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Abstract

A new channel, ttH, H ! WW(�), giving a direct access to the top quark Yukawa
coupling for a Higgs boson in the intermediate mass range [120-240] GeV/c2 is studied.
In spite of a low signal rate and the absence of a reconstructed mass peak, a reasonable
signi�cance is obtained by a large removal of the background. In the most favorable
case mH= 160 GeV/c2, the combination of two di�erent �nal states allows to measure
the cross section with a relative statistical error around 26% for an integrated luminosity
L of 30 fb�1, and less than 15% after three years of data taking at high luminosity,
corresponding to L = 300 fb�1.
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1 Introduction

The discovery of the standard model Higgs boson is expected at LHC in less than one
year at low luminosity if its mass (mH) is above 130 GeV/c2 by using the golden mode

H ! ZZ(�) ! 4` and in less than two years by combining ATLAS and CMS at masses
around 115 GeV/c2, where the processes pp! (H! 

) and pp! tt(H! bb) have to
be considered [1]. However, measuring the parameters of the Higgs sector is much more
diÆcult and any process which could be observed above the standard model background
should be used, even if its rate is low.

In this note, a study of the process pp! tt(H!WW(�)) is presented. Although the
ttH cross section is rather low and decreases rapidly with mH, it is compensated by the
increase of the H!WW(�) branching ratio as illustrated in Fig. 1, leading to a reasonable
number of events for mH 2 [120; 240] GeV/c2.
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Figure 1: ttH cross section in pb (open circles) and H ! WW(�) branching ratio (full
circles) as a function of the Higgs boson mass.

This process can give rise to spectacular �nal states [2], with many jets and many
leptons. Assuming that the background is well estimated, it may give a direct access to
the top quark Yukawa coupling �t, for mH � 240 GeV/c2. However, since at least two
leptons are required to suppress the background, two neutrinos are present in the �nal
state and no mass peak can be reconstructed in a simple way.

The Yukawa coupling of the top quark may be determined indirectly through the mea-
surement of the gg ! H process. Because this is a loop induced process, the deleterious
contributions of new heavy colored particles such as quarks from a fourth heavy family [3]
or squarks strongly coupled to the Higgs boson could falsify this determination. A com-
parison of this indirect measurement with a direct one through the ttH process could give
an insight to new physics. Moreover, by studying simultaneously the gg! H ! WW(�)

and the tt(H ! WW(�)) processes, many systematic uncertainties in the decay of the
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Figure 2: Some Feynman diagrams for the ttH; H ! WW(�) process. The dominant
mechanism for ttH production at LHC is the gluon fusion.

Higgs boson could be reduced, leading to a more robust measurement.
In Sections 2 to 4 of this note, a complete analysis of the di�erent possible signal

�nal states is performed for an integrated luminosity of 30 fb�1. In Section 5, the results
are extended to a luminosity of 300 fb�1. The cross section measurements obtained for
each channel are combined in Section 6. Finally, our results are compared with a similar
analysis, recently performed at the parton level by F. Maltoni et al. ([4]) in Section 7.

2 Signal and background samples - Low Luminosity

2.1 Signal

Fig. 2 shows some of the production diagrams of the signal process. The cross section
for the pp ! ttH process at NLO has been calculated in Ref. [5], and the results are in
agreement with the values computed in PYTHIA 6.157 [6]1, with a K-factor around 1.2.
Fig. 1 shows the ttH production cross section given by PYTHIA 6.157 as a function of the
Higgs boson mass, and the branching ratio H ! WW(�) calculated with HZHA [7]; the
cross sections of the di�erent signal �nal states are shown in Table 1 and Fig. 3. Decays
of W into ��� are included.

Final state mH (GeV/c2)

120 130 140 150 160 170 180 190 200 220 240

�tot 71.5 123.5 168.2 193.9 210.2 185.8 150.1 115.6 86.6 61.3 46.5

1 lepton 29.2 50.4 68.6 79.1 85.8 75.8 61.2 43.4 34.9 25.0 19.0
2 leptons 20.2 35.0 47.6 54.9 59.5 52.6 42.5 31.0 24.5 17.3 13.1
3 leptons 6.2 10.7 14.6 16.9 18.3 16.2 13.1 9.3 7.5 5.3 4.0
4 leptons 0.7 1.2 1.7 1.9 2.1 1.8 1.5 1.2 0.9 0.6 0.5

Table 1: Final state cross section (in fb) for the signal.

