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D. Rainwater
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706

R. Szalapski
Theory Group, KEK, 1-1 Oho, Tsukuba, Ibaraki 305, Japan

D. Zeppenfeld
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706
(Received 30 May 1996

The purely electroweak procegs— qqZ (via t-channely/Z or W exchanggprovides a copious and fairly
clean source of color-singlet exchange eventgpmn 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 eventsZraRget events at the CERN LHC an
ideal laboratory for investigation of the soft-jet activity expected in weak-boson scattering events.
[S0556-282196)03023-9

PACS numbds): 13.87.Ce, 12.38.Bx, 14.70.Hp

[. INTRODUCTION Sizable background reductions via a minijet veto require
the lowering of jet-energy thresholds to a range where the
The study of weak-boson scattering events and the seargiobability for additional parton emission becomes order
for a heavy Higgs boson will remain among the most impor-unity. In a perturbative calculation, the resulting condition,
tant tasks of the CERN Large Hadron ColliddtHC) as  o(n+ ljetsy=o(njets), indicates that one is leaving the va-
long as the origin of the spontaneous breakdown of the eledidity range of fixed-order perturbation theory, and it be-
troweak SU(2x U(1) gauge symmetry has not been estab-comes difficult to provide reliable theoretical estimates of
lished by experiment. Consequently, much work has beeminijet emission rates. Gluon emission is governed by very
devoted in recent years on devising methods for the separalifferent scales in signal as compared to background pro-
tion of weak-boson scattering events, i.e., the purely eleccesses, due to their different color structures. Thus a parton
troweak process|g—qqVV, from background events such shower approach cannot be expected to give reliable answers
as weak-boson pair production or top-quark decays. Oneither unless both color coherence and the choice of scale are
such technique is forward jet tagging, the requirement tdmplemented correctly, for which additional information is
observe one or both of the two forward quark jets of theneeded.
qg—qqVV procesq 1-3]. However, additional characteris- In this paper we describe why and how a different pro-
tics of the signal must be employed to suppress backgroundsess.Zjj production with subsequei#@t— /" /"~ decay, can
In a weak-boson scattering event, no color is exchangetie used to answer experimentally these questions at the
between the initial-state quarks. Color coherence betwee@ERN LHC in a region of phase space very similar to the
initial- and final-state gluon bremsstrahlung then leads to @ne relevant for weak-boson scattering. The dominant source
suppression of hadron production in the central region, beef Zjj events is theO(aﬁ) QCD correction to Drell-Yan
tween the two tagging-jet candidates of the sigd&l Thisis  production. These events involve color exchange between
in contrast with most background processes which typicallyincident partons, similar to the QCD backgrounds to weak-
involve color exchange in thé channel and thus lead to boson scattering events. In addition, there are electroweak
enhanced particle production in the central region. It wasources ofZjj events; namely, processes of the type
hoped that the resulting rapidity gaps in signal evéleye  qg—qgqZ which proceed via color-singley, Z, or W ex-
regions in pseudorapidity without observed hadjorsuld ~ change. ThaV-exchange process includes the fusion of two
be used for background suppression. Unfortunatelypn  virtual W's to aZ boson, as shown in Fig.(d), and thus is
collisions aty/s=14 TeV at the CERN LHC, the low-signal very similar to Higgs-boson production via weak-boson fu-
cross sections require running at high luminosity, and thersion. By tagging the two forward quark jets and requiring a
overlapping events in a single bunch crossing will likely fill large rapidity separation between the two, the QCD back-
a rapidity gap even if it is present at the level of a singleground can be reduced to the level of the signal, or even
pp collision. The different color structures of signal and below. It thus becomes possible to study minijet emission in
background processes can be exploited even at high luminoslectroweak and QCIZjj production separately and to ob-
ity, however, if one defines rapidity gaps in terms of minijetstain the necessary experimental information for correct mod-
(of transverse momenta in the 20-50 GeV rarigstead of  eling of multiple parton emission iirchannel color-singlet
soft hadrong5]. and color-octet exchange.
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z z and crossing related subprocesses. Subsequent legtoieic
cay allows identification of the signal. The lepton distribu-
% 92 tions and the tagging of the tw@ntj)quark jets provide a
w w good discrimination against QCD backgrouridee below.
0 0 In the phase-space region of interest the charged-current
} 4 (CC) process of Fig. 1 dominates over neutral-curr@it)
@ ® 14 exchange, mainly because of the larger coupling of the
W z quarks to theW as compared to the photon aizd The
WW 2Zvertex in the Feynman graph of Figiel then leads to
() a contribution which resembles very closely Higgs-boson
w w production in weak-boson scatteringg—qqH, and thus
o, 0, our signal process becomes a laboratory for studying QCD
aspects of weak-boson scattering.
z z We use the results of Reff9] for our calculation of the
© (d) 00—qqg/ "/~ signal. All CC and NC subprocesses are
added, and finit&-width effects are included. When requir-
FIG. 1. Feynman graphs fdjj production via charged-current ing a large rapidity separation between the two quark jets
exchange. Th&V/W-fusion graph(e) simulates weak-boson scatter- (tagging jet$, the resulting large dijet invariant mass sup-
ing processes. presses severely arsschannel processes which might give
rise to the dijet pair. We, therefore, consider otdghannel
Our analysis is based on full tree-level Monte Carlo pro-weak-boson exchange. Also note that graphs with
grams at the parton level. We start out in Sec. Il by describs-channel electroweak-boson exchange involve color ex-
ing these tools. Simulating the minijet emissior¥ijj events  change between the incident partons and have a counterpart
requires a calculation of + 3-jet cross sections. While the in the QCD backgrounds to be considered below, but with
QCD background§6—8] and theZjj signal procesfd] have  electroweak-boson exchange replaced by gluon exchange,
been available in the literature, we here present a first calcu-e., (a/2sirf6y)?~2.8x 10 * replaced bya?~1.4x10 2.
lation of electroweakgg— gqZg production(and crossing Thus the electroweas-channel processes may be considered
related processgsin Sec. lll, using theZjj programs, we as a minor correction to the QCD backgrounds.
identify forward-jet-tagging criteria which lower the QCD In order to determine the minijet activity in signal events,
backgrounds to approximately the level of the signal. Wewe need to evaluate th®(a;) real parton emission correc-
also show how tagging-jet and decay-lepton distributions cations to the signal. We have performed a first calculation of
be used to separate the signal from the background on the O(a*a) subprocess
statistical basi$9,10].
Having defined the hard scattering processes to be inves- qQ—qQg/ "/~ 2)
tigated, we then turn to the different minijet patterns in signal

