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A) × BR(A → Zh) × BR(h → f f̄ ) are 0.098–0.013 pb for f = τ and 0.57–0.014 pb for f = b in a range 
of mA = 220–1000 GeV. The results are combined and interpreted in the context of two-Higgs-doublet 
models.
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1. Introduction

After the discovery of a Higgs boson at the LHC in 2012 [1,2], 
one of the most important remaining questions is whether the 
newly discovered particle is part of an extended scalar sector. 
A CP-odd Higgs boson, A, appears in many models with an ex-
tended scalar sector, e.g. in the case of the two-Higgs-doublet 
model (2HDM) [3].

The addition of a second Higgs doublet leads to five Higgs 
bosons after the electroweak symmetry breaking. The phenomenol-
ogy of such a model is very rich and depends on the vacuum 
expectation values of the Higgs doublets, the CP properties of the 
Higgs potential and the values of its parameters and the Yukawa 
couplings of the Higgs doublets with the fermions. In general, it 
is possible to accommodate in the model a Higgs boson com-
patible to the one discovered at the LHC. In the case where the 
Higgs potential of the 2HDM is CP-conserving, the Higgs bosons 
after electroweak symmetry breaking are two CP-even (h and H), 
one CP-odd (A) and two charged (H±) Higgs bosons. Many the-
ories beyond the Standard Model (SM) include a second Higgs 
doublet, such as the minimal supersymmetric SM (MSSM) [4–8], 
axion models (e.g. Ref. [9]) and baryogenesis models (e.g. Ref. [10]). 
Searches for a CP-odd Higgs boson are reported in Refs. [11–14].

In this Letter, a search for a heavy CP-odd Higgs boson decaying 
into a Z boson and the ∼125 GeV Higgs boson, h, is described. 

⋆ E-mail address: atlas.publications@cern.ch.

The A → Zh decay rate can be dominant for part of the 2HDM 
parameter space, especially for an A boson mass, mA , below the tt̄
threshold. In this case, the A boson is produced mainly via gluon 
fusion and its natural width is typically small: ŴA/mA �O(1%).

The search is performed for mA in the range 220 to 1000 GeV, 
reconstructing1 Z → ℓℓ decays (where ℓ = e, µ) with h → bb or 
h → ττ , as well as Z → νν with h → bb. The selected h boson de-
cay modes provide high branching ratios and the possibility to fully 
reconstruct the Higgs boson decay kinematics. The reconstructed 
invariant mass (or transverse mass) of the Zh pair, employing the 
measured value of the h boson mass, mh , to improve its resolution, 
is used to search for a signal.

2. Data and simulated samples

The data used in this search were recorded with the ATLAS de-
tector in proton–proton collisions at a centre-of-mass energy of 
8 TeV. The ATLAS detector is described in detail elsewhere [15]. 
The integrated luminosity of the data sample, selecting only pe-
riods where all relevant detector subsystems were operational, is 
20.3 ± 0.6 fb−1 [16]. The data used in the ℓℓττ and ℓℓbb fi-
nal states were collected using a combination of single-electron, 
single-muon, dielectron (ee) and dimuon (µµ) triggers. Depending 

1 Throughout this Letter, the notation h → bb, h → ττ , Z → νν and Z → ℓℓ is 
used for h → bb̄, h → τ+τ− , Z → νν̄ and Z → ℓ+ℓ− , respectively.

http://dx.doi.org/10.1016/j.physletb.2015.03.054
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on the trigger choice, the pT
2 thresholds vary from 24 to 60 GeV 

for the single-electron and single-muon triggers, and from 12 to 
13 GeV for the ee and µµ triggers. The data used in the ννbb final 
state were collected with a missing transverse momentum (Emiss

T ) 
trigger with a threshold of Emiss

T > 80 GeV.
Signal events from a narrow-width A boson produced via gluon 

fusion are generated with MadGraph5 [17] for all final states con-
sidered in this search. The parton showering is performed with
PYTHIA8 [18,19].

Production of W and Z bosons in association with jets is simu-
lated with SHERPA [20]. Top-quark pair and single top-quark pro-
duction is simulated with POWHEG [21–23] and AcerMC [24]. Pro-
duction of WW , WZ, and ZZ dibosons are simulated using POWHEG. 
The WZ and ZZ processes include the production of off-shell Z
bosons (Z∗) and photons (γ ∗). Triboson production (WWW(∗) , 
ZWW(∗) , ZZZ(∗)) and top pair production in association with a Z
boson are generated with MadGraph5. Finally, the production of 
the SM Higgs boson in association with a Z boson is considered as 
a background in this search. It is simulated using PYTHIA8.

The CTEQ6L1 [25] set of parton distribution functions was 
used for samples generated with MadGraph5 and PYTHIA8. The
CT10 [26] set was used for the other samples.

All generated samples are passed through the GEANT4-based 
[27] detector simulation of the ATLAS detector [28]. The simulated 
events are overlaid with minimum-bias events, to account for the 
effect of multiple interactions occurring in the same and neighbor-
ing bunch crossings (“pile-up”). The events are reweighted so that 
the average number of interactions per bunch crossing agrees with 
the data.

The background estimation in this search for most processes 
is based on data driven techniques, but in some cases only sim-
ulated samples are used. In that case, the simulated samples are 
normalized using theoretical cross section calculations. In particu-
lar, for diboson production both qq̄ [29] and gg [30,31] initiated 
processes are included. Triboson production follows Ref. [32] and 
top pair production in association with a Z boson follows Refs. [33,
34]. SM Higgs boson production in association with a Z boson uses 
a calculation described in Ref. [35].

3. Object reconstruction

Electrons are identified from energy clusters in the electromag-
netic calorimeter that are matched to tracks in the inner detector 
[36]. Electrons are required to have |η| < 2.47 and pT > 7 GeV. Iso-
lation requirements, defined in terms of the calorimetric energy or 
the pT of tracks within cones around the object, as well as quality 
requirements are applied to distinguish electrons from jets.

Muons are reconstructed by matching tracks reconstructed in 
the inner detector to tracks or track segments in the muon spec-
trometer systems [37]. The muon acceptance is extended to the 
region 2.5 < |η| < 2.7, which is outside the inner detector cov-
erage, using only tracks reconstructed in the forward part of the 
muon detector. Muons used for this search must have |η| < 2.7, 
pT > 6 GeV and are also required to pass isolation requirements.

Jets are reconstructed using the anti-kt algorithm [38] with 
radius parameter R = 0.4 and pT > 20 GeV (pT > 30 GeV) for 
|η| < 2.5 (2.5 < |η| < 4.5). Low-pT jets from pile-up are rejected 

2 ATLAS uses a right-handed coordinate system with its origin at the nominal in-
teraction point (IP) in the centre of the detector and the z-axis along the beam pipe. 
The x-axis points from the IP to the centre 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 is defined in terms of 
the polar angle θ as η = − ln tan(θ/2). Transverse momenta are computed from the 
three-momenta, �p, as pT = |�p| sin θ .

with a requirement on the scalar sum of the pT of the tracks asso-
ciated with the jet: for jets with |η| < 2.4 and pT < 50 GeV, tracks 
associated with the primary vertex3 must contribute over 50% to 
the sum. Jets from the decay of long-lived heavy-flavor hadrons are 
selected using a multivariate tagging algorithm (b-tagging) [39]. 
The b-tagging efficiency is 70% for jets from b-quarks in a sam-
ple of simulated tt̄ events.

Hadronic decays of τ leptons (τhad) [40] are reconstructed 
starting from clusters of energy in the calorimeter. A τhad can-
didate must lie within |η| < 2.47, have a transverse momentum 
greater than 20 GeV, one or three associated tracks and a to-
tal charge of ±1. Information on the collimation, isolation, and 
shower profile is combined into a multivariate discriminant to re-
duce backgrounds from quark- or gluon-initiated jets. Dedicated al-
gorithms that reduce the number of electrons and muons misiden-
tified as hadronic τ decays are applied. In this analysis, two τhad
identification selections are used — “loose” and “medium” — with 
efficiencies of about 65% and 55%, respectively.

The missing transverse momentum (�Emiss
T ) is computed using 

fully calibrated and reconstructed physics objects, as well as clus-
ters of calorimeter-cell energy deposits that are not associated with 
any object [41]. In addition, a track-based missing transverse mo-
mentum (�pmiss

T ) is calculated as the negative vector sum of the 
transverse momenta of tracks with |η| < 2.4 and associated with 
the primary vertex.

4. Search for A → Zh with h → ττ

In the search for A → Zh → ℓℓττ , three channels are consid-
ered, distinguished by the way the ττ pair decays: two τ leptons 
decaying hadronically (τhadτhad), one leptonic and one hadronic 
decay (τlepτhad) and, finally, two leptonic decays (τlepτlep). Elec-
trons in the τhadτhad and τlepτhad channels are rejected in the 
transition region between the barrel and end-cap of the detector 
(1.37 < |η| < 1.52). Muons in the τhadτhad and τlepτhad channels 
are considered only for |η| < 2.5.

