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Introduction

Introduction
Discovery of a neutral scalar particle of mass ∼ 125 GeV at the LHC
confirmed the predicted electroweak symmetry breaking mechanism of the SM

Experimental results show consistency with the SM Higgs boson

Is there only one Higgs doublet (SM) or the Higgs sector is more complex?

Various BSM models predict additional Higgs bosons:
Additional EW singlet: h,H
Two Higgs Doublet Model (2HDM): h,H,A,H±

Two Higgs doublet + singlet Model
Higgs triplet models (SM doublet + triplet): H±±

Strategies that use Higgs to find new physics:

Indirectly, by looking for
non-standard properties
of light Higgs (couplings,
CP, LFV decays...)

Directly, by explicit
search for BSM Higgs
decaying to SM objects

Higgs decays to BSM
states (light scalar
resonances, invisible
decays, LLP...)
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Heavy Neutral Higgs in Fermion Final States

Heavy Neutral Higgs in Fermion Final States

Neutral MSSM Higgs boson at the LHC:

gluon-gluon fusion
b-associated production

In the MSSM, the heavy Higgs boson couplings to
down-type fermions (τ , b) are strongly enhanced for
a large part of the parameter space for large tanβ

H/A→ tt̄ is kinematically accessible at low tanβ
and masses ≥ 2mt

Searches for heavy neutral Higgs in fermion final states in
ATLAS

A/H → ττ ATLAS-CONF-2017-050
A/H → tt̄ CERN-EP-2017-134, to be submitted to Phys. Rev. Lett.
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Heavy Neutral Higgs in Fermion Final States ATLAS-CONF-2017-050

Heavy Neutral Higgs
A/H → ττ in 36.1 fb−1 of pp collisions at 13 TeV

Two τ decay modes considered:

All hadronic final state (τhadτhad), 0 or ≥ 1 b-jet
Semileptonic final state (τlepτhad), 0 or ≥ 1 b-jet

Discriminating variable:

mtot
T =

√
(pτ1T + pτ2T + Emiss

T )2 − (pτ1T + pτ2T + Emiss
T )2

Observed σ ×BR limit for ggF: 0.85 pb - 5.8 fb
for mφ range of 200 GeV - 2.25 TeV

Interpretation in the hMSSM: excluded tanβ > 1.0
for mA = 250 GeV and tanβ > 45 for mA = 1.5 TeV
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Heavy Neutral Higgs in Fermion Final States CERN-EP-2017-134, to be submitted to Phys. Rev. Lett.

Heavy Neutral Higgs
A/H → tt̄ in 20.3 fb−1 of pp collisions at 8 TeV

Significant interference between gg → tt̄
production and A/H → tt̄

1 lepton (e or µ), ≥ 4 jets, Emiss
T

Discriminating variable: mreco
tt̄

Resolved kinematics considered

Limits take interference into account

Observed limits for type-II 2HDM:
tanβ < 0.69 for mA = 550 GeV, tanβ < 0.72 for
mH = 550 GeV, tanβ < 1.1 for mA/H = 550 GeVN
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Figure 1: Distributions of the invariant mass of the tt̄ pair from the decay of a pseudoscalar A of mass mA = 500 GeV
(mA ⌧ mH ) at parton level before the emission of final-state radiation and before the parton shower for the pure
resonance S (filled, turquoise) and signal+interference contribution S + I (unfilled, red). Events from all tt̄ decay
modes are included and no selection requirements are imposed. The distributions are normalized to an integrated
luminosity of 20.3 fb�1.

including resummation of next-to-next-to-leading-logarithmic soft gluon terms. The values of KS range105

between two and three with the largest (smallest) values obtained for the smallest (largest) mass and tan �106

values under consideration.107

The event selection criteria for the signal regions provide a high selection e�ciency for tt̄ events in the108

`+jets channel. Only events with a resolved topology, in which the three jets from the hadronically109

decaying top quark are well separated in the detector, are selected. This is the most e�cient selection110

strategy for signal hypotheses with mA/H < 800 GeV, as considered here. Events with a merged topology,111

in which the hadronically decaying top quark is reconstructed as a single jet, are not considered. The112

object and event selection criteria are identical to those for the resolved topology in Ref. [12] except that113

events that would satisfy the criteria for both topologies are classified as “resolved” instead of “merged”.114

