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1 Introduction

Spontaneous electroweak symmetry breaking is introduced in the standard model (SM) [1–

3] to give mass to the vector bosons (W± and Z) that mediate weak interactions, while

keeping the photon, which mediates electromagnetic interactions, massless. This mecha-

nism [4–9] results in a single scalar in the SM, the Higgs boson. While the mass of the

Higgs boson is a free parameter in the SM, its couplings to the massive vector bosons,

Yukawa couplings to fermions, decay branching fractions, and production cross sections in

proton-proton collisions are defined and well understood theoretically [10]. Gluon fusion

(GF), weak vector boson fusion (VBF), associated production (AP) with weak bosons,

and associated production with a tt pair (ttH) are the four most important Higgs boson

production mechanisms at the Large Hadron Collider (LHC). Although the cross section

for AP is an order of magnitude lower than that of the GF mechanism, the presence of iso-

lated high momentum leptons originating from W and Z decays suppresses the backgrounds

dramatically, making these channels viable for searches for the Higgs boson.

Direct searches at the Large Electron-Positron Collider (LEP) have excluded a Higgs

boson with a mass mH < 114.4 GeV at 95% confidence level (CL) [11]. The ATLAS exper-

iment has excluded the SM Higgs boson in the mass ranges 111–122 and 131–559 GeV [12],

and the CMS experiment in the mass ranges 110–121.5 [13] and 127–600 GeV [14]. Both ex-

periments have reported the observation of a new boson with a mass near 125 GeV [12, 13],

predominantly in channels sensitive to Higgs bosons decaying to photon or Z boson pairs.
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Tevatron experiments have reported an excess of events in the bb final state in the mass

range 120–135 GeV [15].

This paper reports a search for the SM Higgs boson produced in association with a W

boson (WH channel) or a Z boson (ZH channel). The search uses a data sample of proton-

proton collisions at
√
s = 7 TeV recorded by the Compact Muon Solenoid (CMS) [16]

experiment at the LHC. The data were collected in 2011 from an integrated luminosity of

5.00± 0.11 fb−1 [17]. Throughout this document, the expression “light lepton,” or symbol

`, will refer to an electron or muon, the symbol τh to a hadronically-decaying tau, and the

symbol L to an e, µ, or τh. The search for WH production is performed in three-lepton

(3L) events in four final states with three electrons or muons (3`): eee, eeµ, eµµ, and

µµµ, and two final states that have a hadronic decay of a tau (2`τh): eµτh and µµτh. The

search for ZH production is performed in four-lepton (4L) events with a pair of electrons

or muons consistent with the decay of a Z boson, and a Higgs boson candidate with one of

the following final states: eµ, eτh, µτh, or τhτh. These final states can be produced by two

Higgs boson decay modes: decays to a pair of W bosons (H → W+W−) that both decay

to leptons, and decays to a pair of taus (H → τ+τ−). The contribution of the H → ZZ

decay mode is negligible.

While the sensitivity to a Higgs boson of the AP search presented here is lower than

previously published results dominated by the GF and VBF production mechanisms, the

final states used in this search are essential for determining if the recently observed boson at

125 GeV is consistent with the Higgs boson predicted by the SM. The Tevatron excess has

been observed in the associated production H→ bb channel [15]. No evidence for associated

Higgs boson production has been observed at the CMS and ATLAS experiments [12, 13, 18].

Furthermore, the exclusive measurement of all three production processes (GF, AP, and

VBF) using the H → τ+τ− decay mode will be critical to determine the structure of the

Higgs boson couplings [19], as the H→ τ+τ− decay mode is the only fermionic decay mode

that is experimentally sensitive to both Yukawa coupling (GF) and gauge coupling (AP

and VBF) production processes. The fermionic H→ bb decay mode is not experimentally

accessible in the GF production mechanism due to the overwhelming multijet background.

We additionally combine the searches described in this paper with previously published

CMS AP searches in the H → γγ [20] and H → bb [21] decay modes. The H → bb result

has been updated with an improved measurement of the integrated luminosity [17] recorded

in 2011 at the CMS experiment, and this is the first time that the AP H→ γγ result has

been interpreted in the context of the SM. With the exception of the H→ bb search, none

of the searches combined in this paper were used in the CMS observation [13] of the new

boson at 125 GeV. This paper presents the first combination of all searches for associated

Higgs boson production using the 7 TeV dataset at the CMS experiment.

