order to
estimate the probability for multiple minijet emission. Any
model should preserve the two salient features of the QCD
matrix-element calculation: color coherence as reflected by
the angular distributions of Fig. 4~a! and the differentpT
scales for extra parton emission that we have found for the
signal and the background.

In the following we use the two models discussed in Ref.
@5#. The first one is provided by the ‘‘truncated shower ap-
proximation’’ ~TSA! @23#. When several soft gluons are
emitted in a hard scattering event, their transverse momenta
tend to cancel, leading to a regularization of the smallpT
singularity which is present when considering only single-
parton emission. In the TSA these effects are simulated by
replacing the tree-level three-jet differential cross section
ds3

TL with

ds3
TSA5ds3

TL~12e2pT3
2 /pTSA

2
!. ~13!

Here the parameterpTSA is chosen to reproduce correctly the
tree-level two-jet cross section,s2, within the cuts of Eqs.
~4!–~8!, i.e., pTSA is fixed by the matching condition

s25E
0

`ds3
TSA

dpT3
dpT3 . ~14!

This is achieved by settingpTSA510.5 GeV for theZ j j sig-
nal andpTSA572 GeV for the QCDZ j j background. The
much larger value for the latter again reflects the higher in-
trinsic momentum scale governing soft-gluon emission in the
QCD background. This difference would be enhanced even
more by requiring larger dijet invariant masses for the two
tagging jets, as in the final two rows of Table I~see also
below!. Using ds3

TSA as a model for additional jet activity,
we find the probabilities of Fig. 5~dotted and dash-dotted
curves! for emission of a third, soft parton into the veto
region of Eq.~12!.

In the TSA only one soft parton is generated, with a finite
probability to be produced outside the veto region of Eq.
~12b!. The veto probability will, therefore, never reach 1, no
matter how low apT,veto is allowed. At small values of
pT,veto we underestimate the veto probability because the
TSA does not take into account multiple parton emission. In
the soft region gluon emission dominates, and one may as-
sume that this soft-gluon radiation approximately exponenti-
ates, i.e., the probabilityPn for observingn soft jets in the
veto region is given by a Poisson distribution,

Pn5
n̄n

n!
e2 n̄, ~15!

with
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n̄5n̄~pT,veto!5
1

s2
E
pT,veto

`

dpT3
ds3

dpT3
, ~16!

where the unregularized three-parton cross section is in
grated over the veto region of Eq.~12! and then normalized
to the Z j j cross section,s2. We will call this model the
‘‘exponentiation model.’’ A rough estimate of multiple emis-
sion effects is thus provided by using

Pexp~pT,veto!512P0 5 12e2 n̄~pT,veto! ~17!

for the veto probability. The resulting curves are the soli
and dashed lines in Fig. 5. In spite of the approximation
made, both models agree qualitatively on the much larg
probability to observe additional minijets in the QCD back
ground as compared to theZ j j signal.

Within the exponentiation model,n̄5s3 /s2 represents
the average multiplicity of minijets in the central region, be
tween the two tagging jets. Even if the exponentiation mod
is only of limited accuracy, the ratio of three- to two-je
tree-level cross sections gives the best perturbative estim
available of the minijet activity inZ j j events. One finds that
the average minijet multiplicity depends strongly on th
hardness of the underlyingZ j j event. In Figs. 6~a! and 6~b!
the dependence ofn̄ on the dijet invariant mass of the two
tagging jets is shown for both the signal and the QCD bac
ground, for four values of the transverse-momentum cut o
minijets:pT,veto510 GeV~solid line!, 20 GeV~dashed line!,
40 GeV ~dotted line!, and 80 GeV~dash-dotted line!. The
differential cross sectionsds/dmj j are shown in Figs. 6~c!
and 6~d!, allowing an assessment of the relative importanc
of regions of differentn̄.

Except for the threshold region, where kinematical effec
of additional minijet emission are most important, the minije
multiplicity in signal events is below 25% everywhere, an
thus fixed-order perturbation theory should be reliable. Pe
haps somewhat surprisingly, the minijet activity of the signa

