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Abstract

Prospects of finding the heavy neutral MSSM Higgs bosons A and H with the H/A— 77~ decay
mode and electron+jet final state in the associated production with b quarks in gg — bbH/A are
studied in CMS at the LHC collider. Full simulation and reconstruction of the CMS detector at the

luminosity of 2x 10%3cm =251 is used.



1 Introduction

In the Minimal Supersymmetric extension of the Standard Model (MSSM) two Higgs doublets are required to
preserve the supersymmetry. The physical Higgs states are the two CP-even Higgs bosons h and H, a CP-odd
Higgs boson A and two charged Higgs bosons HE. Due to the tan?/3 enhancement of the couplings to down type
fermions, with respect to the Standard Model (SM), the A/H — bb and A/H —» 77~ decay modes dominate
and the production is mainly through the associated production process gg — bbH /A atlarge tan region ( 2, 10).
The A/H — 77~ decays can be searched for in several final states: two leptons, muon+ijet, electron+jet and two
jets [1] . Several fast and partially full simulation studies [2],[3], [4] have shown that the large tang ( 2, 10) region
can be covered with at least one final state and the value of tan/3 could be measured with good precision from event
rates [3]. The main SM background from Z/y* — 77~ can be efficiently suppressed by tagging the associated
b jet(s). In this work the electron+jet final states are studied with full simulation and reconstruction of the CMS
detector at the luminosity of 2x1033cm 2571,

The general MSSM is assumed taking for the model parameters the following values: My = 200 GeV/c?, u =
200 GeV/c2, M3 = 800 GeV/c?, Mgysy = 1 TeV/c?. The results are presented in the maximal mixing scenario
fixing X; (X; = Ay — pcot 3) to 2 TeV/c2. The top mass is set to 175 GeV/c?. The choice of SUSY parameters
can affect the production rate through the branching fraction and through SUSY loop corrections in the production
cross section. The SUSY-loop corrections have been calculated recently and are shown to be particularly sensitive
to the magnitude and the sign of the higgsino mass parameter p [5]. Large positive (negative) p values can lead to
a reduction (enhancement) of of the cross section.

The LEP and the Tevatron colliders have performed direct searches for heavy neutral Higgs bosons. The LEP
measurements yield lower bounds of 91.0 and 91.9 GeV/c? for h and A mass in MSSM, respectively [6]. The
excluded tang regions are 0.5< tanf < 2.4 for the maximal my, scenario and 0.7< tang < 10.5 for the no-stop-
mixing scenario with m¢,p = 175 GeV/c? [6].

The production cross sections and branching ratios are discussed in Section 2 and the simulation of events in
Section 3. The event selection methods are explained in Section 4 and the signal-to-background ratios are given in
Section 5. Uncertainties of the background estimation are discussed in Section 6. The statistical significance and
the discovery potential are given in Section 7 and the conclusions in Section 8.

2 Phenomenology

2.1 Production and decay

The most important processes for the production of the neutral MSSM Higgs boson at the LHC are the gluon fusion
gg — H/A and Higgs boson strahlung off b quarks gg — bbH/A. For small and moderate values of tan3 ( <
10) the loop-mediated gluon fusion has more importance, but at large tan/3 the associated production dominates,
representing about 90% of the total cross section. The next-to-leading order (NLO) cross sections for the h, H and
A bosons in the associated production process are shown in Fig. 1 as a function of m with tan3 = 20. The cross
sections are calculated with the FeynHiggs program [7]. The production cross sections for the H and A bosons are
almost equal at large my, but for my < mp®* (mﬁi“) the H production decreases rapidly while the production
cross section for h increases to the same order as that for A. The CP-even Higgs bosons h and H are also produced
in the weak gauge boson fusion qq — qqH, but the cross sections are sizeable only near the upper (lower) mass
bound of h and H, where these Higgs bosons are SM-like.

Figure 2 shows the H — 717~ branching fraction for my = 140 and 500 GeV/c? and for u = £+ 200 and
+ 500 GeV/c? as a function of tanf calculated with FeynHiggs [7]. Sensitivity to the y parameter increases
with increasing tanf and is larger for larger absolute values of this parameter. The enhancement with positive p
values could partly cancel the expected large negative contributions from the SUSY loop corrections for these u
values. The NLO cross sections times branching fractions are shown in Table 1 for m = 130-500 GeV/c2. For the
two lowest mass points, ma = 130 and 140 GeV/c?, the mass of the lighter scalar Higgs boson h is only 4.4 and
11.2 GeV/c? smaller than ma. With the mass resolution, which can be reached in the H — 77— decay channels,
the lighter scalar contributes to the signal and is added in the cross sections for ma = 130 and 140 GeV/c? in Table
1. The contribution is 31 and 11% of the total production rate, respectively.
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Figure 1: Production cross sections for the heavy
neutral MSSM Higgs bosons H (solid lines) and A
(dashed lines) and for the lighter scalar Higgs bo-
son h (dash-dotted lines) in the associated produc-
tion gg — bbh/H/A and in the gluon-gluon fusion
gg — h/H/A with tan8 = 20 as a function of my .
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Figure 2: Branching fraction for H — 717~ with
myu = 140 and 500 GeV/c? as a function of tanf

for p
+ 500 GeV/c? (dashed lines).

o X BR (pb)
bbH/A/h,H/A/h — 757 = e+ 1-jet+X map =130 GeV/c?, tanf = 20 18.2
bbH/A/h,H/A/h — 757~ — e+ 7-jet+ X ma = 140 GeV/c?, tanf3 = 20 12.8
bbH/A, H/A — 7H7~ — e + 1-jet + X my =200 GeV/c?, tanf = 20 4.15
bBH/A, H/A 57777 s e+ et + X ma =300 GeV/c?, tanf = 20 0.85
bBH/A, H/A 57777 s e+ et + X ma =500 GeV/c?, tanf = 20 0.071
Z/v* > 1t 5 e+ et + X 90< m,, < 300GeV/c? 331.81
Z/v* >t~ s e+ mjet+ X m,, > 300GeV/c? 0.1407
bbZ/v*, Z/v* — 7T~ 60< m,, < 100GeV/c? 26.0
bbZ/v*, Z/v* — 7T~ m,, > 100GeV/c? 1.0
tt 840
Wt 6.16
Wjet, W = eve Pt > 80GeV/e 1890.0
Z/v*, T)y* — ete~ 5< Mgtem < 150GeV/c? 810.8
bbZ/v*,Z/v* — ete” 26.3

+ 200 GeV/c? (solid lines) and for p =

Table 1: Cross section times branching fraction for the signal and background processes. Preselection efficiencies

are not included.