and background events in Sec. IV. Two characteristics d'f'and all crossing related subprocesses. Production of the

ferentiate between signal and QCD background, the anguley,;+/_ pair via Z and y exchange is considered. For CC
distribution of minijets and their typical transverse momema‘processes, such as—dcg/*/~, 52 Feynman graphs con-

We discuss the probability for finding minijets in hazgj tribute to Eq.(2); for NC processes 112 Feynman graphs

events and describe how this probability and the minijet mu"need to be included. The resulting amplitudes are evaluated

tipl_icity depend_ on the pha_se space region of the hard sca iumerically using the techniques of Ref§,11] and have
tering event. Final conclusions are then drawn in Sec. V. been checked against amplitudes generated with MadGraph
[12]. The cross sections for the various subprocesses are
Il. CALCULATIONAL TOOLS evaluated and added in a Monte Carlo programhose
phase-space generator and overall normalization have been
Two aspects of minijefor soft-gluon emission inZjj tested by comparing to an analoga®— qQgH generator
production need to be modeled correctly in order to describg13].
soft-jet activity in these hard-scattering events: the angular
distribution of soft emitted partons which reflects the color
coherence specific to the underlying hard scattering event,
and the momentum scale governing soft-gluon emission. Given the clean leptoni@ decay signature, the main
Both aspects are taken correctly into account by using fulbackground to electroweall +n-jet events arises from
tree-level matrix elements for all subprocesses which con©(ay) real emission QCD corrections to the Drell-Yan pro-
tribute toZjjj production. cessqq—Z—/"/~. ForZjj events these background pro-
cesses include

B. The QCD Zjj(j) background

A. The qgq—qqgZ(g) signal process gg—ggZ (3a)

Our basic signal process & bremsstrahlung in quark—

(anthquark scattering vidV, Z, or photon exchange,
The code is available upon request from

0Q—qQz, zZ—=/"/" (/=e,n) (1) rain@pheno.physics.wisc.edu
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TABLE . Signal and background cross sectidds for Zjj(j) events inpp collisions aty/s=14 TeV.
The two decay modeE—e*e ,u* u~ 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.