Events are required to contain exactly one isolated electron or muon that is geometrically matched to115

the corresponding trigger-level object. Electron candidates are reconstructed from energy clusters in the116

electromagnetic calorimeter matched to tracks in the inner detector and are required to have ET > 25 GeV117

and pseudorapidity [40] |⌘cluster | < 2.5 [41]. Muon candidates are reconstructed by combining tracks in118

the inner detector with tracks in the muon spectrometer [42]. They are required to have pT > 25 GeV119

and |⌘ | < 2.5. In addition, events must have large missing transverse momentum, Emiss
T > 20 GeV. An120

additional requirement, Emiss
T +mW

T > 60 GeV, is imposed to further suppress the contribution from multijet121

events, where mW
T is the lepton–Emiss

T transverse mass [12]. Events must contain at least four hadronic122

jets with pT > 25 GeV and pseudorapidity |⌘ | < 2.5, reconstructed using the anti-kt algorithm [43] with123

radius parameter R = 0.4. Jets from additional collisions in the same bunch crossing are rejected using124

dedicated tracking and vertex requirements [44] applied to jets with pT < 50 GeV and |⌘ | < 2.4. At least125

one of the jets must be identified as originating from the decay of a b-hadron (b-jet) using a multivariate126

tagging algorithm with a 70% e�ciency for b-jets [45].127

Jets are assigned to the top quarks using a �2 algorithm that relies on kinematic constraints and the128

expected values of the top quark and W boson masses [12]. The invariant mass mreco
t t̄

of the candidate129

tt̄ pair is reconstructed from the four selected jets, the lepton, and the Emiss
T vector. The experimental130

resolution for the tt̄ invariant mass is 8% for a resonance mass of 500 GeV. Events in the e+jets and µ+jets131

channels are further classified into three orthogonal categories, based on whether a b-tagged jet was132
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Search for additional Higgs Bosons in tt̄ Final States
including interference e�ects

J. Katharina Behr1 for the ATLAS Collaboration
1DESY

1. Why look for additional Higgs Bosons?
I The Standard Model is incomplete.
• No candidate for Dark Ma�er, hierarchy problem, ...

I Introduce a second scalar complex doublet field) Two-Higgs-Doublet Models (2HDMs)
• Simplest (not-strongly-constrained) extension of the SM Higgs sector
• Motivated by e.g. SUSY (hMSSM) or axion models

I Consider CP conserving potential with so�ly broken Z2 symmetry

Higgs Bosons in a 2HDM
• CP-even: h0, H 0

• CP-odd: A0

• Charged: H±

Free parameters
• Higgs boson masses
• tan � : ratio of Higgs VEVs
• � : mass mixing between h and H
• Alignment limit: cos (� � � ) = 0

I h: 125 GeV boson with SM couplings

2. Exploring the last Blind Spot

I Probe the 2D parameter space in mA/H and tan �

I Type-II 2HDM (e.g. hMSSM)

I Small tan � ) large couplings to up-type fermions (and vice versa)

I Unique sensitivity of A/H ! tt̄
for mA/H > 2mtop, tan � ⇡ O (1)

3. The Challenge: Interference

I Large irreducible background from SM tt̄ (> 85% post selection)
I Dominated by gg ! tt̄
I Strong interference with gg ! A/H ! tt̄

gg ! A/H ! tt̄ SM gg ! tt̄

4. Non-trivial Signal Shape!
mA = 500 GeV, tan � = 0.40
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mA = 500 GeV, tan � = 2.00
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mH = 500 GeV, tan � = 0.40
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mH = 500 GeV, tan � = 2.00
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I Significant o�-shell peak from imaginary phase in production loop
I Width of S and S + I decreases with increasing mA/H and increasing tan �

5. Modelling Interference
a) Signal process gg ! A/H ! tt̄
I Model M��G����_�MC��NLO v2.4.3
I Leading order in QCD
I Loop contributions from top and bo�om quarks

b) Disentangle interference from SM tt̄ background
I Most reliable background prediction from

P�����+P�����6
I Pure S + I component obtained by removing matrix

element for SM tt̄ background in M��G����

c) Signal parameter range
I mA/H � 500 GeV

Smaller masses require an accurate modelling of Higgs
boson decays into virtual top quarks and the
implementation of higher-order corrections not
available in the M��G���� model.

