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We present a search for Higgs bosons in multilepton final states in pp collisions at /s = 1.96 TeV
recorded with the DO detector at the Fermilab Tevatron Collider, using the full Run II data set with
integrated luminosities of up to 9.7 fb~!. The multilepton states considered are eeu, eppt, 7),7,, and
like-charge e™ u™ pairs. These channels directly probe the HVV (V = W, Z) coupling of the Higgs boson
in production and decay. The w7,7, channel is also sensitive to H — 777~ decays. Upper limits at the
95% C.L on the rate of standard model Higgs boson production are derived in the mass range 100 =
My = 200 GeV. The expected and observed limits are a factor of 6.3 and 8.4 above the predicted
standard model cross section at My = 125 GeV. We also interpret the data in a fermiophobic Higgs

boson model.

DOI: 10.1103/PhysRevD.88.052009

L. INTRODUCTION

The Higgs boson is predicted by the standard model
(SM) as a consequence of the breaking of the electroweak
symmetry, which gives mass to the weak gauge bosons.
The ATLAS and CMS Collaborations at the CERN Large
Hadron Collider have recently reported the observation of
a Higgs-like boson at a mass of My = 125 GeV, primarily
in yy and ZZ final states [1,2]. Combining searches in the
channel where the Higgs boson is produced in association
with a W or Z boson, the CDF and DO Collaborations have
found evidence for Higgs boson decay into bb pairs [3].
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In this article, we study final states with multiple
charged leptons, including electrons, muons, and hadroni-
cally decaying tau leptons (7). We present the first Higgs
boson search performed in the trilepton final states eepu,
eppm, and pu7,7), with the DO detector.

We also consider the production of like-charge e*u™
pairs. This final state has the advantage of reduced back-
ground from Z boson decay that is present in opposite-charge
ete”, utu~, and e*u™ final states [4]. This analysis
supersedes the previous searches in e* u ™ final states, which
used integrated luminosities of up to 5.3 fb~! [5].

The main Higgs boson production mechanisms relevant
for this analysis are associated WH and ZH production and
gluon-gluon fusion. The contribution from vector boson
fusion is small and therefore neglected. The multilepton
channels are sensitive to Higgs boson decays into W W~
and ZZ pairs, where the vector bosons (V) decay leptoni-
cally. These channels therefore directly probe the HVV
coupling in production and decay. The trilepton searches
are also sensitive to H — 77~ decays from associated
production (WH, ZH) through hadronic tau decays in the
7,7, channel and through leptonic tau decays in the ee u
and e u channels. Searches for H — 7+ 7~ decays in final
states with additional jets have also been performed using
the full Run II data set [6].

We also interpret the data in a fermiophobic model
with a Higgs boson that does not couple to fermions but
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couples to W and Z bosons with SM strengths. Such
searches have been conducted at the CERN e*e”
Collider LEP [7-10] and at the Fermilab Tevatron
Collider [11,12]. The CMS Collaboration excludes fermio-
phobic Higgs bosons with My < 124.5 GeV, 127 <
My <1475 GeV, and 155 <My <180 GeV at the
95% C.L. in a model that assumes the couplings of the
Higgs boson to other bosons are SM-like [13].

Most results in this article are based on the full Run II
data set collected with the DO detector at the Fermilab
Tevatron and correspond to an integrated luminosity of
9.7 fb~!. The analysis of the w77, final state only uses
data recorded after June 2006 with an integrated lumi-
nosity of 8.6 fb~!. The results provide an important
input for the combined Higgs boson search performed
by the DO Collaboration [14] and for the Tevatron
combination [15].

II. DO DETECTOR

The DO detector [16] comprises tracking detectors and
calorimeters. Silicon microstrip detectors and a scintil-
lating fiber tracker are used to reconstruct charged par-
ticle tracks within a 2 T solenoid. A liquid-argon and
uranium calorimeter has a central section (CC) covering
pseudorapidities [17] |5, up to =1.1, and two end
calorimeters (EC) that extend coverage to |n,| = 4.2.
The calorimeters consist of electromagnetic (EM) and
hadronic sections segmented longitudinally in several
layers. Muons are identified by combining tracks with
patterns of hits in the muon spectrometer, which lies
outside the calorimeter and consists of a layer of track-
ing detectors and scintillation trigger counters in front of
a 1.8 T toroid, followed by two similar layers after the
toroid [18]. Trigger decisions are based on partial infor-
mation from the tracking detectors, calorimeters, and
muon spectrometer [16].

III. EVENT SIMULATION

All background processes are simulated using
Monte Carlo (MC) event generators, except the Zy back-
ground in the eppu channel and the multijet background,
which are determined from data. The W + jets, Z/y* —
€€~ + jet, and t7 processes are generated using ALPGEN
[19] with showering and hadronization provided by PYTHIA
[20]. Diboson production (WW, WZ, and ZZ) and signal
events are simulated using PYTHIA. All these simulations
use the CTEQG6L1 [21] parton distribution functions
(PDFs). Associated production of Higgs bosons (WH and
ZH) and gluon-gluon fusion are generated in 5 GeV incre-
ments of My in the range 100 = My = 200 GeV. Tau
lepton decays are simulated with TAUOLA [22], which
includes a full treatment of the tau polarization.

