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Abstract

We have studied the Standard Model Higgs Bosep; (= 120 GeV) decaying to &/ W pair in the

vector boson fusion channel, with the subsequent decay offitlseto [T/~ vi. The vector boson
fusion channel is characterized by two final state jets at large rapidity. The importance of the forward
jet tagging to extract the signal from top quark backgrounds is emphasized. This study uses the full

CMS detector simulation including the ORCA package, and the CompHEP and Pythia Monte Carlo
generators.
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1 Introduction

One of the main objectives of the CMS experiment is to discover or to rule out the Higgs particle. The LEP Il has
set a lower bound at around 113 GeV. Since a low Higgs mass is preferred by supersymmetry, the Higgs search up
to several hundred GeV mass is presently the focus of intensive theoretical and experimental studies at the LHC.
The Weak Boson Fusion (WBF) process has emerged as potentially the channel where a light or medium mass
Higgs particle might be discovered first. In addition this production mechanism and subsequent decay depends
only on the HWW coupling. [1], [2].

In this study, we investigated Higgs decay to a pailig, and the subsequent decay of th&és to [ ™1~ vi. We
considered a light Higgsi{z; = 120 GeV) in low luminosity LHC running conditions (b 2 x 1033cm~2s71).
The reaction is:

pp = jiH  (q¢ = qggrH), H > WHW® = 15w 1)

where leptong/®, are either electrons or muons. For a light Higgs, approxim&tly of the decays to twdl’s
have one W-boson on the mass-shell and one off the mass-shell. Thus, at least one of the charged leptons nearly
always has a small momentum which makes triggering on two leptons somewhat inefficient.

The distinct feature of this process is that the forward and backward jets tend to preserve the initial parton direction
due to the absence of color exchange in thehannel. This results in energetic forward jets with significant
transverse momentump( = my /2) and suppressed hadronic activity in the central region. We refer to these jets
as the forward “tagging jets”.

Nearly half of all these tagging jets are detected by the CMS HF forward calorimeters, which cover the pseudora-
pidity range of3 < |n| < 5, and the other half, by the CMS HE calorimeters which cdver< |n| < 3. The two
charged leptond*, generally are produced centrally and are detected by the CMS electromagnetic calorimeters
and muon systems which covet < 2.5,

Although the production cross section for a low mass Higgs is largest in the gluon fusion process, the WBF cross
section at the LHC is sizeable for all relevant Higgs masses. The WBF cross section is roughly 1/3 of the gluon
fusion cross section. The gluon fusion cross section depends significantly on the Yukawa coupling of the Higgs to
the top quark, while the WBF depends only on the weak boson couplings to the quarks and to the Higgs boson.

The largest background for the WBF channetigroduction [3]. The sample aff + jets, where each top
decays tdvb, should be considered in three distinct phase space regions that could possibly mimic the WBF Higgs
production with final statétl~v + jj. They are given in order of ascending probability.

e The twob’s from tt decay produce two forward jets.

e Onebis identified as one of the forward jets; the otheremaining central. The second forward jet originates
from either QCD radiation or the scattered initial quarks.

e Bothd's from the top decay remain central, and the two forward jets are created from either QCD radiation
or the scattered initial quarks.

The suppression of thé + jets background is achieved mainly by forward jet selection and an extra jet veto in the
central region. The analysis by Kauer et al [3] showed thatthejets background can be reduced substantially
with these two requirements. By requiring two forward jets with a large rapidity difference, the background from
tt events with no extra jets is reduced to a negligible level. Similarly, the extra jet veto reduc¢esglinemultijet
background greatly. Howevett; still remains a significant background after all analysis cuts. Therefore, in this
study, based on the analysis in [3], we concentrate only ortjheackground.

In addition tott7, there are several other backgrounds with complicated topologies that require close aitgntion,
bbjj, QCD production oW W jj, Electro-Weak production o’ 1755, QCD production ofr7jj, and Electro-
Weak production of-7jj. We leave reduction of these backgrounds andthmgus multijet production to future
studies.

In this study, the signal is compared with the maibackground channef; where oné (or b) is identified as one
of the two forward jets. Requiring two forward jets and vetoing events with a talyged jets brings significant
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suppression in the background. By rejecting events with QCD radiation (extra-jets) in the central regiop, the
background can be reduced further. Of course, since we need to reject events with an extra jet in the central region
for this and other backgrounds, rejecting events with a tagged b-jet may seem superfulous. However, CMS has
an excellent silicon tracking system and expects good b-tagging efficiency, and a small mis-tagging rate, so we
choose to use all the experimental information which is available to understatidhthyets background.