Zjj signal QCDZjj background S/B
Generic cut§Egs. (4)—(6)] 516 12K 10° 1:250
+ forward jet tagging[Egs.(7) and (8)] 86.6 627 1:7.2
+ m;;>1500 GeV 44.2 87.9 1:2.0
+ m;>2500 GeV,A7,;>1.6 10.7 6.8 1.6:1
+ prj>100 GeV 4.6 1.6 291
qg—qgZ (3b) +15% for the signal and by about a factor 1.5 for the QCD
background. Choosing the transverse mass ofAtes the
or scale leads to variations within the same range. Thus we
expect the signal cross sections to be fairly well determined
qq—qqZ (3c)  at leading order, similar to the analogous Higgs-boson pro-

) . duction process by weak-boson fusidi¥], while the much
via t-channel gluon exchange and all crossing related propyrger theoretical uncertainty for the background again em-

cesseg18]. We shall call these processes the “Q@p;” phasizes the need for experimental inpui.
background. The cross sections for the corresponding

Z+ 3-jet processes, which we need for our modeling of mini- ll. Zjj EVENTS: ELECTROWEAK SIGNAL
jet activity in the QCDZjj background, have been calcu- ' AND QCD BACKGROUNDS

lated in Refs[6—8]. Similar to the treatment of the signal
processes, we use a parton-level Monte Carlo program based Before analyzing the minijet activity in signal and back-
on the work of Ref[7] to model the QCDZjj and Zjjj ground events, we need to identify the phase-space region
backgrounds. for hard scattering eventp,p— ZjjX with two hard jets in

For all our numerical results, we have chosenthe final state. In a tree-level simulation, processes with ex-
agep=a(Mz)=1/128.93, M, =91.19 GeV, and actly two final-state partons need to be considered for this
Gg=1.1663%10"°> GeV 2, which translates into purpose. In the actual experiments this would correspond to
My=79.97 GeV and s#¥,,=0.2310 when using the tree- two-jet inclusive events. We are interested in electroweak
level relations between these input parameters. The runningjj production as a model process for weak-boson scatter-
of the strong-coupling constant is evaluated at one-loop oring. Thus we first need to identify the phase-space region
der, withag(M;)=0.12. MRS A structure functiond4,15  where theWwW-fusion graph of Fig. (e) becomes important.
are used throughout, and the factorization scale is chosen dhis question has been analyzed before for electroweak
the minimal transverse momentum of a defined jet in théWjj production at the Superconducting Super Collider
event(see below For theqQ—gQgZ signal, the scale of (SSQ, and we follow closely the procedure outlined in Ref.
the strong coupling constant is taken to be the minimal trang-10]. The acceptance cuts to be discussed below are chosen
verse momentum of any of the three final state partons. Fawith the design of the ATLAS and Compact Muon Solenoid
the Zjj(j) QCD backgrounds, witm=2 andn=3 colored (CMS) detectors at the CERN LHC in mifd.9].
partons in the final state, the overall strong-coupling constant The leptonicZ decay is a crucial part of the signal, and
factors are taken asw()"=T1I", as(pri), i.€., the transverse and we, therefore, consider events with two opposite-sign
momentum of each additional parton is taken as the relevaeptons,” "/~ =e"e”,u* u~, of sufficient transverse mo-
scale for its production, irrespective of the hardness of thénentum, in the central part of the detector, and well isolated
underlying scattering event. This procedure guarantees th&tom any jets:
the samex? factors are used for the hard part oZ§ event,
independent of the number of additional minijets, and at the
same time the small scales relevant for soft-gluon emission _ 5 5
are implemented. R/ =V(n,~n)?+(d,~$))*>0.7. (4)

Different scale choices or different input parameters will

pr,>20 GeV, |5,]<2,

'Here n denotes the pseudorapidity aRd; is the lepton-jet

of course, affect our numerical results. The use of Ieadin% Co > X
' e . eparation in the pseudorapidity azimuthal-angle plane. In
glr\jer(_LO_) CTEQ 3"[(.” next-to-leading ordeiNLO) CTEQ addition, the dilepton invariant mass must be consistent with
] distribution functiond 16,15, for example, changes the 7 decay:

cross-section values listed in the second row of Table | by
approximately —4% (+5%). These small changes are m,—10 GeV<m,, < m,+10 GeV. (5)
much smaller than the uncertainties inherent to a tree level h

calculation and justify the use of NLO parton distribution |n the following, unless stated otherwise, any parton satisfy-
functions in our LO calculations. Of more concern is theing the transverse momentum, pseudorapidity, and separa-
scale choice detailed above. A variation of the factorizationion requirements

and renormalization scales by a factor of two changes the

2-jet cross sections in the second row of Table | by about prj>20 GeV, |7;j| <5, Rj;>0.7, (6)
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FIG. 2. Lepton and jet distributions of sign@olid lineg and backgrounddashed linesZjj events within the cuts of Eq$4)—(6).
Shown are normalized distributions ofa) |7,|ma. the maximum lepton pseudorapidityb) the pseudorapidity separation
Anjet3=|77(j1)—77(j2)| of the two jets, andc) the differential cross sectiodo/dprj min, Where prj min is the smaller of the two jet
transverse momenta.