2 The CMS detector, event reconstruction, and simulation

A more detailed description of the CMS detector can be found in ref. [16]. The central

feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter,

providing a field of 3.8 T. Within the solenoid are the silicon pixel and strip trackers,
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which cover a pseudorapidity region of |η| < 2.5. Here, the pseudorapidity is defined as

η = − ln [tan (θ/2)], where θ is the polar angle of the trajectory of the particle with respect

to the direction of the counterclockwise beam. The lead-tungstate crystal electromagnetic

calorimeter (ECAL) and the brass/scintillator hadron calorimeter (HCAL) surround the

tracking volume and cover |η| < 3. The ECAL consists of 75 848 lead-tungstate crystals

that provide coverage in pseudorapidity |η| < 1.479 in a barrel region and 1.479 < |η| < 3.0

in two endcap (EE) regions. A preshower detector consisting of two planes of silicon sensors

interleaved with a total of 3X0 of lead is located in front of the EE. In addition to the

barrel and endcap detectors, CMS has forward calorimetry that extends the coverage to

|η| < 5. Muons are measured in gas-ionization detectors embedded in the steel return yoke,

with a coverage of |η| < 2.4.

The identification of electrons, muons, and hadronically-decaying taus relies crucially

on the association of tracks in the tracker with energy depositions in the ECAL for elec-

trons, energy depositions in the HCAL for charged hadrons, and track segments in the

muon system for muons. Photons are identified as ECAL energy depositions without an

associated track. All particles are reconstructed using the particle flow (PF) algorithm [22],

which focuses on using an optimized combination of subdetector information to reconstruct

each individual particle with the highest fidelity. The energy resolution resulting from this

reconstruction is between 1–3% for the momentum range relevant for this analysis for

electrons, photons, muons, and taus, depending on the exact kinematics of the particular

particle [23–25].

The particles reconstructed by the PF algorithm are used to construct composite ob-

jects like jets, hadronically-decaying taus, and missing transverse energy (Emiss
T ), defined

as the magnitude of the vector sum of the transverse momenta (pT) of all PF objects. The

jets are identified using the anti-kT jet algorithm [26] with a distance parameter of 0.5. In

the 2011 dataset, an average of ten interactions (pileup) occur in each proton bunch cross-

ing. To correct for the contribution to the jet energy due to pileup, the transverse energy

density per unit area (ρ) of the pileup is computed [27, 28] for each event. The energy

due to pileup is estimated as the product of ρ and the area of the jet, and is subtracted

from the jet transverse energy (ET) [29]. Subsequent to pileup subtraction, jet energy

corrections are applied as a function of the jet ET and η [30] to compensate for residual

hadronic energy neglected by the jet clustering algorithm. Hadronically-decaying taus are

reconstructed using the “hadron-plus-strips” algorithm [25], which reconstructs candidates

with one or three charged pions and up to two neutral pions.

The Monte Carlo (MC) event generator pythia (version 6.424) [31] is used to generate

the simulated Higgs boson samples used in this analysis. The ZZ, WZ, and Zγ diboson

background samples are generated using MadGraph 5.1.3 [32]. The generators use the

cteq6l[33] set of parton distribution functions. While the next-to-leading-order (NLO)

calculations are used for background cross sections, the cross sections used for the Higgs

boson signal samples are computed at next-to-NLO [10]. For all processes, the detector re-

sponse is simulated using a detailed description of the CMS detector, based on the geant4

package [34]. The simulations include pileup interactions matching the distribution of the

number of such interactions observed in data.
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3 Trigger and event selection

Candidate signal events are recorded if they pass a trigger requiring the presence of a high-

pT electron pair, muon pair, or electron-muon pair. The leading and subleading triggering

lepton candidates are required to have pT > 17 GeV and pT > 8 GeV, respectively. Offline,

electron and muon candidates are subjected to standardized quality criteria described in

ref. [35] and refs. [36, 37], respectively, to ensure high efficiency and precision. In the

3L channels, the electron candidate is subjected to a multivariate selection exploiting the

correlations among electron observables [38] to reduce the rate of quark or gluon jets

misidentified as electrons. Three (four) charged-lepton candidates with total charge ±1(0)

are required for the 3L and 4L channels, respectively. The two triggering light leptons

are required to have pT > 20 GeV and pT > 10 GeV, respectively. Non-triggering e and µ

candidates are required to have pT > 10 GeV. The minimum pT of τh candidates is 20 GeV.

