
A
TL

A
S-

C
O

N
F-

20
13

-0
11

06
M

ar
ch

20
13

ATLAS NOTE

ATLAS-CONF-2013-011

March 5, 2013

Search for invisible decays of a Higgs boson produced in association with a

Z boson in ATLAS

The ATLAS Collaboration

Abstract

A direct search for evidence of decays to invisible particles of a Higgs boson at the Large

Hadron Collider is presented. This search is performed for a Standard Model-like Higgs

boson produced in association with a Z boson and having a mass between mH = 115 GeV

and mH = 300 GeV. The results are interpreted to place limits on the branching fraction to

invisible particles of the newly discovered boson with mass near 125 GeV. Assuming that

this is the Standard Model Higgs boson, its decay to invisible particles is not measurable,

but could have a large contribution from the decay to the dark matter particles, for example.

In addition, limits are set on any neutral Higgs-like particle, produced in association with a

Z boson and decaying predominantly to invisible particles.

No deviation from the Standard Model expectation is observed in the search, which uses

4.7 fb−1 of 7 TeV pp collision data and 13.0 fb−1 of 8 TeV pp collision data collected by the

ATLAS experiment at the LHC. Assuming the ZH production rate for a 125 GeV Standard

Model Higgs boson, limits are set on the invisible branching fraction at 95% confidence

level. The observed exclusion is for branching fractions greater than 65%, and the expected

limit is 84%.

c© Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.



1 Introduction

Some extensions to the Standard Model (SM) allow a Higgs boson [1–3] to decay to stable or long-

lived particles that interact with the Higgs boson, but have only weak interactions with other elementary

particles. Results obtained so far in the search for the SM Higgs boson do not exclude the possibility of a

sizable branching ratio to invisible particles for the SM Higgs boson candidate at mH ∼ 125 GeV [4, 5].
Combined LEP results [6] have excluded an invisibly decaying Higgs boson for mH < 114.4 GeV under

the assumption that such a Higgs boson is produced in association with a Z boson at the rate expected

for a SM Higgs boson and that it decays predominantly to invisible particles. A further Higgs-like boson

decaying predominantly to invisible particles is not excluded for mH > 115 GeV. This note presents a

search for decays to invisible particles for a narrow scalar boson produced in association with a Z boson

with the same cross section as the SM Higgs boson and having a mass between 115 and 300 GeV. The

results are also interpreted in terms of the 125 GeV Higgs boson candidate, where the ZH production

cross section is taken to be that predicted for a SM Higgs boson.

2 Signal Model and Analysis Overview

The signal process searched for is the associated production of ZH. The Higgs boson is assumed to

decay to invisible particles as shown in the Feynman diagram in Figure 1. The Z boson decaying into

electrons or muons is considered for this analysis. The SM ZH cross section formH = 125 GeV is 316 fb

at
√
s = 7 TeV and 394 fb at

√
s = 8 TeV [7, 8]. It is calculated at NLO [9] and at NNLO [10] in QCD,

and NLO EW radiative corrections [11] are applied. Including the requirement that the Z boson decays

to e, µ, or τ reduces these cross sections to 31.9 fb and 39.8 fb respectively. A very small SM contribution

to the ZH → ℓℓ+ inv. final state arises when the Higgs boson decays to four neutrinos via two Z bosons.
The predicted cross section of this process for mH = 125 GeV is 3.4×10−2 fb at

√
s = 7 TeV and

4.2×10−2 fb at
√
s = 8 TeV. The present search is not sensitive to this particular process although it is

part of the signal, but instead searches for enhancements of the invisible decay fraction due to physics

beyond the Standard Model (BSM).

q

q

Z
H χ

χ

Z

l−

l+

Figure 1: Leading Feynman diagram of the associated ZH production. In this search the Z boson must

decay to charged leptons and the Higgs boson must decay to invisible particles which are generically

represented by χ.

The POWHEG [12] interfaced with HERWIG++ [13] Monte Carlo (MC) generator is used to simu-

late the signal. In the simulation the associatively produced Z boson is forced to decay to e, µ, or τ. The

invisible decay of the Higgs boson is simulated by forcing the Higgs boson to decay to two Z bosons,

which are then forced to decay to neutrinos. For most distributions shown in this note the signal simu-

lation is normalized assuming the SM ZH production rate and a 100% branching fraction of the Higgs

boson to invisible particles. Signal samples are generated at Higgs boson masses of 115, 120, 125, 130,

150, 200, and 300 GeV.
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This analysis searches for an excess of events over the SM contribution in the dilepton + large missing

transverse energy (Emiss
T
) final states. The processes that contribute to the SM expectation are listed

below ordered by the magnitude of their contribution.

