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A search for the standard  model Higgs boson is presented using events w ith two charged leptons 
and large missing transverse energy selected from 5.4 fb_1 of integrated luminosity in pp collisions 
at y f i  =  1.96 TeV collected w ith the DO detector at the Fermilab Tevatron collider. No significant 
excess of events above background predictions is found, and observed (expected) upper limits at 
95% confidence level on the rate  of Higgs boson production are derived th a t are a factor of 1.55 
(1.36) above the predicted standard  model cross section at m_tf=165 GeV.

PACS num bers: 13.85.Rm, 14.80.Bn

The Higgs mechanism, introduced in the standard 
model (SM) to explain electroweak symmetry breaking, 
predicts a massive scalar (Higgs) boson, which has yet to 
be observed. Direct searches at the CERN LEP e+e~ col­
lider yielded a lower limit of 114.4 GeV for the SM Higgs 
boson mass at 95% confidence level (C.L.) [8]. Indirect 
constraints obtained from fits to precision electroweak

data, when combined with direct searches at LEP, give 
an upper bound of 186 GeV at 95% C.L. [9]. For a Higgs 
boson mass (to#) close to 165 GeV the product of the 
SM Higgs boson production cross section and the decay 
branching ratio into two W  bosons is maximal [10] and 
motivates the analysis strategy.

In this Letter we present a search for Higgs bosons in



4

final states containing two charged leptons and missing 
transverse energy (|£r) using data collected with the DO 
detector [11] and corresponding to an integrated lumi­
nosity of 5.4 fb_1 of pp collisions at yfs = 1.96 TeV. We 
consider final states containing either an electron and a 
positron (e+e- ), an electron or a positron and a muon 
(e± /uT), or two muons n~). Final states with tau 
leptons decaying to e or ¡j, or where hadronic tau  decays 
are misidentified as electrons will also contribute to our 
search.

Previous searches in this channel have been performed 
at the Tevatron by the CDF and the DO collabora­
tions [12, 13]. This search represents an almost twenty­
fold increase in the DO data set and considers additional 
Higgs boson production modes leading to the dilepton 
and Ifir signature. In addition, the lepton acceptance is 
improved and the separation of background and signal 
processes now utilizes an artificial neural network (NN) 
event classification technique. The main Higgs boson 
production modes are via gluon fusion and vector bo­
son fusion. For these production modes, this analysis 
considers only the Higgs boson decay H  —> W W (*) —>• 
t t 'v v '  (£,£' = e,n, t ) .  Also considered is Higgs boson 
production in association with a W  or Z  boson, where 
Higgs boson decays to W /Z  bosons and leptons yield a 
dilepton plus l/s? signature. The overlap with events con­
sidered in the analysis of W H  —> Wbb and Z H  —> Zbb 
final states [14] is negligible. The CDF collaboration is 
also reporting an updated search in this channel [15].

The m ain background processes for th is analysis are 
pair production  of heavy gauge bosons, V F(+ jets/7 ) and 
Z / 7 * (+ je ts /7 ) production, t t  production  and m ultijet 
production  in which je ts  are misidentified as leptons. To 
model the V F (+ jets/7 ) and Z / 7 * (+ je ts /7 ) backgrounds 
we use the ALPGEN event generator [16]. The signal and 
rem aining SM background processes are sim ulated w ith 
PYTHIA [17] and all M onte Carlo (MC) samples are gen­
era ted  using CTEQ6L1 [18] parto n  d istribu tion  functions 
(PDFs). In all cases, event generation is followed by a 
detailed GEANT-based [19] sim ulation of the DO detector.

The background MC samples for inclusive W  and Z / j*  
production are normalized to next to next to leading or­
der (NNLO) cross section predictions [20] calculated us­
ing MRST 2004 NNLO PDFs [21]. The rate of t t  pro­
duction is normalized to a NNLO calculation [22] and 
diboson rates (T^T^, W Z , and Z Z )  are normalized to 
next to leading order (NLO) cross sections [23]. The sig­
nal cross sections are calculated at NNLO [24] (at NLO in 
the case of the vector boson fusion process). The branch­
ing fractions for the Higgs boson decay are determined 
using HDECAY [25].