The resolution of the reconstructed A boson mass is improved 
using a mass-difference variable,

mrec
A =mℓℓττ −mℓℓ −mττ +mZ +mh,

where mZ is the mass of the Z boson, mh = 125 GeV is the mass 
of the CP-even Higgs boson, mℓℓ is the invariant mass of the two 
leptons associated with the Z boson decay, and mℓℓττ denotes 
the ℓℓττ invariant mass. The value of mττ , the invariant mass 
of the τ ’s, is estimated with the Missing Mass Calculator (MMC) 
[42]. The mass resolution for all ττ channels ranges from 3% at 
mA = 220 GeV to 5% at mA = 1 TeV.

4.1. ℓℓτhadτhad

Events in the ℓℓτhadτhad channel are required to contain exactly 
two opposite-sign leptons ℓℓ (ee or µµ) and exactly two opposite-
sign τhad . The pT requirements for these objects are pT > 26 GeV
(15 GeV) for the leading (subleading) electron, pT > 25–36 GeV
(10 GeV) for the leading (subleading) muon, depending on the 
trigger, and pT > 35 GeV (20 GeV) for the leading (subleading) 
τhad candidates. The τhad candidates are required to satisfy the 
“loose” τhad identification criterion. In addition, the ee/µµ invari-
ant mass and the ττ invariant mass have to lie in the ranges 
80 < mℓℓ < 100 GeV and 75 < mττ < 175 GeV. Finally, the pT of 
the ℓℓ pair, pZ

T , is required to be:

3 The primary vertex is taken to be the reconstructed vertex with the highest 
�p2

T of the associated tracks.
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pZ
T >

{

125 GeV, ifmrec
A > 400 GeV

0.64×mrec
A − 131 GeV, otherwise.

This requirement maximizes the sensitivity over the whole ex-
plored A mass range. In the region of pZ

T > 125 GeV, there is little 
background present, so tightening the requirement results in no 
additional increase in sensitivity. The total acceptance times selec-
tion efficiency varies from 6.2%, for mA = 220 GeV, to around 18% 
for the highest A boson masses considered.

The dominant background for this channel originates from 
events where one or both of the τhad ’s is a misidentified jet 
(“fake-τhad background”). This background is dominated by Z + jets
events, with small contributions from dibosons and events with 
top quarks, and it is estimated using a template method. The shape 
of the fake-τhad background is taken from a control region (the 
“template region”) that contains events satisfying all the ℓℓτhadτhad
selection criteria apart from the requirements for an opposite-
sign τhadτhad pair and the τhad identification criteria. The fake-τhad
background is normalized by using two additional control regions. 
The first region, “A”, contains events that satisfy the signal selec-
tion criteria, with the exception that the mττ constraint is inverted, 
i.e. mττ < 75 GeV or mττ > 175 GeV. The second region, “B”, con-
tains events that satisfy all the template selection criteria, with the 
exception that the mττ constraint is inverted, as in the region “A” 
definition. The ratio of the number of events in “A” to the num-
ber of events in “B” is used to scale the template region events in 
order to obtain the normalization of the fake-τhad background.

In addition to the fake-τhad background, there are also contribu-
tions from backgrounds with real ℓℓτhadτhad objects in the event. 
These backgrounds come primarily from Z Z (∗) production.4 SM 
Higgs boson production in association with a Z boson is estimated 
using simulation, and contributes 17% of the total background.

4.2. ℓℓτlepτhad

Events in the ℓℓτlepτhad channel are required to contain exactly 
three light leptons, µµµ, eµµ, eeµ or eee, and exactly one τhad. 
The pT requirements for these objects are pT > 26 GeV (15 GeV) 
for the leading (remaining) electron(s), pT > 25–36 GeV (10 GeV) 
for the leading (remaining) muon(s), depending on the trigger, 
and pT > 20 GeV for the τhad . Subsequently, all the possible ℓℓ
pairs that are composed of opposite-sign, same-flavor leptons are 
selected. From these pairs, the pair that has the invariant mass 
closest to mZ is considered to be the lepton pair from the Z boson 
decay. The third light lepton is considered to be the leptonic τ de-
cay, and it is used along with the τhad to define the τlepτhad pair. 
This light lepton is required to have opposite-sign charge with re-
spect to the τhad . In addition, the τhad is required to satisfy the 
“medium” τhad identification requirement, and mℓℓ and mττ have 
to lie in the ranges 80 <mℓℓ < 100 GeV and 75 <mττ < 175 GeV. 
The total acceptance times selection efficiency varies from 6% for 
mA = 220 GeV, to around 17% for the highest A boson masses con-
sidered.

About half of the total background for this channel comes from 
events where the τhad and/or the light lepton is a misidentified jet 
(“fake-τ/ℓ background”). This background is dominated by diboson 
and Z + jets events and it is estimated using a template method. 
The shape of the fake-τ/ℓ background is taken from a control 
region (the “template region”) that contains events satisfying all 
ℓℓτlepτhad selection criteria, apart from requiring “medium” τhad
identification criterion and opposite-sign charge for the τlepτhad
pair. The fake-τ/ℓ background is normalized by using two addi-

4 The notation Z Z (∗) is used here to include Z Z , Z Z⋆ and Zγ ⋆ .

tional control regions, defined similarly to those in the ℓℓτhadτhad
channel.

The other half of the background comes from events with real 
ℓℓτlepτhad objects in the event. These backgrounds come primar-
ily from Z Z (∗) production. There is also a small (11%) contribution 
from the SM Higgs boson production in association with a Z bo-
son, which is estimated using simulation.

4.3. ℓℓτlepτlep

Events in the ℓℓτlepτlep channel are required to contain at least 
four leptons, which form one same-flavor and opposite-sign pair 
consistent with the Z mass (80 < mℓℓ < 100 GeV), and either a 
same-flavor or different-flavor pair with an invariant mass recon-
structed with the MMC algorithm, consistent with a decay from 
the CP-even Higgs boson (90 < mττ < 190 GeV). One muon is al-
lowed to be reconstructed in the forward region (2.5 < |η| < 2.7) 
of the muon spectrometer, or to be identified in the calorimeter 
with pT > 15 GeV and |η| < 0.1 [37]. The highest-pT lepton must 
satisfy pT > 20 GeV, and the second (third) lepton in pT order 
must satisfy pT > 15 GeV (pT > 10 GeV). Among all the possible 
lepton quadruplets in an event the one minimizing the sum of the 
mass differences with respect to both the Z and h bosons is cho-
sen.

Two different analysis categories are defined based on the lep-
ton flavors in the Higgs boson decay: ee or µµ (SF), and eµ (DF). 
The expected background is very different in the two cases. For 
the SF channel, the background is dominated by Z Z (∗) production 
with Z → ee/µµ decays. For the DF channel, the main background 
is from the Z Z (∗) process through the Z → τlepτlep decay chain, 
but other backgrounds are also important. The signal-to-noise ra-
tio in the SF category is improved by using a set of requirements 
specifically targeted to suppress the main Z Z (∗) background. First, 
a veto on the on-shell production of Z boson pairs is introduced, 
requiring the invariant mass of the h boson leptons to lie outside 
the Z peak: mh < 80 GeV or mh > 100 GeV. Background events are 
characterized by low missing transverse momentum and are fur-
ther rejected by requiring Emiss

T > 30 GeV, and the azimuthal angle 
between the Emiss

T direction and the Z boson transverse momen-
tum to be greater than π/2. Furthermore, a requirement that the 
highest-pT lepton of the ℓℓ pair associated with the h boson has 
pT > 15 GeV is applied, since it is found to be effective against 
backgrounds from Z + jets production. The total acceptance times 
selection efficiency varies from 6.5% (1.5%) for DF (SF) channel for 
mA = 220 GeV, to around 20% for both channels for the highest A
boson masses considered.

The subleading contributions to the background are from dibo-
son and triboson production, tt̄ production in association with a Z
boson, and SM Higgs boson production. All these are determined 
from simulation and amount to about 95% (65%) of the total back-
ground in the SF (DF) category. The other background events have 
at least one lepton which is a misidentified jet or a lepton from a 
heavy-flavor quark decay and are dominated by Z + jets produc-
tion, with a smaller contribution from top-quark production. These 
backgrounds are estimated using a control region where one or 
both of the leptons in the ℓℓ pair associated with the h → τlepτlep
decay fail to satisfy the isolation criteria. After subtraction of gen-
uine sources of four-lepton events using simulation, the data are 
extrapolated to the isolated signal region using normalization fac-
tors derived from simulated samples.

4.4. Systematic uncertainties and results

The most important systematic uncertainty for the backgrounds 
with real ℓℓττ objects in the τlepτhad and τlepτlep channels comes 
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Fig. 1. Distributions of the reconstructed A boson mass for the combined ℓℓτhadτhad and ℓℓτlepτhad final states (a) and the ℓℓτlepτlep final states (b). The signal shown in 
both cases corresponds to σ (gg → A) × BR(A → Zh) × BR(h → ττ ) = 50 fb with mA = 340 GeV. The background contributions shown are the results of simulation and 
data-driven estimation methods. The background uncertainty is shown as a hatched area, and the overflow is included in the last bin.

Table 1

The number of predicted and observed events for the ℓℓττ channels.

