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Introduction
• Is h(125 GeV) THE Higgs boson or A Higgs boson?
• Extended Higgs sectors common to many Beyond-the-Standard-Model (BSM) theories

‣ E.g. SUSY, dark matter, axions, baryogenesis models …

H+

H-

A
h H

‣ 5 physical states:

neutral CP even

neutral CP odd

charged
(CP conserving case)

2HDM = 2 Higgs Doublets Model 
- add another SU(2) Higgs doublet to the SM

2HDM + S (singlet) 

• 2 additional physical states:  
➡ Possibly light (m < mh) 
➡ e.g. NMSSM

a
s

neutral CP even

neutral CP odd
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Figure 1: Leading-order Feynman diagram for the production of a heavy charged Higgs boson (mH+ > mt + mb) in
association with a top quark and a bottom quark (tbH

+).

sector has properties similar to those of the SM Higgs boson [7]. For lower mH+ , the dominant decay
mode is H

+
! ⌧⌫. It is also predicted that this decay mode becomes more relevant as the value of tan�

increases, irrespective of mH+ . Therefore, the H
+
! tb and H

+
! ⌧⌫ decays naturally complement each

other in searches for charged Higgs bosons.

Limits on charged Higgs boson production have been obtained by many experiments, such as the LEP
experiments with upper limits on H

+ production in the mass range 40–100 GeV [16], and CDF and DØ at the
Tevatron that set upper limits on the branching ratio B(t ! bH

+
) for 80 GeV < mH+ < 150 GeV [17, 18].

The CMS Collaboration has performed direct searches for heavy charged Higgs bosons in 8 TeV proton–
proton (pp) collisions. By assuming the branching ratio B(H

+
! tb) = 1, an upper limit of 2.0–0.13 pb

was obtained for the production cross-section �(pp ! tbH
+
) for 180 GeV < mH+ < 600 GeV [19]. The

ATLAS Collaboration has searched for similar heavy charged Higgs boson production in the H
+
! tb

decay channel at 8 TeV, setting upper limits on the production cross-section times the H
+
! tb branching

ratio of 6–0.2 pb for 200 GeV < mH+ < 600 GeV [20]. Indirect constraints can be obtained from the
measurement of flavour-physics observables sensitive to charged Higgs boson exchange. Such observables
include the relative branching ratios of B or K meson decays, B meson mixing parameters, the ratio of the
Z decay partial widths �(Z ! bb̄)/�(Z ! hadrons), as well as the measurements of b ! s� decays [21,
22]. The relative branching ratio R(D

(⇤)
) = B(B ! D

(⇤)⌧⌫)/B(B ! D
(⇤)`⌫), where ` denotes e or µ, are

especially sensitive to contributions from new physics. Measurements from BaBar [23] exclude H
+ for all

mH+ and tan� values in a Type-II 2HDM. However, more recent measurements from Belle [24–26] and
LHCb [27] place a weaker constraint on the allowed range of mH+/tan� values. A global fit combining
the most recent flavour-physics results [22] sets a lower limit at 95% confidence level on the charged Higgs
boson mass of mH+ & 600 GeV for tan� > 1 and mH+ & 650 GeV for lower tan� values, assuming a
Type-II 2HDM.

This paper presents a search for H
+ production in the H

+
! tb decay mode using pp collisions at

p
s = 13 TeV. Events with one charged lepton (` = e, µ) and jets in the final state (`+jets final state) and

events with two charged leptons and jets in the final state (`` final state) are considered. Exclusive regions
are defined according to the number of jets and those that are tagged as originating from the hadronisation
of a b-quark. In order to separate the signal from the SM background, multivariate discriminants are
employed in the regions where the signal contributions are expected to be largest. Limits on the H

+
! tb

production cross-section are set by means of a simultaneous fit of binned distributions of multivariate
discriminants in the signal-rich regions and inclusive event yields in the signal-depleted regions. The
results are interpreted in two benchmark scenarios of the Minimal Supersymmetric Standard Model
(MSSM): the m

mod�
h

scenario [28] and the hMSSM [29]. Both scenarios exploit the MSSM in such a way
that the light CP-even Higgs boson can be interpreted as the observed Higgs boson with mH = 125 GeV.
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Figure 1: Examples of leading-order Feynman diagrams contributing to the production of charged Higgs bosons
in pp collisions: (a) non-resonant top-quark production, (b) single-resonant top-quark production that dominates
at large H+ masses, (c) double-resonant top-quark production that dominates at low H+ masses. The interference
between these three main diagrams becomes most relevant in the intermediate-mass region.

mtop were performed by ATLAS in the ⌧⌫ decay mode [22]. In addition, H+ ! W Z was searched for in
the vector-boson-fusion production mode at 8 TeV by the ATLAS Collaboration [23] and at 13 TeV by the
CMS Collaboration [24]. No evidence of charged Higgs bosons was found in any of these searches. The
ATLAS and CMS Collaborations also searched for neutral scalar resonances decaying to a ⌧⌧ pair [25,
26], to which the hMSSM is also sensitive in some regions of its parameter space.

This paper describes a search for charged Higgs bosons using the H+ ! ⌧⌫ decay, with a subsequent
hadronic decay of the ⌧-lepton (referred to as ⌧had), in the mass range 90–2000 GeV, including the
intermediate-mass region. Depending on the assumption made for the decay mode of the W boson
originating from the top-quark produced together with H+, two channels are targeted: ⌧had+jets if the
W boson decays into a qq̄0 pair, or ⌧had+lepton if the W boson decays into an electron or muon and at
least one neutrino (directly or via a leptonically decaying ⌧-lepton). The data used for this analysis are
from pp collisions at

p
s = 13 TeV, collected with the ATLAS experiment at the LHC in 2015 and 2016,

corresponding to integrated luminosities of 3.2 fb�1 and 32.9 fb�1, respectively. In Section 2, the data
and simulated samples are summarised. In Section 3, the reconstruction of physics objects is described.
The analysis strategy and event selection are discussed in Section 4. Section 5 describes the data-driven
estimation of backgrounds with misidentified ⌧ objects. A discussion of the systematic uncertainties and
a description of the statistical analysis used to derive exclusion limits on the production of a charged Higgs
boson decaying via H+ ! ⌧⌫ are presented in Sections 6 and 7, respectively. Finally, a summary is given
in Section 8.