1The CTEQ5L structure functions have been used. The results were also checked with PYTHIA 6.2.
Both versions agree within 5%.
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Figure 3: ttH production cross section in fb as a function of the Higgs boson mass. The
H branching ratio into WW has been taken into account.

Final states with only one lepton (e,�,�) seem too diÆcult to extract from the back-
ground, and the one with four leptons has a too small cross section. They will not be
considered in this analysis. In the two lepton �nal states, due to the huge tt background,
only events where both leptons have the same charge will be considered. The cross section
for the same sign �nal state is 1/3 of the cross section given in Table 1 for the 2 lepton
channel.

For the two lepton �nal states (2L), 60 K events have been generated for several
Higgs boson masses in the range [120-240] GeV/c2. In the three lepton channel (3L), two
di�erent samples are considered, according to the origin of the leptons (two from the top
quarks decay and one from the Higgs boson or vice-versa); 40 K events were generated for
each �nal state. All simulations are performed with PYTHIA 6.157 and ATLFAST 2.0.
No � identi�cation has been tried. The parameters used in ATLFAST are the following:

� Lepton reconstruction (electrons and muons):

! transverse momentum threshold 6 GeV/c

! j�j < 2.5

! isolation �R > 0:4 between lepton and other clusters

� Jet reconstruction:

! cone algorithm with cone size �R = 0:4

! transverse momentum threshold 15 GeV/c

! j�j < 5 for light jets, j�j < 2.5 for b-jets

! quark labelling for 
avor tagging
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2.2 Background

Large Monte Carlo samples have been generated for the tt background: more than 20
millions events for the full leptonic channel (both W decay into `�, hereafter denoted
tt(2l), where ` = e; �; �) and the semileptonic channel (one W decays into `� and the
other into q q 0, hereafter denoted tt(1l)). The ttbb (tt! 1`; 2`) 2, Zbb (Z ! ``) and
Wbb (W ! `�) events have been generated with the matrix element implementation in
PYTHIA 6.157. For Z + jets, WW, WZ and ZZ, only �nal states with at least one gauge
boson decaying into leptons have been simulated. The ttZ(
�) (tt! 1`; 2`; Z! ``; bb; ��)
and ttW (tt! 1`; 2`; W ! `�) background processes have been generated with the
AcerMC generator [8], interfaced with PYTHIA 6.2. Table 2 summarizes the number of
generated background events and the cross section (branching ratios included) for each
process. No K-factor is included. The di�erence between 2L and 3L samples comes only
from statistics and the choice of random numbers. For Wbb and Zbb the contributions
from W ! ��� and Z! �+�� decay have been neglected.

It has been noticed by Maltoni et al. [4] that the background from the ttWW and
tttt processes cannot be neglected. Their cross sections have been estimated with Comp-
HEP [9]. (CTEQ5M structure functions have been used. Diagrams with Higgs boson are
not included.) After generation with CompHEP interfaced to PYTHIA, the events have
been reconstructed with ATLFAST. For these events, all W boson decays are allowed.

process � (pb) � � Br (pb) NGEN 2L NGEN 3L

tt(1`) 485 212.6 32 M 20 M
tt(2`) \ 51.2 24 M 20 M
Z + jets � 52700 5267 40 M 42 M
WW 71.6 38.2 2 M -
WZ 27.7 8.8 3 M 3 M
Z(
�) Z(
�) 11.0 1.5 2 M 2 M
Z(
�)bb � 900 60.2 20 M 10 M
Wbb 305 66.0 20 M -
ttbb 4.3 2.3 3 M 115 K
ttW 592 10�3 102.4 10�3 60 K 75 K
ttZ(
�) � 1 241.6 10�3 840 K 198 K
tttt 12.0 10�3 12.0 10�3 20 K 20 K
ttW+W� 4.5 10�3 4.5 10�3 10 K 10 K

Table 2: Cross section and number of generated events for the various background pro-
cesses considered in this analysis, for the two and three lepton channels. The gauge boson
invariant mass in ttZ and Zbb events is required to be greater than 10 GeV/c2. The pT
of the hard scattering in Z + jets events has to be larger than 10 GeV/c.

2Only QCD diagrams are included, the diagrams with H, W and Z exchange are neglected. This
process is included in tt events where one gluon splits into bb but it is added here for cross-checks.
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3 Final state with 2 leptons and 6 jets

In this section, the selection of the 2 lepton �nal state is described. All the numbers are
given for an integrated luminosity of 30 fb�1.