• Continuum ZZ → ℓℓνν is irreducible and contributes approximately 70% of the total background.

• WZ → ℓνℓℓ where theW decay lepton is not identified either by failing lepton identification or by
being outside the kinematical selections. The WZ background contributes approximately 20% of

the total background.

• Continuum WW → ℓνℓν events where the leptons mimic a Z boson constitute approximately 5%
of the background.

• Top quark events (tt̄ and Wt) where the leptons mimic a Z boson are considerably reduced by
applying a jet veto and contribute approximately 2% of the background.

• Inclusive Z → ℓℓ events are largely reduced by requiring large Emiss
T
. Additional cuts are also

applied to further suppress this background. The remaining background contributes approximately

1% to the total.

• Inclusive W → ℓν and dijet events can fake the signal if one or two jets are reconstructed as
leptons. These backgrounds are approximately 1% of the total.

• H → ZZ(∗) → ℓℓνν, for a 125 GeV SM Higgs boson, would produce Emiss
T
that falls below the cut.

Thus, this process is considered negligible.

• H → WW(∗) → ℓνℓν, for a 125 GeV SM Higgs boson, would have a dilepton mass that falls
outside the Z peak and is thus also considered to be negligible.

3 Data and Monte Carlo Samples

This search uses 4.7 fb−1 of data recorded in 2011 at a center of mass energy of 7 TeV and 13.0 fb−1

of data recorded in 2012 at a center of mass energy of 8 TeV. Events are selected using a combination

of triggers that select single electrons or muons or a pair of electrons or muons. The trigger efficiency,

for signal events passing the full selection cuts described below, is nearly 100% in both data periods in

the electron channel, and approximately 95% and 94% in the 2011 and 2012 periods respectively in the

muon channel. The data are required to have been recorded during stable beam conditions and during

nominal detector performance and data readout conditions.

Background processes are modeled using tree level and NLO MC generators. HERWIG [14] is used

to model ZZ, WZ, and WW production for the 2011 data, and SHERPA [15] for the 2012 data. For the

SHERPA ZZ and WZ simulation samples, a dilepton mass filter is applied, where the invariant mass of

charged lepton pair (ee, µµ, or ττ) is required to be larger than 4 GeV. The MC@NLO [16] generator is

used to model WW, tt̄, Wt, and s-channel single top quark production. AcerMC [17] models t-channel

single top quark production. Inclusive W and Z/γ* production are simulated with Alpgen [18]. The

POWHEG and SHERPA generators are also used to simulate Z/γ* production. For the ZZ and WZ

backgrounds, the MC prediction is used to estimate the background contribution, otherwise the simula-

tion is used to cross-check data driven background estimates. In order to investigate the contributions

from H → WW → ℓνℓν and H → ZZ → ℓℓνν for a 125 GeV SM Higgs boson, the simulation samples
are generated with POWHEG interfaced with PYTHIA [19] showering. Table 1 shows the list of the MC

simulation samples used to estimate the ZZ, WZ background and yields of the Standard Model Higgs

boson processes sharing the same final state.
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Background Generator Cross section MC Statistics

ZZ inclusive HERWIG 6.49 pb (7 TeV) 250k

ZZ → ℓℓνν SHERPA 0.38 pb (8 TeV, mℓℓ-filtered) 400k

WZ inclusive HERWIG 17.9 pb (7 TeV) 100k

WZ → ℓνℓℓ SHERPA 2.51 pb (8 TeV, mℓℓ-filtered) 590k

H → ZZ(∗) → ℓℓνν POWHEG 16.3 fb (7 TeV) 50k

POWHEG 20.8 fb (8 TeV) 50k

H → WW(∗) → ℓνℓν POWHEG 374.7 fb (7 TeV) 50k, 30k

POWHEG 478.5 fb (8 TeV) 500k, 500k

Table 1: TheMC simulation samples used to estimate the ZZ,WZ background, and yields of the Standard

Model Higgs boson processes sharing the same final state. For the MC statistics of the H → WW(∗) →
ℓνℓν boson samples, the first number indicates the statistics of the gluon-gluon fusion samples, whereas

the second indicates the statistics of vector-boson fusion samples.

