
ATL-COM-PHYS-2000-018
1 August 2000

Revisiting the observability of the
WH and ZH, H! b�b channel

in 14 TeV pp and 2 TeV p�p collisions.
(`b�b and ``b�b �nal states)

El_zbieta Richter-W�as1

Institute of Computer Science, Jagellonian University;
Institute of Nuclear Physics

30-055 Krakow, ul. Kawiory 26a, Poland.
CERN, EP Division, 1211 Geneva 23, Switzerland.

Abstract

A detailed study of the associated Standard Model Higgs boson production in 14 TeV
pp (LHC) and 2 TeV p�p (Tevatron) collisions, WH with W! `� and ZH with Z! ``,
with Higgs boson decays to b�b pair, is presented for Higgs masses of 100 and 120 GeV.

Presently, WH with H! b�b production is considered to be less promising than the t�tH
associated production for Higgs searches at LHC [1]. However, studies of Higgs searches
scenarios at the Tevatron [2], indicate that this channel in combination with the WH/ZH
channels leading to the Emiss

T + b�b signature, o�ers good discovery potential in the mass
range 90-140 GeV.

The aim of this paper is to provide several details which lead to a quantitative compar-
ison in a consistent framework of the physics potential for these channels in both colliding
scenarios. The emphasis is put on the di�erences in the expected signal and background
rates and compositions of the backgrounds.

1Supported in part by Polish Government grant KBN 2P03B11819, by Polish-American Maria
Skl�odowska-Curie Joint Fund II in cooperation with PAA and DOE under project PAA/DOE-97-316
and Polish-French Collaboration with IN2P3.
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1 Introduction

If the mass of the Standard Model Higgs boson is lighter than 2mW , the H! b�b decay
mode is dominant with a branching ratio of� 90%. The observation of such a characteristic
signature would be important for both the Higgs boson discovery and for the determination
of the nature of any resonance observed in this mass region. Since the direct production,
gg ! H with H! b�b, cannot be eÆciently triggered nor extracted above the huge QCD
two-jet background, the associated production with a W- or Z-boson or a t�t pair remains
as the only possible way to observe a signal from H! b�b decays. The leptonic decays
of the W- or Z-boson provide an isolated high-pT lepton for triggering and for rejection
against the QCD background. The Higgs boson signal will be reconstructed as a peak in
the invariant mass spectrum of tagged b-jets.

Prospects for the observability of the WH channel leading to the `b�b signature, which
is revisited in this paper, have already been considered in several documents of the ATLAS
Collaboration [1, 3, 4]. It has been emphasised there that the expected sensitivity is rather
weak, below 3�, for an integrated luminosity of 30 fb�1, for a Higgs mass in the range 100 -
120 GeV. The background to this signature is a mixture of the resonant WZ background,
continuum backgrounds from t�t, Wb�b and from the reducible Wjj background. The ex-
traction of the signal itself will be very diÆcult given the presence of the resonant WZ
background, the magnitude of the continuum background and the uncertaintity related to
the knowledge of its shape.

ZH production has not been considered in details so far by the ATLAS Collaboration
for the reasons explained in [1]. With Z! `` decay leading to the ``b�b signature, it
would provide initial rates about six times lower than the WH channel and the signal-to-
background ratio is not expected to be signi�cantly lower with respect to that channel.

Given the fact that neither of these channels are considered as discovery channels
at LHC, an attempt has been made to understand the reasons why they are claimed
promising at the upgraded Tevatron [2]. Although some clear advantages come from the
reduced center-of-mass energy (more central events than at LHC, much smaller t�t cross-
section), the expected rates should be substantially lower at the Tevatron than at the LHC
for the same integrated luminosity.

In this paper, WH/ZH production, giving rice to �nal states with accompanying two
b-jets, is revisited once again for the LHC environment and for mass values mH =100 GeV
and 120 GeV. Then, a detailed comparison of the 2 TeV p�p scenario versus the 14 TeV
pp scenario is presented. An attempt is also made to break down, for the signal and the
dominant backgrounds, the di�erences between the acceptances reported in [2] and those
obtained in this study.

Similar studies for ZH/WH production with the �nal state signature of b-jets plus
missing energy are presented in [5].
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2 Observability of the `b�b �nal state

2.1 Expected production rates

Table 1 shows the production cross-sections of the signal and the backgrounds for pp colli-
sions at

p
s = 14 TeV and p�p collisions at

p
s = 2 TeV as calculated with PYTHIA 5.7 and

CTEQ2L structure functions. The H;Z! b�b and W! `�(` = e; �) branching ratios are
included. The cross-sections for the W+jet production are quoted for the hard processes
q�q!Wg and qg!Wq, generated with the transverse momenta in the speci�ed ranges.

Table 1: Production cross-sections for the WH signal and the background processes for
14 TeV pp and 2 TeV p�p collisions. The H;Z! b�b and W! `�(` = e; �) branching
ratios are included.

pp at 14 TeV p�p at 2 TeV Ratio
Process �[pb] �[pb]

WH, mH = 100 GeV 0.40 0.042 10
WH, mH = 120 GeV 0.21 0.020 10

WZ 0.86 0.083 10

q�q!W� ! t�b 1.0 0.11 10

t�t 228 2.62 87

qg! tq 44.4 0.56 78

W+jet
phardT = 10� 30 GeV 1:1 � 104 9:7 � 102 11
phardT = 30� 50 GeV 2:7 � 103 1:7 � 102 16
phardT = 50 � 100 GeV 1:5 � 103 7.4 �101 20
phardT = 100� 200 GeV 3:2 � 102 8:3 � 100 38

phardT > 200 GeV 3:5 � 101 0:3 � 100 117

The dominant uncertainties on the expected rates arise from higher-order corrections
and from structure functions parametrisation. The expected cross-sections di�er by no
more than 20% if CTEQ2L or CTEQ4L structure functions are used. A large uncertainty is
expected for the estimated cross-section of the Wjj �nal state, due to the known limitations
of the parton shower approach for the simulation of multi-jet �nal states.

For 14 TeV pp collision the expected rates for the signal and the resonant background
are higher by a factor of 10 while for single and double t�t production by a factor 80-
90. The ratio of the cross-sections for W+jet rises with the threshold on the transverse
momenta of the hard process, varying from � 10 for phardT = 10� 30 GeV to � 120 for
phardT > 200 GeV.

The Monte-Carlo statistics used in this study is rather high: typically 5 � 105 events
were simulated for each of the background processes while for the W+jet process samples
of 5 � 106 events were simulated in each phardT range.
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2.2 Simulation procedure and selection criteria

The signal �nal state consists of a lepton from W decay, which triggers the experiment,
and a pair of b-tagged jets which gives a peak in the invariant mass distribution.

The main ingredients of the reconstruction and selection procedure are:

� EÆciency for the lepton reconstruction, isolation and pT threshold.

� Jet reconstruction eÆciency, threshold on the jet transverse momenta and expected
jet-jet mass resolution.

� Jet-veto eÆciency and threshold on the transverse momenta.

� EÆciency for b-jets tagging and non b-jets rejection.

The generated events, including QCD initial and �nal state radiation, fragmentation,
hadronisation and decays, were simulated with a fast simulation of the ATLAS detector
[6]. The following selection procedure was used:

� Electrons and muons were required to have transverse momenta 20 GeV and to be in
the pseudorapidity region j�j < 2:5 . A 90% eÆciency for lepton reconstruction was
assumed. The isolation criteria are satis�ed by most of the leptons from W decays.
Events with a second lepton with pT > 6 GeV and j�j < 2:5 were rejected. This
selection reduces to a negligible level the Zjj and Zbb backgrounds and rejects also
part of the t�t background.

� Jets were reconstructed in a cone2 of �R = 0.4 and were required to have trans-
verse momenta above 10 GeV. The reconstruction threshold for the fast simulation
was de�ned at 5 GeV for 100% eÆcient reconstruction of the calorimetric energy
depositions at 10 GeV after applying a gaussian smearing with a 50%=

p
E energy

resolution [7]. This corresponds to a 15-18 GeV threshold on the recalibrated jet
energies.

� b-tagging capability will be possible in ATLAS in the pseudorapidity range j�j < 2:5 .
A b-tagging eÆciency of 60% for b-labelled jets with rejection against c-jets of 10 and
against light jets of 100 is assumed [8]. The impact of the pT and � dependence of
the non-b-jets rejection for a constant b-tagging eÆciency has been studied, [14], and
has been shown to be small in terms of signal signi�cance and signal-to-background
ratio.

� Events with additional jets in the pseudorapidity range j�j < 5:0 and pT > 15 GeV
or pT > 30 GeV are rejected.

