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Abstract

We present a method how to detect fiig= H° — [*vbb in the high luminosity LHC environment

with the CMS detector. This study is performed with fast detector response simulation including high
luminosity event pile up. The main aspects of reconstruction are pile up jet rejection, identification of
b-jets and improvement of Higgs mass resolution.

The detection potential in the SM fat ;0 < 130GeV/c? and in the MSSM is only encouraging for

high integrated luminosity. Nevertheless it is possible to extract important Higgs parameters which
are useful to elucidate the nature of the Higgs sector. In combination with other channels, this channel
provides valuable information on Higgs boson couplings.
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1 Introduction

The observation of at least one Higgs boson is an important proof of the Higgs mechanism [1] which is introduced
to explain the masses of elementary particles. Beside the discovery of a Higgs boson, it is also important to study
the Higgs boson couplings. Higgs bosons lighter than@30/c? decay mainly to &b pair [2]. In this note we
describe a method to observe a Higgs boson in the associated production diiahH&l — 1*bb, shown in

Figure 1, with leptonically decayind’*. Among other production channels with’ — bb decay [3], théV * H°

channel turns out to have a low signal to background ratio and therefore requires a large integrated luminosity. The
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Figure 1:W*H° — [*vbb signal event at LO.

signal and backgrounds are simulated in the high luminosity regime with each event superimposed on an average
of 17.3 Poisson distributed pile up events generated with PYTHIA [4] (MSTP(2) =2, MSTP(33) =3, MSTP(81)
=1, MSTP(82) = 4 and PARP(82) = 3.). The relevant signal and background cross sections at thgdHi&(

14TeV) and particle masses used in the simulation are listed in Table 1.

LO cross sections masses
ow+my,, X BRyo 45 = 2.51-0.41pb my,, = 90- 135GeV/c?
O+ 70 = 27pb | mzo =  91.187GeV/c?
oW jj = 30nb | my+ = 80.41GeV/c?
o = 570pb | my = 173.8GeV/c?
o1 = 320pb | my = 4.3GeV/c?

Table 1:PYTHIA cross sections of signal and background relevant foithe°® — 1*vbb channel and calculated
with parton density function CTEQA4I [5]. The branching ratio of thié- decay to electrons or muons (= 22%) is
not included in the cross sections of this table. The particle masses are from [6]. The generation of sing)e top (
events can be done in PYTHIA with processes number 2 and 83 by fovGing 180GeV [7].

After the event generation, the detector simulation is performed: FATSIM [8] is used for the simulation of tracker
response and track reconstruction. Track momentum smearing, impact parameter smearing, impact parameter tails
and track reconstruction efficiency are taken into account, as well as geometrical acceptances. CMSJET [9] is used
for the simulation of calorimeter response, jet reconstruction, missing transverse energy calculation and lepton
smearing. The reconstruction efficiency for leptons (in this study only electrons and muons) is assumed to be 90%.
All parametrisations have been obtained from GEANT based detailed simulations.

2 Reconstruction

A typical signal event as shown in Figure 1 is expected to give a final state consisting of one isolated lepton,
missing transverse enerdy*** and twob-jets. Pile up events, underlying event and gluon radiation are sources
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of additional jets which complicate the reconstruction and selection. An initial study [10] of this channel showed
already the importance of two reconstruction featubgagging performance and jet reconstruction:

A clean and efficient identification dfjets is important to reduce most of the background with less than two
genuineb-jets. For a realistic (and reasonably fastagging simulation, the understanding of impact parameters,
impact parameter errors and track reconstruction efficiency are crucial. In Figure 2 the parametrisation FATSIM
(fast tracker simulation) is compared with the detailed simulationb{tagyging performance of the CMS tracker
(phase 1) is simulated for soft jets coming from #fedecay using mainly the significance of the signed transverse
impact parametes (ip) cuts on two tracks per jet. There is a good agreement between the two simulations. In
this example, thé-tagging efficiency fow (ip) > 2 is 50% and the mistagging probability is less than 1%. The
b-tagging efficiency for jets from the Higgs decay is higherg0%), because the jets coming from the heavier
Higgs boson are more energetically. Identification of leptons inside jets and reconstruction of secondary vertices
can improve thé-tagging performance further.
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Figure 2:b-tagging performances @ — jj events by FATSIM (bright) and CMSIM (dark). The tagging rates of
b- andu-jets were determined with the following algorithm: 2 tracks in a cone of 0.4 around ttejet (20 GeV,

[n| < 2.4) axis withpr > 0.9 GeV/c, min. 6 hits including 2 pixel hits (in the case of CMSIMp < 2 mm and
the signed transverse impact parameter significatige > 0.0 ... 4.5 (various cuts).