2.2 Background processes

The signal process gg — bbH/A, H/A — 777, 7y — evev,, 72 — hadrons + v, leads to a final state of one
isolated electron, an isolated 7 jet and one or two detectable b jets. The background with genuine 7°s comes from
two types of processes, Z/v* events decaying into 77, and the tt and Wt events, where the e + 7 jet final state
can come from direct W decays to an electron and a 7 or through W — 7v,. — e + vev, v, decays. The inclusive
production of Z /v* and the production in association of bb are considered separately:

o Z/y* 51t s e+Tjet+X
e bbZ/v* Z/v* = 1777 = e+ Tjet +X

o tt with one W = 7v, , the other W — evev, or W = Tv = evev;

e Wt, withone W — 7v, , the other W — evev, or W — 71 — evev,

Background can arise also from the processes where a hadronic jet or an electron leads to a fake 7:



tt with W1 — qq’, Wa = evev, or Wo = 71 — ever;

Wt, with Wi = qq', Wo — ever, or Wy = 71 — ever,

W+jet, with W — ev,

o Z/y* > ete”

bbZ/v*,Z/v* — ete~

The NLO production cross sections for these processes are shown in Table 1. Preselections are applied on the
Z/v* = 77, W+jet and Z/v* — ete™ backgrounds. For the Z/y* — 77~ and W+jet backgrounds, the cuts
pr > 10GeV/c and || < 2.4 have been applied on the electron from one of the 7’s and on the electron from the W.
For the Z/v* — ete™ background, these cuts were applied on both electrons. For this background, the electrons
through 7 decays were excluded. The QCD multi-jet events present a large potential background, through hadronic
jets faking both the electron and the 7 jet, and is considered in this work.

3 Simulation and reconstruction

The signal events were generated with PYTHIA [8] for five Higgs boson masses 130, 140, 200, 300 and 500
GeV/c?. The TAUOLA package [9] was used for simulating 7 decays. The signal cross sections and branching
fractions were calculated with FeynHiggs [7] in the my,-max scenario.

The Z/~v* background associated with light quark and gluon jets was generated with PYTHIA [8]. A NLO cross
section of 1437 pb [10] calculated with the program MCFM [11] assuming 77~ final state and m+,- > 90
GeV/c? was used. The background consisting of Z/+* events produced in association with b quarks emitted
mostly in the forward direction was generated with CompHEP [12]. For these backgrounds cross sections were
calculated with CompHEP. The leading-order (LO) cross section for 717~ final state is 26 pb. No pr or 7 cuts
were applied on b quarks in the bbZ /* process generation. The b quarks were assumed to have nonzero mass. To
avoid double counting, the bbZ /v* events are removed from the inclusive the Z/y* samples in the beginning of
the analysis. The inclusive tt events were generated with PYTHIA, and and single top (tW) events with TopREX
[13]. Cross sections of 840 pb and 60 pb were used for tt and tW events, respectively. The W+jet background
was generated with PYTHIA. For the QCD multi-jet background largest contribution can be expected from the
pr interval above the Er threshold for the 7 jet. Events generated with 50 < pt < 80 GeV were used for the
determination of the 7 selection efficiency. Due to limited Monte-Carlo (MC) statistics no trigger simulation was
performed on this sample.

The reconstruction was based on CMS digitized data sets. For the data sets used in this work, the response of the
CMS detector was simulated with the CMSIM [14] and OSCAR [15] packages including a pile-up corresponding
to the luminosity of 2x 1033cm=2s~!. The physics objects were reconstructed with the standard methods available
in the CMS reconstruction software. Version ORCA_8_7_4 of the CMS OO Reconstruction [16] was used. The
primary vertex was reconstructed and selected with an algorithm searching for the highest sum of the transverse
momenta of the associated tracks. Jets were reconstructed in a cone of 0.5 and the jet energies were calibrated
with correction factors obtained from MC studies [17]. In the correction method, E1 thresholds were set on the
Electromagnetic calorimeter (ECAL) cells (0.8 GeV) and and on the Hadron calorimeter (HCAL) cells (0.5 GeV).
The missing transverse energy (E%i5%) was reconstructed from the full calorimeter response summing the ECAL-
plus-HCAL towers. For this measurement the hadronic jet energies were calibrated with correction factors obtained
from a simulation of QCD photon+jet events [17]. These corrections were applied on jets with Ep > 20 GeV. A
regional track reconstruction method of reconstructing tracks around the lepton and jet directions was used.

4 Event selection
4.1 Trigger

The events were triggered with a single electron trigger and with an electron-plus-7 jet trigger (eTau trigger)
[18, 19]. The combined eTau trigger requires the presence of both an electron and a 7-jet, with thresholds lower
than those used for single electron and single 7 triggers. The 7-jet candidate at Level-1 is defined as the most
energetic T-jet, which is not collinear with the electron candidate. The 7 identification takes advantage of the
properties of hadronic 7 decay, narrowness of the energy deposition in the calorimeter at the Level-1 and isolation
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of the narrow jet at the High Level Trigger (HLT). The Level-1 Et threshold was taken to be 40 GeV for the
7 jet and 19 GeV/c for the electron. Energy corrections, derived from Monte-Carlo data, were applied on the
reconstructed Level-1 7 jet. Tables 2 and 3 show the Level-1 trigger efficiencies for the signal and background
events, respectively.

The selection of electrons in the High-Level Trigger (HLT) for single electron trigger proceeds in three steps. The
first step uses the calorimeter information alone. The next step demands hits in the pixel detectors consistent with
an electron candidate. In the final step the selection of electrons uses full track reconstruction seeded from the
pixel hits obtained by the matching step. The trigger threshold for single electrons is 26 GeV/c.