2 Data and samples of simulated events

The ATLAS experiment [27] is a multipurpose detector with a forward-backward symmetric cylindrical
geometry with respect to the LHC beam-axis.2 The innermost layers of ATLAS consist of tracking
detectors in the pseudorapidity range |⌘ | < 2.5, including the insertable B-layer [28, 29] installed for
2 The ATLAS experiment uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the

centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln[tan(✓/2)]. Transverse momenta are computed
from the three-momenta Æp as pT = | Æp| sin ✓. The distance in the ⌘-� space is commonly referred to as �R =

p
(�⌘)2 + (��)2.
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Figure 1: Examples of leading-order Feynman diagrams contributing to the production of charged Higgs bosons
in pp collisions: (a) non-resonant top-quark production, (b) single-resonant top-quark production that dominates
at large H+ masses, (c) double-resonant top-quark production that dominates at low H+ masses. The interference
between these three main diagrams becomes most relevant in the intermediate-mass region.
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least one neutrino (directly or via a leptonically decaying ⌧-lepton). The data used for this analysis are
from pp collisions at
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corresponding to integrated luminosities of 3.2 fb�1 and 32.9 fb�1, respectively. In Section 2, the data
and simulated samples are summarised. In Section 3, the reconstruction of physics objects is described.
The analysis strategy and event selection are discussed in Section 4. Section 5 describes the data-driven
estimation of backgrounds with misidentified ⌧ objects. A discussion of the systematic uncertainties and
a description of the statistical analysis used to derive exclusion limits on the production of a charged Higgs
boson decaying via H+ ! ⌧⌫ are presented in Sections 6 and 7, respectively. Finally, a summary is given
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centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the
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• Searches in 2 channels: H→τv H→tb

m(H) < m(t) m(H) > m(t)

‣ Tau polarisation used to 
discriminate between 
t→bH+ and t→bW:

Multivariate discriminant

Following the event selections above, kinematic variables that di�erentiate between the signal and back-
grounds are identified and combined into a multivariate discriminant. The output score of BDTs is then
used in order to separate the H+ signal from the SM background processes. The training of the BDTs is
performed using the FastBDT [78] library via the TMVA toolkit [79].

The simulated signal samples are divided into five H+ mass bins chosen to ensure that within each bin both
the kinematic distributions of the input variables and the event topology are similar. The mass bins used
in both channels are 90–120 GeV, 130–160 GeV (in that case, an additional signal sample with a 160 GeV
H+ arising solely from top-quark decays is used), 160–180 GeV, 200–400 GeV and 500–2000 GeV. All
available H+ signal samples corresponding to a given mass bin are normalised to the same event yield
and combined into one inclusive signal sample. The BDTs are trained separately for ⌧had-vis+jets and
⌧had-vis+lepton events, and depending on whether the leading ⌧had-vis candidate has one or three associated
tracks. The variables entering the BDT training di�er for the two types of final states considered in this
search, and they are summarised in Table 1. If there is more than one ⌧had-vis candidate or more than one
b-tagged jet, the object that has the largest pT is considered in the BDT input variables.

At low H+ masses, the kinematics of the t ! bH+ and t ! bW decay products are similar. In that case,
the polarisation of the ⌧-lepton is employed as a discriminating variable: in the main SM background
processes, the ⌧had-vis object originates from a vector-boson decay, whereas it is generated in the decay of
a scalar particle in the case of H+ signal [80]. The polarisation of the ⌧had-vis candidates can be measured
by the asymmetry of energies carried by the charged and neutral pions from the 1-prong ⌧-lepton decay,
measured in the laboratory frame. For this purpose, the variable ⌥ is introduced [81]:

⌥ =
E⇡±

T � E⇡0

T
E⌧

T
⇡ 2

p⌧-track
T
p⌧T

� 1.

It is defined for all ⌧had-vis candidates with only one associated track, and p⌧-track
T is the transverse momentum

of that track. For H+ masses in the range 90–400 GeV, the BDT training is performed separately for events
with a selected 1- or 3-prong ⌧had-vis object, and ⌥ is included in the BDT discriminant for events where
⌧had-vis has only one associated track. While⌥ is one of the most discriminating input variables of the BDT
at low H+ masses, the importance of other kinematic variables in the BDT training becomes much greater
at large H+ masses, in particular the three variables entering the computation of the tranvserse mass, i.e.
Emiss

T , p⌧T and ��⌧,miss. Hence, for the mass range 500–2000 GeV, the BDT discriminant does not contain
the variable ⌥ and is thus inclusive in the number of tracks associated with the ⌧had-vis candidate.

5 Background modelling

The dominant background processes are categorised according to the object that gives rise to the identified
⌧had-vis candidate. Simulation is used to estimate backgrounds in which ⌧had-vis arises from a hadronically
decaying ⌧-lepton, electron or muon at the event-generator level; however, in the case of tt events, the
normalisation is obtained from a fit to the data. If ⌧had-vis arises from a quark- or gluon-initiated jet, a
data-driven method is employed to estimate the corresponding background.
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Figure 7: BDT score distributions in the signal region of the ⌧had-vis+muon sub-channel, in the five mass ranges
used for the BDT trainings, after a fit to the data with the background-only hypothesis. The lower panel of each plot
shows the ratio of data to the SM background prediction. The uncertainty bands include all statistical and systematic
uncertainties. The normalisation of the signal (shown for illustration) corresponds to the integral of the background.
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Figure 6: Distributions of the BDT output after the fit to the data in the four SRs of the `+jets final state: (a) 5j3b,
(b) �6j3b, (c) 5j�4b and (d) �6j�4b for the 200 GeV mass hypothesis. Each background process is normalised
according to its post-fit cross-section. The tt̄ + X includes contributions from tt̄W , tt̄Z and tt̄H. The total prediction
of the BDT distributions includes cases where the signal obtained from the fit is negative. For this particular mass
point the fitted signal strength is µ = �0.4 ± 1.5 pb. The pre-fit signal distribution is shown superimposed as a
dashed line with arbitrary normalisation. The lower panels display the ratio of the data to the total prediction. The
hatched bands show the post-fit uncertainties.
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• Both analyses use BDT to discriminate between the signal and the SM backgrounds 
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sector has properties similar to those of the SM Higgs boson [7]. For lower mH+ , the dominant decay
mode is H

+
! ⌧⌫. It is also predicted that this decay mode becomes more relevant as the value of tan�

increases, irrespective of mH+ . Therefore, the H
+
! tb and H

+
! ⌧⌫ decays naturally complement each

other in searches for charged Higgs bosons.