I tan � � 0.4
To ensure perturbativity of Higgs couplings.

I S and S + I samples for varying values of (mA/H , tan �)
obtained from a few pure signal samples a�er the
detector simulation via an event-by-event
reweighting.

d) Higher-order corrections
I Pure signal S:

kS = � 2HDMC+SusHi
S /�MG,LO

S

I Interference term I

kI =
p

kB · kS with kB = �NNLO+NNLL
tt̄ /�MG,LO

tt̄ = 1.87
I Signal-plus-interference S + I

(S + I ) = [(S + I ) � S] · kI + S · kS.

6. Signal Regions [Based on “resolved” selection in JHEP 08 (2015) 148]
I Exactly one electron or muon
• pT > 25 GeV, |� | < 2.5
• tight, mini-isolated

I Emiss
T > 20 GeV

I Emiss
T +mW

T > 60 GeV
I � 4 anti-kt R = 0.4 jets
• pT > 25 GeV, |� | < 2.5

I � 1b-tagged jets
• MV1 70% operating point

Six mutually exclusive signal regions
I e+jets and µ+jets channels
I Three b-tagging categories:
• Both top-quark candidates have matching b jet
• Only hadronic/leptonic top-quark candidate has matching b jet

7. Reconstruction

I Neutrino four vector from Emiss
T and

W -boson mass requirement for p�z
I Kinematic � 2 fit to reconstruct tt̄

system
I Experimental resolution for tt̄

invariant mass: 8% for resonance
mass of 500 GeV
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8. Dominant Systematic Uncertainties
Signal
I Top-quark mass: �mtop = ±1 GeV
I PDF
I Jet energy scale (JES)
I Factorisation/renormalisation scale
I Reweighting (S + I only)

Background
I tt̄ production cross-section (± 6.5%)
I tt̄ ISR/FSR modelling
I tt̄ PS + fragmentation
I JES

Impact on both shape and normalisation of tt̄ invariant mass spectra taken into account.

9. Exclusion Limits
I Profile likelihood fit with uncertainties taken into account as nuisance parameters
I Shape of binned mreco

tt̄ distributions parameterised in terms of signal strength µ

µ · S + pµ · I + B =
p
µ · (S + I ) + (µ � pµ ) · S + B.

I Only bins with mreco
tt̄ > 320 GeV considered to avoid threshold e�ects not perfectly

described by the simulation.
I Limits are CLs asymptotic limits at 95% confidence level
I Benchmark: 2HDM in the alignment limit (µ = 1)
I Three mass hierarchies:
• mA << mH : Only A contribution in tt̄ invariant mass spectrum
• mH << mA: Only H contribution in tt̄ invariant mass spectrum
• mA = mH : Spectra add up. Motivated by the MSSM and EW precision constraints.

(a) mA << mH (b) mH << mA (c) mA = mH

References:
[1] ATLAS, CERN-EP-2017-134, to be submitted to PRL
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Search for additional Higgs Bosons in tt̄ Final States
including interference e�ects

J. Katharina Behr1 for the ATLAS Collaboration
1DESY

1. Why look for additional Higgs Bosons?
I The Standard Model is incomplete.
• No candidate for Dark Ma�er, hierarchy problem, ...

I Introduce a second scalar complex doublet field) Two-Higgs-Doublet Models (2HDMs)
• Simplest (not-strongly-constrained) extension of the SM Higgs sector
• Motivated by e.g. SUSY (hMSSM) or axion models

I Consider CP conserving potential with so�ly broken Z2 symmetry

Higgs Bosons in a 2HDM
• CP-even: h0, H 0

• CP-odd: A0

• Charged: H±

Free parameters
• Higgs boson masses
• tan � : ratio of Higgs VEVs
• � : mass mixing between h and H
• Alignment limit: cos (� � � ) = 0

I h: 125 GeV boson with SM couplings

2. Exploring the last Blind Spot

I Probe the 2D parameter space in mA/H and tan �

I Type-II 2HDM (e.g. hMSSM)

I Small tan � ) large couplings to up-type fermions (and vice versa)

I Unique sensitivity of A/H ! tt̄
for mA/H > 2mtop, tan � ⇡ O (1)