4 The ATLAS Detector

The ATLAS detector [20] is a multi-purpose particle physics detector with forward-backward symmetric

cylindrical geometry1. The inner tracking detector covers a pseudorapidity of |η| < 2.5 and consists of a
silicon pixel detector, a silicon microstrip detector, and a straw-tube transition radiation tracker. The inner

tracking detector is surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field.

A high-granularity lead/liquid-argon (LAr) sampling calorimeter measures the energy and the position of

electromagnetic showers with |η| < 3.2. An iron/scintillating-tile calorimeter measures hadronic showers
in the central region (|η| < 1.7). The end-cap (1.5 < |η| < 3.2) and forward (3.1 < |η| < 4.9) regions
are instrumented with LAr sampling calorimeters for measuring both the electromagnetic and hadronic

showers. The muon spectrometer surrounds the calorimeters and consists of three large superconducting

air-core toroids, each with eight coils, a system of precision tracking chambers (|η| < 2.7), and fast
tracking chambers for triggering (|η| < 2.4). A three-level trigger systemselects events to be recorded for
offline analysis.

5 Object Reconstruction

Electron candidates are reconstructed from narrow energy deposits in the electromagnetic calorimeter

matched to inner detector tracks. In the 2012 data taking period and the associated detector simulation,

electron tracks are refit using a Gaussian Sum Filter [21] to account for energy loss due to bremsstrahlung

as the electron passes through the inner detector material. Identification criteria select electrons with 95%

efficiency and with a jet rejection factor of approximately 5000 [22]. These identification criteria apply

cuts on the calorimeter shower shape, the track quality and require a good spatial match between the

track and calorimeter shower. Electrons are required to have transverse momentum, pT, over 20 GeV

for signal events and electrons having pT > 7 GeV with looser identification criteria are used to veto

events having additional leptons. Identified electrons must satisfy |η| < 2.47. Electrons are required to
be isolated from nearby tracks by requiring that the scalar sum of the pT of tracks within a cone of radius

∆R =
√

∆η2 + ∆φ2 = 0.2 is no more than 10% of the electron pT. Electrons are required to be separated

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point. The z-axis is along the

beam pipe, the x-axis points to the center of the LHC ring and the y-axis points upward. Cylindrical coordinates (r,φ) are used

in the transverse plane, φ being the azimuthal angle around the beam pipe. The pseudorapidity η is defined as η = − ln[tan(θ/2)]
where θ is the polar angle.
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from identified muons by more than ∆R = 0.2 and to be separated from identified jets by more than

∆R = 0.4 excluding the inner cone of ∆R = 0.2 where the jet is instead removed.

Muon candidates are reconstructed using a statistical combination of muon spectrometer and inner

detector tracks [23]. The measured energy that the muon loses as it passes through the calorimeter is

taken into account. Muons are required to have pT > 20 GeV and |η| < 2.4 for signal events. Muons
having pT > 7 GeV are used to veto events having more than two leptons. Muons are required to be

isolated from nearby tracks by requiring that the scalar sum of the pT of tracks within a cone of radius

∆R = 0.2 is no more than 10% of the muon pT. Muons must be be separated from identified jets by more

than ∆R = 0.4.

The trigger and identification efficiencies of electrons and muons are determined from high statistics

Z boson samples. Scale factors within 5% of unity are applied to the simulation to correct these efficien-

cies to agree with data. The lepton momentum resolutions are also measured in high statistics Z boson

samples and corrections are applied to the simulation.

Jets are reconstructed using the anti-kt algorithm [24] using a distance parameter R = 0.4. Jets must

have pT > 20 GeV and pseudorapidity of |η| < 4.5. To discriminate against jets from additional minimum
bias interactions (pileup), the momentum fraction of tracks pointing to the jet area that originate from the

highest
∑

p2
T,track

vertex is required to be greater than 0.75 for the 2011 data taking period for jets inside

the η-region with charged track particles. During the 2012 data taking period the cut is decreased to 0.5

in response to the presence of more pileup.

The Emiss
T
in ATLAS [25] is defined as the absolute amplitude of the vector sum of the momenta from

calibrated objects, such as identified electrons, muons, photons, hadronic decays of tau leptons, and jets.

