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Observing H˜W„* …W„* …

˜e6µ7p” T in weak boson fusion with dual forward jet tagging
at the CERN LHC

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

~Received 2 June 1999; revised manuscript received 2 August 1999; published 3 November 1999!

Weak boson fusion promises to be a copious source of intermediate mass standard model Higgs bosons at
the CERN LHC. The additional very energetic forward jets in these events provide for powerful background
suppression tools. We analyze theH→W(* )W(* )→e6m7p” T decay mode for a Higgs boson mass in the

130–200 GeV range. A parton level analysis of the dominant backgrounds~production ofW pairs, t t̄ andZ
→tt in association with jets! demonstrates that this channel allows the observation ofH→W(* )W(* ) in a
virtually background-free environment, yielding a significant Higgs boson signal with an integrated luminosity
of 5 fb21 or less. Weak boson fusion achieves a much better signal to background ratio than inclusiveH
→e6m7p” T and is therefore the most promising search channel in the 130–200 GeV mass range.
@S0556-2821~99!00123-X#
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I. INTRODUCTION

The search for the Higgs boson and, hence, for the or
of electroweak symmetry breaking and fermion mass gen
tion, remains one of the premier tasks of present and fu
high energy physics experiments. Fits to precision el
troweak~EW! data have for some time suggested a relativ
small Higgs boson mass, of order 100 GeV@1#. This is one
of the reasons why the search for an intermediate mass H
boson is particularly important@2#.

For the intermediate mass range, most of the literature
focused on Higgs boson production via gluon fusion@2# and
t t̄H @3# or WH(ZH) @4# associated production. Cross se
tions for standard model~SM! Higgs boson production at th
CERN Large Hadron Collider~LHC! are well-known@2#,
and while production via gluon fusion has the largest cr
section by almost one order of magnitude, there are subs
tial QCD backgrounds. A search for the very clean fo
lepton signature fromH→ZZ decay can find a Higgs boso
in the mass regionmH*130 GeV, but due to the sma
branching fraction of this mode very large integrated lum
nosities, up to 100 fb21 or more, are required. One ca
search for gg→H via H→W(* )W(* )→e6m7p” T decays
with much lower luminosity@5–7#, but with lower signal-to-
background ratios.

The second largest production cross section is predi
for weak-boson fusion~WBF!, qq→qqVV→qqH. These
events contain additional information in their observa
quark jets. Techniques like forward jet tagging@8–10# can
then be exploited to reduce the backgrounds significan
WBF and gluon fusion nicely complement each other:
gether they allow for a measurement of thet t̄H/WWH cou-
pling ratio.

Another feature of the WBF signal is the lack of col
exchange between the initial-state quarks. Color cohere
between initial- and final-state gluon bremsstrahlung lead
suppressed hadron production in the central region, betw
the two tagging-jet candidates of the signal@11#. This is in
contrast with most background processes, which typic
involve color exchange in thet-channel and thus lead t
0556-2821/99/60~11!/113004~10!/$15.00 60 1130
in
a-
re
-

y

gs

as

-

s
n-

-

-

d

y.
-

ce
to
en

ly

enhanced hadronic activity between the tagging jets. We
ploit these features, via a veto of soft jet activity in the ce
tral region@7#.

While some attention has been given to intermediate-m
H→W(* )W(* ) searches at the LHC in the framework
gluon fusion@5,6#, production via weak boson fusion for th
same decay mode has not yet been discussed in the litera
Thus, we provide a first analysis of intermediate-massVV
→H→W(* )W(* ) at the LHC~and of the main physics an
reducible backgrounds! which demonstrates the feasibility o
Higgs boson detection in this channel, with very low lum
nosity. H→W(* )W(* ) event characteristics are analyzed f
dual leptonic decays toe6m7 only, to avoid backgrounds
from Z,g→e1e2,m1m2.

Our analysis is a parton-level Monte Carlo study, usi
full tree-level matrix elements for the WBF Higgs signal a
the various backgrounds. In Sec. II we describe our calc
tional tools, the methods employed in the simulation of t
various processes, and important parameters. Extra mi
activity is simulated by adding the emission of one ex
parton to the basic signal and background processes. Ge
cally we call the basic signal process~with its two forward
tagging jets! and the corresponding background calculatio
‘‘2-jet’’ processes, and refer to the simulations with one e
tra parton as ‘‘3-jet’’ processes. In Sec. III, using the 2-
programs for the backgrounds, we demonstrate forward
tagging, ab veto and other important cuts which combine
yield an '2/1 to 1/2 signal-to-background~S/B! ratio, de-
pending on the Higgs boson mass.

In Sec. IV we analyze the different minijet patterns
signal and background, using both the truncated shower
proximation ~TSA! @12# to regulate the cross sections, an
the gluon exponentiation model to estimate the minijet m
tiplicity @13#. By exploiting the two most important charac
teristics of the extra radiation, its angular distribution and
hardness, the QCD backgrounds can be suppressed sub
tially by a veto on extra central jet emission. Within the TS
and exponentiation models, probabilities are estimated
vetoing signal and background events, and are combi
©1999 The American Physical Society04-1
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with the production cross sections of the previous section
predict signal and background rates in Table II. These ra
demonstrate the feasibility of extracting a very low bac
groundH→W(* )W(* ) signal at the LHC.