Expected background Data

ℓℓτhadτhad 28 ± 6 29
ℓℓτlepτhad 17 ± 4 18
ℓℓτlepτlep (SF) 9.5 ± 0.6 10
ℓℓτlepτlep (DF) 7.2 ± 0.7 7

from the uncertainty on the theoretical cross sections used in 
the normalization. They are due to the parton distribution func-
tion choice, the renormalization and factorization scales, as well as 
the αs value. This amounts to an uncertainty on the normaliza-
tion of this background of about 5.0% for the τlepτhad channel and 
6.4% for τlepτlep . In the τhadτhad channel, the largest contributions 
come from the τhad identification and energy scale and amounts 
to 8.9% [40]. The fake-τhad/ℓ background systematic uncertainty 
for the ττ channels is dominated by the statistical uncertainty on 
data in control regions used for the background normalization. It 
amounts to a normalization uncertainty of 38% and 25% for the 
τlepτhad and τhadτhad channels, respectively. For the τlepτlep chan-
nel, the normalization uncertainty is 65% (25%) for the SF (DF) 
category.

The reconstructed A boson mass distributions for events pass-
ing the ℓℓτhadτhad , ℓℓτlepτhad and ℓℓτlepτlep selections are shown 
in Fig. 1. The number of events passing the ℓℓττ channel selec-
tions are shown in Table 1. The agreement of the expectation with 
data is very good.

5. Search for A → Zh with h → bb

This section describes the searches in the A → Zh → ℓℓbb and 
A → Zh → ννbb channels.

5.1. ℓℓbb selection

Events in the ℓℓbb channel are selected by requiring either two 
electrons or two muons. In the case of muons they are required 
to be of opposite-sign charge. Leptons must have pT > 7 GeV, 
and electrons are restricted to |η| < 2.47, while muons must have 
|η| < 2.7. Tighter acceptance requirements are placed on one of 
the leptons in each event in order to select a sample for which the 
trigger efficiency is high and to reduce the multi-jet background, 
while keeping a high signal acceptance. These requirements are 
that the leptons have pT > 25 GeV, and, if they are muons, satisfy 

|η| < 2.5. A dilepton invariant mass window of 83 <mℓℓ < 99 GeV
is imposed to reduce top-quark and multi-jet backgrounds.

The h → bb decay is reconstructed by requiring two b-tagged 
jets with pT > 45 GeV (20 GeV) for the leading (subleading) jet. 
Events with more than two b-tagged jets are removed but all 
events with one or more additional jets failing b-tagging are re-
tained. The h → bb decay is selected by requiring that the invariant 
mass of the two b-tagged jets lies within the range 105 < mbb <

145 GeV.
The top-quark background, which includes top-quark pair and 

single top-quark production, is reduced by requiring Emiss
T /

√
HT <

3.5 GeV1/2 , where HT is defined as the scalar sum of the pT of all 
jets and leptons in the event.

The reconstructed A boson mass, mrec
A , is the invariant mass 

of the two leptons and two b-tagged jets. In this calculation, the 
four-momentum of each b-tagged jet is scaled by 125 GeV/mbb

in order to improve the resolution. The resulting mrec
A resolution 

ranges from 2% at mA = 220 GeV to 3% at mA = 1 TeV.
In order to reduce the dominant Z + jets background, a require-

ment is imposed on the transverse momentum of the Z boson, p Z
T , 

reconstructed from the two leptons: pZ
T > 0.44 ×mrec

A − 106 GeV, 
where mA is in units of GeV. The requirement depends on mrec

A

since the background is generally produced at low p Z
T , whereas 

the mean pZ
T increases with mA for the signal. The total accep-

tance times selection efficiency varies from 7%, for mA = 220 GeV, 
to around 16% for the highest A boson masses considered.

5.2. ννbb selection

The event selection in the ννbb channel follows closely the 
SM h → bb analysis in Ref. [43]. Events are selected with Emiss

T >

120 GeV, pmiss
T > 30 GeV and no electrons or muons with pT >

7 GeV. In addition to the jet selection of the ℓℓbb analysis, ad-
ditional restrictions are applied. In order to suppress top-quark 
background, which is larger than in the ℓℓbb channel, events are 
rejected if any of the following conditions is satisfied: there is a jet 
with |η| > 2.5; there are four or more jets; one of the b-tagged jets 
is the third-highest-pT jet. In order to select a sample for which 
the trigger efficiency is high, HT is required to be above 120 GeV
(150 GeV) for events with two (three) jets. There are also require-
ments on the separation between the two b-jets in the η–φ space, 
�R j j , to suppress Z + jets and W + jets backgrounds as described 
in Ref. [43]. As in the ℓℓbb channel, the h boson is selected by 
requiring 105 <mbb < 145 GeV.



ATLAS Collaboration / Physics Letters B 744 (2015) 163–183 167

Additional requirements are imposed on angular quantities sen-
sitive to the presence of neutrinos in order to suppress the multi-
jet background: the azimuthal angle between �Emiss

T and �pmiss
T : 

�φ(�Emiss
T , �pmiss

T ) < π/2; the minimum azimuthal angle between 
�Emiss
T and any jet min[�φ(�Emiss

T , jet)] > 1.5; and the azimuthal 
angle between Emiss

T and the b-jet pair �φ(�Emiss
T , bb) > 2.8. The 

total acceptance times selection efficiency varies from 4%, for mA =
400 GeV, to around 7% for the highest A boson masses considered.

It is not possible to accurately reconstruct the invariant mass 
of the A boson due to the presence of neutrinos in the final state. 
Therefore, the transverse mass is used as the final discriminant: 

m
rec,T
A =

√

(Ebb
T + Emiss

T )2 − (�p bb
T + �Emiss

T )2 , where Ebb
T and �p bb

T are 
the transverse energy and transverse momentum of the b-jet pair 
system. As in the ℓℓbb channel, the resolution is improved by scal-
ing each b-tagged jet four-momentum by 125 GeV/mbb .

5.3. Backgrounds

All backgrounds in ℓℓbb/ννbb final states are determined from 
simulation, apart from the multi-jet background, which is deter-
mined from data. The multi-jet background in the µµbb final state 
is found to be negligible. In the eebb final state, the background is 
determined by selecting a sample of events with the electron isola-
tion requirement inverted. The sample is normalized by fitting the 
mℓℓ distribution. In the ννbb final state, the multi-jet background 
is determined by inverting the �φ(�Emiss

T , �pmiss
T ) requirement. The 

sample is normalized using the region with min[�φ(�Emiss
T , jet)] <

0.4.
The Z + jets simulated sample is split into different components 

according to the true flavor of the jets, i.e. Z + ll, Z + cl, Z + cc, 
Z + bl, Z + bc and Z + bb, where l denotes a light quark (u, d, s) 
or a gluon. These components are constrained by defining control 
samples which have the same selection as the ℓℓbb final state, but 
with the requirements on the number of b-tagged jets changed 
to either zero or one. The samples are further divided into events 
with two or at least three jets. In order to improve the description 
of the data, corrections are applied to the simulation as a func-
tion of the azimuthal angle between the two leading jets, �φ j j , 
for Z + ll events and a function of pZ

T for the other components, as 
described in detail in Ref. [43].

The W + jets background, which contributes significantly only 
in the ννbb final state, is split into its components in the same 
way as the Z + jets sample. It is constrained by defining a sample 
of events that are selected using the Emiss

T triggers and contain 
exactly one lepton with pT > 25 GeV and a tightened isolation 
requirement. The transverse momentum of the lepton and �Emiss

T
system (pW

T ) is required to be above 120 GeV to approximately 
match the phase space of the signal region. The sample is split 
into events with zero, one or two b-tagged jets and into events 
with 2 and 3 jets. A correction depending on �φ j j is applied to 
W + ll and W + cl events, following studies similar to those per-
formed for the Z + jets background [43].

A correction is made to the pT distribution of tt̄ production in 
the simulation to account for an observed discrepancy with the 
data [44]. The normalization of top-quark pair production in the 
ℓℓbb channel is measured by defining a sample of events with ex-
actly one electron and one muon, one of which has pT > 25 GeV, 
and two b-tagged jets with 50 <mbb < 180 GeV.

5.4. Systematic uncertainties and results

The most important experimental systematic uncertainties in 
the ℓℓbb and ννbb final states come from the jet energy scale un-
certainty and the b-tagging efficiency.

Table 2

Predicted and observed number of events for the ℓℓbb and ννbb final states shown 
after the profile likelihood fit to the data.

(ℓℓbb) ννbb

Z + jets 1443 ± 60 225 ± 11
W + jets – 55 ± 8
Top 317 ± 28 203 ± 15
Diboson 30 ± 5 10.8 ± 1.6
SM Zh, Wh 31.7 ± 1.8 22.5 ± 1.2
Multi-jet 20 ± 16 3.2 ± 3.1
Total background 1843 ± 34 521 ± 12

Data 1857 511

The jet energy scale systematic uncertainty arises from several 
sources including uncertainties from the in situ calibration, pile-
up dependent corrections and the jet flavor composition [45]. In 
addition, an uncertainty on the jet energy resolution is applied. 
The jet energy scale and resolution uncertainties are propagated to 
the Emiss

T . The uncertainty on Emiss
T also has a contribution from 

hadronic energy that is not associated with jets [41].
The b-tagging efficiency uncertainty depends on jet pT and 

comes mainly from the uncertainty on the measurement of the ef-
ficiency in tt̄ events [39]. Similar uncertainties are derived for the 
c-tagging and light-flavor jet tagging [46].

