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1 Introduction

The discovery of a scalar particle [1, 2] at the Large Hadron Collider (LHC) [3] has provided

important insight into the mechanism of electroweak symmetry breaking. Experimental

studies of the new particle [4–8] demonstrate consistency with the Standard Model (SM)

Higgs boson [9–14]. However, it remains possible that the discovered particle is part of

an extended scalar sector, a scenario that is predicted by a number of theoretical argu-

ments [15, 16].

The Minimal Supersymmetric Standard Model (MSSM) [15, 17, 18] is the simplest

extension of the SM that includes supersymmetry. The MSSM requires two Higgs doublets

of opposite hypercharge. Assuming that CP symmetry is conserved, this results in one CP-

odd (A) and two CP-even (h, H) neutral Higgs bosons and two charged Higgs bosons (H±).

At tree level, the properties of the Higgs sector in the MSSM depend on only two non-SM

parameters, which can be chosen to be the mass of the CP-odd Higgs boson, mA, and the

ratio of the vacuum expectation values of the two Higgs doublets, tan β. Beyond tree level, a

number of additional parameters affect the Higgs sector, the choice of which defines various

MSSM benchmark scenarios. In the mmod+
h scenario [19], the top-squark mixing parameter

is chosen such that the mass of the lightest CP-even Higgs boson, mh, is close to the mea-

sured mass of the Higgs boson that was discovered at the LHC. A different approach is em-

ployed in the hMSSM scenario [20, 21] in which the measured value of mh can be used, with

certain assumptions, to predict the remaining masses and couplings of the MSSM Higgs

bosons without explicit reference to the soft supersymmetry-breaking parameters. The cou-

plings of the MSSM heavy Higgs bosons to down-type fermions are enhanced with respect

to the SM Higgs boson for large tan β values, resulting in increased branching fractions to τ -

leptons and b-quarks, as well as a higher cross section for Higgs boson production in associ-

ation with b-quarks. This has motivated a variety of searches for a scalar boson (generically

called φ) in ττ and bb final states1 at LEP [22], the Tevatron [23–25] and the LHC [26–29].

Heavy Z ′ gauge bosons appear in many extensions of the SM [30–34] and while they are

typically considered to obey lepton universality, this is not necessarily a requirement. In

particular, models in which the Z ′ boson couples preferentially to third-generation fermions

may be linked to the high mass of the top quark [35–38] or to recent indications of lepton

flavour universality violation in semi-tauonic B meson decays [39]. One such model is the

non-universal G(221) model [36–38], which contains a Z ′NU boson that can exhibit enhanced

couplings to tau leptons. In this model the SM SU(2) gauge group is split into two parts:

one coupling to fermions of the first two generations and one coupling to third generation

fermions. The mixing between these groups is described by the parameter sin2 φ, with

sin2 φ < 0.5 corresponding to enhanced third generation couplings. A frequently used

benchmark model is the Sequential Standard Model (SSM), which contains a Z ′SSM boson

with couplings identical to the SM Z boson. By evaluating the impact on the signal

sensitivity from changing the Z ′SSM couplings, limits on Z ′SSM can be reinterpreted for a

broad range of models. Indirect limits on Z ′ bosons with non-universal flavour couplings

have been derived from measurements at LEP [40]. The most sensitive direct searches for

1The notation ττ and bb is used as shorthand for τ+τ− and bb̄ throughout this paper.
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Figure 1. Lowest-order Feynman diagrams for (a) gluon-gluon fusion and b-associated production

of a neutral MSSM Higgs boson in the (b) four-flavour and (c) five-flavour schemes and (d) Drell-Yan

production of a Z ′ boson.

high-mass resonances decaying to ditau final states have been performed by the ATLAS

and CMS collaborations using data collected at
√
s = 8 and 13 TeV [29, 41, 42].

This paper presents the results of a search for neutral MSSM Higgs bosons as well as

high-mass Z ′ resonances in the ditau decay mode using 36.1 fb−1 of proton-proton collision

data at a centre-of-mass energy of 13 TeV collected with the ATLAS detector [43] in 2015

and 2016. The search is performed in the τlepτhad and τhadτhad decay modes, where τlep
represents the decay of a τ -lepton to an electron or a muon and neutrinos, whereas τhad
represents the decay to one or more hadrons and a neutrino. The search considers narrow

resonances2 with masses of 0.2–2.25 TeV and tan β of 1–58 for the MSSM Higgs bosons.

For the Z ′ boson search, a mass range of 0.2–4 TeV is considered. Higgs boson production

through gluon-gluon fusion and in association with b-quarks is considered (figures 1(a)–

1(c)), with the latter mode dominating for high tan β values. Hence, both the τlepτhad
and τhadτhad channels are split into b-tag and b-veto categories, based on the presence or

absence of jets tagged as originating from b-quarks in the final state. Since a Z ′ boson is

expected to be predominantly produced via a Drell-Yan process (figure 1(d)), there is little

gain in splitting the data into b-tag and b-veto categories. Hence, the Z ′ analysis uses an

inclusive selection instead.

The paper is structured as follows. Section 2 provides an overview of the ATLAS

detector. The event samples used in the analysis, recorded by the ATLAS detector or

simulated using the ATLAS simulation framework, are reported in section 3. The event

reconstruction is presented in section 4. A description of the event selection criteria is

given in section 5. Section 6 explains the estimation of background contributions, followed

by a description of systematic uncertainties in section 7. Results are presented in section 8,

followed by concluding remarks in section 9.

2A resonance is considered “narrow” if the lineshape has no impact on experimental observables.
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2 ATLAS detector

The ATLAS detector [43] at the LHC covers nearly the entire solid angle around the colli-

sion point.3 It consists of an inner tracking detector surrounded by a thin superconducting

solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporat-

ing three large superconducting toroid magnets. The inner-detector system is immersed in

a 2 T axial magnetic field and provides charged-particle tracking in the range |η| < 2.5.

The high-granularity silicon pixel detector covers the vertex region and typically pro-

vides four measurements per track. The innermost layer, known as the insertable B-

Layer [44], was added in 2014 and provides high-resolution hits at small radius to im-

prove the tracking performance. The pixel detector is surrounded by the silicon microstrip

tracker, which usually provides four two-dimensional measurement points per track. These

silicon detectors are complemented by the transition radiation tracker, which enables ra-

dially extended track reconstruction up to |η| = 2.0. The transition radiation tracker also

provides electron identification information based on the fraction of hits (typically 30 in

total) above a higher energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |η| < 4.9. Within the region

|η| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity

lead/liquid-argon (LAr) electromagnetic calorimeters, with an additional thin LAr presam-

pler covering |η| < 1.8, to correct for energy loss in material upstream of the calorimeters.

Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into

three barrel structures within |η| < 1.7, and two copper/LAr hadronic endcap calorimeters

that cover 1.5 < |η| < 3.2. The solid angle coverage is completed with forward copper/LAr

and tungsten/LAr calorimeter modules, optimised for electromagnetic and hadronic mea-

surements respectively, in the region 3.1 < |η| < 4.9.

The muon spectrometer comprises separate trigger and high-precision tracking cham-

bers measuring the deflection of muons in a magnetic field generated by superconducting

air-core toroids. The precision chamber system covers the region |η| < 2.7 with three layers

of monitored drift tubes, complemented by cathode strip chambers in the forward region,

where the background is highest. The muon trigger system covers the range |η| < 2.4 with

resistive plate chambers in the barrel, and thin gap chambers in the endcap regions.

A two-level trigger system is used to select interesting events [45, 46]. The level-one

trigger is implemented in hardware and uses a subset of detector information to reduce the

event rate to a design value of at most 100 kHz. This is followed by the software-based

high-level trigger, which reduces the event rate to 1 kHz.

3ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the

centre of the detector and the z-axis along the beam pipe. The x-axis points from the interaction point to

the centre of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, φ) are used in the

transverse plane, φ being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of

the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in units of ∆R ≡
√

(∆η)2 + (∆φ)2.
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3 Data and simulated event samples

The results in this paper use proton-proton collision data at a centre-of-mass energy of√
s = 13 TeV collected by the ATLAS detector at the LHC during 2015 and 2016. The

data correspond to a total integrated luminosity of 36.1 fb−1 after requiring that all relevant

components of the ATLAS detector are in good working condition. Selected events must

satisfy criteria designed to reduce backgrounds from cosmic rays, beam-induced events and

calorimeter noise [47]. They must also contain at least one primary vertex with at least

two associated tracks. The primary vertex is chosen as the proton-proton vertex candidate

with the highest sum of the squared transverse momenta of the associated tracks.

Simulated events are used to estimate the signal efficiencies and some of the back-

ground contributions. The simulated event samples are normalised using their theo-

retical cross sections and the integrated luminosity. Simulated events with a heavy

neutral MSSM Higgs boson produced via gluon-gluon fusion and in association with b-

quarks were generated at next-to-leading order (NLO) with Powheg-Box v2 [48–50] and

MG5 aMC@NLO 2.1.2 [51, 52] (using the four-flavour scheme), respectively. The CT10 [53]

set of parton distribution functions (PDFs) was used in the generation of gluon-gluon fu-

sion events while CT10nlo nf4 [54] was used to produce the b-associated signal samples.