Electron, muon, and τh candidates are required to originate from the primary vertex of

the event, which is chosen as the vertex with highest
∑
p2T, where the sum is made using

the tracks associated with the vertex. In the 4L channels, two leptons are required to

be compatible with the decay of a Z boson, having the same flavor, opposite charge, and

invariant mass within 20 GeV of the mass of the Z boson.

Leptons from the Higgs or vector-boson decays are typically isolated from the rest of

the event activity, in contrast to background from jets, which are immersed in considerable

hadronic activity. For each lepton candidate a cone defined by ∆R ≡
√

(∆η)2 + (∆φ)2,

where φ is the azimuthal angle in radians, is constructed around the lepton direction at the

event vertex. The size of the cone is 0.4 for e and µ candidates, and 0.5 for τh candidates

in the 2`τh and 4L channels. In the 3` channels a smaller ∆R = 0.3 cone is used. An

isolation variable is constructed from the scalar sum of the transverse energy of all charged

and neutral reconstructed particles contained within the cone, excluding the contribution

from the lepton candidate itself. The contributions of charged particles coming from pileup

interactions longitudinally displaced from the primary event vertex are excluded from the

isolation variable. In the 2`τh and 4L channels, the neutral contribution to the isolation

variable from the pileup is estimated using the energy deposited by tracks from pileup

vertices which point into the isolation cone, and is subtracted from the isolation variable.

In the 3` channels, the neutral contribution from pileup, which is typically composed of

many low pT particle candidates, is mitigated by excluding neutral particle candidates with

pT < 1 GeV from the isolation variable calculation.

For a Higgs boson mass of 125 GeV, the H→WW→ `` branching fraction is approx-

imately 1.8 times larger than the H → ττ → `` branching fraction [10]. Accordingly, the

expected signal yield in the 3` channel is dominated by the H →WW decay. Conversely,

the H→ ττ → `τh decays dominate the signal yield in the 2`τh and 4L channels, as their

branching fraction is 3.6 times larger than the H→WW→ `τh branching fraction.

When the Higgs boson mass is above approximately 140 GeV, the H → WW decay

dominates in all channels. The topological event selections are optimized for the WWW

final states in the 3` channels, and for the H→ ττ final state in the 2`τh and 4L channels.

In all channels, top-quark background events are suppressed by vetoing events containing

– 4 –



J
H
E
P
1
1
(
2
0
1
2
)
0
8
8

jets with pT > 20 GeV that are identified as coming from b quarks [39, 40]. Events with

additional isolated leptons (e, µ, or τh candidates) are vetoed. In the 3L channels, this

requirement removes diboson ZZ → 4` background events. The lepton veto ensures that

each channel is exclusive to all other channels presented in this paper and to the published

CMS H→ ZZ→ 4` analysis [41].

In the 3` channel, the dominant WZ→ `ν`` background is reduced by rejecting events

with a same-flavor opposite-charge lepton pair with an invariant mass within 25 GeV of the

Z-boson mass (mZ). Events are rejected if there is a jet with ET > 40 GeV to remove tt

background events, which typically contain multiple high-pT jets. In WH→WWW events,

the neutrinos associated with the decays of the W bosons escape detection, resulting in

large Emiss
T . Drell-Yan background events are expected to have low Emiss

T . To mitigate

degradation of the Emiss
T resolution due to pileup, the minimum of two different observ-

ables is defined as the Emiss
T . The first includes all PF particle candidates of the event in

the computation of Emiss
T , while the second uses only the charged PF particle candidates

associated with the primary vertex. To improve rejection of background events with Emiss
T

associated with poorly reconstructed leptons, the “projected” Emiss
T [42] is used. This pro-

jected Emiss
T is defined as the component of Emiss

T transverse to the direction of the closest

lepton if it is closer than π/2 in azimuthal angle, and the full Emiss
T otherwise. The use of

both Emiss
T definitions exploits the presence of a correlation between the two observables in

signal events with genuine Emiss
T and its absence otherwise. Events in the 3` channel are

required to have projected Emiss
T above 40 GeV. To further reject WZ background events,

the constituents of at least one opposite-charge any-flavor (OCAF) lepton pair must be

separated by less than 2 in ∆R. Finally, the smallest OCAF pair mass must be above

12 GeV and below 100 GeV to suppress Wγ and WZ events, respectively.

In the 2`τh channels, the dominant backgrounds are Z, W, and tt events with an

additional quark or gluon jet incorrectly identified as an e, µ, or τh. The probability for a

quark or gluon jet to pass the τh identification (misidentified τh) is 10 to 100 times greater

than the probability for a jet to pass the e or µ identification and isolation requirements.

