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The observability of the Higgs signal in the mass range of 200-800 GeV
is investigated in the weak boson fusion channel at the CMS experiment
at LHC. The weak boson fusion channel is characterized by two final state
jets at large pseudorapidity. The forward calorimeter plays a key role in
detecting these jets. The significant signals are obtained for H - WW —
lvjj,H > ZZ — lljj and H — ZZ — llvv. Importance of the forward jet
tagging and the central jet veto is emphasized to extract the signal from
the large QCD W/Z + jets and the top backgrounds. This analysis shows
that the Higgs particle with mass 300 GeV to 800 GeV can be observed in
WW and ZZ decay channels with an integrated luminosity of about 10 to
20 fb~! in the low luminosity running conditions in CMS.

PACS numbers: 14.80.Bn

1. Introduction

One of the main objectives of the LHC experiments is to discover the
Higgs particle. LEP II sets a lower bound at around 114.1 GeV for the Stan-
dard Model Higgs [1]. The indirect searches, performing fits to all existing
electroweak data indicate a light Standard Model Higgs [2]. However higher
mass values for the Higgs should also be included for the LHC sensitivity
measurements.

The CMS collaboration has established the expected discovery ranges
for the most important production and decay channels of the Standard and
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Supersymmetric Model Higgs Bosons. For the Standard Model Higgs H —
Z7 — 4IF provides an excellent signature over a large mass range from
mp ~ 130 GeV to my ~ 500 GeV. H — ~y and H — bb are the main
discovery channels for the low mass region myg < 120 GeV, but it may require
several years of running for a discovery. In recent years, to strengthen the
discovery potential of the production of the Standard Model Higgs boson in
the weak boson fusion channels and their subsequent decays to H — 7,
H — 77 and H - WW have been studied.

In this study we report the observability of Higgs signal in the mass range
from 200 GeV to 800 GeV in the weak boson fusion channels in Egs. (1)-(3)
as a complementary channel to H — ZZ — 41* at the CMS experiment.
The Higgs mass of mpg < 200 GeV can also be investigated in the weak boson
channel in the decay mode of H — WW™* — lviv [8,13|. The weak boson
channels then provide a complete study of the possible Higgs observation
over a wide range of masses at the CMS experiment.

Although the gluon—gluon fusion dominates for the Higgs production for
the entire mass range, weak boson fusion has still a sizeable fraction of the
total cross section for all relevant Higgs masses. The characteristics of the
weak boson fusion mechanism is the presence of the energetic forward jets
separated at large pseudorapidity. The hadronic jet activity in the central
region is then dominantly suppressed. This kinematical feature brings a
good reduction of the QCD and the top backgrounds.

The forward jets are most populated at |n| =~ 3. Nearly half of these
tagged jets are detected by the forward calorimeter (HF) which covers the
pseudorapidity range 3 < |n| < 5, the other half by the endcap electromag-
netic (EE), and the endcap hadronic calorimeter (HE) of CMS [3]. The HF
calorimeters increase the total coverage to |n| &~ 5 and also reduce the fake
(instrumental) Eiss,

Here we investigated principal decay modes of the Standard Model Higgs
Boson through the processes H - WW and H — ZZ. The reactions are:

pp — _]_]H, H — W1WQ, W1 — lV, W2 — jj, (1)
pp — jjH, H — Z17Z, Zy =, Zy — gy, (2)
pp — j3H, H — 7175, 71— 1l,  Zy — vy, (3)

where leptons () are either electrons or muons, j stands for the jets.
H—->WW —lvjj, H—ZZ —lljj, and H — Z7Z — llvv

have been studied previously in CMS [4] and in ATLAS [5].
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The previous studies for these channels in CMS considered the mass
range of mpyg > 800 GeV using early versions of the detector simulation
software [4]. Now, the design of the CMS experiment is finalized and the
simulation software is improved. In this study the fast CMS detector simula-
tion package, CMSJET, is used and we extend the previous studies to lower
mass ranges down to ~ 200 GeV for the Standard Model Higgs observation.
These channels were also investigated by ATLAS for 300 GeV-1 TeV Higgs
mass region [5]. The result of their study is comparable to CMS results.