Our signal selection is not necessarily optimized yet. T
variables we identify for cuts are the most distinctive, b
deserve a multivariate analysis with detector simulation.
do construct an additional variable in Sec. V which is n
used for cuts, but rather can be used to extract the H
boson mass from the final event sample.

II. CALCULATIONAL TOOLS

We simulatepp collisions at the CERN LHC,As514
TeV. All signal and background cross sections are de
mined in terms of full tree level matrix elements for th
contributing subprocesses and are discussed in more d
below.

For all our numerical results we have chosen sin2uW
50.2315, MZ591.19 GeV, and GF51.16639
31025 GeV22, which translates intoMW579.94 GeV and
a(MZ)5128.74 when using the tree-level relations betwe
these input parameters. This value ofMW is somewhat lower
than the current world average of'80.35 GeV. However,
this difference has negligible effects on all cross sectio
e.g. theqq→qqH signal cross section varies by about 0.5
between these twoW mass values. The tree level relatio
between the input parameters are kept in order to guara
electroweak gauge invariance of all amplitudes. For all Q
effects, the running of the strong coupling constant is eva
ated at one-loop order, withas(MZ)50.118. We employ
CTEQ4L parton distribution functions@14# throughout. Un-
less otherwise noted the factorization scale is chosen am f
5min(pT) of the defined jets.

A. The qq˜qqH„g… signal process

The signal can be described, at lowest order, by t
single-Feynman-diagram processes,qq→qq(WW,ZZ)
→qqH, i.e. WW andZZ fusion where the weak bosons a
emitted from the incoming quarks@15#. Because of the smal
Higgs boson width in the mass range of interest, these ev
can reliably be simulated in the narrow width approximatio
From previous studies ofH→gg @16# andH→tt @17# de-
cays in weak boson fusion we know several features of
signal, which can be exploited here also: the centrally p
duced Higgs boson tends to yield central decay products~in
this caseW1W2), and the two quarks enter the detector
large rapidity compared to theW’s and with transverse mo
menta in the 20 to 100 GeV range, thus leading to two
servable forward tagging jets.

For the study of a central jet veto, we utilize the results
previous studies where we simulated the emission of at l
one extra parton@17,18#. This was achieved by calculatin
the cross sections for the processqq→qqHg, i.e. weak bo-
son fusion with radiation of an additional gluon, and
crossing related processes.

An important additional tool for distinguishing theH
→e6m7p” T signal from various backgrounds is the an
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correlation of theW spins, as pointed out in Ref.@6#. This is
due to the preservation of angular momentum in the deca
the spin-0 Higgs boson. Of course, we can observe only
angular distributions of the charged decay leptons,
this is sufficient. The decay rate is proportional
(pl 2•pn)(pl 1•pn̄). In the rest frame of the Higgs boson,
which the e2n̄ or e1n pairs are emitted back-to-back fo
W1W2 production at threshold, this product is a maximu
for the charged leptons being emitted parallel. This char
teristic is preserved and even enhanced when boosted to
lab frame, as the Higgs boson in weak boson fusion is ty
cally emitted withpT'602120 GeV.

B. The QCD t t̄ 1 jets backgrounds

Given the H decay signature, the main physics ba
ground to oure6m7p” T signal arises fromt t̄ 1 jets produc-
tion, due to the large top production cross section at the L
and because the branching ratioB(t→Wb) is essentially
100%.

The basic process we consider ispp→t t̄ , which can be
eithergg- or qq̄-initiated, with the former strongly dominat
ing at the LHC. QCD corrections to this lead to addition
real parton emission, i.e. tot t̄ 1 j events. Relevant subpro
cesses are

gq→t t̄ q, gq̄→t t̄ q̄, qq̄→t t̄ g, gg→t t̄ g, ~1!

and the subprocesses fort t̄ 1 j j events can be obtained sim
larly. For the case of no additional partons, theb’s from the
decaying top quarks may be identified as the tagging jets
this case, calculating the cross section fort t̄ 1 j where the
b’s are explicitly identified as the tagging jets serves to e
mate the effect of additional soft parton emission, i.e. min
activity in the central detector; this is described in detail
Sec. IV. At the same time, we can identify a distinctly d
ferent, perturbative region of phase space, where the fi
state light quark or gluon gives rise to one tagging jet, a
one of the two decayb’s is identified as the other tagging je
In this case,t t̄ 1 j j may be used to estimate minijet activit
for the hard processpp→t t̄ 1 j . Finally, there is a third dis-
tinct region of phase space, for the perturbative hard proc
pp→t t̄ 1 j j , where the final state light quarks or gluons a
the two tagging jets.

Thus, the ‘‘t t̄ j ’’ and ‘‘ t t̄ j j ’’ calculations serve a dua
purpose: to obtain the cross sections for the contribution
the perturbative processes where light quark or gluon jets
in the region of phase space where they are experimen
identified as far-forward/backward tagging jets; and to e
mate the additional QCD radiation patterns for the ne
lower-order perturbativet t̄ 1 jets process. Thet t̄ and t t̄ j
matrix elements were constructed usingMADGRAPH @19#,
while the t t̄ j j matrix elements are from Ref.@20#.