2As this channel is considered primarily at low luminosity a reconstruction cone of � R = 0:7 might
be more optimal.
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Figure 1: The (pb�jetT =pb�partonT ) distribution for recalibrated jets (left) and the calibration
factor (right) applied to jets reconstructed with the fast simulation.

After calorimeter reconstruction, the peak position of the mbb distribution for the
resonant WH and WZ events is shifted systematically by � 20 GeV towards lower values.
The mass resolution is � 10%. To calibrate the jet energy scale a rather simple procedure
is adopted to recover the out-of-cone energy loss due to fragmentation and hadronisation
e�ects and to the expected response of the detector. Only jet energy scale is calibrated
without additional tuning of the mass energy scale. With the simpli�ed procedure applied
here, a precision of 1-2 % on the reconstructed mass energy scale is achieved over the
mass range 80-140 GeV and a precision of better than 5% for the mass region down to
40 GeV. This was obtained with fast simulation and for both non-b and b-jets. Such
precision is adequate for the purpose of the studies presented here and allows control of
the background shape well outside the mass region of the Higgs peak. Fig. 1 shows, the
(pb�jetT =pb�quarkT ) distribution, after applying the recalibration procedure, for the signal
sample of H! b�b events with mH = 100 GeV and the calibration factor applied to b-jets
and to light jets after reconstruction with the fast simulation.

The �nal acceptance is sensitive to the threshold on the relatively tight jet veto which
has to be imposed to suppress the t�t background. Results are presented for two threshold
values, 15 GeV and 30 GeV, both giving comparable signal signi�cances with however
di�erent signal-to-background ratios and fractional background composition. Further op-
timisation of the thresholds for jet reconstruction and jet veto would be realistic only if
performed with the full simulation of the detector and if complemented by more detailed
studies of the Monte Carlo modeling of the hadronic activity in the event.
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2.3 Signal and backgrounds in 14 TeV pp collisions

2.3.1 WH signal and WZ resonant background

Two mass points were simulated for the Higgs signal, mH= 100 GeV and 120 GeV. Table 2
shows the expected cumulative acceptances for the kinematic selection criteria for the
signal and the resonant background. Since the resolution obtained from the fast simulation
is around 10% mH, 100 � 20 GeV and 120 � 24 GeV mass windows were chosen to
estimate the expected number of signal and background events for Higgs masses of 100
and 120 GeV respectively. The acceptances in the mass windows are given in Table 3 for
the signal events and for the resonant background. Finally, the expected number of events
for an integrated luminosity of 30 fb�1 is given in Table 4.

Table 2: For the WH signal and WZ background events, expected cumulative acceptances
of the kinematic selection criteria. Lepton reconstruction and b-tagging eÆciencies are
not included.

Cumulative WH WH WZ
acceptance mH = 100 GeV mH = 120 GeV mZ = 91 GeV

Lepton 63.2% 66.0% 57.9%

+ 2 b-labelled jets 29.3% 33.1% 21.3 %

+ Jet veto 30 GeV 18.5% 18.8% 13.9 %

+ Jet veto 15 GeV 10.5% 10.6% 7.9 %

Table 3: Acceptances in the respective mass windows (see text).

Acceptance WH WH WZ
in mass window mH = 100 GeV mH = 120 GeV mZ = 91 GeV

Jet veto 30 GeV

mbb = 100�20 GeV 84% | 73%

mbb = 120�24 GeV | 85% 28%

Jet veto 15 GeV

mbb = 100�20 GeV 89% | 78%

mbb = 120�24 GeV | 90% 31%

The acceptance in the mass window 100 � 20 GeV is of 85% for WH signal events
and 73% for the resonant WZ background. This can be considered as realistic, as an
acceptance of 82% in the mass window 100 � 20 GeV was obtained for signal events
with full simulation [1] and for the selection without jet veto. Jet veto leads to a better
acceptance inside the mass window, since events with abundant radiation do not pass this
selection.
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Figure 2: The accepted mbb spectrum for WH (hatched), WZ (dashed) and WH+WZ
(solid) events for a Higgs mass of mH = 100 GeV (left) and 120 GeV (right).

Table 4: For an integrated luminosity of 30 fb�1, expected number of events from the
WH signal and the WZ resonant background after all cuts, including lepton reconstruction
eÆciency and b-tagging eÆciencies.

Expected WH WH WZ
events mH = 100 GeV mH = 120 GeV mZ = 91 GeV

Jet veto 30 GeV

mbb = 100�20 GeV 605 | 845

mbb = 120�25 GeV | 325 325

Jet veto 15 GeV

mbb = 100�20 GeV 360 | 520

mbb = 120�25 GeV | 195 207

The kinematical acceptance for the resonant WZ channel is somewhat lower than for
the WH signal and obviously lower is the acceptance in the respective mass windows.
Nevertheless, the expected number of events from WZ production inside the mass win-
dows is 40% higher than from the signal itself for mH = 100 GeV and is comparable for
mH = 120 GeV. In practice, the presence of a signal will broaden and distort the resonant
peak from WZ events expected above a continuum background, as shown in Fig. 2. In
the region close to the mass of the Z, the capability of extracting the signal peak would
therefore relay on the knowledge of the WZ contribution which will be based on MC and
data (e.g. WZ! `�``).
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For Higgs masses above 100 GeV an asymmetric mass window would be more appro-
priate, as the contribution from the WZ background raises very fast when the lower bound
of the mass window is moved below � 100 GeV.

2.3.2 Continuum background

� Wjj background
This background was simulated with the PYTHIA Monte Carlo, where jets in the

�nal state come from the parton shower. The generation consisted of the tree level hard
processes, q�q!Wg and gq!Wq, accompanied by the initial and �nal state radiation.
The total cross-section for W+jet events with phard

T
> 10 GeV is 15 500 pb.

The contribution from the process q�q!Wg to the continuum irreducible Wb�b back-
ground was also obtained from the exact matrix element (ME) calculations [9] implement-
ed into the HERWIG Monte Carlo (the same code as in [3] is used). The expected 3

cross-section times branching ratio for the `b�b �nal state is 39.6 pb.
Table 5 shows the kinematic acceptance for inclusive Wjj events (both q�q and qg

contributions included) and separately for q�q!Wg events only. The acceptances are
comparable in both samples. The heavy avour composition of events accepted inside the
mass window is given in Table 6. This composition is process dependent and is given for
the inclusive q�q!Wg, qg!Wq sample and for each subsample separately. It is found to
be in good agreement with theoretical expectations discussed in [11]. A signi�cantly lower
fraction of cj; bc; cc and a higher fraction of b�b events is found in the q�q ! Wg sample
than in the gq ! Wq sample. It should be stressed however that the statistical error on
the numbers given in Table 6 is quite large in some cases.

Direct comparison of the q�q ! Wg process simulated with the ME calculations and
with PYTHIA shower approach indicates that the predictions from PYTHIA are 20-30%
lower. As the q�q ! Wb�b matrix element for 2 ! 3 process is fairly simple it should
be well reproduced by the 2 ! 2 process followed by gluon splitting. Nevertheless, this
20-30% discrepancy is much smaller than that obtained from e.g. comparing rates [12] for
inclusive W+2jets and W+3jets production as given by PYTHIA and the VECBOS ME
Monte Carlo. In these cases, a factor of 1.8-2.0 is needed to raise the PYTHIA prediction
to that given by the matrix element calculations. In the Wb�b case, however, the b�b
pair comes predominantly from gluon splitting of the leading gluon produced in the hard
process q�q! Wg. In addition, other possible e�ects like softer multi-jet spectrum and/or
enhanced heavy avour content (for a discussion see [13]) could cancel each other, leading
to a relatively small correction factor needed to bring the PYTHIA prediction for the
q�q !Wg !Wbb background to agreement with the ME calculations.

The production cross-section for the q�q ! Wg process is 40% of the total pp!Wq;Wg
cross-section. On average, this 40% contribution holds also for the Wb�b events selected
after cuts. However, for any other avour composition of jets the q�q process contributes
only 10 - 20% to the total number of expected events.

3For the q�q !Wb�b process the cross-section is lower than what was given in [3]. This di�erence comes
from the fact that in Table 1 of [3] the total pp!Wb�b cross-section was given and a factor 1.75 was
applied to the q�q !Wg!Wb�b cross-section to account for the gq! Wq contribution.

8



Table 5: For Wjj events, expected cumulative acceptances of the kinematic selection crite-
ria. For events generated with PYTHIA, these acceptances are given for samples generated
at di�erent phard

T
bins and for events �ltered by requiring 2 jets with j�j < 2:5.

