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G. Landsberg,74 J. Lazoflores,48 A.-C. Le Bihan,19 P. Lebrun,20 W. M. Lee,48 A. Leflat,37 F. Lehner,49,*
C. Leonidopoulos,67 V. Lesne,13 J. Leveque,44 P. Lewis,42 J. Li,75 Q. Z. Li,49 J. G. R. Lima,51 D. Lincoln,49 S. L. Linn,48

J. Linnemann,63 V. V. Lipaev,38 R. Lipton,49 L. Lobo,42 A. Lobodenko,39 M. Lokajicek,11 A. Lounis,19 P. Love,41

H. J. Lubatti,79 L. Lueking,49 M. Lynker,54 A. L. Lyon,49 A. K. A. Maciel,51 R. J. Madaras,45 P. Mättig,26 C. Magass,21

A. Magerkurth,62 A.-M. Magnan,14 N. Makovec,16 P. K. Mal,29 H. B. Malbouisson,3 S. Malik,65 V. L. Malyshev,35

H. S. Mao,6 Y. Maravin,49 M. Martens,49 S. E. K. Mattingly,74 R. McCarthy,69 R. McCroskey,44 D. Meder,24

A. Melnitchouk,64 A. Mendes,15 L. Mendoza,8 M. Merkin,37 K. W. Merritt,49 A. Meyer,21 J. Meyer,22 M. Michaut,18

H. Miettinen,77 J. Mitrevski,67 J. Molina,3 N. K. Mondal,29 J. Monk,43 R. W. Moore,5 T. Moulik,56 G. S. Muanza,20

M. Mulders,49 L. Mundim,3 Y. D. Mutaf,69 E. Nagy,15 M. Naimuddin,28 M. Narain,60 N. A. Naumann,34 H. A. Neal,62

J. P. Negret,8 S. Nelson,48 P. Neustroev,39 C. Noeding,23 A. Nomerotski,49 S. F. Novaes,4 T. Nunnemann,25 E. Nurse,43

V. O’Dell,49 D. C. O’Neil,5 V. Oguri,3 N. Oliveira,3 N. Oshima,49 G. J. Otero y Garzón,50 P. Padley,77 N. Parashar,58

S. K. Park,31 J. Parsons,67 R. Partridge,74 N. Parua,69 A. Patwa,70 G. Pawloski,77 P. M. Perea,47 E. Perez,18 P. Pétroff,16
0031-9007=06=96(1)=011801(7)$23.00 011801-1 © 2006 The American Physical Society



PRL 96, 011801 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
13 JANUARY 2006
M. Petteni,42 R. Piegaia,1 M.-A. Pleier,68 P. L. M. Podesta-Lerma,32 V. M. Podstavkov,49 Y. Pogorelov,54 M.-E. Pol,2
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We present a search for the standard model Higgs boson in H ! WW��� decays with e�e�, e���, and
���� final states in p �p collisions at a center-of-mass energy of

���
s
p
� 1:96 TeV. The data, collected from

April 2002 to June 2004 with the D0 detector, correspond to an integrated luminosity of 300–325 pb�1,
depending on the final state. The number of events observed is consistent with the expectation from
backgrounds. Limits from the combination of all three channels on the Higgs boson production cross
section times branching ratio �	 BR�H ! WW���� are presented.
011801-3
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In the standard model (SM), the hypothetical Higgs
boson is crucial to the understanding of electroweak sym-
metry breaking (EWSB) and the mass generation of elec-
troweak gauge bosons and fermions. Spontaneous EWSB
predicts the existence of this neutral scalar particle with
massMH, a free parameter in the SM. Direct searches at the
CERN e�e� collider (LEP) yield a lower limit for the
Higgs boson mass of MH > 114:4 GeV [1] at the 95%
C.L. Indirect measurements via fits to the electroweak
precision data give an upper bound of MH < 186 GeV
[2] at the 95% C.L.