3.1 Basic selection

At least two leptons and six jets with pT > 15 GeV=c and j�j < 2:5 are required. A
lepton identi�cation and reconstruction eÆciency of 0.9 is assumed. In the dominant
background processes tt(2`) and Z + jets, all light jets come from FSR or ISR. Fig. 4
illustrates the pseudo-rapidity of light jets in ttH, tt(2`) and Z + jets. A cut on j�jjet at
2.5 allows to suppress a fraction of the ISR contribution, and decrease the number of jets
in background events.

In signal events, two of the jets should be tagged as b-jets. A loose b-tag with eÆ-
ciency �b = 80% and rejections Rudsg = 15; Rc = 2 is applied, in order to suppress the
Z+jets events and keep a large fraction of the signal. Using the standard b-tag eÆciency
and rejection seems not to be optimal since the dominant background processes contain
genuine b jets, as for the signal.
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Figure 4: Pseudo-rapidity of light jets, for signal (solid line), Z+jets/tt(2`) (dashed line)
and ttW (dotted line). The distributions are normalized to unity.

Table 3 presents the cross section for the di�erent background processes remaining
after this basic selection. The dominant ones are tt (74.6%), ttZ (9.9%), ttbb (8.6%) and
Z+jets (5.5%). In the dominant background tt(2`), the two leading leptons have opposite
charges. Requiring that the two most energetic leptons have the same charge reduces in
a drastic way the tt(2`) contribution3, from 88.9 fb to 0.2 fb. The Z+jets background be-
comes negligible. Half of the signal and tt(1`) background events remain. In these tt(1`)

3Given the pT range of the leptons involved in these processes, the probability of a wrong charge
determination is negligible.
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Process Preselected � (fb)

tt(2`) 88.9
tt(1`) 11.8
Z+jets 7.4
ttZ 13.3
ttW 0.9
ttbb 11.6
tttt 0.9
ttW+W� 0.2

Signal 120-160 GeV/c2 0.7 - 2.9

Table 3: Signal and background cross sections in fb after the basic selection

events, the lepton from a W decay (denoted W-lepton in the following) is detected, and a
second one, coming from a semi-leptonic b decay (b-lepton), survives the isolation criteria.

3.2 Rejection of leptons from semi-leptonic b-decays

The properties of b-leptons can be exploit to further reduce the tt(1`) background pro-
cess. Due to the long lifetime of b-hadrons, b-leptons should have a large transverse
impact parameter jd0j in comparison with prompt leptons coming from W bosons. This
is illustrated in Fig. 5. A smearing for the beam spot size has been added to the default
ATLFAST smearing, to obtain a resolution in agreement with the TDR values. Rejecting
events with large jd0j could reduce the b-lepton contribution. However, no improvement
has been observed when cutting on this variable for the 2L �nal state; it will only be used
for the 3L channel.

In the selected events, the b-leptons are more often electrons than muons. This feature
is due to the isolation criteria used in ATLFAST: �rst, the distance between the electron
cluster and the other calorimetric clusters should be greater than 0.4. But if a particle
(e.g. a pion) is very close to the electron, it is added in the same cluster, and this electron
is considered as isolated. To identify these leptons, the energy deposition in calorimeter
cells in a cone of size �R = 0.2 around the electron track is compared to the momentum
of the electron, and the di�erence is required to be less than 10 GeV. The distribution is
shown in Fig. 6 (left) for W-leptons and b-leptons. This variable discriminates b-leptons
and W-leptons; however since the shape of the electromagnetic shower is not taken into
account in ATLFAST, more full simulation studies are needed before using a tighter cut.

Therefore, additional cuts on more reliable quantities are applied. A track isolation
[10] is added to the calorimeter isolation. The distribution of the pT of the most energetic
track in a cone of size �R = 0:2 around the lepton is shown in Fig. 6 (right) for W-leptons
and b-leptons. The maximum value of this variable (pmax

Tr ) for the two leptons is required
to be less than 1.5 GeV/c. This isolation criterion suppresses 75% of the tt background
and 10% of the signal.

At last, the remaining tt(1`) background can be further suppressed with a cut on the
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Figure 5: Distribution of the transverse impact parameter for W-leptons (solid) and b-
leptons (dashed).

pT of the electrons; Fig. 7 suggests to tighten it to 25 GeV/c. The numbers of background
events after each cut are shown in Table 4. At this stage of the analysis, the ttW and ttZ
processes become dominant despite a small cross section.