At the HLT, the identification of 7 jets begins with the reconstruction of a jet in a region centered on the Level-1
T jet. The electromagnetic calorimeter is used for the isolation of the 7 jet candidate summing the energies of the
ECAL cells in a cone of 0.13< AR <0.4 around the Level-1 7 jet and demanding the energy sum to be below 5
GeV. The identification of a 7 jet with charged particle tracks is also based on isolation criteria. The tracks were
reconstructed in the pixel detector around the Level-1 7-jet direction. The track with maximum pr is searched for
in a cone of 0.1 around the jet direction. A small cone with AR = 0.07 around the leading track is taken as a signal
cone requiring this signal cone to be isolated in a larger cone of AR = 0.4 counting all pixel tracks in this area. The
cut pr > 3 GeV/c, is applied on the leading track. At this level, no requirement is made on the number of tracks
in the signal cone, to keep one- and three-prong 7 decays.

The efficiencies for the Level-1 selection, and for the HLT selection for single electron plus eTau trigger are shown
in Tables 2 and 3. The numbers for the total efficiency include the preselection efficiencies. The efficiency for the
Wt background is affected with the forcing of W and top decays.

4.2 Offline reconstruction
4.2.1 Electron identification

The reconstructed electrons were first required to be isolated in the tracker demanding that no track with pr > 1 GeV/c
was found in a cone of AR = 0.4 around the electron direction. Figure 3 shows the pr distribution for all recon-
structed and isolated electron candidates. Agreement of the isolated electron spectrum with the spectrum of the
generated electron from 7 — ev; v, is satisfactory already at this level at large p§. (2 40 GeV). A small frac-
tion of events with p$(MC) ~ 0 is triggered with an electron or an electron-type object from other sources than
T — eV, V.. For a fraction of these events the 7 — ev, v, decay was found but the pt of the generated electron
was small ( pS(MC) £ 2 GeV/c). On the average ~ 1.3 reconstructed electron candidates were found in the
signal events. The electron identification was performed with variables described in Ref.[20], exploiting hadronic
cluster energy over the electromagnetic energy (Ehadronic /Eemy sum of the 3x3 energy matrix over the sum of
the 535 energy matrix centered on the the crystal with largest Er (E(3 x 3)/E(5 x 5)), second order moment
of the n projection of the shower transversal profile (¢,y,), supercluster energy (E¢) over the track momentum
(Es¢ /ptack)_differences between the reconstructed supercluster 5 and ¢ positions with respect to the track posi-
tion (An and A¢) and the variable |1/ES¢ — 1/pt*ak|. Figure 4 shows the distributions of these variables for the
genuine electrons from 7 — ev; v, and for the leading hadronic track from 7 — hadrons + v, for the signal events
with ma = 200 GeV/c2. The cut values used in the following, the cut efficiencies and the purity for each cut are
shown in Table 4. The largest improvement to the purity is due to the EPadronic /Eem and Es¢ /ptrack cuts, The pr
spectrum for the isolated electrons passing the identification cuts is shown in Fig. 3. The efficiency for an electron
candidate to pass the selection is 64.2%, including the tracker isolation. The fraction of signal events where at least
one identified electron is found is 81.2%.

4.2.2 Identification of 7 jet
To preserve the 7 — 7% + n7® + v, decays modes, presenting a fraction of 52% of all hadronic 7 decays, a 7

identification method based on calorimeter jet reconstruction was used. The 7-jet candidates were reconstructed in

Table 2: Efficiencies of the Level-1 and HLT triggers for the signal events with ma = 130-500 GeV/c? and
tang = 20.

ma (GeV/c?) | 130 | 140 | 200 | 300 | 500
Level-1 722% | 75.6% | 85.5% | 92.9% | 96.7%
HLT 11.6% | 12.9% | 18.1% | 23.2% | 29.8%
Total efficiency | 8.4% | 9.8% | 15.4% | 21.6% | 28.8%
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Preselection | Level-1 | HLT | Total efficiency
Z/y* = trr™ 0.414 44.8% | 28.0% 5.2%
bbZ/y*, Z/v* = TF T~ 60.7% | 5.2% 3.1%
tt 96.3% | 11.7% 11.3%
Wt 94.7% | 34.7% 32.8%
Wjet 0.468 89.3% | 51.8% 21.6%
Z/v* — ete” 0.429 96.6% | 78.5% 32.5%
bbZ/y*, Z/v* — ete~ 90.6% | 73.6% 66.7%

Table 3: Efficiencies of the preselection, Level-1 trigger and the HLT triggers for the background events.

the calorimeter in a cone of 0.4. Jet energy corrections evaluated for one- and three-prong 7 decays were used. The
identified electron was removed from the sample of 7-jet candidates. Figure 5 shows the Et of the reconstructed
7 jet over the Et of the MC 7 jet for the signal events with ma =200 GeV/c?, indicating a well measured 7-jet
energy scale. The offline E cut on the 7 jet was taken to be Elﬁt > 40 GeV. At this level the electron contamination

from 7 — evev; is 0.9%.
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Figure 6: Distribution of pt for the leading track in
the 7 jet for the signal events with ma = 200 GeV/c?
and tang = 20.

Figure 5: Ratio of the reconstructed and generated Et
for the identified 7 jet for the signal events with mp =
200 GeV/c? and tanf = 20.

The tracks were reconstructed inside the jet reconstruction cone. The leading track (trk1) was searched for in a
cone of AR = 0.1 around the 7-jet direction. For an efficient isolation against the hadronic jets a small signal
cone is necessary and was taken to be Ar = 0.04. The fraction of three-prong 7 jets is 26% at this level. The
distribution of reconstructed tracks with pr > 1 GeV/c in the signal cone into one to five prongs is shown in Table
5 for one - and three-prong 7 decays for Efrjet > 40 GeV. About 83% of the 7+ — hadron® + n7® + v, decays

are reconstructed as one prong 7’s. The large fraction of two-prong 7 jets from the 7+ — 3 hadrons® 4+ nn® + v,

Table 4: Electron identification efficiency and purity for gg — bBH/ A H/A - 7v77, 11 = v, 2 —

mya ( GeV/c?) Efficiency | Purity
Tracker isolation 83.6% 91.7%
Ehadronic /gelm () 02 87.3% | 96.1%
E(3 x 3)/E(5 x 5) < 0.75 95.3% 96.3%
onn < 0.0004 96.8% 96.3%

Ag¢ < 0.015 99.5% 96.5%

An < 0.005 99.2% 96.8%
Es¢/ptrack > (0.8 97.3% 97.2%
|1/Es¢ — 1/ptack| < 0.015 99.4% 97.5%
Total efficiency 62.6% 97.5%

hadrons + v, with ma =200 GeV/c? and tan3 = 20.
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Table 5: Distribution of reconstructed tracks with pr > 1 GeV/c in the signal cone AR = 0.04 for one- and
three-prong 7 decays in the signal events with ma =200 GeV/c?.