Next-to-leading order (NLO) quantum chromodynam-
ics calculations of cross sections are used to normalize
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the background contribution of ## [23] and diboson [24]
processes. The WZ production cross section is corrected
for Wy* interference using POWHEG [25]. The cross
section for W/Z + jets production is normalized to a
next-to-NLO (NNLO) calculation [26]. The transverse
momentum (p7) spectrum of Z bosons, defined as the
momentum component transverse to the beam direction,
is corrected to match the measured distributions [27].
The correction factor for the pr spectrum of W bosons
is the product of the Z boson correction factor and the
ratio of the py spectra of W and Z bosons calculated at
NNLO [28].

The cross sections for VH associated production are
calculated at NNLO [29,30]. The NNLO calculation of
Higgs boson production in gluon-gluon fusion takes into
account resummation of soft gluons to next-to-next-to-
leading-log (NNLL) [31] accuracy. Higher order correc-
tions to the Higgs boson production cross sections are
computed with the MSTW 2008 PDF set [32]. The simu-
lated py spectrum of Higgs bosons from gluon-gluon
fusion is corrected using the NNLO and NNLL calculation
of HQT [33]. Branching fractions of the Higgs boson decays
are calculated using HDECAY [34].

All MC samples are processed through a GEANT [35]
simulation of the detector. Data from random beam cross-
ings are overlaid on the MC events to account for detector
noise and additional pp interactions. The simulated
distributions are corrected for differences between data
and simulation in the reconstruction efficiencies and
in the distribution of the longitudinal coordinate of the
interaction point.

To maximize signal acceptance, we use all events that
pass our event selection without requiring a specific
trigger condition. The residual efficiency loss from
events that are not recorded depends on the event kine-
matics. We study ratios of kinematic distributions using
the inclusive trigger requirements and using a set of
specific single lepton triggers. The trigger efficiencies
for single leptons have been measured with Z — €1~
decays in data using a tag-and-probe method [36]. For
the eup and p7,7), final states the measured single-
lepton trigger efficiency is scaled by the ratio of the
acceptances of the inclusive and the single-lepton trigger
conditions determined using data. This factor is applied
to kinematic distributions of MC events to account for
biases introduced by the inclusive trigger requirement.
No correction is applied for the eeu and e*u™ final
states where the efficiency of the inclusive trigger
method is close to 100%.

IV. OBJECT IDENTIFICATION

The signal comprises electrons, muons, and tau leptons
that are isolated from other particles in the detector.

Electrons are identified by requiring electron clusters in the
EM calorimeter that are matched with a track in the central
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tracker. The energy is measured in the EM and the first
hadronic layers of the calorimeter within a cone of radius

= VJ(An)? + (Ap)?> = 0.2, where ¢ is the azimuthal
angle. The electron cluster must satisfy a set of criteria:
(i) calorimeter isolation fraction, fi, = (Ewot — Epm)/Erm»
less than 0.15 for the CC region and less than 0.1 for EC,
where E, is the total energy in the cone of radius R = 0.4
and Epy; is the EM energy in a cone of radius R = 0.2;
(ii) fraction of the EM energy to the total energy greater than
0.9; and (iii) ratio of the electron’s transverse momentum
measured by the calorimeter and by the tracking detector,
respectively, less than 8 (CC only). In addition, the value of an
eight-variable likelihood for electron candidates is required to
be L, > 0.05 [5]. The electrons must also satisfy a require-
ment on a neural network discriminant with seven input
variables in the CC and three in the EC region, including
isolation and shower shape variables to improve the discrimi-
nation between jets and electrons. The sum of the charged
particle tracks’ p; in an annulus of 0.05 < R < 0.4 around
the electron direction must be less than 3.5 GeV in the CC and
less than (—2.5 X |n,4| + 7) GeV in the EC. This criterion
was optimized by maximizing the efficiency for electrons
while suppressing background from jets.

Muons are identified by the presence of at least one track
segment reconstructed in the muon spectrometer which is
spatially consistent with a track in the central detector,
where the momentum and charge are measured by the
curvature of this track. Muon isolation is imposed with
two isolation variables defined as the scalar sums of the
transverse energy in the calorimeter in an annulus of radius
0.1 <R < 0.4 around the muon direction and of the mo-
menta of charged particle tracks within R = 0.5. Both
variables, divided by the muon py, must be less than 0.2.
To reduce the effects of charge misreconstruction, addi-
tional selection criteria on the track quality are applied in
the e* u™ channel.

Three types of tau lepton decays into hadrons are
identified by their signatures. Type-1 tau candidates consist
of a single track and its associated energy deposit in the
calorimeter, without any additional separate energy depos-
its in the EM section. This signature corresponds mainly to
7= — 7= v decays and also includes leptonic 7= — e~ vv
decays. For type-2 tau candidates, we require a track and
its associated calorimeter energy deposit, plus a separate
energy deposit in the EM calorimeter consistent with a
m° — vy decay, as expected for 7= — 77 7' decays.
Finally, type-3 tau candidates consist of two or three tracks,
combined with an energy deposit in the calorimeter. This
corresponds mainly to the decays 7= — 777 (7).
In this analysis, type-3 tau candidates are required to have
three tracks and an associated net charge of *1. For each
tau type, a neural network is designed to discriminate 7,
from jets. The neural network discriminants are required to
be NN, > 0.75 for types 1 and 2, and NN, > 0.95 for type
3 [37]. The input variables for these neural networks are
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based on isolation variables for objects and on the spatial
distributions of showers. The transverse momentum of the
7, candidates is calculated using the energy measured in
the calorimeter, except for type-1 7, candidates where the
track information is used if the p; measured in the calo-
rimeter is less than 70 GeV.