3.3 ttZ/ttW backgrounds

In the ttZ and ttW events which are contributing to the background, one lepton comes
from a top decay and the other from the Z or W decay. The ttZ background can be
suppressed by applying a veto on a third isolated lepton. Moreover, in a small part of
the remaining events, a pair of opposite sign and same 
avor leptons is found. One of
these leptons (with pT > 6 GeV/c and j�j < 2:5) is not isolated 4. Events where the
lepton invariant mass is in the range [75; 100] GeV/c2 are rejected. The ttZ contribution
decreases by 33 %.

It is much more diÆcult to reject the remaining ttW and ttZ events, with the mass of
the lepton pair very far from the Z mass (FSR, 
�=Z� or Z! �+��), or with one of the
leptons from the Z decay outside the acceptance cuts. Other kinematic variables show
some discriminating power. For instance,

� In ttH events, the spin correlation between the two W bosons coming from the
Higgs boson decay translates into a small distance (or invariant mass) between the
lepton of one W and a quark from the other. This is illustrated in Fig. 9 where the
minimum distance between a lepton and a jet is plotted.

� The total visible mass is larger in background events (Fig. 10 (left)).

� The lepton pT is larger in background events (Fig. 10 (right)).

4The identi�cation and reconstruction eÆciency 0.9 is assumed for isolated and non-isolated leptons.

7



10
-3

10
-2

10
-1

1

0 2 4 6 8 10

Edep (GeV)

E
ve

nt
s 

ra
te

W lepton

b lepton

10
-4

10
-3

10
-2

10
-1

1

0 5 10 15 20

PTtrack (GeV/c)

 E
ve

nt
s 

ra
te

W lepton

b lepton

Figure 6: Left: di�erence between the calorimeter cell energy in a cone of size �R =
0:2 around the lepton track and the lepton energy for W-leptons (solid) and b-leptons
(dashed). Right: distribution of the pT r

max (see text), for W-leptons (solid) and b-leptons
(dashed).
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Figure 7: pT distribution of the isolated electrons, for W-leptons (solid) and b-leptons
(dashed).

8



0

0.05

0.1

0.15

0.2

0.25

0.3

0 25 50 75 100 125 150

dilepton mass   (GeV/c2)

E
ve

nt
s 

ra
te

ttH

ttZ
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where a pair of opposite sign/same 
avor leptons has been found.

These di�erent variables seem diÆcult to exploit. Simple cuts can not be used, since
the number of signal events is already small. A combination of these variables to generate
a single, more discriminating, one could be tried in the future.

Signal mH(GeV/c
2) Background

120 160 200 tt(2`) tt(1`) ttbb ttZ ttW tttt ttWW

Basic selection 19.8 85.6 44.8 2667 353 349.6 402 27.9 27.0 3.0
Same sign leptons 9.8 42.5 22.6 5.5 168.2 14.7 44.7 17.0 8.9 0.9
b-lepton rejection:

pmax
Tr < 1:5 GeV/c 8.9 38.1 20.8 1.2 41.5 3.0 39.3 15.8 7.7 0.8
pT

ele > 25 GeV/c 6.8 31.8 17.8 0.2 7.7 0.5 34.6 13.3 7.0 0.8
Lepton veto 6.7 31.7 17.6 0.2 7.4 0.5 21.1 12.9 6.5 0.7
Z veto 6.5 30.6 17.1 0.2 7.2 0.5 14.2 12.4 6.1 0.7

Table 4: Number of expected signal and background events after each cut for an integrated
luminosity of 30 fb�1.

At this level of the analysis, the number of signal events at mH= 160 GeV/c2 amounts
to 30.6 events. The remaining background is 41.3 events, giving a poissonian signi�cance
between 1.0 (mH = 120 GeV/c2) and 4.3 (mH = 160 GeV/c2).
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Figure 9: Minimum distance between one lepton and one jet. It is expected to be smaller
in signal events.
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histogram) compared to ttW + ttZ (dashed).
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3.4 The ttWq process

From the above results, it can be seen that the q q 0 ! ttW process with two additional
jets originating from radiation represents � 30 % of the total background. The process
qg ! ttWq 0 is similar to the previous one and could also contribute to the background.
Some Feynman diagrams are shown in Fig. 11.
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Figure 11: Examples of Feynman diagrams for the ttWq process.

