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Searching for a heavy Higgs boson via théd —lvjj decay mode at the CERN LHC
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The discovery of a heavy Higgs boson with a mass umice=1 TeV at the CERN LHC is possible in the
H—W*'W~ —lvjj decay mode. The weak boson scattering signal and backgroundstf_rjjnand fromW
+jets production are analyzed with parton level Monte Carlo programs which are built on full tree level
amplitudes for all subprocesses. The use of double jet tagging and the reconstruction of the W invariant mass
reduce the combined backgrounds to the same level as the Higgs signal. A central mini-jet veto, which
distinguishes the different gluon radiation patterns of the hard processes, further improves the signal to back-
ground ratio to about 2.5:1, with a signal cross section of 1 fb. The jet energy asymmetnMgf-thg decay
will give a clear signature of the longitudinal polarization of tiW¢s in the final event sample.
[S0556-282(98)05605-1

PACS numbegs): 13.87.Ce, 13.38.Be, 14.80.Bn

I. INTRODUCTION The small branching ratios of purely leptonic decays of
the produced weak bosons can be overcome by studying the

In the effort to determine the dynamics of the spontaneousemi-leptonic modes, e.dd —W*W~ —lvjj. Here large
breaking of the electroweak gauge symmetry, the discoverpackgrounds fromW+ jets production put a premium on
of the Higgs boson would be of prime importance. Detectinggood W-mass reconstruction of the two decay jets, in a situ-
the Higgs boson is one of the biggest challenges for thation where the large/ energy leads to a small separation of
CERN Large Hadron Collide(LHC) [1,2], both for a per- the two jets. An advantage of this decay mode is the observ-
turbative scenario for the symmetry breaking sector, with ability of the W—jj decay angular distribution which may
Higgs boson mass below tieboson pair production thresh- allow a measurement of the longitudinal polarization of
old, and also if some strong interaction dynamics should behe signal.
responsible foiISU(2)x U (1) breaking[3,4]. In both cases Most of these points have been considered before. The
small signal rates, due to small usable decay branching fradetectability of theH —W*W~—lvjj signal with jet tag-
tions and/or small production rates, or large standard modgjing techniques, for example, has been discussed in the
(SM) backgrounds will have to be faced. ATLAS and CMS technical design repoit$,2]. However,

In order to isolate a Higgs signal one will have to utilize these studies have been based on parton shower Monte Carlo
all its characteristics. In turn this requires a simulation of theprograms and it is not clear how well these programs de-
expected SM backgrounds with a high degree of detail, in &cribe the higtpt jets associated with the decayig Also
region of phase space where little or no experimental inputhe color coherence effects which are at the basis of a rapid-
exists at present. This problem is particularly acute for thety gap trigger cannot be expected to be modeled correctly in
search for a very heavy Higgs boson, with a mass abovehese analyses.
~600 GeV. Here one will want to search for a Higgs reso- In this paper we perform a complementary study, based
nance in the scattering of longitudinal weak bosons, or, moren full QCD matrix elements of all subprocesses contribut-
generally, one will look for some structure in the invarianting to the signal and to the various backgrounds. We con-
mass distribution of the produced weak boson pairs in elecsider the signal proce$3,13,14
troweak processes of the typeq,—q3q4V, V. [4].

Numerous studies over the past several years have indi-
cated that for the weak boson scattering signal to be identi- 0102 A30aW W™ —Q304lvjj (1)
fiable, it is necessary to tag one or possibly two of the for-
ward jets which arise from the scattered quaf&s9]. A ) ) )
second characteristic of the weak boson scattering process @nd crossing related onesith a double forward jet tag on
the lack of color exchange between the two incident quarksthe two scattered quarksz andqg,. For the dominantV
which distinguishes it from typical background processes’jéts QCD background we thus need the QCD matrix ele-
which proceed via the-channel exchange of color octet glu- ments for all subprocesses leading Wé+4 jets events
ons. These different color structures are expected to lead to[a5,16. Similarly, the potentially largett —bW" bW~
rapidity gap signature for the signal, either in terms of softbackground needs to be simulated with two additional par-
hadrons, at low luminosity10,11], or in terms of mini-jets tons in the final stat¢17], in order to account for the two
[12]. tagging jets. When studying the consequences of different

color structures on soft gluon radiation patterns, thex,)
QCD corrections for the signal must be known as \W&8].
*Present address: Lincoln Capital Management Co., Suite 2100//hile parton level Monte Carlo programs for the individual
200 S. Wacker Drive, Chicago, IL 60606. subprocesses have been available in the literature, we here
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perform a first study of thed —W*W~—lvjj mode with
full QCD matrix elements for signal and background subpro-
cesses.

In Sec. Il we present these calculational tools in some
detail. For the discussion of gluon radiation patterns we em-
ploy the truncated shower approximation which is briefly
described at the end of that section. The isolation of the
H—W"W~ —lvjj signal, with double forward jet tagging, g q
but without considering thgV-mass reconstruction from the W vz
W—jj decay, is considered in Sec. lll. Here the hadronic 1.z W W WW‘<

q

Y.z

(b)

system arising from th&V decay will be considered as a
single jet. The properties of thi&/-decay jet, its internal dijet
structure, and the measurement of tienass are the subject
Of Sec. IV. Here we aISO Consider the measurement OWhe FIG. 1. Feynman diagrams for the electroweak processes
polarization via the energy asymmetry of the two decay jetgjq—qqW"W . Representative graphs are shown far Higgs

[6]. Parametrizing the results of thé/-mass analysis in  boson production via weak boson fusidhb) generic weak boson
terms of a reconstruction efficiency, we return to the simplescattering(c) W bremsstrahlung off the quark lines, afdj quark-
analysis, without simulating th&/—jj dijet structure, in  antiquark annihilation.