Pythia 8.210 [55] with the AZNLO [56] (A14 [57]) set of tuned parameters (tune) was

used together with the CTEQ6L1 [58] (NNPDF2.3LO [59]) PDF set for the parton shower

calculation at leading order (LO), underlying event and hadronisation in the gluon-gluon

fusion (b-associated) production. The gluon-gluon fusion sample was generated assuming

SM couplings and underestimates the loop contribution from b-quarks at high tan β, which

can impact the Higgs boson pT spectrum. Generator-level studies indicate this has a neg-

ligible impact on the final mass distribution and only a few percent impact on the signal

acceptance, except for mass hypotheses below 400 GeV where the impact can be up to 10%,

so the effect is neglected.

The production cross sections and branching fractions for the various MSSM scenarios

are taken from ref. [60]. The cross sections for gluon-gluon fusion production are calculated

using SusHi [61], including NLO supersymmetric-QCD corrections [62–67], next-to-next-

to-leading-order (NNLO) QCD corrections for the top quark [68–72], as well as light-quark

electroweak effects [73, 74]. The b-associated production cross sections in the five-flavour

scheme are also calculated using SusHi based on bbh@nnlo [75], and those for b-associated

production in the four-flavour scheme (where b-quarks are not considered as partons) are

calculated according to refs. [76, 77]. The final b-associated production cross section is

obtained by using the method described in ref. [78] to match the four-flavour and five-flavour

scheme cross sections. The masses and mixing (and effective Yukawa couplings) of the

Higgs bosons are computed with FeynHiggs [79–84] for all scenarios, with the exception

of the hMSSM. In the case of the hMSSM scenario, Higgs masses and branching fractions

are computed using HDecay [85, 86]. Branching fractions for all other scenarios use a

combination of results calculated by HDecay, FeynHiggs and PROPHECY4f [87, 88].

The Z ′ signal events are modelled with a LO Z/γ∗ sample that is reweighted with the

TauSpinner algorithm [89–91], which correctly accounts for spin effects in the τ -lepton
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decays. The Z/γ∗ sample, enriched in events with high invariant mass, was generated with

Pythia 8.165 [92, 93] using the NNPDF2.3LO PDF set and the A14 tune for the parton-

shower and underlying-event parameters. Interference between the Z ′ and the SM Z/γ∗

production is not included, as it is highly model dependent. Higher-order QCD corrections

are applied to the simulated event samples. These corrections to the event yields are made

with a mass-dependent rescaling to NNLO in the QCD coupling constant, as calculated

with VRAP 0.9 [94] and the CT14NNLO PDF set. Electroweak corrections are not applied

to the Z ′ signal samples due to the large model dependence.

The multijet background in both channels is estimated using data, while non-multijet

backgrounds in which a quark- or gluon-initiated jet is misidentified as a hadronic tau

decay (predominantly W+ jets and tt̄) are modelled using data in the τlepτhad channel and

simulation with data-driven corrections in the τhadτhad channel, as described in section 6.

The remaining background contributions arise from Z/γ∗+jets, W+ jets, tt̄, single top-

quark and diboson (WW , WZ and ZZ) production. These contributions are estimated

using the simulated event samples described below.

Events containing Z/γ∗+jets were generated with Powheg-Box v2 [95] interfaced to

the Pythia 8.186 parton shower model. The CT10 PDF set was used in the matrix element.

The AZNLO tune was used, with PDF set CTEQ6L1, for the modelling of non-perturbative

effects. Photon emission from electroweak vertices and charged leptons was performed with

Photos++ 3.52 [96]. The same setup was used to simulate W+ jets events for background

subtraction in the control regions of the τlepτhad channel. The Z/γ∗+jets samples were

simulated in slices with different masses of the off-shell boson. The event yields are cor-

rected with a mass-dependent rescaling at NNLO in the QCD coupling constant, computed

with VRAP 0.9 and the CT14NNLO PDF set. Mass-dependent electroweak corrections are

computed at NLO with Mcsanc 1.20 [97], and these include photon-induced contributions

(γγ → `` via t- and u-channel processes) computed with the MRST2004QED PDF set [98].

The modelling of the W+ jets process in the case of the τhadτhad channel was done

with the Sherpa 2.2.0 [99] event generator. Matrix elements were calculated for up to two

partons at NLO and four partons at LO using Comix [100] and OpenLoops [101] merged

with the Sherpa parton shower [102] using the ME+PS@NLO prescription [103]. The

CT10nlo PDF set was used in conjunction with dedicated parton shower tuning developed

by the Sherpa authors. The W+ jets production is normalised to the NNLO cross sections

with FEWZ [94, 104, 105].

For the generation of tt̄ or a single top quark in the Wt-channel and s-channel, the

Powheg-Box v2 event generator was used with the CT10 PDF set in the matrix ele-

ment calculation. Electroweak t-channel single-top-quark events were generated with the

Powheg-Box v1 event generator. This event generator uses the four-flavour scheme for

the NLO matrix elements calculations together with the fixed four-flavour PDF set CT10f4.

For all top processes, top-quark spin correlations were preserved (for t-channel, top quarks

were decayed with MadSpin [106]). The parton shower, hadronisation, and the under-

lying event were simulated using Pythia 6.428 with the CTEQ6L1 PDF sets and the

corresponding Perugia 2012 tune [107]. The top mass was set to 172.5 GeV. The tt̄ pro-

duction sample is normalised to the predicted production cross section as calculated with

– 6 –
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the Top++2.0 program to NNLO in perturbative QCD, including soft-gluon resumma-

tion to next-to-next-to-leading-log (NNLL) order (ref. [108] and references therein). For

the single-top-quark event samples, an approximate calculation at NLO in QCD for the s-

channel and t-channel [109, 110] and an NLO+NNLL calculation for the Wt-channel [111]

are used for the normalisation.

Diboson processes were modelled using the Sherpa 2.1.1 event generator and they

were calculated for up to one (ZZ) or no (WW , WZ) additional partons at NLO and up

to three additional partons at LO using Comix and OpenLoops merged with the Sherpa

parton shower using the ME+PS@NLO prescription. The CT10 PDF set was used in con-

junction with dedicated parton shower tuning developed by the Sherpa authors. The event

generator cross sections are used in this case (already at NLO). In addition, the Sherpa

diboson sample cross section was scaled down to account for its use of αQED = 1/129 rather

than 1/132 corresponding to the use of current PDG parameters as input to the Gµ scheme.

Properties of the bottom and charm hadron decays were set with the EvtGen v1.2.0

program [112] in samples that were not produced with Sherpa. Simulated minimum-bias

events were overlaid on all simulated samples to include the effect of multiple proton-

proton interactions in the same and neighbouring bunch crossings (“pile-up”). These

minimum-bias events were generated with Pythia 8.186, using the A2 tune [113] and the

MSTW2008LO PDF [114]. Each sample was simulated using the full Geant 4 [115, 116]

simulation of the ATLAS detector, with the exception of the b-associated MSSM Higgs

boson signal, for which the AtlfastII [117] fast simulation framework was used. Finally,

the simulated events are processed through the same reconstruction software as the data.

4 Event reconstruction

Electron candidates are reconstructed from energy deposits in the electromagnetic calorime-

ter associated with a charged-particle track measured in the inner detector [118–120]. The

electron candidates are required to pass a “loose” likelihood-based identification selection,

to have a transverse momentum pT > 15 GeV and to be in the fiducial volume of the inner

detector, |η| < 2.47. The transition region between the barrel and endcap calorimeters

(1.37 < |η| < 1.52) is excluded.

Muon candidates are reconstructed in the range |η| < 2.5 by matching tracks found in

the muon spectrometer to tracks found in the inner detector [121]. The tracks of the muon

candidates are re-fitted using the complete track information from both detector systems.

They are required to have a transverse momentum pT > 7 GeV and to pass a “loose” muon

identification requirement.

The selected lepton (electron or muon) in the τlepτhad channel must then have

pT > 30 GeV and pass a “medium” identification requirement. This lepton is consid-

ered isolated if it meets pT- and η-dependent isolation criteria utilising calorimetric and

tracking information. The criteria correspond to an efficiency of 90% (99%) for a trans-

verse momentum of pT = 25 (60) GeV. The efficiency increases with lepton pT as the

requirements are relaxed to account for the decreased background from misidentified jets.

– 7 –
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Jets are reconstructed from topological clusters of energy depositions [122] in the

calorimeter using the anti-kt algorithm [123, 124], with a radius parameter value R = 0.4.

The average energy contribution from pile-up is subtracted according to the jet area and

the jets are calibrated as described in ref. [125]. They are required to have pT > 20 GeV

and |η| < 2.5. To reduce the effect of pile-up, a jet vertex tagger algorithm is used for jets

with pT < 60 GeV and |η| < 2.4. It employs a multivariate technique based on jet energy,

vertexing and tracking variables to determine the likelihood that the jet originates from

or is heavily contaminated by pile-up [126]. In order to identify jets containing b-hadrons

(b-jets), a multivariate algorithm is used, which is based on the presence of tracks with

a large impact parameter with respect to the primary vertex, the presence of displaced

secondary vertices and the reconstructed flight paths of b- and c-hadrons associated with

the jet [127, 128]. The algorithm has an average efficiency of 70% for b-jets and rejections

of approximately 13, 56 and 380 for c-jets, hadronic tau decays and jets initiated by light

quarks or gluons, respectively, as determined in simulated tt̄ events.