Limits on charged Higgs boson production have been obtained by many experiments, such as the LEP
experiments with upper limits on H

+ production in the mass range 40–100 GeV [16], and CDF and DØ at the
Tevatron that set upper limits on the branching ratio B(t ! bH

+
) for 80 GeV < mH+ < 150 GeV [17, 18].

The CMS Collaboration has performed direct searches for heavy charged Higgs bosons in 8 TeV proton–
proton (pp) collisions. By assuming the branching ratio B(H

+
! tb) = 1, an upper limit of 2.0–0.13 pb

was obtained for the production cross-section �(pp ! tbH
+
) for 180 GeV < mH+ < 600 GeV [19]. The

ATLAS Collaboration has searched for similar heavy charged Higgs boson production in the H
+
! tb

decay channel at 8 TeV, setting upper limits on the production cross-section times the H
+
! tb branching

ratio of 6–0.2 pb for 200 GeV < mH+ < 600 GeV [20]. Indirect constraints can be obtained from the
measurement of flavour-physics observables sensitive to charged Higgs boson exchange. Such observables
include the relative branching ratios of B or K meson decays, B meson mixing parameters, the ratio of the
Z decay partial widths �(Z ! bb̄)/�(Z ! hadrons), as well as the measurements of b ! s� decays [21,
22]. The relative branching ratio R(D

(⇤)
) = B(B ! D

(⇤)⌧⌫)/B(B ! D
(⇤)`⌫), where ` denotes e or µ, are

especially sensitive to contributions from new physics. Measurements from BaBar [23] exclude H
+ for all

mH+ and tan� values in a Type-II 2HDM. However, more recent measurements from Belle [24–26] and
LHCb [27] place a weaker constraint on the allowed range of mH+/tan� values. A global fit combining
the most recent flavour-physics results [22] sets a lower limit at 95% confidence level on the charged Higgs
boson mass of mH+ & 600 GeV for tan� > 1 and mH+ & 650 GeV for lower tan� values, assuming a
Type-II 2HDM.

This paper presents a search for H
+ production in the H

+
! tb decay mode using pp collisions at

p
s = 13 TeV. Events with one charged lepton (` = e, µ) and jets in the final state (`+jets final state) and

events with two charged leptons and jets in the final state (`` final state) are considered. Exclusive regions
are defined according to the number of jets and those that are tagged as originating from the hadronisation
of a b-quark. In order to separate the signal from the SM background, multivariate discriminants are
employed in the regions where the signal contributions are expected to be largest. Limits on the H

+
! tb

production cross-section are set by means of a simultaneous fit of binned distributions of multivariate
discriminants in the signal-rich regions and inclusive event yields in the signal-depleted regions. The
results are interpreted in two benchmark scenarios of the Minimal Supersymmetric Standard Model
(MSSM): the m

mod�
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scenario [28] and the hMSSM [29]. Both scenarios exploit the MSSM in such a way
that the light CP-even Higgs boson can be interpreted as the observed Higgs boson with mH = 125 GeV.
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Figure 1: Examples of leading-order Feynman diagrams contributing to the production of charged Higgs bosons
in pp collisions: (a) non-resonant top-quark production, (b) single-resonant top-quark production that dominates
at large H+ masses, (c) double-resonant top-quark production that dominates at low H+ masses. The interference
between these three main diagrams becomes most relevant in the intermediate-mass region.

mtop were performed by ATLAS in the ⌧⌫ decay mode [22]. In addition, H+ ! W Z was searched for in
the vector-boson-fusion production mode at 8 TeV by the ATLAS Collaboration [23] and at 13 TeV by the
CMS Collaboration [24]. No evidence of charged Higgs bosons was found in any of these searches. The
ATLAS and CMS Collaborations also searched for neutral scalar resonances decaying to a ⌧⌧ pair [25,
26], to which the hMSSM is also sensitive in some regions of its parameter space.

This paper describes a search for charged Higgs bosons using the H+ ! ⌧⌫ decay, with a subsequent
hadronic decay of the ⌧-lepton (referred to as ⌧had), in the mass range 90–2000 GeV, including the
intermediate-mass region. Depending on the assumption made for the decay mode of the W boson
originating from the top-quark produced together with H+, two channels are targeted: ⌧had+jets if the
W boson decays into a qq̄0 pair, or ⌧had+lepton if the W boson decays into an electron or muon and at
least one neutrino (directly or via a leptonically decaying ⌧-lepton). The data used for this analysis are
from pp collisions at

p
s = 13 TeV, collected with the ATLAS experiment at the LHC in 2015 and 2016,

corresponding to integrated luminosities of 3.2 fb�1 and 32.9 fb�1, respectively. In Section 2, the data
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The analysis strategy and event selection are discussed in Section 4. Section 5 describes the data-driven
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• Searches in 2 channels: H→τv H→tb
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Figure 10: Expected and observed limits on tan� as a function of mH+ in the m
mod�
h

[28] (left) and the hMSSM [29]
(right) scenarios of the MSSM. Limits are shown for tan� values in the range of 0.5–60, where predictions are
available from both scenarios. The limits are a superposition of the results obtained in the analysis presented here,
and the ATLAS limits derived from the H

+
! ⌧⌫ decay [30]. The expected limits from the ⌧⌫ final state are

shown as the horizontally hatched area, with the observed limit as a dash-dotted curve. The expected limits from
the tb final state are shown as diagonally hatched areas, with the observed limit as dashed lines. At low tan�, the
strongest limits are from the tb final state, whereas the exclusions at high tan� and low H

+ masses are obtained
from the ⌧⌫ final state. The exclusion limits for the hMSSM scenario are shown only for mH+ > 150 GeV, where
the corresponding theoretical predictions are available.

