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Weak boson fusion is a copious source of intermediate mass Higgs bosons at the LHC. The additional very
energetic forward jets in these events provide for powerful background suppression tools. We analyze the
H— 77 decay mode for the standard model Higgs boson. A parton level analysis of the dominant physics
backgroundgmainly Z— 77 and Drell-Yan production of's) and of reducible backgroundsom W+ jet and
bb production in association with two jets and subsequent leptonic dedaysonstrates that this channel
allows the observation dfl — 77 in a low background environment, yielding a significant Higgs signal with an
integrated luminosity of about 30 TB. The weak boson fusion process thus allows direct measurement of the
H 77 coupling.[S0556-282(99)06601-1]

PACS numbeps): 13.85-t, 14.60.Fg, 14.80.Bn

[. INTRODUCTION contrast to most background processes, which typically in-
volve color exchange in thechannel and thus lead to en-
The search for the Higgs boson and, hence, for the origimanced hadronic activity in the central region. We exploit
of electroweak symmetry breaking and fermion mass generdhese features, via a veto on additional soft jet activity in the
tion remains one of the premier tasks of present and futureentral regior 9].
high energy physics experiments. Fits to precision elec- While some attention has been given &/H— 77
troweak(EW) data have for some time suggested a relativelysearches at the LH{10—-12 in the framework of the mini-
small Higgs boson mass, of order 100 GEM. This is one  mal supersymmetric SNMSSM), where the increased cou-
of the reasons why the search for an intermediate mass Higggings of A/H to 7 predicted for tap3>1 lead to higher
boson is particularly importari2]. Beyond the reach of the production rates, conventional wisdom says that the chance
e*e” collider LEP at CERN and of the Fermilab Tevatron, of seeing the SM Higgs boson via this decay mode is nil, and
for masses in the 110-150 GeV range, we show that obseit has heretofore been ignored in the literature. Thus, we
vation of theH— 77 decay channel at the CERN Large Had- provide a first analysis of intermediate-mass $M- 77 at
ron Collider(LHC) is quite promising. An advantage of the the LHC (and of the main physics and reducible back-
H— 77 channel, in particular compared to the dominaght ground$ which demonstrates the feasibility of Higgs boson
—bb mode, is the lower background from QCD processesdetection in this channel, with modest luminosity— 77
TheH— 77 channel thus offers the best prospects for a direcevent characteristics are analyzed for erkecaying leptoni-
measurement of the Higgs boson’s couplings to fermions. cally and the other decaying hadronically, because of the
For the intermediate mass range, most of the literature hasigh trigger efficiency and good branching ratio of this
focussed on Higgs production via gluon fusig] andttH mode; Ref[10] found the dual leptonic decay mode to be
[3] or WH(ZH) [4] associated production. Cross sections forconsiderably more difficult due to higher backgrounds.
Higgs boson production at the LHC are well-knoy@], and Our analysis is a parton-level Monte Carlo study, using
while production via gluon fusion has the largest cross secfull tree-level matrix elements for the weak boson fusion
tion by almost one order of magnitude, there are substantidiggs signal and the various backgrounds. In Sec. Il we de-
QCD backgrounds but few handles to distinguish them fron#cribe our calculational tools, the methods employed in the
the signal. Essentially, only the decay products’ transversgimulation of the various processes, and important param-
momentum and the resonance in their invariant mass distrters. Extra minijet activity is simulated by adding the emis-
bution can be used. The second largest production cross seon of one extra parton to the basic signal and background
tion for the standard modéBM) Higgs boson is predicted Processes. Generically we call the basic signal progeis
for weak-boson fusionWBF), qg—qqVV—qqH. WBF its two forward tagging jetsand the corresponding back-
events contain additional information in the observable quariground calculations “2-jet” programs, and refer to the simu-

jets. Techniques like forward jet taggifi§—7] can then be lations with one extra parton as “3-jet” programs. In Secs.
exploited to reduce the backgrounds. IIl and 1V, using the 2-jet programs for physics and reducible

Another feature of the WBF signal is the lack of color backgrounds, respectively, we demonstrate forward jet tag-
exchange between the initial-state quarks. Color coherenc#nd and 7 |dent!f|cat|0n and reconstruction criteria which
between initial- and final-state gluon bremsstrahlung leads tyield an ~2/1 signal-to-backgroundS/B) ratio. Both the
suppressed hadron production in the central region, betwee j+jj and bbjj reducible backgrounds intrinsically are
the two tagging-jet candidates of the sigf@l. This is in  much larger than th— 77 and Drell-Yanrpair production
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backgrounds. We explain and emphasize the cuts crucial toulating the cross sections for the process—qqHg, i.e.

reducing these backgrounds to a manageable level. weak boson fusion with radiation of an additional gluon, and
In Sec. V we analyze the different minijet patterns inall crossing related process. These include

signal and background, using the truncated shower approxi- __ o _

mation(TSA) [13] to regulate the cross sections. By exploit- 4d—ddHg, dq—qgHg, dg—qaaH, qg—aqdaH,

ing the two most important characteristics of the extra radia- @

Eon, its angular distribution and its hard.ness, the QCDand can be found in Ref17]. For this case with three final

ackgrounds can be suppressed substantially by a veto aon

extra central jet emission. Within the TSA, probabilities aresztit]?n (pa;r'gntsr;e ttge {r?cu.);éa;r?g tr?gagsnc;?mgngsteignﬁiiale
estimated for vetoing signal and background events, and are . Pr 99ing | .
¢ is set to the transverse momentum of the non-tagging

combined with the production cross sections of the previoué‘ o . . : ;
section to predict signal and background rates in Table IV.parton (minijet). Different scale choices or different input

These rates demonstrate the possibility to extract a very lo er?;}g;ef} t\gtla”}accn;ofig;trii% s?:f;?:tb om;r f:clig]re(;:‘(:glc;zsﬁu'g
backgroundH — 7 signal at the LHC. y 9

Our signal selection is not necessarily optimized yet. Ad-t<hi fOJ‘;;[ cross section in the last column of Table I by

ditional observables are available to distinguish the signal™ In the following we only considet-pair decavs with one
from background. The final discussion in Sec. VI includes a . 9 y P y
decaying leptonically,r—evev,, uv,v,, and the other

survey of distributions which can be used, e.g. in neural-nef . . e : .
algorithms, to further improve the signal significance. Qecaymg hadronicallyr™—h=X, .W'th a combined branch-
ing fraction of 45%. Our analysis critically employs trans-

verse momentum cuts on the chargedecay products and,
Il. CALCULATIONAL TOOLS hence, some care must be taken to ensure realistic momen-
tum distributions.