Hadronic tau decays are composed of a neutrino and a set of visible decay products

(τhad-vis), typically one or three charged pions and up to two neutral pions. The reconstruc-

tion of the visible decay products is seeded by jets [129]. The τhad-vis candidates must have

pT > 25 (45) GeV in the τlepτhad (τhadτhad) channel, |η| < 2.5 excluding 1.37 < |η| < 1.52,

one or three associated tracks and an electric charge of ±1. The leading-pT τhad-vis can-

didate in the τlepτhad channel and the two leading-pT τhad-vis candidates in the τhadτhad
channel are then selected and all remaining candidates are considered as jets. A Boosted

Decision Tree (BDT) identification procedure, based on calorimetric shower shapes and

tracking information is used to reject backgrounds from jets [130, 131]. Two τhad-vis iden-

tification criteria are used: “loose” and “medium”, specified in section 5. The criteria

correspond to efficiencies of about 60% (50%) and 55% (40%) in Z/γ∗ → ττ events and re-

jections of about 30 (30) and 50 (100) in multijet events, for one-track (three-track) τhad-vis
candidates, respectively. An additional dedicated likelihood-based veto is used to reduce

the number of electrons misidentified as τhad-vis in the τlepτhad channel, providing 95% ef-

ficiency and a background rejection between 20 and 200, depending on the pseudorapidity

of the τhad-vis candidate.

Geometrically overlapping objects are removed in the following order: (a) jets within

∆R = 0.2 of selected τhad-vis candidates are excluded, (b) jets within ∆R = 0.4 of an

electron or muon are excluded, (c) any τhad-vis candidate within ∆R = 0.2 of an electron

or muon is excluded, (d) electrons within ∆R = 0.2 of a muon are excluded.

The missing transverse momentum, Emiss
T , is calculated as the negative vectorial sum of

the pT of all fully reconstructed and calibrated physics objects [132, 133]. This procedure

includes a “soft term”, which is calculated using the inner-detector tracks that originate

from the hard-scattering vertex but are not associated with reconstructed objects.

5 Event selection

5.1 τhadτhad channel

Events in the τhadτhad channel are recorded using single-tau triggers with pT thresholds of

80, 125 or 160 GeV, depending on the data-taking period. Events must contain at least two

– 8 –
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τhad-vis candidates with pT > 65 GeV and no electrons or muons. The leading-pT τhad-vis
candidate must be geometrically matched to the trigger signature and must exceed the trig-

ger pT threshold by 5 GeV. The leading and sub-leading τhad-vis candidates must satisfy the

“medium” and “loose” identification criteria, respectively. They must also have opposite

electric charge and be back to back in the transverse plane: |∆φ(pτ1T ,p
τ2
T )| > 2.7 rad, as tau

leptons from the decay of heavy neutral resonances are typically produced back to back in

the transverse plane. The signal acceptance times efficiency for this selection (calculated

with respect to all possible ditau final states) varies between 1% and 7% for signals with

masses of 0.35 TeV or higher. The maximum occurs for signals with masses of around

0.9 TeV, degradations occur at lower masses due to the τhad-vis pT thresholds and at higher

masses due to the τhad-vis reconstruction and identification efficiencies. A summary of the

selection is given in table 1 of section 6.

5.2 τlepτhad channel

Events in the τlepτhad channel are recorded using single-electron and single-muon trig-

gers with pT thresholds ranging from 20 to 140 GeV and various isolation criteria. The

events must contain at least one τhad-vis candidate passing the medium identification, ex-

actly one isolated lepton (from here on referred to as `) that is geometrically matched

to the trigger signature (implying |η| < 2.4 in the τµτhad channel), and no additional

reconstructed leptons. The identified τhad-vis candidate must have |η| < 2.3 to reduce

background from misidentified electrons. The isolated lepton and identified τhad-vis can-

didate must have opposite electric charge and be back to back in the transverse plane:

|∆φ(p`T,p
τhad-vis
T )| > 2.4 rad. To reduce background from W+ jets production, the trans-

verse mass of the isolated lepton and the missing transverse momentum,

mT(p`T,E
miss
T ) ≡

√
2p`TE

miss
T

[
1− cos ∆φ(p`T,E

miss
T )

]
,

must be less than 40 GeV. To reduce background from Z → ee production in the τeτhad
channel, events where the isolated lepton and identified τhad-vis candidate have an invariant

mass between 80 and 110 GeV are rejected. The signal acceptance times efficiency for this

selection also varies between 1% and 7%, but the maximum occurs at lower masses due to

the lower pT thresholds on the tau decay products. A summary of the selection is given in

table 2 of section 6.

5.3 Event categories

Events satisfying the selection criteria in the τlepτhad and τhadτhad channels are categorised

to exploit the different production modes in the MSSM. Events containing at least one

b-tagged jet enter the b-tag category, while events containing no b-tagged jets enter the

b-veto category. The categorisation is not used for the Z ′ search.

5.4 Ditau mass reconstruction

The ditau mass reconstruction is important for achieving good separation between signal

and background. However, ditau mass reconstruction is challenging due to the presence of

– 9 –



J
H
E
P
0
1
(
2
0
1
8
)
0
5
5

neutrinos from the τ -lepton decays. Therefore, the mass reconstruction used for both the

τhadτhad and τlepτhad channels is the total transverse mass, defined as:

mtot
T ≡

√
(pτ1T + pτ2T + Emiss

T )2 − (pτ1T + pτ2T + Emiss
T )2 ,

where pτ1T and pτ2T are the momenta of the visible tau decay products (including τhad and

τlep) projected into the transverse plane. More complex mass reconstruction techniques

were investigated, but they did not improve the expected sensitivity.

6 Background estimation

The dominant background contribution in the τhadτhad channel is from multijet produc-

tion, which is estimated using a data-driven technique, described in section 6.1. Other

important background contributions come from Z/γ∗ → ττ production at high mtot
T in the

b-veto category, tt̄ production in the b-tag category, and to a lesser extent W (→ `ν)+jets,

single top-quark, diboson and Z/γ∗(→ ``)+jets production. These contributions are esti-

mated using simulation. Corrections are applied to the simulation to account for mismod-

elling of the trigger, reconstruction, identification and isolation efficiencies, the electron to

τhad-vis misidentification rate and the momentum scales and resolutions. To further im-

prove the modelling in the τhadτhad channel, events in the simulation that contain quark-

or gluon-initiated jets (henceforth called jets) that are misidentified as τhad-vis candidates

are weighted by fake-rates measured in W+ jets and tt̄ control regions in data.

The dominant background contribution in the τlepτhad channel arises from processes

where the τhad-vis candidate originates from a jet. This contribution is estimated using

a data-driven technique similar to the τhadτhad channel, described in section 6.2. The

events are divided into those where the selected lepton is correctly identified, predominantly

from W+ jets (tt̄) production in the b-veto (b-tag) channel, and those where the selected

lepton arises from a jet, predominantly from multijet production. Backgrounds where both

the τhad-vis and lepton candidates originate from electrons, muons or taus (real-lepton)

arise from Z/γ∗ → ττ production in the b-veto category and tt̄ production in the b-

tag category, with minor contributions from Z/γ∗ → ``, diboson and single top-quark

production. These contributions are estimated using simulation. To help constrain the

normalisation of the tt̄ contribution, a control region rich in tt̄ events (CR-T) is defined

and included in the statistical fitting procedure. The other major background contributions

can be adequately constrained in the signal regions. Events in this control region must pass

the signal selection for the b-tag category, but the mT(p`T,E
miss
T ) selection is replaced by

mT(p`T,E
miss
T ) > 110 (100) GeV in the τeτhad (τµτhad) channel. The tighter selection in the

τeτhad channel is used to help suppress the larger multijet contamination. The region has

∼90% tt̄ purity.

6.1 Jet background estimate in the τhadτhad channel

The data-driven technique used to estimate the dominant multijet background in the

τhadτhad channel is described in section 6.1.1. The method used to weight simulated events
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Region Selection

SR τ1 (trigger, medium), τ2 (loose), q(τ1)× q(τ2) < 0, |∆φ(pτ1T ,p
τ2
T )| > 2.7

CR-1 Pass SR except: τ2 (fail loose)

DJ-FR jet trigger, τ1+τ2 (no identification), q(τ1)× q(τ2) < 0, |∆φ(pτ1T ,p
τ2
T )| > 2.7, pτ2T /p

τ1
T > 0.3

W-FR µ (trigger, isolated), τ1 (no identification), |∆φ(pµT,p
τ1
T )| > 2.4, mT(pµT,E

miss
T ) > 40 GeV

b-veto category only

T-FR Pass W-FR except: b-tag category only

Table 1. Definition of signal, control and fakes regions used in the τhadτhad channel. The symbol

τ1 (τ2) represents the leading (sub-leading) τhad-vis candidate.

to estimate the remaining background containing events with τhad-vis candidates that orig-

inate from jets is described in section 6.1.2. A summary of the signal, control and fakes

regions used in these methods is provided in table 1. The associated uncertainties are

discussed in section 7.2.