Other experimental systematic uncertainties that are included 
but have a smaller impact are uncertainties from lepton energy 
scale and identification efficiency, the efficiency of the Emiss

T trigger 
and the uncertainty on the multi-jet background estimate, which 
is taken to be 100% of the estimated number of events.

In addition to the experimental systematic uncertainties, mod-
eling systematic uncertainties are applied, accounting for possible 
differences between the data and the simulation model used for 
each process. For the background samples, the procedure described 
in Ref. [43] is followed. The Z + jets and W + jets backgrounds in-
clude uncertainties on the relative fraction of the different flavor
components, and on the mbb , �φ j j and pZ

T /pW
T distributions. For tt̄

production, uncertainties on the top-quark transverse momentum, 
mbb , Emiss

T and pZ
T /pW

T distributions are included. Uncertainties on 
the ratio of two-jet to three-jet events are also included for each 
background.

The mrec
A and mrec,T

A distributions for events passing the ℓℓbb
and ννbb final-state selections, respectively, are shown in Fig. 2. 
The distributions are shown after a profile-likelihood fit, which 
constrains simultaneously the signal yield and the background nor-
malization and shape, which is performed in the same manner as 
in Ref. [43]. The overall background is more constrained than the 
individual components, causing the errors of indvidual components 
to be anti-correlated. The number of events passing the ℓℓbb and 
ννbb final state selections are shown in Table 2, where the val-
ues for the expectations and uncertainties are obtained from the 
profile-likelihood fit.

6. Results

In all channels, no significant excess of events is observed in 
the data compared to the prediction from SM background sources. 
The significance of local excesses is estimated using p-values cal-
culated with a test statistic based on the profile likelihood [47]. 
The largest data excesses are at mA = 220 GeV (p-value = 0.014) 
and mA = 260 GeV (p-value = 0.14) in the combined final states 
with h → bb and h → ττ , respectively. Exclusion limits at the 95% 
confidence level (CL) are set on the production cross section times 
the branching ratio BR(A → Zh) as a function of the A boson mass. 
The exclusion limits are calculated with a modified frequentist 
method [48], also known as CLs, and the profile likelihood method, 
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Fig. 2. Distributions of the reconstructed A boson mass for the ℓℓbb final state (a) and the A boson transverse mass for the ννbb final state (b). The signal shown in both 
cases corresponds to σ (gg → A) × BR(A → Zh) × BR(h → bb) = 500 fb with mA = 500 GeV. The predicted distributions are shown after the profile likelihood fit to the data. 
The uncertainty is shown as a hatched area, and the overflow is included in the last bin.

Fig. 3. Combined observed and expected upper limits at the 95% CL for the production cross section of a gluon-fusion-produced A boson times its branching ratio to Zh and 
branching ratio of h to (a) ττ and (b) bb. The expected upper limits for subchannels are also shown.

using the binned mrec
A mass distributions for ℓℓττ and ℓℓbb final 

states and the binned mrec,T
A distribution for the ννbb final state.

Fig. 3 shows the 95% CL limits on the production cross section 
times the branching ratio, σ (gg → A) × BR(A → Zh) × BR(h →
bb/ττ ), as well as the expected limits for each individual subchan-
nel. The limit on the production times the branching ratio is in 
the range 0.098–0.013 pb and 0.57–0.014 pb for mA in the range 
220–1000 GeV for the ττ and bb channels, respectively. The ττ

channels use few signal mass points beyond mA = 500 GeV, since 
a coarse binning in mrec

A is adopted in view of the very small pre-
dicted number of background events.

The results of the search in the ττ and bb channels are com-
bined in the context of the CP-conserving 2HDM [3], which has 
seven free parameters and four arrangements of the Yukawa cou-
plings to fermions. In particular, the free parameters are the Higgs 
boson masses (mh , mH , mA , mH± ), the ratio of the vacuum ex-
pectation values of the two doublets (tanβ), the mixing angle 
between the CP-even Higgs bosons (α) and the potential param-
eter m2

12 that mixes the two Higgs doublets. The Yukawa coupling 
arrangements distinguish four different 2HDM models, determin-
ing which of the two doublets, �1 and �2 , couples to up- and 

down-type quarks and leptons. In the Type-I model, �2 couples 
to all quarks and leptons, whereas in the Type-II, �1 couples 
to down-type fermions and �2 couples to up-type fermions. The 
Lepton-specific model is similar to Type-I apart from the fact that 
the leptons couple to �1 , instead of �2 . The Flipped model is 
similar to Type-II apart from the leptons coupling to �2 , instead 
of �1 . In all these models, the limit cos(β − α) → 0 is such that 
the light CP-even Higgs boson, h, has indistinguishable properties 
from a SM Higgs boson with the same mass. The cross sections for 
production by gluon fusion are calculated using SusHi [49–54]
and the branching ratios are calculated with 2HDMC [55]. For the 
branching ratio calculations, it is assumed that mA = mH = mH± , 
mh = 125 GeV and m2

12 =m2
A tanβ/(1 + tan2 β).

The constraints derived from the combined search in ττ and bb
final states are presented as a function of 2HDM parameters. The 
exclusion region in the cos(β − α) versus tanβ plane for mA =
300 GeV are shown in Fig. 4 for the four 2HDM models, while the 
constraints obtained in the mA–tanβ plane for cos(β − α) = 0.10
are shown in Fig. 5. The width of the A boson in the 2HDM may be 
larger than the experimental mass resolution, and it is taken into 
account in the 2HDM parameter exclusion regions for widths up to 
5% of mA . For Type-II and Flipped models, Higgs boson production 
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Fig. 4. The interpretation of the cross-section limits in the context of the various 2HDM types as a function of the parameters tanβ and cos(β − α) for mA = 300 GeV: 
(a) Type-I, (b) Type-II, (c) Lepton-specific, and (d) Flipped. Variations of the natural width up to ŴA/mA = 5% are taken into account. For Type-II and Flipped 2HDM, 
the b-associated production is included in addition to the gluon fusion. The narrow regions with no exclusion power in Type-I and Type-II at low tanβ and far from 
cos(β − α) = 0 are caused by vanishing branching ratios of h → bb and/or h → ττ . The blue (in the web version) shaded area denotes the area excluded by taking into 
account the constraints on the CP-odd Higgs boson derived by considering the A → ττ decay mode after reinterpreting the results in Ref. [13].

in association with b-quarks dominates over gluon fusion for large 
tanβ values (tanβ � 10). The cross section for the b-associated 
production uses an empirical matching of the cross sections in the 
four- and five-flavor schemes [56]. Cross sections in the four-flavor
scheme are calculated according to Refs. [57,58] and cross sections 
in the five-flavor scheme are calculated using SusHi. The rela-
tive efficiencies for the b-associated and gluon fusion production 
as well as the predicted cross-section ratio are taken into ac-
count when deriving the constraints in the two-dimensional planes 
shown in Fig. 4. The b-associated production efficiencies are esti-
mated using PYTHIA8 and SHERPA samples. The regions of pa-
rameter space excluded at 95% CL by the A → ττ decay mode 
are displayed in the same plots, using the results of a search for 
a heavy Higgs boson decaying into ττ (Ref. [13]), reinterpreted 
considering only the production of an A boson via gluon fusion 
and b-associated production. For mA values below the tt̄ kinematic 
threshold, the search presented here can exclude cos(β −α) values 
down to a few percent for tanβ values up to ≈ 3.

7. Conclusions

Data recorded in 2012 by the ATLAS experiment at the LHC, 
corresponding to an integrated luminosity of 20.3 fb−1 of proton–
proton collisions at a centre-of-mass energy 8 TeV, are used to 

search for a CP-odd Higgs boson, A, decaying to Zh, where h
denotes a light CP-even Higgs boson with a 125 GeV mass. No 
deviations from the SM background predictions are observed in 
the three final states considered: Zh → ℓℓττ , Zh → ℓℓbb, and 
Zh → ννbb. Upper limits are set at the 95% confidence level 
for σ (gg → A) × BR(A → Zh) × BR(h → f f̄ ) of 0.098–0.013 pb 
for f = τ and 0.57–0.014 pb for f = b in the range of mA =
220–1000 GeV. This Zh resonance search improves significantly 
the previously published constraints on CP-odd Higgs boson pro-
duction in the low tanβ region of the 2HDM.
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M. Janus 171, G. Jarlskog 81, N. Javadov 65,b, T. Javůrek 48, L. Jeanty 15, J. Jejelava 51a,r , G.-Y. Jeng 151, 
D. Jennens 88, P. Jenni 48,s, J. Jentzsch 43, C. Jeske 171, S. Jézéquel 5, H. Ji 174, J. Jia 149, Y. Jiang 33b, 
J. Jimenez Pena 168, S. Jin 33a, A. Jinaru 26a, O. Jinnouchi 158, M.D. Joergensen 36, P. Johansson 140, 
K.A. Johns 7, K. Jon-And 147a,147b, G. Jones 171, R.W.L. Jones 72, T.J. Jones 74, J. Jongmanns 58a, 