Variables that include information on the imbalance in
transverse energy (f;) caused by neutrinos are used to
improve the discrimination between signal and background.
The Fr is calculated using the transverse energy measured
in the calorimeter, corrected for the presence of identified
muons. Two modified £ variables, £ and S(F;), are used
to reject events where the f arises from detector effects
and not from neutrinos. In events where the opening angle
¢ between the f; direction and the nearest lepton or jet is
small, the resolution of the £ measurement is dominated
by the uncertainty on the measured lepton or jet energy.
Less s1gn1ﬁcance is assigned to this reglon by using ET,
defined as ET = Frsing if ¢ < 7/2 and ET = Fr else-
where. The significance S(¥) [38] is defined so that larger
values of S(fr) correspond to f; measurements that are
less likely to be caused by fluctuations in jet energies.

Jet variables are used to discriminate between signal and
background in the eu p and e™ u™ channels but not in the
event selection. We identify jets using a midpoint cone
algorithm [39] with a cone size of R = 0.5, based on
energy deposits in the calorimeter. We correct the energy
scale of jets in both data and MC [40]. We require pi' >

15 GeV in the epup channel and pJTe > 20 GeV in the
e ™ channel. In both cases the jets must lie within

|7]Jet| < 2.4.

V. EVENT SELECTION

The event selection is designed to maximize sensitivity
to a SM Higgs boson signal in each channel separately. The
leading muon (u;) in the eup and w7, 7, channels, the
leading electron (e;) in the eeu channel, and the electron
in the e* ™ channel are required to have p; > 15 GeV.
All other selected leptons must have a transverse momen-
tum of py > 10 GeV. The pseudorapidity of at least one of
the selected muons in all channels except ee e and of both
7, candidates in the w7,7), channel must be |p#| < 1.6
and [n7| < 1.5, respectively. The transverse momentum of
type-1 and type-2 7, candidates must be pr > 12.5 GeV,
and we require py > 15 GeV for type-3 7, candidates.

The leptons in the events originate from a p p interaction
vertex, which is required to have a longitudinal coordinate
located within 60 cm of the nominal center of the detector.
The maximum difference between the longitudinal coor-
dinate at the distance of closest approach to the beam axis
for all lepton pairings in an event must be less than 3 cm.

To facilitate combining channels, we ensure that there is
no overlap between them. All events with at least two
electrons and at least two muons (eeu ) are included in
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TABLE I. Numbers of events in data, predicted background, and expected signal for
My = 125 GeV after the event selection. The numbers are shown for the different samples
separately, together with their total (statistical and systematic) uncertainties.

eep eppA eppp eppc KTpT) e p”
Signal
WH 0.39 0.23 0.07 0.02 0.55 1.93
ZH 0.45 0.06 0.19 0.11 0.17 0.32
gg—H—ZZ 0.05 <0.01 0.01 0.02 <0.01 <0.01
Signal Sum 0.89 0.29 0.27 0.15 0.72 2.25
Background
Z—e"e” 39.1 £12.8 <0.1 <0.1 <0.1 03*x01 159=x24
Z—utu~ <0.1 2609 84+29 323*+106 44=*+06 585152
Z—7t7 1506 01x01 01*x0.1 <0.1 5607 22068
Zy <0.1 11.8 £ 1.1 242*20 769=*59 <0.1 <0.1
Diboson 371 £43 39x05 194*x25 94=*12 90=x13 362=*36
1t 1.2+02 05*01 03=*x01 01*x01 14%x02 41=x21
W + jets 0.2 £0.1 <0.1 <0.1 <0.1 5.4+0.7 2383 *19.0
Multijet <0.1 <0.1 <0.1 <0.1 <0.1  434.5+87.0
Background
Sum 79 £ 15 19%2 52%5 119 = 11 26 =4 809 =93
Data 77 16 57 119 22 822
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the eep sample and removed from the eu p sample. All
events included in the other trilepton final states are re-
moved from the w7, 7, sample. We also reject events with
an additional electron or muon in the ¢* = channel.

We construct a variable M(€€¢F;) that is the invariant
mass of the three leptons and the £, where the f; vector is
assumed to have a longitudinal momentum component
equal to zero. We require M(€€€F;) > 100 GeV for the
eep and epp final states to reject Z + jets background.
To remove Z— puu events with final state radiation,
we require eupu events in the range 75 < M(epu) <
105 GeV to have f; > 20 GeV. In the u7,7), final state,
we require f7 > 15 GeV to reject multijet events and a
transverse mass M7(u) > 20 GeV to reject Z — 77 back-
ground. The transverse mass

My(€) = y2pLEr(1 — cos ¢))

is calculated using the azimuthal angle ¢ between the
charged lepton (€ = e, ) and the direction of the f;.

Muons and electrons must be separated from jets by
R >0.1 in the epp, eew, and e u™ channels. All se-
lected leptons are required to be separated by R > 0.3 from
each other. This is increased to R > 0.5 for the pairings of
7, candidates and for the pairing between 7, candidates and
muons. The sum of the charges in the w77, final state
must be = 1. The electron and muon are required to have the
same charge in the e* ™ final state. No lepton charge
requirements are applied for the eepn or e p final states
to maximize the sensitivity to signal.