Clusters of calorimeter cells that do not match any object are also included in the calculation. If an inner

detector track matches such a calorimeter cluster the track momentum is used instead of the calorimeter

measurement. The track-based missing transverse momentum (~pmiss
T
) is also used along with the Emiss

T
.

The ~pmiss
T

is computed from all the inner detector tracks having pT > 500 MeV and |η| < 2.5 that are
consistent with having originated from the highest

∑

p2
T,track

vertex and pass track quality criteria [26].

The momentum of a track matched to an electron is replaced by the more accurate measurement of the

electron cluster transverse energy.

6 Event Selection

Events are selected using a combination of triggers that select single electrons or muons or a pair of

electrons or muons as mentioned in Section 3. Events are further pre-selected by requiring that at least

one reconstructed vertex has at least three associated tracks with pT > 500 MeV. This analysis is criti-

cally dependent upon the Emiss
T
performance, so overall data quality criteria are applied to reject events

with non-collision backgrounds such as cosmic-ray muons and beam-related backgrounds, or events with

degraded detector performance that can cause large mismeasurement of the Emiss
T
[27].

Events must have exactly two opposite-charge electrons or muons having pT > 20 GeV. To reduce

the background fromWZ events where the lepton originating from theW decay has pT < 20 GeV, events

are removed if an additional electron or muon is reconstructed with pT > 7 GeV. The invariant mass of

the dilepton system (mℓℓ) is required to satisfy 76 GeV < mℓℓ < 106 GeV to be consistent with leptons

from a Z boson.

Figure 2 shows the Emiss
T
distributions after the dilepton mass requirement. The data agree with the

MC within the uncertainty error bands. To reject the majority of the Z background the Emiss
T
is required

to be greater than 90 GeV. In events having true Emiss
T
originating from weakly interacting particles, such

as neutrinos escaping the detector, the ~pmiss
T
will be oriented in the same direction in azimuth as the Emiss

T

vector. Therefore the azimuthal difference of these two vectors (∆φ(Emiss
T
, ~pmiss
T
)) is required to be less

than 0.2 radians. The distribution of ∆φ(Emiss
T
, ~pmiss
T
) in the 2012 data, after the dilepton mass window
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Figure 2: Emiss
T
distributions after the dilepton mass requirement from the 2011 (a) and 2012 (b) data. The

observed data are represented by the black dots and the histograms represent the background predictions

from the MC samples listed in Section 3. The signal hypothesis is shown by the dotted line and assumes

the SM ZH production rate for a Higgs boson with mH = 125 GeV and a 100% invisible branching

fraction. The insets at the bottom of the figures show the ratio of the data to the combined background

expectations as well as a band corresponding to the combined systematic uncertainties.

requirement and Emiss
T
cut, is shown in Figure 3(a).

Under the signal assumption, the momentum of the reconstructed Z boson is balanced by the mo-

mentum of the invisibly decaying Higgs boson which is reconstructed as Emiss
T
. Therefore the azimuthal

separation between the dilepton system and the Emiss
T
(∆φZ,Emiss

T
) is required to be greater than 2.6 radians.

The distribution of ∆φZ,Emiss
T
in the 2012 data, after the dilepton mass window requirement and Emiss

T
cut,

is shown in Figure 3(b). In order to produce the required large Emiss
T
, the Higgs boson must have a large

pT boost and therefore the recoiling Z boson must also have large pT to conserve momentum. This

causes the decay leptons to be close in azimuth and therefore the azimuthal opening angle of the two

leptons (∆φℓℓ) is required to be less than 1.7 radians. Furthermore the magnitude of p
ℓℓ
T
and Emiss

T
should

be compatible and thus the fractional pT difference, defined as |EmissT − pℓℓ
T
|/pℓℓ
T
, is required to be less than

0.2. The distribution of |Emiss
T
− pℓℓ

T
|/pℓℓ
T
in the 2012 data, after the dilepton mass window requirement

and Emiss
T
cut, is shown in Figure 3(c). Finally, a majority of the signal is produced in association with

no high pT jets whereas background from boosted Z bosons and tt̄ pairs tends to have one or more jets.

Thus, events must have no reconstructed jets with pT > 20 GeV and |η| < 2.5. The distribution of the
number of jets per event in the 2012 data after the dilepton mass window requirement and Emiss

T
cut, is

shown in Figure 3(d).