In this Letter, we present a search for the Higgs boson in
H ! WW��� ! ‘�‘0�0 (‘; ‘0 � e;�; �) decays with e�e�,
e���, or ���� final states. Tau decays are detected in
their leptonic decay modes to electrons or muons. This is
the first search for the Higgs boson at a hadron collider in
this decay channel, which plays an important role in the
overall discovery potential of the Higgs boson at the
Fermilab Tevatron Collider [3]. We use data collected by
the D0 detector between April 2002 and June 2004 in p �p
collisions at

���
s
p
� 1:96 TeV of the Fermilab Tevatron

Collider. The integrated luminosities are 325� 21, 318�
21, and 299� 19 pb�1 for the e�e�, e���, and ����

channels, respectively. The differences in the integrated
luminosities for various channels are primarily due to
different trigger conditions. Next-to-leading order (NLO)
calculations [4,5] predict the product of the SM Higgs
boson production cross section and the branching ratio
��p �p! H� 	 BR�H ! WW���� of 11–250 fb for the
Higgs boson masses between 100 and 200 GeV. The domi-
nant contribution to the cross section comes from gluon-
gluon fusion. Extensions of the SM including a fourth
fermion family [6] predict an enhanced Higgs boson pro-
duction cross section.

The D0 detector and its data acquisition system are
described in detail elsewhere [7]. We briefly describe the
main components important to this analysis. The D0 de-
tector has a magnetic central-tracking system, consisting of
a silicon microstrip tracker and a central fiber tracker, both
located within a 2 T superconducting solenoidal magnet. A
liquid-argon and uranium calorimeter has a central section
(CC) covering pseudorapidities j�j up to 
 1:1 [� �
� ln�tan�2� with polar angle �], and two end calorimeters
extending coverage to j�j 
 4:2. A muon system resides
beyond the calorimetry, and consists of a layer of tracking
detectors and scintillation trigger counters before 1.8 T
toroids, followed by two more similar layers after the
toroids.

The H ! WW��� candidates are selected by single or
dilepton triggers using a three-level trigger system [7] and
are recorded for off-line analysis. In the off-line analysis,
electrons are identified as electromagnetic showers in the
calorimeter. These showers are selected by comparing the
01180
longitudinal and transverse shower profiles to those ex-
pected of the electrons. The showers must be isolated,
deposit most of their energy in the electromagnetic part
of the calorimeter, and pass a likelihood criterion that
includes a spatial track match and, in the CC region, an
E=p requirement, where E is the energy of the calorimeter
cluster and p is the momentum of the track. All electrons
are required to be in the pseudorapidity range j�j< 3:0.
The transverse momentum measurement of the electrons is
based on calorimeter cell and track information.

Muon tracks are reconstructed from hits in the wire
chambers and scintillators in the muon system and must
match a track in the central tracker. To select isolated
muons, the scalar sum of the transverse momentum of all
tracks other than that of the muon in a cone of R � 0:5
around the muon track must be less than 4 GeV, where

R �
���������������������������������
����2 � ����2

p
and � is the azimuthal angle.

Muon detection is performed over the full coverage of
the muon system j�j< 2:0. Muons from cosmic rays are
rejected by requiring a timing criterion on the hits in the
scintillator layers as well as applying restrictions on the
position of the muon track with respect to the primary
vertex.

The decay of the two W bosons into electrons or muons
results in three different final states e�e� � X (ee chan-
nel), e��� � X (e� channel), and���� � X (�� chan-
nel), each of which consists of two oppositely charged
isolated leptons with high transverse momentum and large
missing transverse energy, 6ET , due to the undetected neu-
trinos. The selection criteria for each channel were chosen
to minimize the cross section upper limit on Higgs boson
production expected in the absence of signal. To take into
account the signal kinematic characteristics that change
with the Higgs boson mass, MH, some selection cuts are
MH dependent [8]. Six Higgs boson masses from 100 to
200 GeV have been studied.