To remove the large Z/γ∗→ `+`−+ misidentified τh and tt backgrounds, the light leptons

eµ (µµ) are required to have the same charge in the eµτh (µµτh) channel. The variable

LT , defined as the scalar sum of the transverse energy of the three lepton candidates in

the event, is required to be larger than 80 GeV. This requirement is effective in rejecting

some of the background coming from the semi-leptonic decays of heavy quarks, which has

a softer pT spectrum.

The largest background in the 4L channels is the irreducible diboson ZZ background.

The dominant reducible backgrounds in the 4L channels are Z + 2 jet events, where both

jets are misidentified as leptons, and WZ events with one additional misidentified jet. These

backgrounds are highly suppressed by the lepton identification and isolation requirements.

There is an additional non-negligible contribution from tt→ `+ν`−νbb events which is sup-

pressed by the lepton identification, isolation, and the requirement of a Z-boson candidate

present in the event.

The resulting signal efficiencies after all selections vary between 0.1% and 12%, depend-

ing on production mode, decay channel, and Higgs boson mass, and are given in table 1.
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Figure 1. Distributions of the dilepton mass difference with respect to mZ in the 3` channels

(upper left), the smallest ∆R distance between the opposite-charge lepton pairs in the 3` channels

(upper right), LT variable in the µµτh channel (bottom left), and LT variable in the eµτh channel

(bottom right) after applying all other requirements. The WZ, ZZ, and non-prompt backgrounds

are estimated using the techniques described in section 4. The expected contribution from a SM

Higgs boson with a mass of 120 GeV, scaled up by a factor of five, is also shown.

The performance of the 3` Z-boson mass and minimum ∆R requirements, and the eµτh
and µµτh LT selections are illustrated in figure 1.

The event selections used in the H→ γγ and H→ bb channels are described in detail

elsewhere [20, 21]. Briefly, AP H → γγ candidate events are selected by requiring the

presence of two high-pT photon candidates and an isolated electron or muon. Events in the

AP H→ bb analysis are selected by requiring two jets identified as coming from b quarks

and a vector boson candidate with high pT. The vector boson candidate can decay into

one light lepton, two light leptons, or high Emiss
T , corresponding to the W → `ν, Z → ``,

or Z→ νν decay modes, respectively.
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mH 3` channels 2`τh channels 4L channels

WH→Wττ WH→WWW WH→Wττ WH→WWW ZH→ Zττ ZH→ ZWW

110 GeV 0.12%± 0.03% 2.6%± 0.2% 0.8%± 0.1% 0.2%± 0.1% 4.3%± 0.8% -

120 GeV 0.17%± 0.02% 3.4%± 0.3% 0.9%± 0.1% 0.3%± 0.1% 4.3%± 0.4% 5.1%± 1.6%

130 GeV 0.19%± 0.03% 4.2%± 0.3% 1.1%± 0.1% 0.4%± 0.1% 4.8%± 0.8% 7.0%± 2.3%

140 GeV 0.18%± 0.03% 4.7%± 0.4% 1.2%± 0.1% 0.5%± 0.1% 5.0%± 0.8% 7.1%± 2.3%

150 GeV 0.22%± 0.03% 5.2%± 0.4% 1.4%± 0.1% 0.5%± 0.1% 4.9%± 0.8% 7.7%± 2.4%

160 GeV 0.20%± 0.04% 6.2%± 0.5% 1.6%± 0.1% 0.6%± 0.1% 5.4%± 0.9% 11.2%± 3.0%

Table 1. Efficiency for signal events to pass the selections in each channel for the different Higgs

boson production and decay modes. The efficiency is defined with respect to WH and ZH events in

which the W or Z boson decays to final states containing an e, a µ, or a τ . The residual corrections

described in section 5 are applied, and the uncertainties correspond to the combined statistical

and systematic uncertainties; theoretical uncertainties are not included. The uncertainty on the

efficiency is dominated by the systematic (statistical) uncertainty for the H → ττ (H → W+W−)

decay in the 2`τh and 4L channels, with the reverse being true in the 3` channels.