We divide the epp channel into three samples with
different signal and background composition to increase
sensitivity to a Higgs boson signal. The epuuw, sample

contains events where the dimuon mass is outside the range
60 < M(upm) <130 GeV and all events with like-charge
muons. The second sample (euwp) contains events with
oppositely charged muons, 60 < M(uu) < 130 GeV, and
S(E7) > 2. The eupuc sample consists of all remaining
events with 60 < M(uu) < 130 GeV and S(f7) < 2.

An overall normalization factor for the e ™ signal and
background MC samples is obtained from the ratio of the
number of data to MC events in an opposite-charge eu
sample in the range 25 < M(eu) <75 GeV, which is
dominated by Z + jets events.

The number of events in data, the expected background
and signal, after all selection criteria described in this
section have been applied, are given in Table I.

VI. INSTRUMENTAL BACKGROUNDS

Instrumental backgrounds are caused by leptons pro-
duced inside jets, low-multiplicity jets that are recon-
structed as 7;, candidates, photons or jets misidentified as
electrons, and by opposite-charge e pairs where one of
the charges is incorrectly measured.

The W + jets background in the e o and ee e samples
is expected to be small, and its contribution is therefore
described only by the simulation using the theoretical cross
section. Since the W + jets background is expected to
contribute more for the w7,7), and e* u™ final states, their
normalization is obtained using data and then applied to the
simulated kinematic distributions of the W + jets events.

To model the W + jets background for wr,7, final
states, we select a data sample enriched in W + jets events.
We require that events pass all selection criteria, except the
requirements on the NN, outputs. In addition, we require
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TABLE II.  Set of variables used in training of the BDT for each final state. The charges of the leptons are g, (€ = e, u). The angle
¢ (€, €,) is taken between the two leptons, and the angle ¢(€¢, €') between the dilepton system (€€) and the lepton with the different
flavor (€). The variables R (€, €) and My,(€€'E;) are calculated for all lepton pairings. The pairings with the smallest and largest
values are denoted by min {} and max {}, respectively, and mid{} corresponds to the third pairing. The mass, transverse momentum, and
pseudorapidity of the trilepton system are denoted by M(£€€), pt*¢, and n‘*‘, respectively, and 3 p¥. is the scalar sum of the transverse
momenta of the three leptons. The variable f, is the fraction of charged particle tracks associated with the jet that point back to the
same vertex as the leptons. If no jets are present, the jet variables are set to zero. All variables given for the w7, 7, channel are used in
the first BDT, whereas only p7', M(77), Mr(w), and £ are used in the second BDT. All variables given for the e u™ channel are used

in both BDTs, except pj;t and ¢(jet, £7), which are used in the second BDT only.

MTpTh eiﬂi
eep e p ey e hc BDT1 BDT2 BDT1 BDT2
L,
PTs PT. PT Py Py pr'.py pis>prsPr PY PrPT
ppr™ pr* pr* pr* pY
neﬂﬂ nel’v,“' 779/»":“'
G, Xy, ge X M qu X M
dey, er) Dy, o) Dy, o) D (w1, 12)
¢(ee, pn) d(pu, e) d(pp, e) d(pp, e)
min{R (¥, €¢)} min{R (¢, (')} min{R (¢, ¢)} min{R(¢, ')} Re, n)
mid{R (¢, £')} mid{R (¢, £')}
max {R (¢, €')}
M(ee) M(up) M(up) M(pp) M(77), M(u7)) M(7T) M(ep)
M(eepFr) M(epp) M(epp) M(77p)
min {MT(ei)} min {MT(Mi)} My(u) M7p(p) min {MT(e)’ MT(,U«)}
max {Mp,(¢€'Er)} max{Mr,(€€'Er)}
mid{MTZ(gglET)}
Er, S(Er) Er, S(Er) Er, S(Er) Er Er Er
My (e, Er)
S pr+Er o+ Er S pr+Er
min {Q')(,U«i, ET)} max {(([)((f, ET)}
Nie, Nieq Niet
3 " s P
et
max {¢(et;, £7)} d(et, Er)
fep

Mp(m) > 40 GeV and p7' > 20 GeV. The normalization
factors that are applied to the simulation are determined
from the ratio of the event yields in the W + jets enriched
region for data and simulation. They are determined sepa-
rately for each type of 7, candidate, and for same-charge
and opposite-charge 7, pairs.

To normalize the simulated W + jets background in the
e™ u™ final state, we select a data sample enriched in W +
jets events by requiring £, > 20 GeV, an inverted electron
likelihood criterion £, < 0.7, and min{My(e), My(w)} >
20 GeV. This data sample is used to derive separate normal-
ization factors for jet multiplicities Nj,, = 0, 1, and = 2 that
are applied to the simulated W + jets background samples.