Decays of the top quarks andW’s are included in the
matrix elements; however, while theW’s are allowed to be
off-shell, the top quarks are required to be on-shell. Ene
loss fromb→ lnX is included to generate more accuratep” T
4-2
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distributions. In all cases, the factorization scale is chose
m f5min(ET) of the massless partons/top quarks. The ove
strong coupling constant factors are taken as (as)

n

5) i 51
n as(ETi

), where the product runs over all light quark
gluons and top quarks; i.e. the transverse momentum of e
additional parton is taken as the relevant scale for its prod
tion, irrespective of the hardness of the underlying scatte
event. This procedure guarantees that the sameas

2 factors are

used for the hard part of at t̄ 1 jets event, independent of th
number of additional minijets, and at the same time the sm
scales relevant for soft-parton emission are implemented

C. The QCD WW1 j j background

The next obvious background arises from real-emiss
QCD corrections toW1W2 production. For W1W2 j j
events these background processes include@21#

qg→qgW1W2, qq8→qq8W1W2, ~2!

which are dominated byt-channel gluon exchange, and a
crossing related processes, such as

qq̄→ggW1W2, gg→qq̄W1W2. ~3!

We call these processes collectively the ‘‘QCDWW j j’’
background. We do not calculate cross sections for the
respondingWW13-jet processes, but instead follow the r
sults of our analysis of the radiation patterns of QCDZ
1 jets processes, detailed in Sec. IV, and apply those res
here to estimate minijet veto probabilities.

The factorization scale is chosen as for the Higgs bo
signal. The strong coupling constant factor is taken
(as)

25as(pT1
)as(pT2

), i.e., the transverse momentum
each additional parton is taken as the relevant scale fo
production. Variation of the scales by a factor 2 or1

2 reveals
scale uncertainties of'35%, however, which emphasize
the need for experimental input or next-to-leading-order c
culations.

TheWW background lacks the marked anti-correlation
W spins seen in the signal. As a result the momenta of
charged decay leptons will be more widely separated tha
H→W(* )W(* ) events.

D. The EW WW1 j j background

These backgrounds arise fromW1W2 bremsstrahlung in
quark-~anti!quark scattering viat-channel electroweak boso
exchange, with subsequent decayW1W2→ l 1l 2p” T :

qq8→qq8W1W2. ~4!

Naively, this EW background may be thought of as su
pressed compared to the analogous QCD process in Eq~2!.
However, it includes electroweak boson fusion,VV
→W1W2 via s- or t-channelg/Z-exchange or viaVVVV
4-point vertices, which has a momentum and color struct
identical to the signal. Thus, it cannot easily be suppres
via cuts.

The matrix elements for these processes were constru
usingMADGRAPH @19#. We include charged-current~CC! and
neutral-current~NC! processes, but discard s-channel E
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boson and t-channel quark exchange processes as their
tribution was found to be'1% only, while adding signifi-
cantly to the CPU time needed for the calculation. In gene
for the regions of phase space containing far-forward a
-backward tagging jets, s-channel processes are severely
pressed. We refer collectively to these processes as the ‘
WW j j’’ background. BothW’s are allowed to be off-shell,
and all off-resonance graphs are included. In addition,
Higgs boson graphs must be included to make the calcula
well-behaved at largeW-pair invariant masses. Howeve
these graphs include our signal processes and might lea
double counting. Thus, we setmH to 60 GeV in the EW
WW j j background to remove their contribution. A clea
separation of the Higgs boson signal and the EWWW j j
background is possible because interference effects betw
the two are negligible for the Higgs boson mass range
interest.

Again we will need an estimate of additional gluon rad
tion patterns. This was first done for EW processes in R
@22#, but for different cuts on the hard process, and again
EW tt j j processes in Ref.@17#. We reanalyze the EWtt j j
case in Sec. IV and directly apply the resulting minijet em
sion probabilities here. The EWtt j j and EWWW j j back-
grounds are quite similar kinematically, which justifies t
use of the same veto probabilities for central jets.

E. The QCD and EW t1t2 backgrounds

The leptonic decay oft ’s provides a source of electrons
muons and neutrinos which can be misidentified asW de-
cays. Thus, we need to study real-emission QCD correct
to the Drell-Yan processqq̄→(Z,g)→t1t2. For t1t2 j j
events these background processes include@23#

qg→qgt1t2, qq8→qq8t1t2, ~5!

which are dominated byt-channel gluon exchange, and a
crossing-related processes, such as

qq̄→ggt1t2, gg→qq̄t1t2. ~6!

All interference effects between virtual photon an
Z-exchange are included. We call these processes co
tively the ‘‘QCD tt j j ’’ background. The cross sections fo
the correspondingtt13-jet processes, which we need fo
our modeling of minijet activity in the QCDtt j j back-
ground, have been calculated in Refs.@24–26#. Similar to the
treatment of the signal processes, we use a parton-l
Monte Carlo program based on the work of Ref.@25# to
model the QCDtt j j andtt j j j backgrounds.

From our study ofH→tt in weak boson fusion@17#, we
know that the EW~t-channel weak boson exchange! cross
section will be comparable to the QCD cross section in
phase space region of interest. Thus, we consider those
cesses separately, in a similar manner as for the EWWW j j
contribution. We use the results of Ref.@27# for modeling the
EW tt j j background.