2 Event Generation and Reconstruction

The signal and background events are generated using CompHEP [4] parton level matrix elements. The complete
matrix element calculation method is used in the generation of signal and background events because this method
represents the three body final state in the progess qqH correctly.

CompHEP produces cross sections with the proper phase space weighting. This information is stored in a special
data base, called PEVLIB. CompHEP generated events are then interfaced to PYTHIA to produce detectable final
states through hadronization and decay, with Initial and Final State Radiation (ISR and FSR) turned on. Thus, we
expect that radiation from the external lines of the Feynman diagrams of CompHEP are treated properly.

Table 1 shows the number of events and cross sections before the analysis cuts. The valBe f@presents the
charged leptore, uu andep final states from the W decays. For the signal, the branching rafib ef W is

also included. The CompHEP cross sections include an initial set of jet cuts at the generatignievdls GeV,

|n] < 5andAR = /An? + A¢? > 0.5 separation between jets. These cuts represent weak detection criteria for
jets within the CMS angular acceptance.

Table 1: Cross sections and the event generation

Signal ttj
No. of events| 136926| 280846
o 2104 fb | 788000 fb
o-Br 12.7fb | 36800fb

The CompHEP/PYTHIA Monte Carlo events are reconstructed by ORCA (Version 4.54) where the CMS detector
is simulated. We have used the ntuple files created by ntuple-maker (Version 2.05) package where the CMS ECAL
& HCAL hits, jets reconstructed by ORCA, and the generation information are available.

Because of limited computer resources and time, simulations of the CMS tracking systems and th¢aQitS
were not used in this analysis. In addition, the charged leptons are identified only from the generator information.
Only for a very low momentum charged lepton should there be any significant loss of efficiency.

3 Analysis

The basic event selection criteria came from the cuts previously proposed in [3]. Our motivation was to see
if the conclusions drawn in [3] were sustained after a complete detector simulation. Events were selected by
requiring two forward tagging jets and two charged leptons, each lepton wijtbetween the forward jets. Jets

are reconstructed by the ORCA software using a conA Bf= 0.5. The jet multiplicity distribution for signal

and background eventg£; > 20 GeV) is shown in Fig. 1. The peak at 2 final states for the signal (2 tag jets) is
evident.

The selection criteria for the forward tagged jets,andj., is given in (2) and (3). We require each jet have a
minimum transverse momentum 2 GeV and a pseudo-rapidity well within the CMS calorimeters. In addition,

we require a minimum\ R between any two jets, a large separation in pseudorapidity between the two tagged jets,
and that the two jets be in opposite hemispheres.



prj > 20 GeV, |77J| < 45, ARjj > 0.6 (2)

Anjets = |nj1 —nj2| > 4.2, nj1.m52 <0 (3

Fig. 2 shows the distribution of tagged jet pair candidates per event, as a fraction of the total number of events.
Note that 55% of the signal events have just one combination satisfying the selection criteria (one forward and
one backward jet), while only 15% of the signal events have multiple combinations. The background events show
completely different characteristics. Here just 6% of the background events have a single combination satisfying
the selection criteria, while about 4% have multiple combinations.

For events with multiple combinations of forward tagged jets, we use the combination with the largest rapidity
difference to select the two tagged jets. For the signal events, 74% of the events have at least one combination of
forward tagged jets, while for thig; background only 10% survive. Thg- andn distributions for the designated
forward tagged jets are shown in Fig. 3 and Fig. 4. Note that signal jets have a parthemn the background

jets, on average. After this selection, many of thebackground events still have a large amount of jet activity in

the central and forward regions. Events with extra jet activity are removed liyahe extra-jet veto in the later

stages of the analysis.