Because of its small mass, we simulate ttecays in the
collinear approximation. The momentum fractianof the
charged decay lepton in“—/~v, v is generated accord-
Ag to the decay distribution

We simulate pp collisions at the CERN LHC,\s
=14 TeV. All signal and background cross sections are de
termined in terms of full tree level matrix elements for the
contributing subprocesses and will be discussed in more d

tail below.
For all our numerical results we have chosen?#i 1dlr, 1
=0.2315, M;=91.19 GeV, and Gg=1.16639 F_E:5(1_Z)[(5+52_422)+X7(1+Z_822)]'
% 10~° GeV 2, which translates intdl,,=79.97 GeV and 4 )

a(M5)=128.93 when using the tree-level relations between
these input parameters. This value\dfy is somewhat lower Here . denotes the chirality of the decayingwhich, for a
than the current world average ef80.35 GeV. However, negative helicityr~ or positive helicityr", is given byy,
this difference has negligible effects on all cross sectionsi= —1 in the collinear limit. Similarly the pion spectrum for
e.g., theqgg—qqH signal cross section varies by about 0.5% +* _, * 1 decays is given by
for these twoW mass values. The tree level relations be-
tween the input parameters are kept in order to guarantee 1dr,
electroweak gauge invariance of all amplitudes. For all QCD F_w dz =1+x,(2z-1). ©)
effects, the running of the strong-coupling constant is evalu-
ated at one-loop order, witlks(M;)=0.118. We employ Decay distributions for— pv, and r—a, v, are taken from
CTEQA4L parton distribution functiongl4] throughout. Un-  Ref. [18]. We add the decay distributions from the various
less otherwise noted the factorization scale is chosenas hadronic decay modes according to their branching ratios.
=min(py) of the defined jets. The vector meson decays are simulated in the narrow width
approximation, which is adequate for our purposes. The de-
cay of the Higgs scalar produces of opposite chirality,

] ] x-+=—x,— and this anti-correlation of the™ polarizations
The signal can be described, at lowest order, by twQs taken into account.
single-Feynman-diagram  processesqq—qq(WW,22) Positive identification of the hadronie®—h*X decay
—0qqH, i.e. WWandZZ fusion where the weak bosons are requires severe cuts on the charged hadron isolation. Possible
emitted from the incoming quarkgl5]. From a previous  strategies have been analyzed by Cawetlial. [10] and we
study ofH— yy decays in weak boson fusi¢h6] we know  pase our simulations on their result. Considering hadronic
several features of the signal, which we can directly exploi1jetS of E;>40 GeV in the ATLAS detector, they find non-
here: the centrally produced Higgs boson tends to yield cengy rejection factors of 400 or motsee belowwhile retain-

tral decay productsin this caser’ 7), and the two quarks  ing true hadronicr decays with an identification efficiency
enter the detector at large rapidity compared to tlseand

with transverse momenta in the 20—80 GeV range, thus lead- e, (7—v+hadron$=0.26. 4
ing to two observable forward tagging jets.

For the study of a central jet veto, the emission of at leasThis estimate includes the requirement of seeing a single
one extra parton must be simulated. This is achieved by cakharged hadron track, @&>2 GeV, pointing in ther direc-

A. qg—qgH(g) signal process
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tion, and thus effectively singles out 1-proaglecays. Ac- Naively, this EW background may be thought of as sup-
cordingly, only the 1-prong hadronic branching ratios arepressed compared to the analogous QCD process if5Eq.
considered in our mixture ofr, p anda; modes. Since the However, the EW background includes electroweak boson
overall efficiency includes 3-prong events, which have negfusion,VV— 7 7, either viat-channelr/ v-exchange or via
ligible acceptance, the effective efficiency for 1-prong events-channely/Z-exchange, and the latter has a momentum and
is larger and taken as 0.34 in the following, which repro-color structure which is identical to the signal and cannot

duces the overall efficiency of E¢). easily be suppressed via cuts.
We use the results of R3] for our calculations, which
B. QCD =+~ +jj(j) physics background ignore s-channel EW boson exchange contributing dq

production, and Pauli interference of identical quarks. When
Tequiring a large rapidity separation between the two quark
jets (tagging jet$ the resulting large dijet invariant mass se-
verely suppresses amsychannel processes which might give
Tise to the dijet pair, and the very different phase space re-
gions of the two scattered quarks make Pauli interference
effects small. All charged-curredf€C) and neutral-current
(NC) subprocesses are included. The CC process dominates
| over NC exchange, however, mainly because of the larger
coupling of the quarks to thé&/ as compared to photon a&d
interactions. As in the QCLIZjj case, theZ-pole dominates
4og—ggrtr, gg—qqriT . 6 the 777~ invariant mass distribution; so we will refer to
these EW processes as the “EXYj"” background.
All interference effects between virtual photon and The 7 decay distributions are generated in the same way
Z-exchange are included. TEecomponent dominates, how- &S described above for the Higgs signal. Since the programs
ever, and we call these processes collectively the “QCIPf Ref.[23] generate polarization averagedr™ cross sec-
Zjj" background. The cross sections for the correspondindions, we have to assume unpolarizee. However, as for
Z+3-jet processes, which we need for our modeling of mini-the QCDZjj background, the-" 7~ pair arises from virtual
jet activity in the QCDZjj background, have been calcu- Vector boson decay, resulting in7d and 7~ of the same
lated in Refs[20—22. Similar to the treatment of the signal Chirality. This correlation of the- polarizations is taken into
processes, we use a parton-level Monte Carlo program baségcount. . . o .
on the work of Ref[21] to model the QCDZjj and Zjjj In order to determine the minijet activity in the EWjj
backgrounds. background we need to evaluate théas) real parton emis-
The factorization scale is chosen as for the Higgs bosofion corrections. The correspondidy{ «*as) diagrams for
signal. Withn=2 andn=3 colored partons in the final state,
the overall strong-coupling constant factors are taken as aq'—aq'gr' 7, 8
(as)“zl]i”:las(pTi); i.e., the transverse momentum of each

additional parton is taken as the relevant scale for its produc@nd all crossing related subprocesses, have first been calcu-
tion, irrespective of the hardness of the underlying scatterindfted in Ref.[24]. Production of ther-pair viaZ and y ex-

event. This procedure guarantees that the s:airfactors are Cchange is considered. The factorization and renormalization

used for the hard part of Zjj event, independent of the scales are chosen to be the same as foHtfjesignal, as this
js also a hard EW process.