7 Control Regions and Background Estimation

The processes that contribute to the SM expectation are summarized in Section 2. Table 3 summarizes

the expected contributions from each background source and observed number of data events.

The ZZ [28] andWZ [29] backgrounds are estimated using MC predictions. The ZZ → ℓℓνν and the
WZ → ℓνℓℓMC are normalized to NLO cross sections. The cross section of the ZZ process is increased
by 6% [30] to account for missing quark-box diagrams (gg→ ZZ). Systematic uncertainties are derived
from the propagation of reconstructed object uncertainties and from uncertainties on the production cross
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Figure 3: The distribution of ∆φ(Emiss
T
, ~pmiss
T
) (a), ∆φZ,Emiss

T
(b), |Emiss

T
− pℓℓ

T
|/pℓℓ
T
(c) and the number of

selected jets (d) for events passing the dilepton mass requirement and Emiss
T
cut in the 2012 analysis. The

observed data are represented by the black dots and the histograms represent the background predictions

from the Monte Carlo samples listed in Section 3. The signal hypothesis is shown by the dotted line

and assumes the SM ZH production rate for a Higgs boson with mH = 125 GeV and a 100% invisible

branching fraction. The insets at the bottom of the figures show the ratio of the data to the combined

background expectations as well as a band corresponding to the combined systematic uncertainties.
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Figure 4: Emiss
T
distribution for data and MC events containing an oppositely charged electron or muon

pair and an additional electron or muon.

section as described in Section 8. The total systematic uncertainty on these backgrounds is 11% in the

2011 data taking period and 10% in the 2012 data taking period. The MC simulation of the WZ events

is validated in a trilepton control region as shown in Figure 4.

The contributions from WW, tt̄, Wt, and Z → ττ are estimated by exploiting the flavor symmetry in
the final states of these processes. The branching fraction to the eµ final state is twice that of the ee or µµ

final states. Therefore, the signal free eµ control region is used to extrapolate these backgrounds to the

ee and µµ channels. Figure 5 shows the Emiss
T
distribution for data and MC events with the eµ final states

from the 2012 dataset. The third lepton veto is applied, but no additional cut is applied in the figure.

This method applies the signal selection to the eµ final state and corrects for differences between the

identification efficiencies of electrons and muons using a Z control region as shown in Equation (1)-(3):

N
bkg
ee =

1

2
× Ndata,subeµ × k (1)

N
bkg
µµ =

1

2
× Ndata,subeµ × 1

k
(2)

k =

√

Ndataee

Ndataµµ
(3)

N
bkg
ee and N

bkg
µµ are the number of background events to be estimated per E

miss
T
bin, N

data,sub
eµ is the number

of events in the eµ control region with non-WW, tt̄, Wt, and Z → ττ backgrounds subtracted using MC
simulation, k is a scale factor to correct for the differences in efficiency performance between electrons

and muons given by Equation (3), and Ndataee and N
data
µµ are the number of dielectron and dimuon events

after the Z mass window requirement in each Emiss
T
bin. The square root comes from the fact that the

scale factor is derived from dilepton events, whereas the correction itself is only applied to one of the

leptons. Important sources of systematic uncertainty are uncertainties in the MC used for the subtraction,

and variations in the correction factor k. After the dilepton requirement and no additional cuts, the value

of k is 0.97 from the MC, and 0.94 from the data. The maximum variation of the correction factor,

observed at each cut level in the signal selection, is used to estimate the uncertainty. The differences in
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Figure 5: Emiss
T
distribution for data and MC events with the eµ final states from the 2012 dataset.

kinematics for the eµ and dielectron or dimuon events are also considered as systematics. The combined

systematic uncertainty from MC subtraction and the maximum variation of the correction factor is 16%

for the 2012 data. The estimated background from these sources is consistent with the expectation from

the MC simulation within the uncertainty. As this data-driven estimate gives a consistent expectation,

but with larger uncertainty for the 2011 data, the MC-driven estimates for WW, tt̄, and single top quark

events are used for the 2011 data. The Monte Carlo samples are validated in the eµ control region. The

validation of the top quark MC samples is shown in Figure 6 in the eµ final states with a b-tagged jet [31]

in the events.