Sec. V. We consider the mini-jet patterns which arise fromt, W d luated in th idth .
additional gluon radiation in the Higgs signal awg 4 jets o™ ecays are evajuated in the zero-width approxima-

background, or fronb-quark jets in thett_background, as tion. However, theW—ff' decay .amphtudes are fully
" . L , L implemented and, thus, all correlations between the decay
an additional selection criterion. With a central mini-jet veto

- . . fermions are included in our calculation. Finally, the phase
abovepr;=20 GeV, the combined background is reducedgy, o integrals are performed with the adaptive Monte Carlo

well below the signal level, without significantly reducing ;

, . ) A ntegration routineveGAs [20]. The statistical error of all
the signal cross section. For an integrated luminosity O‘VIonte Carlo integrals is below 1%, except for Hét 4 jets

—1 i . .. .
100 fb™", the expected event rate after all cuts is @)  process, for which the statistical error on total cross sections
events for an, =800 GeV(1 TeV) Higgs boson signal, with j5 ~1.504.

a combined background of 41 events. These results suggest | gj| calculations, input parameters ar&Zamass ofm,
that the search for the Higgs boson at the CERN LHC can be- g1 19 gev. siR 6,,=0.231 for the weak mixing angle, and

extended to the 1 TeV region, in the semi-leptonic Higgs, — 1/128.75 for the QED fine-structure constant at the elec-
decay channel. Finally, a summary and our conclusions argqoeak scale. From thesa,,=79.9 GeV is derived at the

s S =

q
©) (d

given in Sec. VI. tree level. The 1-loop formula is used for the strong coupling
constanto(u3), with ag(M3)=0.12. For all processes, the
Il. CROSS SECTION CALCULATION FOR SIGNAL Martin-Roberts-Stirling set AMRS A) parametrization of
AND BACKGROUND parton distribution functions is usg@1,22. Even though

The signal process to be considered at lowest order is th;[qehIS parametnza‘uoq IS next-tq—leadmg OrdedLO) and.,
ence, we are partially including higher order corrections,

subprocess I - - :
these ambiguities introduce negligible uncertainties. Finally,

@) b-quark contributions to the initial state are neglected

throughout.
In what follows, we give a brief account of calculational
tails for individual signal and background processes.

d102— d3qsW(—lv)W(—jj)

and crossing related processes. In the following we requir%e
double forward jet taggingof the jets corresponding to
quarksgs andq,) and the presence of at least one additional
high transverse momentum central fftom W—jj). These ] ) .
requirements are sufficient to eliminate soft and collinear di- The signal process at leading order g—qqH
vergences and they justify a few approximations in the cross>ddW" W™ with subsequertV decay, i.e. emission of the
section evaluations which will be discussed shortly. Higgs boson off a-channelW or Z as shown in Fig. ().

Al cross section calculations are performed numerically,For a heavy Higgs boson mass\(=600 GeV) the narrow
for pp collisions at a center of mass energg=14 TeV. Higgs width approx_lmanon is no longer applicable and _aII
Individual subprocess cross sections are determined by nijléak boson scattering proces¢ssch as the ones shown in
merically evaluating polarization amplitudes, mostly by us-Fig. 1(b)] as well asw bremsstrahlung off the quark lines
ing the amplitude techniques of RL9]. Even though this [S€e Fig. 1c)] must be considereid,13,14. In principle we
formalism is well suited to handle massive fermions, alineed to evaluate the full set aP(ag,) diagrams for a
quarks andW-decay leptons are treated in the massless ap?v* W~ final state, including contributions frompq annihi-
proximation, except for the top quarks. This approximationlation graphs and fermion interchange graphs for identical
greatly speeds up the calculations. Consistent with it, nguarks. We will be requiring a double forward jet tag, how-
Cabibbo-Kobayashi-Maskawa mixing is included in the cal-ever, which puts the final state quarks into very different
culation, even for incoming quarks. The error introduced byphase space regions and at large invariant mass. As a result,
this approximation is well below 5% and, hence, negligibleannihilation diagrams such as the one shown in Fid) and
compared to the typical uncertainties of a tree level calculathe interchange of identical fermions have very

A. Electroweak processqq—qq(g)W*w-
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small contributiond18]. They will be neglected in the fol-
lowing. Within these approximations the helicity amplitudes
for all subprocesses are evaluated numerically, using the re-

410203040596 W(—v)

sults of Ref.[14]. 0102030499 —1v) (6)
The signal cross section, as discussed above, contains —
contributions from non-resonant electroweak processes such 99—010299WM—lv).

aSV‘.’ bremsstrahlung off the qugrk lines. Such contrlbutlonsThe cross sections for these and all crossing related subpro-
are independent of the mechanism for electroweak symmetr

breaking and must be subtracted in order to get an estimaé{esses were first calculated in Riii5]. Here we use equiva-

4 ) . ! ‘Snt matrix elements which were computed by generating the
of the Higgs boson signal cross section. We model this con[—1eIiCity amplitudes with the programADGRAPH [ 16].

tinuum electroweak background by computing the signal a For theW+n jets QCD processes the factorization scale

?;‘;elgoagi;]/é ;?fzre?lcégallae?\ﬁg:* fr:gsﬁezecnan IS tEhenis set equal to the smallest transverse momentum of the final
and the mMu—100 GeV  results. o.. — (n\qu)_'g?r?] 05%%ate partons. At leading order these cross sections are pro-
H » Tsig= FUTH) = IUTH - portional to of, and the strong coupling constant, is

=100 Gev). - evaluated at the corresponding transverse momentum of each
In order to understand the characteristics of soft partoq. S n n
inal state jet, |.e.aS=Hi:1aS(pT,jeq).

emission in the Higgs signal process, ttas,as) QCD

corrections to the processes of Ef) are needed. The full .
set of real emission diagrams leading to \&W'W~ C. ttjj background
+ 3 parton final state was calculated in Rgf8] and we here

use their results. The subprocesses to be considered are For thett background, theb quarks from thet—Wh

decay are produced mainly in the central region, with the two
0105— G304 W(—10)W(—jj) (3) forward jets resulting mainly from QCD radiation. The rel-

evant leading order process is the production bfpairs in
and all crossing related processes such as, for example association with two jets, which includes the subprocesses