The simulated Z  boson transverse momentum (p t)  dis­
tribution is modified to match the spectrum measured in 
data [26]. In order to simulate the W  boson p t  distribu­
tion, the measured Z  boson p t  spectrum is multiplied by 
the ratio of W  to Z  boson p t  distributions at NLO [27].

To im prove th e  m odeling  of W W  backg round , th e  p t  of 
th e  d iboson  sy stem  is m odified to  m a tch  th a t  o b ta in ed  
using  th e  MC@NLO g en e ra to r [28], an d  th e  d is tr ib u tio n  of 
th e  open ing  angle of th e  tw o lep tons is m odified to  tak e  
in to  accoun t th e  co n trib u tio n  from  g luon-g luon  in itia te d  
processes [29]. T h e  H iggs boson  tran sv e rse  m o m en tu m  
d is tr ib u tio n  in  th e  PYTHlA-generated g luon  fusion sam ­
ple is m odified to  m a tch  th e  d is tr ib u tio n  o b ta in ed  using 
SHERPA [30].

The background due to multijet production, in which 
jets are misidentified as leptons, is determined from data. 
For this purpose, a sample of like-charged dilepton events 
is used in the channel, corrected for like-charge
contributions from non-multijet processes. The e+e~ and 
e±yU,T channels use a sample of events with inverted lep­
ton quality requirements, scaled to match the yield and 
kinematics determined in the like-charge data.

This search is based on a sample of dilepton event can­
didates collected using a mixture of single and dilepton 
triggers which achieve close to 100% signal efficiency. The 
identification of electron and muon candidates is based 
on the criteria described in the previous search [13]. In 
addition to the track isolation criterion, a constraint on 
the scalar sum of charged particles transverse momentum 
(p t)  in a cone of radius 1Z = /̂ (A</>)2 +  (A if}1 = 0.5 [31] 
around the muon track, an isolation requirement in the 
calorimeter is applied. This is a requirement on the trans­
verse energy deposited in an annulus 0.1 < 1Z < 0.4 
around the muon track. In the e±/u,T channel, each of 
these isolation parameters divided by the muon p t  is re­
quired to be < 0.15, whereas in the channel the ra­
tio of the sum of these two quantities divided by the muon 
P t  is required to be < 0.4(0.5) for the highest (next-to- 
highest) p t  lepton i \  (¿2 ). In the channel, the 
product of the isolation ratios for both muons is required 
to be < 0.06.

Electrons are required to have \r/\ < 2.5 (<  2.0 in the 
e+e~ channel), and muons \q\ < 2.0. Both leptons are 
required to originate from the same interaction vertex 
and to have opposite charges. Electrons must have pfp > 
15 GeV, and muons pj, > 10 GeV. In the channel
one of the two muons is required to have pj, > 20 GeV. 
In addition, the dilepton invariant mass is required to 
exceed 15 GeV. Jets are reconstructed in the calorimeter 
using an iterative midpoint cone algorithm [32] with a 
radius 72. =  0.5 and are required to have pi^  > 1 5  GeV 
and \r/\ < 2.4. No jet-based event selection is applied, 
since the number of jets in the event is used in the NN to 
help discriminate signal from background. In the 
channel, both muons must be separated from any jet by 
1Z > 0.1. This stage of the analysis is referred to as 
“preselection” .

After preselection, the background is dominated by 
Z/~f* production. This background is suppressed by re­
quiring Ipr > 20 GeV (> 25 GeV in the channel). 
Events are also removed if the Ißr was likely produced
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FIG. 1: (color online) (a.) The dilepton invariant mass after preselection; (b) the A</>(í, Í) angle after final selection; and (c) the 
neural network ou tpu t after final selection. The signal is shown for m_tf=165 GeV. The system atic uncertainty is shown after 
fitting (see tex t for details).

by a mismeasurement of jet energies by requiring for the 
scaled Ißr [13], |£fic > 6 in the e+e~ and chan­
nels. The minimum transverse mass, M™in(defined as 
the smaller of the transverse masses M ?  [33] calculated 
from the l/s? and either of the two leptons), is required 
to be > 20 GeV (> 30 GeV in the e+e~ channel) to 
suppress backgrounds where IpT originates from mismea- 
sured lepton energy. Finally, events are rejected by re­
quiring for the azimuthal opening angle between the two 
leptons A < 2.0 rad, because leptons from back­
ground processes tend to be back-to-back in the trans­
verse plane, in contrast with those from a Higgs boson 
decay which, owing to its zero spin, tend to move in the 
same direction. This stage of the analysis is referred to 
as “final selection” .