will be called a jet. events lead to substantially lower transverse momenta of the
Event rates after these acceptance cuts are shown in ti@gging jets than the transversely polarized incidéfg in

first row of Table I. Lepton and jet differential distributions the Zjj signal (medianp;~30 GeV vs~70 GeV for the

for the signal(solid lineg and the backgroun@ashed lines  softer of the two tagging jets Since we want to explore

are shown in Fig. 2. The lepton rapidity distribution of Fig. events which are as similar as possible to longitudinal weak-

2(a) shows that signal leptons are more centrally producedboson scattering events, we compromise at

than those in QCLXjj events. Concentrating on central lep-

tons (7,|<2) does little harm to the signal while reducing ptTaj9> 40 GeV. (8)

the background by more than a factor of two. A stronger

reduction of the background is achieved by exploiting the The resulting cross sections, after the cuts of E4js:(8),

larger pseudorapidity separation of the two jets in theare given in the second row of Table I. Distributions in dijet

t-channel electroweak-boson exchange of the signal as confvariant mass and lepton-jet separation are shown in Fig. 3.

pared to the QCD backgrourigee Fig. 20)]. Finally, the = These distributions show clearly that the Q@Jj back-

transverse-momentum distribution of the softer of the twoground can be further suppressed with respect to the signal,

jets is shown in Fig. @). e.g., by increasingn;;, the dijet invariant mass of the two
The large jet separation of the signal is typical also fortagging jets, or by requiring a larger minimal separation,

weak-boson scattering events, and we, therefore, require at ) @

least three units of pseudorapidity between the jet definition Any= W]Jnﬂ n,— M 9% 9

cones of the two tagging jets. In addition, the leptons are o

required to occupy the pseudorapidity range between the twetween theZ decay leptons and the two tagging jets. Cross

cones and the two tagging jets must fall into opposite hemisections and signal to background ratios for three examples

spheres of the detector. With a cone radius of 0.7 for each gf more stringent cuts are shown in the last three rows of

the jets, these conditions can be summarized as Table I; it will be possible to prepare event samples with
very different fractions of electroweak- and QCD-induced

|,7}ag 1 n}agﬂ > 4.4, ,7}39 1 n}ag 2<0, (78 Zjj events. The availability of both signal- and background-
dominated event samples then will allow the study of radia-
,,}ag Lo7< 9y, < ﬂ}ag 2_07 tion patterns of_minijets in both—chann(_el color-singlet ex-
change eventgsigna) and in events which are due to color
or (7b) exchange between the incident part¢@CD background
With regard to the separation of signal and QCD back-
n}ag 2+07< 9, < 77}39 1_0.7. ground, it also should be noted that the calculation of full
NLO QCD corrections is possible for théjj signal with
Finally, the jetp; distributions of Fig. 2c) suggest a more presently available techniques. Our calculation of gluon
stringent transverse-momentum requirement on the taggingmission ingQ—gQZ (and all crossing related procespges
jets as another means of enhancing the signal with respect tmnstitutes already a full determination of the real emission
the background. We find that a cut at 70 GeV would becorrections which contribute to the signal cross section at
optimal for the significance of the signal. However, such aNLO. Since the signal involves-channel color singlet ex-
high cut would take us well outside the acceptable range fochange only, 1-loop amplitudes wittichannel gluon ex-
double jet tagging of weak-boson scattering events. The inehange do not interfere with the Born amplitude and, as a
cident longitudinally polarized weak bosons ¢qgq—qqH result, the most complicated Feynman graphs to be consid-
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ered for the virtual corrections are box diagrams. Thus it cat-channel color-singlet exchange, additional jet activity in
be reasonably expected that a NLO calculation of the signahe signal is concentrated in the forward and backward re-
cross section will be available by the time these measuregions. Color exchange between the incident partons, as in the
ments can be performed at the CERN LHC. Given the meaease of the QCD background, leads to minijet activity in the
sured event rate and the predicted signal rate, the composientral region. These differences become particularly pro-
tion of theZjj events should be known at the 10% level or nounced when measuring the soft jet's rapidity with respect
better. Shape differences of distributions, as in Fig. 3, thero the center of the two tagging jets, i.e., by using the shifted

can be used to verify the relative composition of eventpseudorapidity
samples.