number of additional minijets, and at the same time the smal : . .
We have previously examined other scale choices for the

scales relevant for soft-gluon emission are implemented. K f I _
The momentum distributions for thedecay products are £ backgrounds [24], and found small uncertainties

generated as for the Higgs boson signal. Because of thg= = 15%) for the EW component, while variations for the
(axial) vector coupling of the virtuaZ, y to s, the produced QCD component reach a factor 1.5. We thus expect the sig-

7+ and7~ have the same chirality. This correlation of the N2l and EWZjj background cross sections to be fairly well

polarizations is taken into account by calculating individuald€termined at leading order, while the much larger theoreti-
helicity amplitudes and folding the corresponding cross secc@l uncertainty for the QCIZjj background emphasizes the
tions with the appropriate” and=~ decay distributions; i.e., n€ed for experimental input.

the full 7 polarization information is retained in the energy

distribution of ther decay products. D. QCD Wj+ijj(j) reducible background

Given the H decay signature, the main physics back
ground to our signat™ 7~ jj events arises from real emission
QCD corrections to the Drell-Yan processq—(Z,y)

— 7177, Forrt 77 jj events these background processes in
clude[19]

qg—qgr' 7, qq'—qq't 7, (5

which are dominated by-channel gluon exchange, and al
crossing related processes, such as

Reducible backgrounds te* 7~ —/*h*p; events can

C. EW 7777 +jj(j) physics background arise from any process with a hard, isolated lepton, missing

These backgrounds arise frafnand y bremsstrahlung in Pt @nd an additional narrow jet in the final state which can
quark{antjquark scattering vié-channel electroweak boson P& mistaken as a hadronically decayingA primary reduc-

exchange, with subsequent de@yy— 7+ 7~ ible background thus arises from leptorw¢ decays inWj
events, where additional QCD radiation supplies the two tag-
qq —qq' 7 7. (7) ging jet candidates. At lowest order we need to consider
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Wij+jj production as the hard process, which is very similalis the production ofbb pairs in association with two jets,
to the simulation of the QCLZjjj background discussed which includes the subprocesses

before, with the bremsstrahlurig replaced by aw. Here
W—eve,uv, decays only are considered and are treated as gg—bbgg
a fake r decaying leptonically. Real leptonicdecays from
W— rv_— /v, v_are relatively suppressed by théeptonic

branching ratio of 35% and the severity of the transverse qg—bbag
momentum cuts on the softer charged lepton spectrum. They .
will be ignored in the following. 0:9,—bbg;q,. (10

Two of the jets inW|j+ jj events are identified as tagging
jets, and fluctuations of the third into a narrow jet are con-The exact matrix elements for th@(ag) processes are
sidered, resembling a hadronically decayindgn Ref.[10]  evaluated, including all the crossing related subprocesses,
the probability for misidentifying a gluon or light-quark jet and retaining a finitd-quark mas$28]. The Pauli interfer-
as a hadronie decay was estimated as ence terms between identical quark flavors in the process

e.(jet—** v+ hadrons’)=0.0025, 9) d:9,—bbq;q, are neglected, with little effect in the overall
cross section, due to the large differences in the rapidity of
and we assign this probability to each of the final state jetsthe final state partons. The factorization scale is chosen as
In each event one of the hard partons is randomly assigned tbe smallest transverse energy of the final state partons be-
be the ~. To mimic the signal, this jet and the identified fore theb-quark decay. The strong coupling constantis
charged lepton must be of opposite charge. Thus, we redu&valuated at the corresponding transverse energy of the final
theWj+jj background by an additional factor of 2 to simu- State partons, i.e.,
late the opposite charge requirement for the single track al-
lowed in the ~like jet. As ther+jj. events are a QCD_ ag:as(ET(b))as(ET(b))as(pT,jetl)as( P jet,)-
background, we use the same factorization and renormaliza-
tion scales as for the QCRjj case. . . .
To simulate additional minijet emission, we need to add The sem|leptor?|c c.iecdy—i/.?zc of one of'theb quarks is
one more parton to the final state. The code\iot 4j ma- _S|mula_ted by multiplying thébjj cross section by a branch-_
trix elements has been available since the work of Berend®d ratio factor of 0.393corresponding to at least one semi-
et al.[25]. Here we use the program developed in R26], leptonich decay to ocg:L)rand by implementing a three_—body
which was generated VI@BADGRAPH [27]. SinceW+4j pro- phase space d'lstrlbutlon for' the decay momenta. This part of
duction produces a six-particle final state, with up to 516the 3|mulat_|on |s_performed in order to estimate the effect_s o_f
graphs for the most complicated processes, it takes considefl€ |epton isolation cuts on the transverse momentum distri-
able CPU time to obtain good statistics. We modified thebutions of theb-decay leptons. Since these are kinematic
MADGRAPH code to do random helicity summation, speedingeffeCtS, we use the lightest meson masses in the simulation
up the calculation by approximately a factor of 3 for a givenand setm,=5.28 GeV andm.=1.87 GeV. In Ref[10] a
statistical error in the final cross section. As befosg,is  factor 100 reduction of théb background was found as a
taken as the geometric mean @f(p;) factors for each of result of lepton isolation, requiring;<5 GeV in a cone of
the partons, including the parton which fakes the hadrenic radius 0.6 around the charged lepton. In our simulation, after
decay. energy smearing of the charm quark (seée beloy, we find
a reduction factor of 52 due to lepton isolation with a cone of
E. QCD bbjj reducible background radius 0.7. However, our simulation does not include parton
. ] ] showers or hadronization of thequark, effectively replac-
The semileptonic decay ob quarks provides another ing theb-quark fragmentation function by a delta-function at
source of leptons and neutrinos which can be misidentified agne, and thus underestimates the effect of lepton isolation
tau decays. Even thoudhquark decays are unlikely to lead cyts on theb-quark background. To compensate for this, we

t(_) isolated charged leptons and very n_arrow tau-like jets in %ultiply our ijj rates by another factor 0.52, thus effec-

single event, the sheer number ol pairs produced at the tjyely implementing the factor of 100 suppression found by