_ gg—ttgg—W" bW bgg
419— 92039sW(—1v)W(—j). (4)
qq—ttgg—W" bW bgg 7

Again, s-channel graphs corresponding day annihilation _ _
and Pauli interchange graphs for identical quarks are ne- 010,—tt q.0,— W bW bq;q,.
glected. For the Higgs signal calculation at leading order and
at O(ag) both the renormalization and the factorization The exact matrix elements for the)(ad) processes are
scales are set to the smallest transverse momentum of ti¥aluated, including all the crossing related subprocesses.

final state partons. The Pauli interference terms between identical quark flavors
in the process|;g,—tt .0, are neglected, with little effect
B. QCD W+ jets background in the overall cross section rate, due to the large differences

in the transverse momenta and energies of the final state
In signal events with a high transverse momentWh partong[17]. The top quark decays are simulated in the nar-
which decays hadronicallyyv—qq, the two “jets” in the  row width approximation, and its mass is set o,
W decay may merge and form a single high jet. In this =175 GeV. The structure function scale is chosen to be the
case the signal events producé\a-3 jets signature. The smallest transverse energy of the final state partons before
relevant QCD background for these events comes from QCEhe top quark decay. The strong coupling constagtis
processes with W and three jets in the final state. At leading evaluated at the corresponding transverse energy of the final

order, two generic subprocesses contribute, state partons, prior to the top quark decay, i.ed
— = ag(E+(t Eq(t i ot ) -
gg—>q1ngW(—>Iv) as( T( ))a’s( T( ))aS(pT,je&)aS(pT,]'et.z) o
(5 In order to study the effects of additional parton radiation
o o in_the top quark background, one would like to evaluate the
0192,—039.9W(—1v). tt +3 jets cross sections as well. Since such a calculation is

not available yet, we only consider the additional central jet
We use the results of Reff19, 23 to calculate the cross activity arising from theb quarks which are associated with
sections for these events. All crossing related processes affee top-quark decays. The probability obaguark with p?
included in the calculation. >20 GeV to be identified as one of the two forward tagging

When investigating questions such as #e&invariant  jets was found to be smalK6%) [24]. With the transverse

mass resolution iW— jj decays or the additional radiation Momentum and separation requirements on the two tagging
of soft partons ingg—qqW" W~ events, the QCDW+ jets jeE to be discussed below, only this small fraction of the
backgrounds with four partons in the final state are needed.t jj background is affected by collinear and infrared singu-
The subprocesses that contribute can be classified as 6 qudakities. Instead of dropping these events altogether we regu-
processes, 4 quark plus 2 gluon processes, and 2 quark pllasize the singularities with the truncated shower approxima-
4 gluon processes, tion (TSA).
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D. Truncated shower approximation central jets from the hadroni&/ decay, and a leptoni&v

As the transverse momentum of the softest parton bed€cay signature. In order for thé/ decay products to be
comes small, the perturbative calculation of i) cross identified, !t is requwed. that each event_ conte_un a charged
section for both signal and background breaks down due tiPton.! (eithere or ), in the central region, with
the.co_llmear and infrared dlver%]erjces _assouated with glgon pr>100 GeV, |m|<2,
emission. In a complete next-to-leading order calculation
these divergences are eliminated due to the cancellation be- _ — — 2
tween virtual and real emission corrections. For the multi- ARy =V(m=n)*+(d~$)*>07, (10
parton processes considered here, a full NLO treatment is nQ§p,a e py, is the transverse momentum of the leptap,is
yet possible, however. Instead, we model the effects of mulge 6100 pseudo-rapidity, antR; is the distance between
tlple_soft'gluon emission by using the truncated shower aPihe lepton and any identified jet in the pseudo-rapidity—
proximation[25]. The TSA correctly reproduces the normal- ;i thal-angle plane. In addition, it is assumed that each

!z?tlon dOf tge Il(?_vvest ((j)_rder Cross ze_ctl(mhlch |§hfrer:]e fOf" event has large missing transverse momentum due to the
infrared and collinear divergencesnd it agrees with the full 1o rino"of thew— Iy decay,

NLO calculation when the emission of one additional hard
parton is considered. At the same time the TSA provides a p+>100 GeV. (12)
model for the collective effects of multiple soft parton emis-

sion in events withn hard jets. Specifically, the tree level All final state partons are identified as jets if they satisfy
n+1 jet cross section is replaced by

pr;>20 GeV, |5|<4.5, (12
. do(n+1j)
o(n+ lJ)TSA:KJ' frsAPT)min) poﬂ,min- and if they are well separated in the pseudo-rapidity—
Ti.min (8 azimuthal-angle plane, with
Here pr; min i the transverse momentum of the softest jet, ARjj=\(A7n)*+(A$)*>0.7. 13
p% min The requirements of Eq12) are superseded by more strin-
frsAPrjmin)=1—expg — pz' (9 gent requirements for the tagging jets and for the Higgs de-
TSA

cay products. The hadronically decaymgof the Higgs bo-

is a Gaussian cutoff factor, ari¢l is a multiplicative factor Son signal is identified by requiring the existence of a large
that effectively includes the full 1-loop corrections. It has transverse momentum jet in the central region,
been shown that thK factor for vector boson scattering in
pp collisions is small(K=1.06 at the CERN LHC fom,iJ p$j>300 GeV, |’7f|<2- (14
=800 GeV [26]. SinceK factors are unknown for the back-
ground processes, we skt=1 throughout this study. The
parameteprs,a is chosen so that the cross section of &j.
correctly reproduces the lower orderjet cross section.