26

Lower mass or 
high tanβ: H→τv 

High mass and 
low tanβ: H→tb 

 [GeV]±H
m

100 200 300 1000 2000

) 
[p

b
]

ν± τ 
→ ±

 B
(H

×
) ±

 t
b
H

→
(p

p
 

σ
L
im

it 
o
n
 

3−10

2−10

1−10

1

10 ATLAS

Observed (95% CL)
σ 1 ±
σ 2 ±

Expected (95% CL)
2015 result

-1 = 13 TeV, 36.1 fbs

(a)

 [GeV]±H
m

90 100 110 120 130 140 150 160

)ν± τ 
→ ±

 B
(H

×
) ±

 b
H

→
L
im

it 
o
n
 B

(t
 

3−10

2−10

ATLAS

Observed (95% CL)
σ 1 ±
σ 2 ±

Expected (95% CL)
Run-1 result

-1 = 13 TeV, 36.1 fbs

(b)

Figure 8: Observed and expected 95% CL exclusion limits on (a) �(pp ! tbH+) ⇥ B(H+ ! ⌧⌫) and (b)
B(t ! bH+) ⇥ B(H+ ! ⌧⌫) as a function of the charged Higgs boson mass in 36.1 fb�1 of pp collision data atp

s = 13 TeV, after combination of the ⌧had-vis+jets and ⌧had-vis+lepton channels. In the case of the expected limits,
one- and two-standard-deviation uncertainty bands are also shown. As a comparison, the observed exclusion limits on
B(t ! bH+)⇥B(H+ ! ⌧⌫) obtained with the Run-1 data at

p
s = 8 TeV [16] and on�(pp ! tbH+)⇥B(H+ ! ⌧⌫)

obtained with the dataset collected in 2015 at
p

s = 13 TeV [22] are also shown.

Table 4: Impact of systematic uncertainties on the expected 95% CL limit on�(pp ! tbH+)⇥B(H+ ! ⌧⌫), for two
H+ mass hypotheses: 170 GeV and 1000 GeV. The impact is obtained by comparing the expected limit considering
only statistical uncertainties (stat. only) with the expected limit when a certain set of systematic uncertainties is added
in the limit-setting procedure. In the absence of correlations and assuming Gaussian uncertainties, the row “All”
would be obtained by summing in quadrature (linearly) the individual contributions of the systematic uncertainties
if these were much larger (smaller) than the statistical uncertainties.

Source of systematic Impact on the expected limit (stat. only) in %
uncertainty mH+ = 170 GeV mH+ = 1000 GeV
Experimental

luminosity 2.9 0.2
trigger 1.3 <0.1
⌧had-vis 14.6 0.3
jet 16.9 0.2
electron 10.1 0.1
muon 1.1 <0.1
Emiss

T 9.9 <0.1
Fake-factor method 20.3 2.7
⌥ modelling 0.8 �
Signal and background models

tt̄ modelling 6.3 0.1
W/Z+jets modelling 1.1 <0.1
cross-sections (W/Z/VV/t) 9.6 0.4
H+ signal modelling 2.5 6.4

All 52.1 13.8
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*hMSSM: h(125) is the lightest CP-even H and its mass 
is used to predict the masses and couplings of MSSM

*

JHEP 11 (2018) 085JHEP 09 (2018) 139

*tanβ = ratio of VEVs of the 2 H-doublets

*

https://link.springer.com/article/10.1007/JHEP11(2018)085
https://link.springer.com/article/10.1007/JHEP09(2018)139


L. Morvaj BSM Higgs searches in ATLAS

 [GeV]Am
200 300 400 500 600 700

β
ta

n 

1

2
3
4
5

10

20
30
40

ττ→H/A
-1 = 13 TeV, 36.1 fbs

JHEP 01 (2018) 055
ντ →+H

-1 = 13 TeV, 36.1 fbs
JHEP 09 (2018) 139

 tb→+H
-1 = 13 TeV, 36.1 fbs

arXiv:1808.03599 [hep-ex]
νν 4l/ll→ ZZ→H

-1 = 13 TeV, 36.1 fbs
Eur. Phys. J. C (2018) 78: 293

 Zh→ A→gg
-1 = 13 TeV, 36.1 fbs

JHEP 03 (2018) 174
νlν l→ WW→H

-1 = 13 TeV, 36.1 fbs
Eur. Phys. J. C 78 (2018) 24

 4b,→ hh→H
,ττ/γγ bb →         

γγ WW→         
-1 = 8 TeV, 20.3 fbs

Phys. Rev. D92, 092004 (2015)
γγ bb → hh →H
-1 = 13 TeV, 3.2 fbs

ATLAS-CONF-2016-004
]dκ, uκ, Vκh couplings [

-1 = 13 TeV, 36.1 - 79.8 fbs
ATLAS-CONF-2018-031

ATLAS
Preliminary
hMSSM, 95% CL limits

October 2018

Observed
Expected

5

Limits in hMSSM

BSM Higgs exclusion in the hMSSM
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• Search for b-associated heavy neutral H production
• Purely b-jets final state, multi-jet backgrounds challenging!
• Uses b-tagging both online (trigger) and offline

• Limits in hMSSM comparable to H+→τv, but not as good as H/A→ττ

ATLAS-CONF-2019-010

g

b

b

F

g

b

b

h

(a)

g

b

b

h

g

b

b

F

(b)

g

g

b

b̄

F

q

q̄

b

b̄

"

(c)

g

g

b

b̄

"

q

q̄

b

b̄

F

(d)

Figure 1: Feynman diagrams for some of the leading-order processes for the production of a heavy neutral Higgs
boson (denoted here by �) in association with one or two b-quarks in the 5 flavor scheme. Diagrams (a) and (b) are
unique to the 5 flavor scheme, while diagrams (c) and (d) appear in both the 4 and 5 flavor schemes.

This paper presents a search for heavy neutral Higgs bosons produced in association with one or two
b-quarks and decaying to b-quark pairs using 27.8 fb�1 of

p
s = 13 TeV proton–proton collision data

recorded by the ATLAS detector at the LHC during 2015 and 2016. Such a search is sensitive to the
Type II and flipped scenarios of the 2HDM in the regime where tan � � 1. In the 5 flavor scheme
(5FS) [16], processes such as those shown in Figure 1 lead to the production of heavy neutral Higgs bosons
in association with one b-quark (Figures 1a and 1b) or two b-quarks (Figures 1c and 1d). In practice the
optimal balance between signal e�ciency and background rejection is achieved by requiring that signal
events contain at least three b-quark-initiated jets. The search is performed for neutral Higgs bosons in the
mass range 450 GeV � 1400 GeV. A similar search has been performed by the CMS collaboration for the
mass range 300 GeV � 1300 GeV [17].