Cumulative q�q!Wg; qg !Wq q�q!Wg q�q!Wbb
acceptance PYTHIA 5.7 PYTHIA 5.7 ME + HERWIG 5.6.

Lepton 63.8% 63.0% 58.1%

+ 2 b-labelled jets �lter �lter 8.0%

+ jet veto 30 GeV 26.9% 29.1% 6.9%

+ jet veto 15 GeV 15.8% 14.8% 5.1%

Table 6: The heavy avour composition of jj pairs accepted in the mass windoa after all
kinematic cuts except the jet veto.

Fraction q�q!Wg, qg!Wq q�q!Wg qg!Wq
in mass window

bb 0.3% 0.5% 0.2%
bc 0.2% 0.2% 0.3%
cc 1.4% 0.8% 1.8%
jb 1.5% 1.5% 1.5%
jc 18.6% 10.7% 20.0%
jj 78.0% 86.3% 76.2%

Table 7: The same as Table 4 but for q�q!Wb�b events.

Expected q�q!Wb�b q�q!Wb�b
events PYTHIA 5.7 ME + HERWIG 5.6.

Jet veto 30 GeV

mbb = 100�20 GeV 3400 4200

mbb = 120�24 GeV 2400 2900

Jet veto 15 GeV

mbb = 100�20 GeV 2400 2900

mbb = 120�24 GeV 1600 2000
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Table 8: The same as Table 4 but for all Wjj events.

Expected Wjj (bb) Wjj (other)
events PYTHIA 5.7 PYTHIA 5.7

Jet veto 30 GeV

mbb = 100�20 GeV 9000 6400

mbb = 120�24 GeV 7800 5300

Jet veto 15 GeV

mbb = 100�20 GeV 4500 3200

mbb = 120�24 GeV 3900 2600

For the �nal estimate of the Wjj background, results obtained from PYTHIA are used
without any corrections to the overall normalisation 4.

� Top pair and single top continuum background
Top pair production contributes signi�cantly to the continuum background. A non

negligible background comes also from single top production. These backgrounds can be
largely suppressed with a tight jet veto.

! Top pair production
This channel results in a WWb�b �nal state, with one W decaying into leptons and the

other W decaying into leptons or jets. The lepton and jet vetos provide an overall rejection
of � 100 against this channel (for a jet veto at 15 GeV), see Table 9. As already discussed
in [3] a large fraction of the remaining background comes from W! �� events. This
channel represents the second dominant source of background after Wjj. The expected
number of events is given in Table 10.

! Single top production: W�
! tb

Another source of irreducible Wb�b background is a direct production of a o�-mass
shell W� ! tb. In this case the HERWIG 5.6 Monte Carlo generator has been used,
since this process is not available in PYTHIA. This channel has a production cross-section
almost two orders of magnitude smaller than that of the inclusive q�q!Wb�b background.
Although its acceptance is almost 3-5 times larger than that of Wb�b, it only increases the
q�q!Wb�b background by � 10-20%. The expected acceptances of the kinematic selection
are given in Table 9, and the expected number of events after all cuts in Table 10.

! Single top production: tb, tc
The acceptance for the b-jets selection for single top production is relatively low, in

Table 9 it is denoted as �ltered, and that required the qg ! tq process to be generated
in several phardT . In addition, an extra jet in the �nal state can be eÆciently tagged,
leading to a large rejection by the jet veto. The background from the continuum single
top production turns out therefore to be signi�cantly smaller than that from t�t production.

4Somewhat di�erent approach was followed in [3] for the evaluation of the Wb�b background. The
ME+HERWIG prediction for q�q ! Wb�b was used and the resulting cross-section was then multiplied by
a factor 1.75 to take into account the contribution from the gq!Wq process.
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Table 9: For the single top and top pair production, the expected cumulative acceptances
of the kinematic selection criteria. For tb, tc events the acceptances are given for events
previously �ltered by requiring two b- or c- jets.

Cumulative t�t W� ! t�b tb; tc
acceptance PYTHIA 5.7 HERWIG 5.6 PYTHIA5.7

Lepton 68.2% 65.9% 74.7%

+ 2 b-labelled jets 40.6% 41.8% �lter

+ jet veto 30 GeV 1.8% 22.7% 2.5%

+ jet veto 15 GeV 0.4% 11.6% 0.8%

Table 10: The same as Table 4 but for single top and top pair production.

Expected t�t W� ! t�b tb; tc
events PYTHIA 5.7 HERWIG 5.6 PYTHIA 5.7

Jet veto 30 GeV

mbb = 100�20 GeV 8450 580 250

mbb = 120�24 GeV 10500 640 330

Jet veto 15 GeV

mbb = 100�20 GeV 1900 300 80

mbb = 120�24 GeV 2100 320 100

2.3.3 Total signal and background

Tables 11 and 12 present the expected rates after all cuts for an integrated luminosity of
30fb�1 for the WH signal with mH = 100 GeV and 120 GeV and for the backgrounds.
Results are given for two thresholds on the jet veto, 15 GeV and 30 GeV. Lepton recon-
struction eÆciency, b-tagging eÆciency and mass window acceptance have been included.

Neither the signal nor the backgrounds were rescaled to take into account higher-order
corrections or limitations coming from the parton shower approach. In particular, the
contribution from Wb�b events was taken from PYTHIA.

So far only events where W! e� or W! �� were considered both for the signal
and the backgrounds. Events giving rise to `b�b �nal states could come also from WH, ZH
events with W! ��, Z! `` or Z! �� for the signal from ZZ, Z + jet for the background.
The total signal rates can be increased by 13%, the irreducible resonant background by
20% while the non resonant background can be increased by up to 13% of the contribution
coming from events with W! e�; �� only. These might lead to an improvement in the
expected signi�cance by at most 6%.
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The general conclusions which can be driven from these results are:

� The expected signal signi�cance, measured as S=
p
B, varies between 3.8 and 3.5 for

mH = 100 GeV, and between 2.1-2.0 for mH = 120 GeV, depending on the jet veto
threshold.

� The signal-to-background ratio is below 4% and the ratio of the reducible-to-irreducible
background varies between 20-30%.

� A jet veto of 15-30 GeV is crucial to suppress the otherwise overwhelming t�t back-
ground. Therefore this channel is expected to be diÆcult at high luminosity.

� The observation of the resonant WZ peak seems possible with a signi�cance exceed-
ing 5� for an integrated luminosity of 30 fb�1.

Fig. 3 shows the expected signal plus background mass distributions for mH = 100 GeV
and mH = 120 GeV. Also shown is the background shape for the two dominant sources,
Wjj and t�t.
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Figure 3: Top: The expected mbb distributions for signal plus background (solid line)
for a Higgs mass of 100 GeV (left) and 120 GeV (right). The plots are normalised to
the expected number of events for an integrated luminosity of 30 fb�1 and for a jet veto
at 30 GeV. The continuum background (dashed), the resonant signal+background (dotted)
and the signal alone (hatched) are also shown. Bottom: The expected mbb distributions for
the top and the Wjj backgrounds, for a jet veto at 30 GeV and for an integrated luminosity
of 30 fb�1.
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Table 11: For an integrated luminosity of 30 fb�1, the expected number of signal and
background events for mH = 100 GeV after all cuts. Bother denotes background contribution
where one or both jets are misidenti�ed as b-jets.

Process Jet veto 30 GeV Jet veto 15 GeV

WH 605 360

WZ 845 520

Wjj (b�b) 9000 4500
Wjj (other) 6400 3200

tt 8450 1900
W� ! tb 580 300
tb, tc 250 80

Total bgd 25500 10500

S=
p
B 3.8 3.5

S=B 2.4% 3.4%

Bother=Btotal 25% 30%

Table 12: The same as Table 11 but for mH = 120 GeV.

Process Jet veto 30 GeV Jet veto 15 GeV

WH 325 195

WZ 325 207

Wjj (b�b) 7800 3900
Wjj (other) 5300 2600

tt 10500 2100
W� ! tb 640 320
tb, tc 330 100

Total bgd 24900 9250

S=
p
B 2.1 2.0

S=B 1.3% 2.1%

Bother=Btotal 21% 28%
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2.4 2 TeV p�p versus 14 TeV pp

2.4.1 Introduction

The primary aim of this comparison is to study di�erences in the expected signal and
background for 14 TeV pp and 2 TeV p�p collisions, assuming comparable performance of
the detectors, namely eÆciencies for jets and lepton reconstruction, b-jet tagging and jet
veto. In both scenarios the fast simulation of the ATLAS detector is used.

The following selection criteria are adopted:

� For the cases called (1) and (2) the ATLAS rapidity coverage and selection criteria
are used with a jet-veto threshold at 30 GeV. Di�erences in the acceptances and
expected rates are therefore directly related to di�erences in the physics (cross-
sections and kinematic features of events, etc.).