LHC makes them potentially dangerous. Indeed, the analysigayalij et al. [10].

of Ref. [10] found thatbb pairs lead to a reducible” 7 In addition to an isolated lepton, tHebjj events must

background which is similar in size #/j production. We  produce a narrow jet which is consistent with a hadronic

therefore studybbjj production as our second reducible decay, and has charge opposite the identified charged lepton.

background and neglect any other sources likeevents This may either be one of the light quark or gluon jets, for

which were shown to give substantially smaller backgroundgvhich the misidentification probability of 0.25% of E(Q)

to 7+ 7~ -pairs in Ref[10]. will be used, or it may be the-quark jet. In Ref[10] the
We only considerb-production events where both  probability for misidentifying ab-quark jet as a hadronie

quarks have large transverse momentum. In addition, twéecay was estimated as

forward tagging jets will be required as part of the signal

event selection. The relevant leading order process therefore e (b—"*" v+hadrons’)=~0.0005. (11
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However, because of limited Monte Carlo statistics, thisrametrized by a Gaussian distribution of the components of

number was based on a single surviving event only. Since Wghe fake missing transverse momentum vectdf, with
are really interested in an upper bound on bigj back- resolution
ground, we follow the ATLAS propos#l 2] instead, and use

the upper bound a(py.py) =0.461/ > Ethad (15

—" v+ <. . L
€(b v+hadrons’)<0.0015 (12) for each component. In our calculations, these fake missing

_ transverse momentum vectors are added linearly to the neu-

for our analysis. Thus, all ounbjj cross sections, after  trino momenta.
identification, should be considered conservative estimates.
A more precise analysis &f— 7 misidentification probabili- I1l. HIGGS SIGNAL AND REAL +t+~ BACKGROUNDS
ties in the LHC detectors is clearly needed, which is beyond
the scope of the present work. Finally, an additional overall Theqg—qqH,H— 77 signal is characterized by two for-
factor of 2 reduction is applied, as in thiéj+ jj case, forthe Ward jets and the decay products. Before discussing back-
lepton-jet opposite charge requirement. ground levels and further details like minijet radiation pat-

The purpose of oub analysis is to verify thab semilep- ~ terns, we need to identify the search region for these hard
tonic decays do not overwhelm the Signa|_ The above procé:'jj events. Prior tor identification, the task is identical to
dures are adequate for this purpose, since we obtain findte Higgs boson search ing—qqH,H—yy which was
bbjj backgrounds(in Table IV) which are 20-40 times considered prewous_l[/le]. We can thus adopt the strategy
smaller than the signal. We do not calculate additionaPf this earlier analysis and start out by discussing th_ree_levels
b-quark backgrounds arising from intrinsic contributions ~ ©f cuts on theqq—qqH, H— 7 signal, before considering
(processes likggb—bggg). The matrix elements for these 7 decay andr identification. This procedure makes explicit

—. the source of the major signal reduction factors which we
processes are of the same ordeﬁ)( as for thebbjj subpro- will encounter J 9

cesses discussed above,_bu.t they are suppressed in additlonThe basic acceptance requirements must ensure that the
by the smallb-quark density in the proton. Also, we do not v jets and twor's are observed inside the detectaiithin

simulate additional soft gluon emission for théjj back-  the hadronic and electromagnetic calorimeters, respectively
ground. This would requirbb+ 3 jet matrix elements which and are well-separated from each other:

are not yet available. Rather, in Sec. V, we assume the prob-

ability for extra minijet emission to be the same as for the P1,1,= 40,20 GeV, |7j]<5.0, AR;=0.7,

other reducible QCD backgroun@/j+jj production.
|7.|<25, AR;,=0.7, AR,=0.7. (16)

F. Detector resolution Slightly more than half of all signal events pass these basic

The QCD processes discussed above lead to steeply fafuts. The staggerefr, cuts anticipate the steeply falling
ing jet transverse momentum distributions. As a result, aransverse momentum distributions of both jets for the QCD
finite detector resolution can have a sizable effect on crosbackgrounds, which are dominated by bremsstrahlung glu-
sections. Resolution effects are particularly pronounced foons. In contrast, for théljj signal, thep scale is set by the

the bEjj background, where a higher momentum charmmass of fche exchanged weak bosons and most of the tagging

quark (from b—c/ v decay can fluctuate below the(c)  Jets survive these cuts. _ .

<5 GeV isolation requirement of the charged lepton. Another feature of the irreducible QCD background is the
These resolution effects are taken into account via Gausgenerally higher rapidity of the's as compared to the Higgs

ian smearing of the energies of jets amand ~ decay prod- signal: Z and y bremsstrahlung occur at small angles with

ucts. Following ATLAS expectationfd 2] we use resolutions espect to the parent quarks, producifig forward of the
jets. Thus, at the second level of cuts we require bttho

AE 52 0.16 lie between the jets with a separation in pseudorapidity
E-E® EEB-OO& (13 A%, ,>0.7 and the jets to occupy opposite hemispheres:

77j,min+0-7<7771'2< 7j,max— 0.7, My 77j2<0- (17)
for jets (with individual terms added in quadratyrevhile
for charged leptons we use At the third level of cuts, which is also the starting point for
our consideration of the various backgrounds, a wide sepa-
AE ration in pseudorapidity is required between the two forward
?:2%. (14  tagging jets,

A Mtags— | ni,~ 77j2| =44, (18)
In addition, a finite detector resolution leads to fake miss-
ing transverse momentum in events with hard jets. Anleaving a gap of at least 3 units of pseudorapidity in which
ATLAS analysis[10] showed that these effects are well pa-the 7s can be observed. This technique to separate weak
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TABLE |. Signal H— 77 branching ratio times cross sections pr . >20 GeV, pr  >40 GeV, (20)
for my=120 GeV Hjj events inpp collisions ats=14 TeV. mlep mhad

Results are given for successive cuts of H4§)—(18). where the second requirement is needed to use the results of

Cavalli et al. on hadronicr identification. These transverse
momentum requirements are quite severe and reduce the
B(H—7" 7)oy (fb) 132 77 57.6 Higgs signal by another factor of 3.8. The resulting signal
and background cross sections are given in the second row of
Table II.