The dilepton invariant mass distribution after pre­
selection for the combination of the three channels is 
shown in Fig. 1(a). The A4>((,() distribution after final 
selection is shown in Fig. 1(b). The contributions from 
the different background processes in each of the three 
channels are compared with the numbers of events ob­
served in data after preselection and after final selection 
in Table I. The total systematic uncertainty (described 
below and in the supplemental material) after fitting is 
shown with correlations appropriately incorporated.

To improve the separation between signal and back­
ground, an optimized NN is used in each of the three 
channels. Several well-modeled discriminant variables 
are used as inputs to the NN: the transverse momenta 
of the leptons, a variable indicating the quality of the 
leptons’ identification, the transverse momentum and in­
variant mass of the dilepton system, M™n, Jf¡T, $ t c, 
A<f>((,(), Ifir), A<f>((2 , Ifir), the number of iden­
tified jets, and the scalar sum of the transverse momenta 
of the jets. In each channel, separate NNs are trained 
for 18 test values of m u  from 115 to 200 GeV in steps

of 5 GeV. The combined distribution of the NN output 
for niH = 165 GeV from all three channels is shown in 
Fig. 1(c).

The estimates for the expected number of background 
and signal events depend on numerous factors, each intro­
ducing a source of systematic uncertainty. Two types of 
systematic uncertainties have been considered: those af­
fecting the absolute predicted event yield and those which 
also affect the shape of the NN output distribution. The 
most significant systematic uncertainties affecting the 
normalization of the NN output (quoted as a percentage 
of the yield per signal or background process) are: lepton 
reconstruction efficiencies (3%-6%), lepton momentum 
calibration (l% -3% ), theoretical cross section (including 
PDF, factorization and renormalization scale uncertain­
ties: 7% for diboson, 10% for t t  7% for W /Z (+ jets), 11% 
for Higgs signal), modeling of multijet background (2%- 
15), and integrated luminosity (6.1%). The most impor­
tan t sources affecting the NN output shape are: jet recon­
struction efficiency (1%—3%), jet energy scale calibration 
(1%—5%), jet energy resolution (2%), and modeling of 
P t{ W W ) ,  p t { H ), and p t ( Z )  (l% -5)% . The systematic 
uncertainty on the modeling of p t { W W )  and p t ( H )  has 
been determined by comparing the p t  distributions of 
PYTHIA, SHERPA, and MC@NLO, and the uncertainty on 
P t ( Z ) from a comparison of the shape of the NN distribu­
tion between data and MG predictions in a Z / j *  enriched 
control sample. The SHERPA and MC@NLO predictions 
agree well with each other and generate harder p t  spec­
tra  than PYTHIA [34]. The uncertainty on A for 
the W W  background is taken as 30% of the correction to 
the PYTHIA angular distribution as estimated in Ref. [29], 
leading to a relative uncertainty at the subpercent level. 
Appropriate correlations of systematic uncertainties be­
tween different channels, between different backgrounds, 
and between backgrounds and signal are included.



6

TABLE I: Expected and observed event yields in each channel after preselection and at the final selection. The systematic 
uncertainty after fitting is shown for all samples at final selection.

e
Preselection Final selection

e+e
Preselection Final selection

A,+Al
Preselection Final selection

Z /7 * —s- e+e 120 < 0.1 274886 158 ±13 — —

Z /l*  A'+AU 89 4.3 ±0.3 — — 373582 1247 ± 37
Z /7* —¥ T + T ~ 3871 7.1 ±  0.5 1441 0.7 ±0.1 2659 12.0 ±0.7

t t 312 93.8 ±8.3 159 47.0 ±4 .4 184 74.6 ± 6.8
W  + je ts /7 267 112 ±  9 308 122 ± 1 1 236 91.5 ±6.5

W W 455 165 ± 6 202 73.9 ± 6 .4 272 107 ± 9
W Z 23.6 7.6 ±0.2 137 11.5 ±  1.0 171 21.5 ±2.0
Z Z 5.4 0.6 ± 0.1 117 9.3 ±0.9 147 18.0 ±  1.8