The dual leptonic decays of thet ’s are simulated by mul-
tiplying thet1t2 j j cross section by a branching ratio fact
4-3
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TABLE I. Signal ratess•B(H→e6m7p” T) for mH5160 GeV and corresponding background cross sections, inpp collisions atAs
514 TeV. Results are given for various levels of cuts and are labeled by equation numbers discussed in the text. On line six the m
is included. Line five gives the survival probabilities for each process, withpT

veto520 GeV. The expected tagging jet identification efficien
is shown on the last line. All rates are given in fb.

Cuts H j j t t̄ 1 jets QCD WW j j EW WW j j QCD tt j j EW tt j j S/B

Forward tagging~10!–~12! 17.1 1080 4.4 3.0 15.8 0.8 '1/65
1 b veto ~13! 63 1/5.3
1 M j j , angular cuts~14-16! 11.8 2.8 0.54 0.50 3.6 0.4 1.3/1
1 real t rejection~17! 11.4 2.6 0.50 0.45 0.6 0.08 2.2/1
Psurv,20 30.89 30.29 30.29 30.75 30.29 30.75 -
1 minijet veto ~18! 10.1 0.76 0.15 0.34 0.18 0.07 6.8/1
1 tag ID efficiency (30.74) 7.5 0.56 0.11 0.25 0.13 0.05 6.8/1
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of (0.3518)2/2 and by implementing collinear tau deca
with helicity correlations included as in our previous analy
of H→tt @17#.

F. Detector resolution

The QCD processes discussed above lead to steeply
ing jet transverse momentum distributions. As a result, fin
detector resolution can have a sizable effect on cross
tions. These resolution effects are taken into account
Gaussian smearing of the energies of jets/b’s and charged
leptons. We use

DE

E
5

5.2

E
%

0.4

AE
% .009, ~7!

for jets~with individual terms added in quadrature!, based on
ATLAS expectations@28#. For charged leptons we use

DE

E
52%. ~8!

In addition, finite detector resolution leads to fake missin
transverse-momentum in events with hard jets. An ATLA
analysis@29# showed that these effects are well parame
ized by a Gaussian distribution of the components of the f
missing transverse momentum vector,p”W T , with resolution

s~p” x ,p” y!50.46•A( ET,had, ~9!

for each component. In our calculations, these fake miss
transverse momentum vectors are added linearly to the
trino momenta.

III. HIGGS SIGNAL AND REAL W1W2 BACKGROUNDS

The qq→qqH, H→W(* )W(* )→e6m7nn̄ dual leptonic
decay signal is characterized by two forward jets and theW
decay leptons (e,m). Before discussing background leve
and further details like minijet radiation patterns, we need
identify the search region for these hardH j j events. The task
is identical to the Higgs searches inqq→qqH, H→gg,tt
which were considered previously@16,17#. We can thus
11300
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adopt the strategy of these earlier analyses and start ou
discussing a basic level of cuts on theqq→qqH, H
→W(* )W(* ) signal. Throughout this section we assume
Higgs mass ofMH5160 GeV, but we do not optimize cut
for this mass.

The minimum acceptance requirements ensure that
two jets and two charged leptons are observed inside
detector~within the hadronic and electromagnetic calorim
eters, respectively!, and are well-separated from each othe

pTj
>20 GeV, uh j u<5.0, DRj j >0.7,

~10!
pTl

>20 GeV, uh l u<2.5, DRjl >0.7.

A feature of the QCDWW j j background is the generall
higher rapidity of theW’s as compared to the Higgs signa
weak boson bremsstrahlung occurs at small angles with
spect to the parent quarks, producingW’s forward of the jets.
Thus, we also require bothl ’s to lie between the jets with a
separation in pseudorapidityDh j ,l.0.7, and the jets to oc
cupy opposite hemispheres:

h j ,min10.7,h l 1,2
,h j ,max20.7, h j 1

•h j 2
,0. ~11!

Finally, to reach the starting point for our consideration
the signal and various backgrounds, a wide separation
pseudorapidity is required between the two forward tagg
jets,

Dh tags5uh j 1
2h j 2

u>4.4, ~12!

leaving a gap of at least 3 units of pseudorapidity in wh
the l ’s can be observed. This technique to separate w
boson scattering from various backgrounds is we
established@7–10,16–18#, in particular for heavy Higgs bo-
son searches. Line 1 of Table I shows the effect of these
on the signal and backgrounds for a SM Higgs boson of m
mH5160 GeV. Overall, about 28% of allH→W(* )W(* )

→e6m7nn̄ events generated in weak boson fusion are
cepted by the cuts of Eqs.~10!–~12! ~for mH5160 GeV!.

Somewhat surprisingly, the EWWW j j background rate
reaches 2/3 of the QCDWW j j background rate already a
this level. This can be explained by the contribution fro
4-4
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W,Z,g exchange and fusion processes which can prod
centralW pairs and are therefore kinematically similar to t
signal. This signal-like component remains after the forw
jet tagging cuts.

As is readily seen from the first line of Table I, the mo
worrisome background isW pairs fromt t̄ 1 jets production.
Of the 1080 fb at the basic cuts level, 12 fb are fromt t̄ , 310
fb are from t t̄ j , and the remaining 760 fb arise fromt t̄ j j
production. The additional jets~corresponding to massles
partons! are required to be identified as far forward taggi
jets. Thet t̄ j j cross section is largest because thet t̄ pair is
not required to have as large an invariant mass as in the
two cases, where one or bothb’s from the decay of the top
quarks are required to be the tagging jets.