boson scattering from various backgrounds is well- Crucial for further background reduction is the observa-
established5-7,9,14, in particular for heavy Higgs boson tion that therpair invariant mass can be reconstructed from
searches. Table | shows the effect of these cuts on the signgle observabler decay products and the missing transverse
for a SM Higgs boson of masey=120 GeV. Overall, momentum vector of the evefi29]. Denoting byx, the

about 25% of allH— 77 events generated in weak boson fractions of the parent energy which each observable decay

fusion are accepted by the cuts of E(E5)—(18). _ particle carries, the transverse momentum vectors are related
The resultingHjj ,H— 77 cross section is compared with

the irreducibleZjj,Z— 77 backgrounds in the first row of
Table Il. Somewhat surprisingly, the EWjj background R 1
reaches 5% of the QCRjj background already at this level, pr = (x_ -1
while naively one might expect suppression by a factor i
(agep/as)?~4x10 3. In the EWZ|j backgroundW ex-

Eq.(16) + Eq.(17 + Eq.(19

B, +

1 -
X——l)ph. (21)

Th

change processes can produce centyairs byZ emission Here we neglect the mass and assume that the neutrinos
ge p P y from the r decays are collinear with the charged observables,

r;?r?otf:ﬁeeé?hﬁ;gﬁ_k:]\/isag? 2;?_&??%2:? gw:rwig?;:%:lg;{era condition which is satisfied to an excellent degree because
gnal. 1! 9 por . .—of the high transverse momenta needed to satisfy ).
the forward jet tagging cuts, and, as we will see, will grow in

.As long as the the decay products are not back-to-back, Eq.

relative importance as the overall signal/background ratio |§21) ives two conditions for. and provides the momenta
improved. 9 Ti P

So far we have not considereddecays. In order to get asf)//le andﬁh/xTh, respectively. This last condition is met
more realistic rate estimates and to include the reduciblén our case because thé and Z bosons are typically pro-

backgroundsWij+jj andbbjj: see Sec. IY we need to duced with highpy, on the order of 150 GeV for all pro-
study definiter decay channels. We considef 7~ decays cesses except thebjj backgroundin which case the aver-
with one 7 decaying leptonicallye or x) and the other de- agep;~85 GeV is still sufficient
caying hadronically in the following, since previous studies Mismeasured transverse momefganearing effecjscan
have shown that dual leptonic decay is more difficult to ob-still lead to unphysical solutions for the reconstructeaho-
serve [10]. With a hadronic branching ratilB(r—v  menta. In order to avoid these, we impose a cut on the angle
+ hadrons}=0.65 and the overall hadroniedecay identifi- between ther decay products and require positivity of the
cation efficiency of Eq(4), the selection of this-pair decay ~ calculatedx :
channel immediately reduces aif 7~ rates by a factor
cosf,,>—0.9, x, >0. (22)
eB=2¢,(7— v+hadron$B(r— v+hadron$B(r— v, v,) I
=2%0.26X0.65X0.35=1/8.5. (19) The resulting~pair invariant mass resolution is some-
what narrower than the one found in REE0], the 1o half-
In addition, triggering the event via the isolatedlecay lep- width for the H peak ranging from about 7 GeV for
ton and identifying the hadroniedecay as discussed in Ref. my=110 GeV to about 10 GeV fan, =150 GeV(see Fig.
[10] requires sizable transverse momenta for the observable4 below. This improved resolution is an effect of the higher
decay products. In the following we require averagep+ of the underlying process: in our case, the two

TABLE II. Signal and background cross sectidds (fb) for my =120 GeVHjj events inpp collisions
at \/s=14 TeV. Results are given after increasingly stringent cuts. The last column gives the ratio of the
signal to the background cross sections listed in the previous columns.

Hjj ~ QCDZjj EWZjj Wj+jj bb+ijj S/B
forward taggingd Egs. (16,17,18] 57.6 1670 90
+ 7 identification[Eq. (20)] 1.79 20.0 1.44 26.4 7.6 1/30
+110<m,_,<130 GeV[Eq. (22)] 1.18 0.95 0.07 1.77 0.6 1/3
+m;;>1TeV, m(l,pr) <30 GeV
[Egs.(23,24] 0.62 0.17 0.04 0.11 0.15 1.3/1
+Xf|<0'75’xfh< 1.0[Eq. (25)] 0.49 0.14 0.03 0.02 0.05 2/1
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FIG. 2. Transverse mass distribution of tiep; system for the
FIG. 1. Invariant mass distribution of the two tagging jets for Hii signal (solid line) and the Wj+]j reducible background
the Hjj signal (solid line) and the QCDZjj background(dashed —(dashed ling at the level of far forward tagging cutsr-
line), at the level of forward tagging cuts andeconstruction, Eqs. ~ réconstruction, andn;;>1 TeV [Egs. (16)~(23)].
(16)~(22),(24).
quark to fluctuate into a narrowlike jet is even smaller,
forward tagging jets from weak boson scattering impart abelow 0.0015, and another large reduction, by a factor of 100
higherpy on theH or Z than is the case from QCD radiation (see Sec. Il E is expected from requiring tHe-decay lepton
in gluon fusion. The smaller” 7~ opening angle then leads to be well isolated. An additional factor of 2 reduction is
to a betterr momentum reconstruction via E1). Given  achieved by requiring opposite charges for the isolated lep-
this ~pair mass resolution, we choosel0 GeV mass bins ton and the tau-like jet. The resulting background rates, for
for analyzing the cross sections. Signal and background crogdiarged leptons andlike jets satisfying the transverse mo-
sections in a 20 GeV mass bin centered at 120 GeV, after th@entum requirements of Eq20), are listed in the second
reconstruction conditions of E422), are listed in the third row of Table II. _ -
row of Table Il. QCD and EWZjj backgrounds are reduced  Unlike the Higgs signal or th&|j backgrounds, the re-
by a factor of 20, while about 2/3 of the signal survives theducible backgrounds show no resonance peaks innthe
mass reconstruction cuts. distribution. As a result, another reduction by an order of
Because the QCD backgrounds typically occur at smalmagnitude is achieved when comparing rates in a Higgs
invariant masses, we can further reduce them by imposing $earch bin of width 20 GeVthird row of Table 1). Addi-

cut on the invariant mass of the tagging jets, tional reductions are possible by making use of specific prop-
erties of the reducible backgroun_ds. Analogous to the QCD
m;; >1 TeV. (23)  Zjj background, th&Vj+jj andbbjj backgrounds are cre-

ated at smaller parton center of mass energies than the signal.