ATLAS Collaboration / Physics Letters B 744 (2015) 163–183 175

P.M. Jorge 126a,126b, K.D. Joshi 84, J. Jovicevic 148, X. Ju 174, C.A. Jung 43, P. Jussel 62, A. Juste Rozas 12,o, 
M. Kaci 168, A. Kaczmarska 39, M. Kado 117, H. Kagan 111, M. Kagan 144, S.J. Kahn 85, E. Kajomovitz 45, 
C.W. Kalderon 120, S. Kama 40, A. Kamenshchikov 130, N. Kanaya 156, M. Kaneda 30, S. Kaneti 28, 
V.A. Kantserov 98, J. Kanzaki 66, B. Kaplan 110, A. Kapliy 31, D. Kar 53, K. Karakostas 10, A. Karamaoun 3, 
N. Karastathis 10,107, M.J. Kareem 54, M. Karnevskiy 83, S.N. Karpov 65, Z.M. Karpova 65, K. Karthik 110, 
V. Kartvelishvili 72, A.N. Karyukhin 130, L. Kashif 174, R.D. Kass 111, A. Kastanas 14, Y. Kataoka 156, 
A. Katre 49, J. Katzy 42, K. Kawagoe 70, T. Kawamoto 156, G. Kawamura 54, S. Kazama 156, V.F. Kazanin 109,c, 
M.Y. Kazarinov 65, R. Keeler 170, R. Kehoe 40, M. Keil 54, J.S. Keller 42, J.J. Kempster 77, H. Keoshkerian 84, 
O. Kepka 127, B.P. Kerševan 75, S. Kersten 176, R.A. Keyes 87, F. Khalil-zada 11, H. Khandanyan 147a,147b, 
A. Khanov 114, A. Kharlamov 109, A. Khodinov 98, A. Khomich 58a, T.J. Khoo 28, G. Khoriauli 21, 
V. Khovanskiy 97, E. Khramov 65, J. Khubua 51b,t , H.Y. Kim 8, H. Kim 147a,147b, S.H. Kim 161, N. Kimura 155, 
O.M. Kind 16, B.T. King 74, M. King 168, R.S.B. King 120, S.B. King 169, J. Kirk 131, A.E. Kiryunin 101, 
T. Kishimoto 67, D. Kisielewska 38a, F. Kiss 48, K. Kiuchi 161, E. Kladiva 145b, M.H. Klein 35, M. Klein 74, 
U. Klein 74, K. Kleinknecht 83, P. Klimek 147a,147b, A. Klimentov 25, R. Klingenberg 43, J.A. Klinger 84, 
T. Klioutchnikova 30, P.F. Klok 106, E.-E. Kluge 58a, P. Kluit 107, S. Kluth 101, E. Kneringer 62, 
E.B.F.G. Knoops 85, A. Knue 53, D. Kobayashi 158, T. Kobayashi 156, M. Kobel 44, M. Kocian 144, P. Kodys 129, 
T. Koffas 29, E. Koffeman 107, L.A. Kogan 120, S. Kohlmann 176, Z. Kohout 128, T. Kohriki 66, T. Koi 144, 
H. Kolanoski 16, I. Koletsou 5, A.A. Komar 96,∗, Y. Komori 156, T. Kondo 66, N. Kondrashova 42, K. Köneke 48, 
A.C. König 106, S. König 83, T. Kono 66,u, R. Konoplich 110,v, N. Konstantinidis 78, R. Kopeliansky 153, 
S. Koperny 38a, L. Köpke 83, A.K. Kopp 48, K. Korcyl 39, K. Kordas 155, A. Korn 78, A.A. Korol 109,c, 
I. Korolkov 12, E.V. Korolkova 140, O. Kortner 101, S. Kortner 101, T. Kosek 129, V.V. Kostyukhin 21, 
V.M. Kotov 65, A. Kotwal 45, A. Kourkoumeli-Charalampidi 155, C. Kourkoumelis 9, V. Kouskoura 25, 
A. Koutsman 160a, R. Kowalewski 170, T.Z. Kowalski 38a, W. Kozanecki 137, A.S. Kozhin 130, 
V.A. Kramarenko 99, G. Kramberger 75, D. Krasnopevtsev 98, M.W. Krasny 80, A. Krasznahorkay 30, 
J.K. Kraus 21, A. Kravchenko 25, S. Kreiss 110, M. Kretz 58c, J. Kretzschmar 74, K. Kreutzfeldt 52, P. Krieger 159, 
K. Krizka 31, K. Kroeninger 43, H. Kroha 101, J. Kroll 122, J. Kroseberg 21, J. Krstic 13, U. Kruchonak 65, 
H. Krüger 21, N. Krumnack 64, Z.V. Krumshteyn 65, A. Kruse 174, M.C. Kruse 45, M. Kruskal 22, T. Kubota 88, 
H. Kucuk 78, S. Kuday 4c, S. Kuehn 48, A. Kugel 58c, F. Kuger 175, A. Kuhl 138, T. Kuhl 42, V. Kukhtin 65, 
Y. Kulchitsky 92, S. Kuleshov 32b, M. Kuna 133a,133b, T. Kunigo 68, A. Kupco 127, H. Kurashige 67, 
Y.A. Kurochkin 92, R. Kurumida 67, V. Kus 127, E.S. Kuwertz 148, M. Kuze 158, J. Kvita 115, T. Kwan 170, 
D. Kyriazopoulos 140, A. La Rosa 49, J.L. La Rosa Navarro 24d, L. La Rotonda 37a,37b, C. Lacasta 168, 
F. Lacava 133a,133b, J. Lacey 29, H. Lacker 16, D. Lacour 80, V.R. Lacuesta 168, E. Ladygin 65, R. Lafaye 5, 
B. Laforge 80, T. Lagouri 177, S. Lai 48, L. Lambourne 78, S. Lammers 61, C.L. Lampen 7, W. Lampl 7, 
E. Lançon 137, U. Landgraf 48, M.P.J. Landon 76, V.S. Lang 58a, A.J. Lankford 164, F. Lanni 25, K. Lantzsch 30, 
S. Laplace 80, C. Lapoire 30, J.F. Laporte 137, T. Lari 91a, F. Lasagni Manghi 20a,20b, M. Lassnig 30, P. Laurelli 47, 
W. Lavrijsen 15, A.T. Law 138, P. Laycock 74, O. Le Dortz 80, E. Le Guirriec 85, E. Le Menedeu 12, 
T. LeCompte 6, F. Ledroit-Guillon 55, C.A. Lee 146b, S.C. Lee 152, L. Lee 1, G. Lefebvre 80, M. Lefebvre 170, 
F. Legger 100, C. Leggett 15, A. Lehan 74, G. Lehmann Miotto 30, X. Lei 7, W.A. Leight 29, A. Leisos 155, 
A.G. Leister 177, M.A.L. Leite 24d, R. Leitner 129, D. Lellouch 173, B. Lemmer 54, K.J.C. Leney 78, T. Lenz 21, 
G. Lenzen 176, B. Lenzi 30, R. Leone 7, S. Leone 124a,124b, C. Leonidopoulos 46, S. Leontsinis 10, C. Leroy 95, 
C.G. Lester 28, M. Levchenko 123, J. Levêque 5, D. Levin 89, L.J. Levinson 173, M. Levy 18, A. Lewis 120, 
A.M. Leyko 21, M. Leyton 41, B. Li 33b,w, B. Li 85, H. Li 149, H.L. Li 31, L. Li 45, L. Li 33e, S. Li 45, Y. Li 33c,x, 
Z. Liang 138, H. Liao 34, B. Liberti 134a, P. Lichard 30, K. Lie 166, J. Liebal 21, W. Liebig 14, C. Limbach 21, 
A. Limosani 151, S.C. Lin 152,y, T.H. Lin 83, F. Linde 107, B.E. Lindquist 149, J.T. Linnemann 90, E. Lipeles 122, 
A. Lipniacka 14, M. Lisovyi 42, T.M. Liss 166, D. Lissauer 25, A. Lister 169, A.M. Litke 138, B. Liu 152, D. Liu 152, 
J. Liu 85, J.B. Liu 33b, K. Liu 33b,z, L. Liu 89, M. Liu 45, M. Liu 33b, Y. Liu 33b, M. Livan 121a,121b, A. Lleres 55, 
J. Llorente Merino 82, S.L. Lloyd 76, F. Lo Sterzo 152, E. Lobodzinska 42, P. Loch 7, W.S. Lockman 138, 
F.K. Loebinger 84, A.E. Loevschall-Jensen 36, A. Loginov 177, T. Lohse 16, K. Lohwasser 42, M. Lokajicek 127, 
B.A. Long 22, J.D. Long 89, R.E. Long 72, K.A. Looper 111, L. Lopes 126a, D. Lopez Mateos 57, 
B. Lopez Paredes 140, I. Lopez Paz 12, J. Lorenz 100, N. Lorenzo Martinez 61, M. Losada 163, P. Loscutoff 15, 
P.J. Lösel 100, X. Lou 33a, A. Lounis 117, J. Love 6, P.A. Love 72, N. Lu 89, H.J. Lubatti 139, C. Luci 133a,133b, 
A. Lucotte 55, F. Luehring 61, W. Lukas 62, L. Luminari 133a, O. Lundberg 147a,147b, B. Lund-Jensen 148, 