6.1.1 Multijet events

The contribution of multijet events in the signal region (SR) of the τhadτhad channel is

estimated using events in two control regions (CR-1 and DJ-FR). Events in CR-1 must

pass the same selection as SR, but the sub-leading τhad-vis candidate must fail τhad-vis
identification. The non-multijet contamination in this region, NCR−1

non−MJ, amounts to ∼1.6%

(∼7.0%) in the b-veto (b-tag) channel, and is subtracted using simulation. Events in DJ-FR

(the dijet fakes-region) are used to measure fake-factors (fDJ), which are defined as the

ratio of the number of τhad-vis that pass to those that fail the identification. The fake-factors

are used to weight the events in CR-1 to estimate the multijet contribution:

NSR
multijet = fDJ ×

(
NCR−1

data −NCR−1
non−MJ

)
.

The selection for the DJ-FR is designed to be as similar to the signal selection as pos-

sible, while avoiding contamination from τhad-vis. Events are selected by single-jet triggers

with pT thresholds ranging from 60 to 380 GeV, with all but the highest-threshold trigger

being prescaled. They must contain at least two τhad-vis candidates, where the leading can-

didate has pT > 85 GeV and also exceeds the trigger threshold by 10%, and the sub-leading

candidate has pT > 65 GeV. The τhad-vis candidates must have opposite charge sign, be

back to back in the transverse plane, |∆φ(pτ1T ,p
τ2
T )| > 2.7 rad and the pT of the sub-leading

τhad-vis must be at least 30% of the leading τhad-vis pT. The fake-factors are measured us-

ing the sub-leading τhad-vis candidate to avoid trigger bias and to be consistent with their

application in CR-1. They are parameterised as functions of the sub-leading τhad-vis pT
and the sub-leading τhad-vis track multiplicity. The purity of multijet events that pass the

τhad-vis identification is 98–99% (93–98%) for the b-veto (b-tag) categories. The non-multijet

contamination is subtracted using simulation. The fake-factors are shown in figure 2.

6.1.2 Non-multijet events

In the τhadτhad channel, backgrounds originating from jets that are misidentified as τhad-vis
in processes other than multijet production (predominantly W+ jets in the b-veto and tt̄
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Figure 2. The τhad-vis identification fake-factors in the τhadτhad channel. The red band indicates

the total uncertainty when used with a b-inclusive or b-veto selection. The blue band indicates the

additional uncertainty when used with a b-tag selection.

in the b-tag categories) are estimated using simulation. Rather than applying the τhad-vis
identification to the simulated jets, they are weighted by fake-rates as in ref. [41]. This

not only ensures the correct fake-rate, but also enhances the statistical precision of the

estimate, as events failing the τhad-vis identification are not discarded. The fake-rate for the

sub-leading τhad-vis candidate is defined as the ratio of the number of candidates that pass

the identification to the total number of candidates. The fake-rate for the leading τhad-vis
candidate is defined as the ratio of the number of candidates that pass the identification

and the single-tau trigger requirement to the total number of candidates.

The fake-rates applied to tt̄ and single-top-quark events are calculated from a fakes

region enriched in tt̄ events (T-FR), while the fake-rates for all other processes are cal-

culated in a fakes region enriched in W+ jets events (W-FR). Both T-FR and W-FR use

events selected by a single-muon trigger with a pT threshold of 50 GeV. They must con-

tain exactly one isolated muon with pT > 55 GeV that fired the trigger, no electrons

and at least one τhad-vis candidate with pT > 50 GeV. The events must also satisfy

|∆φ(pµT,p
τhad-vis
T )| > 2.4 rad and mT(pµT,E

miss
T ) > 40 GeV. The events are then categorised

into b-tag and b-veto categories, defining T-FR and W-FR, respectively. Backgrounds from

non-tt̄ (non-W+ jets) processes are subtracted from T-FR (W-FR) using simulation. The

fake-rates are measured using the leading-pT τhad-vis candidate and are parameterised as

functions of the τhad-vis pT and track multiplicity.

6.2 Jet background estimate in the τlepτhad channel

The background contribution from events where the τhad-vis candidate originates from a jet

in the τlepτhad channel is estimated using a data-driven method, which is similar to the one

used to estimate the multijet contribution in the τhadτhad channel. Events in the control
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Figure 3. Schematic of the fake-factor background estimation in the τlepτhad channel. The

fake-factors, fX (X = MJ, W, L), are defined as the ratio of events in data that pass/fail

the specified selection requirements, measured in the fakes-regions: MJ-FR, W-FR and L-FR,

respectively. The multijet contribution is estimated by weighting events in CR-2 by the product of

fL and fMJ. The contribution from W+ jets and tt̄ events where the τhad-vis candidate originates

from a jet is estimated by subtracting the multijet contribution from CR-1 and then weighting

by fW. There is a small overlap of events between L-FR and the CR-1 and CR-2 regions. The

contribution where both the selected τhad-vis and lepton originate from leptons is estimated using

simulation (not shown here).

region CR-1 must pass the same selection as the τlepτhad SR, but the τhad-vis candidate must

fail τhad-vis identification. These events are weighted to estimate the jet background in SR,

but the weighting method must be extended to account for the fact that CR-1 contains

both multijet and W+ jets (or tt̄) events, which have significantly different fake-factors.

This is mainly due to a different fraction of quark-initiated jets, which are typically more

narrow and produce fewer hadrons than gluon-initiated jets, and are thus more likely to

pass the τhad-vis identification. The procedure, depicted in figure 3, is described in the

following. A summary of the corresponding signal, control and fakes regions is provided in

table 2. The associated uncertainties are discussed in section 7.2.

6.2.1 Multijet events

The multijet contributions in both CR-1 (NCR−1
multijet) and SR (NSR

multijet) are estimated from

events where the τhad-vis fails identification and the selected lepton fails isolation (CR-2).

The non-multijet background is subtracted using simulation and the events are weighted

first by the lepton-isolation fake-factor (fL), yielding NCR−1
multijet, and then by the multijet
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Region Selection

SR ` (trigger, isolated), τ1 (medium), q(`)× q(τ1) < 0, |∆φ(p`T,p
τ1
T )| > 2.4,

mT(p`T,E
miss
T ) < 40 GeV, veto 80 < m(p`,pτ1) < 110 GeV (τeτhad channel only)

CR-1 Pass SR except: τ1 (very-loose, fail medium)

CR-2 Pass SR except: τ1 (very-loose, fail medium), ` (fail isolation)

MJ-FR Pass SR except: τ1 (very-loose), ` (fail isolation)

W-FR Pass SR except: 70 (60)< mT(p`T,E
miss
T ) < 150 GeV in τeτhad (τµτhad) channel

CR-T Pass SR except: mT(p`T,E
miss
T ) > 110 (100) GeV in the τeτhad (τµτhad) channel,

b-tag category only

L-FR ` (trigger, selected), jet (selected), no loose τhad-vis, mT(p`T,E
miss
T ) < 30 GeV

Table 2. Definition of signal, control and fakes regions used in the τlepτhad channel. The symbol `

represents the selected electron or muon candidate and τ1 represents the leading τhad-vis candidate.

tau fake-factor (fMJ):

NCR−1
multijet = fL ×

(
NCR−2

data −NCR−2
non−MJ

)
,

NSR
multijet = fMJ ×NCR−1

multijet .

The fake-factor fMJ is measured in the multijet fakes-region (MJ-FR) defined in sec-

tion 6.2.3 and the fake-factor fL is measured in the lepton fakes-region (L-FR) defined

in section 6.2.4.

6.2.2 Non-multijet events

The contribution from W+ jets (and tt̄) events where the τhad-vis candidate originates from a

jet is estimated from events in CR-1 that remain after subtracting the multijet contribution

and the real-lepton contribution (estimated using simulation). The events are weighted by

the W+ jets tau fake-factor (fW):

NSR
W+jets = fW ×

(
NCR−1

data −NCR−1
multijet −NCR−1

real−lepton

)
.

The fake-factor fW is measured in the W+ jets fakes-region (W-FR) defined in section 6.2.3.

6.2.3 Tau identification fake-factors

Both fW and fMJ are parameterised as functions of τhad-vis pT, τhad-vis track multiplicity

and |∆φ(pτhad-visT ,Emiss
T )|. The |∆φ(pτhad-visT ,Emiss

T )| dependence is included to encapsulate

correlations between the τhad-vis identification and energy response, which impact the Emiss
T

calculation. Due to the limited size of the control regions, the |∆φ(pτhad-visT ,Emiss
T )| depen-

dence is extracted as a sequential correction and is only applied in the b-veto channel.