4 Background estimation

A combination of methods using data control samples and detailed studies with simulated

events is used to estimate residual background contributions after selection. There are

two background categories: irreducible diboson backgrounds, and events with at least one

non-prompt lepton. The irreducible diboson backgrounds consist of WZ and ZZ events

with the same number of isolated prompt leptons as the signal processes, and Zγ events

with an asymmetric photon conversion. The WZ and ZZ backgrounds are estimated using

simulated samples, and are scaled by a residual correction factor obtained by comparing

the observed data in diboson-enriched sidebands with the prediction from simulation.

The non-prompt lepton backgrounds arise from decays of charm and beauty quarks

and hadrons misidentified as leptons. The non-prompt backgrounds are evaluated using

data with the “misidentification rate method”. The misidentification probabilities as a

function of candidate pT and η, f(pT, η), for non-prompt lepton candidates (e, µ, or τh) to

pass the final identification and isolation criteria are measured in independent, highly pure

control samples of multijet, W→ µν + jet, and Z→ µµ+ jet events. The control samples

are exclusive to the signal sample due to different final state topology requirements. To

minimize possible biases, the same trigger, kinematic, and quality criteria used in the final

analysis are applied to the control samples. Sidebands are defined for each channel, where

all selection criteria are satisfied, with the exception that the final identification or isolation

criterion is not satisfied for one or more of the final-state lepton candidates. The sidebands

are dominated by the non-prompt backgrounds. The number of non-prompt background

events in the final selection is estimated by weighting each observed non-prompt lepton

candidate in the sideband by its corrected probability f(pT, η)/(1 − f(pT, η)) to pass the

final identification and isolation criteria. The estimate of the non-prompt yield in the

final selection is computed using all sideband events where any two light-lepton candidates

pass all requirements and the third candidate fails the isolation requirement. In the 2`τh
channels, the backgrounds with a misidentified τh and two genuine prompt light leptons
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(eµ or µµ) are negligible, due to the requirement that the two light leptons have the same

charge. Accordingly, the misidentified-τh sideband is ignored in these channels.

Background processes with more than one non-prompt lepton, such as multijet events,

W → τν + 2jet in the 2`τh channels, or Z + 2jet in the 4L channels, are counted twice by

this method since they are present in both sidebands. The double-counting is corrected

using a high-purity control region with two non-prompt leptons selected by requiring two

lepton candidates to fail the isolation requirement simultaneously. The observed events in

the sideband are weighted by the corrected probability f1(1 − f1)−1f2(1 − f2)−1, where

f1 and f2 are the mis-identification probabilities for the leading and subleading lepton

candidates, respectively, that both candidates will pass the final identification and isola-

tion requirements; the weighted events are an independent estimate of the quantity that

was double-counted. The double-counted events are removed from the total background

estimate by subtracting the independent estimate of the background with two misidenti-

fied leptons.

In the 3L channels, the irreducible WZ background normalization is estimated in data

using a control sample of observed events with three light leptons where one of the same-

flavor opposite-charge lepton pairs is compatible with a Z boson using a ±15 GeV mass

window. The control sample is completely dominated by WZ events. The same trigger and

lepton identification requirements described in section 3 are applied. The ZZ background

is largely reduced by the veto of events containing an additional e, µ, or τh candidate.

The theoretical NLO calculation [43] is used as the normalization of the ZZ background.

The Zγ background, where the γ is misidentified as an electron through an asymmetric

conversion is estimated from simulation. In the 3` channels the expected contribution from

this background is negligible after the Emiss
T requirement, and it is highly suppressed due

to the small branching fraction in the τh channels.

In the 4L channels, WZ events have at least one non-prompt lepton and are estimated

using the misidentification-rate method described above. The dominant background comes

from irreducible ZZ events. The number of ZZ background events N est
ZZ is estimated by

scaling the observed inclusive Z yield Nobs
Z by the expected ratio of ZZ and Z production:

N est
ZZ = Nobs

Z ·
σSMZZ
σSMZ

· AZZ

AZ
,

where σSMZZ [43] and σSMZ are the theoretical SM cross sections, and AZZ and AZ are the

acceptances to pass all event selections for the ZZ and Z processes, respectively. The

acceptances A are estimated using MC simulation. The Zγ background is negligible in the

4L channels.