Here, we show that Higgs mass can be reconstructed using the channels
(1) and (2). However for the channel (3) Higgs mass cannot be reconstructed,
but the signal can be observed in the missing energy spectrum.

The largest backgrounds for the weak boson fusion channel are tt and
W/Z + jets. We considered ¢t and W + jets as backgrounds for the reaction
(1) and Z + jets as background for the reactions (2) and (3). W + jets
production with W — [v is potentially the largest background for the H —
WW signal. tt — WbWb — lvjjbb reaction contains a real W — jj decay,
but also additional hadronic activity from b jets in the central region. Z+jets
production where Z decays to two leptons is the potential background for
the H — ZZ signal. WW, ZZ productions in both electroweak and QCD
processes are also backgrounds, but due to their lower rates than QCD
W/Z + jets and tt productions, they are not considered in this analysis.
WW/ZZ continuum contribution is shown to be only a few percent of the
total background for my > 200 GeV in [6] and [7].

The leptonic decays of the W and Z are recognized by high transverse
momentum leptons. The hadronic decays, where the W and Z fragments to
jets, have a higher branching ratio but are more difficult to separate from the
background. In searching Higgs boson, decaying to WW/ZZ we therefore
require, at least, one W or Z decaying leptonically providing an isolated high
pt lepton trigger, while the other W or Z is reconstructed from its hadronic
decay.

In this analysis suppression of the background is mainly achieved by
forward jet selection in the final state. This selection requires one forward
and one backward high energy jet in the large pseudorapidity range |n| > 2
and with a large gap between them. Fig. 1 shows the typical pseudorapidity
distribution of jets in a signal, H — ZZ decay, where central jets are from
one of the Z decays and forward jets are the tagged jets originated from the
interaction vertex.
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Fig.1. The pseudorapidity, n, distributions of jets in H — ZZ — lljj. The
forward jets are seen to peak at |n| & 3. The central jets are dominantly populated
at |n| < 2.

2. Event generation and reconstruction

Signal and background events are generated by PYTHIA (6.152) [10].
Although parton shower approximation of PYTHIA provides enough infor-
mation about the background processes in this study, the matrix element
calculations may still be needed for some of the backgrounds [9]. The fast
detector simulation package, CMSJET [11] is used for the calorimeter sim-
ulation and for the jets and missing transverse energy reconstruction. The
CMSJET package simulates the CMS detector by taking into account the
main cracks and detector inefficiencies. The detector resolutions are parame-
trized from full simulation studies. For the jet reconstruction cone we use
AR = 0.5 for mpg=600 and 800 GeV and AR = 0.7 for myg=200 GeV and
300 GeV over the whole calorimeter n range. We assume an overall 90%
efficiency for the lepton finding efficiency. In this simulation, the low lumi-
nosity running conditions are assumed by superimposing two minimum bias
events as a pile-up.

3. Analysis

In this section, we investigate three signatures in (1)—(3) for the isolation
of Higgs events. In each case, we have used central cuts for leptons and jets
and jet tagging cuts for forward /backward jets from the interaction.
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3.1. H—WW — lvjj [12]

In this case, where Higgs decays to WW with a subsequent decay of
one W to lv and the other W to jj, we have selected the events having an
isolated high p! lepton (electron or muon) in the central region. Fig. 2 shows
the maximum p! distribution for the signals and for the backgrounds. Two
central jets are isolated by requiring a high transverse energy. Maximum
E'gets distribution for the central jets is shown in Fig. 3.
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Fig.2. Maximum p; distribution of charged leptons for the signal H — WW — lvjj
and backgrounds (t and W + jets) with myg = 300 and my = 600 GeV.

The forward jets are identified by requiring two energetic jets (Fig. 4)
with a minimum transverse energy (F¢ > 30 GeV) in the forward /backward
region with a large pseudorapidity difference between them. The basic cuts
for this channel are as follows:

pi > 30 GeV, [|nq| <2, (4)
BI® > 40 GeV, |nj| <2, BT 5300 GeV, |niag_jer] > 2. (5)

In the selection of forward/backward jets we also require jet—jet system
to have a high invariant mass, (M;; > 1000 GeV) and a wide separation in
the 7 space (An;; > 5) between the two jets for the better selection efficiency
of the signal against the background.