For jet transverse momengs;<prsa, the TSA leads to ptTajgl> 50 GeV, 2<|,7}agl|<4_5, (15)
a reduction of the transverse momentum distribution of the
hard n-jet system which simulates the canceling of multiple and
soft parton momenta. Thys;ga provides an estimate of the
jet transverse momentum scale, below which the emission of

The two quark jets in the procegs|—qqH are tagged by
requiring the presence of two additional jets, in the forward
and backward regions, with

—45<pPP< -2 if 5?9>0,

multiple soft gluons becomes important. In the phase space PT%>30 GeV, tag2 £ tagl

; ; . : ' 2<n?9°<45 if 5?9 <0.
regions for hard jets to be discussed below, we find values of ! ! (16)
orderprsx~40 GeV for theW+4 jets QCD background as

compared tprsx~8 GeV for the signal. The asymmetric transverse momentum requirement on the

For thett background we apply the TSA only to those two tagging jets is motivated by the fact that one of the jets
events where one of tHe quarks arising from the top quark has substantially higher medigs than the other, as shown
decays gives rise to at least one of the two forward taggindn Fig. 2.
jets. In such events one of the two additional final state par- The resulting cross sections for the signal and the back-
tons can be soft, and the cross section is enhanced in tigfound are shown in the first column of Table I. TWet+ 3
region of the phase space where the transverse momentumjéts background is a factor of 20 larger than the signal,
that jet is small. In order to avoid this singular behavior, thewhereas thét background is a factor of 3 larger. In con-

TSA is applied only to this fraction of events, me{rtSA trast, the electroweak continuum background is strongly sup-

=42 GeV[12]. pressed by double tagging, due to the fact that the rapidity
distribution of the two tagging jets for the electroweak back-
. DECIPHERING THE HIGGS SIGNAL ground peaks in the central regif27]. At this level it con-
FROM BACKGROUND tributes only~10% to the signal cross section.

o For theW+ 3 jets cross section with the tagging require-
The signal procesxig—qgqH—qq(W—lv)(W—qQ) ments of Eqs(15) and(16), it is important to ensure that it is
gives rise to two forward tagging jets, orfer two) hard a well-defined hard scattering process for which a perturba-
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FIG. 2. Transverse momentum distributicfas for the highest andb) for the lowestp; forward jets aty/s=14 TeV. For each event, a
high transverse momentum lepton in the central region is requirgt, 100 GeV and | <2, as well as missing transverse momentum of
pr>100 GeV. In addition a minimum of three visible jets is required, each wjth 20 GeV. The solid line represents the full signal
calculation formy =800 GeV, while the dotted line represents the continuum electroweak backgnoyrdl00 GeV).

tive evaluation is reasonable. In order to investigate the efiets for theW+3 jets and thett jj backgroundd8,9,24.
fect of double tagging on the cross section, we computed thghe softer jet energy distributions for the background reflect
W+ 1 jet cross section with the single jet satisfying Etd),  the fact that these jets tend to come from soft gluon radiation

and theW+2 jets cross section with the two jets satisfying in the forward region. By requiring that both tagging jets
Egs. (14) and (15). The W-decay leptons must satisfy the satisfy

cuts of Egs(10), (11). TheW+ 1 jet cross section is 2.16 pb,
whereas theV+2 jets cross section is 0.57 pb. The corre- Etegl2> 500 Gev, (17)
sponding reduction factors are 3.8 fromi+ 1 jet to W+2 )

jets and 8.7 fromW+2 jets to W+3 jets, respectively. hg signal to background ratio can be improved by more than
These factors are typical for perturbative QCD processeg actor of 2(see second column of Tablg A second dis-

with successively Iar_ger numbe'rs of jets and !end credence hetion arises in the pseudo-rapidity separation of the
the use of perturbation theory in the evaluation of the QCDcharged decay lepton and the closest tagging jet. For the

W-+n jets backgrounds. Higgs signal there is little correlation between the two be-

The signal to background ratio can be further improved. se the leptoniV decay arises from the decay of a scalar

by utilizi_ng differences in the tagging jet charact«_aristics be'particle which moves slowly in the laboratory frame. By
tween signal and background. The two forward jets for theonirast thew+3 jets background contains many events
signal are very energetic and their energy distributions deg;ih, \w bremsstrahlung off one of the tagging jets, and such
cline slower than the energy distributions of the two forwardg, ants favor a small separation between the jet and the decay
lepton. These differences are exploited by imposing a cut
TABLE I. Signal and background cross sectids in fb after
double jet tagging. The decay lepton acceptance requirements are |7]t,agl,2_ m>2 (19
pr,>100 GeV and 7|<2, and each event is required to have miss- !
ing transverse momentu;>100 GeV. The signal is defined as

on the separation between the decay lepton and the two tag-
o(my) — o(my=100 GeV).

ging jets. The signal and background cross sections after all
hard cuts are shown in the third column of Table |. e
+3 jets background is still a factor of 6 larger than the

Double jet +jet energy +lepton-tagging

tagging cut jet separation -
[Egs.(14-(16)] [Eq.(17)] [Eq. (18)] signal, whereas thet background has been reduced to the
same level as the signal.

my =800 GeV 3.15 1.96 1.58 We find that any further hardening of the acceptance cri-
my =100 GeV 0.26 0.18 0.10 teria discussed so far will degrade the signal rate appreciably,
W+3 jets 66.3 18.2 8.36 with only marginal improvement to the signal’s statistical
tt+jj 8.01 3.05 1.55 significance. Additional information is needed in order to
Signal further suppress the background without significantly de-
my =800 GeV 2.89 1.78 1.48 grading the signal cross section. This is the focus of the

following two sections.
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IV. RECONSTRUCTION OF THE W-—jj DECAY 08 1.0