The background from inclusive Z boson production is estimated using the so called ABCD method

utilizing four regions (the signal region A and three side-band regions B-D) formed by two uncorrelated

variables: the ∆φ(Emiss
T
, ~pmiss
T
) and fractional pT difference. The four regions are formed by either apply-

ing or reversing the cuts at the thresholds for these two variables as shown in Figure 7. Figure 8 shows

the Emiss
T
distributions in Regions A-D after the dilepton mass requirement and jet veto for the 2012 data.

The events in the signal region are estimated as follows:

NestA = N
obs
B ×

Nobs
C

Nobs
D

× α (4)

where, Nest
A
is the number of estimated Z background in the signal region, and Nobs

X
is the number of

observed events in Region X (X=B-D). Contributions from non-Z backgrounds in Regions B-D are

subtracted before applying this equation. A small impact from the correlation between the two variables

is considered in the correction factor α, which is 1.07 (1.04) for the 2011 (2012) data. A correction factor

of less than 10% is derived from MC simulation. Systematic uncertainties are derived by evaluating the

compatibility of the Emiss
T
distributions in the control regions and from the variation in the correction

factor after the various selection requirements. The subtraction of non-Z backgrounds in Regions B-D

is also considered as a source of systematic uncertainty. The total systematic uncertainty is 56% in the

2011 data and 51% in the 2012 data.

The background from inclusive W production and multijet events is estimated using the Matrix

Method [32]. A 4 × 4 matrix is derived from the selection efficiencies of nominally selected signal
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Figure 6: Emiss
T
distribution for data and MC events with the eµ final states from the 2011 dataset with a

b-tagged jet.

leptons (T) and rejection probabilities of a loosened lepton (L) definition as shown in Equation (5).
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. (5)

NTT is the number of events which has exactly two leptons passing nominal criteria defined in Section 5,

NTL and NLT is the number of events which has only one lepton that passes the nominal criteria, NLL is

the number of events which have exactly two leptons that pass looser cuts but do not pass the nominal

cuts. For electrons, “L” corresponds to electrons with looser identification criteria and the isolation

cut not being applied. For muons, “L” corresponds to muons with all the nominal cuts applied but the

isolation cut. NRR means the number of events which has exactly two “real” leptons, NRF and NFR means

the number of events which has only one “real” lepton and one “fake” lepton, NFF means the number of

events which has exactly two “fake” leptons. The r1, r2, f1, f2 are lepton efficiencies and fake rates for the

first lepton and the second lepton, respectively. The lepton efficiency (fake rate) is the ratio between the

number of real (fake) leptons passing the “Tight” cut and the corresponding number of leptons passing

the “Loose” cuts. The efficiency and fake rate depend on lepton transverse momentum pT . The matrix

transforms the measured rate of events containing two signal leptons, one signal lepton and one loose

lepton, or two loose leptons to the desired rate of events where two real leptons, one real and one fake

lepton, or two fake leptons are produced. TheW and multijet background is estimated as below:

NW+jets =

Nevents
∑

i

N iRF × r
i
1 × f

i
2 + N

i
FR × f

i
1 × r

i
2, (6)

Nmultijet =

Nevents
∑

i

N iFF × f
i
1 × f

i
2. (7)

Systematic uncertainties are dominated by the measurement of the lepton fake rates. The selection re-

quirements that define the sample from which the fake rates are derived are varied and the deviations in
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Figure 7: Regions A-D formed by ∆φ(Emiss
T
, ~pmiss
T
) and fractional pT difference variables.

the obtained results are taken as the systematic uncertainties. This yields an uncertainty of 15% in the

2011 data and 22% in the 2012 data.

8 Systematic Uncertainties

Systematic uncertainties on individual data driven background estimates are described in section 7. Ta-

ble 2 summarizes the systematic uncertainties estimated in this analysis.

Systematic uncertainties on the signal model, the ZZ and WZ backgrounds are estimated from MC

samples. The WW and top quark backgrounds are also estimated from MC samples for 2011. Un-

certainties on backgrounds that are either measured from data, or based on normalization to data in

control regions, take into account systematic effects associated to the methods and the control samples

considered. The luminosity uncertainty is 1.8% for the 2011 data taking period [33] and 3.6% for the

2012 data taking period. The luminosity uncertainty for the 2012 data is derived, following the same

methodology as that detailed in [33], from a preliminary calibration of the luminosity scale derived from

beam-separation scans performed in April 2012. Lepton trigger and identification efficiencies as well as

energy scale and resolution uncertainties are derived from high statistics Z samples. Propagated to the

event selection, these uncertainties contribute typically 1.0-1.5% to the overall selection uncertainty in

the signal and backgrounds estimated from the MC simulation. Jet energy scale and resolution uncer-

tainties are derived using a combination of techniques that use dijet, photon + jet, and Z + jet events [34].