5 Efficiencies and systematic uncertainties

The trigger, identification, and isolation efficiencies for electrons and muons are measured

with data using the “tag-and-probe” technique [38] in Z→ `` events. The τh identification

efficiency is measured with an uncertainty of 6% using the tag-and-probe technique in

Z→ ττ → µτh events [25]. Efficiencies for the Higgs boson signal and WZ, ZZ, and Zγ

– 8 –
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diboson samples are estimated using MC simulation, and residual differences between the

lepton efficiencies in the simulation and data are corrected by scaling the simulation to

match the efficiency measured in data. The uncertainty on the residual correction is taken

as a systematic uncertainty in the final result. The uncertainty on the b-tagging efficiency

is 6% [21]. Uncertainties on the jet energy scale and Emiss
T have been evaluated in Z + jet

and γ + jet events [30], and are propagated to systematic uncertainties on the final yields.

The uncertainty due to the pileup description is evaluated by varying the distribution of

the estimated number of expected pileup interactions per event in data, and is 1% or

less. There is a 2.2% uncertainty [17] on the total integrated luminosity of the collected

data sample.

Two theoretical systematic uncertainties on the overall signal yield are considered. The

uncertainty on the QCD factorization and renormalization scales affects the expected signal

cross section and, in the 3` channel, the efficiency of the jet veto. The effect of variations

in the parton distribution functions, the value of αs, and higher-order corrections are

propagated to the efficiency of the signal selection using the PDF4LHC prescription [44–48].

The methods to estimate the different backgrounds are explained in section 4. For the

3L channels, the associated uncertainty on the diboson backgrounds is 12% and 4% for the

WZ and ZZ components, respectively. In the 4L channels, the theoretical uncertainty of

10% on the ZZ production cross section [10] dominates the uncertainty on the estimate of

the ZZ background. The uncertainty on the estimate of the non-prompt lepton backgrounds

is 30% and is dominated by uncertainties in the measurement of the misidentification rate.

The final estimate of the non-prompt backgrounds has an additional systematic uncertainty

due to the limited number of observed events with leptons failing the isolation requirements.

In the eµτh and µµτh mass spectra, a shape uncertainty [49] is added for each bin in

the spectra, corresponding to the statistical uncertainty of the control region bin used to

compute the non-prompt background estimate.

6 Results

After all selections, a total of 29 events are observed, while 33.5 ± 4.3 are expected from

the background. The number of observed and expected background events are enumerated

for each channel in table 2. The observed data are consistent with the expected yield from

the backgrounds. The efficiency for signal events to pass all selections are detailed for each

channel and Higgs boson mass, production mechanism, and decay mode in table 1. The

efficiencies are defined with respect to events where all W and Z bosons decay to leptons

(excluding Z→ νν decays).

In the 2`τh channels, it is not possible to definitively assign the same-charge electrons

or muons to either the W or the Higgs boson candidate. However, as the signal is dominated

by H → ττ decays, the final-state light leptons produced in the decays of the τ leptons

have a softer pT spectrum than light leptons from W → `ν decays, as they are associated

with two neutrinos instead of one. Accordingly, we define the subleading light lepton and

τh as the Higgs boson candidate. The invariant mass of the Higgs boson candidate is shown

for the final selected events in the 2`τh and 4L channels in figure 2.
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Channel SM Higgs boson (120 GeV) Observed All bkg. ZZ WZ Non-prompt bkg.

H→ ττ H→WW → 4` → 3`

3` 0.13 ± 0.01 0.55 ± 0.04 7 8.45 ± 1.33 0.27 ± 0.06 5.65 ± 0.59 2.52 ± 1.19

2`τh 0.71 ± 0.06 0.05 ± 0.00 10 13.24 ± 2.62 0.38 ± 0.04 4.39 ± 0.60 8.47 ± 2.54

4L 0.55 ± 0.06 0.14 ± 0.05 12 11.82 ± 2.36 6.04 ± 0.62 5.78 ± 2.28

Table 2. Observed number of events and expected number of signal and background (bkg) events

for the different channels. The uncertainties correspond to the combined statistical and systematic

uncertainty. The second and third columns give the expected yield of a Higgs boson signal (mH =

120 GeV) from the H → ττ and H → WW decays, respectively. The theoretical uncertainties on

the signal yields are not included.
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Figure 2. Visible invariant mass of the Higgs candidate in the 2`τh channels (left), and 4L (right)

channels after all selections. The WZ, ZZ, and non-prompt backgrounds are estimated using the

techniques described in section 4. The expected contribution from a SM Higgs boson with a mass

of 120 GeV, scaled up by a factor of five, is also shown.