176 ATLAS Collaboration / Physics Letters B 744 (2015) 163–183

M. Lungwitz 83, D. Lynn 25, R. Lysak 127, E. Lytken 81, H. Ma 25, L.L. Ma 33d, G. Maccarrone 47, 
A. Macchiolo 101, C.M. Macdonald 140, J. Machado Miguens 126a,126b, D. Macina 30, D. Madaffari 85, 
R. Madar 34, H.J. Maddocks 72, W.F. Mader 44, A. Madsen 167, T. Maeno 25, A. Maevskiy 99, E. Magradze 54, 
K. Mahboubi 48, J. Mahlstedt 107, S. Mahmoud 74, C. Maiani 137, C. Maidantchik 24a, A.A. Maier 101, 
T. Maier 100, A. Maio 126a,126b,126d, S. Majewski 116, Y. Makida 66, N. Makovec 117, B. Malaescu 80, 
Pa. Malecki 39, V.P. Maleev 123, F. Malek 55, U. Mallik 63, D. Malon 6, C. Malone 144, S. Maltezos 10, 
V.M. Malyshev 109, S. Malyukov 30, J. Mamuzic 42, B. Mandelli 30, L. Mandelli 91a, I. Mandić 75, 
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A. Pacheco Pages 12, C. Padilla Aranda 12, M. Pagáčová 48, S. Pagan Griso 15, E. Paganis 140, C. Pahl 101, 
F. Paige 25, P. Pais 86, K. Pajchel 119, G. Palacino 160b, S. Palestini 30, M. Palka 38b, D. Pallin 34, 
A. Palma 126a,126b, Y.B. Pan 174, E. Panagiotopoulou 10, C.E. Pandini 80, J.G. Panduro Vazquez 77, 
P. Pani 147a,147b, N. Panikashvili 89, S. Panitkin 25, L. Paolozzi 134a,134b, Th.D. Papadopoulou 10, 
K. Papageorgiou 155, A. Paramonov 6, D. Paredes Hernandez 155, M.A. Parker 28, K.A. Parker 140, 
F. Parodi 50a,50b, J.A. Parsons 35, U. Parzefall 48, E. Pasqualucci 133a, S. Passaggio 50a, F. Pastore 135a,135b,∗, 
Fr. Pastore 77, G. Pásztor 29, S. Pataraia 176, N.D. Patel 151, J.R. Pater 84, T. Pauly 30, J. Pearce 170, 
L.E. Pedersen 36, M. Pedersen 119, S. Pedraza Lopez 168, R. Pedro 126a,126b, S.V. Peleganchuk 109, 
D. Pelikan 167, H. Peng 33b, B. Penning 31, J. Penwell 61, D.V. Perepelitsa 25, E. Perez Codina 160a, 
M.T. Pérez García-Estañ 168, L. Perini 91a,91b, H. Pernegger 30, S. Perrella 104a,104b, R. Peschke 42, 
V.D. Peshekhonov 65, K. Peters 30, R.F.Y. Peters 84, B.A. Petersen 30, T.C. Petersen 36, E. Petit 42, 
A. Petridis 147a,147b, C. Petridou 155, E. Petrolo 133a, F. Petrucci 135a,135b, N.E. Pettersson 158, R. Pezoa 32b, 
P.W. Phillips 131, G. Piacquadio 144, E. Pianori 171, A. Picazio 49, E. Piccaro 76, M. Piccinini 20a,20b, 
M.A. Pickering 120, R. Piegaia 27, D.T. Pignotti 111, J.E. Pilcher 31, A.D. Pilkington 78, J. Pina 126a,126b,126d, 
M. Pinamonti 165a,165c,ad, J.L. Pinfold 3, A. Pingel 36, B. Pinto 126a, S. Pires 80, M. Pitt 173, C. Pizio 91a,91b, 
L. Plazak 145a, M.-A. Pleier 25, V. Pleskot 129, E. Plotnikova 65, P. Plucinski 147a,147b, D. Pluth 64, 
R. Poettgen 83, L. Poggioli 117, D. Pohl 21, G. Polesello 121a, A. Policicchio 37a,37b, R. Polifka 159, A. Polini 20a, 
C.S. Pollard 53, V. Polychronakos 25, K. Pommès 30, L. Pontecorvo 133a, B.G. Pope 90, G.A. Popeneciu 26b, 
D.S. Popovic 13, A. Poppleton 30, S. Pospisil 128, K. Potamianos 15, I.N. Potrap 65, C.J. Potter 150, 
C.T. Potter 116, G. Poulard 30, J. Poveda 30, V. Pozdnyakov 65, P. Pralavorio 85, A. Pranko 15, S. Prasad 30, 
S. Prell 64, D. Price 84, J. Price 74, L.E. Price 6, M. Primavera 73a, S. Prince 87, M. Proissl 46, K. Prokofiev 60c, 
F. Prokoshin 32b, E. Protopapadaki 137, S. Protopopescu 25, J. Proudfoot 6, M. Przybycien 38a, E. Ptacek 116, 
D. Puddu 135a,135b, E. Pueschel 86, D. Puldon 149, M. Purohit 25,ae, P. Puzo 117, J. Qian 89, G. Qin 53, Y. Qin 84, 
A. Quadt 54, D.R. Quarrie 15, W.B. Quayle 165a,165b, M. Queitsch-Maitland 84, D. Quilty 53, A. Qureshi 160b, 
V. Radeka 25, V. Radescu 42, S.K. Radhakrishnan 149, P. Radloff 116, P. Rados 88, F. Ragusa 91a,91b, 
G. Rahal 179, S. Rajagopalan 25, M. Rammensee 30, C. Rangel-Smith 167, F. Rauscher 100, S. Rave 83, 
T.C. Rave 48, T. Ravenscroft 53, M. Raymond 30, A.L. Read 119, N.P. Readioff 74, D.M. Rebuzzi 121a,121b, 
A. Redelbach 175, G. Redlinger 25, R. Reece 138, K. Reeves 41, L. Rehnisch 16, H. Reisin 27, M. Relich 164, 
C. Rembser 30, H. Ren 33a, A. Renaud 117, M. Rescigno 133a, S. Resconi 91a, O.L. Rezanova 109,c, 
P. Reznicek 129, R. Rezvani 95, R. Richter 101, E. Richter-Was 38b, M. Ridel 80, P. Rieck 16, C.J. Riegel 176, 
J. Rieger 54, M. Rijssenbeek 149, A. Rimoldi 121a,121b, L. Rinaldi 20a, E. Ritsch 62, I. Riu 12, F. Rizatdinova 114, 
E. Rizvi 76, S.H. Robertson 87,k, A. Robichaud-Veronneau 87, D. Robinson 28, J.E.M. Robinson 84, 
A. Robson 53, C. Roda 124a,124b, L. Rodrigues 30, S. Roe 30, O. Røhne 119, S. Rolli 162, A. Romaniouk 98, 
M. Romano 20a,20b, S.M. Romano Saez 34, E. Romero Adam 168, N. Rompotis 139, M. Ronzani 48, L. Roos 80, 
E. Ros 168, S. Rosati 133a, K. Rosbach 48, P. Rose 138, P.L. Rosendahl 14, O. Rosenthal 142, V. Rossetti 147a,147b, 
E. Rossi 104a,104b, L.P. Rossi 50a, R. Rosten 139, M. Rotaru 26a, I. Roth 173, J. Rothberg 139, D. Rousseau 117, 
C.R. Royon 137, A. Rozanov 85, Y. Rozen 153, X. Ruan 146c, F. Rubbo 144, I. Rubinskiy 42, V.I. Rud 99, 
C. Rudolph 44, M.S. Rudolph 159, F. Rühr 48, A. Ruiz-Martinez 30, Z. Rurikova 48, N.A. Rusakovich 65, 
A. Ruschke 100, H.L. Russell 139, J.P. Rutherfoord 7, N. Ruthmann 48, Y.F. Ryabov 123, M. Rybar 129, 
G. Rybkin 117, N.C. Ryder 120, A.F. Saavedra 151, G. Sabato 107, S. Sacerdoti 27, A. Saddique 3, 
H.F-W. Sadrozinski 138, R. Sadykov 65, F. Safai Tehrani 133a, M. Saimpert 137, H. Sakamoto 156, 
Y. Sakurai 172, G. Salamanna 135a,135b, A. Salamon 134a, M. Saleem 113, D. Salek 107, P.H. Sales De Bruin 139, 
D. Salihagic 101, A. Salnikov 144, J. Salt 168, D. Salvatore 37a,37b, F. Salvatore 150, A. Salvucci 106, 
A. Salzburger 30, D. Sampsonidis 155, A. Sanchez 104a,104b, J. Sánchez 168, V. Sanchez Martinez 168, 
H. Sandaker 14, R.L. Sandbach 76, H.G. Sander 83, M.P. Sanders 100, M. Sandhoff 176, C. Sandoval 163, 
R. Sandstroem 101, D.P.C. Sankey 131, A. Sansoni 47, C. Santoni 34, R. Santonico 134a,134b, H. Santos 126a, 
I. Santoyo Castillo 150, K. Sapp 125, A. Sapronov 65, J.G. Saraiva 126a,126d, B. Sarrazin 21, O. Sasaki 66, 
Y. Sasaki 156, K. Sato 161, G. Sauvage 5,∗, E. Sauvan 5, G. Savage 77, P. Savard 159,d, C. Sawyer 120, 
L. Sawyer 79,n, D.H. Saxon 53, J. Saxon 31, C. Sbarra 20a, A. Sbrizzi 20a,20b, T. Scanlon 78, D.A. Scannicchio 164, 