Having isolated a phase-space region similar to the ong
populated by weak-boson scattering events, one can use two-
jet inclusiveZ production events to study the soft-jet activity
in events with or without color exchange in thehannel. As
discussed in Sec. Il, we simulate the minijet activity in hard
Zjj events by generating+ 3-parton signal and background
events. In the presence of three jets, the tagging jets now a
defined as the two most energetic jets V\;iﬁﬁ9>40 GeVin
opposite hemispheres of the detector. In the following we ar
interested in the properties of the third or soft parton, which
may or may not qualify as a minijet.

IV. RADIATION PATTERNS OF MINIJETS

The pseudorapidity and transverse-momentum distribu-
tions of this third jet are shown in Fig. 4, where tpe;
threshold has been lowered to 10 GeV. As expected for

=
3
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he dip in Fig. 4a) at »3 =0 is the hallmark of color coher-
ence in color-singlet exchangé,20,21. Beyond this differ-
ent angular distribution of the soft-jet activity, another strik-
ing difference
distribution of the third jet; the additional jet is substantially
harder in the QCD background than in the signal. This dif-
terence is hardly noticeable in the shape of phe distribu-

tion. It becomes apparent, however, by integrating Zijg
Cross section above a given minimum transverse momentum,
Pt min, Of the nontagging jet,

arises in the transverse-momentum

s by (11)
pT,mind Pr3 Prs:
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FIG. 4. Characteristics of the thigoft) jet in
1 Zjjj signal(solid lineg and backgrounddashed
- lines events at the LHC(a) The pseudorapidity
73 is measured with respect to the center of the
two tagging jets, 7= (7™ 73/2, and the
distributions are normalized to unit argh) Inte-
grated transverse-momentum distribution of the
third jet, o(p13> 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 signdtotted ling and for

100 Lol

the backgrounddash-dotted ling
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This integrated three-jet cross sectiarg, is shown as a and we will use this definition as an example in the follow-
function of pr i, and compared to the two-jet cross section,ing.
o,=0jj, in Fig. 4b). Jets with transverse momentum in the 20 GeV range
The number of events with two leptons and two taggingshould be observable in hard events at the CERN I[RZ},
jets, which satisfy the cuts of Eqé4)—(8), will be clearly and perhaps even lower thresholds are possible at luminosi-
independent of the transverse momentum threspglg,.  ties below£=10% cm™~2sec *. Since, for the QCD back-
At tree level we must, therefore, interpret tA¢j cross sec- ground, thispy range is below the validity region of fixed-
tion o, as the two-jet inclusive cross sectibithe alterna- order QCD, we need to resort to some modeling in order to
tive interpretation ofo,+ o5 as the two-jet inclusive cross estimate the probability for multiple minijet emission. Any
section is unphysical since; can be made arbitrarily large model should preserve the two salient features of the QCD
by lowering p+ min- matrix-element calculation: color coherence as reflected by
As long as o3(prmin) <o, fixed-order perturbation the angular distributions of Fig.(d and the differentpr
theory should be reliable, and we can expect cross sectiorgsales for extra parton emission that we have found for the
for four or more jets to be small. Figurgb} demonstrates signal and the background.
that, for the electroweak signal, this perturbative regime cov- In the following we use the two models discussed in Ref.
ers all pr thresholds of practical interest;; saturates the [5]. The first one is provided by the “truncated shower ap-
two-jet inclusive cross sectionr,, at prmin(signal=7.6  proximation” (TSA) [23]. When several soft gluons are
GeV, and this value is well below the range where minijetsemitted in a hard scattering event, their transverse momenta
from overlapping events become important; at design lumitend to cancel, leading to a regularization of the snpall
nosity of £=10* cm 2sec !, a random jet ofp7;=20 singularity which is present when considering only single-
GeV is expected in about 20% of all bunch crossifg. parton emission. In the TSA these effects are simulated by
The situation is very different for the QCD background. replacing the tree-level three-jet differential cross section
Here o3~ is reached atpr mn(backgroundj=41 GeV. doj" with
Clearly, fixed-order perturbation theory is breaking down for
Pr.min=70 GeV and large values af,, os, etc. must be dO_TSA:dO_TL(l_efp%/p%SA)_ (13)
expected. In the actual experiment multiple minijet emission 3 3
will appear in this transverse-momentum range. Thus th .
t-channel color-singlet exchange of the signal and the colo%ere the parametdiys, is chosen to reproduce correctly the
exchange of the QCD background lead to dramatically dif- ree-levgl two-Jet.cr(.)ss sectionr,, W'th'.n the cu_t:; of Egs.
ferent minijet activity in individual events; color-singlet- (9~(8): -€.. Prsa is fixed by the matching condition
exchange events will sport a low occupancy of fairly soft jets
in the forward and backward region with very little activity
in the central region, while a typical QCD background event
will have several minijets of transverse momentum above 20