One additional piece of information is provided by the AE; \/_E®E®O'03 when | 7;|<2.5,

internal structure of the large transverse momentum jet in the =

central region which represents the hadronically decayhg 1.0 3.0 _
of the Higgs signal. The invariant mass of this system, which \/_E® £ ®0.05 when 2.5<|7;|<4.5.
may or may not be resolvable into two separate jets, provides (22)

an important criterion for suppressing the QGN+jets
backgrounf28,29,30. Whenever the pair of jets from the Here ® means that the terms are added in quadrature.
hadronicW decay can be resolved, further information is Energy smearing according to Eq0), (21) is applied to
gained. A Higgs boson decays mostly into longitudinally po-both the signal and th&/+ 4 jets background.
larized W's whereas backgrounds with redl’'s are domi-
nated by transversely polarized weak bosons. The angular
distribution and the energy asymmetry of the two central jets -
are sensitive to the polarization of th' boson, and can be The resolution of the two jets fronrdV—qq’ decay de-
used in order to test whether or not the reconstrutteds  pends on the angular separation
the longitudinally polarized decay product of the Higgs bo-
son[6,30]. ARG =\/(7;,— 7;,)*+(),— ;,)° (22
Some of these questions have been studied previously
with the aid of parton shower Monte Carlo programsof the two partons in the legoplot. Furthermore, in order to
[1,2,30,28. Since we have a full QCD matrix element cal- suppress the QCW+4 jets background, it is advantageous
culation available for the production B¥+ 4 jets events, we to raise the transverse momentum threshold for each of the
can avoid the approximations inherent in a parton showetwo central jets above our nominal value of 20 GeV. For the
program and use full tree level QCD to simulate the twostudy of W hadronic decay we thus require the existence of
forward jets as well as the two central jets which would faketwo central jets, with the following acceptance requirements

the hadronically decayin@/. Thett background is not in- Which are added to the requirements of the previous section:

cluded in this study of jet mass effects since, similar t0 the 1) Each of the central jet candidates must have large trans-

tsr']gng' procefss, th;vvogserved ‘r:]?”r;“a}: Jet pl;""r IS Ithe _rtezl_‘lt of " verse momentum and be in the central rapidity region

naeily E((:)?gri(z)eg. realV boson, which, typically, is longitudi | | p%.>50- Gev. <2 | @
When usingW mass reconstruction, the experimental All jets passing this criterion form candidate pairs for the

resolution of the dijet mass is the limiting factor. In order to  hadronicW decay products.

model these experimental errors, the lateral granularity of thé2) For each candidate pair, the reconstrudféanust have

detector must be taken into account. Following the design large transverse momentum, and it must lie in the hemi-

A. Resolution of jet pairs from W—qq’ decay

specifications of the CMS detectf8l], we divide the le- sphere opposite to the lepton-neutrino pair,
goplot into cells of size p¥>300 GeV, |¢j;—¢,|>90°, (24)
where ¢;; — ¢y, is the azimuthal angle between the jet-
AnA¢$=0.1X0.1. (19 jet pair and the lepton-neutrino pair.

(3) Finally, it is required that the two central jet candidates

The momentum vectors of the two central jets are then cor- be separated by

rected to point to the center of the cell. This correction is 0.2<ARj;<1.0. (25
applied to the Higgs signal and to the continuum electroweak

background, but not to th&/+4 jets background. For the TheAchj distributions for the signal and the background
former these smearing effects are important, due to the resare shown in Fig. 3. The minimud R}, requirement of 0.2
nance in the dijet invariant mass spectrumnat=my,, s still sufficient to eliminate the final state collinear singu-
while the background exhibits a fairly flat dijet mass spec-arity of the W4 jets cross section @RS, — 0. Notice also
trum which mitigates any smearing corrections. The finitethat the maximum separation CULRY <1, has an appre-
energy resolution of electromagnetic and hadronic calorimgigple effect on thaV+ 4 jets cross section only. Because of
eters affects both signal and background cross sections bgse large transverse momentum carried by e see Eq.
cause energy and transverse momentum distributions ar84)] and the associated strong boost of Wedecay prod-

typically quite steep. These energy resolution effects argicts, the two quarks from the/ decay are rarely separated

taken into account by Gaussian smearing of the overall €My more thamAR = 0.7 in the laboratory frame
1l ' '

ergy scales of _mr_:tssless parton four-momenta, with relative In the previous section, no requirement was imposed on
energy uncertaintief31]: the internal structure of the central hard jet. Resolving it into

two jets, corresponding to th&—qq’ decay, will lead to a
AE., 0.03 0.15 reduced rate for the signal. The corresponding cross section
E E@) ?‘@0-005’ (200 reduction factors, after the cuts of Eq83)—(25), are listed
in the first column of Table II. For the electroweak processes,
the effects of detector granularity and of energy smearing
and must be included also in the determination of the single jet
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_ ! FIG. 4. Reconstructed dijet invariant mass distribution of the
L H—lOOG A ! _ hadronically decayingV. The solid histogram represents the full
ol Ll ' L. signal calculation form,=800 GeV, with the continuum elec-
0.0 0.5 1.0 1.5 2.0 troweak backgroundnf, =100 GeV) given by the dotted line. The
QCD W+4 jets background is given by the dash-dotted histogram.
Rjj Finite detector resolution is taken into account as in Fig. 3.
FIG. 3. Separation between the two central jets in the pseudo- B. Reconstruction of theW invariant mass

][aﬁid.ity_?Zi";UtTatlfan?'e pla_ngbgrg ﬁ/o”d :.iséog{.ﬁm refr.esetnrfs the A further reduction of the background is achieved by re-
ull signal ca‘cuation torm, = ev, which stil confains the quiring that the two hard central jets be consistent in invari-
continuum electroweak backgroun@lotted ling, calculated in . . )

ant mass with a hadronically decayillg boson. The recon-

terms of themy,=100 GeV cross section. The QCW/+4 jets ted | iant distributi f th Wo iets i
background is given by the dash-dotted histogram. Energy smearing]rg\?vr? in'géarfn mass distribution o ese two jets Is

according to Egs(20), (21) is applied to signal and background - . .
processes. Finite detector granulafisee Eq.(19)] is taken into The distributions for the signal and the continuum back-
account for the electroweak processes. ground are narrow and peak Mdt,,. The distribution for the