Although it is a higher order process in gauge couplings, an enhancement can be
expected due to a high gluon 
ux in the proton (compared to the antiquark one) and to
one additional parton in the �nal state.

This process has been estimated with the CompHEP generator. There are 74 diagrams
which contribute to its matrix element. The di�erential cross section has a peak when the
light quark scatters in the forward direction. This peak is diÆcult to integrate; moreover
for small pT a problem of double counting with the structure function evolution arises.
Nevertheless, with pT (q

0) � 10 GeV/c, the matrix element can be integrated and gives
a total cross section � 550 fb. The matrix element includes some diagrams which can
be described as a convolution of the ttW matrix element with a gluon splitting g ! qq
in the initial state. These diagrams are intrinsically present in the events produced by
AcerMC+PYTHIA (with ISR on) although they are not included in the LO ttW cross
section. To avoid double counting, events generated with AcerMC where one of the
incoming partons was produced in a gluon splitting are 
agged and removed from the
�nal results (At this stage of the analysis, this corresponds to 3 events).

The ttWq events generated by CompHEP have been processed with PYTHIA to obtain
the complete �nal state (FSR, hadronization), and reconstructed with ATLFAST. This
gives an additional contribution of 19.7 background events for the 2L channel.

3.5 Mass reconstruction : constraint �t

For further background reduction, the reconstruction of the top quarks and Higgs boson
could certainly be helpful. This reconstruction is impossible in the case of the 3L �nal
state, because too many variables are involved with the three neutrinos. But in case of
the 2L �nal state, a kinematic �t shows some sensitivity to the Higgs boson mass and the
possibility to discriminate the ttH process from the background.
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The �t procedure aims at completely reconstructing the t(! jjb) t(! `�b) H(!
WW! jj`�) system with �ve constraints:

� Mjj = mW (t! q q 0b)

� Ml� = mW (t! `�b)

� Mjjb = mt (t! q q 0b)

� Ml�b = mt (t! `�b)

� Mjj = mW and Ml� � mW or Mjj � mW and Ml� = mW (H!WW(�))

The exact type of the last constraint was selected for each combination based on the
Mjj invariant mass from Higgs boson decay. For Mjj > 62 GeV/c2 (Mjj < 62 GeV/c2),
the Mjj = mW (Ml� = mW) constraint was selected The �t returns improved jet energies
together with the two neutrino four-momenta. Lepton four-momenta are considered as
being precisely measured and are not modi�ed in the �t.

Due to presence of FSR and limited detector acceptance, a reconstructed jets+leptons
con�guration may deviate from the initial parton one. In order to reduce the in
uence of
the deviation on the accuracy of the reconstruction, a robust �tting functional is used:

�2 =
6X

i=1

	(E0
i � Efit

i ) + 	(P x
�1
+ P x

�2
� P x

miss) + 	(P y
�1
+ P y

�2
� P y

miss); (1)

where 	(x) is a modi�cation of the usual �2(x) = x2 term (details can be found in
Ref. [11]). A special program for nonlinear minimization with constraints [12] is used to
�nd a minimum of the functional.

Signal events may have in general more than six jets and two leptons. From all possible
combinations jjb(top)+ `b(top)+ jj`(Higgs), only "good" ones are kept for the constraint
reconstruction. A "good" combination has to satisfy the following conditions:

� jMjj �mWj < 25 GeV/c2 (t! q q 0b)

� jMjjb �mtj < 30 GeV/c2 (t! q q 0b)

� M`b < 180 GeV/c2 (t! `�b)

� Mjj < 110 GeV/c2 (H! q q 0`�)

Because of the huge number of "good" combinations for a single event (this num-
ber may reach 100), it is likely that the minimum �2 criterion selects a combinatorial
background solution. The minimum invariant mass M(jj`�rec) is a better variable for
background rejection. For signal events, this mass should correspond to the Higgs bo-
son mass and is relatively small. In background events, it is the mass of a random set
jets + lepton + � selected from a �nal state with a large total mass (ttW(q), ttZ) and is
therefore not expected to be small. Typical distributions of this variable for signal and
background events are shown in Fig.12.

An additional constraint on the Higgs boson mass ( measured in others channels) could
improved the rejection power of the �t.
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Figure 12: The minimum reconstructed jj`�rec boson mass after the mass reconstruction
procedure has been applied, for signal (mH = 160 GeV/c2, left) and tt(W+Z) (right)
events. Events for which the �t does not give any solution corresponds to 7.7 signal and
31.5 background events.