Reconstructed tracks 1 2 3 4 >5
7 S hadron* +n7®+ v, | 828% | 102% | 42% | 1.6% | 1.1%
7% - 3hadrons®T +n7® + v, | 144% | 35.6% | 44.6% | 3.9 | 1.8%

decays is due to the narrow signal cone selected.

Figure 6 shows the pt distribution of the leading track in the 7-jet candidates with the EjT'at > 40 GeV for the
signal events with ma = 200 GeV/c?. The distributions for the reconstructed tracks and for the MC tracks from
7% — hadron® +n7® 4 v, are also shown in the figure. For a small fraction of events (~ 1%) the leading track is
an electron from 7% — ev,v,. Requirement of an energetic leading track is one of the handles to disentangle the 7
jets from the hadronic jets. To guarantee an efficient rejection against the QCD multi-jet events, pk! > 20 GeV/e
was selected. In addition to the leading track, two other tracks were accepted in the signal cone to account for the
7+ — 3 hadrons® + n7® + v, decays.

The isolation was performed counting tracks with pr > 1 GeV/c in the area between the signal cone (0.04) and
the isolation cone, which was taken to be then same as the jet reconstruction cone AR = 0.4. The efficiencies are
shown in Table 6 for the signal with ma = 130 - 500 GeV/c? and and in Table 7 for the background processes.

Accidental track reconstruction problems, like shared hits, can lead to a fake large-pt tracks in the hadronic jets,
as has been shown in Ref.[21]. These fake leading tracks may appear in the W + jet and hadronic multi-jet events.
As was proposed in Ref.[21], the fake tracks can be suppressed with an upper bound in the transverse impact
parameter of the leading track and with a requirement of at least eight hits in the full silicon tracker. Figure 7
shows the distribution of the transverse impact parameter for the leading track with pp > 20 GeV/c and EJTet > 40
GeV in the signal events with ma = 200 GeV/c? and in the W+jet events with the requirement of eight hits.
Efficiencies for the cut IPt < 0.3 mm are shown in Tables 6 and 7. The fake 7 jets from W+jet are suppressed by
a factor of four. Figure 8 shows the number of reconstruction hits for the leading track with pt > 20 GeV/c in the
full silicon tracker for the signal events with m = 200 GeV/c? and for the W-+jet and QCD multi-jet backgrounds,
with all selection cuts including the impact parameter cut. The tracks in the signal events show a good quality with
2 10 hits. The W+jet and multi-jet backgrounds are further suppressed by factors of 1.3 and 3, respectively, when
at least eight hits are required.

The Z/v* — ete™ and bbZ/y*,Z/y* — eTe~ backgrounds contain an isolated genuine electron to pass the
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histogram) and W+jet (dashed line) backgrounds.

Table 6: Efficiencies (%) for the offline 7 selection cuts and 7-selection purity for events passing the trigger,
primary vertex reconstruction and the electron identification cuts for the signal events with m s = 130-500 GeV/c?
and tanf = 20.

mpy (GeV/c?) 130 | 140 | 200 | 300 | 500
EJTet > 40 GeV 62.2 | 654 | 79.0 | 86.1 | 89.5
pirk! > 20 GeV/e 62.5 | 643 | 70.5 | 74.5 | 80.9

1 or 3 signal tracks 729 | 76.1 | 79.6 | 82.6 | 82.4
Tracker isolation 67.6 | 68.6 | 72.5 | 73.9 | 74.5
Pk < 0.03 mm 91.8 1 93.2 | 94.6 | 96.0 | 93.0
Npzkl > g 96.2 | 96.1 | 953 | 949 | 96.3
Ef#* > 2 GeV 954 1953|964 | 97.1 | 97.6
0.35 < EHCAL /ptrkl < 1.5 | 89.6 | 90.1 | 89.7 | 88.3 | 88.3
T-selection efficiency 142 | 169 | 24.8 | 30.6 | 34.3
T-selection purity 97.8 1 98.2 | 97.0 | 95.6 | 96.0

electron cuts and are not significantly suppressed with the 7 selection cuts as can be seen from Table 7. These
electronic T-candidates can be suppressed requiring a large energy deposition in the hadron calorimeter. Figure
9 shows the Er of the most energetic HCAL cell (Ef2~) in the 7 jet for the signal and for the Z/y* — ete™
background. The cut Ef®* > 2 GeV suppresses the electrons with a factor of ~ 7. A further reduction can be
obtained comparing the HCAL and track measurements. Figure 10 shows the HCAL energy in the 7 jet over the
momentum of the leading track (EHCAL /ptrkl) in the one-prong 7 jets for the signal events with m = 200 GeV/c?
compared to the same ratio in the Z/y* — eTe™ and W+jet events, including the cut Ef#* > 2 GeV. The cut
EHCAL /ptrkl 5 0,35 applied on the one-prong 7 candidates only, suppresses further the electronic 7 candidates
by a factor of ~ 1.8. The W+jet events show a tail at large values of EHCAL /ptkl due to the neutral hadron
component of the hadronic jets. An upper bound of 1.5 suppresses the hadronic jets by ~ 15%.

The 7-jet identification cuts, described above, yield a good purity of ~ 97% for the signal events. The contam-
ination from the electrons from 7 — ev, v, is reduced to ~ 0.4%. A rejection factor of ~ 600 is obtained for
the hadronic jets in the QCD multi-jet events generated with 50 < pr < 80 GeV/c. The charges of the identified
electron and 7 jet are required to be opposite summing the charges of the tracks for the three-prong 7 jets.
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Table 7: Efficiencies (%) of the offline 7 selection cuts on the 7-jet candidates after removing the identified electron
for the background events passing the trigger, primary vertex reconstruction and electron identification cuts. No
trigger simulation and electron reconstruction was used for the QCD multi-jet background.