The kinematic distributions for the production and decay of H and A bosons are nearly identical, and
therefore this search is insensitive to the CP properties of the two heavy neutral Higgs bosons of the 2HDM.
The � boson will be used in this paper to represent the CP-even H boson, the CP-odd A boson, or a Higgs
boson mass eigenstate with an arbitrary mixture of CP-even and CP-odd eigenstates.

2 The ATLAS detector

The ATLAS experiment [18] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle.1 It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadronic calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
The innermost pixel layer [19, 20] was added before the start of collisions in 2015. Lead/liquid-argon
(LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with high granularity.
An hadronic steel/scintillator-tile calorimeter covers the central pseudorapidity range |⌘ | < 1.7. The
endcap and forward regions are instrumented with LAr calorimeters for both the EM and hadronic energy
measurements up to |⌘ | = 4.9. The muon spectrometer surrounds the calorimeters and features three large
air-core toroid superconducting magnets with eight coils each. The field integral of the toroids ranges from
2.0 to 6.0 T·m across most of the detector. It includes a system of precision tracking chambers and fast

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � 2 (�⇡, ⇡] being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is defined as
�R ⌘

q
(�⌘)2 + (��)2. The �� separation is defined as min( |�1 � �2 |, 2⇡ � |�1 � �2 |).

3

New (2019)

H→bb

BSM Higgs exclusion in the hMSSM

g

b

b

F

g

b

b

h

(a)

g

b

b

h

g

b

b

F

(b)

g

g

b

b̄

F

q

q̄

b

b̄

"

(c)

g

g

b

b̄

"

q

q̄

b

b̄

F

(d)

Figure 1: Feynman diagrams for some of the leading-order processes for the production of a heavy neutral Higgs
boson (denoted here by �) in association with one or two b-quarks in the 5 flavor scheme. Diagrams (a) and (b) are
unique to the 5 flavor scheme, while diagrams (c) and (d) appear in both the 4 and 5 flavor schemes.

This paper presents a search for heavy neutral Higgs bosons produced in association with one or two
b-quarks and decaying to b-quark pairs using 27.8 fb�1 of

p
s = 13 TeV proton–proton collision data

recorded by the ATLAS detector at the LHC during 2015 and 2016. Such a search is sensitive to the
Type II and flipped scenarios of the 2HDM in the regime where tan � � 1. In the 5 flavor scheme
(5FS) [16], processes such as those shown in Figure 1 lead to the production of heavy neutral Higgs bosons
in association with one b-quark (Figures 1a and 1b) or two b-quarks (Figures 1c and 1d). In practice the
optimal balance between signal e�ciency and background rejection is achieved by requiring that signal
events contain at least three b-quark-initiated jets. The search is performed for neutral Higgs bosons in the
mass range 450 GeV � 1400 GeV. A similar search has been performed by the CMS collaboration for the
mass range 300 GeV � 1300 GeV [17].

The kinematic distributions for the production and decay of H and A bosons are nearly identical, and
therefore this search is insensitive to the CP properties of the two heavy neutral Higgs bosons of the 2HDM.
The � boson will be used in this paper to represent the CP-even H boson, the CP-odd A boson, or a Higgs
boson mass eigenstate with an arbitrary mixture of CP-even and CP-odd eigenstates.

2 The ATLAS detector

The ATLAS experiment [18] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle.1 It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadronic calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
The innermost pixel layer [19, 20] was added before the start of collisions in 2015. Lead/liquid-argon
(LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with high granularity.
An hadronic steel/scintillator-tile calorimeter covers the central pseudorapidity range |⌘ | < 1.7. The
endcap and forward regions are instrumented with LAr calorimeters for both the EM and hadronic energy
measurements up to |⌘ | = 4.9. The muon spectrometer surrounds the calorimeters and features three large
air-core toroid superconducting magnets with eight coils each. The field integral of the toroids ranges from
2.0 to 6.0 T·m across most of the detector. It includes a system of precision tracking chambers and fast

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � 2 (�⇡, ⇡] being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is defined as
�R ⌘
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Doubly charged H
• Scalar triplet (e.g. Type II seesaw models), in addition to 

the SM scalar doublet
‣ 7 physical states, including doubly charged H bosons
‣ Depending on the VEV of the triplet, H++/-- can decay 

preferentially to leptons or to W-bosons
• Multiple signal regions with varying number of leptons
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Fig. 1 Feynman diagram of the pair production process pp →
H++H−−. The analysis studies only the electron and muon channels,
where at least one of the lepton pairs is e±e±, e±µ±, or µ±µ±

increase the sensitivity. The partial decay width of H±± to
leptons is given by:

!(H±± → ℓ±ℓ′±) = k
h2

ℓℓ′

16π
m(H±±),

with k = 2 if both leptons have the same flavour (ℓ = ℓ′)
and k = 1 for different flavours. The factor h ℓℓ′ has an upper
bound that depends on the flavour combination [23,24]. In
this analysis, only prompt decays of the H±± bosons (cτ <

10µm) are considered, corresponding to h ℓℓ′ ! 1.5 × 10−6

for m(H±±) = 200 GeV. In general, there is no preference
for decays into τ leptons, as the coupling is not proportional
to the lepton mass like it is for the SM Higgs boson.

Additional motivation to study cases with B(H±± →
ℓ±ℓ±) < 100% is given by type-II see-saw models with
specific neutrino mass hypotheses resulting in a fixed branch-
ing ratio combination [13,25,26] which does not necessarily
correspond to B(H±± → ℓ±ℓ±) = 100%.

The ATLAS Collaboration previously analysed data cor-
responding to 20.3 fb−1 of integrated luminosity which were
recorded in 2012 at a centre-of-mass energy of 8 TeV [27].
This study resulted in the most stringent lower limits on the
mass of a potential H±±

L particle. Depending on the flavour of
the final-state leptons, the observed limits vary between 465
and 550 GeV assuming B(H±±

L → ℓ±ℓ±) = 100%. The
analysis presented in this paper extends the one described in
Ref. [27] and is based on 36.1 fb−1 of integrated luminos-
ity collected in 2015 and 2016 at a centre-of-mass energy
of 13 TeV. A similar search has also been performed by the
CMS Collaboration [28].