Leptons are identified from the generator level information rather than the simulated tracking data. Leptons are
selected by @ cut that is implemented in a staggered fashion. 8% of the events, one of thid’’s is off-shell,

so a softepr cut on one of the charged leptons is more efficient in identifying the lepton from this viftuah
addition, since both leptons are produced centrally, they are required to habebdmeen the selected tagging jets.
Lepton isolation is maintained both by distancel{;;) between the jets and the charged leptons, and by asking
for a wide separation in pseudorapiditis(;; > 0.6). The lepton cuts are given in (4) and (5):

pri>20,10GeV, || <25, ARy >0.7, (4)

Nj,min + 0.6 <M < N maz — 0.6 (5)

The maximum transverse momentupi** andr distributions for the charged leptons are shown in Fig. 5 and
Fig. 6. The final stat&/’s are produced almost at rest in the decay of a 120 GeV Higgs. Hence the two charged
leptons and two neutrinos are emitted back-to-back in the rest frame of the Higgs. The invariant mass of the two
leptons and neutrinos are almost equal and kinematically can not exfgé& The azimuthal lab angle between

the two charged leptons prefers to be small due to decay dynamics. We applied the following cuts to the invariant
mass and the azimuthal angle of the charged leptons :

my < 60 GeV, d’ll < 1400 (6)

The invariant mass distribution of the charged leptons for the signal and for the background is shown in Fig. 7.
The charged leptons in the Higgs signal clearly prefer lower masses and a small separataménpected. Con-

versely, the background events have larger dilepton masses, on average, (see Fig. 7) and are uniformly distributed
in azimuth (see Fig. 8).

The invariant mass distribution of the two forward jets is shown in Fig. 9. The jets in the signal tend to peak
at larger values compared té; events. This feature is then used to suppress the background by imposing the
following cut on the dijet mass:

mj; > 600 GeV 7

Because the longitudinal momenta of the two neutrinos fromithdecays cannot be determined, the invariant
mass of the Higgs boson cannot be reconstructed uniquely. However, since the Higgs decay is nearly at threshold
wherem,;; ~ m,,,, a transverse mass of the decay produidt’ can be reconstructed using:

mr(WW) = \/(ETmiss + Eru)? — (7% + pru)® 8)
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The parameterp?”}“'sS and pr,; are the transverse momentum vectors of the missing momentum and the two
charged leptons, respectively. For thig¢ background, after the forward jet and lepton selection (2,3,4 and 5),

this transverse mass reconstruction gives a broad distribution that peaks around the top quark mass, distinctively
different from the signal.

After the kinematical cuts (particularly after the cut on the invariant mass of the leptons in (6)), the transverse mass
of the background has a shape very similar to the signal distribution. Fig. 10 shows the invariant transverse mass
distributions after the forward jet and lepton selection only, compared with the distribution after all the analysis
cuts, for both signal and background. Although the signal and the background transverse mass distributions are
distinctively different in shape after only jet and lepton selection cuts (specifically, befaretl@ds;, cuts), we

get a the better signal to background ratio (S/B) by including these cuts in the transverse mass reconstruction. To
calculate the remaining signal and backgrounds, we use a window in the tranverse mass distribution defined by:

50 GeV < my(WW) < 140 GeV 9)

Forward jet tagging ((2) & (3)) and lepton isolation ((4) & (5)), together with cuts on invariant mass and the
azimuthal angle of charged leptons (6), and the cut on invariant mass of the two tag jets (7), goes along way
toward removing thetj background. Nevertheless, since many background events that survive these cuts have
considerable extra jet activity in the central region, additional reduction of background can be achieved. In most of
these background events, one of the forward jets originated from light quarks or gluons and the other came from a
b-quark from¢-decay. Usually, the othérquark from the othet-decay ends up in the central rapidity region. For

the signal, any additional jet activity from QCD is usually along the forward jets. Therefore, we can remove some
of the background using this difference.

Since we did not simulate the CMS tracking systems or CMS b-tagger in this study because of limited computer
resources and time, we identified central b-quarks itthbackground events by matching the generated b-quarks

in the central regioniz > 20 GeV) with the jets found in the simulation, excluding the two forward tagged jets.
The AR between those jets and the generatepiarks is shown in Fig. 11. A cut kR > 0.4 is applied to
identify these central-quarks, and events are removed that have a cengeal Since the efficiency of the CMS
b-tagger forb-quark jets withpy > 20 GeV is expected to be quite good, this should be sufficient for this analysis,
although the rejection is better than we could obtain with a realistic CMS b-tagger.

Removing centrab jets is very powerful in suppressing thig background. About 85% of the background events

are found to contain the centradjets and are rejected. The effect of this cut in shown in Table 2, just after
the forward jet tagging cuts. Since we intended to eliminate these events eventually, this cut was applied at the
beginning of the analysis to reduce the number of events processed.