W+4 jets background, on the other hand, is flat, reflecting

) ) . ) the fact that in this case the jet pair is not the decay product
cross sections which serve to normalize these reduction fa(b-f a real W boson. These differences are exploited by a

tors. For the signal cross section, 86.4% of the events pasgmple invariant mass cut on the central dijet pair
the selection criteria. The reduction in the cross section

comes mostly from the minimumy requirement of 50 GeV My—15 GeV<MJ-°j <My+15 GeV. (26)
for each of the two central jets. Only two-thirds of the elec-
troweak continuum background survive the cuts. The chosen mass window af15 GeV is motivated by the

The continuumW-+jets background is reduced by ap- signal width in Fig. 4 and agrees with results of a more
proximately a factor of 4 when the resolution of the centralcomplete detector simulatidi,2]. The reduction factors for
jet into two hard jets opr>50 GeV is required. This reduc- Poth the signal and the background, due to the dijet mass cut
tion is gratifying since it indicates that the use of perturbative®f Ed- (26), are given in the second column of Table II. The
QCD is still warranted, in spite of the small minimal separa-W+ 4 jets background is reduced by an additional factor of

tion of 0.2 for the two almost collinear partons which mimic 2 Whereas 83% of the signal events survive the cut. The
theW—jj decay. overall efficiency of the central jet resolution and Wein-

variant mass cut is given in the third column of Table Il. For

TABLE Il. Signal and background reduction factors resulting from an analysis of the central cluster
which is a candidate for hadroni/ decay. The first column gives the efficiency of reconstructing two jets
in the central cluster, within the cuts of Eq23)—(25). Requiring the invariant mass of these two jets to lie
in the My= 15 GeV window yields the additional reduction factor of the second column. The product of the
two vyields the total efficiency listed in column 3.

o(W—jj)/ o(W—ljet) o(W=jj Mjjcucut)/o(W—jj)
[Egs.(19-(25)] [Eq. (26)] Efficiency
my =800 GeV 0.87 0.83 0.71
my =100 GeV 0.67 0.86 0.57
W+ jets 0.27 0.21 0.055

Signal
my =800 GeV 0.88 0.83 0.73




57 SEARCHING FOR A HEAVY HIGGS BOSON VIA THE . .. 3079

20 T T ] section. The difference between the distributions for the sig-
o ] nal and the background is striking. For the longitudinally
" QCD W+4j polarized signal, the two jets have very similar energies, and
i 5 so the distribution peaks &t=0. In contrast, the two central
CE. ] jets of theW+4 jets background and the two jets arising
' ] from the decay of a transversely polarizéd in the elec-
. troweak continuum background have substantially different
] energies, with the distribution peaking at large value# of
L Clearly, an energy asymmetry c(¢.g. atA=0.5 would
051 _ . further improve the signal to background ratity a factor of
r ER about 1.6. We do not impose such a cut here because there
o are other tools, namely a jet veto on the additional minijet
Y S A I I LS5 activity in the central region, which can be exploited for an
00 02 04 06 08 1.0 adequate background rejection. The energy asymmetry can
A then be used to confirm the observation of longitudinally
polarizedW's from the Higgs boson decay.

]-/U dU/dAcentral

central

FIG. 5. Energy asymmetry distribution of the two central jets,

which are identified as th&/— jj decay products. No dijet invari- V. CENTRAL JET VETO
ant mass cut is imposed. The solid histogram represents the full
signal calculation formy=800 GeV, while the continuum elec- In contrast to thed —W*" W~ signal, the two centralV’s

troweak backgroundni, =100 GeV) is given by the dotted line. will be accompanied by C|ose_tiy_quark jets in thett_”
The dash-dotted histogram represents the Q@B 4 jets back- background and, as we shall see, the-jets QCD back-
ground. Finite detector resolution is taken into account as in Fig. SQround also proéluces more obser\,/able central jets than the

_ ) _ _signal process. A veto on argdditional central jet activity
the Higgs boson signal, 73% of the events survive all cuts, iRy thus substantially improve the signal to background ratio
contrast to only 5.5% of the events for tié+4 jets back- 114,12 1,2.
ground. At this level, th&V+4 jets background is a factor of | order to study the effects of semi-soft parton radiation
2.3 smaller than the signal. Even if the central jet pair cannofor the Higgs signal and the background, we use the TSA of
be resolved, it may still be possible to measure the invariangec. || D, and thus we first need to estimate the TSA scales,

decayingW boson. The reduction factors in the second col-e find thatp¥%s, 1°!*=40.5 GeV reproduces th&/+ 3 jets

umn of Table Il and the cross section values in the last COlg g5 section of 8.36 pb in Table I. As discussed in Sec. Il D
umn of Table | indicate that the&/ invariant mass cut would e —. . .
we useprga=42 GeV for thoset t jj events in which &

+i i . S .
reduce theW+jets background to the level of the signal quark arising in a top quark decay produces one of the for-

o ward tagging jets. For the Higgs signal, a separate estimate
C. Measurement of theW polarization for the my =800 GeV andm,=100 GeV cases gives two

Any polarization of the hadronically decayiny affects ~ different values foprs, which, if used, will lead to an in-
the angular distributions of the twa/ decay jets. A trans- complete subtraction of the continuum electroweak back-
versely polarized yields a 1+ cog ¢* distribution whereas 9round. Instead, we match the difference between the two
longitudinally polarizedW's produce a sih¢* distribution. ~ Cross sections,Bo(my =800 GeV)-Bo(my =100 ge]\e/t)s
Here 6* is the polar angle of one of the decay jets witht0 the lower order cross section, which givegdys
respect to th&V direction, in thew rest frame. The approxi- =7.9 GeV. _ _
mate alignment of the thrust axis with tw direction for The differences iprsa values between the signal and the
transversa\'s produces two jets of quite different energies background reflect the different characteristics of the corre-
after boosting into the laboratory frame. Longitudinally po- SPonding hard scattering processes. For the signal, the mo-
larized W's, on the other hand, lead to approximately equalmentum transferQ, to the color charges is given by the
jet energies. The energy asymmetdy, of the two central virtuality of the incident weak bosons in the longitudinal
jets therefore is an excellent variable to confirm the longituWeak boson scattering process and, hen@@signa
dinal polarization of th&\’s expected in Higgs boson decay ~p?%<M,y. For theW+4 jets and the t backgrounds, on