2 ATLAS detector

The ATLAS detector [29] at the LHC is a multi-purpose
particle detector with a forward–backward symmetric cylin-
drical geometry and an almost 4π coverage in solid angle.1

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the

It consists of an inner tracking detector (ID) surrounded by a
thin superconducting solenoid providing a 2 T axial mag-
netic field, electromagnetic (EM) and hadronic calorime-
ters, and a muon spectrometer. The inner tracking detector
covers the pseudorapidity range |η| < 2.5. It is composed
of silicon pixel, silicon micro-strip, and transition radiation
tracking detectors. A new innermost layer of pixel detec-
tors [30] was installed prior to the start of data taking in
2015. Lead/liquid-argon (LAr) sampling calorimeters pro-
vide electromagnetic energy measurements with high gran-
ularity. A hadronic (steel/scintillator-tile) calorimeter covers
the central pseudorapidity range (|η| < 1.7). The end-cap
and forward regions are instrumented with LAr calorime-
ters for both EM and hadronic energy measurements up to
|η| = 4.9. The muon spectrometer surrounds the calorime-
ters and features three large air-core toroidal superconduct-
ing magnets with eight coils each. The field integral of the
toroids ranges between 2 to 6 Tm across most of the detec-
tor. The muon system includes precision tracking chambers
and fast detectors for triggering. A two-level trigger system
is used to select events [31] that are interesting for physics
analyses. The first-level trigger is implemented as part of the
hardware. Subsequently a software-based high-level trigger
executes algorithms similar to those used in the offline recon-
struction software, reducing the event rate to about 1 kHz.

3 Dataset and simulated event samples

The data used in this analysis were collected at centre-of-
mass energy of 13 TeV during 2015 and 2016, and correspond
to an integrated luminosity of 3.2 fb−1 in 2015 and 32.9 fb−1

in 2016. The average number of pp interactions per bunch
crossing in the dataset is 24. Interactions other than the hard-
scattering one are referred to as pile-up. The uncertainty on
the combined 2015 and 2016 integrated luminosity is 3.2%.
Following a methodology similar to the one described in
Ref. [32], this uncertainty is derived from a preliminary cal-
ibration of the luminosity scale using x–y beam-separation
scans performed in August 2015 and May 2016.

Signal candidate events in the electron channel are
required to pass a dielectron trigger with a threshold of
17 GeV on the transverse energy (ET) of each of the elec-
trons. Candidate events in the muon channel are selected

Footnote 1 continued
z-axis along the beam pipe. The x-axis points from the IP to the centre
of the LHC ring, and the y-axis points upwards. Cylindrical coordi-
nates (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 mea-
sured in units of (R ≡

√
((η)2 + ((φ)2. Rapidity is defined as

y ≡ 0.5 ln [(E + pz)/(E − pz)] where E denotes the energy and pz is
the momentum component along the beam direction.
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bands include all systematic uncertainties post-fit with the correlations

between various sources taken into account. The notation ℓ±ℓ′±ℓ∓ indi-
cates that the same-charge leptons have different flavours and ℓ±ℓ±ℓ′∓

indicates that same-charge leptons have the same flavour, while the
opposite-charge lepton has a different flavour

Table 5 The number of predicted background events in control regions
after the fit, compared to the data. Uncertainties correspond to the
total uncertainties in the predicted event yields, and are smaller for
the total than the sum of the components in quadrature due to correla-

tions between these components. Due to rounding the totals can differ
from the sums of components. Background processes with a negligible
yield are marked with the en dash (–)

OCCR DBCR DBCR DBCR 4LCR
e±e∓ e±e±e∓ e±µ±ℓ∓ µ±µ±µ∓ ℓ±ℓ±ℓ∓ℓ∓

Observed events 184,569 576 1025 797 140

Total background 184,570 ± 430 574 ± 24 1025 ± 32 797 ± 28 140 ± 12

Drell–Yan 169,980 ± 990 – – – –

Diboson 5060 ± 900 449 ± 28 909 ± 35 775 ± 29 138 ± 12

Fakes 2340 ± 300 123 ± 15 113 ± 14 19.9 ± 6.5 1.31 ± 0.16

Top 7200 ± 250 1.58 ± 0.06 2.90 ± 0.11 2.04 ± 0.08 0.37 ± 0.01

Table 6 The number of
predicted background events in
two-lepton and four-lepton
validation regions (top) and
three-lepton validation regions
(bottom) after the fit, compared
to the data. Uncertainties
correspond to the total
uncertainties in the predicted
event yields, and are smaller for
the total than the sum of the
components in quadrature due to
correlations between these
components. Due to rounding
the totals can differ from the
sums of components.
Background processes with a
negligible yield are marked with
the en dash (–)

SCVR SCVR SCVR 4LVR
e±e± e±µ± µ±µ± ℓ±ℓ±ℓ∓ℓ∓

Observed events 3237 1162 1006 3

Total background 3330 ± 210 1119 ± 51 975 ± 50 4.62 ± 0.40

Drell–Yan 2300 ± 190 – – –

Diboson 319 ± 25 547 ± 23 719 ± 30 4.59 ± 0.4

Fakes 640 ± 65 502 ± 54 249 ± 47 –

Top 71.5 ± 6.8 70.5 ± 2.6 6.93 ± 0.27 0.033 ± 0.001

3LVR 3LVR 3LVR 3LVR
e±e±e∓ e±µ±ℓ∓ µ±µ±µ∓ µ±µ±e∓, e±e±µ∓

Observed events 108 180 126 16

Total background 88.1 ± 5.8 192.9 ± 9.9 107.0 ± 5.1 27.0 ± 3.9

Diboson 64.4 ± 5.8 147.3 ± 9.0 100.9 ± 5.0 4.72 ± 0.79

Fakes 23.3 ± 3.0 43.9 ± 4.9 5.3 ± 1.2 21.3 ± 3.4

Top 0.50 ± 0.03 1.73 ± 0.09 0.82 ± 0.05 1.01 ± 0.15
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Doubly charged H
• Scalar triplet (e.g. Type II seesaw models), in addition to 

the SM scalar doublet
‣ 7 physical states, including doubly charged H bosons
‣ Depending on the VEV of the triplet, H++/-- can decay 

preferentially to leptons or to W-bosons
• Multiple signal regions with varying number of leptons
• No significant deviations from the SM observed
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Fig. 1 Feynman diagram of the pair production process pp →
H++H−−. The analysis studies only the electron and muon channels,
where at least one of the lepton pairs is e±e±, e±µ±, or µ±µ±

increase the sensitivity. The partial decay width of H±± to
leptons is given by:

!(H±± → ℓ±ℓ′±) = k
h2

ℓℓ′

16π
m(H±±),

with k = 2 if both leptons have the same flavour (ℓ = ℓ′)
and k = 1 for different flavours. The factor h ℓℓ′ has an upper
bound that depends on the flavour combination [23,24]. In
this analysis, only prompt decays of the H±± bosons (cτ <

10µm) are considered, corresponding to h ℓℓ′ ! 1.5 × 10−6

for m(H±±) = 200 GeV. In general, there is no preference
for decays into τ leptons, as the coupling is not proportional
to the lepton mass like it is for the SM Higgs boson.