The impact of these jet uncertainties on the jet veto is also considered. These uncertainties contribute a

3%-6% uncertainty to the final event selection. Both the uncertainties on the leptons and those on the

jets are propagated to the Emiss
T
calculation, and the resulting uncertainty on the latter is thus included in

the selection uncertainties given above. An additional uncertainty on Emiss
T
related to uncertainties in the

pile-up simulation contribute a 1%-2% uncertainty on the final event selection in signal and backgrounds

estimated from the MC simulation.

Uncertainties on the ZH production cross section are derived from variations of the QCD scale, αs
and PDF variations [7, 8] combined to give an uncertainty of 4.9-5.1% on the cross section for the SM

Higgs boson having a mass between 115 and 300 GeV. This analysis is sensitive to the simulation of the
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Figure 8: Emiss
T
distribution for data and MC events in Regions A-D after the dilepton mass requirement

and jet veto for the 2012 data. The signal region A and three side-band regions B-D are formed by

applying or reversing cuts with the two uncorrelated variables: the ∆φ(Emiss
T
, ~pmiss
T
) and fractional pT

difference.

Higgs boson pT through the E
miss
T
, and uncertainties in the pT boost of the Higgs boson can affect the

signal yield. Currently, an additional systematic uncertainty of 1.9% is applied to the normalization [35,

36], and differential uncertainties as a function of the Higgs boson pT is considered as shape systematics.

The normalization uncertainty on the background Monte Carlo used to estimate the ZZ background

is 6% from varying the PDF, αS , and QCD scale. Such theoretical uncertainty on the jet veto is estimated

as 0.7% (0.8%) for 2011 (2012) in the diboson events from generator studies. The impact of PDF, αS ,

and QCD scale uncertainties on the shape of the Emiss
T
distributions is also considered [8]. The effects

of missing quark-box diagrams (gg → ZZ) as mentioned in Section 7 is also considered as systematics
of 6% as the same size of the cross section rescaling. The theoretical uncertainty of the WZ and WW

background is considered similarly.

The object and theoretical uncertainties are considered as correlated between the 2011 and 2012 data,

and between the signals and all the backgrounds estimated from the MC simulation. The systematic

uncertainties in the data-driven methods are also assumed to be correlated between the two datasets. The
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Process Estimation method
Uncertainty (%)

2011 2012

ZH Signal MC 7 6

ZZ MC 11 10

WZ MC 12 14

WW MC 14 not used

Top quark MC 90 not used

Top quark, WW and Z → ττ eµ CR not used 4

Z ABCD method 56 51

W + jets, multijet Matrix method 15 22

Table 2: Summary of the systematic uncertainties on each background and on the signal yield. The

method used to estimate the backgrounds and the associated sources of systematic uncertainties are

given. The total systematic uncertainties for each data taking period are given.

Data Period 2011 (7 TeV) 2012 (8 TeV)

ZZ 23.5 ± 0.8 ± 2.5 56.5 ± 1.2 ± 5.7
WZ 6.2 ± 0.4 ± 0.7 13.9 ± 1.2 ± 2.1
WW 1.1 ± 0.2 ± 0.2 used eµ data-driven

Top quark 0.4 ± 0.1 ± 0.4 used eµ data-driven

Top quark, WW and Z → ττ (eµ data-driven) used MC 4.9 ± 0.9 ± 0.2
Z 0.16 ± 0.13 ± 0.09 1.4 ± 0.4 ± 0.7
W + jets, multijet 1.3 ± 0.3 ± 0.2 1.4 ± 0.4 ± 0.3
Total BG 32.7 ± 1.0 ± 2.6 78.0 ± 2.0 ± 6.5
Observed 27 71

Table 3: Observed number of events and expected contributions from each background source separated

into the 2011 and 2012 data taking periods. Uncertainties associated with the background predictions

are presented with the statistical uncertainty first and the systematic uncertainty second.

luminosity uncertainty is considered as uncorrelated between the 2011 and 2012 data. The uncertainties

for theWW and top quark backgrounds are considered as uncorrelated between the 2011 and 2012 data,

as different methods are used for the background estimation between the two datasets.