� For the case called (3) a reduced geometrical coverage and slightly di�erent selection
criteria are used, following what speci�ed in the Tevatron report [2]:

{ one lepton with pT > 20 GeV, no other leptons with pT > 10 GeV;

{ the detector coverage for b-tagging and lepton reconstruction is j�j < 2:0;

{ events with additional jets over j�j < 2:5 and pT > 30 GeV are rejected.

� For the b-tagging performance a 60% eÆciency per b-labelled jet, for a rejection of
10 per c-labelled jet and 100 against light jet is assumed.

� A lepton reconstruction eÆciency of 90% is assumed for electrons and muons.

� A mass window of �2� with � = 10% mH is used.

2.4.2 WH signal and WZ resonant background

The acceptance for signal events is higher almost by a factor of two for 2 TeV p�p collisions
than for 14 TeV pp collisions. About 16% higher acceptance is expected for the request
of an isolated lepton, about 19% for the request of a b-labelled pair and about 30% for
the jet veto. The higher acceptance for the jet veto cut is caused mostly by the weaker
QCD radiation at smaller centre-of-mass energy. The smaller geometrical acceptance of
the Tevatron detectors is compensated by a softer jet-veto cut, as the t�t background is
much less severe at 2 TeV.

Due to the smaller acceptance at 14 TeV, expected signal rates are only by 5.3 - 5.5
times higher than at 2 TeV, despite the fact that the initial cross-section is 10 times
larger. Similarly, the acceptance for the resonant background is 2 times higher for 2 TeV
p�p collisions. About 17% higher acceptance is expected for the request of an isolated
lepton, about 23% for the request of a b-labelled pair and about 28% for the jet-veto cut.
Also in this case the higher acceptance for the jet veto is caused mostly by the smaller
center-of-mass energy.
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Table 13: For WH and WZ events, expected cumulative acceptances of the selection crite-
ria. Lepton reconstruction and b-tagging eÆciencies are not included.

Cumulative 14 TeV pp 2 TeV p�p 2 TeV p�p Ratio
acceptance (reduced)

(1) (2) (3) (1)/(3)

WH, mH = 100 GeV

Lepton 63.2% 75.5% 73.5% 0.86

+ 2 b-labelled jets 29.3% 45.1% 40.9% 0.72

+ jet veto 30 GeV 18.5% 37.1% 33.6% 0.55

WH, mH = 120 GeV

Lepton 66.0% 77.4% 75.6% 0.87

+ 2 b-labelled jets 33.1% 51.1% 49.3% 0.67

+ jet veto 30 GeV 18.8% 40.7% 36.7% 0.51

WZ, mZ = 91 GeV

Lepton 57.9% 72.5% 68.0% 0.85

+ 2 b-labelled jets 21.3% 37.7% 31.0% 0.69

+ jet veto 30 GeV 13.9% 31.7% 25.9% 0.54

Table 14: For an integrated luminosity of 30 fb�1, expected number of events from the WH
signal and the WZ background after all cuts. Lepton reconstruction eÆciency, b-tagging
eÆciency and acceptance inside the mass window are included.

14 TeV pp 2 TeV p�p 2 TeV p�p Ratio
(reduced)

(1) (2) (3) (1)/(3)

mH = 100 GeV

WH 605 127 115 5.3
WZ 845 181 148 5.7

mH = 120 GeV

WH 325 65 59 5.5
WZ 325 67 54 6.0

Due to a smaller reduced geometrical acceptance but a softer jet veto at the Tevatron,
the expected rates for the resonant background are 5.5 - 6.0 times larger at LHC.
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Figure 4: The expected mbb spectrum for WH (hatched), WZ (dashed) and WH+WZ
(solid) events for a Higgs mass mH = 100 GeV (left) and 120 GeV (right).

2.4.3 Continuum background

The total continuum background is 17 times higher in the 14 TeV pp scenario.
� Wjj background
As above the total acceptances for the kinematic cuts (see Table 15) is smaller in the

14 TeV pp scenario. In this particular case the total acceptance is lower by a factor 1.6.
The total rate from Wjj events after all cuts is 17-21 higher at LHC. The relative

contribution from the reducible background Wjj(other) is 40% for 14 TeV pp collisions
and 20% for 2 TeV p�p collisions.

� W�
! tb background

This background is of little importance in both scenarios. The total acceptance is
smaller at LHC but the expected rates are 4.7 times higher.

� t�t background
The t�t background is signi�cantly smaller at 2 TeV because the cross section is almost

100 times smaller. This background is strongly suppressed with the jet veto cut. At 2 TeV
such a jet veto is almost a factor of 3 less eÆcient because of the QCD radiation and the
jet-veto threshold (case 3) is slightly softer. The resulting acceptance is almost 2 times
smaller at LHC and therefore the expected background rates 33 times larger.

� tb; tc background
Similar observations as for the t�t channel are also valid in this case. The overall

acceptance is 3 times smaller at LHC, but the absolute event rate is 18 - 25 times higher.
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Table 15: For the continuum background, the expected acceptances of the selection cri-
teria. Lepton reconstruction and b-tagging eÆciencies are not included. For Wjj events
the acceptances are given for samples generated with di�erent phardT bins. For single top
production, tb and tc events, the acceptances are given for events previously �ltered by
requiring two b- or c- jets.

Cumulative 14 TeV pp 2 TeV p�p 2 TeV p�p Ratio
acceptance (reduced)

(1) (2) (3) (1)/(3)

Wjj

Lepton 63.0% 78.7% 76.2% 0.83

+ 2 b-labelled jets �lter �lter �lter {

+ jet veto 30 GeV 29.1% 53.9% 46.4% 0.63

t�t

Lepton 68.2% 73.1% 71.6% 0.95

+ 2 b-labelled jets 40.6% 45.3% 42.6% 0.95

+ jet veto 30 GeV 1.8% 4.2% 4.0% 0.45

W � ! tb

Lepton 65.9% 80.0% 77.3% 0.85

+ 2 b-labelled jets 41.8% 57.4% 51.6% 0.81

+ jet veto 30 GeV 22.7% 43.9% 39.5% 0.57

Single top tb, tc

Lepton 74.7% 80.0% 77.8% 0.96

+ 2 b-labelled jets �lter �lter �lter {

+ jet veto 30 GeV 2.5% 8.9% 7.2% 0.35

2.4.4 Total signal and background

Tables 16 and 17 compare the expected signal and background rates for the 14 TeV pp
scenario and the 2 TeV p�p scenario for two mass points, mH = 100 GeV and 120 GeV,
and for a jet veto cut of 30 GeV. Assuming the same detector performance, the signal
and resonant background are a factor of 5 larger at LHC and the continuum background
a factor of 20 larger. The ratio of reducible to irreducible background is a factor 1.6 - 1.9
higher at LHC and the signal to background a factor 3 - 5 smaller.

The sensitivity in terms of S=
p
B is 1.3 times larger at LHC, however the environment

is much more diÆcult. The background is not dominated by a single source, but is a
combination of Wb�b and t�t events and a substantial contribution from the reducible
Wjj. The ratio of the reducible to irreducible background is larger therefore a very good
rejection of non-b jets is important. The t�t background is potentially overwhelming and
can be suppressed only with very tight jet veto cuts. The feasibility and the eÆciency of
a tight jet veto is crucial for the observation of this channel.
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Table 16: For an integrated luminosity of 30 fb�1, the expected number of signal and
background events for mH = 100 GeV, after all cuts. Acceptance in the mass window,
lepton reconstruction and b-tagging eÆciencies are included.