3.6 Summary

After all the cuts shown in Table 4 have been applied, the number of ttW events from
AcerMC is 9.4 (when the overlap with CompHEP has been removed). The contribution
of the ttWq process amounts to 19.7 events, leading to a total background level of 58.0
events. The expectation from a 160 GeV/c2 Higgs boson is 30.6 events.

A cut on the minimum reconstructed mass is then applied: M(jj`�rec) � 200 GeV/c2

(if no good combination is found during the �t, the event is rejected). It allows to suppress
a large fraction of the background as shown in Table 5.

Signal mH (GeV/c2) Background
120 160 200 tt(1`) ttbb ttZ ttW ttWq tttt ttWW

4.4 21.1 10.5 4.0 0.4 6.1 3.7 2.6 2.5 0.3

Table 5: Number of expected signal and background events after the complete selection,
for an integrated luminosity of 30 fb�1.

The �nal background level amounts to 19.6�1.1 events. The evolution of the number
of signal events as a function of mH is shown in Fig. 13. The maximum is reached at 160
GeV/c2, where 21.1�0.6 signal events are expected. The signi�cances of the signal shown
in Fig. 13 is computed according to Poisson statistic and do not include the systematic
uncertainties.
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Figure 13: Number of remaining signal events (solid line) and poissonian signi�cance
(dashed line) for the 2L (left) and 3L (right) �nal state after all the cuts as a function of
the Higgs boson mass, for a luminosity of 30 fb�1.

4 The three lepton and four jet �nal state

The rate of this �nal state is very similar to the one of the 2L �nal state when the Like
Sign cut is applied. The presence of three hard leptons gives a very clean signature with
few reducible background events expected. In the following, all numbers of events are
given for an integrated luminosity of 30 fb�1. A factor of 0.9 has been applied for each
lepton to take into account the reconstruction and identi�cation eÆciency.

The basic selection is very simple: at least three leptons and four jets with j�j < 2:5
and pT > 15 GeV/c have to be reconstructed. As for the 2L �nal state, two of the jets
must be loosely b-tagged. When this selection is applied, � 184 events are expected
from the standard model background, the majority of them coming from the tt(1`)Z (126
events) and the tt(2`) (32 events) processes; the number of signal events varies between
5.9 and 24.7 for mH 2 [120; 240] GeV/c2.

As explained in Section 3, in reducible background events, originating from the tt,
ttbb, and gauge boson production processes, at least one of the leptons comes from
the semileptonic decay of a b-hadron. These events are further suppressed by applying
isolation cuts, cuts on impact parameters and tightening the cut on the lepton pT . A
cut on pmax

Tr (de�ned as in Section 3) at 2 GeV/c has been applied. The maximal lepton
transverse impact parameter is required to be below 150 �m. Finally, pT

`3 > 20 GeV/c,
pT

`2 > 25 GeV/c and pT
`1 > 30 GeV/c if it is an electron (the cut for muons is left

unchanged at 15 GeV/c), where pT
`1 ; pT

`2 and pT
`3 are the pT of the most, second most

and third most energetic leptons in the event. Table 6 shows the background composition
after that selection. The total background amounts to � 106 expected events, among
which � 94 events come from the tt(Z! `+`�) process. WW, ZZ and WZ productions
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are negligible at this level.

Process tt(2`) ttbb tt(2` + 1`)Z ttW ttWq tttt ttWW
Events 2.5 <0.1 17.5 + 76.2 3.0 3.6 2.5 0.9

Table 6: Number of expected events from standard model background processes in the
3L �nal state, before the Z veto.

The ttZ process is further suppressed in two ways. A fraction of the tt(2`)Z events
contains four well isolated leptons. Events with more than three isolated leptons are
rejected. At last, events where a pair of opposite sign, same 
avor leptons with an
invariant mass within 15 GeV/c2 of the Z mass has been found are rejected.

Altogether, 21:2 � 1:1 standard model background events are expected after all cuts
have been applied. Table 7 summarizes the contribution of the di�erent processes. The
evolution of the number of signal events as a function ofmH is illustrated in Fig. 13 (right).
The maximum is reached at mH = 160 GeV/c2, where 13:0 � 0:3 events are expected.
The quoted uncertainties originate only from the Monte Carlo statistic.