For the events where one or both of theb’s are not iden-
tified as the tagging jets, they will most frequently lie b
tween the two tagging jets, in the region where we search
the W decay leptons. Vetoing events with these additionab
jets provides a powerful suppression tool to control the
background. Note that this doesnot require ab-tag, merely
rejection of any events that have an additional jet, which
this case would be from a hadronically decayingb. We dis-
card all events where ab or b̄ jet with pT.20 GeV is ob-
served in the gap region between the tagging jets,

pTb
.20 GeV, h j ,min,hb,h j ,max. ~13!

This leads to a reduction oft t̄ j events by a factor 7 while
t t̄ j j events are suppressed by a factor 100. This result
cross sections of 43 and 7.6 fb, respectively, at the leve
the forward tagging cuts of Eqs.~10!–~12!, which are now
comparable to the other individual backgrounds. This
shown in the second line of Table I. Note that the mu
higher b veto probability fort t̄ j j events results in a lowe
cross section than that fort t̄ j events, an ordering which wil
remain even after final cuts have been imposed~see below!.

QCD processes at hadron colliders typically occur
smaller invariant masses than EW processes, due to
dominance of gluons at small Feynmanx in the incoming
protons. We observe this behavior here, as shown in Fig
The threet t̄ 1 jets backgrounds have been combined f
clarity, even though their individual distributions are slight
different. We can thus significantly reduce much of the QC
background by imposing a lower bound on the invaria
mass of the tagging jets:

mj j .650 GeV. ~14!

Another significant difference is the angular distributi
of the charged decay leptons,e6 and m7, relative to each
other. In the case of the Higgs signal, theW spins are anti-
correlated, so the leptons are preferentially emitted in
same direction, close to each other. A significant fraction
the various backgrounds does not have anti-correlatedW
spins. These differences are demonstrated in Fig. 2, w
shows the azimuthal~transverse plane! opening angle, polar
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~lab! opening angle, and separation in the lego plot. We
ploit these features by establishing the following lepton-p
angular cuts:

fem,105°, cosuem.0.2, DRem,2.2. ~15!

It should be noted that while these cuts appear to be v
conservative, for higher Higgs boson masses thefem and
nRem distribution broadens out to higher values, overla
ping the backgrounds more. FormH;180– 200 GeV these
cuts are roughly optimized and further tightening would
quire greater integrated luminosity for discovery at this u
per end of the mass range. Because of the excellent sig
to-background ratio achieved below, we prefer to work w
uniform acceptance cuts, instead of optimizing the cuts
specific Higgs boson mass regions.

We also examine the distributions for lepton-pair inva
ant mass,mem , and maximum leptonpT , as shown in Fig. 3
for the casemH5160, 190 GeV. As is readily seen, the QC
backgrounds and EWWW j j background prefer significantly
higher values for both observables. Thus, in addition to
angular variables, we find it useful to restrict the individu
pT of the leptons, as well as the invariant mass of the pa

mem,110 GeV, pTe,m
,120 GeV. ~16!

These are particularly effective against the top backgroun
where the large top mass allows for very high-pT leptons far
from the tagging jets, and against the EWWW j j back-
ground, where the leptons tend to be well-separated in
lego plot. Again, the cuts are set quite conservatively so
not to bias a lower Higgs boson mass. Results after c
~14!–~16! are shown on the third line of Table I, for the ca
of a 160 GeV Higgs boson.

At this level of cuts we now observe the combined QC
and EW tt j j backgrounds to exceed all other individu
backgrounds, contributing over 50% of the total. We c

FIG. 1. Normalized invariant mass distribution of the two ta

ging jets for the signal~solid! and various backgrounds:t t̄ 1 jets
~dotted!, QCD WW j j ~long dashed!, EW WW j j ~short dashed!,
QCD tt1 j j ~long dash-dotted! and EW tt1 j j ~short dash-
dotted!. The cuts of Eqs.~10!–~13! are imposed.
4-5
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FIG. 2. Normalized angular distributions o
the charged leptons: azimuthal opening angle,
opening angle, and separation in the lego pl
Results are shown for a Higgs boson mass of 1
GeV and 190 GeV~solid lines! and for the vari-
ous backgrounds as in Fig. 1. Lepton angu
separation is clearly smaller for themH5160
GeV scenario. The cuts of Eqs.~10!–~13! are im-
posed.
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take advantage of the fact that in these backgrounds, theZ or
g is emitted with quite highpT , on the order of 100 GeV
which contributes to larget boosts and causes thet decay
products to be nearly collinear in the lab frame. Within t
collinear approximation, thet momenta can be reconstructe
knowing the charged lepton momenta and the missing tra
verse momentum vector@17,29#. Labeling by xt1

,xt2
the

fraction of t energy each charged lepton takes with it in t
t decay,p” T,x ,p” T,y can be used to solve the two equatio
~x,y transverse directions! for the two unknownsxt1,2

. For

real t decays, thep” T vector must lie between the two lep
tons, and apart from finite detector resolution the reconst
tion must yield 0,xt1,2

,1. For theH j j signal and other
backgrounds, the collinear approximation is not valid b
cause theW’s receive modest boosts in the lab only. In th
case, thep” T vector will rarely lie between the two leptons
and an attempt to reconstruct at pair will result inxt1

,0 or

xt2
,0 for 95% of the events.1 Additionally, the ‘‘t pair’’

invariant mass that is reconstructed does not peak atmZ ,
even when it is positive. We can therefore apply a hig
efficient cut against the QCD and EWtt j j backgrounds by
vetoing events where an attempt to reconstruct at pair in the
collinear decay approximation results in two ‘‘real’’t ’s near
the Z pole:

xt1
,xt2

.0, mZ225 GeV,mtt,mZ125 GeV. ~17!