In all three channels, two leptons originating from the
same vertex are required to be of opposite charge, and must
have transverse momenta pT > 15 GeV for the leading
lepton and pT > 10 GeV for the trailing one (cut 1).
Figure 1 shows the good agreement between data and
Monte Carlo (MC) simulation in distributions of the azi-
muthal opening angle ��‘‘0 between the two leptons for
the ee (a), the �� (c), and the e� channel (e) after
applying the lepton transverse momentum cuts.

In all cases, the background is largely dominated by
Z=�� production, which is further suppressed by requiring
6ET > 20 GeV in all three channels (cut 2). Background
events are also removed if the 6ET has a large contribution
from the mismeasurement of jet energy. The fluctuation in
the measurement of jet energy in the transverse plane can
be approximated by �Ejet sin�jet where �Ejet is propor-
tional to

��������
Ejet
p

. The opening angle ���jet; 6ET� between
1-4

http://dx.doi.org/10.1103/PhysRevLett.96.011801
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FIG. 1. Distribution of the opening angle ��‘‘0 after applying
the initial transverse momentum cuts in the (a) ee, (c) ��, and
(e) e� channels. (b),(d),(f) The ��‘‘0 distributions after the final
selection except for the ��‘‘0 criterion for the ee, ��, and e�
channels, respectively. The arrows indicate the cut values. The
QCD contribution is negligible in (c) and (d).

TABLE I. Overall detection efficiencies (in %) for H !
WW��� ! ‘�‘0�0 decays for the three channels after all cuts.
Quoted are the overall uncertainties, combining statistical and
systematic components in quadrature.

MH (GeV) ee e� ��

100 0:56� 0:05 1:02� 0:06 0:44� 0:03
120 1:18� 0:09 2:0� 0:1 1:02� 0:06
140 1:55� 0:08 2:9� 0:2 1:34� 0:08
160 2:1� 0:1 3:9� 0:2 2:0� 0:1
180 2:1� 0:1 3:9� 0:2 1:68� 0:09
200 1:57� 0:09 3:2� 0:1 1:53� 0:07
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this projected energy fluctuation and the missing transverse
momentum provides a measure of the contribution of the
jet to the missing transverse energy. The scaled missing
transverse energy defined as

6EScT �
6ET�������������������������������������������������������������������P

jets
��Ejet sin�jet cos���jet; 6ET��2

r (1)

is required to be greater than 15 (cut 3).
The charged lepton system and the neutrinos are emitted

mostly back to back, so the invariant mass for the leptons
from the Higgs decay is restricted to MH=2. Thus, the
invariant mass m‘‘ is required to be m‘‘ <MH=2 (cut 4).
In the ee channel the cut is altered to mee <
min�80 GeV;MH=2�. In the �� channel a lower cut
boundary with m�� > 20 GeV is required to remove
events from J= , �, and Z=�� production. The sum of
the pT of the leptons and 6ET is required to be in the range
01180
MH=2� 20 GeV<p‘1
T � p

‘2
T � 6ET <MH for the ee and

e� channel and MH=2� 10 GeV<p‘1
T � p

‘2
T � 6ET <

MH for the �� channel (cut 5). The transverse mass,

defined as m‘‘0
T �

���������������������������������������������������������������
2p‘‘

0

T 6ET�1� cos���p‘‘
0

T ; 6ET��
q

, with
the dilepton transverse momentum p‘‘

0

T , should be in the
range MH=2<m‘‘0

T <MH � 10 GeV (cut 6). The latter
two cuts reject events fromW � jet=� andWW production
and further reduce backgrounds from Z=�� production.
Finally, to suppress the background from t�t production,
the scalar sum of the transverse energies of all jets with
Ejet
T > 20 GeV and j�j< 2:5, HT , is required to be less

than 100 GeV (cut 7). Remaining Z boson and multijet
events can be rejected with a cut on the opening angle,
��‘‘0 < 2:0 (cut 8), since most of the backgrounds exhibit
a back-to-back topology. This is not the case for Higgs
boson decays because of the spin correlations in the decay
[9]. Figure 1 shows the distributions of the azimuthal
opening angle ��‘‘0 between the two leptons for the
ee (b), the �� (d), and the e� channel (f) before applying
the final cut on ��‘‘0 .