Zy*rT | bbZrr | tt | Wt | W+jet | Zy*ee | bbZy*ee | QCD

ES' > 40 GeV 323 | 531 | 751|699 | 884 | 60.4 56.8 50.4

pikt > 20 GeV/e 87.4 | 49.7 | 498|516 | 605 | 72.8 70.3 42.1

1 or 3 signal tracks 625 | 663 | 581|688 | 535 | 91.8 89.4 39.8
Tracker isolation 385 | 333 [ 219394 | 199 | 629 546 | 219
[Pk <0.03 mm 840 | 743 |235|785| 137 | 96.6 93.9 58.0
Nkl > g 80.0 | 724 |80.8 |843| 815 | 659 66.2 30.9

Emax > 2 GeV 946 | 885 | 698|616 | 987 | 169 19.1 95.6
0.35< EHCAL jptrkl <151 899 | 87.0 | 79.4 | 83.0 | 851 | 54.1 51.7 85.1
T selection efficiency 3.9 24 05 | 3.1 0.5 1.5 1.2 0.27

4.3 Missing transverse energy

Figure 11 shows the ratio of the reconstructed and the generated missing transverse energy for the signal events
with ma =200 GeV/c?. Due to the small EF'% from neutrinos in the signal events, the resolution is modest and a
tail from large fluctuations is visible.

The ER% measurement can be exploited to suppress the tt background with an upper bound in the transverse mass
mr (e, ER%) reconstructed from the electron and the missing transverse energy. Figure 12 shows the m (e, ER2is5)
distribution for the signal events with ma = 200 GeV/c? and for the W+jet and Z/v* — eTe~ backgrounds with
the electron and 7-jet selections. In this variable the backgrounds with W — ev, decays are distributed close to the
W mass while the signal is distributed at small mr (e, E2i55) values because for the signal the missing transverse
energy is due to the neutrinos originating from the 7’s. An upper bound mt (e, ER%) < 40 GeV/c? reduces
the W+jet background with a factor of ~ 4 and retains 74% of the signal. The shape of the distribution for the
Z/v* — e*e™ background is due to the random distribution of the fake missing transverse energy.

4.4 Tagging of b jets and veto on additional central jets

The event selection was continued for the events where at least one hadronic jet with EJ'Tet > 20 GeV was found. A
probabilistic secondary vertex algorithm with a discriminator cut from Ref. [22] was used for b tagging. The cut in
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the discriminator was set to 0.8, which suppresses efficiently the Z/~*, W+jet and the QCD multi-jet background.
The efficiency to tag at least one hadronic jet in the signal events was found to be 32% for ma = 200 GeV/c?
excluding the jet finding efficiency. The efficiency in the inclusive Z/v* samples and for the W+jet events was
found to be below 3%. The efficiencies including the jet finding efficiency are between 13 and 19% for the signal
with ma = 130-500 GeV/c?, below 1% for the Z /~* backgrounds and 1.3% for the W+jet background. The larger
efficiency for the W+jet background with respect to the Z/~v* backgrounds is due to the bbW component present
in the W+jet sample, while for the Z /v* backgrounds the bbZ /v* component was generated separately. The purity
is high (99%) in the signal events.

The tt background, with a genuine electron, T and b jets, cannot be significantly suppressed with the cuts described
above. This background, however, can be suppressed with a veto on the remaining central jets, after tagging one
jet. The additional jets with Er > 20 GeV were searched for in the region || < 2.5. Fake jets, which generally do
not contain tracks, were suppressed with a cut in the variable defined as the sum of the track pt values over the jet
Er,

a = Spieck /BRY (1)

The cut @ > 0.1 was found to improve the veto efficiency for the signal by about 10%. The veto efficiency is
around 60% for the signal samples and ~ 5% for the tt background.

4.5 Higgs boson mass reconstruction

The neutrinos from the 7’s in the H/A — 777~ decays are emitted close to the directions of the measured T decay
products allowing the Higgs boson mass to be reconstructed. The neutrino energies were estimated by dividing
the missing energy between the neutrino directions, which is possible when the two 7’s are not in a back-to-back
configuration. Events with these configurations were removed with an upper bound in the Ay(7y,72) between
the 7 jet and the electron in the transverse plane. Uncertainties of the missing energy measurement can lead
to negative neutrino energies. About 40% of the signal events were lost when positive neutrino energies were
required. This requirement, however, yields a further suppression of the tt, tW and W+jet backgrounds, since
for these backgrounds the neutrinos are generally not emitted along the true or fake 7’s. The efficiencies of the
E,, > 0and E,, > 0 cuts for these backgrounds are around 40%. Figures 13, 14 and 15 show the reconstructed
Higgs boson mass distributions for the signal events with ma = 130, 200 and 300 GeV/c2. The mass resolutions
from the Gaussian part of the fit are 16, 22 and 21%, respectively.

£ 45 2 1sb
5405 HA > 1t >e+tjet+ X S °r HA 51t —>e+tjet+X
Falnid = >16
§ m, = 130 GeV/c? g 16t m, = 200 GeV/c?
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15? cms 5;*
10 | cMs
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B At | i ‘ E e T
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m,_. (GeV/c?) m,_. (GeV/c?)
Figure 13: Reconstructed Higgs boson mass forma =  Figure 14: Reconstructed Higgs boson mass for my =
130 GeV/c? and tanf3 = 20. 200 GeV/c? and tanf3 = 20.

5 Results

The event selection cuts described in the previous sections are summarized below:
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Figure 16: Reconstructed Higgs boson mass for the
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for the total background for an integrated luminosity

of 30 fb~1.

The dashed line shows the sum of the

Z/v* — ete” and bbZ/y*,Z/y* — ete” back-
grounds.