Process 14 TeV pp 2 TeV p�p 2 TeV p�p Ratio
(reduced)

(1) (2) (3) (1)/(3)

WH 605 127 115 5.3

WZ 845 180 150 5.7

Wjj (b�b) 9000 840 710 13
Wjj (other) 6400 230 190 34

tt 8450 270 250 34
W� ! tb 580 140 120 4.8
tb, tc 250 15 14 18

Total bgd 25500 1700 1450 18

S=
p
B 3.8 3.1 3.0 1.3

S=B 2.4% 7.5% 7.9% 0.3

Bother=Btotal 25% 14% 13% 1.7

Table 17: The same as Table 17 but for mH = 120 GeV,

Process 14 TeV pp 2 TeV p�p 2 TeV p�p Ratio
(reduced)

(1) (2) (3) (1)/(3)

WH 325 65 59 5.5

WZ 325 70 55 6.6

Wjj (b�b) 7800 550 470 17
Wjj (other) 5300 175 140 38

tt 10500 330 310 34
W� ! tb 640 150 135 4.7
tb, tc 330 14 13 25

Total bgd 24900 1300 1100 22

S=
p
B 2.1 1.8 1.8 1.2

S=B 1.3% 5.0% 5.4% 0.2

Bother=Btotal 21% 13% 13% 1.6
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Figure 5: Top: The expected mbb distributions for the signal plus background (solid line)
for a Higgs mass of 100 GeV (left) and 120 GeV (right) for 2 TeV p�p collisions. A jet
veto at 30 GeV is used and the plots are normalised to the expected number of events for
an integrated luminosity of 30 fb�1. Also shown are the distributions for the continuum
background (dashed), resonant signal plus background (dotted) and signal only (hatched).
Bottom: The expected mbb distributions for the dominant continuum backgrounds for a jet
veto of 30 GeV and for an integrated luminosity of 30 fb�1.
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2.4.5 Comparison with the Tevatron report [2]

The results presented in the previous sections can be directly compared with those p-
resented in [2]. Therefore we consider them to be mature enough to justify performed
below comparison. Two di�erent analyses are presented in [2], based on the so called
QFL and SHW simulations of the detector performance. The proposed selection criteria
di�er in some details between these two analyses, leading however to comparable signal
signi�cances in both cases.

In Tables 18 - 21 comparisons between the results obtained with these studies and those
reported in [2] are shown for mass point mH = 110 GeV 5. There are obvious di�erences
in the assumptions concerning the expected detector performance. In the column labelled
This study, the performance of the ATLAS detector at LHC is assumed, but the selection
criteria are those proposed in [2]. These include a reduced pseudorapidity coverage and a
softer jet veto, as already explained in Section 2.4.1 (case 3). In addition to the selection
criteria described so far, a cut on the transverse missing energy, Emiss

T > 20 GeV is included
6 because it is used in the analysis presented in [2].

The main ingredients of the detector performance, which are relevant for these Higgs
searches are the b-tagging eÆciency and the non-b jets rejection, as well as the eÆciencies
for jet reconstruction and jet veto. The column This study scaled shows results obtained
by using7 the same acceptance for double b-tag for the signal events as quoted in[2]. The
background rates in this column are scaled with the same factor as for the signal.

Comparison with the SHW analysis

Selection criteria as close as possible to those of the SHW analysis have been applied
in This study :

� Lepton cut: One isolated lepton with pT > 20 GeV and no additional lepton with
pT > 10 GeV, inside the rapidity coverage j�j < 2:0.

� Emiss

T
cut: The reconstructed missing transverse energy must be Emiss

T > 20 GeV.
The calorimeter coverage extends up to 5.0 in pseudorapidity.

� Double b-tag cut: Two jets with pT > 30 GeV and 15 GeV respectively within
j�j < 2:0 tagged as b-jets. A b-tagging eÆciency of 60% per jet was used, with a
rejection against c-jets of 10 and a rejection against light jets of 100. For This study
scaled, the eÆciency for double b-tag (including the jet reconstruction eÆciency is
multiplied for both signal and background by a correction factor of 1.7.

� Jet-veto cut: Jets are reconstructed in the pseudorapidity range j�j < 2:5. No jets
with pT > 30 GeV and not more than one jet with pT > 15 GeV are required.

� Mass window cut: A mass window of 110 � 33 GeV, corresponding to � = 15% mH,
is used.

5Only for this mass point a complete break-down of the acceptance for signal and backgrounds is
available in [2].

6This selection is used to suppress the possible background due to semileptonic decays inside QCD jets.
7We could not used directly parametrisation for the b-tagging eÆciency given in [2], as the information

on the reconstruction eÆciency for b-labelled pair was not available there.
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Table 18: Comparison between \This study" (A), \This study scaled" (A'), see text, and
Tevatron results (B) (numbers are taken from Table 7 in Section C of [2]). Expected
number of events are compared for mH = 110 GeV and for an integrated luminosity of
30 fb�1. For consistency with original Tevatron studies W! �� is also included, but its
contribution to the total signal and background is on the level of 3% only.

Process This study This study Tevatron report (SHW) Ratio Ratio
(A) scaled (A') Table 7 in [2] (B) (A)/(B) (A')/(B)

WH 85 144 150 0.6 1.0

WZ 140 240 330 0.4 0.7

Wjj (b�b) 1130 1920 1890 0.6 1.0
Wjj (other) 210 210 none { {

tt 350 590 900 0.4 0.6
single top 185 310 360 0.5 0.9

Total bgd 2015 3270 3510 0.6 0.9

S=
p
B 1.9 2.5 2.5 0.8 1.0

S=B 4.2% 4.4% 4.3% 1.0 1.0

Bother=Btotal 10% 6.4% none { {

The discrepancy between (A) and (B) is roughly consistent with a factor 1.7 higher
acceptance for double b-tag (including jet reconstruction) in (B), a factor 0.75 lower ac-
ceptance for jet veto in (B) and factor 1.3 higher signal cross-section assumed in (B). After
rescaling the rates for the double b-tag of the Tevatron study, the disagreement between
(A') and (B) almost disappear, which is however rather accidental for the background.

A more detailed break-down of the di�erences between the two studies, which can be
found below, supports these conclusions. It should also be stressed that, Table 5, 6 and 7
in Section C of [2] show some inconsistencies. In Tables 19 and 20, which give the break-
down of acceptances, we quote the number of events estimated from the cross-sections
(Table 5 of [2]) and acceptances (Table 6 of [2]). These are not always consistent with
what could be retrieved from Table 7 of [2]. As an example, the t�t background estimate
from Table 7 of [2] is 900 events while that from Tables 5 and 6 of [2] is 360 events.
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Table 19: Break-down of acceptances and the expected number of events for the WH signal
with mH = 110 GeV and the WZ resonant background.

Process This study Tevatron report (SHW) Comments
Table 5, 6 in [2]

(A) (B)

WH signal

� (pb) 0.16 0:22 1.4 higher � in (B)
BR 0:331 � 0:85 0:331 � 0:85 � 's from W included

Lepton 46.4% 39:6% 90% eÆc. included in (A)
Emiss
T 84.4% 89:0%

Double b-tag 22.3% 37:8%
Jet veto 75.8% 57:3%

Mass window 94.5% 90:3%
Total accept 6.25% 6:9%

Total accept x BR 1.76% 1:94% 1.1 higher accept. in (B)

Expected events 85 128 (accept.) 1.5 higher rates in (B)
150 (Table 7 in [2]) 1.8 higher rates in (B)

WZ background

� (pb) 2.5 3:2 1.3 higher in � (B)
BR 0:331 � 0:15 0:331 � 0:15 � 's from W included

Lepton 42:5% 33:8% 90% eÆc. included in (A)
Emiss
T 86:0% 84:8%

Double b-tag 16:7% 34:6%
Jet veto 80:0% 64:8%

Mass window 80:0% 84:2%
Total accept 3:9% 5:4%

Total accept x BR 0:19% 0:27% 1.4 higher accept. in (B)

Expected events 140 260 (accept.) 1.8 higher rates in (B)
330 (Table 7 in [2]) 2.3 higher rates in (B)
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Table 20: The same as Table 19 but for the other background channels.

Process This study Tevatron report (SHW) Comments
Table 2, 3 in [2]

(A) (B)

q�q !Wbb background

� (pb) 49.3 (ME) 10:6 Cut on generation in (B)?
BR 0:331 0:331 � 's from W included

Lepton 46.0% 36:3% � 's from W included
Emiss
T 90.0% 78:7% 90% eÆc. included in (A)

Double b-tag 2.6% 19:7%
Jet veto 93.3% 98:2%

Mass window 24.7% 28:1%
Total accept 2.5% 1.56%

Total accept x BR 0.075% 0.52%

Expected events 1130 1654 (accept.) 1.5 higher rates in (B)
1890 (Table 7 in [2]) 1.7 higher rates in (B)

t�t background

� (pb) 7.8 7:5 Comparable � in (A), (B)
BR 0:552 0.552 � 's from W included

Lepton 44.7% 21:7% 90% eÆc. included in (A)
Emiss
T 85.7% 91:9%

Double b-tag 23.0% 46:4%
Jet veto 8.2% 7:9%

Mass window 40.0% 39:6%
Total accept 0.28% 0:29%

Total accept x BR 0.15% 0:16% � accept. in (A), (B)

Expected events 350 360 (accept.) � rates in (A), (B)
900 (Table 7 in [2]) 2.6 higher rates in (B)
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Comparison with the QFL analysis
Selection criteria as close as possible to those of the QFL's analysis [2] have been

applied in This study:

� Lepton cut: One isolated lepton with pT > 20 GeV and no additional lepton with
pT > 10 GeV, inside the rapidity coverage j�j < 2:0. Note that the isolated tracks
from hadronic tau-decays are not considered in (A), but are included in (B)).