Figure 1 shows the tagging jets’ invariant mass distributiorAs a result, them;;>1 TeV cut of Eq.(23) reduces both of
for the signal and QCLYjj background to illustrate the ef- them by roughly a factor of 4.
fect of the cut. Further suppression of thé/j+jj background can be
achieved by taking advantage of the Jacobian peak in the
leptonp+ transverse mass distributio0], a feature which
is otherwise used to measure the mass ofth&Ve compare

Reducible backgrounds to thé— 77 signal, with subse- themy distribution for the signal and th&/j+ jj background
guent leptonic decay of one of th&s, arise from any source in Fig. 2. A cut
of isolated, single hard leptons. As discussed in Sec. I, we
considerWj+jj events and heavy quark production, in the my(/,p1)<30 GeV (29

form of bbjj events. Intrinsically, these reducible back-

grounds are enormous and overwhelm even the physiagduces theVj+jj background by a factor of 5 while re-
backgrounds beforeidentification and tight lepton isolation ducing the signal acceptance by only 15%. Similar to the
cuts are made. Crucial for the reduction of these backgroundsignal, the other backgrounds are affected very little by the
to a manageable level is the requirement of a narrdike  transverse mass cut.

jet, which leads to a factor of 400 suppression for ¢ At this level the S/B ratio is nearly 1/1, and we can study
+]jj background(see Sec. Il . The probability for ab additional event characteristics, such as the missing momen-

IV. FAKE 7*7~ EVENTS: REDUCIBLE BACKGROUNDS
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FIG. 3. Scatter plots c15t,| VS X, with the cuts of Eqs(16)—(18),(20),(22)—(24), for (a) the 120 GeWHjj signal,(b) the combined QCD

and EWZjj irreducible backgroundse) theWj+jj and(d) the ijj reducible backgrounds. The number of points in each plot is arbitrary
and corresponds to significantly higher integrated luminosities than expected for the LHC. The solid lines indicate the cu®5pf Eq.

tum. In realrpair events, the missing momentum is a vectorbetween the decay of a spin-0 object, like the Higgs boson
combination of neutrino momenta, which carry away a sig-which results in opposite™ and 7~ chiralities, and the de-
nificant fraction of ther* and 7~ energies. In the reducible cay of the spin-1Z boson, with equak™ chiralities [30].
backgrounds it is purely from the leptonically decaying par-Comparison of the two scatter plots in Figga3and 3b)

ent particle, either th&V or one of theb’s. As such, we shows, however, that the remaining correlations are very
should reconstruck, =1 for the narrow,rlike jet, except weak. This may partially be due to the stringent transverse
for smearing effects. The effect is clearly observable in thenomentum cut¢20) on ther decay products which needed
distribution of events in the, -x, plane, which is shown in 10 be imposed for background reduction. In addition, the
Fig. 3. Thex,, distribution of the leptonically decaying visible 7 energy fractions ir— /v, v, and 7— pv. decays

, i : are mediocre polarization analyzers onlgneasuring the
candidate also is softer for reals than for the reducible splitting of thep's energy between its two decay pions would

backgrounds, because the charged lepton shares the paren,rqye the situation for the lattgt8]). A dedicated study is
energy with two neutrinos. A cut needed to decide whetherr@olarization analysis is feasible

<1 (25) at the LHC, but because of the small rates implied by Table
h

<0. e
Xn<0.75, X Il, we do not pursue this issue here.

proves very effective in suppressing the reducible back-
grounds. For th&Vj+jj background we find suppression by V. RADIATION PATTERNS OF MINJETS

another factor of 4.5 and thebjj background is reduced by A further characteristic of EW vs QCD scattering can be
a factor of 3, while retaining 80% of the signal rate. Oneexploited, namely the absence of color exchange between the
should note that these cuts are not optimized; they are merefo scattering quarks in thejg—qqH signal process.
chosen to demonstrate the usefulness ofxthex, distribu-  t-channel color singlet exchange in the EW case leads to soft
tions in restricting the otherwise troublesome reducible backgluon emission mainly in the very forward and very back-
grounds to a manageable level. Cross sections includingard directions, whereas QCD processes are dominated by
these cuts are given in the last row of Table II. t-channel color octet exchange which results in soft gluon
In principle, thex, distributions contain information on  radiation mainly in the central detector. It was hoped that the
polarization and<7|—x7h correlations allow one to distinguish resulting rapidity gaps in signal eventtarge regions in
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pseudorapidity without observed hadrpesuld be used for TABLE |IIl. Survival probabilities for the signal and back-
background suppressidB]. Unfortunately, inpp collisions  grounds, using the-method for selecting the tagging jets, and for
of \/s=14 TeV at the LHC, overlapping events in a single P1.veto=20 GeV. Thg second row give_s the number_ of events ex-
bunch crossing will likely fill a rapidity gap even if it is pected for 30 fo! of integrated luminosity, after application of all
present at the level of a singpep collision. Very low lumi-  cuts: Egs.(16~(18),(20),(22~(29), and for m,=120 GeV and
nosity running is not useful because of the small signal cros§10<m..<130 GeV. Survival probabilities for thébjj back-
section. ground are assumed to be the same as folilje jj background.
The different color structures of signal and backgroundAS a measure of_ the Poisson probability of the background to fluc-
processes can be exploited even at high luminosity, howevefate Up to the signal level, the last column giveg, s, the num-
if one defines rapidity gaps in terms of minijetsf er of Gaussian equivalent standard deviations.
~15-40 GeV) instead of soft hadroh8]. As has been
shown for the analogous EWjj procesq 24|, with its very
similar kinematics, minijet emission in EW exchange occursp_ 071 014 0.48 015 0.15
mainly in the very forward and very backward regions, andyg events 104  0.61 0.46 011 024 52
even here is substantially softer than in the QZ[) back-
ground. A veto on these central minijets will substantially
improve the signal-to-background ratio. Following the analy-
sis of Ref.[24] we veto additional central jets in the region,