1Conversely, requiringxt1
.0, xt2

.0 largely eliminatesWW
backgrounds and promises clean isolation ofH→tt→e6m7p” T

@30#.
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The results of this final cut are shown in line four of Table
The t backgrounds are virtually eliminated, while the sign
and the other backgrounds each lose'5%.

IV. RADIATION PATTERNS OF MINIJETS

If we are to veto centralb jets to reduce thet t̄ 1 jets
background to a manageable level, we must take care
correctly estimate higher-order additional central parto
emission in the signal and backgrounds. Fortunately, du
the absence of color exchange between the two scatte
quarks in EW processes, which includes ourH j j signal, we
expect soft gluon emission mainly in the very forward a
very backward directions. However, for QCD process
which are dominated byt-channel color octet exchange, so
gluon radiation occurs mainly in the central detector. Th
when we estimate additional central radiation withpT>20
GeV to match ourb veto condition, we will reject QCD
background events with much higher probability than t
EW processes. Ourb veto is then automatically also a min
jet veto, a tool for QCD background suppression which h
been previously studied in great detail forH j j production at
hadron colliders@7,17,22#.

Largely following the analysis of Ref.@18# for the analo-
gous EWZ j j process which would be used to ‘‘calibrate
the tool at the LHC, we veto additional central jets in t
region

pT j
veto.pT,veto, ~18a!

h j ,min
tag ,h j

veto,h j ,max
tag , ~18b!

wherepT,veto may be chosen based on the capability of t
detector. For the LHC we take this to be 20 GeV.
-
on

60
FIG. 3. Normalized distributions of the dilep
ton invariant mass and maximum charged lept
momentum after the cuts of Eqs.~10!–~13!. Re-
sults are shown for a Higgs boson mass of 1
GeV and 190 GeV~solid lines! and for the vari-
ous backgrounds as in Fig. 1. ThemH5160 GeV
curve peaks at lower values ofmem andpTl ,max

.
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For pT,veto'40 GeV we are already leaving the validi
range of fixed-order perturbation theory in QCD process
the cross section with one additional parton starts to exc
the hard tree-level cross section. As a result it becomes
ficult to provide reliable theoretical estimates of minij
emission rates for the QCD backgrounds. However, glu
emission is governed by very different scales in signal
compared to background processes, due to their diffe
color structures. Thus, a parton shower approach does
immediately give reliable answers unless both color coh
ence and the choice of scale are implemented corre
matching the answer given by QCD matrix elements for s
ficiently hard partons.

While the necessary information on angular distributio
and hardness of additional radiation is available in the ‘

jet’’ and t t̄ 1 jets processes discussed in Sec. II, we m
either regulate or reinterpret these divergent cross secti
We use the truncated shower approximation~TSA! @12# for
the former, treating the ‘‘2-jet’’ cross sections as the inc
sive rate. Details of this procedure can be found in Re
@17,18#, but here we improve upon the determination of ve
probabilities. In our previous studies, TSA matching w
performed without enforcement of the forward tagging c
of Eqs. ~11!,~12!, even though tagging jet candidates we
chosen for the purpose of identifying the veto candida
tagging jet candidates were selected as the two most e
getic @18# or two highest-pT @17# defined jets (pT.20 GeV!,
in opposite detector hemispheres. Without the additional
ward tagging cuts, in particular without the large rapid
separation of the two tagging jets, this favors QCD ba
ground events with highpT central quark jets which in turn
lead to a harder gluon emission spectrum than is present
all final cuts are imposed. A harder gluon spectrum g
hand-in-hand, however, with an increased minijet emiss
probability. A more realistic estimate of the minijetpT spec-
trum is obtained by applying the matching condition~or cal-
culatingn̄) only in the phase space region where a comp
son of signal and background will take place: after
acceptance cuts, determined at the two-jet level, have b
imposed.

Once the full level of cuts for a given search scenario
imposed, one may examine different tagging jet select
algorithms to optimize the veto. Ideally, the outgoing qua
would always be selected, so that the additional gluon ra
tion is always the veto candidate. In practice, this is imp
sible, but for the Higgs signal various algorithms can achie
‘‘proper’’ quark tagging with about 75% efficiency, a hig
success rate. Briefly, these might be the two highest-pT jets,
or the two jets closest to the reconstructed Higgs bos
Most algorithms have very little difference from each oth
in the case of the WBF signature. Thus, we choose an a
rithm that allows more suppression of the QCD backgroun
The final algorithm we chose is to select the highest-pT jet as
the first tagging jet, since it will almost always be part of t
hard scattering, and then select the other tagging jet such
the event is more likely to pass the forward tagging cu
look for jets with pT.20 GeV in the opposite hemispher
such that the candidate Higgs decay products are betwee
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tagging jets, satisfying Eq.~11!. This performs somewha
superior to merely choosing the two highest-pT jets.