The selection for W-FR and MJ-FR are the same as for SR with modifications described

in the following. The medium τhad-vis identification criterion is replaced by a very loose
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Figure 4. The τhad-vis identification fake-factors and the sequential |∆φ(pτhad-visT ,Emiss
T )| correction

in the τlepτhad channel. The multijet fake-factors are for the 2016 dataset only. The bands include

all uncertainties.

criterion with an efficiency of about 99% for τhad-vis and a rejection of about 2 (3) for

one-track (three-track) jets. Events passing the medium identification criterion enter the

fake-factor numerators, while those failing enter the denominators. The very loose identi-

fication reduces differences between fW and fMJ, as it tends to reject gluon-initiated jets,

enhancing the fraction of quark-initiated jets in W-FR and MJ-FR. This selection is also

applied consistently to CR-1. A comparison of the two fake-factors and their respective

|∆φ(pτhad-visT ,Emiss
T )| corrections are shown in figures 4(a) and 4(b).

In MJ-FR, the selected lepton must fail isolation. The multijet purity for events that

pass the τhad-vis identification in this region is ∼88% for the b-veto category and ∼93%

for the b-tag category. All non-multijet contamination is subtracted from MJ-FR using

simulation. The fake-factor fMJ is further split by category (b-veto, b-tag) and by data-

taking period (2015, 2016) to account for changing isolation criteria in the trigger that

affect MJ-FR differently to SR.

In the W-FR, the mT(p`T,E
miss
T ) criterion is replaced by 70(60) < mT(p`T,E

miss
T ) <

150 GeV in the τeτhad (τµτhad) channel. The purity of W+ jets events that pass the τhad-vis
identification is ∼85% in the b-veto category. The b-tag category is dominated by tt̄ events,

but the purity of events where the τhad-vis candidate originates from a jet is only ∼40% due

to the significant fraction of τhad-vis from W boson decays. The multijet and real-lepton

backgrounds are subtracted from W-FR analogously to CR-1 in the W+ jets estimate. Due

to the large τhad-vis contamination in the b-tag region, fW is not split by category, but the

b-veto parameterisation is used in the b-tag region, with a pT-independent correction factor

of 0.8 (0.66) for one-track (three-track) τhad-vis. The correction factor is obtained from a

direct measurement of the fake-factors in b-tag events.
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6.2.4 Lepton isolation fake-factor

The fake-factor fL is measured in L-FR, which must have exactly one selected lepton,

mT(p`T,E
miss
T ) < 30 GeV and no τhad-vis candidates passing the loose identification but

rather at least one selected jet (not counting the b-tagged jet in the b-tag region). The

selection is designed to purify multijet events while suppressing W+ jets and tt̄ events.

Events where the selected lepton passes (fails) isolation enter the fL numerator (denom-

inator). All non-multijet contributions are subtracted using simulation. The fake-factors

are parameterised as a function of lepton |η|, and are further split by lepton type (electron,

muon), category (b-veto, b-tag) and into two regions of muon pT, due to differences in the

isolation criteria of the low- and high-pT triggers in the τµτhad channel.

7 Systematic uncertainties

Uncertainties affecting the simulated signal and background contributions are discussed in

section 7.1. These include uncertainties associated with the determination of the integrated

luminosity, the detector simulation, the theoretical cross sections and the modelling from

the event generators. Uncertainties associated with the data-driven background estimates

are discussed in section 7.2.

7.1 Uncertainties in simulation estimates

The uncertainty in the combined 2015+2016 integrated luminosity is 3.2%, which affects

all simulated samples. It is derived, following a methodology similar to that detailed in

ref. [134], from a preliminary calibration of the luminosity scale using x–y beam-separation

scans performed in August 2015 and May 2016. The uncertainty related to the overlay of

pile-up events is estimated by varying the average number of interactions per bunch crossing

by 9%. The uncertainties related to the detector simulation manifest themselves through

the efficiency of the reconstruction, identification and triggering algorithms, and the energy

scale and resolution for electrons, muons, τhad-vis, (b-)jets and the Emiss
T soft term. These

uncertainties are considered for all simulated samples; their impact is taken into account

when estimating signal and background contributions and when subtracting contamination

from regions in the data-driven estimates. The effects of the particle energy-scale uncer-

tainties are propagated to Emiss
T . The uncertainty in the τhad-vis identification efficiency as

determined from measurements of Z → ττ events is 5–6%. At high pT, there are no abun-

dant sources of real hadronic tau decays from which an efficiency measurement could be

made. Rather, the tau identification is studied in high-pT dijet events as a function of the

jet pT, which indicates that there is no degradation in the modelling of the detector response

as a function of the pT of tau candidates. Based on the limited precision of these studies,

an additional uncertainty of 20%/TeV (25%/TeV) for one-track (three-track) τhad-vis can-

didates with pT > 150 GeV is assigned. The τhad-vis trigger efficiency uncertainty is 3–14%.

The uncertainty in the τhad-vis energy scale is 2–3%. The probability for electrons to be

misidentified as τhad-vis is measured with a precision of 3–14% [131]. The electron, muon, jet

and Emiss
T systematic uncertainties described above are found to have a very small impact.
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Theoretical cross-section uncertainties are taken into account for all backgrounds esti-

mated using simulation. For Z/γ∗+jets production, uncertainties are taken from ref. [135]

and include variations of the PDF sets, scale, αS, beam energy, electroweak corrections

and photon-induced corrections. A single 90% CL eigenvector variation uncertainty is

used, based on the CT14nnlo PDF set. The variations amount to a ∼5% uncertainty in

the total number of Z/γ∗+jets events within the acceptance. For diboson production, an

uncertainty of 10% is used [99, 136]. For tt̄ [108] and single top-quark [109, 110] produc-

tion, the assigned 6% uncertainty is based on PDF, scale and top-quark mass variations.

Additional uncertainties related to initial- and final-state radiation modelling, tune and

(for tt̄ only) the choice of hdamp parameter value in Powheg-Box v2, which controls the

amount of radiation produced by the parton shower, are also taken into account [137]. The

uncertainty due to the hadronisation model is evaluated by comparing tt̄ events generated

with Powheg-Box v2 interfaced to either Herwig++ [138] or Pythia 6. To estimate

the uncertainty in generating the hard scatter, the Powheg and MG5 aMC@NLO event

generators are compared, both interfaced to the Herwig++ parton shower model. The

uncertainties in the W+ jets cross section have a negligible impact in the τhadτhad channel

and the W+ jets simulation is not used in the τlepτhad channel.

For MSSM Higgs boson samples, various sources of uncertainty which impact the

signal acceptance are considered. The impact from varying the factorisation and renor-

malisation scales up and down by a factor of two, either coherently or oppositely, is

taken into account. Uncertainties due to the modelling of initial- and final-state radi-

ation, as well as multiple parton interaction are also taken into account. These uncer-

tainties are estimated from variations of the Pythia 8 A14 tune [57] for the b-associated

production and the AZNLO Pythia 8 tune [56] for the gluon-gluon fusion production.

The envelope of the variations resulting from the use of the alternative PDFs in the

PDF4LHC15 nlo nf4 30 (PDF4LHC15 nlo 100) [139] set is used to estimate the PDF un-

certainty for the b-associated (gluon-gluon fusion) production. The total uncertainty for

the MSSM Higgs boson samples is typically 1–4%, which is dominated by variations of the

radiation and multiple parton interactions, with minor impact from scale variations. The

Z ′ signal acceptance uncertainties are expected to be negligible.

For both the MSSM Higgs boson and Z ′ samples, uncertainties in the integrated cross

section are not included in the fitting procedure used to extract experimental cross-section

limits. The uncertainty for Z ′ is included when overlaying model cross sections, in which

case it is calculated using the same procedure as for the Z/γ∗+jets background.

7.2 Uncertainties in data-driven estimates

Uncertainties in the multijet estimate for the τhadτhad channel (section 6.1.1) arise from the

fake-factors fDJ. These include a 10–50% uncertainty from the limited size of the DJ-FR

and an uncertainty of up to 50% from the subtraction of the non-multijet contamination.

An additional uncertainty is considered when applying the fake-factors in the b-tag category,

which accounts for changes in the jet composition with respect to the inclusive selection of

the DJ-FR. As the differences are extracted from comparisons in control regions, they are

one-sided.
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The uncertainty in the fake-rates used to weight simulated non-multijet events in the

τhadτhad channel (section 6.1.2) is dominated by the limited size of the fakes regions and

can reach 40%.

Uncertainties in the multijet estimate for the τlepτhad channel (section 6.2.1) arise

from the fake-factors fMJ and fL. The applicability of fMJ measured in MJ-FR to CR-1

is investigated by studying fMJ as a function of the lepton isolation and the observed

differences are assigned as a systematic uncertainty. The statistical uncertainty from the

limited size of MJ-FR is significant, particularly for the smaller 2015 dataset. The impact

of a potential mismodelling in the subtraction of simulated non-multijet events containing

non-isolated leptons is investigated by varying the subtraction by 50%, but is found to

be small compared to the other sources of systematic uncertainty. A constant uncertainty

of 20% in fMJ is used to envelop these variations. A 50% uncertainty is assigned to the

sequential |∆φ(pτhad-visT ,Emiss
T )| correction.

The applicability of fL measured in L-FR to events in MJ-FR is investigated by alter-

ing the mT(p`T,E
miss
T ) selection and the observed differences are assigned as a systematic

uncertainty. A 20% uncertainty in the background subtraction in L-FR is considered,

motivated by observations of the tau identification performance in W+ jets events. The

statistical uncertainty from the limited size of L-FR is also considered, but is relatively

small. The total uncertainty in fL is 5–50%.