� Emiss
T cut: The reconstructed missing transverse energy must be Emiss

T

> 20 GeV. The calorimeter coverage extends up to 5.0 in pseudorapidity.

� The jet reconstruction threshold is set to 10 GeV.

� Double b-tag cut: Two jets with pT > 30 GeV and 15 GeV respectively within
j�j < 2:0 tagged as b-jets. A b-tagging eÆciency of 60% per jet was used, with a
rejection against c-jets of 10 and a rejection against light jets of 100. For This study
scaled, the eÆciency for double b-tag (including the jet reconstruction eÆciency) is
multiplied for both signal and background by a correction factor of 1.3.

� Jet-veto cut: Jets are reconstructed in the pseudorapidity range j�j
< 2:4. No jets with pT > 20 GeV.

� Mass window cut: A mass window of 110� 22 GeV, corresponding to � = 10% mH,
is used for (A) and (A'). Results in (B) are given for mass window 91.8{123.3 GeV.

One should notice, that the same number of signal events is expected from the SHW
and QFL analyses, but the estimated backgrounds di�er by a factor 2!

Table 21: Expected number of signal (mH = 110 GeV and background events after all
cuts for \This study" (A), \This study scaled" (A') (see text) and Tevatron report (B)
(numbers are from Table 4 in Section C of [2]).

Process This study This study Tevatron report (QFL) Ratio Ratio
(A) scaled (A') Table 4 in [2] (B) (A)/(B) (A')/(B)

WH 120 152 150 0.8 1.0

WZ 130 160 147 0.9 1.1

Wjj (b�b) 720 910 567 1.3 1.6
Wjj (other) 200 200 none { {

tt 210 260 366 0.6 0.7
single top 150 190 354 0.4 0.5

Total bgd 1410 1720 1434 1.0 1.2

S=
p
B 3.2 3.7 4.0 0.8 0.9

S=B 8.5% 8.8% 10.5% 0.8 0.7

25



3 Observability of the ``b�b �nal state

This channel is marginal for Higgs discovery at LHC. This is demonstrated by the study
presented in this Section which are performed for a Higgs mass mH = 100 GeV.

The following selection criteria are applied:

� 2 leptons: two opposite-sign, same-avour leptons (OS-SF leptons) satisfying the
following requirements:

{ one electron or muon with pT > 20 GeV or two electrons or muons with
pT > 15 GeV inside j�j < 2:5;

{ the reconstructed di-lepton mass inside a mass window of � 6 GeV around the
Z mass.

The lepton reconstruction eÆciency is conservatively assumed to be 90% per lepton.

� 2 b-jets: 2 b-labelled jets with reconstructed transverse momenta pT > 15 GeV
and j�j < 2:5. A b-tagging eÆciency of 60% with a rejection of 10 and 100 against
c-jets and light-jets respectively is used.

� Jet veto: events with additional jets with pT > 30 and j�j < 5:0 are rejected.

� Mass window: it is chosen to be 100 � 20 GeV for mH = 100 GeV, which corre-
sponds to the resolution of 10% mH.

Table 22: Production cross-sections for the ZH signal and for backgrounds for 14 TeV pp
and 2 TeV p�p. The H;Z! b�b and Z! `` (` = e; �) branching ratios are included.

pp at 14 TeV p�p at 2 TeV Ratio
Process �[pb] �[pb]

ZH, mH = 100 GeV 0.069 0.0072 10

ZZ 0.23 0.023 10

t�t 27.8 0.32 87

Z + jet
phardT = 10� 30 GeV 2:2 � 103 2:3 � 102 10
phardT = 30� 50 GeV 3:8 � 102 2:6 � 101 14
phardT = 50 � 100 GeV 2:0 � 102 1.0 �101 20
phardT = 100� 200 GeV 4:3 � 101 1:2 � 100 35

phardT > 200 GeV 4:9 � 100 4:9 � 10�2 100
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3.1 Expected production rates

Table 22 shows the production cross-sections for the signal and the backgrounds for 14 TeV
pp and 2 TeV p�p collisions. The H;Z! b�b and Z! `�(` = e; �) branching ratios are
included. The cross-sections for Z+jet production are quoted for the hard processes,
q�q! Zg and qg! Zq, generated with the transverse momenta in the speci�ed ranges.

For the signal and the resonant ZZ background the cross-section is almost a factor of
10 higher at LHC energies. The Z+jet rates are also 10 times higher, for a low phardT cut,
but the ratio to the Tevatron rate increases with increasing transverse momenta of the
hard scattering process. The expected production cross-section for t�t pairs is almost 100
times higher at LHC.

3.2 Signal and backgrounds in 14 TeV pp collisions

3.2.1 ZH signal and ZZ resonant background

The acceptance for signal events is 15% and 8.6% for jet veto thresholds of 15 and 30 GeV
respectively (see Table 23). This does not include b-tagging eÆciency and lepton recon-
struction eÆciency. This number is 20% lower than for WH events with the `b�b signature.
The expected signal rates for an integrated luminosity of 30fb�1 are given in Table 24.
These rates are almost a factor of 10 lower than those expected from the WH! `bb
channel (Table 4).

The acceptance for the ZZ resonant background with one of the Z-bosons decaying
into leptons (Z ! ``) and the second one into a b�b pair (Z ! b�b) is smaller than for the
ZH signal. A smaller is the acceptance in the b�b mass window. The expected number
of events in the mass window is nevertheless 2 times larger than for the signal. This
is a less favorable situation than that for the WH channel where the expected resonant
background is only 40% higher than the signal. The presence of a Higgs signal will broaden
and distort the mass peak expected from the resonant background, as shown in Fig. 6 for
mH = 100 GeV.

Table 23: Cumulative acceptances of the kinematic selection criteria for the ZH signal
and the ZZ resonant background. Lepton reconstruction and b-tagging eÆciencies are not
included.

Cumulative acceptance ZH ZZ

2 leptons 54.6% 45.4%

+ 2 b-labelled jets 25.3% 16.7%

+ Jet veto 30 GeV 15.1% 11.0%

+ Jet veto 15 GeV 8.6% 6.2%
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Table 24: For an integrated luminosity of 30 fb�1, expected number of events from ZH
signal and ZZ resonant background after all cuts.

Expected events ZH ZZ

No jet veto 115 230

Jet veto 30 GeV 80 160

Jet veto 15 GeV 45 100

3.2.2 Continuum background

Only Zjj and t�t contribute signi�cantly to the background to this channel:
� Top pair production
This channel gives rise to ``b�b �nal states if both W's decay semileptonically. The

acceptance for two OS-SF leptons with invariant mass within � 6 GeV of the Z mass
is 2.6%. On the other hand the jet veto is much less eÆcient than for `b�b �nal states
where the second W from the top-quark decays predominantly into hadrons. The total
acceptance for t�t production, normalised to a t�t! ``��b�b sample, is 0.3%. The total
background from t�t events is a factor of 10-25 smaller, depending on the threshold of the
jet veto, than for the `b�b channel.

� Zjj continuum background
This background was simulated with PYTHIA where multi-jets arise from parton show-

er. In PYTHIA, the tree level processes qg ! qZ and q�q ! gZ are available. The cross-
section is dominated by the �rst one. It does not include however all tree level diagrams
leading to the Zb�b �nal state [15], namely the gg ! b�bZ process is missing. Such con-
�guration can be obtained only through initial state radiation. Therefore the total Zb�b
background, as given by PYTHIA is underestimated [15]. On the other hand, the reducible
Zjj, where at least one jet is not a b can not be simulated with the exact matrix element
from [15]. As in any case the ZH signal is a marginal one, this rather crude estimate of
the Zjj background is hopefully suÆcient for the evaluation presented below.

As a consequence of the fact that di�erent hard processes contribute to Zjj and Wjj
production, the jet avour composition is very di�erent in the two cases, as illustrated in
Table 26. The fraction of Zb�b events in the inclusive Zjj sample is 2.3% while the fraction
of Wb�b events in the inclusive Wjj sample is only 0.3%. The main di�erence comes from
the fact that qg! Zb production comes from the process bg! Zb, which is accompanied
in most cases by second spectator b-quark from the gluon splitting in the evolution of
the structure functions. In this case a Zb�b �nal state is quite easy to obtain. On the
other hand qg!Wb scattering is very rare, because it would require a top-quark in the
initial state. As a consequence in the qg!Wq process one observes enhancement of the
cj fraction with respect to what observed in the qg! Zq process. On the other hand, the
avour composition for the q�q! Zg and q�q!Wg processes is very similar, since in both
cases the b�b pair arises from gluon splitting.