We then reconstruct the mass of W’s from their decay products. Two
central jets are used in the reconstruction of one of the W mass. Fig. 6
(left figure) shows the reconstructed mass of W’s from the central jets. The
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Fig.3. Maximum transverse energy, F; distribution of the central jets for the
H - WW — lvjj signal with mg = 300 and myg = 600 GeV.
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Fig.4. Energy distributions for the forward jets in H - WW — lvjj for mpyg =
300 GeV and for the backgrounds (¢t and W + jets).

other W mass is reconstructed from the charged lepton and a neutrino. The
longitudinal component of the neutrino momentum in the reaction W — lv
is estimated from the measured lepton momentum, EM™S vector and the
nominal W boson mass. We have also used a cut on E™ for high Higgs
mass analysis where the EM™S is significantly larger for signal than the EM™iss
for the background. We found EM > 60 GeV is an optimum cut for 600
and 800 GeV Higgs masses to have a good background rejection.
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In each case a mass window of 65 GeV < my < 100 GeV is used to
select the events. Furthermore a hard cut is introduced on the transverse
momentum of the reconstructed W from the hadronic and leptonic decay
products. For the mp = 300 GeV signal, the reconstructed hadronic W
is required to have pZV—m > 100 GeV. For higher masses (mpy = 600 and
800 GeV) we have both used a cut on the transverse momentum of a recon-
structed W from hadronic and leptonic decay products (pZV 797> 200 GeV
and p/V =% > 200 GeV). As W is produced with a higher transverse momen-
tum in the signal than in the background, p; cut reduces the background
even further.

The signal events, due to color coherence in the production, have a small
hadronic activity in the central region. On the contrary, the background
channels, especially # events, have a significant central jet activity. We
introduced the central jet veto for these events which clearly reduces the
background effectively. We demand events to have no extra jets in the
central region (|n| < 2) with B > 30 GéV.

Table I shows the selection efficiencies for my = 300 GeV. The selection
efficiency to reconstruct a Higgs mass is about 14% for the signal before jet
tagging and central jet veto. At this level of analysis the background events
are reduced by a factor of 15 (174) for ¢t (W + jets). Jet tagging brings a
factor of 79 for t¢ and 230 for W + jets. Furthermore central jet veto reduces
the tt (W + jets) background by factors of 12 (4). Similar suppression factors
by the jet tagging and the central jet veto are obtained for higher Higgs
masses as seen in Table II. For all the Higgs mass regions we investigated,
jet tagging together with central jet veto reduces the background almost by
a factor of 1000 after the reconstruction of Higgs from WW system.

For higher Higgs masses (my = 600 GeV and my = 800 GeV), due to
a large boost of the W boson, the jets from W decay tend to overlap in the
central region. This effect is shown in the Fy distribution in Fig. 3 where
the enhancement is seen at ~ 300 GeV due to the merging of the jets from
the W decay. About 40% of events contain only one single jet. To overcome
this problem, the invariant mass of the di-jet system is calculated from the
calorimeter cells in a larger cone and the di-jet system is required to have
FE; > 200 GeV. The final W mass distribution is obtained combining events
with |m;; —mw| < 20, (W — 2 jets), where oy, is the resolution on the W
mass, and events with the calorimeter cluster mass (W — 1 jet). With the
addition of events which have merged jet, the efficiency of W reconstruction
is increased from 40% to about 66%.

The efficiency and resolution for reconstructing high p; W — 55 decays,
the EM™S resolution and the reconstruction of the longitudinal momentum
of the neutrino, using the W mass constraint are the main concerns for the
Higgs mass reconstruction in H — lvjj signal. The central jet veto cut and
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Event selection for H - WW — lvjj for mg = 300 GeV.

Cuts Signal tt W + jets
o x BR 0.14 pb | 90.7 pb 781.4 pb
Events for 30 fb™* 7815 | 4.89 x 10% | 2.11 x 107
Lepton selection 5367 2.5x10% | 9.7 x 108
Central jet selection 1260 400061 134442
Higgs reconstruction
from WW system 1098 322751 121204
Tagging jet selection 180 4079 527
Central jet veto 142 342 147
mpg window
250 < mu < 360 GeV 121 98 42

Event selection for H - WW — lvjj for mpg = 600 GeV.