Hji QCDZjj EWZjj Wj+jj ijj OGauss

»d 0_'3|'SA

——dprs. 28
0 d Prs Prs ( )

0'2:
PTS > P1 vetor (269

We find prsa=6.7 GeV for the Hjj signal, prsa
=12.1 GeV for the EW Zjj background, andprga

=60 GeV for the QCDZjj andWj+jj backgrounds. The

. much larger value for the QCD processes again reflects the
wherepr e May be chosen based on the capability of theigner intrinsic momentum scale governing soft-gluon emis-

detector. sion in the QCD backgrounds. This difference is enhanced

Sizable background reduction via a minijet veto réquIreSsyen more by requiring larger dijet invariant masses for the

the lowering of thepy vero threshold to a range where the

> e L wo tagging jetd24].
pr(_)bablhty for adqunal parton emission becpmes of _o_rder Usingdo3>” as a model for additional jet activity, we can
unity. In a perturbative calculation the resulting condition,

. . . ; ' study the efficiency of vetoing central soft jet emission. The
o(n+1jetsy=a(n jets), indicates that one is leaving the va- . o : ;
lidity range of fixed-order perturbation theory, and it be- survival probability for signal and background processes is

. . . . .e et .
comes difficult to provide reliable theoretical estimates Offound by rejecting events with a minijet qﬂri > Pr,veto IN

minijet emission rates. Gluon emission is governed by ver he gap regloni26b), apd by_dlv_ldmg the resgltant, regulated
different scales in signal as compared to background proc"©SS section by the inclusive (Rcross section. The results

cesses, due to their different color structures. Thus, a parto"f]\re summarized in '!'able lll. In order to determme these
mbers, we must first select two of the three final state

shower approach does not immediately give reliable answer

unless both color coherence and the choice of scale a@artons as tagging jets, for which several methods exist. In

ta veto _- _ta
77j,r§1]1in+ 0.7< 7 < nj,r%lax_ 0.7,

(26b)

implemented correctly, corresponding to the answer given by € first, QUbbed :[he pr-method,” we choose the t\.NO Jets
a complete QCD calculation ith the highesp+'s, because the quark jets of the signal are

The necessary additional information on angular distribuyPically much harder than gluon jets from additional soft

tions and hardness of additional radiation is available in théad'at'on,; Two other ch0|_ces, the “R-method” andy:

“3 jet” programs discussed in Sec. Il. However, cross SeC_method, select the two jets closest to the reconstructed
tions evaluated with these minijet emission codes exceed th'él'g_gs_ bos_on |hrAR_and|A_77, res_p?cuvely, be((j:a_usehaddmonfal
hard-process cross sections at moderate transverse momerﬁg'at'on |n_t € signal Is mainly _expecte In t e very far
of the additional jet already, namely p§ ,e~40 GeV for orward regions, at larger separations from the Higgs boson

the QCD cases ang 10 GeV for the EW cases. In order to than the quark jets. The R- angrmethods give slightly

extract meaningful estimates, with o~ 15—20 GeV, one higher signal significances, but are still consistent with the
1 ,veto ’ . . .

needs to regulate ther;— 0 singularities. We use the TSA pT'mfrt]h%d' Results in Table Il were derived with the

[13] for this purpose, which simulates the effects of soft 7-method.

. o . ) -+ 1= The minijet veto reduces the signal by about 30%, but
fn(;lrj(ltrllrt):; %Irl:g; 2?;?;2?3’ r\?vﬂlﬁ cing the tree-level 3 jet dif eliminates typically 85% of the QCD backgrounds. The EW
3

Zjj background is reduced by about 50%, reflecting a radia-
2 2 tion pattern for thet-channelW-exchange graphs which is
do}® =dog"(1-e Pie/Pisa), (27)  similar to the signal process, but also indicates the presence
of additional bremsstrahlung processes which allow radiation
Here the parametayrs, is chosen to correctly reproduce the back into the central region. In addition, the exchanged trans-
tree-level 2 jet cross sectionr,, within the cuts of EqS(16),  verseW's in the EWZjj case result in highept quark jets,
(20),(22)—(24); i.e., prsa is fixed by the matching condition on average, than the longitudin@l's that are exchanged in
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TABLE IV. Number of expected events for the signal and back-and the signal gets low for integrated luminosities of the
grounds, for 30 fb! integrated luminosity and cuts as in Table Ill, grder of 30 fo'l. It should be noted that with higher lumi-
but for a range of Higgs boson masses. Mass bins-@0 GeV  nqsity, this channel is still very effective to make a direct
around a given central value are assumed. measurement of thil 7= coupling.

my (GeV) Hjj QCDZjj EWZjj Wj+ijj bHJ] OGauss

VI. DISCUSSION

110 11.1 21 1.4 0.1 0.3 4.1

120 10.4 0.6 0.5 01 02 52 The results summarized in Table IV show that it is pos-
130 8.6 0.3 0.3 01 0.2 50 sible to isolate a virtually background fregg— qqH,H
140 5.8 0.2 0.2 0.1 0.2 3.9  —7rsignal at the LHC, with sufficiently large counting rate
150 3.0 0.1 0.2 0.1 0.2 23 to obtain a & signal with a mere 30 fb! of data. The ex-

pected purity of the signal is demonstrated in Fig. 4, where
the reconstructedr invariant mass distribution for a SM
the Hjj signal. This is also reflected in the slightly higher Higgs boson of mass 120 GeV is shown, together with the
value forprga in the EWZjj case as compared to thj various backgrounds, after application of all cuts discussed
signal. in the previous section. This purity is made possible because
Table IV applies the survival probabilities found for the the weak boson fusion process, together with the
n-method to the cross sections after final cuts, for HiggsH— 7" 7~ — /"~ hadrons p; decay, provides a complex sig-
boson masses ranging from 110 to 150 GeV. A constant sizeal, with a multitude of characteristics which distinguish it
of the mass bins of 20 GeV is kept for simplicity. In the from the various backgrounds.
actual experiment, the mass window will need to be opti- The basic feature of theq— gqqH signal is the presence
mized depending on the predicted width of the signal andf two forward tagging jets inside the acceptance of the LHC
background distributions, and may have to be asymmetric fodetectors, of sizablg;, and of dijet invariant mass in the
low values ofmy . Our table merely shows how observing a TeV range. Typical QCD backgrounds, with isolated charged
light Higgs boson is quite feasible, even in the mass windoweptons and two hard jets, are much softer. In addition, the
close to the smeared peak. Asmy approaches 150 GeV, QCD backgrounds are dominated Byor W bremsstrahlung
however, thed — 77 branching ratio drops rapidly in the SM off forward scattered quarks, which gives typically higher-
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FIG. 4. Reconstructedpair invariant mass distribution for the signal and backgrounds after the cuts dflBis(25) and multiplication
of the Monte Carlo results by the expected survival probabilities. The solid line represents the sum of the signal and all backgrounds.
Individual components are shown as histograms: Hj¢ signal (solid ling), the irreducible QCDZjj background(dashed ling the