178 ATLAS Collaboration / Physics Letters B 744 (2015) 163–183

M. Scarcella 151, V. Scarfone 37a,37b, J. Schaarschmidt 173, P. Schacht 101, D. Schaefer 30, R. Schaefer 42, 
J. Schaeffer 83, S. Schaepe 21, S. Schaetzel 58b, U. Schäfer 83, A.C. Schaffer 117, D. Schaile 100, 
R.D. Schamberger 149, V. Scharf 58a, V.A. Schegelsky 123, D. Scheirich 129, M. Schernau 164, C. Schiavi 50a,50b, 
C. Schillo 48, M. Schioppa 37a,37b, S. Schlenker 30, E. Schmidt 48, K. Schmieden 30, C. Schmitt 83, 
S. Schmitt 58b, B. Schneider 160a, Y.J. Schnellbach 74, U. Schnoor 44, L. Schoeffel 137, A. Schoening 58b, 
B.D. Schoenrock 90, A.L.S. Schorlemmer 54, M. Schott 83, D. Schouten 160a, J. Schovancova 8, S. Schramm 159, 
M. Schreyer 175, C. Schroeder 83, N. Schuh 83, M.J. Schultens 21, H.-C. Schultz-Coulon 58a, H. Schulz 16, 
M. Schumacher 48, B.A. Schumm 138, Ph. Schune 137, C. Schwanenberger 84, A. Schwartzman 144, 
T.A. Schwarz 89, Ph. Schwegler 101, Ph. Schwemling 137, R. Schwienhorst 90, J. Schwindling 137, 
T. Schwindt 21, M. Schwoerer 5, F.G. Sciacca 17, E. Scifo 117, G. Sciolla 23, F. Scuri 124a,124b, F. Scutti 21, 
J. Searcy 89, G. Sedov 42, E. Sedykh 123, P. Seema 21, S.C. Seidel 105, A. Seiden 138, F. Seifert 128, 
J.M. Seixas 24a, G. Sekhniaidze 104a, S.J. Sekula 40, K.E. Selbach 46, D.M. Seliverstov 123,∗, 
N. Semprini-Cesari 20a,20b, C. Serfon 30, L. Serin 117, L. Serkin 54, T. Serre 85, R. Seuster 160a, H. Severini 113, 
T. Sfiligoj 75, F. Sforza 101, A. Sfyrla 30, E. Shabalina 54, M. Shamim 116, L.Y. Shan 33a, R. Shang 166, 
J.T. Shank 22, M. Shapiro 15, P.B. Shatalov 97, K. Shaw 165a,165b, A. Shcherbakova 147a,147b, C.Y. Shehu 150, 
P. Sherwood 78, L. Shi 152,af , S. Shimizu 67, C.O. Shimmin 164, M. Shimojima 102, M. Shiyakova 65, 
A. Shmeleva 96, D. Shoaleh Saadi 95, M.J. Shochet 31, S. Shojaii 91a,91b, S. Shrestha 111, E. Shulga 98, 
M.A. Shupe 7, S. Shushkevich 42, P. Sicho 127, O. Sidiropoulou 175, D. Sidorov 114, A. Sidoti 20a,20b, 
F. Siegert 44, Dj. Sijacki 13, J. Silva 126a,126d, Y. Silver 154, D. Silverstein 144, S.B. Silverstein 147a, V. Simak 128, 
O. Simard 5, Lj. Simic 13, S. Simion 117, E. Simioni 83, B. Simmons 78, D. Simon 34, R. Simoniello 91a,91b, 
P. Sinervo 159, N.B. Sinev 116, G. Siragusa 175, A. Sircar 79, A.N. Sisakyan 65,∗, S.Yu. Sivoklokov 99, 
J. Sjölin 147a,147b, T.B. Sjursen 14, M.B. Skinner 72, H.P. Skottowe 57, P. Skubic 113, M. Slater 18, 
T. Slavicek 128, M. Slawinska 107, K. Sliwa 162, V. Smakhtin 173, B.H. Smart 46, L. Smestad 14, 
S.Yu. Smirnov 98, Y. Smirnov 98, L.N. Smirnova 99,ag , O. Smirnova 81, K.M. Smith 53, M.N.K. Smith 35, 
M. Smizanska 72, K. Smolek 128, A.A. Snesarev 96, G. Snidero 76, S. Snyder 25, R. Sobie 170,k, F. Socher 44, 
A. Soffer 154, D.A. Soh 152,af , C.A. Solans 30, M. Solar 128, J. Solc 128, E.Yu. Soldatov 98, U. Soldevila 168, 
A.A. Solodkov 130, A. Soloshenko 65, O.V. Solovyanov 130, V. Solovyev 123, P. Sommer 48, H.Y. Song 33b, 
N. Soni 1, A. Sood 15, A. Sopczak 128, B. Sopko 128, V. Sopko 128, V. Sorin 12, D. Sosa 58b, M. Sosebee 8, 
C.L. Sotiropoulou 155, R. Soualah 165a,165c, P. Soueid 95, A.M. Soukharev 109,c, D. South 42, 
S. Spagnolo 73a,73b, F. Spanò 77, W.R. Spearman 57, F. Spettel 101, R. Spighi 20a, G. Spigo 30, L.A. Spiller 88, 
M. Spousta 129, T. Spreitzer 159, R.D. St. Denis 53,∗, S. Staerz 44, J. Stahlman 122, R. Stamen 58a, S. Stamm 16, 
E. Stanecka 39, C. Stanescu 135a, M. Stanescu-Bellu 42, M.M. Stanitzki 42, S. Stapnes 119, E.A. Starchenko 130, 
J. Stark 55, P. Staroba 127, P. Starovoitov 42, R. Staszewski 39, P. Stavina 145a,∗, P. Steinberg 25, B. Stelzer 143, 
H.J. Stelzer 30, O. Stelzer-Chilton 160a, H. Stenzel 52, S. Stern 101, G.A. Stewart 53, J.A. Stillings 21, 
M.C. Stockton 87, M. Stoebe 87, G. Stoicea 26a, P. Stolte 54, S. Stonjek 101, A.R. Stradling 8, A. Straessner 44, 
M.E. Stramaglia 17, J. Strandberg 148, S. Strandberg 147a,147b, A. Strandlie 119, E. Strauss 144, M. Strauss 113, 
P. Strizenec 145b, R. Ströhmer 175, D.M. Strom 116, R. Stroynowski 40, A. Strubig 106, S.A. Stucci 17, 
B. Stugu 14, N.A. Styles 42, D. Su 144, J. Su 125, R. Subramaniam 79, A. Succurro 12, Y. Sugaya 118, C. Suhr 108, 
M. Suk 128, V.V. Sulin 96, S. Sultansoy 4d, T. Sumida 68, S. Sun 57, X. Sun 33a, J.E. Sundermann 48, 
K. Suruliz 150, G. Susinno 37a,37b, M.R. Sutton 150, Y. Suzuki 66, M. Svatos 127, S. Swedish 169, 
M. Swiatlowski 144, I. Sykora 145a, T. Sykora 129, D. Ta 90, C. Taccini 135a,135b, K. Tackmann 42, J. Taenzer 159, 
A. Taffard 164, R. Tafirout 160a, N. Taiblum 154, H. Takai 25, R. Takashima 69, H. Takeda 67, T. Takeshita 141, 
Y. Takubo 66, M. Talby 85, A.A. Talyshev 109,c, J.Y.C. Tam 175, K.G. Tan 88, J. Tanaka 156, R. Tanaka 117, 
S. Tanaka 132, S. Tanaka 66, A.J. Tanasijczuk 143, B.B. Tannenwald 111, N. Tannoury 21, S. Tapprogge 83, 
S. Tarem 153, F. Tarrade 29, G.F. Tartarelli 91a, P. Tas 129, M. Tasevsky 127, T. Tashiro 68, E. Tassi 37a,37b, 
A. Tavares Delgado 126a,126b, Y. Tayalati 136d, F.E. Taylor 94, G.N. Taylor 88, W. Taylor 160b, F.A. Teischinger 30, 
M. Teixeira Dias Castanheira 76, P. Teixeira-Dias 77, K.K. Temming 48, H. Ten Kate 30, P.K. Teng 152, 
J.J. Teoh 118, F. Tepel 176, S. Terada 66, K. Terashi 156, J. Terron 82, S. Terzo 101, M. Testa 47, R.J. Teuscher 159,k, 
J. Therhaag 21, T. Theveneaux-Pelzer 34, J.P. Thomas 18, J. Thomas-Wilsker 77, E.N. Thompson 35, 
P.D. Thompson 18, R.J. Thompson 84, A.S. Thompson 53, L.A. Thomsen 36, E. Thomson 122, M. Thomson 28, 
W.M. Thong 88, R.P. Thun 89,∗, F. Tian 35, M.J. Tibbetts 15, R.E. Ticse Torres 85, V.O. Tikhomirov 96,ah, 
Yu.A. Tikhonov 109,c, S. Timoshenko 98, E. Tiouchichine 85, P. Tipton 177, S. Tisserant 85, T. Todorov 5,∗, 