Cuts Signal tt W + jets
o x BR 0.03 pb 90.7 pb 108.6 pb
Events for 30 fb™! 1599 | 4.89 x 10% | 2.9 x 106
Lepton selection 1308 2.5 x10% | 1.7 x 108
Central jet selection 679 105973 110347
Central jet veto 443 12928 72769
Higgs reconstruction
from WW system 221 2281 8497
Tagging jet selection 66 29 76
mpyg window
450 < my < 750 GeV 56 15 38

TABLE 1

TABLE II
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the forward jet tagging can be used with a high efficiency. As an important
remark, in Fig. 5, Higgs mass for signal (my = 600 GeV) is superimposed on
the summed signal+background is shown. In this distribution, the signal is
very much suppressed against background. At the end of this study, one can
compare the Higgs mass in this figure with the mass after jet tagging and
then, it can be figured out how the tagging jets help to distinguish signal
from background.
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Fig. 5. Higgs mass distributions from H - WW — lvjj with mg = 600 GeV. The
signal superimposed on the summed signal + background.

The final sample of events are selected by requiring a mass window on the
Higgs masses. We require 250 < mpy < 360 GeV and 450 < mpy < 750 GeV
for mg = 300 GeV and mpyg = 600 GeV cases, respectively.

3.2.H— 7ZZ —lljj, H— ZZ — llvv

The selection of H — ZZ — lljj events is very similar to the selection
of WW events. Here we require two high p; leptons with p! > 30 GeV.
The Z mass from these two leptons is required to be within mz 4+ 6 GeV.
Fig. 6 (right panel) shows a Z mass reconstruction from the two lepton
final state. The central and the forward/backward jet selection is exactly
the same as in the WW case. In the ZZ case we only deal with the largest
background, Z+jets. The forward jet tagging and the central jet veto reduce
this background with a similar factor as in the case of W + jets. Table III
and Table IV show the event selection for H — ZZ — [ljj channel.

The H — ZZ — llvv channel is characterized by the two high p; leptons
and a large missing energy from Z — vv. For this channel, a careful inves-
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Fig. 6. Distribution of W mass reconstructed from two central jets (left figure) and
distribution of Z mass reconstruction from two leptons (right figure).

TABLE III

Event selection for H - ZZ — lljj and H — ZZ — llvv for mg = 300 GeV. The
central jet selection, the central jet veto and mpy window cut are not used in the
H — Z7Z — llvv analysis.

Cuts H—ZZ > lljj| Z+jets |H— ZZ — llvv| Z + jets
o x BR 0.04 pb 105.6 pb 0.008 pb 105.6 pb
Events for 30 fb™* 2234 2.85 x108 428 2.85 x 108
Lepton selection 1321 961354 250 959434
Z mass window 1067 702172 205 700030
Central jet selection 250 26393
EMss > 100 GeV 111 2559
Higgs reconstruction
from WW system 250 26393
Tagging jet selection 41 171 19 29
Central jet veto 31 43

mpy window
250 < mpyg < 360 GeV 29 14
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TABLE IV

Event selection for H - ZZ — lljj and H — ZZ — llvv for mg = 600 GeV. The
central jet selection, the central jet veto and mpy window cut are not used in the
H — Z7Z — llvv analysis.

Cuts H—»ZZ - lljj|Z+jets|H — ZZ = llvv | Z + jets
o x BR 0.009 pb 13.5 pb 0.002 pb 13.5 pb
Events for 30 fb~? 498 413544 95 413544
Lepton selection 402 211501 76 211501
Z mass window 318 150908 61 150908
Central jet selection 156 8043
Central jet veto 104 4677
Emiss > 150 GeV 52 515
Higgs reconstruction
from WW system 72 1071
Tagging jet selection 25 12 11 4
mpy window 21 6.2