Uncertainties in the data-driven W+ jets and tt̄ estimates for the τlepτhad channel (sec-

tion 6.2.2) arise from the fake-factors fW and the subtraction of contributions from CR-1.

The applicability of fW measured in W-FR to CR-1 is investigated by studying fW as a

function of mT(p`T,E
miss
T ) and the observed differences (up to ∼10%) are assigned as a sys-

tematic uncertainty. A 30% uncertainty is assigned to the sequential |∆φ(pτhad-visT ,Emiss
T )|

correction, based on variations observed as a function of τhad-vis pT. Due to the large

contamination for b-tag events in W-FR, a 50% uncertainty is assigned to the correction

factor applied to the b-veto parameterisation. The subtraction of the simulated samples

in CR-1 is affected by experimental uncertainties and uncertainties in production cross

sections, which amount to 10%. The total uncertainty in the multijet estimate in CR-1 is

also propagated to the subtraction.

8 Results

The number of observed events in the signal regions of the τlepτhad and τhadτhad channels

together with the predicted event yields from signal and background processes are shown in

table 3. In the τlepτhad channel, all events estimated using the data-driven fake-factor tech-

nique are grouped as Jet→ τ fake, while events where the τhad-vis originates from a jet are

removed from the other processes. In the τhadτhad channel, the multijet process is estimated

using the fake-factor technique while contributions from all other processes are estimated

using simulation with data-driven corrections for the τhad-vis candidates that originate from

jets. The numbers are given before (pre-fit) and after (post-fit) applying the statistical fit-

ting procedure described in section 8.1. The observed event yields are compatible with the
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b-veto b-tag

Channel Process pre-fit post-fit pre-fit post-fit

τlepτhad Z/γ∗ → ττ 92 000± 11 000 96 400± 1600 670± 140 690± 70

Diboson 880± 100 920± 70 6.3± 1.7 6.5± 1.4

tt̄ and single top-quark 1050± 170 1090± 130 2800± 400 2680± 80

Jet→ τ fake 83 000± 5000 88 800± 1700 3000± 400 3390± 170

Z/γ∗ → `` 15 800± 1200 16 200± 700 86± 21 89± 16

SM Total 193 000± 13 000 203 400± 1200 6500± 600 6850± 120

Data 203 365 6843

A/H (300) 720± 80 – 236± 32 –

A/H (500) 112± 11 – 39± 5 –

A/H (800) 10.7± 1.1 – 4.8± 0.6 –

τhadτhad Multijet 3040± 240 3040± 90 106± 32 85± 10

Z/γ∗ → ττ 610± 230 770± 80 7.5± 2.9 8.6± 1.3

W (→ τν)+jets 178± 31 182± 15 4.0± 1.0 4.1± 0.5

tt̄ and single top-quark 26± 9 29± 4 60± 50 74± 15

Others 25± 6 27.4± 2.1 1.0± 0.5 1.1± 0.4

SM Total 3900± 400 4050± 70 180± 60 173± 16

Data 4059 154

A/H (300) 130± 50 – 44± 19 –

A/H (500) 80± 33 – 28± 12 –

A/H (800) 11± 4 – 5.1± 2.2 –

Table 3. Observed number of events and predictions of signal and background contributions in

the b-veto and b-tag categories of the τlepτhad and τhadτhad channels. The background predictions

and uncertainties (including both the statistical and systematic components) are obtained before

(pre-fit) and after (post-fit) applying the statistical fitting procedure discussed in section 8. The

individual uncertainties are correlated, and do not necessarily add in quadrature to the total back-

ground uncertainty. The label “Others” refers to contributions from diboson, Z/γ∗(→ ``)+jets

and W (→ `ν)+jets production. In the τlepτhad channel, events containing a τhad-vis candidate that

originate from jets are removed from all processes other than Jet → τ fake. The expected pre-fit

contributions from A and H bosons with masses of 300, 500 and 800 GeV and tan β = 10 in the

hMSSM scenario are also shown.

expected event yields from SM processes, within uncertainties. The mtot
T distributions in

the signal regions are shown in figures 5(a)–5(d) and in the CR-T in figure 6.

8.1 Fit model

The parameter of interest is the signal strength, µ. It is defined as the ratio of the observed

to the predicted value of the cross section times branching fraction, where the prediction is

evaluated at a particular point in the parameter space of the theoretical model in question

(MSSM or Z ′ benchmark scenarios). Hence, the value µ = 0 corresponds to the absence

of a signal, whereas the value µ = 1 indicates the presence of a signal as predicted by the
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Figure 5. Distributions of mtot
T for the (a) b-veto and (b) b-tag categories of the τlepτhad channel

and the (c) b-veto and (d) b-tag categories of the τhadτhad channel. The label “Others” refers

to contributions from diboson, Z/γ∗(→ ``)+jets and W (→ `ν)+jets production. In the τlepτhad
channel, events containing τhad-vis candidates that originate from jets are removed from all processes

other than Jet→ τ fake. The binning displayed is that entering into the statistical fit discussed in

section 8, with minor modifications needed to combine the τlepτhad channels and with underflows

and overflows included in the first and last bins, respectively. The predictions and uncertainties

for the background processes are obtained from the fit under the hypothesis of no signal. The

combined prediction for A and H bosons with masses of 300, 500 and 800 GeV and tan β = 10 in

the hMSSM scenario are superimposed. The significance of the data given the fitted model and

its uncertainty is computed in each bin following ref. [140] and is shown in the lower panels. The

expected significance of the hypothetical Higgs boson signals are also overlaid.
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Figure 6. Distribution of mtot
T in the tt̄ enriched control region (CR-T) of the τlepτhad channel.

Events containing τhad-vis candidates that originate from jets are removed from all processes other

than Jet → τ fake. The binning displayed is that entering into the statistical fit discussed in

section 8, with minor modifications needed to combine the τlepτhad channels and with underflows

and overflows included in the first and last bins, respectively. The predictions and uncertainties

for the background processes are obtained from the fit under the hypothesis of no signal. The

combined prediction for A and H bosons with masses of 300, 500 and 800 GeV and tan β = 10 in

the hMSSM scenario are superimposed. The significance of the data given the fitted model and

its uncertainty is computed in each bin following ref. [140] and is shown in the lower panel. The

expected significance of the hypothetical Higgs boson signals are also overlaid.

model. To estimate µ, a likelihood function constructed as the product of Poisson probabil-

ity terms is used. A term is included for each bin in the mtot
T distributions from the τeτhad,

τµτhad and τhadτhad channels. When fitting MSSM models to the data, the distributions are

separated into b-tag and b-veto events to enhance sensitivity to the gluon-gluon fusion and

b-associated production modes, while the inclusive distributions are used for Z ′ models. In

all cases, the distributions in the CR-T regions of the τeτhad and τµτhad channels are added,

which help constrain uncertainties in the tt̄ background. Signal and background predictions

depend on systematic uncertainties, which are parameterised as nuisance parameters that

are constrained using Gaussian probability density functions. The asymptotic approxima-

tion is used with the test statistic q̃µ [141] to compare the likelihoods of the null hypothesis

(SM only) and the assumed signal hypothesis (SM plus signal) given the data. The bin

widths are chosen to ensure a sufficient number of background events in each bin. The re-

sults from the τeτhad, τµτhad and τhadτhad channels are combined to improve the sensitivity

to signal. For ditau resonance masses below about 0.6 TeV, the sensitivity is dominated by

the τlepτhad channels, while the τhadτhad channel is most sensitive in the higher mass range.

8.2 Cross-section limits

The data are found to be in good agreement with the predicted background yields, and the

results are given in terms of exclusion limits. These are set using the modified frequentist
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CLs method [142]. Upper limits on the cross section times branching fraction for φ and Z ′

bosons are set at the 95% confidence level (CL) as a function of the boson mass. They are

obtained by multiplying the extracted limits on µ by the respective predicted cross sections.

The φ boson limits assume the natural width of the boson to be negligible compared to

the experimental resolution (as expected over the probed MSSM parameter space). They

cover the mass range 0.2–2.25 TeV and are shown separately for gluon-gluon fusion and

b-quark associated production. The limits on Z ′ bosons are calculated assuming an SSM

Z ′ and extend up to 4 TeV. The limits are shown in figures 7(a)–7(c). They are in the

range 0.78–0.0058 pb (0.70–0.0037 pb) for gluon-gluon fusion (b-associated) production of

scalar bosons with masses of 0.2–2.25 TeV and 1.56–0.0072 pb for Drell-Yan production of

Z ′ bosons with masses of 0.2–4 TeV. A small downward fluctuation at a mass of ∼0.3 TeV is

observed in all limits, while a small upward fluctuation for gluon-gluon fusion and Z ′ bosons

is seen around 0.5 TeV and a broad deficit is seen for the b-quark associated production

over the entire mass range. These features arise primarily because of a deficit of events in

the range 200–250 GeV followed by a mild excess in the range 300–400 GeV in figure 5(c),

and by a consistent deficit of events across the whole range in figure 5(d). Modifications of

the Z ′ chiral coupling structure can result in changes of up to 40% in the Z ′ cross-section

limits. Reducing the Z ′ width can improve the limits by up to ∼30%, while increasing

the width to 36% can degrade the limits by up to ∼70%. Figures 8(a) and 8(b) show

the observed and expected 95% CL upper limits on the production cross section times

branching fraction for φ→ ττ as a function of the fractional contribution from b-associated

production (σbb/[σbb + σgg]) and the scalar boson mass.