[6]. It is defined as the other hand, the corresponding scales are substantially
larger, of the order oE;(W) or, even, the partonic center of
_ |E1—El 27) mass energy. Very roughlpy;sa, the jet transverse momen-
E,+E, tum scale at which multiple parton emission becomes impor-

tant, is one to two orders of magnitude smaller than the mo-
whereE; andE, are the energies of the two central jets in mentum transfer of the corresponding hard scattering
the laboratory frame. The energy asymmetry distributions foPrOC€ss. . .
the my =800 GeV signal and for the electroweak and the The signal and the background cross sections which are
imposing the dijet invariant mass cut of EQ6). Each dis- Table Ill. Within the Monte Carlo errors they agree with the
tribution is normalized to the corresponding integrated cros$V+3 jets, thett jj and the signal cross sections in the last
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TABLE Ill. Signal and background cross sectiddis in fb, before and after the veto of additional central
jets. Cuts in the first column are the same as in the last column of Table I, but cross sections are obtained
within the TSA. The second column includes the dijet resolution and mass reconstruction efficiencies of
Table 1l and columns 3 and 4 give cross sections and expected event rates after the central jet veto of Eq.
(29). The Higgs signal cross section is definedBas(m,;) — Bo(my =100 GeV).

Hard cuts +jj resolution
+ soft jet andM;; cut +central jet Number of events
(TSA) efficiency veto £=100fb*

my =800 GeV 1.64 1.17 1.07 107
my =100 GeV 0.17 0.10 0.08 8
my=1TeV 0.99 99
W+4 jets 8.49 0.47 0.21 21
tt 1.55 1.10 0.12 12
Signal
my =800 GeV 1.47 1.07 0.99 99
my=1TeV 0.91 91

column of Table I. For all results presented in this sectionjs therefore to veto events with any additional jets between
the hadronically decayingV is again assumed to decay into the two tagging jets, i.e. events which have an additional jet
a single observable jet. The resolution of this jet into twosatisfying

subjets and the effect of an invariant mass cut on this dijet

system are then taken into account by multiplying with the p%?ft> Proete=20 GeV, njsofts[,]}agl , 77}392]_ (29)
efficiency factors given in Table Il. Like the Higgs signal,

thett background contains a predominantly longitudinally The rapidity requirement corresponds to a dup;; >0 in
polarizedW which decays hadronically and the dijet resolu- ig g,

similar to the ones found for the signal. The signal efficiencystrongly on the minimum transverse momentys,e(o, Of

of 0.71 has therefore also been used fortthdackground in  the additional jets. Within the TSA this probabivlity can be
the second column of Table Ill. This procedure gives a conestimated by integratingorga/d p?‘j’” over the allowedor;
servative estimate of the top quark background since thgange. The result is then normalized to the lowest order cross
combinatorial dilution of theN— jj peak, due td quarks  section. Thus,

misidentified ad/V decay jets, is not taken into account.

For the Higgs signal the two forward tagging jets define o
Al the two 9. h soft 1 dorsa . soft
the phase space region in which to veto minijet activity. P(p7;] >pTyvet0)=0— Wd PT] (30)
Color coherence favors additional parton emission outside LO Jpryeto UPT]

the rapidity range bounded by the two tagging jets. A good
way to capture the differences between the signal and the . ' '
various backgrounds is by plotting the cross sections as a I "

function of A;;, the smallest relative distance, in units of 0-61 L i

pseudo-rapidity, between the extra jet and the two tagging i P

jets, tf,l' “ ]
0.4 b -

An;; = sign 7;*%closest— 77°". (28)

do/dAn;; [fb]

Here n}ag(closest) is the pseudo-rapidity of the forward tag-
ging jet which is closest to the soft jet. The sign in E28)

is chosen such thak »;; is negative if the additional jet is
outside the pseudo-rapidity interval bounded by the two tag-
ging jets and positive otherwise. Thex;; distribution for
additional jets withpr;>20 GeV is shown in Fig. 6. Both
background distributions peak Aty;; ~ 2, indicating that the
additional jet is predominantly emitted in the central region,
between the two forward tagging jets. This is in contrast to FIG. 6. Rapidity distanceA 7jj, of secondary jets ofpy,

the signal process, where an additional jet is emitted more-20 GeV from the closest forward tagging jet. Results are shown
forward than the tagging jets 50% of the time. Because of for the my=800 GeV O(«,) electroweak processdsolid line),

the small scale governing gluon emission in the signal, onlytt jj production (dash-dotted lineand QCDW-+ jets production

a small fraction of all signal events has an extra parton withdotted ling. Negative values o n;; correspond to secondary jets
transverse momentum in excess of 20 GeV. A good strategyutside the rapidity interval formed by the two forward tagging jets.

Any;
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L I I I I IS 20%. For large values qfr ,et0 (PT.0et0>50 GeV), the two
Lo ] calculations give essentially the same veto probability. In the
o8l %\ ] following estimates for the observability of a heavy Higgs
i o ] signal at the LHC, the more conservative TSA results for the
AN | ] veto probability are used.
061~ N 7] The signal and the background cross sections, after apply-
[oweai) N ] ing the central jet veto with;>pr ,e10=20 GeV, are given
04l  TSALH B in the third column of Table Ill. As %pected, the jet veto is
[ A ] extremely effective in removing thet background, due to
N ] the presence of the twin jets. The integrated cross section is
- reduced by one order of magnitude and is now onl¥2%
of the signal cross section. TH&+4 jets background is
0.0 L Lo reduced by a factor of 2.2. These background reductions are
0 20 40 60 80 100 achieved with a very high efficiency for retaining the signal,
Pryeto [G€V] with approximately 91% of the signal events passing the veto
criterion.