tigation of the Z 4+ jets background is needed where the missing F; arises
from neutrinos in the jets or from mismeasured energies due to cracks or
other detector effects. We expect to detect the signal in the missing energy
distribution on top of the background as shown in Fig. 7. We use the same
central cuts for leptons and the same mass window for the Z mass recon-
struction. The only special criteria we used in this analysis is the cut on the
E™Mss. The large background suppression is shown to be achieved using the
effective Etmiss cut. Therefore, the central jet veto is not anymore as effective
asin H— WW — lvjj and H — ZZ — 1ljj. As shown as empty entries
in Table ITI and Table IV, we did not consider vetoing the central jets at all
for H — Z7Z — llvv analysis. Due to low statistics the mpy window cut is
not applied to ZZ events in the llvv final state.

We used a cut E™ > 100 GeV for events with mpz = 300 GeV and
EMss > 150(200) GeV for higher mass my = 600(800) GeV Higgs events.
In the H — Z7 — llvv decay, there is more E™ expected (Fig. 7). This
allows us to apply harder cuts on the missing energy. The Z + jets back-
ground has a steeply falling missing E; distribution. This feature brings a
significant suppression (a factor of ~ 300) on the background. The only
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Fig. 7. Missing transverse energy, E™ distribution for the H — ZZ — llvv signal
and the Z + jets background.

other main suppression factor for these events comes from the jet tagging.
Jet tagging brings an additional suppression factor of about 100 for the back-
ground. The event selection for ZZ — llvv channel are given in Table III
and Table IV.

In the ZZ case, the main contributions to the experimental resolutions
on the Higgs mass come from the Z — 54 and the E™ reconstruction. The
central jet veto cut and the forward jet tagging can still be used with a high
performance in rejecting the background against the signal.

We have also calculated the signal and background events for the high
Higgs mass (mg = 800 GeV) case. The event selection algorithm is the
same as in the case of mgy = 600 GeV. The result of this analysis is given in
Table V for the three channels which we have investigated.

The significances and expected discovery luminosities have been evalu-
ated using the Gaussian S/ V/B approximation in Table VI and Table VII.
The statistical significances are also calculated using Poisson statistics and
expressed in Gaussian ¢ units in the numbers in parenthesis in Table VI
for small event rates where signal and background events are less than 25.
Poisson calculations show that for small number of events (< 25) in the ZZ
analysis, the sensitivity is overestimated as much as 30%.
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TABLE V
Signal and background for H — WW/ZZ with mpg = 800 GeV.

Channel Signal | tt | W or Z + jets

H—->WW —lvjyj
o x BR =0.015 pb 53 20 53

H— 77 — ljj
o x BR = 0.005 pb 16 6.2

H— 77 — llvv
o x BR = 0.0009 pb 6.4 4.1

TABLE VI

S/+v/B for an integrated luminosity of 30 fb~'. The numbers in parenthesis show
the significances calculated using Poisson statistics.

Channel myg = 300 GeV | myg =600 GeV | myg = 800 GeV
H > WW = lvjj 10.3 7.8 6.2
H — 77 — lljj 7.8 (6.2) 8.5 (6.1) 6.3 (4.8)
H - 77 — llyw 3.6 (3.2) 5.5 (4.1) 3.2 (2.3)
4. Results

We have investigated three channels for the Standard Model Higgs ob-
servation with masses between 200-800 GeV in weak boson fusion. We have
shown that the forward jet tagging together with central jet veto is very
efficient way to suppress the main backgrounds (¢t and W/Z + jets). The
most significant channel is the H — WW — [vjj where the 50 observation
is possible with 7 to 20 fb~! luminosity for Higgs masses between 300 to
800 GeV. H — ZZ — lljj signal is also a promising clear channel where the

TABLE VII
Expected luminosities in fb~! for 50 discovery.
Channel myg = 300 GeV | myg =600 GeV | myg = 800 GeV
H—-WW — lvjj 7.1 12.3 19.5
H = 727 — lljj 12.3 10.4 18.9
H — ZZ — llvy 57.8 24.8 73.2
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50 observation is possible between 12 to 19 fb~! luminosity for Higgs masses
between 300 to 800 GeV. For H — ZZ — llvv signal we have obtained the
best result for the Higgs mass of 600 GeV where the 50 observation is only
possible with about 25 fb~! luminosity.