Multijet 430 6.4 ±2.5 1370 1.0 ±  0.1 408 53.8 ±10.3
Signal {rn-H =  165 GeV) 18.8 13.5 ±1.5 11.2 7.2 ±0.8 12.7 9.0 ±  1.0

Total background 5573 397 ±14 278620 423 ±19 377659 1625 ±41
Data 5566 390 278277 421 384083 1613

0Í — 
—

£
3
J
Ü

mH (GeV)

—  l l r b
■ LLR,

—  LLROBS

120 130 140 150

b)
D 0 5.4 fb i

0 0.2 0.4 0.6 0.8 1 
NN Output

180 190 200
mH (GeV)

a)

D 0 5.4 fb 1

FIG. 2: (color online) (a) Data after subtracting the fitted background (points) and SM signal expectation (filled histogram) as a 
function of the NN output for niH=165 GeV. Also shown is the ±1 standard deviation (s.d.) band on the total background after 
fitting, (b) Observed LLR (solid line), expected LLR for background-only hypothesis (dashed line), and signal +  background 
hypothesis (dotted line), (c) Upper limit on Higgs boson production cross section at 95% C.L. expressed as a ratio to the SM 
cross section. The one and two s.d. bands around the curve corresponding to the background-only hypothesis are also shown.

After all selections, no significant excess of signal-like 
events is observed for any test value of m u-  Thus the 
NN output distributions are used to set upper limits 
on the Higgs boson production cross section, assum­
ing the SM-predicted ratio of production cross sections 
and Higgs decay branching ratios. Upper limits are 
set using the three search channels combined using a 
modified frequentisi method with a log-likelihood ratio 
(LLR) test statistic [35]. To minimize the degrading 
effects of systematics on the search sensitivity, the sig­
nal and different background sources contributions are 
fitted to the data observations by maximizing a likeli­
hood function over the systematic uncertainties for both 
the background-only and signal+background hypothe­
ses [36]. Fig. 2(a) shows a comparison of the NN dis­
tribution between background-subtracted data and the 
expected signal for niH= 165 GeV hypothesis. The back­

ground prediction and its uncertainties have been deter­
mined from the fit to data under the background-only 
hypothesis. The LLR distribution as a function of m u  is 
shown in Fig. 2(b) demonstrating the overall consistency 
of the data with the background-only hypothesis in the 
full niH range considered. Table II and Fig. 2(c) present 
the expected and observed upper limits as a ratio to the 
expected SM cross section. Assuming m j j= 165 GeV, the 
observed (expected) upper limit at 95% C.L. on Higgs 
boson production is a factor of 1.55 (1.36) times the SM 
cross section, representing an improvement in sensitiv­
ity of over a factor of 6 relative to our previous pub­
lication [13], larger than expected from the luminosity 
increase alone.

Auxiliary material is provided in [37].
We thank the staffs at Fermilab and collaborating 

institutions, and acknowledge support from the DOE
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TABLE II: Expected and observed upper limits at 95% C.L. for Higgs boson production cross section expressed as a ratio to 
the cross section predicted by the SM for a range of test Higgs boson masses.

rn>H (GeV) 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200
Limit (exp.) 14.9 9.74 7.20 5.40 4.23 3.48 3.07 2.58 2.02 1.43 1.36 1.65 2.06 2.59 3.28 4.20 5.08 6.23
Limit (obs.) 20.8 13.6 8.81 6.63 6.41 5.21 3.94 3.29 3.25 1.82 1.55 1.96 1.89 2.11 3.17 3.27 5.77 5.53
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A uxiliary m aterial

Figures 1 - 4  are the distributions of variables used to define the final selection: A(j>(£,£), Ifir, lpT°> and M™ln. The 
distributions are shown at final selection having removed final selection requirement on the plotted variable. Figures 5 -1 5  
are the distributions of variables input into the neural network at final selection.

TABLE I: Expected and observed event yields in each channel after final selection and requiring NN output > 0.9. The 
systematic uncertainty after fitting is shown.