Multijet background is highly suppressed in final states
with three high-p; isolated leptons. It is found to be
negligible for the ey, eep, and p7,7), final states using
methods based on data. The multijet background in the
e* u* channel is determined using an eu multijet sample
that contains events with one electron, selected with re-
laxed requirements on the likelihoods and neural networks
compared to the standard electron identification, and with
one muon, selected without applying isolation require-
ments. These electrons and muons are denoted as fake
leptons. This sample has the same kinematic selection
applied as the signal sample, but has no overlap with it
due to the different lepton identification requirements.
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To obtain the correct normalization of this sample, we
calculate separate fake rates for electrons and muons,
given by the ratio of the number of events with a standard
lepton to the number of events with a fake lepton. This
fake rate is calculated separately for electrons and muons
as a function of their py in two inclusive samples. One
sample is selected by requiring an electron in each event
applying only relaxed identification requirements and the
second sample by requiring a muon in each event but
without applying muon isolation requirements. An addi-
tional requirement of F; < 15 GeV is applied for both
samples, which ensures that they are enriched in multijet
events. There is no significant overlap of the inclusive
samples used to calculate the fake rate with the multijet
ep sample. The shape and normalization of the multijet
contribution are then obtained by applying the product of
the pr-dependent fake rates for electrons and muons to
the multijet eu sample.

Photons reconstructed as electrons contribute to the
background in the eu e final state. This background is
modeled using yup data events, selected in the same
way as the euu sample, except that the track matching
criteria for electrons is reversed to reconstruct the photon.
We then apply a normalization factor that describes the rate
at which photons are misidentified as electrons. To calcu-
late this normalization factor, we select events with two
muons, a photon or electron (labeled e/7y), and Fr; <
20 GeV. The invariant mass of the two muons and the

PHYSICAL REVIEW D 88, 052009 (2013)

e/y in the sample used to calculate the normalization
factor has to be in the range between 75 and 105 GeV.
This sample is enriched in events with final state radiation
from Z/y* — u* u~ decays. The normalization factor is
calculated as the ratio of the number of events with elec-
trons to photons in this sample.

VII. MULTIVARIATE DISCRIMINANTS

Boosted decision trees (BDTs), as implemented in the
TMVA package [41], are used to discriminate between
signal and background. The BDTs are trained for each
mass point separately in the range 100 = My =
200 GeV, in steps of 5 GeV. For each background or signal
process, the event samples are split into subsamples for
training the BDTs. The BDTs are then applied to the
subsamples not used in the training to derive limits on
the Higgs boson production cross section. The only ex-
ception is the Zy background in the e u u final state, where
both simulation and data are used. We train the BDT with a
Zy MC sample and then apply the BDT to the kinematic
distributions estimated using the Zy data sample to obtain
the BDT distribution used in the limit setting. This proce-
dure reduces fluctuations in the training caused by the
small number of data events.

The BDTs exploit kinematic differences between Higgs
boson production for a given My and background. The
variables used as inputs to the BDTs are given in Table II.

T T T | T T T T T T T T T q 80 F T T T E
206D, 9.7fb" ey, —Data (@) ] 16/ DO, 9.7fb"eun, —Data  (b)]  7ofDO,9.7fbeun. —Data ()
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FIG. 1 (color online).

max{M,,(LLE, )} [GeV]
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Distributions of (a) the product of the muon charges, g, X ¢,,, (b) the scalar sum of transverse momenta and

Er, 3 pb + Fr, (c) the transverse momentum of the electron, p$, (d) the significance S(¥7), (e) the maximal My, for all lepton
pairings, max {M,(€€'E;)}, and (f) the pseudorapidity of the trilepton system, n¢##. The distributions are shown after the event
selection. The eu u g samples are shown in the left, middle, and right columns, respectively. The data are compared to the sum of
the expected background and to simulations of a Higgs boson signal for My = 125 GeV, multiplied by a factor of 10 for the e 5

channel and 75 for the other channels.
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FIG. 2 (color online). Distributions of (a) trilepton transverse momentum, pee" , and (d) the minimal transverse mass,
min{My(e,), My(e,)}, for the eep samples, (b) the transverse momentum of the leading 7, candidate, p;', and (e) the ditau invariant
mass, M(7y, 72) for the w7,7, samples, and (c) missing transverse energy, fr, and (f) the invariant mass of the electron and muon,

M,,, for the e* ™ samples. The distributions are shown after the event selection. In addition, the final selection step requiring the
output of the first BDT to be >0.3 and min{M(e), My(x)} > 7 GeV has also been applied to the e* u ™ sample. The data are compared
to the sum of the expected background and to simulations of a Higgs boson signal for My = 125 GeV, multiplied by a factor of 10.
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FIG. 3 (color online). Distribution of the BDT outputs for the (a) eppps, (b) eppp, (€) eppic, and (d) eep channels and
distributions of the outputs of the (e,g) first and (f,h) second BDT in the u7,7, and e*u™ channels, respectively. The data are
compared to the sum of the expected background and to simulations of a Higgs boson signal for My = 125 GeV, multiplied by factors
of 75 for the e and ep e channels and 10 for the other channels.
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They are based on the transverse momenta of the leptons
and jets, the F;, angular variables, charge correlations
between leptons, and on the invariant masses of the pair-
ings of leptons, jets, and the £7. Jet variables are used to
calculate the discriminants in the e and e™ u™ channels
only. The variable My, is an extension of the transverse
mass M to final states with two visible and two invisible
particles [42,43]. Some of the variables use constraints
given by the Z boson mass. On average, the opening angles
between leptons in H — WW decays are smaller than for
background and their direction is opposite to the direction
of the f7 because of spin correlations in the decay of a
scalar Higgs boson. Other variables, such as the likelihood
L,, reject events with misidentified leptons. Distributions
of some of the input variables used for BDT training are
shown in Figs. 1 and 2.