1. Identified isolated electron, pt > 20 GeV/c, || < 2.5

2. One identified T jet:

e Calorimeter jet with ET > 40 GeV and |n| < 2.5

e ER* > 2 GeV and 0.35 < EHCAL /ptikl < 1 5

3. QT jet Qe

4. Transverse mass cut: mt (e, ER%) < 40 GeV/c?

One or three tracks with pt > 1 GeV/c in the signal cone Ar < 0.04
IPt < 0.3 mm and at least eight hits for the leading track

Leading track with py > 20 GeV/c in the 7 jet within AR, <0.1 around the calorimeter jet direction
No tracks with pp > 1 GeV/c in the cone 0.04 < AR < 0.4 surrounding the leading track direction

Table 8: Higgs boson mass, production cross sections times branching fraction, efficiencies (%) for the selection
cuts and numbers of events for 30 fb~! for the signal with tan8 = 20.

[ ma (GeVIP) | 130 [ 140 [ 200 [ 300 [ 500
[ o xBR(pb) | 18.2 [ 144 [ 4.15 [ 0.83 [ 0.071
trigger 1.53 (8.4) 1.41 (9.8) 0.640 (15.4) 0.180 (21.6) 0.0204 (28.8)
primary vertex 1.44 (94.1) 1.33 (94.4) 0.603 (94.2) 0.175 (97.2) 0.0191 (91.4)
electron id. 1.11(77.8) 1.04 (78.8) 0.484 (80.8) 0.137 (73.7) 0.0141 (73.8)
one id. 7-jet 0.128 (11.4) 0.142 (13.7) 0.113(23.4) | 4.52x1072(41.7) | 5.88x1073(41.7)
Qriet x Qe=-1 0.128 (100.0) 0.141 (99.3) 0.112(99.1) | 4.49x1072(99.3) | 5.82x10~3(99.0)
mr <40 GeV/c? | 9.85x1072(77.6) |  0.106 (75.2) | 8.25x10-2(73.7) | 3.11x102(69.3) | 3.88x102 (66.7)
>1 jet 4.51x1072(45.9) | 4.52x1072(42.8) | 3.84x1072(46.6) | 1.51x 1072 (48.6) | 2.07x10-3(53.5)
b tagging 1.34x1072(29.7) | 1.44x1072(31.9) | 1.16x1072(30.2) | 4.97x1073(32.9) | 7.57x10~%(36.5)
jet veto 8.06x1073(60.2) | 8.54x1073(59.3) | 7.24x1072(62.4) | 3.14x1073(63.2) | 4.62x10~3(61.0)
Ap,, < 175° | 7.64x1073(94.8) | 7.96x1073(93.2) | 6.81x1073(94.1) | 2.69x1073(85.7) | 3.44x10~3(74.5)
E, v >0 | 413x1073(54.1) | 4.71x1073(59.2) | 420x1073(61.7) | 1.73x1073(64.3) | 2.43x107%(70.6)
Nevents 93.0 106.2 92.4 51.9 73
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Table 9: Background process, production cross sections times branching fraction, cross sections and efficiencies
(%) for the selection cuts and number of events for 30 fb~! .

| | Z/y* =7t~ | bbZ/y o1t~ | Z/y* »ete” | bbZ/y'efe” |
| o x BR (pb) | 331.8 | 27.0 | 1890 | 26.3 |
preselection 173.5(41.4) 811.2 (42.9)
trigger 17.3 (10.0) 0.818 (3.1) 617.4 (76.1) 18.2 (67.2)
primary vertex 16.5(95.4) 0.796 (97.3) 591.9 (95.9) 17.7 (97.3)
double count. on Z /~* 15.6 (94.6) 0.796 (100.0) 561.8 (94.9) 17.7 (100.0)
electron identification 11.6 (74.4) 0.585 (80.2) 281.4 (50.1) 9.31 (52.6)
one identified 7-jet 0.134 (1.2) 1.0x1072 (1.8) 3.40(1.2) 9.00x1072(1.0)
Qi x Qe =-1 0.129 (96.3) 1.0x 1072 (100) 3.31(97.4) 8.80x1072(97.8)
mr <40 GeV/c? 9.84x1072(76.3) | 8.0x103(80.0) 2.26 (68.3) 5.50x 1072 (62.5)
>1jet, BT >20GeV | 3.99x1072(40.6) | 5.6x1073 (70.0) 0.85(37.6) 2.98x1072 (54.2)
b tagging 1.35x1073 (1.1) 2.6x1073 (46.4) 1.51x1072(1.8) | 9.60x1072 (32.2)
jet veto 570 x104 (42.2) | 1.5x1073(57.7) | 6.04x1073 (41.4 | 5.90x1073 (67.4)
Ap(r,72) < 175° 4.90 x107* (86.0) | 1.36x1073(90.7) | 4.83x1073(80.0) | 5.06x1073 (85.7)
E, >0 1.97 x107* (40.2) | 7.60x107%(55.9) | 1.71x10~*(39.0) | 1.93x1073 (50.0)
Number of events 5.9 22.8 51.3 57.9

Table 10: Background process, production cross sections times branching fraction, cross sections and efficiencies
(%) for the selection cuts and number of events for 30 fb~! .

| | tt | Wt | Wet |
| o x BR (pb) | 840 | 6.16 | 673.2 |
preselection 315.0 (46.8)
trigger 94.4 (11.3) 2.00 (32.5) 145.6 (46.2)
primary vertex 93.9 (99.5) 1.97 (98.5) 143.9 (98.8)
electron identification 66.7 (71.0) 1.43 (72.6) 114.2 (79.4)
one id. 7-jet 0.636 (0.95) 4.10x1072 (2.87) 0.567 (0.5)
QT x Qe =-1 0.571 (89.8) 4.00x1072(97.6) 0.469 (82.7)
mr (e, ERiS) <40 GeV/c? 0.139 (24.3) 8.0x102 (20.0) 0.118 (25.2)
>1 jet, Er > 20 GeV 0.137 (98.6) 6.9%1073(86.3) | 5.45x10 2 (46.2)
b tagging 9.40x1072(68.6) | 4.1x1073(59.4) 1.58x1073 (2.9)
jet veto 5.10x1073(5.4) | 2.38x1073(58.1) | 6.62x107% (41.9)
Aprr < 175° 4.92x1073(96.4) | 2.33x1072(98.0) | 5.56x10~*(83.9)
E,.>0 2.01 x1073 (40.9) | 9.60x107%(41.2) | 2.14x10~*(38.5)
Number of events 60.3 28.8 6.4