7 Limits on SM Higgs boson production

In the searches presented in this paper, the observed events show no evidence for the pres-

ence of a Higgs boson signal, and we set 95% CL upper bounds on the Higgs boson associ-

ated production cross section. To obtain exclusion limits we use the CLs method [50–52]

based on a binned likelihood of the invariant mass spectrum in the eµτh and µµτh channels

(figure 2), and the number of observed and expected events in the 3` and 4L channels. The

non-prompt background mass spectra for the 2`τh channels has a shape uncertainty for

each bin in the spectra. Systematic uncertainties are represented in the limit computation

by nuisance parameters using a log-normal constraint. Correlated uncertainties among

channels are represented by common nuisance parameters. The nuisance parameters are

varied from one pseudoexperiment to the next in the calculation of the CLs test statistic.

Figure 3 shows the observed and median expected 95% CL upper limits on SM Higgs

boson production set by this analysis for each channel individually and for the combination

of all three. The limit is expressed in terms of the ratio of the Higgs boson cross section
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Channel -2σ -1σ Expected +1σ +2σ Observed

3` 4.93 5.99 8.28 11.78 16.47 7.21

2`τh 7.95 8.69 11.09 15.95 24.74 11.81

4L 6.79 8.90 12.31 17.49 24.62 12.27

γγ 5.82 6.51 7.62 10.86 15.80 8.67

bb 2.31 2.92 3.94 5.73 8.34 5.25

Combined 1.65 1.89 2.69 3.79 5.43 3.32

Table 3. Exclusive observed and expected limits for each sub-channel and for the total combination,

at 95% CL, on SM Higgs boson production for a Higgs boson mass of 125 GeV.

times the relevant branching fractions, to that predicted in the SM, σ/σSM. The two bands

give the variation around the median expected limit by one and two standard deviations.

We set a 95% CL upper limit on σ/σSM in the range 3.1–9.1.

We additionally combine the searches presented here with the CMS AP Higgs boson

searches, using the same dataset, in the H → γγ [20] and H → bb [21] decay modes.

The H → γγ and H → bb searches are included in the limit combination for Higgs boson

masses below 150 GeV and 135 GeV, respectively. The treatment of systematic uncertainties

in these channels is similar to that described in section 5. The potential contributions of

the VBF and GF SM Higgs boson production mechanisms to these analyses are negligible.

The associated ttH production mechanism contributes approximately 5% and 14% of the

expected signal yield in the 4L and AP H→ γγ channels, respectively. The contributions

from ttH to the other channels are negligible. The limits for each sub-channel and for

the combination of all CMS AP searches are shown in figure 4. The full combination

excludes, at 95% CL, the associated production of SM Higgs bosons at 2.1–3.7 times the

SM prediction for Higgs boson masses below 170 GeV. The observed and expected limits

for a Higgs boson mass of 125 GeV are enumerated for the full combination and for each

exclusive sub-channel in table 3.

8 Summary

A search for the standard model Higgs boson, produced in association with a W or Z

boson, has been described. The search is conducted using final states with three or four

isolated leptons in the entire 2011 CMS dataset. The analysis is sensitive to associated

production where the Higgs boson decays into either a τ pair or W-boson pair. A total of

29 events are observed, and are compatible with the background prediction. Upper limits

of about 2.6–9 times greater than the predicted value are set at 95% CL for the product of

the SM Higgs boson associated production cross section and decay branching fraction in

the mass range 110 < mH < 200 GeV. The searches presented in this paper are combined

with two other CMS associated production Higgs boson searches using the H → γγ and

H→ bb decay modes. While the inclusive combination excludes, at 95% CL, the associated

production of SM Higgs bosons at 3.3 times the SM prediction for a Higgs boson with a

mass of 125 GeV, all of the exclusive limits in each decay mode, and the inclusive combined

limit, are consistent with the predictions of the SM.
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(top left), 2`τh (top right), and 4L (bottom left) channels. The combination of the three channels

is shown bottom right.
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A. Mohammadi, T. Reis, L. Thomas, C. Vander Velde, P. Vanlaer, J. Wang

Ghent University, Ghent, Belgium

V. Adler, K. Beernaert, A. Cimmino, S. Costantini, G. Garcia, M. Grunewald, B. Klein,

J. Lellouch, A. Marinov, J. Mccartin, A.A. Ocampo Rios, D. Ryckbosch, N. Strobbe,

F. Thyssen, M. Tytgat, P. Verwilligen, S. Walsh, E. Yazgan, N. Zaganidis
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J. Tuominiemi, E. Tuovinen, D. Ungaro, L. Wendland