GeV, predominantly in the central region, between the theryis is achieved by settingrsa=10.5 GeV for theZjj sig-

tw? ta%glng J?ts' f kb . nal andprsa=72 GeV for the QCDZjj background. The
h n the analogous case 8 weak-boson sclatte_n_ng eventyyych larger value for the latter again reflects the higher in-
the same pattern arses and a veto on central minijets can lf’r‘?nsic momentum scale governing soft-gluon emission in the

ugeg to suppress the bzckgrou.li% TTIe effiﬁiency of a QCD background. This difference would be enhanced even
minijet veto can be tested experimentally at the CERN LHG, ore by requiring larger dijet invariant masses for the two

using _t_herj eve_nts discussed here. The precise definition o agging jets, as in the final two rows of Table(dee also
a minijet veto will depend on detector performance, m”“"belov@. Usingdo_':lg'SA as a model for additional jet activity

plicity of minijets from overlapping even{22], and detailed we find the probabilities of Fig. %dotted and dash-dotted
signal and background characteristics. Given the characteri Urves for emission of a third. soft parton into the veto

tics of signal and backgroundjjj events discussed above, region of Eq.(12).

the veto region may be defined as the pseudorapidipy range | the TSA only one soft parton is generated, with a finite
between the tangents to the two tagging jets, and as jet tranBfobability to be produced outside the veto region of Eq.

verse momenta above a minimal valp, e, (12b). The veto probability will, therefore, never reach 1, no
matter how low apr e is allowed. At small values of
(123 Pr.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 probabilit?,, for observingn soft jets in the

odo]SA

—d . 14
o dprs Pr3 (14

Oy=

veto
ij > PT,vetos

min{ 77}a@; 1 77}ag 2}+ 0.7< n}/eto< max n}ag iy n}agz}_ 07,

(12b veto region is given by a Poisson distribution,
n"
2Here and in the following we use the ternm‘jet inclusive cross P,= —e " (15)
section” to count the number of events withor more jets, i.e., n!

each event is counted once, independent of the jet multiplicity in the
event. with
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10— T T decreases with increasing;; . This effect can be traced to
N the relative contribution of gluon-initiatedyQ—qqQZ
ol ~N 3 events as compared to events with soft gluons in the final
N ] state,Q—qQZg The splitting procesg—qq has a much
[ e ] higher probability to produce a semihard central jet than
o6 7] gluon radiation int-channel color-singlet exchange. In the
[ \'\.\ QCD bed ] latter case color coherence between initial- and final-state
04l BTN _' radiation forces the gluon jet into the forward and backward
[ RN ] regions[4], and in addition the transverse-momentum spec-
trum of the produced gluon is much softer than that of the
additional quark jet ing—qq splitting. By themselves,
gQ—qQZgevents would produce an essentially flat minijet
multiplicity distribution, which, forp;3>20 GeV, varies be-
tweenn=0.16 andn=0.12 over the entiren;; range shown
Preto [GeV] in Fig. 6@). Since highmj; events populate the large
Feynmanx region, where the valence-quark distributions
FIG. 5. Probability to find a veto jet with transverse momentumdominate, the pattern expected for final-state gluons is found
abovepr veto and in the pseudorapidity range of E§2b) in signal  \when concentrating on the high-invariant-mass region.
and background events within the cuts of EG9—(8). The solid The situation is entirely different for high-mass QCD
(signa) and dashedbackground curves are obtained with the ex- background events, which are dominatedtishannel gluon
ponentiation ansatz of EL5) while the truncated shower approxi- gychange. The relevant scale for the acceleration of color
mation yields the dotted curve for the signal and dash-dotted Curv’éharges and, hence, the emission of soft gluons, is set by
for the QCD background. m;;, and, as a result, the minijet multiplicity in Fig(§
increases substantially with rising invariant mass of the two
A= N0PT o) = iJm desﬂ (16) tagging jets. In addition the expe_cted minijet multiplicity is
' 2J b1 veto dprs’ about an order of magnitude higher in QCD background
events than in th&jj signal. This different dependence of
where the unregularized three-parton cross section is intea on m;; has an intriguing consequence: plotting the minijet
grated over the veto region of E(L2) and then normalized multiplicity distribution of Zjj data in increasingly higher
to the Zjj cross sectiong,. We will call this model the m;; bins, one expects a clear separation to develop between
“exponentiation model.” A rough estimate of multiple emis- the signal events, which will be concentrated at zero minijet