In this analysis the most significant signal is the H - WW — lvjj with
Higgs mass of 300 GeV. The H — ZZ channel gives the best results for
Higgs mass of 600 GeV in either llj7 or llvv final states.

We are able to reconstruct the Higgs mass from both H - WW — lvjj
and H — ZZ — lljj channels. The Higgs mass peak is clearly visible over
the background in 300-600 GeV signals. Fig. 8 and Fig. 9. show the final
Higgs mass reconstruction (for my = 300 GeV and mpy = 600 GeV) for
the lvjj and lljj final states from W and Z decays. As the shape of the
background for WW and ZZ mass reconstruction is similar to the signal
shape, a good knowledge of the background remains to be essential for a
direct observation of the Higgs signal through a mass peak.
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Fig.8. Higgs mass distributions from H — WW — lvjj with mg = 300 GeV
(left figure) and my = 600 GeV (right figure). The summed signal + background
(solid histogram) is superimposed on the total background, ¢ and W + jets (dashed
histogram). W + jets background is shown separately in the figure.

The mass resolutions from mg = 300 GeV to myg = 600 GeV increases
as seen in Fig. 8 and Fig. 9. This is due to the large natural Higgs width for
these Higgs boson masses. The width for higher masses, mpg ~ 800 GeV is
broader.

The critical concerns in this analysis are the detector performances for
reconstructing W from jj decay, the efficiency of EM™® measurements and
the central jet veto. The good energy measurement of tagging jets is also
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essential to suppress the backgrounds effectively. The design and the perfor-
mance tests prove that [3,14| the calorimeter quality of the CMS detector
would be sufficient to meet the requirements of the analysis described in this
study.

The expected statistical significance, S/v/B, for 30 fb~ wversus Higgs
mass for the three channels considered in this analysis are shown in Fig. 10.
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Fig. 10. The expected statistical significance for 30 fb~! versus Higgs mass.
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In our study we have also considered the WW channel for lower Higgs
masses. Our simulation shows that it is still possible to obtain a good signal
to background ratio (S/vB = 3.9) for my = 200 GeV in the H — WW —
lvjj channel. But, the significance of the signal is steeply decreasing below
mpg = 200 GeV. The analysis cuts for myg = 200 GeV case are the same
as mp = 300 GeV except for the required Higgs mass window. The Higgs
mass window cut is 140 < my < 250 GeV for my = 200 GeV analysis.

Furthermore, we have also shown in our previous study [13] the observ-
ability of Higgs signal (mpg = 120 GeV) at CMS in the weak boson process
through the decay H — WW?* — Iviv. Although the rates are low at
mp = 120 GeV, it is still possible to observe the signal in a clear topology
with forward tagged jets. As shown in [13|, for my = 120 GeV Higgs a 50
discovery can be possible in the low luminosity runs in the beginning of the
LHC operations.

5. Conclusions

In this analysis, we have demonstrated that it is possible to observe high
mass Higgs bosons in the weak boson fusion channels with its distinct char-
acteristics under low luminosity running conditions at the CMS experiment
at LHC. Observations of the isolated high p; leptons between the forward
jets enhances the experimental signatures for H — WW/ZZ decays. The
presence of the forward jets strongly rejects the backgrounds from ¢t and
W /Z + jets. The Higgs boson would be observable in the H — WW — lvjj,
H — ZZ — lljj and H — ZZ — llvv in the mass range from 300 to
800 GeV. This observation would require between 10 to 20 fb~! for the CMS
detector.

For the Standard Model, gg — H — ZZ/ZZ* — 4I* remains to be the
cleanest signature where the Higgs mass measurement can be done with a
very good precision by the excellent four-lepton mass resolution. On the
other hand, if the H — WW™* — [viv channel is considered as a potential
channel for the mass range below 200 GeV down to the LEP IT limit, together
with the result of this study for higher Higgs boson masses, mg > 200 GeV,
the weak boson fusion channels can also be the most promising channels for
detecting the Standard Model Higgs Boson over a large range of masses with
a good accuracy.

We would like to thank D. Denegri and R. Kinnunen for their continuous
support and valuable comments during this study.
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