A good Higgs mass resolution helps to enhance the signal event invatigni) mass peak allowing a better
visibility of the signal and a more precise determination of the Higgs mass. A good mass resolution can be
obtained, when the energy and direction of each reconstructed jet agree as closely as possible with the quantities
of the corresponding parent quark. This can be achieved with jet corrections as described in [11, 12]: after jets are
reconstructed with the UA1 con&¢ = 0.4) algorithm, their quality is improved in two steps. Firstly, single jets

are corrected by taking into account out of cone energy and extra energy which does not come from the original
parton. This energy correction improves the Higgs mass resolution by 35%. In the second step, the final state
gluon radiation is corrected (FSR correction). Herefore two jets are combined into one jet taking into account
geometrical effects. The second step gives an additional 10% improvement. Clearly, the single jet corrections
are more important than FSR corrections, but nevertheless the FSR corrections can still improve the Higgs mass
resolution significantly. Further improvements, not studied here, are possible by using tracks.



A detailed description of the analysis follows:

¢ Trigger and Preselection

Events are triggered, if there is one isolated lepton with> 20 GeV/c in the tracker acceptance. A lepton is
considered as isolated, if there are no additional tracksmyith- 2 GeV/c in a cone of 0.3 around the lepton. The
lepton reconstruction efficiency is assumed to be 90%. The preselection includes the requirement of at least two
jets with E7 > 30GeV and|n| < 2.5.

¢ Pile Up Jet Rejection

In order to be able to count the jets of one particular event, pile up jets are removed from the event: jets are
removed, if they contain no track withy > 2 GeV/c in a cone of 0.4 around the jet axis, or if they contain a
track of pr > 2 GeV/c in a cone of 0.2 around the jet axis which is coming from the wrong primary vertex:
A(VEirack 'v9) < 250 um. The identification of primary vertices is possible, because the isolated lepton points to
the correct primary vertex and the primary vertex z coordingfd ¢esolution is as good as 26n, whereas the

Z bunch crossing spread has= 53 mm, as illustrated in Figure 3. The performance of this procedure depends
basically on instantaneous luminosity (number of pile up eventsygnesolution of the CMS tracker.
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Figure 3:Example of bunch crossing spread in z direction: 21 spikes indicate the ppmeaoylision vertices due

to one hard interaction (marked with a triangle) and twenty superimposed pile up events. The bin widthxaf 250
corresponds to ten times the resolution of the z coordinate of the primary Vertékhe shaded area is a measure
of the expected frequency distribution of primary vertices.

© b-tagging

Two tagged jets are required per event. A jetis considerédagged, if there are two tracks with impact parameter
significances (ip) > 2.0, or if there are three tracks withl{ip) > 1.6, or if there are two tracks with(ip) > 1.0
and a lepton inside the jet. Heigis the signed transverse impact parameter of a trackwyittr 0.9 GeV/c and

ip < 0.2cm.

© Jet Corrections
The tagged jets are correctedigiets with or without lepton and additional jets which are closer than 0.6 to one of
these jets are corrected as gluon jets and combined withjgts according to the procedure described in [11, 12].

¢ Jet and Lepton Veto
If there is an additional jet witlr > 20 GeV and|n| < 2.5, the event is rejected. Also events with an additional
isolated leptony{r > 5 GeV/c) are not accepted. The jet veto is only possible after “pile up jet rejection”.

¢ Relative Er Balance -
The relativeEr balance is defined as the ratio of the transverse energy of the évemtf (, b, andv which is
ideally close to zero) and thE; sum of the four objects expected in the event.

ET(ba Bv lv V)

Er(b) + ET(Z_)) + Er(l) + Br(v) < 0.15 Er(v) = Emiss

o W= |dentification The reconstruction of the transverse mass of the W boson is intended to suppress further
badly reconstructed events. It turns out that only an upper cut improves the signal visibility.

mr(l,v) < 100 GeV/c?
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© Higgs Mass ReconstructionThe invariant mass of both fully correctégets is calculated. Finally events are
counted which satisfyn, + 1.40 with m ando from Table 2.

mgo = 90 95 100 105 110 115 120 125 130 135
91.28 95.67 100.1 1045 1085 1135 117.8 122.0 126.5 181.2
10.76 11.04 11.19 1190 11.67 11.66 12.28 12.68 13.22 13.73

S
1

Q
1]

Table 2: Generatedh 10, reconstructech ando in units ofGeV/c2. m;n, (4, j) of the pure signal is fitted with a
Gaussian to obtain the masses and widths uséd4n1.4o.