FIG. 5. Probability to find a veto jet with transverse momentum
abovepT,veto and in the pseudorapidity range of Eq.~12b! in signal
and background events within the cuts of Eqs.~4!–~8!. The solid
~signal! and dashed~background! curves are obtained with the ex-
ponentiation ansatz of Eq.~15! while the truncated shower approxi-
mation yields the dotted curve for the signal and dash-dotted cur
for the QCD background.
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decreases with increasingmj j . This effect can be traced to
the relative contribution of gluon-initiatedgQ→qq̄QZ
events as compared to events with soft gluons in the fin
state,qQ→qQZg. The splitting processg→qq̄ has a much
higher probability to produce a semihard central jet tha
gluon radiation int-channel color-singlet exchange. In the
latter case color coherence between initial- and final-sta
radiation forces the gluon jet into the forward and backwa
regions@4#, and in addition the transverse-momentum spe
trum of the produced gluon is much softer than that of th
additional quark jet ing→qq̄ splitting. By themselves,
qQ→qQZgevents would produce an essentially flat minije
multiplicity distribution, which, forpT3.20 GeV, varies be-
tweenn̄50.16 andn̄50.12 over the entiremj j range shown
in Fig. 6~a!. Since highmj j events populate the large
Feynman-x region, where the valence-quark distribution
dominate, the pattern expected for final-state gluons is fou
when concentrating on the high-invariant-mass region.

The situation is entirely different for high-mass QCD
background events, which are dominated byt-channel gluon
exchange. The relevant scale for the acceleration of co
charges and, hence, the emission of soft gluons, is set
mj j , and, as a result, the minijet multiplicity in Fig. 6~b!
increases substantially with rising invariant mass of the tw
tagging jets. In addition the expected minijet multiplicity is
about an order of magnitude higher in QCD backgroun
events than in theZ j j signal. This different dependence o
n̄ onmj j has an intriguing consequence: plotting the minije
multiplicity distribution of Z j j data in increasingly higher
mj j bins, one expects a clear separation to develop betwe
the signal events, which will be concentrated at zero minij
multiplicity, and the QCD background events, which wil
populate the high-multiplicity region.

The emission of additional partons depends above all
the energy scale of the underlying hard process. The min
multiplicity shows much less variation with angular vari
ables. One example is given in Fig. 7 where the depende
of n̄ on the minimal separationDh l j of theZ-decay leptons
from the two tagging jets is shown. For separations belo
'2.2, where both signal and background cross sections
sizable, n̄ is essentially independent ofDh l j . Given the
different shapes ofds/dDh l j , a statistical separation of sig-
nal and QCD background may be possible for events w
any given number of minijets. This would allow the indepen
dent measurement of the minijet multiplicity distributions fo
t-channel color-singlet exchange and QCD backgrou
events, thus providing important input for weak-boson sca
tering events and their backgrounds in basically the sa
kinematical regime.

Before closing this section, let us consider briefly some
the uncertainties of our LO calculation. Motivated by th
observation of rather high minijet activity in hard dijet event
at the Tevatron@24#, we have chosen a small scale and thu
a large value ofas to model the minijet multiplicity,n̄ @25#.
The choice of a larger scale reduces the predicted min
multiplicity, in particular for low minijet transverse momen-
tum thresholds (pT3.10 or 20 GeV! and for large values of
mj j . Taking the transverse mass of the producedZ boson as
the factorization and renormalization scales lowers the av
age n̄ by about 30% for the signal and 20% for the back
ground when consideringpT3.10 GeV, and these numbers

ve
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FIG. 6. Average minijet multiplicityn̄5s3(pT,min)/s2 in the veto region of Eq.~12! as a function of the invariant mass of the two
tagging jets,mj j , for four different transverse momentum thresholds of the third jet:pT,veto510 GeV~solid line!, 20 GeV~dashed line!, 40
GeV ~dotted line!, and 80 GeV~dash-dotted line!. Results are shown for~a! the Z j j signal and~b! the QCD background. Below each,
ds/dmj j is shown as determined withZ j j tree-level matrix elements~solid lines! and by using the truncated shower approximation~dashed
lines!.
,
e

reduce to 20% and 10%, respectively, for a minijet thresh
of pT3.20 GeV. For the signal we are still in the perturb
tive region and, therefore, we expect these numbers to
resent a realistic estimate of the uncertainties of our calc
tion. Given the assumptions which go into the exponentiat
model, the error for the background numbers might well
substantially larger and our calculation only provides a rou
estimate for the minijet multiplicity. This is exactly why
direct measurement at the CERN LHC is needed.

V. DISCUSSION

The production ofZ j j events at the CERN LHC, with one
forward and one backward tagging jet which are wide
separated in pseudorapidity, provides an ideal testing gro
for the study oft-channel color-singlet exchange events. T
electroweak processqq→qqZ possesses all the relevan
characteristics of weak-boson scattering events. Howeve
is easily identifiable via the leptonicZ-decay mode, and it
enjoys a large production cross section~of order 30–80 fb!
in a phase-space region where QCD backgrounds are
comparable size. Even when operating the CERN LHC
10% of the design luminosity~i.e., collecting 10 fb21 per
old
a-
rep-
ula-
ion
be
gh
a

ly
und
he
t
r, it

of
at

year! a combined signal and background sample of more
than 1000 events will be available to find differences be-
tween events with and without color exchange in thet chan-
nel. By varying the machine luminosity, the minijet back-
ground from overlapping events in the same bunch crossing
and methods for its suppression, can be studied at the sam
time @22#.