A single BDT for each mass point is used to discriminate
between signal and all background processes for the eeu
sample and for each of the three euu subsamples. The
output distributions of the BDTs [shown in Fig. 3(a)-3(d)
for data, signal with My = 125 GeV, and for expected
background] are used to discriminate between signal and
background.

Two BDTs are trained for the w7, 7, sample, where the
first BDT discriminates between signal and all background
sources except diboson production and the second BDT
between signal and the dominant diboson background.
Events that pass a selection requirement on the first BDT
discriminant of >0.680-0.788, determined separately for
each My value to optimize the discrimination between

TABLE III. Numbers of events in data, predicted background,
and expected signal for My = 125 GeV for the e* u™ channel.
The numbers are given after the initial event selection and after
the final selection, which also requires the first BDT output to be
>0.3 and min{M(e), My(u)} > 7 GeV. The numbers of events
are given with their total (statistical and systematic) uncertainties.

Initial Selection Final Selection

Signal

WH 1.93 1.51
ZH 0.32 0.23
gg—H—ZZ <0.01 <0.01
Signal Sum 2.25 1.74
Background

Z—ete 15924 27*04
Z—utu” 585=*=15.2 10.6 = 2.8
Z—7rr 22.0 = 6.8 1.8 0.6
Zy <0.1 <0.1
Diboson 36.2 = 3.6 3.6 £3.2
1t 41=*x21 34 = 1.7
W + jets 238.3 £ 19.0 62.4 = 5.0
Multijet 434.5 £ 87.0 9.1 £1.38
Background

Sum 809 = 93 122 7
Data 822 102
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signal and background, are used as input to the second
BDT. The output distributions of the first BDT with My =
125 GeV are shown in Fig. 3(e) and for the second BDT in
Fig. 3(f), using all events where the first BDT output is
>0.744. The output of the first BDT is used as the dis-
criminant in the limit setting for all events that fail the
requirement on the first BDT output and the output of the
second BDT for all remaining events.

The output distribution for the first BDT used for the
e ™ channel is shown in Fig. 3(g). It discriminates
mainly between signal and W + jets as well as multijet
production. After requiring the output of the first BDT to
be >0.3 and min{My(e), M7(n)} > 7 GeV in a final se-
lection step, the number of expected background events at
My = 125 GeV is reduced from 809 =93 to 122 £ 7,
while the expected number of signal events is only reduced
by 23% (see Table III). A second BDT is trained to dis-
criminate between signal and the remaining background
sources, which are mainly from diboson, W + jets, and
Z + jets production, in the remaining events. The output of
the second BDT for this sample, shown in Fig. 3(h) for
My = 125 GeV, is used as a discriminant in the Higgs
boson searches.

VIII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties on both background and signal,
including their correlations, are taken into account as un-
certainties on the normalizations and on the shape of
differential distributions. Table IV gives an overview of
the sources of systematic uncertainties.

The theoretical uncertainty on signal production cross
sections is 7.6% for gluon-gluon fusion and 6.2% for
associated VH production. Uncertainties on the back-
ground include the theoretical uncertainty on the cross
sections for Z/y* — €7€~, W + jets, t7, and diboson pro-
duction, which vary between 5% and 7%. The theoretical
uncertainty on the W + jets cross section is applied for the
eep and ep o channels, where this background is normal-
ized using the theoretical prediction. The uncertainty from
the normalization of the W + jets background in the w77}
and e“u™ channels is 5%-6%. Additional shape-
dependent uncertainties are applied in the e u™ channel
to account for uncertainties in the description of the py
spectra of W and Z bosons as well as for initial and final
state radiation in W + jets events. The uncertainties on the
Z boson pr spectrum are applied as shape uncertainty in
the eep and e channels, whereas the uncertainty due to
the W boson p; spectrum is found to be negligible. The
systematic uncertainty of 7.3% on the normalization of
the Zvy background in the e final state is dominated
by the statistical uncertainty on the normalization factor.

The shape-dependent uncertainty on charge misidentifi-
cation for the e channel is determined by comparing
the ratios of same-charge and opposite-charge pu events
in data and MC. In the e™ u™ channel, the normalization
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TABLE IV. Sources of systematic uncertainties that affect either the shape of the differential
distributions or the normalization of the expected signal and background for each final state.

Source Range eeu el LT et u*
Signal

Higgs boson cross section (gg — H) 7.6% normalization

Higgs boson cross section (VH) 6.2% normalization

Background

Z/y* — €1 € cross section 6% norm norm norm n/a
W + jets 5%—1% normalization

tf cross section 6%—-10% normalization

Diboson cross section 6%—7% normalization

W + jets (initial/final state radiation) n/a n/a n/a shape
pr spectrum of W bosons n/a n/a n/a shape
pr spectrum of Z bosons shape shape n/a shape
Z/v normalization 7.3% n/a norm n/a n/a
Charge misidentification n/a shape n/a norm
Multijet background 20% n/a n/a n/a norm
Signal and Background

Integrated luminosity 6.1% normalization

Parton distributions 2.5% norm norm n/a n/a
Inclusive trigger method 1.5%-5% normalization