3. The Challenge: Interference

I Large irreducible background from SM tt̄ (> 85% post selection)
I Dominated by gg ! tt̄
I Strong interference with gg ! A/H ! tt̄

gg ! A/H ! tt̄ SM gg ! tt̄

4. Non-trivial Signal Shape!
mA = 500 GeV, tan � = 0.40
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I Significant o�-shell peak from imaginary phase in production loop
I Width of S and S + I decreases with increasing mA/H and increasing tan �

5. Modelling Interference
a) Signal process gg ! A/H ! tt̄
I Model M��G����_�MC��NLO v2.4.3
I Leading order in QCD
I Loop contributions from top and bo�om quarks

b) Disentangle interference from SM tt̄ background
I Most reliable background prediction from

P�����+P�����6
I Pure S + I component obtained by removing matrix

element for SM tt̄ background in M��G����

c) Signal parameter range
I mA/H � 500 GeV

Smaller masses require an accurate modelling of Higgs
boson decays into virtual top quarks and the
implementation of higher-order corrections not
available in the M��G���� model.

I tan � � 0.4
To ensure perturbativity of Higgs couplings.

I S and S + I samples for varying values of (mA/H , tan �)
obtained from a few pure signal samples a�er the
detector simulation via an event-by-event
reweighting.

d) Higher-order corrections
I Pure signal S:

kS = � 2HDMC+SusHi
S /�MG,LO

S

I Interference term I

kI =
p

kB · kS with kB = �NNLO+NNLL
tt̄ /�MG,LO

tt̄ = 1.87
I Signal-plus-interference S + I

(S + I ) = [(S + I ) � S] · kI + S · kS.

6. Signal Regions [Based on “resolved” selection in JHEP 08 (2015) 148]
I Exactly one electron or muon
• pT > 25 GeV, |� | < 2.5
• tight, mini-isolated

I Emiss
T > 20 GeV

I Emiss
T +mW

T > 60 GeV
I � 4 anti-kt R = 0.4 jets
• pT > 25 GeV, |� | < 2.5

I � 1b-tagged jets
• MV1 70% operating point

Six mutually exclusive signal regions
I e+jets and µ+jets channels
I Three b-tagging categories:
• Both top-quark candidates have matching b jet
• Only hadronic/leptonic top-quark candidate has matching b jet

7. Reconstruction

I Neutrino four vector from Emiss
T and

W -boson mass requirement for p�z
I Kinematic � 2 fit to reconstruct tt̄

system
I Experimental resolution for tt̄

invariant mass: 8% for resonance
mass of 500 GeV
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8. Dominant Systematic Uncertainties
Signal
I Top-quark mass: �mtop = ±1 GeV
I PDF
I Jet energy scale (JES)
I Factorisation/renormalisation scale
I Reweighting (S + I only)

Background
I tt̄ production cross-section (± 6.5%)
I tt̄ ISR/FSR modelling
I tt̄ PS + fragmentation
I JES

Impact on both shape and normalisation of tt̄ invariant mass spectra taken into account.

9. Exclusion Limits
I Profile likelihood fit with uncertainties taken into account as nuisance parameters
I Shape of binned mreco

tt̄ distributions parameterised in terms of signal strength µ

µ · S + pµ · I + B =
p
µ · (S + I ) + (µ � pµ ) · S + B.

I Only bins with mreco
tt̄ > 320 GeV considered to avoid threshold e�ects not perfectly

described by the simulation.
I Limits are CLs asymptotic limits at 95% confidence level
I Benchmark: 2HDM in the alignment limit (µ = 1)
I Three mass hierarchies:
• mA << mH : Only A contribution in tt̄ invariant mass spectrum
• mH << mA: Only H contribution in tt̄ invariant mass spectrum
• mA = mH : Spectra add up. Motivated by the MSSM and EW precision constraints.
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References:
[1] ATLAS, CERN-EP-2017-134, to be submitted to PRL
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Heavy Neutral Higgs in Boson Final States

Heavy Neutral Higgs in Boson Final States

Several theories beyond the Standard Model, like the EWS or 2HDM models,
predict the existence of high mass Higgs particles, which could decay into
final states with Weak bosons

Searches for heavy neutral Higgs in boson final states in ATLAS

H → ZZ → ````/``νν ATLAS-CONF-2017-058
H → WW → `νqq ATLAS-CONF-2017-051
A → Zh → ``bb̄ ATLAS-CONF-2017-055
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Heavy Neutral Higgs in Boson Final States ATLAS-CONF-2017-058