5. One tagged b-jet with Er > 20 GeV, discriminator > 0.8
6. Veto on additional jets with E > 20 GeV and || < 2.5
7. Higgs boson mass reconstruction

o Ap(T1,m) < 1750
e E, ., >0

Table 8 shows the numbers of events for 30 fb—! and the efficiency for all the event selection cuts described above
for the signal events with m s = 130-500 GeV/c? and tan3 = 20. The cross section times branching fraction, trigger
efficiency and the efficiency of the primary vertex reconstruction are also shown in the tables. Table 9 shows the
number of events and efficiencies for the backgrounds originating from Z/~v* — 7t7~ and Z/v* — eTe™ decays
in the inclusive and in the associated bbZ /v* production. The efficiency of removing the bbZ /y* component from
the inclusive Z /* samples is also shown. Table 10 shows the same for the backgrounds involving W’s from tt, Wt
and W+jet events. The mass windows were selected to optimize the significance. The backgrounds in the selected
mass windows and the total background for the five Higgs boson masses are shown in Table 11.

Due to the insufficient MC statistics, factorization was used to estimate the hadronic multi-jet background. The
T-identification efficiency was estimated from QCD multi-jet events generated with 50 < pr < 80 GeV/c. This pr
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Table 11: Number of background events for 30 fb~! in the mass windows selected for ma = 130, 140, 200, 300
and 500 GeV/c?.

mass window (GeV/c?) | 120-200 | 130-220 | 140-280 | 240-480 | 360-780
Z/v* = 1t~ 2.8 0.9 0.9 0.4 0.2
bbZ/v* — 7H7~ 6.9 6.9 7.9 2.3 04
Z/v* = ete” 20.3 17.1 18.1 3.5 1.7
bbZ/v*ete” 26.7 21.8 20.8 8.7 1.5
tt 15.0 15.0 16.0 15.8 13.9
Wt 8.8 10.9 13.9 6.0 2.7
W+jet 2.1 3.1 5.1 23 1.6
Total background 82.6 75.7 82.7 39.0 22.0

interval can be expected to give the largest contribution to the hadronic jet background. The 7 selection efficiency
of 2.7x10~3 was found for the jets in this sample. Due to the strong isolation cuts used this efficiency can be
expected to remain at the same level for pr > 80 GeV/c. For the estimation of the absolute background the events
were assumed to be triggered with the single electron trigger with pr > 26 GeV/c. The alternative 7-jet trigger,
based also on isolations and E+ threshold, can be expected to lead to similar result. The hadronic jets can pass the
electron trigger through the 7+ /7 overlap, 7° conversions and semileptonic b and ¢ decays. The background rate
from these sources is 9x 107 events in a year corresponding to the integrated luminosity of 20 fb~!, as estimated
in Ref. [19]. The electron identification efficiency on the hadronic jets passing the electron trigger is 0.1 according
to Refs. [23],[24],[25]. Tagging of one b jet yields another important reduction of the hadronic jet background. To
account for the heavy flavors in the QCD multi-jet events, the result obtained for the W+jet background containing
the bbW component was used. This efficiency is 5.7x 1072 including the efficiency for a veto on additional
jets. Due to the presence of fake ETiS only, the efficiency of the mr (e, ERI) cut can be assumed to be the
same as for the Z/vy* — ete™ events. Efficiencies of charge correlation and Higgs boson mass reconstruction
were taken to be 50%, according to Ref. [26], where genuine QCD multi-jet samples have been studied for the
H/A — 777~ — 2jet + X signal. The efficiency of the mass window cut was also taken from the same reference
scaled to mass window used in this work around ma = 200 GeV/c2. These factors are summarized in Table 12
and yield a a total rejection factor of 1.6x 107 for the QCD multi-jet events passing the electron trigger. The
background expected for 30 fb~! is 8.4 events in the mass window around mp =200 GeV/c?.

Table 12: Efficiency of the selection cuts for the QCD multi-jet background passing the single electron trigger.

Off-line electron identification 0.1

Off-line 7 jet identification 2.7 x 1073

b tagging and jet veto, from W+jet events 5.7 x 1073
Q7 et x Q¢ =-1, from Ref. [26] 0.5
mr (e, ER) < 40 GeV/c? from Z/y* — ete™ events 0.7
Ap(11,72) < 175°, from Z/v* — eTe™ events 0.8
E,, v, > 0, from Ref. [26] 0.5
Mass window cut, scaled from Ref. [26] 0.3

Total efficiency 6.5x10~8

Figures 16, 17 and 18 show the reconstructed Higgs boson mass distributions of the H/A — 77~ — electron +
jet + X signal and the total background for 30 fb—! with ma = 130 GeV/c?, tan8 = 20, mp = 200 GeV/c?, tanf =
20 and ma = 300 GeV/c?, tanf3 = 25. The sum of the Z/y* — eTe™ and bbZ/v*,Z/v* — ete™ backgrounds is
shown separately in the figures.

6 Systematic uncertainty on background determination

The uncertainty of the event selection efficiency is related to the uncertainty of the electron and 7 identification,
the absolute calorimeter scale and b tagging efficiency. The systematic uncertainty due to the energy scale was
estimated varying the jet energy and the ER®® values with the expected energy scale uncertainties yielding an
average 5.1% uncertainty on the number of Z/v* events, 3.8% uncertainty on the number of bbZ /v* events, 7.3%
uncertainty on the number of tt events, 11.3% uncertainty on the number of tW events and 11.8% uncertainty on
the number of W+jet events passing the event selection cuts. The uncertainty of the b tagging can be estimated
from tt events as in Ref. [27]. A value of 5% is used as a conservative estimate. The mistagging uncertainty is also
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Figure 17: Reconstructed Higgs boson mass for the Figure 18: Reconstructed Higgs boson mass for the
signal with mp = 200 GeV/c? and tanB = 20 and signal with my = 300 GeV/c? and tan3 = 25 and
for the total background for an integrated lumonos- for the total background for an integrated lumonos-
ity of 30 fb~!. The dashed line shows the sum of the ity of 30 fb=!. The dashed line shows the sum of the
Z/v* — ete” and bbZ/y*,Z/y* — ete™ back- Z/y* — ete” and bbZ/y*,Z/y* — eTe™ back-
grounds. grounds.

assumed to be 5%. An electron identification uncertainty of 2% is used.