The main background rejection comes frértagging. The norb-jet backgrounds (mainly?’* ;) are reduced
strongly, but backgrounds with two genuibigets are not suppressed. A large fraction of the top background can

be removed with the combination of “jet and lepton veto”, “relatie balance” and 7 * identification”. These

steps also help to remove events with a large amount of unclustered energy and badly reconstructed events. All
backgrounds are reduced by the mass window cut which is more effective with improved Higgs mass resolution.
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Figure 4: W+ H" signal (white or dark shaded) plus reson#rit Z° background (shaded) plus non resonant
background (light shaded). The crosses are signal plus background with statistical error bars and are well above
the background in the signal region. Simulated Higgs mass.is = 115GeV/c? with L;,; = 300fb~1.

For an integrated luminosity of 30—, 1610W* H° events fnyo = 115GeV/c?) are selected with an effi-

ciency of 5%, starting from all triggered events. 1198 Z° events are selected with an efficiency of 0.3%. The
efficiency forlW*; events (27565) is 0.003%, fot events (36089) is 0.1% and fe events (6096) is 0.09%.

Figure 4 shows the expected signal plus background. The signal peak can be hardly seen. If one considers the
simulated data points with their statistical errors, there is however a statistically significant signal above the back-
ground. Background subtraction can improve the visibility and is done here in two steps. First the non resonant
background is fitted with a polynomial of degree eight and then subtracted. It is important to know the shape of
this background. This information can be obtained from detailed Monte Carlo simulations or experimentally by
varying theb-tagging quality. Figure 5 (left) shows the result of this subtraction: one can see a double peak which
is a superposition of the Higgs boson and #fepeaks. Even for a very small Higgs signal A& peak should be

still visible. This is a good cross check of the subtraction method, and can be used to calibrate the Higgs mass. In a
second step thd/* Z° events are subtracted. The accurate magnitude of this background can be estimated easily
from the analysis of +Z9 — [*1[*1~ events. The result is shown in Figure 5 (right) and the Gaussian fit of the
Higgs peak is in good agreement with the simulated pure signal and the Higgs mass can be fitted.
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Figure 5: Left: signal plus background after subtraction of non resonant background. The simulated data points
are fitted with two Gaussians. Right: signal plus background after subtraction of all backgrounds. The simulated
data points are fitted with a Gaussian which describes thelprél® signal (shaded) well.

With this type of analysis we obtain following results faryo = 115GeV/c? and L;,,; = 300 fb—!: signal to
background rati&s/ B = 2.3% , significances/v/ B = 6.0, precision oV W H couplingAgww r/gwwn =
8.4% and precision on the madsn/m = 2.3%. S and B are the number of events in the mass window around
the Higgs mass peak. The precision on the mass is obtained from the Gaussian fit in Figure 5 (right).

3 Expectations for SM Higgs

The SM results are shown in Figures 6 and 7. Egy, = 300 fb~! the 5¢ discovery limit is athgM <123

GeV/c?. A discovery during the low luminosity phasg,; < 30 fb—1) is not expected in this channel - even in

the easiest cases i.e. at low Higgs masses already excluded by LEP. Higgs boson discovery is expected in another
channel. ThéV* H° channel is nonetheless interesting, because it allows the measurement of the Higgs couplings
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Figure 6:5/B, S/v/B (Lins = 300fb~') andL;y, required forS//B = 5 versus generated SM Higgs mass in
theW*H° — 1*vbb channel. No k-factors (k = 1.0) are used.



which will tell us something about the nature of this particle. TH&/ H coupling is proportional to the square
root of the number of signal events. The expected precision in the measurementioFitite coupling is given
in Figure 7, and is of the order of 10% assuming a known branching BaEOH — bb).
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Figure 7: Precision of¥ W H coupling as a function of generated Higgs mass in the BM, = 300 fb—" is
assumed and no k-factors are applied.

Even if it is impossible to determinBR(H® — bb) in absolute value, the different signals of various Higgs
production mechanisms can be exploited to determine ratios of Higgs couplings. For example, thesiatiaof
andy; (top Higgs Yukawa coupling constant) is independenBdt( H® — bb) and can be determined with the
ttH° andW* H° channels. The ratio aBR(H® — bb) and BR(H® — ~~) can be determined by comparing
W+H, H° — bbwith W+ H°, H° — ~~ final states produced by the sagg — W* — W+ H° mechanism.