The impact of systematic uncertainties on the φ → ττ 95% CL cross section upper

limits are calculated by comparing the expected upper limit in the case of no systematic

uncertainties, µ95stat, with a limit calculated by introducing a group of systematic uncer-

tainties, µ95i . The systematic uncertainty impacts are shown in figure 9(a) for gluon-gluon

fusion production and figure 9(b) for b-associated production as functions of the scalar

boson mass. The major uncertainties are grouped according to their origin, while minor

uncertainties are collected as “Others”.

In the low mass range, the sensitivity is dominated by the τlepτhad channel, and the

major uncertainties arise from the estimate of the dominant W+ jets background. Due

to the large contribution the fit is able to significantly constrain the uncertainties in this

background. In the intermediate mass range the tau energy scale uncertainty becomes

dominant. The fit is able to effectively constrain this conservative uncertainty due to the

large contribution from Z/γ∗ → ττ and tt̄ in each of the categories. At very high masses, the

uncertainty in the identification efficiency for high-pT τhad-vis candidates becomes dominant,

and due to the lack of significant Z/γ∗ → ττ and tt̄ at high mass, this uncertainty remains

relatively unconstrained. The addition of the CR-T region distributions to the fit allows

the uncertainties in the tt̄ modelling to be well constrained and as such, they have little

impact on the sensitivity.

8.3 MSSM interpretations

The data are interpreted in terms of the MSSM. Figure 10 shows regions in the mA–

tanβ plane excluded at 95% CL in the mmod+
h and hMSSM scenarios. In the MSSM
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Figure 7. The observed and expected 95% CL upper limits on the production cross section times

branching fraction for a scalar boson produced via (a) gluon-gluon fusion and (b) b-associated

production, and for (c) gauge bosons. The limits are calculated from a statistical combination of

the τlepτhad and τhadτhad channels. The excluded regions from the 2015 data ATLAS search [29]

are depicted by the hatched blue fill. The predicted cross section for a Z ′SSM boson is overlaid in

(c), where the band depicts the total uncertainty.
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Figure 8. The (a) observed and (b) expected 95% CL upper limit on the production cross section

times branching fraction for φ → ττ as a function of the fractional contribution from b-associated

production and the scalar boson mass. The solid and dashed lines represent contours of fixed σ×B.
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Figure 9. Impact of major groups of systematic uncertainties on the φ→ ττ 95% CL cross section

upper limits as a function of the scalar boson mass, separately for the (a) gluon-gluon fusion and

(b) b-associated production mechanisms.
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Figure 10. The observed and expected 95% CL upper limits on tan β as a function of mA in the

MSSM (a) mmod+
h and (b) hMSSM scenarios. For the mmod+

h scenario, dashed lines of constant mh

and mH are shown in red and blue, respectively. For the hMSSM scenario, the exclusion arising

from the SM Higgs boson coupling measurements of ref. [143] and the exclusion limit from the

ATLAS 2015 H/A→ ττ search result of ref. [29] are shown.

mmod+
h scenario, the observed (expected) 95% CL upper limits exclude tan β > 5.1 (7.0)

for mA = 0.25 TeV and tan β > 51 (57) for mA = 1.5 TeV. Constraints in the hMSSM

scenario are stronger due to the presence of low-mass neutralinos in the mmod+
h scenario

that reduce the H/A→ ττ branching fraction and which are absent in the hMSSM scenario.

In the hMSSM scenario, the most stringent observed (expected) constraints on tan β for

the combined search exclude tan β > 1.0 (5.5) for mA = 0.25 TeV and tan β > 42 (48) for

mA = 1.5 TeV at 95% CL. The expected exclusion limit and bands around mA = 350 GeV

reflect the behaviour of the A → ττ branching fraction close to the A → tt̄ kinematic

threshold for low tan β, allowing for some exclusion in this region. However, when mA is

above the A→ tt̄ production threshold, this additional decay mode reduces the sensitivity

of the A→ ττ search for low tan β.

8.4 Z′ interpretations

The data are also interpreted in terms of Z ′ models. As shown in figure 7(c), the observed

(expected) lower limit on the mass of a Z ′SSM boson is 2.42 (2.47) TeV at 95% CL. Limits

at 95% CL are also placed on Z ′NU bosons as a function of mZ′ and the mixing angle

between the heavy and light SU(2) gauge groups, φ, as shown in figure 11. Masses below

2.25–2.60 TeV are excluded in the range 0.03 < sin2 φ < 0.5 assuming no µ–τ mixing.
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9 Conclusion

A search for neutral Higgs bosons as predicted in the Minimal Supersymmetric Standard

Model and Z ′ bosons decaying to a pair of τ -leptons is performed using a data sample from

proton-proton collisions at
√
s = 13 TeV recorded by the ATLAS detector at the LHC,

corresponding to an integrated luminosity of 36.1 fb−1. The τeτhad, τµτhad and τhadτhad
channels are analysed and no indication of an excess over the expected SM background is

found. Upper limits on the cross section for the production of scalar and Z ′ bosons times

the branching fraction to ditau final states are set at 95% CL, significantly increasing the

sensitivity and the explored mass range compared to previous searches. They are in the

range 0.78–0.0058 pb (0.70–0.0037 pb) for gluon-gluon fusion (b-associated) production of

scalar bosons with masses of 0.2–2.25 TeV and 1.56–0.0072 pb for Drell-Yan production of

Z ′ bosons with masses of 0.2–4 TeV. In the context of the hMSSM scenario, the most strin-

gent limits for the combined search exclude tan β > 1.0 for mA = 0.25 TeV and tan β > 42

formA = 1.5 TeV at 95% CL. In the context of the Sequential Standard Model, Z ′SSM bosons

with masses less than 2.42 TeV are excluded at 95% CL, while mZ′NU
< 2.25–2.60 TeV is

excluded in the range 0.03 < sin2 φ < 0.5 in the non-universal G(221) model.
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[76] S. Dittmaier, M. Krämer and M. Spira, Higgs radiation off bottom quarks at the Tevatron

and the CERN LHC, Phys. Rev. D 70 (2004) 074010 [hep-ph/0309204] [INSPIRE].

[77] S. Dawson, C.B. Jackson, L. Reina and D. Wackeroth, Exclusive Higgs boson production

with bottom quarks at hadron colliders, Phys. Rev. D 69 (2004) 074027 [hep-ph/0311067]

[INSPIRE].
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A.V. Akimov98, G.L. Alberghi22a,22b, J. Albert172, P. Albicocco50, M.J. Alconada Verzini74,

S.C. Alderweireldt108, M. Aleksa32, I.N. Aleksandrov68, C. Alexa28b, G. Alexander155,

T. Alexopoulos10, M. Alhroob115, B. Ali130, M. Aliev76a,76b, G. Alimonti94a, J. Alison33,

S.P. Alkire38, B.M.M. Allbrooke151, B.W. Allen118, P.P. Allport19, A. Aloisio106a,106b,

A. Alonso39, F. Alonso74, C. Alpigiani140, A.A. Alshehri56, M.I. Alstaty88, B. Alvarez Gonzalez32,
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J. Barreiro Guimarães da Costa35a, R. Bartoldus145, A.E. Barton75, P. Bartos146a, A. Basalaev125,

A. Bassalat119,f , R.L. Bates56, S.J. Batista161, J.R. Batley30, M. Battaglia139, M. Bauce134a,134b,

F. Bauer138, H.S. Bawa145,g, J.B. Beacham113, M.D. Beattie75, T. Beau83, P.H. Beauchemin165,

P. Bechtle23, H.P. Beck18,h, H.C. Beck57, K. Becker122, M. Becker86, C. Becot112, A.J. Beddall20e,

A. Beddall20b, V.A. Bednyakov68, M. Bedognetti109, C.P. Bee150, T.A. Beermann32,

M. Begalli26a, M. Begel27, J.K. Behr45, A.S. Bell81, G. Bella155, L. Bellagamba22a, A. Bellerive31,

M. Bellomo154, K. Belotskiy100, O. Beltramello32, N.L. Belyaev100, O. Benary155,∗,

D. Benchekroun137a, M. Bender102, N. Benekos10, Y. Benhammou155, E. Benhar Noccioli179,

J. Benitez66, D.P. Benjamin48, M. Benoit52, J.R. Bensinger25, S. Bentvelsen109, L. Beresford122,

M. Beretta50, D. Berge109, E. Bergeaas Kuutmann168, N. Berger5, L.J. Bergsten25, J. Beringer16,

S. Berlendis58, N.R. Bernard89, G. Bernardi83, C. Bernius145, F.U. Bernlochner23, T. Berry80,

P. Berta86, C. Bertella35a, G. Bertoli148a,148b, I.A. Bertram75, C. Bertsche45, G.J. Besjes39,

O. Bessidskaia Bylund148a,148b, M. Bessner45, N. Besson138, A. Bethani87, S. Bethke103,

A. Betti23, A.J. Bevan79, J. Beyer103, R.M. Bianchi127, O. Biebel102, D. Biedermann17,

R. Bielski87, K. Bierwagen86, N.V. Biesuz126a,126b, M. Biglietti136a, T.R.V. Billoud97,

H. Bilokon50, M. Bindi57, A. Bingul20b, C. Bini134a,134b, S. Biondi22a,22b, T. Bisanz57,

C. Bittrich47, D.M. Bjergaard48, J.E. Black145, K.M. Black24, R.E. Blair6, T. Blazek146a,

– 37 –



J
H
E
P
0
1
(
2
0
1
8
)
0
5
5

I. Bloch45, C. Blocker25, A. Blue56, U. Blumenschein79, S. Blunier34a, G.J. Bobbink109,

V.S. Bobrovnikov111,c, S.S. Bocchetta84, A. Bocci48, C. Bock102, M. Boehler51, D. Boerner178,