FIG. 7. Probability to find a veto jet candidate above a trans-  After the veto of additional jets in the central region, the
verse momentunpr e, between the two forward tagging jets. Re- signal cross section rate is a factor of 2.5 larger than the
sults are derived in the TSA for then, =800 GeV electroweak combined background rate. Assuming an integrated luminos-
signal atO(ay) (solid line), tt jj production(dotted ling and QCD ity of £=100 fb !, the expected numbers of events for the
W+ jets production(dash-dotted line For QCD W+ jets produc-  Higgs signal and for the background are given in the last
tion the result for soft parton exponentiation is shown as the dashegolumn of Table Ill. Atm, =800 GeV, 99 signal events are
line. See text for details. expected with a total background of 41 events. These num-

. coft; tagl _tag2 _ - o bers indicate_'ghat the Higgs bosor_l can be discovered in the
with 77° e[ 7;°9", ;°*"]. This probability is shown in Fig. H—WW-—lvjj decay mode, for Higgs boson masses up to
7. At Pt ,et0=20 GeV, the probability for finding a veto jet m,=1 TeV.
candidate in a signal event is below 10%, whereas there is a
substantial probability to find such a jet in background events

(~55% for theW+4 jets and~90% for thettjj back-

grounds. For thett background, the veto probability tends ~ Our analysis of theH —WW-—lvjj decay mode of a
to 1 aspr ,e1o— 0, due to the fact that one of the tvimjets ~ heavy Higgs boson is based on complete tree level QCD
is almost always emitted in the veto region. Within the TSA, calculations of the cross sections for thg—qqWWsignal
the veto probability for theV+4 jets background remains as well as for theW+3,4 jets andttjj background pro-
substantially less than 1, even fif ,,—0. This happens cesses. Full QCD matrix elements provide the most reliable
because in the TSA only one additional parton is emittedpredictions for event features such as hard jet distributions,
with a finite probability to be outside the veto region, as seerthe momentum scales governing the emission probability of
in Fig. 6. Thus, at smalpr .., values, the TSA underesti- additional soft jets, and the angular distributions of such ad-
mates the veto probability. ditional jets. With QCD matrix elements for W

An improved estimate of the veto probability at low —lv)(W—jj)+2,3 jets events for the signaly+ 3,4 jets

PTveto Values is obtained by assuming that in the soft regioreyents for the QCD background andt—Wb)(t

multiple parton emission is dominated by the emission OLWFHZ jets production for the top-quark background we

gluons, and that the gluon emission probability exponentihave analyzed optimal criteria for double forward jet tag-

ates. This model of multiple minijet emission predicts a Pois—ging the expected resolution and expected background sup-
son distribution for the multiplicity of additional minijets in L . L )
hard scattering events. Indeed, recent CDF data are well d ression when searching for\d— |j invariant mass peak,

. > o X o nd prospects for measuring the longitudinal polarization of
scribed by this ansatf32,33. Within this exponentiation : ; X X
model, the veto probability can then be estimated/123 the hadronically decayingv of the Higgs boson signal, and

we have studied momentum scales and angular distributions
of additional soft jet emission which would be affected by a
central jet veto.
Previous analyses by the ATLAR] and CMSJ[1] Col-
laborations used parton shower programs suctPyasiiA
[34] instead, which give a more detailed description of other
(31 aspects of signal and background events, such as particle
content, higher soft jet multiplicities, and the presence of an
wheredonﬂ/dp?‘j’ft is the unregularizedi+ 1 parton cross underlying event. Carrying the simulation to the particle
section, i.e. the higher order cross section without the trunlevel also allows for a more realistic assessment of the de-
cated shower approximation. tector response. With fairly similar acceptance cuts on the
A veto probability estimate based on E(1) is also  Higgs decay products and using double forward jet tagging
shown in Fig. 7, for theW+4 jets background. Apr e,  a@nd central jet vetoing techniques these studies arrived at
=20 GeV, the TSA underestimates the veto probability byqualitatively the same answer: that a heavy Higgs boson can

P (pT,soft > pT,veto)
@
L)
g

o2

VI. DISCUSSION AND CONCLUSIONS

Pexp( p‘sl;'(jth> PTvetd) =1—€Xp

1 * donyy soft

- oot dpr;

X
Lo Jpr e APT]
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be discovered in thel = WW-—lvjj decay mode. Itis reas- ging jets,Er;(tag)>50(30) GeV, is motivated by the signal
suring that also quantitatively the agreement is excellent. Thgistributions in Fig. 2. It is considerably harder than the val-
predicted rates for the Higgs boson signal and the variouges Erj(tag)>15 GeV (ATLAS) and Eqj(tag)>10 GeV
backgrounds found in the ATLAS and CMS analyses arqCMS) used in the Technical Proposals of the two detectors
somewhat smaller than ours, by up to a factor of 2. While[1,2]. Thus our choice definitely is conservative.

this general trend is expected from including detector Neither of the presently available analyses will be defini-
efficiencies—our central-jet-vetoing and forward-jet-taggingtive by the time the LHC experiments start taking data. The
criteria differ sufficiently from those used in Refd, 2—  tools presented here, based on state-of-the-art QCD matrix
this agreement may be fortuitous to some extent. Since welements, can be used to calibrate parton shower Monte
do not have the parton level cross sections for these analys&sarlo programs. Combined with full detector simulations
a more explicit and quantitative comparison with the ATLAS they will provide more reliable predictions for longitudinal
and CMS studies is not feasible. A few differences are noteweak boson scattering signals and background processes

worthy, however. which are needed to understand LHC data.
Both the CMS and ATLAS analyses find suppression of
the W+ jets background by a factor e¥3 from a central jet ACKNOWLEDGMENTS

veto, but with very different values opr ,e1,=40 GeV L

(CMS) andpr yeto=15 GeV(ATLAS), and ATLAS reports We are grateful to A. Stange for making hisjj Monte
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