Color-singlet exchange in thet channel, as encountered in
Higgs-boson production by weak-boson fusion and in our
Z j j signal, leads to soft-minijet activity which differs strik-
ingly from that expected for the QCD backgrounds in at least
two respects. First,t-channel color-singlet exchange leads to
soft-gluon emission mainly in the forward and backward re-
gions, between the beam directions and the forward tagging
jets @4,21#. The central region between the two tagging jets,
which also contains the twoZ-decay leptons, remains largely
free of minijets. For the backgrounds,t-channel color ex-
change leads to minijet emission mainly in the central region
@5#.

A second distinction is the typical transverse momentum
of the produced minijets. Extra gluon emission inZ j j pro-
duction is suppressed by a factorf s5asln(Q

2/pT,min
2 ), where
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FIG. 7. Same as Fig. 6, but for the dependence of the minijet activity on the minimal separationDh l j of theZ-decay leptons from the
two tagging jets. See text for details.
r.

n

Q is the typical scale of the hard process andpT,min is the
minimal transverse momentum required for a parton
qualify as a minijet. The jet-transverse-momentum scale
low which multiple minijet emission must be expected is s
by f s'1. The hard scaleQ is set by the momentum transfe
to the color charges inZ j j production. For the signal no
color is exchanged, and, hence, the color charges are ac
erated by the same amount as the incoming~anti!quarks.
Hence,Q is related to the averagepT of the two tagging jets
and is only of order 100 GeV. For the background process
on the other hand, color is exchanged in the annihilation
the initial quarks and/or gluons. Therefore the momentu
transfer to the color charges is of the order of the dijet
variant mass of the two tagging jets and is in the TeV ran
As a result multiple minijet emission becomes important
background processes in the 20–50 GeVpT range whereas
the corresponding scale for the signal is only of order a f
GeV @5#.

These qualitative arguments are directly confirmed by o
perturbative analysis. We find, for example, that minij
emission in the QCD background increases with the inva
ant mass of the two tagging jets, and that it occurs with mu
higher probability than for the signal even though the tran
verse momenta of the tagging jets are somewhat larger in
electroweakZ j j signal than in the QCD background. Thi
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pattern is naturally explained by takingQ5mj j for the back-
ground andQ5pT j

tag for the signal.
A precise modeling of multiple minijet emission in hard

QCD processes is beyond the scope of the present pape
However, any Monte Carlo program which addresses this
question should incorporate the above findings and agree
with the fixed-order perturbation-theory results at sufficiently
large minijet transverse momenta.Z j j events at the CERN
LHC then can be used to fine-tune the Monte Carlo programs
in the low pT range.

Because of its intrinsically small scale, fixed-order QCD
should be reliable for the signal process down to minijet
transverse momenta in the 10–20 GeV range, a point which
can be tested experimentally by comparing the rate of low
minijet multiplicity Z12-jet inclusive events with the signal
predictions~to NLO if available by the time the CERN LHC
starts running!.

Minijet activity in high-mass QCD events is most easily
probed by studying two-jet inclusive events~without an ac-
companyingZ boson!, as is already possible now, at the
Tevatron@24,25#. However, such events will have a compo-
sition of quark- and gluon-initiated subprocesses different
from backgrounds to weak-boson scattering events. A test
run to prepare for the latter can be performed with theZ j j
QCD backgrounds studied here. Samples of such events ca
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be prepared either by subtracting the known electrowe
Z j j production cross section, by relying on differing shape
of kinematical distribution at theZ12-jet level, or by going
to relatively low dijet-mass regions where the QCDZ j j
background is the dominant source ofZ j j events.

Most likely a combination of all of these will be needed to
obtain an understanding of the minijet activity in hard sca
tering events at a quantitative level. This knowledge then c
be used to devise a minijet trigger for the Higgs-boso
search at the CERN LHC. Our findings here indicate that
minijet veto should work not only for the heavy Higgs-boso
search, where the production of a high-mass system lets o
expect strong gluon radiation in background events, but al
for the production of light weak bosons viaWW or ZZ fu-
ak
s

t-
an
n
a
n
ne
so

sion. This weak boson need not be theZ studied here, but
could be an intermediate-mass Higgs boson. The use o
minijet veto appears to be a promising technique for th
entire Higgs mass range, from the 100 GeV range of supe
symmetric models to the TeV scale.
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