Additional motivation to study cases with B(H±± →
ℓ±ℓ±) < 100% is given by type-II see-saw models with
specific neutrino mass hypotheses resulting in a fixed branch-
ing ratio combination [13,25,26] which does not necessarily
correspond to B(H±± → ℓ±ℓ±) = 100%.

The ATLAS Collaboration previously analysed data cor-
responding to 20.3 fb−1 of integrated luminosity which were
recorded in 2012 at a centre-of-mass energy of 8 TeV [27].
This study resulted in the most stringent lower limits on the
mass of a potential H±±

L particle. Depending on the flavour of
the final-state leptons, the observed limits vary between 465
and 550 GeV assuming B(H±±

L → ℓ±ℓ±) = 100%. The
analysis presented in this paper extends the one described in
Ref. [27] and is based on 36.1 fb−1 of integrated luminos-
ity collected in 2015 and 2016 at a centre-of-mass energy
of 13 TeV. A similar search has also been performed by the
CMS Collaboration [28].

2 ATLAS detector

The ATLAS detector [29] at the LHC is a multi-purpose
particle detector with a forward–backward symmetric cylin-
drical geometry and an almost 4π coverage in solid angle.1

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the

It consists of an inner tracking detector (ID) surrounded by a
thin superconducting solenoid providing a 2 T axial mag-
netic field, electromagnetic (EM) and hadronic calorime-
ters, and a muon spectrometer. The inner tracking detector
covers the pseudorapidity range |η| < 2.5. It is composed
of silicon pixel, silicon micro-strip, and transition radiation
tracking detectors. A new innermost layer of pixel detec-
tors [30] was installed prior to the start of data taking in
2015. Lead/liquid-argon (LAr) sampling calorimeters pro-
vide electromagnetic energy measurements with high gran-
ularity. A hadronic (steel/scintillator-tile) calorimeter covers
the central pseudorapidity range (|η| < 1.7). The end-cap
and forward regions are instrumented with LAr calorime-
ters for both EM and hadronic energy measurements up to
|η| = 4.9. The muon spectrometer surrounds the calorime-
ters and features three large air-core toroidal superconduct-
ing magnets with eight coils each. The field integral of the
toroids ranges between 2 to 6 Tm across most of the detec-
tor. The muon system includes precision tracking chambers
and fast detectors for triggering. A two-level trigger system
is used to select events [31] that are interesting for physics
analyses. The first-level trigger is implemented as part of the
hardware. Subsequently a software-based high-level trigger
executes algorithms similar to those used in the offline recon-
struction software, reducing the event rate to about 1 kHz.

3 Dataset and simulated event samples

The data used in this analysis were collected at centre-of-
mass energy of 13 TeV during 2015 and 2016, and correspond
to an integrated luminosity of 3.2 fb−1 in 2015 and 32.9 fb−1

in 2016. The average number of pp interactions per bunch
crossing in the dataset is 24. Interactions other than the hard-
scattering one are referred to as pile-up. The uncertainty on
the combined 2015 and 2016 integrated luminosity is 3.2%.
Following a methodology similar to the one described in
Ref. [32], this uncertainty is derived from a preliminary cal-
ibration of the luminosity scale using x–y beam-separation
scans performed in August 2015 and May 2016.

Signal candidate events in the electron channel are
required to pass a dielectron trigger with a threshold of
17 GeV on the transverse energy (ET) of each of the elec-
trons. Candidate events in the muon channel are selected

Footnote 1 continued
z-axis along the beam pipe. The x-axis points from the IP to the centre
of the LHC ring, and the y-axis points upwards. Cylindrical coordi-
nates (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 mea-
sured in units of (R ≡

√
((η)2 + ((φ)2. Rapidity is defined as

y ≡ 0.5 ln [(E + pz)/(E − pz)] where E denotes the energy and pz is
the momentum component along the beam direction.
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Figure 5: Observed and expected upper limits for pp ! H±±H⌥⌥
! W±W±W⌥W⌥ cross-section times branching

fraction at 95% CL obtained from the combination of 2`ss, 3` and 4` channels. The region above the observed limit
is excluded by the measurement. The bands represent the expected exclusion curves within one and two standard
deviations. The theoretical prediction [3] including the NLO QCD corrections [33] is also shown and is excluded
for mH±± < 220 GeV.

8 Conclusion

A search for the pair production of doubly charged Higgs scalar bosons with subsequent decays into W
bosons is performed in proton–proton collisions at a centre-of-mass energy of 13 TeV. The data sample
was collected by the ATLAS experiment at the LHC and corresponds to an integrated luminosity of
36.1 fb�1. The search for the H±±

! W±W± decay mode, not considered in previous analyses at colliders,
is motivated by a model with an extended scalar sector that includes a triplet in addition to the Standard
Model scalar doublet. The analysis proceeds through the selection of multi-lepton events in three channels
(a pair of same-sign leptons, three leptons and four leptons) with missing transverse momentum and jets.
The signal region is optimised as a function of the H±± mass. The data are found to be in good agreement
with the Standard Model predictions for all channels investigated. Combining those channels, the model
considered is excluded at 95% confidence level for H±± boson masses between 200 and 220 GeV.
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9

Exotic Higgs decays
• Current constraint from fits to SM Higgs couplings: Br(h→BSM) < 47% at 95% CL

➡Still a lot of space for new physics in Higgs decays!
ATLAS-CONF-2019-005

• Excess of gamma-rays (E ~ 1-3 GeV) coming from the centre 
of the galaxy observed by the Fermi-LAT telescope 

➡ Could be a result of DM annihilations through a light 
(pseudo)scalar mediator

(ArXiv: 1511.02938)

• New physics could couple to the SM only 
through Yukawa couplings 

Standard Model:
SU(3)xSU(2)xU(1)

Hidden sectors:
no SM charges

DM?

mediator

a

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/
https://arxiv.org/abs/1511.02938
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H→aa→4b
• Look for W/Z associated production 

‣ Trigger on leptons from W/Z decays 

‣ Suppresses multijet backgrounds 

‣ However, cross-section only ~2 pb 
- ~0.36 pb assuming V→lep
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Figure 1: Leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF production
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Figure 3: Leading-order Feynman diagrams of Higgs boson production via the qq̄/gg ! tt̄H and qq̄/gg ! bbH

processes.