As a consequence, after b-jets identi�cation, the background from the Zjj channel is
dominated by Z! b�b events with two real b (90% of the total Zjj background) while for
the Wjj channel the Wb�b contribution amounts only to 60% of the total Wjj background.
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Table 25: Cumulative acceptances of the selection criteria for the continuum t�t and Zjj
backgrounds. The Zjj events were �ltered by asking 2 jets within j�j < 2:5. Lepton recon-
struction eÆciency and b-tagging eÆciency are not included.

Cumulative acceptance Zjj t�t

2 leptons 27.6% 2.6%

+ 2 b-labelled jets �lter 1.6%

+ Jet veto 30 GeV 8.4% 0.7%

+ Jet veto 15 GeV 4.3% 0.3%

Table 26: Composition of the jet avour for the Zjj events accepted in the b�b mass window
(b-tagging not applied).

Fraction q�q ! Zg, qg ! Zq q�q ! Zg qg ! Zq
in mass window

bb 2.3% 0.5% 2.5%
bc 0.2% 0.2% 0.3%
cc 2.0% 0.9% 2.3%
jb 5.5% 5.3% 5.9%
jc 9.6% 9.0% 10.0%
jj 80.4% 84.1% 79.0%

Table 27: For an integrated luminosity of 30 fb�1, expected number of events from the
continuum Zjj and t�t backgrounds after all cuts.

Expected events Zjj (bb) Zjj (other) t�t

No jet veto 8300 700 850

Jet veto 30 GeV 6300 500 350

Jet veto 15 GeV 3300 350 175
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3.2.3 Total signal and background

Table 28 presents the expected rates for the ZH signal and backgrounds giving ``b�b �nal
states for an integrated luminosity of 30fb�1. The eÆciencies for lepton reconstruction
and b-tagging have been included and a mass window of � 20 GeV around the nominal
Higgs mass, mH = 100 GeV, is used. Neither the signal nor the backgrounds were rescaled
to take into account higher order corrections or limitations coming from the parton shower
approach.

The sensitivity of this channel is found to be marginal. Around 50 signal events over
4000 background events are expected. This gives statistical signi�cances below 1� and
signal-to-background ratios of 1% only. The signi�cance for the observation of the resonant
ZZ+ZH peak is 3.5�. The ZH signal itself would contribute only 30% to the resonant peak
in the b�b mass window.

Given the fact that the dominant background is Zb�b, which has been simulated with
PYTHIA, the estimates for S=

p
B shown in Table 28 are on the optimistic side.

Figure 6 shows the expected mbb distribution for the total background and for the
signal plus background, for a jet veto threshold of 30 GeV. This Figure illustrates also
that it will be hopeless to extract such a marginal signal given the shape and magnitude
of the continuum background.

Table 28: For an integrated luminosity of 30 fb�1, expected number of signal and back-
ground events after all cuts.

Process No jet veto Jet veto 30 GeV Jet veto 15 GeV

ZH 115 80 45

ZZ 230 160 100
tt 850 350 150

Zjj (bb) 8300 6300 3300
Zjj (other) 700 500 350

Total bgd 10100 7300 3900

S=
p
B 1.1 0.9 0.7

S=B 1.1% 1.1% 1.1%

The expected sensitivity for the ``b�b signature is much weaker than that for the `b�b
signature. For the selection with a jet veto at 30 GeV, the expected signal rates are 8 times
lower while the background rates are only 3.5 times lower in the ``b�b case as compared
to the `b�b case. This leads to a factor of � 4 smaller statistical signi�cance. Although in
the case of the ``b�b channel the jet veto can be relaxed or removed (the t�t background is
less severe) this would increase the signal and background rates by at most a factor of 2
and the statistical signi�cance by at most 40%.

Also extracting a resonant ZZ peak in the ``b�b channel would be more diÆcult than
extracting a WZ peak in the `b�b channel.
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Figure 6: The expected mbb distribution for the signal and the resonant background (left)
and for the total background and the signal plus background (right) for a jet veto threshold
of 30 GeV and an integrated luminosity of 30 fb�1.

As can be concluded from Table 28 the jet veto can be safely relaxed or abandoned since
the t�t background not exceed 10% of the total background. This should allow probing this
channel also at high luminosity. However, even with the ultimate integrated luminosity of
300 fb�1 and a b-tagging eÆciency of 50% the expected signi�cance would be at the level
of 3.0� only.

3.3 2 TeV p�p versus 14 TeV pp

The ZH!! ``b�b channel is considered non-marginal for Higgs discovery at the Tevatron
[2]. To understand the di�erences in the expected physics potential for both colliding
scenarios, a quantitative comparison has been performed and is presented below.

As in the previous studies for both colliding scenarios the ATLAS fast simulation is
used.

The following selection criteria were used:

� We denote with (1) and (2) analyses based on the kinematical coverage of the ATLAS
detector and on the selection criteria discussed in the previous sections. Di�erences
in acceptances and expected rates are therefore directly related to the di�erences in
physics.
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� Results denoted with (3) were obtained with a geometrical coverage and selection
criteria similar to those in [2].

{ two leptons with pT > 10 GeV inside the rapidity range of j�j < 2:0 and with
invariant mass in the window mZ � 6 GeV.

{ b-tagging and lepton reconstruction over j�j < 2:0.

{ no additional jets with pT > 30 GeV and no more than one jet with pT > 15 GeV
within the pseudorapidity range j�j < 2:5.

� A b-tagging eÆciency of 60% per b-labeled jet, with a rejection of 10 per c-jet and
100 per light-quark jet were used.

� A mass window of 100� 20 GeV was used.

� The lepton reconstruction eÆciency is conservatively assumed to be 90% per lepton.

3.3.1 ZH signal and resonant background

The signal acceptance is 80% higher for the 2 TeV p�p scenario. About 10% higher accep-
tance is expected from the request of a pair of isolated leptons, about 20 % for the request
of a pair of b-labelled jets and about 40% for the jet veto cut. The higher acceptance of the
jet veto cut is due mostly to the smaller center-of-mass energy resulting in a smaller QCD
radiation. The smaller geometrical acceptance of the Tevatron detectors is compensated
by the softer jet veto cut (as the t�t background is much smaller at 2 TeV p�p).

The smaller acceptance at LHC energies leads to expected signal rates which are only
5.7 times higher than at the Tevatron, despite the 10 times larger initial cross-section.

The acceptance for the resonant background is 10% higher for the pair of isolated
leptons and 24% for the pair of b-labelled jets for 2 TeV. Since the jet veto is more
eÆcient at 14 TeV the �nal acceptance is 70% higher at 2 TeV (see Table 29).

The expected rates after all cuts are given in Table 30. The resonant background is 6.9
times higher at 14 TeV. Since the signal is only a factor 5.7 higher at 14 TeV, the signal
to resonant background ratio is worse at 14 TeV.
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Table 29: Expected cumulative acceptances of the selection criteria for ZH (Z! ``) signal
events. Lepton reconstruction and b-tagging eÆciencies are not included.

Cumulative 14 TeV pp 2 TeV p�p 2 TeV p�p Ratio
acceptance (reduced)

(1) (2) (3) (1)/(3)

ZH

2 leptons 54.6% 61.6% 60.2% 0.90

+ 2 b-labelled jets 25.3% 36.8% 33.5% 0.75

+ jet veto 30 GeV 15.1% 30.3% 27.5% 0.55

ZZ

2 leptons 45.4% 58.6% 50.7% 0.89

+ 2 b-labelled jets 16.7% 30.5% 23.1% 0.72

+ jet veto 30 GeV 11.0% 25.6% 19.3% 0.57

Table 30: For an integrated luminosity of 30 fb�1, expected number of events from the ZH
signal and the ZZ resonant background for a jet veto of 30 GeV. The numbers include the
acceptance inside the mass window and lepton reconstruction and b-tagging eÆciencies.

Expected 14 TeV pp 2 TeV p�p 2 TeV p�p Ratio
events (reduced)

(1) (2) (3) (1)/(3)

ZH

No jet veto 115 20 18 6.4

Jet veto 30 GeV 80 16 15 5.3

ZZ

No jet veto 230 47 34 6.8

Jet veto 30 GeV 160 28 23 6.9

3.3.2 Continuum background

� Top pair production
The t�t background is less severe at 2 TeV since the cross-section is almost 100 times

smaller than at 14 TeV. In the analysis performed here this background is mostly sup-
pressed by a tight mass window cut applied to di-lepton pair. In addition, it can also be
suppressed by the jet veto. For 2 TeV p�p collisions such veto would be almost 3 times less
eÆcient because of the smaller QCD radiation and because the dominant production mode
is q�q ! t�t and not gg ! t�t. The jet veto proposed in a 2 TeV environment is slightly softer.
As a consequence the acceptance is almost a factor of 2 lower for the 14 TeV scenario and
therefore the expected t�t background is 30 times higher. This has to be compared with a
5.7 times higher signal.
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� Zjj continuum background
As for the other channels, the acceptances for isolated leptons, double b-tag and jet

veto cuts, are lower in the 14 TeV scenario (Table 31). The total acceptance is almost a
factor of 2.5 smaller.