NN output > 0 .9
e

final selection
e+e 

final selection
¡JL+ ¡JL

final selection
Signal (niH = 165 GeV) 1.9 ±  0.2 4.0 ±  0.4 2.6 ±  0.3

Total background 3.2 ±  0.1 28.1 ±  0.5 11.6 ±  0.3
Data 3 30 11

TABLE II: The production cross sections for the SM Higgs boson assumed for estimation of signal yield and the branching 
fraction for H  —> W +W ~ . The gluon fusion Higgs production cross section (agg —s- H ) has been determined with a NNLO 
calculation while all other Higgs production cross sections (a ( W H ), a ( Z H) ,  and a ( V B F ) )  were determined with a NLO 
calculation.

m H 
(GeV )

a(gg H ) 
(fb)

a ( W H ) 
(fb)

a ( Z H ) 
(fb)

a iV B F )
(fb)

B (H  —> W +W ~ )  
(%)

115 1240 178.8 107.4 79.1 7.974
120 1093 152.9 92.7 71.6 13.20
125 967 132.4 81.1 67.4 20.18
130 858 114.7 70.9 62.5 28.69
135 764 99.3 62.0 57.6 38.28
140 682 86.0 54.2 52.6 48.33
145 611 75.3 48.0 49.2 58.33
150 548 66.0 42.5 45.7 68.17
155 492 57.8 37.6 42.2 78.23
160 439 50.7 33.3 38.6 90.11
165 389 44.4 29.5 36.1 96.10
170 349 38.9 26.1 33.6 96.53
175 314 34.6 23.3 31.1 95.94
180 283 30.7 20.8 28.6 93.45
185 255 27.3 18.6 26.8 83.79
190 231 24.3 16.6 24.9 77.61
195 210 21.7 15.0 23.0 74.95
200 192 19.3 13.5 21.2 73.47
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TABLE III: Systematic uncertainties in percent for the Monte Carlo samples and the multijet estimate. Uncertainties are 
identical across all channels except where noted. The nature of the uncertainty is indicated in the last column of the table. 
Uncertainties that change the differential distribution of the final discriminant are labeled with “D” , while uncertainties that 
affect only the normalization are indicated by “N” . The values for uncertainties with a differential dependence correspond to 
the maximum amplitude of fluctuations in the final discriminant.

E Bkgd Signal Z  + je ts /7  W  + je ts /7  tt  Diboson Multijet Nature
Lepton identification ±4 ±4 ±4 ±4 ±4 ±4 - N
Lepton momentum resolution ±2 ± 2 ± 1 ± 1 ± 1 ± 2 - D
Jet energy scale ±4 ± 1 ± 8 ± 1 ± 1 ± 1 - D
Jet energy resolution ±3 ± 1 ±4 ± 2 ± 1 ± 1 - D
Jet identification ±4 ± 1 ± 6 ±4 ± 1 ± 1 - D
Z  — pt  correction ± 1 - ±3 - - - - D
W  — pr  correction ± 1 - - ± 2 - - - D
Diboson NLO correction ± 1 ± 1 - - - ± 1 - D
Multijet Normalization e+e~ ±2 - - - - ±20 N
Multijet Normalization ± 1 - - - - ± 10 N
Multijet Normalization y r ± 2 - - - - ±20 N
Cross section ±7 ± 10 ± 6 ± 6 ± 10 ± 6 - N
PDF ±  1 ± 1 - - - - - N
Luminosity ± 6.1 ± 6.1 - - - - - N

xlO

2 3
(rad)

2 3
(rad)

FIG. 1: The A </>(<?, <?) angle between the two leptons after all final selection requirements except for the selection on A </>(<?, £) 
in linear (a) and logarithmic (b) scale for the combination of e+e~, /u+A a n d  channels. The signal is shown for
í7?íj= 165 GeV and is scaled to the SM prediction for the combination of Higgs boson production from gluon fusion, vector 
boson fusion, and associated production. The systematic uncertainty is shown after fitting.
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FIG. 2: The fir  after all selections except for the selection on Ifr  in linear (a) and logarithmic (b) scale for the combination of 
e+e~ , fi+ , and channels. The signal is shown for mij=165 GeV and is scaled to the SM prediction for the combination
of Higgs boson production from gluon fusion, vector boson fusion, and associated production. The systematic uncertainty is 
shown after fitting.
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of e+e~, and channels. The signal is shown for m_tf=165 GeV and is scaled to the SM prediction for the combination
of Higgs boson production from gluon fusion, vector boson fusion, and associated production. The systematic uncertainty is 
shown after fitting.
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FIG. 4: The M™ln after all selections except for the selection on M™ln in linear (a) and logarithmic (b) scale for the combination 
of e+e~ , A,+Al~ , and channels. The signal is shown for m_tf=165 GeV and is scaled to the SM prediction for the combination
of Higgs boson production from gluon fusion, vector boson fusion, and associated production. The systematic uncertainty is 
shown after fitting.
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FIG. 5: The dilepton invariant mass at final selection in linear (a) and logarithmic (b) scale for the combination of e+e- , A'+A□  
and channels. The signal is shown for m_tf=165 GeV and is scaled to the SM prediction for the combination of Higgs
boson production from gluon fusion, vector boson fusion, and associated production. The systematic uncertainty is shown after 
fitting.