To maximize the sensitivity, the selection in the ��
channel is slightly changed for Higgs boson masses MH �
140 and 160 GeV. For a better Z=�� background suppres-
sion cuts 4, 5, and 6 are replaced by the following cuts: the
invariant mass m�� should be in the range 20<m�� <
80 GeV (cut 4). Since the momentum resolution is de-
graded for high pT tracks, an additional constrained fit is
performed to reject events compatible with Z boson pro-
duction (cut 5). The sum of the muon transverse momenta
and the missing transverse energy should be p�1

T � p
�2
T �

6ET > 90 GeV (cut 6).
The efficiency for H ! WW��� ! ‘�‘0�0 signal events

to pass the acceptance and selection criteria is determined
using the PYTHIA 6.2 [10] event generator followed by a
detailed GEANT-based [11] simulation of the D0 detector.
All trigger, reconstruction, and identification efficiencies
are derived from the data. The kinematic acceptance effi-
ciency is derived from MC simulations. The overall detec-
tion efficiencies range from �0:44� 0:03�% to
�3:9� 0:2�% depending on the decay channel and MH.
Table I summarizes these efficiencies.
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TABLE II. Number of signal and background events expected and number of events observed after all selections are applied. Only
statistical uncertainties are given.

MH (GeV) 100 120 140 160 180 200

H ! WW��� 0:007� 0:001 0:125� 0:002 0:398� 0:008 0:68� 0:01 0:463� 0:009 0:210� 0:004
Z=�� 7:9� 1:1 7:5� 1:0 3:8� 0:6 4:0� 0:7 6:6� 0:9 9:9� 1:1
Diboson 4:4� 0:2 8:1� 0:2 11:7� 0:3 12:3� 0:3 11:6� 0:3 9:6� 0:3
t�t 0:03� 0:01 0:11� 0:02 0:29� 0:02 0:47� 0:03 0:66� 0:05 0:72� 0:05
W � jet=� 16:9� 2:2 14:2� 2:1 5:8� 1:2 2:8� 0:9 0:7� 0:5 0:7� 0:5
Multijet 0:6� 0:3 0:3� 0:1 0:2� 0:1 0:2� 0:1 0:3� 0:1 0:3� 0:1

Background sum 29:9� 2:5 30:1� 2:3 21:8� 1:4 19:7� 1:2 19:8� 1:1 21:2� 1:2

Data 27 21 20 19 19 14
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Using the NLO cross sections calculated with HIGLU [5]
and HDECAY [4] and the branching ratio BR of 0:1068�
0:0012 for W ! ‘� [12], the expected number of events
for H ! WW��� decays from all three channels is 0:68�
0:03�syst� � 0:04�lum� events for a Higgs boson mass
MH � 160 GeV. The signal expectation for different
Higgs masses MH are given in Table II.

Background contributions from Z=��, W � jet=�, t�t,
WW, WZ, and ZZ events are estimated using the PYTHIA

event generator normalized to their NLO cross sections
[13]. In addition, W � jet=� contributions are verified
using ALPGEN [14]. All events are processed through the
full detector simulation. The background due to multijet
production, when a jet is misidentified as an electron, is
determined from the data using a sample of like-sign
dilepton events with inverted lepton quality cuts (called
‘‘QCD’’ in Fig. 1). A summary of the background contri-
butions together with signal expectations and events ob-
served in the data after the final selection is shown in
Table II. There is good agreement between the number of
events observed in the data and the various backgrounds in
all three channels. The largest difference between the data
and the background expectation, at MH � 120 GeV, cor-
responds to a background probability of 6%. The e�
channel has both the highest signal efficiency and best
signal-to-background ratio.
TABLE III. Systematic uncertainties (in %) of the H !
WW��� signal efficiencies and of the number of background
events (BG), for the ee, e�, and �� channels. Uncertainties
exclude the uncertainty of the luminosity measurement.