Signal mH (GeV/c2) Background
120 160 200 tt(2`) tt(2` + 1`)Z ttW ttWq tttt ttWW

2.7 13.0 5.7 2.0 3.1 + 8.3 2.2 3.4 1.9 0.3

Table 7: Number of expected signal and background events after the complete selection
in the 3L �nal state for an integrated luminosity of 30 fb�1.

As for the 2L �nal state, some variables may still be exploited to disentangle back-
ground and signal events. However, the signal receives contribution from two distinct �nal
states (depending on whether the Higgs boson or the tt system decay into two leptons),
and more variables have to be considered. For instance, to fully make use of the spin
correlation between both W from the Higgs boson decay, the minimum distance between
one lepton and a jet or between two leptons should be used. This dilutes the discrimina-
ting power of such variable and given the already small number of signal events, almost
inevitably leads to multivariate techniques. This has not been attempted for the time
being.

5 High luminosity

Since the aim of this analysis is to measure �t rather than discover the Higgs boson, it is
interesting to investigate the impact of the high luminosity running.

The signal for the two di�erent channels has been generated using the high luminosity
smearing in ATLFAST. For the background, only the processes ttZ, ttW, ttWq, ttWW,
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tttt and tt have been considered. The di�erent samples are summarized in Table 8 for
each channel.

The same analysis is repeated in the high luminosity environment, but the pT threshold
for jets is raised to 30 GeV/c, and at least one isolated lepton should verify pT � 30 GeV/c
to take into account the trigger selection. The b-tagging eÆciency is decreased to 70%,
while keeping the same rejection as for the low luminosity case. All other cuts and
eÆciencies are left unchanged. (The deterioration of the inner tracker performances due
to pile-up is expected to be small [1].) The integrated luminosity is 300 fb�1, corresponding
to three years of data taking at high luminosity.

process NGEN 2L NGEN 3L

tt(1`) 16 M -
tt(2`) - 20 M
ttW 120 K 120 K
ttZ 180 K 405 K
tttt 20 K 20 K
ttW+W� 10 K 10 K
ttWq 80 K 80 K
ttH 60 K/mass 160 K/mass

Table 8: Number of generated events for the signal and background processes used in the
high luminosity analysis, for the two and three lepton channels.

The results are summarized in Table 9 for both channels. The two (three) lepton
channel gives 72.3 (55.3) signal events for a 160 GeV/c2 Higgs boson, with 80.6 (97.6)
background events expected.

Signal mH (GeV/c2) Background
120 160 200 tt ttZ ttW ttWq tttt ttWW

2L 12.7 72.3 43.2 19.9�8.9 19.4�1.7 11.3�2.7 8.0�1.4 21.6�2.8 0.4�0.2
3L 10.5 55.3 26.4 2.3�1.3 52.4�1.7 8.0�0.6 20.1�6.4 13.4�1.6 1.4 �0.4

Table 9: Number of remaining signal and background events after the selection, for a
luminosity of 300 fb�1.

6 Measurement of the top quark Yukawa coupling �t

Fig. 14 illustrates the statistical precision on the top quark Yukawa coupling measure-
ments that can be expected at LHC, for the two and three lepton channels and after their
combination. It is computed as 1

2

p
S+B
S

. The precision achieved at 160 GeV/c2 reaches
� 13% for three years of data taking at low luminosity and � 7% at high luminosity.
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Figure 14: Statistical precision on the measurement of the top quark Yukawa coupling, as
obtained by the two lepton, three lepton �nal states and their combination as a function
of mH. The results are given for low luminosity (left) and high luminosity (right).

These results are encouraging. However, much more re�ned QCD analyses should be
undertaken in order to keep the theoretical uncertainties under control. Similarly, since
the background originates from rare and intricate processes, an accurate determination
from the data would be essential.

7 Comparison with an alternative analysis

Recently, Maltoni et al.([4]) have performed a similar analysis of the ttH;H ! WW(�)

process at the parton level. For a luminosity of 300 fb�1, the Yukawa coupling of the
top quark is estimated to be measured with a statistical uncertainty of 16%, 8%, 12% for
mH= 130, 160, 190 GeV/c2 respectively.

Here, the same analysis is repeated with full hadronization and fast simulation of the
ATLAS detector, in order to check the results and to determine the detector e�ects. The
acceptance cuts and detection eÆciencies applied are shown in Table 10. The background
processes and selection criteria for each channel are presented separately below.