Also in contrast with our previous studies@17,18#, the
veto candidates are defined jets (pT.20 GeV! anywhere be-
tween the tagging jets, i.e. they are searched for in a so
what larger rapidity region than theW decay leptons@see Eq.
~11!#, which have to be at least 0.7 units of rapidity aw
from the tagging jets. The choice of Eq.~18b! allows for
more suppression of the backgrounds than the more res
tive selection. The resulting veto probabilities are summ
rized in line six of Table I. We emphasize that while the
probabilities are estimates only, they can be independe
determined at the LHC in processes such asZ j j and W j j
production@18,27#.

For thet t̄ 1 jets backgrounds, it is simpler instead to re
interpret the divergent higher-order cross sections. For
we assume that additional soft parton emission, which w
be dominated by soft gluons, exponentiates like soft pho
emission. This approximation has been shown well to
scribe multijet events at the Tevatron@13#. In this model, the
probability to observen soft jets in the veto region is given
by a Poisson distribution with

n̄5n̄~pT,veto!5
1

s2
E

pT,veto

`

dpT3

ds3

dpT3
, ~19!

where the unregularized three-parton cross section is i
grated over the veto region of Eq.~18! and then normalized
to the 2-jet cross sections2, regarded as inclusive. We ca
this model the ‘‘exponentiation model.’’ A rough estimate
the multiple emission probability is thus provided by

Pexp~pT,veto!512P0512e2n̄(pT,veto) ~20!

which is the probability to veto the event. We find veto su
vival probabilities ofPsurv546% for t t̄ events andPsurv

512% for t t̄ j events. Both of these results disagree with o
other estimates ofPsurv for QCD processes. This may b
understandable fort t̄ events, as at tree level this compone
does not contain any t-channel gluon exchange proces
which all of the other QCD backgrounds do. We also o
serve that the additional radiation int t̄ events typically falls
outside the central gap. We did not explore this any furt
as thet t̄ component is negligible. That the value ofPsurv

found for t t̄ j events is so much smaller than that for oth
QCD backgrounds may be understood because the l
mass of the tops produced requires significantpT , but as this
is not yet fully explored we prefer to remain conservati
and assume the valuePsurv50.29 for all QCD backgrounds
including top quark pair production. For a Higgs boson ma
of 160 GeV we are left with a signal cross section of 7.5
compared to a total background of 1.1 fb.

So far we have considered a single Higgs boson mas
160 GeV only. Since we have largely avoided mass-spec
cuts, we can immediately extend our results to a larger ra
of mH . The expected number of signal events for 115 G
<mH<200 GeV and an integrated luminosity of 5 fb21 are
shown in Table II. For the same luminosity, 5.5 backgrou
4-7
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TABLE II. Number of expected events for theH j j signal, for 5 fb21 integrated luminosity and applica
tion of all efficiency factors and cuts, including a minijet veto, but for a range of Higgs boson masse
total background is 5.5 events. As a measure of the Poisson probability of the background to fluctuat
the signal level, the second line givessGauss, the number of Gaussian equivalent standard deviations.

mH 115 120 130 140 150 160 170 180 190 200

No. events 1.6 3.6 8.8 15.8 24.0 37.5 36.2 29.9 20.8 16
sGauss 0.6 1.2 3.0 5.0 7.1 10.0 9.8 8.4 6.3 5.1
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events are expected. In the second row of Table II the P
son probabilities for this background to fluctuate up to
signal level are given, in terms of the equivalent Gauss
significances which can be expected in the experiment
average.

V. DISCUSSION

While we have demonstrated a series of kinematic c
and a minijet veto, based on the physics of the proces
involved, that reduce the background well below the leve
the signal, we have not performed a detailed detector si
lation. A full simulation is clearly needed eventually, but w
do not expect our results to change dramatically since C
and ATLAS will be highly efficient detectors. For a mor
realistic estimate of the signal significance we do take
major reduction factor into account in the last line of Table
the reconstruction efficiency for tagging jets. This is e
pected to be 0.86 at CMS for each tagging jet, resulting i
net efficiency ofe tag5(0.86)250.74. Even after this non
trivial loss of total rate, it is clear that the method we propo
still works beautifully.

The results summarized in Table II show that it is possi
to isolate a virtually background freeqq→qqH, H→WW
signal at the LHC, with sufficiently large counting rate
obtain a better than 5s signal with a mere 5 fb21 of data for
the mass range 140–200 GeV. Extending the observab
region down to 130 GeV requires at most 15 fb21. To reach
120 GeV would require'65 fb21 at low luminosity
(1033 cm22 s21), and to reach 115 GeV would requir
'165 fb21. This nicely overlaps the regions of observabili
for H→gg ~100–150 GeV! @16# and H→tt ~110–140
GeV! @17#. The luminosity requirements in the low ma
region can be reduced significantly by more string
charged lepton and transverse mass cuts.

As theH→WW mode is likely to be the discovery chan
nel for the mass range 130 GeV,mH,200 GeV, we wish
to be able to reconstruct the Higgs boson mass. At thresh
the two ~virtual! W’s are at rest in the Higgs boson cente
of-mass frame, resulting inmem5mnn̄ , so we can calculate
the transverse energy of both the charged lepton and in
ible neutrino systems,

ETem
5ApW Tem

2 1mem
2 , E” T5Ap”W T

21mem
2 . ~21!