Z + jets normalization 4% n/a n/a n/a norm
Lepton-in-jet misidentification 30% norm norm n/a n/a
Electron identification 2.5% norm norm n/a n/a
Muon identification 2.9%—4% norm norm norm n/a
7, identification 4%-7% n/a n/a norm n/a
Electron energy scale shape shape n/a n/a
Muon energy scale shape shape n/a n/a
Jet energy n/a shape n/a norm/shape
Jet reconstruction n/a shape n/a norm/shape

TABLE V. Expected and observed 95% C.L. upper limits on the SM Higgs boson production
cross section relative to the SM expected value, for the eep, e, 7,7, and e u™ channels
separately and combined.

eeu on LTLT) et u* Combined
My (GeV) Exp Obs Exp Obs Exp Obs Exp Obs Exp Obs
100 16.6 36.1 24.8 329 8.2 10.8 18.6 10.4 6.3 7.5
105 17.4 36.1 23.5 24.0 9.3 114 19.3 12.3 6.7 7.2
110 18.6 34.8 24.0 38.2 10.2 12.3 18.9 13.0 74 7.2
115 17.7 34.1 22.3 27.1 11.3 13.6 17.8 12.9 7.1 10.9
120 16.5 28.6 21.7 22.5 12.7 17.2 14.4 9.8 7.3 9.6
125 14.1 19.9 17.0 223 13.0 194 11.8 8.8 6.3 8.4
130 12.3 174 14.3 15.4 13.5 13.3 10.4 74 5.9 5.5
135 11.0 16.0 13.1 12.4 14.6 17.6 8.4 6.2 5.1 49
140 10.1 12.6 11.4 11.3 14.1 20.6 85 7.2 49 5.2
145 9.4 11.2 11.2 11.4 14.2 22.3 7.7 6.4 4.6 5.1
150 8.9 11.7 10.6 9.8 16.2 20.1 7.0 6.9 43 5.2
155 9.3 11.5 10.8 9.0 15.4 17.6 7.3 6.2 44 45
160 9.6 10.7 10.9 9.3 15.4 22.8 6.9 5.9 42 44
165 9.6 9.3 10.3 85 16.1 23.9 6.6 6.3 41 4.6
170 11.0 10.7 11.0 12.3 16.0 16.2 7.5 7.2 45 4.7
175 11.9 10.6 12.7 22.4 17.4 343 7.9 83 5.0 1.7
180 12.9 11.3 13.5 16.7 21.1 40.7 85 10.4 5.6 7.3
185 13.6 13.0 14.1 19.8 20.1 26.2 9.9 11.3 6.0 10.6
190 14.4 13.1 15.1 29.1 24.0 36.7 10.7 14.5 6.7 11.2
195 15.5 13.8 17.1 25.6 259 37.8 12.8 17.3 7.7 12.7
200 16.4 11.6 17.8 23.7 27.5 333 11.9 17.3 7.7 10.1
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FIG. 4 (color online). Upper limit on the SM Higgs boson production cross section expressed as the ratio to the SM prediction
(left column) and observed LLR (right column) as a function of My for the (a,b) eep, (c,d) ep ., (e,f) w77, (g.h) e u™ channels,
and (i,j) for all channels combined. The LLRs are shown for the background-only and the signal-plus-background hypotheses. The
bands correspond to regions of =1 and *2 standard deviations (s.d.) around the median expected limit and around the expected
median LLR for the background-only hypothesis, respectively.
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uncertainty on the background from charge misidentifica-
tion is 16% for Z + jets, 50% for tf, and 7.5% for diboson
background, assessed by studying the contribution of
charge misidentification in the simulation. The systematic
uncertainty on the normalization of the multijet back-
ground in the e*u™ channel is estimated to be 20% by
studying its dependence on jet multiplicity and lepton py.

The uncertainty on the measured integrated luminosity is
6.1% [44], affecting both signal and simulated background.
The uncertainty on the acceptance from the uncertainty on
the parton distribution functions is 2.5%. Uncertainties
on the normalization of the signal and the simulated
background are studied by comparing distributions of data
obtained using the inclusive trigger method with those
obtained using only single-lepton triggers. The uncertainty
of 1.5%-5% from using the inclusive trigger method is
calculated from the statistical uncertainty of the data
samples used to derive the trigger corrections.

An overall normalization uncertainty is applied to the
e® u* sample, which is normalized to the Z + jets cross
section using opposite-charge eu events. It is given by the
uncertainty on the Z + jets cross section of 4% and is
therefore applied to all simulated signal and background
samples, except the Z + jets contribution itself.

The uncertainty on the probability that leptons originat-
ing from jets in W + jets, Z + jets or diboson events pass
the selection in the eeu and e u channels is estimated to

TABLE VL
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be 30%. Uncertainties on the lepton identification efficien-
cies are applied in the trilepton channels. They are 1.8%—
4% per muon and 2.5% per electron. The uncertainty on the
identification efficiency for 7, candidates, including the
uncertainty on the neural network discriminant used to
distinguish 7, candidates from jets and the 7, energy scale,
is 4%-7% per T;, candidate. The uncertainties on the py
resolutions and energy scale for electrons and muons, and
the uncertainties from jet energy resolution and efficien-
cies, derived using the prescription given in Ref. [40], are
found to have a negligible effect on the results.