For the signal events, this sourceigfets does not exist, but there is still some central jet activity from QCD
radiation. Due to color coherence between initial and final state quarks in the signal, we expect most of the gluon
radiation that does occur to be in the forward directions. In contrastf fdrackground events we expect most of

the gluon radiation to be in the central region. The characteristics of the extra-jets in the signal and background
events with respect to tagged jets is shown in Fig. 12. We define a pseudorapidity of an extra jet with respect to
the perpendicular to the two tagged jets:

o = Nextra—jets — (77f + 77b)/2 (10)

In Fig. 12, the extra jets in the signal and background are showpyfas 20 GeV. The extra jets for the signal

are more likely to be along the direction of the forward tagged jets than the background events, as expected. Note
that the majority of signal (87%) and many of the background (76%) events have no ceptral ) jet activity.

Clearly we keep twice as many (13% vs 24%) signal events compared tojthackground. In the case of the
background events, the rejected events are those that still contain QCD central radiation after the removal of central
b jets.

Raising thepr jet cut to 30 GeV from 20 GeV, reduces the number of central jets dramatically in the signal,
indicating that many of the extra jets are soft. We keptihe> 20 GeV cut because a harder cut does not improve
the signal-to-background ratio.



4 Results

In Table 2, we show the final cross sections after each cut. The cumulative efficiency of the selection at each step
is also given as the percentage of the original sample. For the signal events, the selection efficiency after all cuts
is about 18%, while it is only 0.02 for the background events. If we considéf to be the only background, the

S/B = 33%. The cross sections include the branching ratios foetheu andey final states.

Table 2: Cross sections and selection efficiencies

Signal (fb)

)

o.Br

12.7

36800

Forward Jet Tagging (Eq. 2,3

)9.40 (74.0%)

3620 (9.84%)

b jet (from top decay) veto

9.40 (74.0%)

534 (1.45%)

Lepton Isolation (Eq. 4,5)

5.25 (41.3%)

199 (0.54%)

¢y andmy; cuts (EQ. 6)

4.17 (32.8%)

41 (0.11%)

m;; (EQ. 7)

3.26 (25.7%)

13 (0.035%)

extra-jet vetpy > 20 GeV

2.84 (22.0%)

9.86 (0.027%)

My (WW) cut (Eq. 9)

2.24 (17.6%)

6.83 (0.019%)

We have also considered titebackground separately. In this background channel, thebsvirom ¢t decay

could result in two forward tagged jets, although the probability is very low. We generatedt2@@&nts using
CompHEP, and ran them through the same simulation, reconstruction and analysis. The probability of finding a
pair of tagged jets in this sample is very low (.5%). After all the analysis cuts, we found a cross section of 0.28

fb before the extra jet veto, which is almost a factor of 46 less thanAfter the extra-jet veto, no events were

left from the original sample. Although the statictics in thesample is limited, our analysis shows tiais not a
significant background.

There are other backgrounds for this channel beditlesjets. The most serious ones among themidyg and
71jj. The cuts developed in [3] to supprdggj andr7j; signals affect the signal-to-background ratio in our
analysis at the level of 10%. Therefore we have not applied them in this work.

5 Conclusions

With forward tagged jets, Higgs production through the WBF process giving a very clear signal topology. In
addition, exploiting the unique kinematics of the isolated leptons between the jets further enhances the experimental
signature of this channel. Further improvement in the signal to background can be achieved by the suppression of
events with additional central jets.

Although the signal to background is less than one, the chosen mass; 120 GeV is the worst case since it is
the lowest mass which is not yet experimentally excluded.

After the first year of operation of the LHC, assuming low luminosity running conditions, an accumulated luminos-
ity of 60 fb—! at CMS would result in 134 signal and 414 events or S{/B = 6.62. The five standard deviation
luminosity is 34 fbo L.

As described in the analysis in [3];j events are about 50% of the total background to this Higgs signal. Therefore
the total background cross section should be considered to be larger by about a factor of 2 than given in this analysis.
All else being equal the five standard deviation luminosity is then 68.fb

As we mentioned earlier, the suppressiontigfbackground is enhanced greatly with efficidrjéet vetoing. The

method described here to reject the ceritsiglts that come front-decay is estimated from the correlation of extra

jets withb-quarks instead of taggirigs. Good tracking and good lepton identification efficiency are also essential.
Until realistic lepton and b-tagging efficiencies are determined, the results of this study remain somewhat unproven.
Nevertheless, this WBF channel, with its distinct characteristics is one of the most promising channels for detecting



a low mass Standard Model Higgs particle with CMS at the LHC.
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