D. Bogavac102, A.G. Bogdanchikov111, C. Bohm148a, V. Boisvert80, P. Bokan168,i, T. Bold41a,

A.S. Boldyrev101, A.E. Bolz60b, M. Bomben83, M. Bona79, M. Boonekamp138, A. Borisov132,

G. Borissov75, J. Bortfeldt32, D. Bortoletto122, V. Bortolotto62a, D. Boscherini22a, M. Bosman13,

J.D. Bossio Sola29, J. Boudreau127, E.V. Bouhova-Thacker75, D. Boumediene37, C. Bourdarios119,

S.K. Boutle56, A. Boveia113, J. Boyd32, I.R. Boyko68, A.J. Bozson80, J. Bracinik19, A. Brandt8,

G. Brandt57, O. Brandt60a, F. Braren45, U. Bratzler158, B. Brau89, J.E. Brau118,

W.D. Breaden Madden56, K. Brendlinger45, A.J. Brennan91, L. Brenner109, R. Brenner168,

S. Bressler175, D.L. Briglin19, T.M. Bristow49, D. Britton56, D. Britzger45, F.M. Brochu30,

I. Brock23, R. Brock93, G. Brooijmans38, T. Brooks80, W.K. Brooks34b, J. Brosamer16,

E. Brost110, J.H Broughton19, P.A. Bruckman de Renstrom42, D. Bruncko146b, A. Bruni22a,

G. Bruni22a, L.S. Bruni109, S. Bruno135a,135b, BH Brunt30, M. Bruschi22a, N. Bruscino127,

P. Bryant33, L. Bryngemark45, T. Buanes15, Q. Buat144, P. Buchholz143, A.G. Buckley56,

I.A. Budagov68, F. Buehrer51, M.K. Bugge121, O. Bulekov100, D. Bullock8, T.J. Burch110,

S. Burdin77, C.D. Burgard109, A.M. Burger5, B. Burghgrave110, K. Burka42, S. Burke133,
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G.D. Carrillo-Montoya32, D. Casadei19, M.P. Casado13,j , A.F. Casha161, M. Casolino13,

D.W. Casper166, R. Castelijn109, V. Castillo Gimenez170, N.F. Castro128a,k, A. Catinaccio32,

J.R. Catmore121, A. Cattai32, J. Caudron23, V. Cavaliere169, E. Cavallaro13, D. Cavalli94a,

M. Cavalli-Sforza13, V. Cavasinni126a,126b, E. Celebi20d, F. Ceradini136a,136b, L. Cerda Alberich170,

A.S. Cerqueira26b, A. Cerri151, L. Cerrito135a,135b, F. Cerutti16, A. Cervelli22a,22b, S.A. Cetin20d,

A. Chafaq137a, D. Chakraborty110, S.K. Chan59, W.S. Chan109, Y.L. Chan62a, P. Chang169,

J.D. Chapman30, D.G. Charlton19, C.C. Chau31, C.A. Chavez Barajas151, S. Che113,

S. Cheatham167a,167c, A. Chegwidden93, S. Chekanov6, S.V. Chekulaev163a, G.A. Chelkov68,l,

M.A. Chelstowska32, C. Chen36a, C. Chen67, H. Chen27, J. Chen36a, S. Chen35b, S. Chen157,

X. Chen35c,m, Y. Chen70, H.C. Cheng92, H.J. Cheng35a,35d, A. Cheplakov68,

E. Cheremushkina132, R. Cherkaoui El Moursli137e, E. Cheu7, K. Cheung63, L. Chevalier138,

V. Chiarella50, G. Chiarelli126a,126b, G. Chiodini76a, A.S. Chisholm32, A. Chitan28b, Y.H. Chiu172,

M.V. Chizhov68, K. Choi64, A.R. Chomont37, S. Chouridou156, Y.S. Chow62a, V. Christodoulou81,

M.C. Chu62a, J. Chudoba129, A.J. Chuinard90, J.J. Chwastowski42, L. Chytka117, A.K. Ciftci4a,

D. Cinca46, V. Cindro78, I.A. Cioara23, A. Ciocio16, F. Cirotto106a,106b, Z.H. Citron175,

M. Citterio94a, M. Ciubancan28b, A. Clark52, B.L. Clark59, M.R. Clark38, P.J. Clark49,

R.N. Clarke16, C. Clement148a,148b, Y. Coadou88, M. Cobal167a,167c, A. Coccaro52, J. Cochran67,

L. Colasurdo108, B. Cole38, A.P. Colijn109, J. Collot58, T. Colombo166, P. Conde Muiño128a,128b,

E. Coniavitis51, S.H. Connell147b, I.A. Connelly87, S. Constantinescu28b, G. Conti32,

F. Conventi106a,n, M. Cooke16, A.M. Cooper-Sarkar122, F. Cormier171, K.J.R. Cormier161,

M. Corradi134a,134b, F. Corriveau90,o, A. Cortes-Gonzalez32, G. Costa94a, M.J. Costa170,

– 38 –



J
H
E
P
0
1
(
2
0
1
8
)
0
5
5

D. Costanzo141, G. Cottin30, G. Cowan80, B.E. Cox87, K. Cranmer112, S.J. Crawley56,
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M. Levy19, D. Lewis79, B. Li36a,w, H. Li150, L. Li36c, Q. Li35a,35d, Q. Li36a, S. Li48, X. Li36c,

Y. Li143, Z. Liang35a, B. Liberti135a, A. Liblong161, K. Lie62c, J. Liebal23, W. Liebig15,

A. Limosani152, C.Y. Lin30, K. Lin93, S.C. Lin182, T.H. Lin86, R.A. Linck64, B.E. Lindquist150,

A.E. Lionti52, E. Lipeles124, A. Lipniacka15, M. Lisovyi60b, T.M. Liss169,ag, A. Lister171,

A.M. Litke139, B. Liu67, H. Liu92, H. Liu27, J.K.K. Liu122, J. Liu36b, J.B. Liu36a, K. Liu88,

L. Liu169, M. Liu36a, Y.L. Liu36a, Y. Liu36a, M. Livan123a,123b, A. Lleres58, J. Llorente Merino35a,

S.L. Lloyd79, C.Y. Lo62b, F. Lo Sterzo43, E.M. Lobodzinska45, P. Loch7, F.K. Loebinger87,

A. Loesle51, K.M. Loew25, T. Lohse17, K. Lohwasser141, M. Lokajicek129, B.A. Long24,

J.D. Long169, R.E. Long75, L. Longo76a,76b, K.A. Looper113, J.A. Lopez34b, I. Lopez Paz13,

A. Lopez Solis83, J. Lorenz102, N. Lorenzo Martinez5, M. Losada21, P.J. Lösel102, X. Lou35a,
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Bologna, Italy
23 Physikalisches Institut, University of Bonn, Bonn, Germany
24 Department of Physics, Boston University, Boston MA, United States of America
25 Department of Physics, Brandeis University, Waltham MA, United States of America
26 (a) Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro; (b) Electrical Circuits

Department, Federal University of Juiz de Fora (UFJF), Juiz de Fora; (c) Federal University of Sao

Joao del Rei (UFSJ), Sao Joao del Rei; (d) Instituto de Fisica, Universidade de Sao Paulo, Sao

Paulo, Brazil
27 Physics Department, Brookhaven National Laboratory, Upton NY, United States of America
28 (a) Transilvania University of Brasov, Brasov; (b) Horia Hulubei National Institute of Physics and

Nuclear Engineering, Bucharest; (c) Department of Physics, Alexandru Ioan Cuza University of

Iasi, Iasi; (d) National Institute for Research and Development of Isotopic and Molecular

Technologies, Physics Department, Cluj Napoca; (e) University Politehnica Bucharest, Bucharest;
(f) West University in Timisoara, Timisoara, Romania

29 Departamento de F́ısica, Universidad de Buenos Aires, Buenos Aires, Argentina
30 Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
31 Department of Physics, Carleton University, Ottawa ON, Canada
32 CERN, Geneva, Switzerland
33 Enrico Fermi Institute, University of Chicago, Chicago IL, United States of America
34 (a) Departamento de F́ısica, Pontificia Universidad Católica de Chile, Santiago; (b) Departamento
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