veto probability

[ R o

0.0
0

sion effects is thus provided by using multiplicity, and the QCD background events, which will
. populate the high-multiplicity region.
Pexd PTvetd = 1—Po = 1—e ™ "(PTew 17 The emission of additional partons depends above all on

the energy scale of the underlying hard process. The minijet

for the veto probability. The resulting curves are the solidmultiplicity shows much less variation with angular vari-
and dashed lines in Fig. 5. In spite of the approximationsables. One example is given in Fig. 7 where the dependence
made, both models agree qualitatively on the much largeof n on the minimal separatioA 7, of the Z-decay leptons
probability to observe additional minijets in the QCD back- from the two tagging jets is shown. For separations below
ground as compared to ttgj signal. ~ 2.2, where both signal and background cross sections are

Within the exponentiation modeh=o3/0, represents sizable,n is essentially independent & 7,;. Given the
the average multiplicity of minijets in the central region, be-different shapes ada/dA 7, , a statistical separation of sig-
tween the two tagging jets. Even if the exponentiation modehal and QCD background may be possible for events with
is only of limited accuracy, the ratio of three- to two-jet any given number of minijets. This would allow the indepen-
tree-level cross sections gives the best perturbative estimatient measurement of the minijet multiplicity distributions for
available of the minijet activity ifZ jj events. One finds that t-channel color-singlet exchange and QCD background
the average minijet multiplicity depends strongly on theevents, thus providing important input for weak-boson scat-
hardness of the underlyingjj event. In Figs. @) and §b)  tering events and their backgrounds in basically the same
the dependence of on the dijet invariant mass of the two kinematical regime.
tagging jets is shown for both the signal and the QCD back- Before closing this section, let us consider briefly some of
ground, for four values of the transverse-momentum cut ohe uncertainties of our LO calculation. Motivated by the
minijets: pr,vete= 10 GeV (solid line), 20 GeV(dashed ling ~ observation of rather high minijet activity in hard dijet events
40 GeV (dotted ling, and 80 GeV(dash-dotted line The  at the Tevatrori24], we have chosen a small scale and thus
differential cross sectionda/dm; are shown in Figs. @)  a large value ok to model the minijet multiplicityn [25].
and qd), allowing an assessment of the relative importancerhe choice of a larger scale reduces the predicted minijet
of regions of differenn. multiplicity, in particular for low minijet transverse momen-

Except for the threshold region, where kinematical effectgum thresholds f§+3>10 or 20 GeV and for large values of
of additional minijet emission are most important, the minijetm;; . Taking the transverse mass of the produgeabson as
multiplicity in signal events is below 25% everywhere, andthe factorization and renormalization scales lowers the aver-
thus fixed-order perturbation theory should be reliable. Peragen by about 30% for the signal and 20% for the back-
haps somewhat surprisingly, the minijet activity of the signalground when consideringy3>10 GeV, and these numbers
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FIG. 6. Average minijet multiplicityn= o3(pr.min)/ o> in the veto region of Eq(12) as a function of the invariant mass of the two
tagging jetsmy; , for four different transverse momentum thresholds of the thirdojgte,—= 10 GeV(solid ling), 20 GeV(dashed ling 40
GeV (dotted ling, and 80 GeV(dash-dotted line Results are shown fdf@) the Zjj signal and(b) the QCD background. Below each,
do/dmy; is shown as determined withjj tree-level matrix elementgolid lineg and by using the truncated shower approximatiteshed
lines).

reduce to 20% and 10%, respectively, for a minijet threshold/eap) a combined signal and background sample of more
of py3>20 GeV. For the signal we are still in the perturba-than 1000 events will be available to find differences be-
tive region and, therefore, we expect these numbers to repween events with and without color exchange in tiedan-
resent a realistic estimate of the uncertainties of our calculanel. By varying the machine luminosity, the minijet back-
tion. Given the assumptions which go into the exponentiatiofyround from overlapping events in the same bunch crossing,
model, the error for the background numbers might well beang methods for its suppression, can be studied at the same
substantially larger and our calculation only provides a roughjme [22].