However, this background does not simply scale with the acceptance and the cross-
section. The fraction of jets with a heavy avour content is much higher in the 14 TeV
case, as illustrated in Table 32. Therefore the expected number of true Zb�b events in the
mass window is almost 30-50 times higher in the 14 TeV scenario despite the fact that the
initial cross-section is only 10 - 15 times higher.

Table 31: Cumulative acceptances of the selection criteria for the t�t and Zjj continuum
backgrounds. The Zjj events were �ltered by requiring 2 jets with j�j < 2:5 and the ac-
ceptance is given for events generated in di�erent phardT bins. Lepton reconstruction and
b-tagging eÆciencies are not included.

Cumulative 14 TeV pp 2 TeV p�p 2 TeV p�p Ratio
acceptance (reduced)

(1) (2) (3) (1)/(3)

Zjj

2 leptons 27.6% 56.2% 50.8% 0.54

+ 2 b-labelled jets �lter �lter �lter {

+ jet veto 30 GeV 8.4% 24.8% 20.5% 0.41

t�t

2 leptons 2.6% 3.4% 3.2% 0.81

+ 2 b-labelled jets 1.6% 2.2% 1.9% 0.50

+ jet veto 30 GeV 0.7% 1.7% 1.5% 0.47

Table 32: Heavy avour composition of Zjj events accepted in the mass window for jets
with pT > 15 GeV. No jet veto is applied.

Fraction
in mass window 14 TeV pp 2 TeV p�p

bb 2.3% 1.0%
bc 0.2% 0.7%
cc 2.0% 1.2%
jb 5.5% 2.3%
jc 9.6% 6.2%
jj 80.4% 89.0%
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Figure 7: The expected mbb distributions for (left): signal, resonant background and signal
plus background and (right) continuum background and signal plus total background; for
the Higgs mass of 100 GeV at 2 TeV p�p collisions. A jet veto at 30 GeV is used and
the plots are normalised to the expected number of events for an integrated luminosity of
30 fb�1.

Table 33: For an integrated luminosity of 30 fb�1, expected number of events from the Zjj
and t�t backgrounds after all cuts. Acceptance inside the mass window, lepton reconstruc-
tion eÆciency and b-tagging eÆciency are included.

Expected 14 TeV pp 2 TeV p�p 2 TeV p�p Ratio
events (reduced)

(1) (2) (3) (1)/(3)

Zjj (bb)

No jet veto 8300 195 130 64

Jet veto 30 GeV 6300 180 120 52

Zjj (other)

No jet veto 700 20 14 50

Jet veto 30 GeV 500 20 14 36

t�t

No jet veto 850 17 15 57

Jet veto 30 GeV 350 13 11 32
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3.3.3 Total signal and background

Table 30 compares the expected signal and backgrounds for the 14 TeV pp and the 2 TeV
p�p scenarios as obtained with and without jet veto. For instance, assuming a comparable
detector performance and no jet veto, the expected signal is 5.3 times higher and the total
background 36 times higher for 14 TeV pp case. The signi�cances are comparable in both
cases, but the signal-to-background ratio is much larger for the 2 TeV p�p scenario.

The estimates presented in Table 34 show that the sensitivity to this channel is marginal
for both scenarios. Also, in both cases the dominant background is Zb�b, which is under-
estimated in PYTHIA.

Table 34: For an integrated luminosity of 30 fb�1, expected numbers of signal and back-
ground events after all cuts.

Process 14 TeV pp 2 TeV p�p 2 TeV p�p Ratio
(reduced)

(1) (2) (3) (1)/(3)

No jet veto

ZH 115 20 18 6.4

ZZ 230 47 34 6.8
tt 850 17 15 57

Zjj (bb ) 8300 195 130 64
Zjj (other) 700 20 14 50

Total bgd 10100 280 190 55

S=
p
B 1.1 1.2 1.3 0.8

S=B 1.1% 7.1% 9.5% 0.1

Jet veto 30 GeV

ZH 80 16 15 5.3

ZZ 160 28 23 6.9
tt 350 13 11 32

Zjj (bb ) 6300 180 120 52
Zjj (other) 500 20 14 36

Total bgd 7300 240 170 43

S=
p
B 0.9 1.0 0.8 1.1

S=B 1.1% 6.6% 6.5% 0.2
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3.3.4 Comparison with the Tevatron report [2]

A direct comparison with the results presented in [2] is shown in Table 35. There is a
clear disagreement in the predicted signal and backgrounds. For the results presented
in the column This study, the ATLAS performance is assumed, but the selection criteria
proposed in [2] are used. This includes smaller pseudorapidity coverage and softer jet veto,
as already discussed in Section 3.3. The column This study scaled shows rates rescaled
by a factor 1.7, obtained assuming the double b-tag acceptance for signal events as in the
Tevatron study for the WH channel.

The discrepancy in the predicted signal rates is consistent with a factor of 2 higher
acceptance for double b-tag (including jets reconstruction) and a factor 1.3 higher signal
cross-section used by the Tevatron studies. Very signi�cant is the discrepancy in the
predicted rates for the dominant Zb�b background. These are 3 times lower in the Tevatron
study, even after taking into account the di�erent double b-tag eÆciency. A more detailed
comparison is not possible for this channel as a break-down of the acceptances is not
available in [2].

Table 35: Comparison between \This study" (A), \This study scaled" (A') (see text) and
the Tevatron report (B) (numbers are taken from Table 19 in Section C of [2]). The
expected number of events is given for a 80 - 120 GeV mass window in \This study" and
for a 80 - 125 GeV mass window for the \Tevatron report".

Process This study This study Tevatron report Ratio Ratio
(A) scaled (A') (SHW study) (B) (A)/(B) (A')/(B)

ZH 15 25 36 0.4 0.7

ZZ 23 40 63 0.4 0.6

tt 11 20 57 0.2 0.3
Zbb 120 200 72 1.7 2.8

Zjj (other) 14 14 none { {

Total bgd 170 275 192 0.9 1.4

S=
p
B 0.8 1.4 2.6 0.3 0.5

S=B 6.5% 9.1% 18.7% 0.3 0.5

Bother=Btotal 8% 5% none { {
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4 Conclusions

The primary aim of this paper was to understand the di�erences in the expected potential
for the Higgs discovery in the WH/ZH, H! b�b, W=Z! lepton(s) channels, for 2 TeV
p�p and 14 TeV pp collisions. The aim was also to quantify, if possible, the origin of the
di�erences in the expected potential as estimated in [2] for 2 TeV p�p collisions and in [1]
for 14 TeV pp collisions.

As already stressed, the channel WH with H! b�b is not considered as a discovery
channel at LHC.

It has been con�rmed here that the overall sensitivity is below 4� for mH = 100 GeV
and around 2� for mH = 120 GeV. This includes only the statistical errors and not
possibly large systematic uncertainties coming from theoretical predictions and detector
performance.

A detailed comparison of the expected signal and background for 14 TeV pp collision-
s and 2 TeV p�p collisions was presented assuming the same detector performance and
ATLAS-like or Tevatron-like selection criteria. The results obtained in this study for the
2 TeV p�p scenario are much less promising than those reported in [2]. A direct comparison
performed for mH = 110 GeV shows that in [2] the signal rate is estimated to be 1.8 times
higher and the background rates to be 1.7 times higher. This leads to 1.4 times larger
S=
p
B.
The sensitivity to the ``b�b signature was evaluated here to be at the level of 1� only

for an integrated luminosity of 30 fb�1 and for both the 14 TeV pp and 2 TeV p�p cases.
As the selection does not require a tight jet-veto cut this channel could also be studied at
high luminosity with a loss of performance due only to the reduced b-tagging capability.
However, even with the ultimate integrated luminosity of 300 fb�1 the expected sensitivity
would not exceed 3.0� at LHC. An additional diÆculty comes from the fact that the
expected signal is only at the level of 30 - 50% of the resonant background.

A direct comparison shows that for ``b�b �nal states the signal rates are estimated to
be 2.4 times higher and the background rates 1.1 times larger in [2] than in the study
shown here for 2 TeV p�p collisions.
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