IX. RESULTS ON THE SM HIGGS BOSON

We determine limits on the SM Higgs boson production
cross section using a modified frequentist approach [45]
with the distributions of the final discriminants shown in
Fig. 3. A log-likelihood ratio (LLR) test statistic is formed
using the Poisson probabilities for estimated background
yields, the signal acceptance, and the observed number of
events for different Higgs boson mass hypotheses. The
confidence levels are derived by integrating the LLR
distribution in pseudo-experiments using both the signal-
plus-background (CLg,) and the background-only hypothe-
ses (CL;). The excluded production cross section is taken
to be the cross section for which the confidence level for
signal, CL, = CLg,/CLy, equals 0.05. The limits on the
cross section for the different final states are given in

Expected and observed 95% C.L. upper limits on the fermiophobic Higgs boson

production cross section relative to the expected cross section in the fermiophobic model, for the
eep, efLiL, wT,T,, and e u™ channels separately and combined.

eeu euu LTHT), et Combined
My (GeV)  Exp Obs Exp Obs Exp Obs Exp Obs Exp Obs
100 5.1 104 5.7 7.6 26 27 3.7 2.1 2.6 2.5
105 4.4 9.5 5.1 5.0 17 16 3.7 24 2.3 2.5
110 5.3 9.2 54 9.1 16 13 34 2.3 2.3 2.7
115 4.6 8.6 49 6.2 15 15 3.8 2.7 2.3 2.7
120 5.1 8.5 5.8 6.5 17 25 3.7 25 25 2.5
125 5.1 7.0 5.8 7.7 17 18 3.7 2.8 2.5 2.5
130 5.5 7.5 6.1 6.6 18 17 4.1 3.0 2.7 2.4
135 6.0 8.3 6.9 6.1 17 20 4.1 3.1 2.8 2.6
140 6.7 8.3 7.2 6.8 17 18 5.1 4.1 32 2.8
145 7.2 8.3 8.1 8.3 16 20 5.3 4.5 34 33
150 7.7 9.8 8.9 7.6 20 28 5.6 54 35 4.0
155 84 107 9.7 7.9 21 23 6.5 54 4.0 3.8
160 94 105 10.4 9.0 19 30 6.6 5.7 4.1 4.2
165 9.4 9.3 10.0 8.3 22 32 6.6 6.1 42 4.0
170 11.2 108 11.2 121 23 30 7.3 7.0 4.7 49
175 12.1 10,6 127 219 25 29 7.9 8.2 5.1 6.5
180 13.5 114 144 164 29 33 8.5 10.1 5.8 6.5
185 148 137 153 206 31 45 100 114 6.4 8.5
190 16.3 13.5 170 30.5 35 50 11.0 144 7.2 10.8
195 178 155 197 29.1 40 62 129 173 8.2 13.0
200 190 120 206 239 43 47 12.1 17.3 85 9.9
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FIG. 5 (color online). (a) Upper limit on the fermiophobic
Higgs boson production cross section expressed as a ratio to
the prediction and (b) observed LLR as a function of My for the
combined channels. Also shown are the expected LLR distribu-
tions for the background-only hypothesis and for the signal +
background hypothesis, with the bands indicating =1 and *2
s.d. fluctuations around the expected median LLR for the
background-only hypothesis.

Table V. The individual channels have similar sensitivity,
and the combined upper limits only vary within about a
factor of 2 over the entire mass range of 100 = My <
200 GeV. At My = 125 GeV the expected and observed
upper limits on the cross section, expressed as a ratio
relative to the predicted SM cross section, are 6.3 and 8.4,
respectively. Figure 4 shows the limits on the cross section
and the LLR distributions for each channel and for the
combined result.

X. RESULTS ON FERMIOPHOBIC HIGGS BOSONS

In addition, we set limits in a fermiophobic Higgs boson
model, where the Higgs boson is assumed to couple to W
and Z bosons with SM strengths and the Higgs boson
couplings to fermions are zero. The gluon-gluon fusion

PHYSICAL REVIEW D 88, 052009 (2013)

Higgs production cross section is therefore small and is
neglected. The outputs of the BDTs trained using a SM
Higgs boson signal are used to set the limits with signal
distributions where the gluon-gluon fusion processes and
the H — 777~ decays have been removed and only the
V H production mechanism is considered. The limits on the
cross section, given as a ratio relative to the cross section in
the fermiophobic model, are listed in Table VI. The eeu,
e, and e* u™ channels have similar sensitivity to a
fermiophobic Higgs boson, whereas the w7, 7;, channel is
less sensitive because H — 77~ decays do not contrib-
ute. The combined expected upper limits vary between 2.3
and 8.5 and the observed limits between 2.4 and 13.0,
expressed as a ratio relative to the cross section in the
fermiophobic model. Figure 5 shows the limits on the cross
section for the production of a fermiophobic Higgs boson
and the LLR distribution.

XI. CONCLUSION

We have presented the first search for the SM Higgs
boson in multilepton ee i, e ., and w7, 7, final states and
in like-charge e~ u ™ final states using the DO detector. The
search is mainly sensitive to associated production of a W
or Z boson with a Higgs boson, where the Higgs boson
decays into W*W~ and ZZ pairs, thereby probing the
HVYV coupling directly in production and decay. We set
limits on the cross section for a SM Higgs boson in the
range 100 = My = 200 GeV with expected and observed
upper limits of 6.3 and 8.4 at M; = 125 GeV, expressed as
the ratio relative to the predicted SM cross section. We also
interpret the data in a fermiophobic Higgs boson model.
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