e_stimate for the minijet multiplicity. Thi_s is exactly why a Color-singlet exchange in thtechannel, as encountered in
direct measurement at the CERN LHC is needed. Higgs-boson production by weak-boson fusion and in our
Zjj signal, leads to soft-minijet activity which differs strik-
ingly from that expected for the QCD backgrounds in at least
two respects. First-channel color-singlet exchange leads to

The production oZ jj events at the CERN LHC, with one . S
forward and one backward tagging jet which are Wide|ys_oft-gluon emission mainly in the forward and backward re-

separated in pseudorapidity, provides an ideal testing groun@©ns, between the beam directions and the forward tagging
for the study oft-channel color-singlet exchange events. Thel€ts [4,21]. The central region between the two tagging jets,
electroweak processiq—qqZ possesses all the relevant which also contains the twié-decay leptons, remains largely
characteristics of weak-boson scattering events. However, ftee of minijets. For the backgrounds.channel color ex-

is easily identifiable via the leptonig-decay mode, and it change leads to minijet emission mainly in the central region
enjoys a large production cross sectiaf order 30-80 fp  [5].

in a phase-space region where QCD backgrounds are of A second distinction is the typical transverse momentum
comparable size. Even when operating the CERN LHC abf the produced minijets. Extra gluon emissionZfj pro-
10% of the design luminosityi.e., collecting 10 fb'! per  duction is suppressed by a facfQre= asln(Qzlp%min), where

V. DISCUSSION
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FIG. 7. Same as Fig. 6, but for the dependence of the minijet activity on the minimal sepaatiorof the Z-decay leptons from the
two tagging jets. See text for details.

Q is the typical scale of the hard process and., is the  pattern is naturally explained by takii@=m;; for the back-
minimal transverse momentum required for a parton tddround andQ=p7? for the signal.
qualify as a minijet. The jet-transverse-momentum scale be- A precise modeling of multiple minijet emission in hard
low which multiple minijet emission must be expected is setQCD processes is beyond the scope of the present paper.
by fs~1. The hard scal® is set by the momentum transfer However, any Monte Carlo program which addresses this
to the color charges iiZjj production. For the signal no question should incorporate the above findings and agree
color is exchanged, and, hence, the color charges are acce¥ith the fixed-order perturbation-theory results at sufficiently
erated by the same amount as the incomiagtiquarks. large minijet transverse momentéjj events at the CERN
Hence,Q is related to the average; of the two tagging jets LHC then can be used to fine-tune the Monte Carlo programs
and is only of order 100 GeV. For the background processes the low p range.
on the other hand, color is exchanged in the annihilation of Because of its intrinsically small scale, fixed-order QCD
the initial quarks and/or gluons. Therefore the momentunshould be reliable for the signal process down to minijet
transfer to the color charges is of the order of the dijet in-transverse momenta in the 10—20 GeV range, a point which
variant mass of the two tagging jets and is in the TeV rangecan be tested experimentally by comparing the rate of low
As a result multiple minijet emission becomes important inminijet multiplicity Z+ 2-jet inclusive events with the signal
background processes in the 20-50 GeVrange whereas predictions(to NLO if available by the time the CERN LHC
the corresponding scale for the signal is only of order a fewstarts runniny
GeV [5]. Minijet activity in high-mass QCD events is most easily
These qualitative arguments are directly confirmed by ouprobed by studying two-jet inclusive ever{tgithout an ac-
perturbative analysis. We find, for example, that minijetcompanyingZ boson, as is already possible now, at the
emission in the QCD background increases with the invari-Tevatron[24,25. However, such events will have a compo-
ant mass of the two tagging jets, and that it occurs with muctsition of quark- and gluon-initiated subprocesses different
higher probability than for the signal even though the transfrom backgrounds to weak-boson scattering events. A test
verse momenta of the tagging jets are somewhat larger in thein to prepare for the latter can be performed with #j¢
electroweakZjj signal than in the QCD background. This QCD backgrounds studied here. Samples of such events can
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be prepared either by subtracting the known electroweakion. This weak boson need not be thestudied here, but
Zjj production cross section, by relying on differing shapescould be an intermediate-mass Higgs boson. The use of a

of kinematical distribution at th&+ 2-jet level, or by going minijet veto appears to be a promising technique for the
to relatively low dijet-mass regions where the Qj entire Higgs mass range, from the 100 GeV range of super-

background is the dominant sourcefj events. symmetric models to the TeV scale.
Most likely a combination of all of these will be needed to
obtain an understanding of the minijet activity in hard scat- ACKNOWLEDGMENTS
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