Using these results for the transverse energies, we may c
pute a transverse mass of the dilepton-p”W T system,
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5A~E” T1ETem

!22~pW Tem
1p”W T!2. ~22!

At threshold this is exactly the Higgs boson transverse m
Below threshold, the relationmem5mnn̄ is still an excellent
approximation, while above threshold it begins to lose val
ity as theW bosons acquire a non-zero velocity in the Hig
boson rest frame. But even atmH5200 GeV this ‘‘pseudo’’
transverse mass remains extremely useful for mass re
struction. We show the dramatic results in Fig. 4, for Hig
boson masses of 130, 160 and 190 GeV. Clearly visible
the Jacobian peak atMTWW

5mH , in particular for mH

5160 GeV. The combined backgrounds are added to
Higgs signal, and are shown after application of all cuts a
detector efficiencies, as well as both theb and minijet vetoes
discussed in the previous sections. The very low backgrou
in the absence of a Higgs boson signal, is also shown.
high purity of the signal is made possible because the w
boson fusion process, together with theH→W1W2

→e6m7p” T decay, provides a complex signal with a mul
tude of characteristics which distinguish it from the vario
backgrounds.

The basic feature of theqq→qqH signal is the presence
of two forward tagging jets inside the acceptance region
the LHC detectors, of sizablepT , and of dijet invariant mass

FIG. 4. Dilepton-p” T transverse mass distributions expected fo
Higgs boson of massmH5130, 160, and 190 GeV~solid! after the
cuts of Eqs.~10!–~16! and application of all detector efficiencie
and a minijet veto withpT,veto520 GeV. Also shown is the back
ground only~dashed!.
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in the TeV range. Typical QCD backgrounds, with isolat
charged leptons and two hard jets, are much softer. In a
tion, the QCD backgrounds are dominated byW bremsstrah-
lung off forward scattered quarks, which give typical
higher-rapidity charged leptons. In contrast, the EW p
cesses give rise to quite central leptons, and this includes
only the Higgs signal but also EWWW j j andtt j j produc-
tion, which also proceed via weak boson fusion. It is t
similarity that prevents one from ignoring EW analogs
background QCD processes, whicha priori are smaller by
two orders of magnitude in total cross section, but after ba
cuts remain the same size as their QCD counterparts.

For H→WW decays, lepton angular distributions are e
tremely useful for reducing the backgrounds even furth
The anti-correlation ofWspins inH decay forces the charge
leptons to be preferentially emitted in the same directi
close together in the lego plot. This happens for a sm
fraction of the background only. We have identified the m
important distributions for enhancing the signal relative
the background, and set the various cuts conservativel
avoid bias for a certain Higgs boson mass range. Ther
ample room for improvement of our results via a multivaria
analysis of a complete set of signal and background distr
tions, which we encourage the LHC collaborations to purs
Additional suppression of thet t̄ 1 jets background may be
possible withb identification and veto in thepTb

,20 GeV
region.

In addition to various invariant mass and angular cuts,
can differentiate between theW’s of the signal andW,t
backgrounds and the realt ’s in the QCD and EWtt j j back-
grounds. This is possible because the high energy of
producedt ’s makes their decay products almost colline
Combined with the substantialpT of the t1t2 system this
allows for t-pair mass reconstruction. TheW decays do not
exhibit this collinearity due to their large mass, thus the
gular correlation between thep” T vector and the charged lep
ton momenta is markedly different. Our real-t rejection
makes use of these differences and promises to virtu
eliminate thett j j backgrounds.
Pa
.
f-

; M
.
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.
.
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We advocate taking advantage of an additional fundam
tal characteristic of QCD and EW processes. Color-sing
exchange in thet-channel, as encountered in Higgs bos
production by weak boson fusion~and in the EWZ j j back-
ground!, leads to additional soft jet activity which differ
strikingly from that expected for the QCD backgrounds
both geometry and hardness: gluon radiation in QCD p
cesses is typically both more central and harder than in W
processes. We exploit this radiation, via a veto on eve
with central minijets ofpT.20 GeV, and expect a typica
70% reduction in QCD backgrounds and about a 25% s
pression of EW backgrounds, but only about a 10% loss
the signal.

Beyond the possibility of discovering the Higgs boson
theH→WW mode, or confirmation of its existence, measu
ing the cross sections in both weak boson and gluon fus
will be important both as a test of the standard model and
a search for new physics. For such a measurement, via
analysis outlined in this paper, minijet veto probabiliti
must be precisely known. For calibration purposes, one
analyzeZ j j events at the LHC. The production rates of t
QCD and EWZ j j events can be reliably predicted and, thu
the observation of theZ→ l l peak allows for a direct experi
mental assessment of the minijet veto efficiencies, in a ki
matic configuration very similar to the Higgs signal.

Observation of SMH→e6m7p” T at the LHC is possible
for very low integrated luminosities, if the Higgs boson lie
in the mass range between about 130 and 200 GeV. W
boson fusion at the LHC will be an exciting process to stu
for a weakly coupled Higgs sector just as much as for stro
interactions in the symmetry breaking sector of electrowe
interactions.
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