9 Results

The number of observed and expected events for both the 2011 and 2012 data taking periods are shown

in Table 3. Figure 9 shows the final Emiss
T
distribution with the observed data and expected backgrounds

for the 2011 and 2012 data taking periods. In Figure 9, the signal model assumes a SM ZH production

rate for a Higgs boson with mH = 125 GeV and a 100% branching fraction to invisible particles. No

excess is observed over the SM expectation and limits are set for two scenarios for invisibly decaying

Higgs-like bosons. The first scenario explores the possibility that the recently observed Higgs-like boson

with mass around 125 GeV has a non-negligible branching ratio to invisible particles, well beyond that

expected in SM. The second scenario considers the possibility of a Higgs-like boson in a range of masses

from mH = 115 GeV to mH = 300 GeV with a significant branching fraction to invisible particles.

The limits are computed from a maximum likelihood fit to the Emiss
T
distribution following the CLs

modified frequentist formalism [37] with the profile likelihood test statistic [38].
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Figure 9: Distributions of Emiss
T
for signal events in the 2011 data taking period (a) and the 2012 data

taking period (b). The observed data are indicated by the black points and the histograms represent the

background predictions. The dashed line indicates the prediction from the signal model and is stacked

on the background prediction. The signal model assumes a SM Higgs boson having a mass of 125 GeV

and a 100% branching fraction to invisible particles.

Figure 10 shows the interpretation in the first scenario, where the recently observed Higgs-like boson

around 125 GeV decays invisibly. The confidence level (CL) is plotted against the BR(H → invisible).
Red lines indicate the 68% and 95% CL. Assuming the ZH production rate for a 125 GeV SM Higgs

boson, limits are set on the invisible branching fraction at 95% confidence level. The observed exclusion

is for branching fractions greater than 65%, and the expected limit is 84%.

For the second scenario, where a Higgs-like boson with a significant branching fraction to invisible

particles exists in the mass range of 115 GeV to 300 GeV, limits are set considering only the hypothesis

of a single invisibly decaying Higgs-like boson. Thus the limits do not consider possible multiple Higgs

boson candidates, including the 125 GeV candidate state, all having non-negligible invisible branching

fractions. Figure 11 shows 95% confidence level limits on the ZH production cross section multiplied

by the invisible branching fraction of such a Higgs boson in the mass range mH = 115 GeV to mH =

300 GeV for the considered data taking periods in 2011 and 2012, as well as the limit achieved from the

combination of both periods. No excess is observed over the mass range.

10 Summary and Conclusion

A direct search for evidence of invisible decays of a Higgs boson at the LHC has been performed. While

the invisible branching fraction for a SM Higgs boson is too small to be accessible, this measurement

is sensitive to enhancements of the invisible branching fraction, such as from decays to dark matter

particles. After the full selection, 27 events are observed compared to a SM expectation of 32.7 ± 1.0
(stat.) ± 2.6 (syst.) background events in 4.7 fb−1 of data taken at

√
s = 7 TeV during the 2011 run

and 71 events are observed compared to an expected 78.0 ± 2.0 (stat.) ± 6.5 (syst.) background events
in 13.0 fb−1 of data taken at

√
s = 8 TeV during part of the 2012 run. No significant excess over the

expected background is observed and limits are set on the allowed invisible branching fraction of the

recently observed 125 GeV Higgs boson candidate. Assuming the ZH production rate for a 125 GeV

SM Higgs boson, limits are set on the invisible branching fraction at 95% confidence level. The observed

exclusion is for branching fractions greater than 65%, and the expected limit is 84%. Limits are also set
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Figure 10: 1 - Confidence level (CL) (a) and profile likelihood (b) scanned against BR(H → invisible)
for the SM Higgs boson with 125 GeV mass. The dashed line shows the expected values, whereas the

solid line indicates the observed values. The red solid lines indicate the 68% and 95% CL for (a).

on the cross section times invisible branching fraction of a possible additional Higgs-like boson over the

mass range 115 GeV < mH < 300 GeV. No excess is observed over the mass range.
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Figure 11: 95% confidence level limits on the cross section times branching fraction of a Higgs-like

boson decaying to invisible particles for the 2011 data taking period (a), 2012 data taking period (b), and

combination of both periods (c). Dashed lines show the background only expected limits and solid lines

show the observed limit.
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