ATLAS Collaboration / Physics Letters B 744 (2015) 163–183 179

S. Todorova-Nova 129, J. Tojo 70, S. Tokár 145a, K. Tokushuku 66, K. Tollefson 90, E. Tolley 57, L. Tomlinson 84, 
M. Tomoto 103, L. Tompkins 144,ai, K. Toms 105, N.D. Topilin 65, E. Torrence 116, H. Torres 143, 
E. Torró Pastor 168, J. Toth 85,aj, F. Touchard 85, D.R. Tovey 140, H.L. Tran 117, T. Trefzger 175, L. Tremblet 30, 
A. Tricoli 30, I.M. Trigger 160a, S. Trincaz-Duvoid 80, M.F. Tripiana 12, W. Trischuk 159, B. Trocmé 55, 
C. Troncon 91a, M. Trottier-McDonald 15, M. Trovatelli 135a,135b, P. True 90, M. Trzebinski 39, A. Trzupek 39, 
C. Tsarouchas 30, J.C-L. Tseng 120, P.V. Tsiareshka 92, D. Tsionou 155, G. Tsipolitis 10, N. Tsirintanis 9, 
S. Tsiskaridze 12, V. Tsiskaridze 48, E.G. Tskhadadze 51a, I.I. Tsukerman 97, V. Tsulaia 15, S. Tsuno 66, 
D. Tsybychev 149, A. Tudorache 26a, V. Tudorache 26a, A.N. Tuna 122, S.A. Tupputi 20a,20b, S. Turchikhin 99,ag , 
D. Turecek 128, R. Turra 91a,91b, A.J. Turvey 40, P.M. Tuts 35, A. Tykhonov 49, M. Tylmad 147a,147b, 
M. Tyndel 131, I. Ueda 156, R. Ueno 29, M. Ughetto 85, M. Ugland 14, M. Uhlenbrock 21, F. Ukegawa 161, 
G. Unal 30, A. Undrus 25, G. Unel 164, F.C. Ungaro 48, Y. Unno 66, C. Unverdorben 100, J. Urban 145b, 
P. Urquijo 88, P. Urrejola 83, G. Usai 8, A. Usanova 62, L. Vacavant 85, V. Vacek 128, B. Vachon 87, 
N. Valencic 107, S. Valentinetti 20a,20b, A. Valero 168, L. Valery 12, S. Valkar 129, E. Valladolid Gallego 168, 
S. Vallecorsa 49, J.A. Valls Ferrer 168, W. Van Den Wollenberg 107, P.C. Van Der Deijl 107, 
R. van der Geer 107, H. van der Graaf 107, R. Van Der Leeuw 107, N. van Eldik 30, P. van Gemmeren 6, 
J. Van Nieuwkoop 143, I. van Vulpen 107, M.C. van Woerden 30, M. Vanadia 133a,133b, W. Vandelli 30, 
R. Vanguri 122, A. Vaniachine 6, F. Vannucci 80, G. Vardanyan 178, R. Vari 133a, E.W. Varnes 7, T. Varol 40, 
D. Varouchas 80, A. Vartapetian 8, K.E. Varvell 151, F. Vazeille 34, T. Vazquez Schroeder 54, J. Veatch 7, 
F. Veloso 126a,126c, T. Velz 21, S. Veneziano 133a, A. Ventura 73a,73b, D. Ventura 86, M. Venturi 170, 
N. Venturi 159, A. Venturini 23, V. Vercesi 121a, M. Verducci 133a,133b, W. Verkerke 107, J.C. Vermeulen 107, 
A. Vest 44, M.C. Vetterli 143,d, O. Viazlo 81, I. Vichou 166, T. Vickey 146c,ak, O.E. Vickey Boeriu 146c, 
G.H.A. Viehhauser 120, S. Viel 15, R. Vigne 30, M. Villa 20a,20b, M. Villaplana Perez 91a,91b, E. Vilucchi 47, 
M.G. Vincter 29, V.B. Vinogradov 65, J. Virzi 15, I. Vivarelli 150, F. Vives Vaque 3, S. Vlachos 10, D. Vladoiu 100, 
M. Vlasak 128, M. Vogel 32a, P. Vokac 128, G. Volpi 124a,124b, M. Volpi 88, H. von der Schmitt 101, 
H. von Radziewski 48, E. von Toerne 21, V. Vorobel 129, K. Vorobev 98, M. Vos 168, R. Voss 30, 
J.H. Vossebeld 74, N. Vranjes 13, M. Vranjes Milosavljevic 13, V. Vrba 127, M. Vreeswijk 107, R. Vuillermet 30, 
I. Vukotic 31, Z. Vykydal 128, P. Wagner 21, W. Wagner 176, H. Wahlberg 71, S. Wahrmund 44, 
J. Wakabayashi 103, J. Walder 72, R. Walker 100, W. Walkowiak 142, C. Wang 33c, F. Wang 174, H. Wang 15, 
H. Wang 40, J. Wang 42, J. Wang 33a, K. Wang 87, R. Wang 105, S.M. Wang 152, T. Wang 21, X. Wang 177, 
C. Wanotayaroj 116, A. Warburton 87, C.P. Ward 28, D.R. Wardrope 78, M. Warsinsky 48, A. Washbrook 46, 
C. Wasicki 42, P.M. Watkins 18, A.T. Watson 18, I.J. Watson 151, M.F. Watson 18, G. Watts 139, S. Watts 84, 
B.M. Waugh 78, S. Webb 84, M.S. Weber 17, S.W. Weber 175, J.S. Webster 31, A.R. Weidberg 120, 
B. Weinert 61, J. Weingarten 54, C. Weiser 48, H. Weits 107, P.S. Wells 30, T. Wenaus 25, D. Wendland 16, 
T. Wengler 30, S. Wenig 30, N. Wermes 21, M. Werner 48, P. Werner 30, M. Wessels 58a, J. Wetter 162, 
K. Whalen 29, A.M. Wharton 72, A. White 8, M.J. White 1, R. White 32b, S. White 124a,124b, D. Whiteson 164, 
D. Wicke 176, F.J. Wickens 131, W. Wiedenmann 174, M. Wielers 131, P. Wienemann 21, C. Wiglesworth 36, 
L.A.M. Wiik-Fuchs 21, A. Wildauer 101, H.G. Wilkens 30, H.H. Williams 122, S. Williams 107, C. Willis 90, 
S. Willocq 86, A. Wilson 89, J.A. Wilson 18, I. Wingerter-Seez 5, F. Winklmeier 116, B.T. Winter 21, 
M. Wittgen 144, J. Wittkowski 100, S.J. Wollstadt 83, M.W. Wolter 39, H. Wolters 126a,126c, B.K. Wosiek 39, 
J. Wotschack 30, M.J. Woudstra 84, K.W. Wozniak 39, M. Wu 55, S.L. Wu 174, X. Wu 49, Y. Wu 89, 
T.R. Wyatt 84, B.M. Wynne 46, S. Xella 36, D. Xu 33a, L. Xu 33b,al, B. Yabsley 151, S. Yacoob 146b,am, 
R. Yakabe 67, M. Yamada 66, Y. Yamaguchi 118, A. Yamamoto 66, S. Yamamoto 156, T. Yamanaka 156, 
K. Yamauchi 103, Y. Yamazaki 67, Z. Yan 22, H. Yang 33e, H. Yang 174, Y. Yang 152, S. Yanush 93, L. Yao 33a, 
W-M. Yao 15, Y. Yasu 66, E. Yatsenko 42, K.H. Yau Wong 21, J. Ye 40, S. Ye 25, I. Yeletskikh 65, A.L. Yen 57, 
E. Yildirim 42, K. Yorita 172, R. Yoshida 6, K. Yoshihara 122, C. Young 144, C.J.S. Young 30, S. Youssef 22, 
D.R. Yu 15, J. Yu 8, J.M. Yu 89, J. Yu 114, L. Yuan 67, A. Yurkewicz 108, I. Yusuff 28,an, B. Zabinski 39, 
R. Zaidan 63, A.M. Zaitsev 130,ab, A. Zaman 149, S. Zambito 23, L. Zanello 133a,133b, D. Zanzi 88, C. Zeitnitz 176, 
M. Zeman 128, A. Zemla 38a, K. Zengel 23, O. Zenin 130, T. Ženiš 145a, D. Zerwas 117, D. Zhang 89, F. Zhang 174, 
J. Zhang 6, L. Zhang 152, R. Zhang 33b, X. Zhang 33d, Z. Zhang 117, X. Zhao 40, Y. Zhao 33d,117, Z. Zhao 33b, 
A. Zhemchugov 65, J. Zhong 120, B. Zhou 89, C. Zhou 45, L. Zhou 35, L. Zhou 40, N. Zhou 164, C.G. Zhu 33d, 
H. Zhu 33a, J. Zhu 89, Y. Zhu 33b, X. Zhuang 33a, K. Zhukov 96, A. Zibell 175, D. Zieminska 61, N.I. Zimine 65, 



180 ATLAS Collaboration / Physics Letters B 744 (2015) 163–183

C. Zimmermann 83, R. Zimmermann 21, S. Zimmermann 48, Z. Zinonos 54, M. Zinser 83, M. Ziolkowski 142, 
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