ee e� ��
MH (GeV) Signal BG Signal BG Signal BG

100 8.3 9.5 6.4 11.4 7.8 7.2
120 8.3 8.6 6.7 13.6 7.3 7.5
140 6.4 6.7 6.9 13.6 7.2 8.3
160 6.6 7.3 6.7 12.0 7.1 8.3
180 6.9 10.3 6.6 13.0 7.3 14.6
200 6.8 10.6 6.1 12.3 6.9 18.1
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Various sources of systematic uncertainties that affect
the background estimation and signal efficiencies have
been studied [13]. In these calculations, parameters are
varied within �1� of their nominal values, where � is
determined by the corresponding uncertainties. The trigger
efficiency, electron and muon identification efficiencies, jet
energy scale, electron and muon momentum resolution,
parton distribution function (PDF) uncertainty, and cross
section calculation of Z=��, WW, and t�t events contribute
to the systematic uncertainties. The total systematic un-
certainties for the background estimate and signal efficien-
cies for the six Higgs boson masses are given in Table III.
The largest contribution to the systematic uncertainty on
the background for small Higgs boson masses comes from
the jet energy scale due to the large W � jet=� back-
ground, whereas for high Higgs boson masses the W boson
pair production cross section gives the largest systematic
uncertainty. The uncertainty of the PDF is the largest
uncertainty of the signal efficiency. Since the Higgs boson
is dominantly produced via gluon-gluon fusion, the in-
creased uncertainty introduced by the gluon structure func-
tion for large parton momenta is reflected in the PDF
uncertainty. The uncertainty of the luminosity measure-
ment is 6.5%.

Since the remaining candidate events after the selection
are consistent with the background expectation, limits on
the production cross section times branching ratio �	
BR�H ! WW���� are derived using a modified frequentist
method described in Ref. [15]. The uncertainty on the
background and the expected signal events were deter-
mined from the statistical and systematic uncertainties
and luminosity uncertainty. Table IV shows the individual
TABLE IV. Expected and observed upper limits at the 95%
C.L. for the Higgs boson production cross section times branch-
ing ratio �	 BR�H ! WW���� for six values of MH.

MH (GeV) 100 120 140 160 180 200

Expected limits (pb) 20.3 9.5 5.9 4.0 3.9 4.5
Observed limits (pb) 18.5 5.6 4.9 3.7 4.1 3.2
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FIG. 2 (color online). Expected and observed upper limits on
the cross section times branching ratio �	 BR�H ! WW���� at
the 95% C.L. together with expectations from standard model
Higgs boson production and an alternative model. The LEP limit
on the standard model Higgs boson production is taken from [1]
and the 4th generation model prediction is described in [6].
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expected and observed upper limits on the cross section
times branching ratio �	 BR�H ! WW���� for the com-
bination of the three different decay channels for six differ-
ent Higgs boson masses. The different values of the upper
limits are due to different background expectations and
signal efficiencies. The best limits are achieved for large
Higgs masses since background expectations decrease
while signal efficiencies increase. The reasonable agree-
ment between the observed and expected limits shows the
reliability of the observed limit, as well as that the data
contain no evidence for a signal.

Figure 2 shows the expected and observed cross section
limits for �	 BR�H ! WW���� for the different Higgs
boson masses compared with predictions from the SM
and from an extension including a fourth fermion family
[6]. With the current data set, no region of the SM pre-
diction can be excluded.

To conclude, we have searched for the Higgs boson in
H ! WW��� ! ‘�‘0�0 (‘; ‘0 � e;�; �) decays with e�e�,
e���, or ���� final states in p �p collisions at

���
s
p
�

1:96 TeV. The data are consistent with the expectation
from backgrounds. Since no excess has been observed,
limits on the production cross section times branching ratio
�	 BR�H ! WW���� have been derived.
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