– 18 –



J
H
E
P
1
1
(
2
0
1
2
)
0
8
8

Lappeenranta University of Technology, Lappeenranta, Finland

K. Banzuzi, A. Karjalainen, A. Korpela, T. Tuuva

DSM/IRFU, CEA/Saclay, Gif-sur-Yvette, France

M. Besancon, S. Choudhury, M. Dejardin, D. Denegri, B. Fabbro, J.L. Faure, F. Ferri,

S. Ganjour, A. Givernaud, P. Gras, G. Hamel de Monchenault, P. Jarry, E. Locci,

J. Malcles, L. Millischer, A. Nayak, J. Rander, A. Rosowsky, I. Shreyber, M. Titov

Laboratoire Leprince-Ringuet, Ecole Polytechnique, IN2P3-CNRS, Palaiseau,

France

S. Baffioni, F. Beaudette, L. Benhabib, L. Bianchini, M. Bluj13, C. Broutin, P. Busson,

C. Charlot, N. Daci, T. Dahms, L. Dobrzynski, R. Granier de Cassagnac, M. Haguenauer,
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H. Stadie, G. Steinbrück, J. Thomsen, L. Vanelderen

Institut für Experimentelle Kernphysik, Karlsruhe, Germany
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Laboratório de Instrumentação e F́ısica Experimental de Part́ıculas, Lisboa,

Portugal

N. Almeida, P. Bargassa, A. David, P. Faccioli, P.G. Ferreira Parracho, M. Gallinaro,

J. Seixas, J. Varela, P. Vischia

Joint Institute for Nuclear Research, Dubna, Russia

P. Bunin, I. Golutvin, I. Gorbunov, A. Kamenev, V. Karjavin, V. Konoplyanikov, G. Ko-

zlov, A. Lanev, A. Malakhov, P. Moisenz, V. Palichik, V. Perelygin, M. Savina, S. Shmatov,

V. Smirnov, A. Volodko, A. Zarubin

Petersburg Nuclear Physics Institute, Gatchina (St. Petersburg), Russia

S. Evstyukhin, V. Golovtsov, Y. Ivanov, V. Kim, P. Levchenko, V. Murzin, V. Oreshkin,

I. Smirnov, V. Sulimov, L. Uvarov, S. Vavilov, A. Vorobyev, An. Vorobyev

Institute for Nuclear Research, Moscow, Russia

Yu. Andreev, A. Dermenev, S. Gninenko, N. Golubev, M. Kirsanov, N. Krasnikov,

V. Matveev, A. Pashenkov, D. Tlisov, A. Toropin

Institute for Theoretical and Experimental Physics, Moscow, Russia

V. Epshteyn, M. Erofeeva, V. Gavrilov, M. Kossov5, N. Lychkovskaya, V. Popov,

G. Safronov, S. Semenov, V. Stolin, E. Vlasov, A. Zhokin

Moscow State University, Moscow, Russia

A. Belyaev, E. Boos, V. Bunichev, M. Dubinin4, L. Dudko, A. Ershov, A. Gribushin,

V. Klyukhin, O. Kodolova, I. Lokhtin, A. Markina, S. Obraztsov, M. Perfilov,

S. Petrushanko, A. Popov, L. Sarycheva†, V. Savrin

P.N. Lebedev Physical Institute, Moscow, Russia

V. Andreev, M. Azarkin, I. Dremin, M. Kirakosyan, A. Leonidov, G. Mesyats,

S.V. Rusakov, A. Vinogradov

– 24 –



J
H
E
P
1
1
(
2
0
1
2
)
0
8
8

State Research Center of Russian Federation, Institute for High Energy

Physics, Protvino, Russia

I. Azhgirey, I. Bayshev, S. Bitioukov, V. Grishin5, V. Kachanov, D. Konstantinov,

A. Korablev, V. Krychkine, V. Petrov, R. Ryutin, A. Sobol, L. Tourtchanovitch, S. Troshin,

N. Tyurin, A. Uzunian, A. Volkov

University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear

Sciences, Belgrade, Serbia

P. Adzic30, M. Djordjevic, M. Ekmedzic, D. Krpic30, J. Milosevic

Centro de Investigaciones Energéticas Medioambientales y Tec-
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