The background level under the signal peak could be obtained with fits to the background determining the posi-
tion of the Z peak from the Z/v* background without b tagging. In this work a Monte-Carlo method was used
with theoretical cross section uncertainties or expected experimental uncertainties to be measured combining the
results several processes. The uncertainty of the bbZ/~* cross section measurement from data has been studied in
Ref. [28] and found to be 14.2%, excluding the luminosity uncertainty. The uncertainty of the Z/v* cross section
is expected to be of the order of 1% from theoretical studies [29]. For the tt background the theoretical NLO
cross section uncertainty derives from the scale uncertainty, taken to be 5% according to Ref. [27], and the PDF
uncertainty, ~ 2.5 %, yielding 5.6 % for the total uncertainty. The same uncertainty is used for the cross sections
of the tW and W+jet processes. With these estimates, the total systematic uncertainty, including the luminosity
uncertainty of 3%[17], was found to be 8.1%, 15.9%, 11.1%, 14.0% and 14.5% for the Z/v*, bbZ/~*, tt, tW
and W+jet backgrounds, respectively. The variation of the luminosity and it’s effect on pile-up was not taken into
account.

7 Discovery potential

Table 13 shows the number of signal+background events and the number of background events for 30 fb~! with
the five Higgs boson masses. The statistical significance is calculated according to Poisson statistics with the
program ScPf [30] which allows the systematic uncertainties to be included in the significance determination.
The Monte-Carlo uncertainty, on the level of 30% on the background numbers, is not included in the significance
calculation.

Table 13: Selected mass window, number of signal+background events and and number of background events for
30 fb—! and statistical significance calculated with Poisson statistics. The uncertainties on the event numbers are
due to the MC statistics.

| Am 4, - Ns+Ngp | Ng | ANsBySt =0% ANgSt > 0%
ma = 130 GeV/c?, tan8 =20 | 120 - 200 GeV/c? 176 83 8.9 6.4
ma = 140 GeV/c?, tanB = 15 | 130 - 220 GeV/c? 136 76 9.1 6.7
ma =200 GeV/c?, tanB =20 | 140 - 280 GeV/c? 175 83 8.8 6.3
ma =300 GeV/c?, tan8 =20 | 240 - 480 GeV/c? 78 39 5.4 4.3
ma = 500 GeV/c?, tanB = 50 | 360 - 780 GeV/c? 57 22 6.2 53
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Figure 19: The 50-discovery potential for H/A — 777~ — e + jet + X for 30 fb~! with maximal stop mixing.
The result is shown with and without systematic uncertainties. The fast simulation result [1] for the combined
electron+muon final state is also shown in the figure.

Figure 19 shows the resulting 5o-discovery potential for H/A — 777~ — e + jet + X as a function of ma and
tan/3 for 30 fb—! with maximal stop mixing and p = 200 GeV/c?.

The other component of the lepton+jet final states, the H/A — 777~ — p + jet + X channel, has been investigated
in Ref. [31]. A discovery reach extending to tan3 ~ 13 around ma ~ 200 GeV/c? has been obtained. This larger
discovery potential with the muon+jet final state is due to two main sources, the differences in the electron and
muon identification and thresholds and the differences in the backgrounds. The trigger threshold for a single
electron is 26 GeV/c, while muons with pr > 15 GeV/c can be used in the single muon trigger. An identified
electron was found in about 80% of the signal events while all reconstructed muons inside the fiducial volume can
be exploited. An electron can pass the 7-jet trigger and the offline 7-identification cuts. Therefore the Z/v* —
ete™ and bbZ/y*,Z/y* — ete™ events present a large background for the electron+jet final state and need
stringent electron veto cuts in the 7 identification. The hadronic QCD multi-jet events are another large background
source, absent in the muon+jet channel, due to the possibility of the hadronic jet to fake both the electron and the 7
jet. To suppress this background efficiently, significantly harder 7-isolation and leading track pt and quality cuts
were used than in Ref. [31]. A tight isolation cone (0.04) and a high p cut for the leading track (20 GeV/c) were
selected, while in Ref. [31] an isolation cone of 0.07 has been used and the optimal value of the plﬁadmg track ot
has been found to be 10 GeV/c for the one-prong 7 jets and to 20 GeV/c for the three-prong 7 jets. Furthermore,
an upper bound of 0.03 mm in the transverse impact parameter and a requirement of eight hits in the silicon tracker
were found necessary for the leading track to suppress the backgrounds from fake 7’s. The b tagging and the mass
reconstruction procedures can be compared between these two final states. The track counting method with impact
parameter measurement has been used in Ref. [31] while a probabilistic secondary vertex algorithm was used in
this work. The results were found to be comparable for the efficiencies and mistagging rates. The collinear neutrino
approximation was used for the Higgs boson mass reconstruction in both analysis with comparable results.

8 Conclusions

The CMS discovery potential for the MSSM Higgs bosons in the electron+jet final state from gg — bbH/A,
H/A— 777~ was studied with full CMS simulation and reconstruction, and with a single electron and with a
combined electron-plus-7-jet trigger. The electron from one of the 7’s was identified with good efficiency and
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high purity. The hadronic 7 identification was performed in the tracker requiring a narrow and isolated jet with
an energetic leading track. High quality was required for the momentum measurement of the leading track to
suppress the hadronic jet backgrounds. For the suppression of the electronic T candidates from the Z/vy* — ete™
and bbZ/v*,Z/v* — ete™ backgrounds, a large energy deposition in the hadron calorimeter was required. For
tagging the associated b jets a probabilistic secondary vertex algorithm was used. For further suppression of back-
grounds, veto on additional central jets and an upper bound on the transverse mass reconstructed from the electron
and the 7 jet was used. Higgs boson mass was reconstructed exploiting the collinear neutrino approximation.
Systematic uncertainties were estimated assuming that the cross sections for the tt and Z/~* backgrounds will be
measured in CMS combining several final states. After all selection cuts, the bbZ /v*, Z/v* — ete™ backgrounds
remain the main background components under the signal peak.
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