12

1  900M
800o

^  700
Oft
a 600

I 500
400
300
200

100

°0

• Data 
EH] Bkgd. syst. 
— Signal
□  Z+jets
□  Diboson
□  W+jets
□  Multi jet
□  tt

D0 5.4 fb-î a)

1 2 3
awt, A) (rad)

2 3
A) (rad)

FIG. 6: The A(j>(lpT, i l )  at final selection in linear (a) and logarithmic (b) scale for the combination of e+e~, ß and 
channels. The signal is shown for m_tf=165 GeV and is scaled to the SM prediction for the combination of Higgs boson 

production from gluon fusion, vector boson fusion, and associated production. The systematic uncertainty is shown after fitting.
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FIG. 7: The A(j>(lpT, ( 2 ) at final selection in linear (a) and logarithmic (b) scale for the combination of e+e~, ß and 
channels. The signal is shown for m_tf=165 GeV and is scaled to the SM prediction for the combination of Higgs boson 

production from gluon fusion, vector boson fusion, and associated production. The systematic uncertainty is shown after fitting.
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FIG. 8: The scalar sum of the transverse mom enta of the je ts at final selection in linear (a) and logarithmic (b) scale for the 
com bination of e+ e~, fi+ , and channels. The signal is shown for m ij=165 GeV and is scaled to  the SM prediction for
the com bination of Higgs boson production from gluon fusion, vector boson fusion, and associated production. The systematic 
uncertainty is shown after fitting.
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FIG. 9: The Ifir a t final selection in linear (a) and logarithmic (b) scale for the com bination of e+ e~, i ~, and channels.
The signal is shown for m_tf=165 GeV and is scaled to  the SM prediction for the com bination of Higgs boson production from 
gluon fusion, vector boson fusion, and associated production. The system atic uncertainty is shown after fitting.
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FIG. 10: The M™ln at final selection in linear (a) and logarithmic (b) scale for the com bination of e+ e_ , /u+A a n d  
channels. The signal is shown for m_tf=165 GeV and is scaled to  the SM prediction for the com bination of Higgs boson 
production from gluon fusion, vector boson fusion, and associated production. The system atic uncertainty is shown after 
fitting.
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FIG. 11: The num ber of identified jets at final selection in linear (a) and logarithmic (b) scale for the com bination of e+ e~, 
/l/+A and channels. The signal is shown for m_tf=165 GeV and is scaled to  the SM prediction for the combination
of Higgs boson production from gluon fusion, vector boson fusion, and associated production. The system atic uncertainty is 
shown after fitting.
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the com bination of Higgs boson production from gluon fusion, vector boson fusion, and associated production. The systematic 
uncertainty is shown after fitting.
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the com bination of Higgs boson production from gluon fusion, vector boson fusion, and associated production. The systematic 
uncertainty is shown after fitting.
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FIG. 14: The transverse mom entum  of the dilepton system at final selection in linear (a) and logarithmic (b) scale for the 
com bination of e+ e~, and channels. The signal is shown for m ij=165 GeV and is scaled to  the SM prediction for
the com bination of Higgs boson production from gluon fusion, vector boson fusion, and associated production. The systematic 
uncertainty is shown after fitting.
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FIG. 15: The Ifij? at final selection in linear (a) and logarithmic (b) scale for the com bination of e+e~ and channels.
The signal is shown for m_tf=165 GeV and is scaled to  the SM prediction for the com bination of Higgs boson production from 
gluon fusion, vector boson fusion, and associated production. The system atic uncertainty is shown after fitting.
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