7.1 Two lepton channel

The background processes considered by Maltoni et al. for this channel are tt`+`�, ttW,
ttW+W� and tttt. The tt background is not taken into account. To simulate Maltoni's
analysis, very simple cuts are used: exactly two leptons with the same charge and two
b-jets are required. The tight cut on the b-jet number is used against the tttt background.
Events with at least four light jets are accepted, and at least two pairs of these jets should
have a mass in the range mW� 25 GeV/c2.
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Lepton reconstr. e�. 85 %
B-tagging parameter �b = 60 %, Ru = 100, Rc = 10
Acceptance Cuts:

u-jets pT � 15 GeV/c, j�j < 4:5
b-jets pT � 15 GeV/c, j�j < 2:5
leptons pT � 10 GeV/c, j�j < 2:5

Isolation �Rij > 0:4
Lepton trigger One lepton with pT � 20 GeV/c

Table 10: Acceptance and reconstruction parameters used to reproduce the analysis of
Maltoni et al.

Maltoni et al. / This analysis
mH = 130 GeV/c2 mH = 160 GeV/c2

No selection 615/690 1008/1176
After selection 6.4/9.4 15/19.6
EÆciency(%) 1.04/1.36 1.49/1.66

Table 11: Comparison of the number of signal events at the parton level (Maltoni et al.)
and reconstructed level (ATLFAST).

Table 11 compares the results obtained at the parton level and \reconstructed" level
for the signal. The eÆciencies for di�erent Higgs boson masses are comparable. Table 12
shows the number of remaining background events after the selection. Large discrepancies
are observed for the ttZ and ttW(q) processes. The tt background, which was neglected
at the parton level, becomes dominant. This was to be expected since Maltoni et al. do
not take into account leptons from b-hadron decay as possible signal leptons.

tt(2`) tt(1`) tttt ttW+W� tt`+`� ttW+ ttWq

Maltoni et al. - - 1.6 0.86 1.9 10
This analysis 5.0 117.7 3.3 0.4 13.4 11.8 + 12.7

Table 12: Number of remaining background events at the parton level and reconstructed
level after the selection.

7.2 Three lepton channel

The analysis of Maltoni has been repeated here for the 3L �nal state. The acceptance
and b-tagging cuts are identical to those of the previous subsection. The cuts speci�c to
this �nal state are as follows:
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� at least one pair of light jets should have an invariant mass within 25 GeV/c2 of the
W mass. This cut is designed to remove the ttW background.

� Events where an opposite sign, same 
avor pair of leptons with an invariant mass
within 10 GeV/c2 of the Z mass are rejected. This cut aims at rejecting ttZ events.

� Events with more than 2 b-jets are rejected. This allows to reduce the tttt back-
ground.

The results are presented in Table 13. They are comparable. However, since these
authors do not consider the possibility that isolated leptons come from semi-leptonic b-
hadron decays, a large fraction of the background is missed. Using similar cuts as the
ones described in the Section 3.2 to suppress the b-leptons would decrease even more the
signal rates.

Process tt ttbb ttW+ ttWq tt(2` + 1`)Z ttWW tttt

Maltoni et al. - - 2.4 � + 4.9 0.5 0.8
This analysis 4.6 2.0 1.0 + 1.5 1.6 + 5.0 0.5 1.0

mH(GeV/c
2) 130 160

Maltoni et al. 3.8 (1.25) 8.8 (1.76)
This analysis 4.2 (1.20) 8.0 (1.39)

Table 13: Comparison of the number of events expected from standard model background
processes (upper table) and the signal process (lower table) in the 3L �nal state for the
analysis of Maltoni et al. and the same analysis performed with ATLFAST. The numbers
in brackets are the signal eÆciencies in %.

8 Conclusion

This analysis demonstrates that a direct measurement of the top quark Yukawa coupling
seems feasible for a Higgs boson with a mass in the range [130-220] GeV/c2, through
the study of the tt(H! WW(�)) �nal state. After three years of high luminosity data
taking, a statistical precision ��t

�t
� 0.07 could be achieved, by combining the two and

three lepton channels. However, it should be noted that these results are certainly too
optimistic : the background estimation su�ers from large uncertainties, especially the
ttW(q), ttZ and tttt processes, and deserves more theoretical and Monte Carlo studies.
In addition, the systematic uncertainties are expected to be high, and would also require
further investigations.
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