irreducible EWZjj backgrounddotted ling, and the combinedlVj+jj andbbjj reducible background&ash-dotted ling
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FIG. 5. (a) Transverse momentum aifid) pseudorapidity distributions of the charged™decay lepton after the cuts of Eq&l6)—(25),
for themy =120 GeV signalsolid line), and backgrounds: QCRjj production(dashed ling EW Zjj events(dotted ling, Wj+jj events

(dot-dashed ling and bgjj production(dash-double dotted line

rapidity charged leptongsee Fig. 5. In contrast, the EW distribution of theW decay products. The other backgrounds
processes give rise to quite central leptons, and this includesnd the Higgs signal typically produce rather small values of
not only the Higgs signal but also EWjj production, which  m(/,p1), below 30 GeV, and thus well below the peak in
also proceeds via weak boson fusion. It is this similarity thaim,(w).

prevents one from ignoring EWjj processes, which pri- Another distinguishing feature of real decays are the
ori are smaller by two orders of magnitude in total crossreconstructed momentum fractions andx,, of the charged

Zeégogéubnliérzg?{sfmal cuts remain the same size as the'cﬁecay lepton and of the decay hadrons. Misidentifiets™

W advoate alking advaniag o an aciona undamer 0 O LrEnYEal e vaues o nese P,
tal characteristic of QCD and EW processes. Color—s:inglede ree(see Fig. 3. The recons)t/ruction of thesemomentum
exchange in the-channel, as encountered in Higgs boson 9 9-

; ; : -3 fractions is possible since thel 7~ pairs are typically being
production by weak boson fusidand in the EWZjj back- I .
ground, leads to additional soft jet activity which differs produced with sizable transverse momestze Fig. &)]. As

o . a result back-to-back™ 7~ decay products are rafsee Fig.
Egltﬁngé%r:g?y tgﬁg ehxaprgzt:s; O&Jgi %(égtil;?]cli(grg%ng Sp:';_B(b)] and this in turns allows the mass reconstruction of the
cesses is typically both more central and harder than in wag Par, which is crucial for the suppression of the main phys-

processes. We exploit this radiation, via a veto on event%csvszcﬁgrguﬁgzr%ggf Il use of the differences between the
with central minijets, and expect a typical 85% reduction in v Uil us ' S

- Higgs signal and the various backgrounds in some of these
0,
QCD backgrounds, but only about a 30% loss of the signal; istributions. Additional examples are shown in Figs. 5 and

The properties mentioned so far are generic in the search™ . N
for weak boson fusion events. Additional cuts are specific to Figure 5 shows they, and_ N/ d_|str|but|ons_for the ob-
the H— 77 channel, with one- decaying leptonically and the servable charged lepton, which will form an Important part
other one decaying hadronically. Crucial are charged Iepton‘?‘c the event tnlgger. A_S a result of the IeptonEF)Iatlon cut,
isolation and efficient identification of the hadronically de- the pr, falloff is considerably steeper for thiebjj back-
caying =, which are needed for the suppression of heavyground than for the signal and the other backgrounds. Not
quark backgrounds and nankadronic jets. This part of the Much leeway is present in applying more stringent cuts,
analysis we have adapted from REE0], which, however, however, without losing a substantial fraction of the signal.
was performed foA,H— 77 events from gluon fusion, i.e. One can also take advantage of the distribution for the
without requiring two additional forward tagging jets. A QCD Zjj background, which, at the final level of cuts, re-
more detailed assessment of lepton isolation and hadronic Mains important in particular for small values of the Higgs
identification in the present context is beyond the scope oP0OSOn mass.
the present work and should be performed with a full detec- In addition to the leptorpy, we may use the missing
tor simulation. transverse momentum of the evepy;, Fig. 6a), which is

The elimination of théNj+ jj reducible background de- exceptionally small for th&bjj background. In combination
pends highly upon the Jacobian peak in the transverse massth a more stringent cut on the pair opening angle,
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FIG. 6. Shape comparison of various distributions for the Higgs sigmdid line) and the backgrounds: QCDjj production(dashed
line), Wj+jj events(dot-dashed ling andbbjj production(dash-double dotted lineShown are théa) p, (b) cos,,) and(c) transverse
momentum distribution of the reconstructed system, after the cuts of Eq&l6)—(25).

cos(®,.), shown in Fig. 6b) (where an even more striking tion of theZ— 77 peak allows for a direct experimental as-
distinction between the physics and the reducible process&gssment of the needed efficiencies, in a kinematic configu-
is found, both theWj+jj and bEjj backgrounds can be ration Whlch_ is very similar to the Higgs signal.

reduced even below the level discussed in Sec. V. Such a ©bservation of thed— 77 decay mode at the LHC, for
strategy, however, may not increase the statistical signifit’® SM Higgs and for modest integrated luminosities, ap-
cance of the signal. In fact we find that slightly looser cuts,P€ars to be a real possibility. What is needed is for the Higgs
for example on the dijet invariant mass;; , can somewhat boson to lie in the mass range between present LEP limits

increase the significance of the signal while reducing théd about 150 GeV, where itsr branching fraction is siz-

signal-to-background ratio. These points demonstrate that waP!€- In models beyond the SM prospects may be even bet-
have not yet optimized the search strategy o> rr de- ter. Weak boson fusion at the LHC will be an exciting pro-

cays. This might be possible by combining the informationC€SS {0 study at the LHC, for a weakly coupled Higgs sector
from all the distributions mentioned above in a neural-nedUSt @ much as for strong interactions in the symmetry

analysis. It is premature at this stage, however, to perforn?"€@King sector of electroweak interactions.
such an analysis since the issuesraflentification or of
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