Heavy Neutral Higgs
H → ZZ → ````/``νν in 36.1 fb−1 of pp collisions at 13 TeV

High mass Higgs in H → ZZ → ````:

2 same-flavour OS isolated lepton pairs
Discriminating variable: m4`

High mass Higgs in H → ZZ → ``νν:

2 leptons consistent with originating from a Z
Discriminating variable:
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Heavy Neutral Higgs in Boson Final States ATLAS-CONF-2017-051

Heavy Neutral Higgs
H →WW → `νqq in 36.1 fb−1 of pp collisions at 13 TeV

1 lepton (e or µ), Emiss
T

≥ 1 large-R jet (boosted analysis)
≥ 2 small-R jets (resolved analysis)

Discriminating variable: m`νJ or m`νjj where
the pνZ obtained from a W mass constraint

Narrow width (ggF and VBF) signal hypotheses
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Charged Higgs

Charged Higgs

Any extension to the Higgs sector, beyond adding a
singlet scalar, implies existence of charged scalars
(2HDM, NMSSM, Triplet...)

Dominant production in association with top quarks in
benchmark models

At high mass H± → tb is the dominant decay mode in
type-II 2HDM

H± → τν remains significant for a large range of masses
for high tanβ in type-II 2HDM

Addition of a Higgs triplet to SM gives doubly charged
Higgs bosons H±±

Charged Higgs searches in ATLAS

H± → τν ATLAS-CONF-2016-088
H± → tb ATLAS-CONF-2016-089
H++H−− → `+`+`−`− ATLAS-CONF-2017-053
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Charged Higgs ATLAS-CONF-2016-088

Charged Higgs
H± → τν in 14.7 fb−1 of pp collisions at 13 TeV

1 hadronic τ , veto events with e or µ,
≥ 3 jets (≥ 1 b-jet), Emiss

T

Discriminating variable:

mT =
√

2pτTE
miss
T (1− cos ∆φτ,Emiss

T
)

Observed σ ×BR limit: 2 pb - 8 fb
for mH± range of 200 GeV - 2 TeV

Interpretation in the hMSSM: tanβ in the range
42 - 60 excluded for mH± = 200 GeV

At tanβ = 60, mH± from 200 to 540 GeV excluded
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Charged Higgs ATLAS-CONF-2016-089

Charged Higgs
H± → tb in 13.2 fb−1 of pp collisions at

√
s = 13 TeV

1 lepton (e or µ), ≥ 4 jets (≥ 2 b-jets)

Multiple regions based on N(jets) and N(b-jets) to
constrain the tt̄+≥ 1b and tt̄+≥ 1c backgrounds

Discriminating variable: BDT score

Observed σ ×BR limit: 1.1 - 0.18 pb
for mH± range of 300 GeV - 1 TeV

Interpretation in MSSM, e.g. mmod−
h : tanβ in

range 0.5 - 1.7 for mH± range of 300 - 855 GeV

tanβ in the range 44 - 60 for mH± range of
300 - 366 GeV
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Charged Higgs ATLAS-CONF-2017-053

Charged Higgs
H++H−− → `+`+`−`− in 36.1 fb−1 of pp collisions at 13 TeV

Drell-Yan production of a H++H−− pair decaying into
two pairs of same-sign leptons

2, 3 or 4 leptons (e or µ), veto events with b-jets

Discriminating variable: m`±`± or M̄ = m+++m−−
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Conclusions & Summary

Conclusions & Summary

ATLAS is highly active in searching for BSM phenomena in the Higgs sector.
Effort to cover maximum topologies.

The Run 2 data collected in 2015 and 2016 are being analyzed.
A lot of new results released this Summer.

Shown selection of recent beyond Standard Model Higgs results

No sign of additional Higgs boson seen in the LHC data yet.
Therefore, exclusion limits are set.

Looking forward to analyze data being collected this year
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Back-up

Back-up
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Back-up ATLAS-CONF-2017-055

Heavy Neutral Higgs
A→ Zh→ ``bb̄ in 36.1 fb−1 of pp collisions at 13 TeV

Two channels based on Z decays

0-/2-lepton combined limits presented
separately for ggF and bbA production

Mild excess at mA = 440 GeV

Arises mostly from 3+ btag region in
2-lepton channel
Local (global) significance: 3.6 (2.4)
standard deviation
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