4 MSSM Results

To give an idea about the discovery potential of the corresponding ch&ifié® — [*vbb in the MSSM,

we extrapolate the SM results (by rescaling the production cross section times branching ratio, obtained with
SPYTHIA [13]) and discuss the parameter space coverage of one benchmark scenario called maxisuen

nario [14]. This scenario turns out to be the most unfavourable oh@ as bb visibility decreases with increasing

h® mass. The reason is the rapidly falling cross section and branching ratio with increasing Higgs mass which
limits the discovery potential of this channel in the SM as well.
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Figure 8: Discovery contours in the MSSM (maximum, scenario) parameter space faf,, = 300fb=! (left)
and forL;,; = 600fb~" (right). S/+/B > 5 to the shaded side of the solid line. The dotted and dashed lines are
the isomass curves faf,0 = 125GeV/c? andmyo = 115GeV/c?, respectively.



Figure 8 shows the parameter space coverage imnthean 5 plane for two integrated luminosities integrated
over very long LHC running periods (5 - 10 years). In both cases there is an inaccessible regiomat;tve
second difficult region at higih 4 andtan 8 disappears with increased integrated luminosity. In scenarios with
non maximumm, the difficult regions are somewhat reduced implying that for high enough integrated luminosity
most of the MSSM parameter space can be explored with this channel.

5 Conclusions

At this level of simulation, including high luminosity event pile up, we conclude that the selection and reconstruc-
tion of theW* H® — [*vbb signal is possible and provides useful information. Exceletaigging performance

and good mass resolution is crucial for a successful analysis. In addition, track and primary vertex reconstruction
is important for the separation of jets from the hard interaction from jets of pile up events.

A very high integrated luminosity of 3066~ is necessary in order to have reasonable sensitivity to this signal: in

the SM the discovery is limited at a Higgs mass0123GeV/c2. In the MSSM a large fraction of the parameter
space can be covered. It is clear that the very large integrated luminosity required makes this channel inappropriate
for a first discovery of the Higgs boson, in contrast to the chatid&!, 7° — bb [15].

The W+H? — [*ubb channel allows direct measurement of t&V H coupling for known branching ratio
BR(H® — bb). Even if BR(H® — bb) is not known, this channel can be combined with other channels with
H° — bb decay [3] and ratios of the corresponding coupling strengths can be determined which would help to
better understand the nature of the Higgs boson.

References
[1] P. Higgs “Broken symmetries and the masses of gauge bo&imns. Rev. Lett. : 13 (1988) , pp.508-509

[2] A. Djouadi, J. Kalinowski and M. Spira “HDECAY: a Program for Higgs Boson Decays in the Standard
Model and its Supersymmetric Extensidmép-ph/9704448

[3] V. Drollinger “Reconstruction and Analysis Methods for Searches of Higgs Bosons in the DecayMode
bb at Hadron CollidersTEKP-KA/01-16

[4] T. Sjostrand “PYTHIA 5.7 and JETSET 7.4 Physics and manG&RN-TH.7112/93

[5] H. Plothow-Besch “PDFLIB: a library of all available parton density functions of the nucleon, the pion and
the photon and the corresponding calculations'”CERN-PPE-92-123

[6] Particle Data Group “Review of Particle Physidstr. Phys. J. C 3, 1-794 (1998)
[7] H. Stadie “The Search for Single Top Quarks with the Collider Detector at FermiaP-KA/99-24

[8] V. Drollinger, V. Karimaki, S. Lehti, N. Stepanov and A. Khanov “Upgrade of Fast Tracker Response Simu-
lation, the FATSIM utility” CMS IN 2000/034

[9] S. Abdoulline, A. Khanov and N. Stepanov “CMSJETCMS TN/94-180

[10] V. Drollinger, T. Mdller and R. Kinnunen “Detecting Standard Model Higgs-Boson in the Channeb
HOW* | H° — bbwith CMS” CMS NOTE-1998/003

[11] V. Drollinger “Jet Energy Corrections€MS NOTE-1999/066

[12] V. Drollinger, Ph. Gras and Th. Mier “Jet Quality andH° — bb Mass ReconstructionCMS NOTE-
2000/073

[13] S. Mrenna “SPYTHIA, A Supersymmetric Extension of PYTHIA 5ARL-HEP-PR-96-63

[14] M. Carena, S. Heinemeyer, C. Wagner and G. Weiglein “Suggestions for Improved Benchmark Scenarios for
Higgs-Boson Searches at LEP28p-ph/9912223

[15] V. Drollinger, T. Muller and D. Denegri “Searching for Higgs Bosons in Association with Top Quark Pairs in
the H° — bb Decay Mode’hep-ph/0111312