The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW

(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass m

H
= 125.09 GeV.

The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.
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• Look for W/Z associated production 
‣ Trigger on leptons from W/Z decays 
‣ Suppresses multijet backgrounds 

• BDT discriminant to separate the signal from 
the SM backgrounds (tt & DY+jets)
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• Look for W/Z associated production 
‣ Trigger on leptons from W/Z decays 
‣ Suppresses multijet backgrounds 

• BDT discriminant to separate the signal from 
the SM backgrounds (tt & DY+jets)
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Figure 8: Comparison between data and prediction for the BDT discriminants in the (left) single-lepton signal
regions trained with a signal with ma = 50 GeV: (a) (1`, 3j, 3b), (c) (1`, 4j, 3b) and (e) (1`, 4j, 4b) and in the (right)
same-flavour dilepton signal regions trained with a signal with ma = 30 GeV: (b) (2`, 3j, 3b), (d) (2`, �4j, 3b) and
(f) (2`, �4j, �4b), after performing the combined single-lepton and dilepton fit of the predictions in all SRs and
CRs to the data. The signal yield (solid red) is normalized to µ̂ after the fit for a signal with ma = 60 GeV.
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h→aa→2b2µ
limits are set in the 20  ma  60 GeV range for which the signal samples were simulated and range
between 2 ⇥ 10�4 and 10�3 (see Figure 6(a)).

A model-independent fit that does not include any prediction for the signal yields in SRs and CRs is
also performed. The upper limit on the number of BSM events for each mass bin of the SR is translated
to a 95% CL upper bound on the visible cross-section for new physics times branching ratio into bbµµ
final state (including the KL fit constraint on mbb ⇠ mµµ and the four-object invariant mass constraint
mKL

bbµµ ⇠ mH ), �vis(X) ⇥ B(X ! bbµµ). The visible cross-section is defined as the product of the
production cross-section and acceptance ⇥ e�ciency (�vis(X) = �prod(X) ⇥ ✏X) of a potential signal after
all the analysis selection criteria have been applied. The limits range from 0.1 fb to 0.73 fb, depending
on the dimuon mass, and are shown in Figure 6(b). The most significant excess of data over the SM
prediction is found at mµµ = 38 GeV, with a local significance of 1.6 standard deviations.
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Figure 6: The (a) observed and expected upper limits at the 95% confidence level on B(H ! aa ! bbµµ) given the
SM Higgs boson production cross-section in the ggF, VBF and VH modes and (b) model-independent upper limits
on the visible cross-section for new physics times branching ratio to the bbµµ final state �vis(X) ⇥ B(X ! bbµµ).

7 Conclusions

In summary, a search for exotic decays of the Higgs boson into two spin-zero particles in the bbµµ
final state is presented. The analysis uses 36.1 fb�1 of pp collision data collected by ATLAS during
the 2015 and 2016 runs of the LHC at

p
s = 13 TeV. The search for a narrow dimuon resonance is

performed over the range 18 GeV  mµµ  62 GeV using mass bins that are 2, 3 or 4 GeV wide depending
on mµµ. No significant excess of the data above the SM prediction is observed. Upper limits are set on
(�H/�SM)⇥B(H ! aa ! bbµµ) and range between 1.2⇥10�4 and 8.4⇥10�4, depending on ma. In Type-
III 2HDM+S scenario with tan � = 2 these limits translate into upper limits on (�H/�SM) ⇥ B(H ! aa)
ranging between 7% and 47%. The same analysis, implementing all selection criteria including mbb ⇠ mµµ

and mKL
bbµµ ⇠ mH constraints, is used to set the model-independent limits on the visible cross-section for

new physics times branching ratio to the bbµµ final state (�vis(X) ⇥ B(X ! bbµµ)), ranging from 0.1 fb
to 0.73 fb, depending on the dimuon mass.
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FIG. 1: Branching ratios of a CP-odd scalar a in a 2HDM+S type-II model with tan� = 4 (left) and a type-III model with
tan� = 2 (right). For the type-II model, Br(h ! 2a ! 2b2µ)/Br(h ! 2a) ' 4.0 ⇥ 10�4 for 15 GeV < ma < mh/2, which
is very similar to the SM+S scenario, see Table I. For the type-III model, Br(h ! 2a ! 2b2µ)/Br(h ! 2a) ' 1.6 ⇥ 10�3 for
15 GeV < ma < mh/2, which is enhanced by about a factor of 4 compared to the SM+S in Table I.

FIG. 2: Br(h ! 2a ! 2b2µ)/Br(h ! 2a) of a CP-odd scalar, a, (left) and CP-even scalar, s, (right) in 2HDM+S with a fixed
mass ma(s) = 40 GeV.

a function of tan� for a CP-odd scalar a, while in the
right plot we consider a CP-even scalar s for two choices
of ↵0 (the scalar mass is set to 40 GeV). In both cases,
the maximum value of Br(h ! 2a(s) ! 2b2µ)/Br(h !

2a(s)) of the type-III 2HDM+S (' 0.0016) is about four
times greater than that for type-I or II (' 0.0004).

The maximum value of Br(h ! 2a ! 2b2µ)/Br(h !

2a) in the type-III 2HDM+S model can be understood
simply as follows. From Table II, the coupling of abb̄

(a⌧+⌧� and aµ
+
µ
�) scales as 1/ tan� (tan�). Thus,

keeping only the most important terms and ignoring
phase space and QCD corrections,

Br(h ! 2a ! 2b2µ)

Br(h ! 2a)
⇠

6m2

b
m

2

µ

m4
⌧
tan4� + 9m4

b
cot4� + 6m2

b
m2

⌧

.

(4)
This is maximized for tan� ⇠ (

p
3mb/m⌧ )1/2 ⇠ 2, with

the maximum value given by

Br(h ! 2a ! 2b2µ)

Br(h ! 2a)
'

"µ⌧

2
, (5)

where

"µ⌧ ⌘
Br(a ! 2µ)

Br(a ! 2⌧)
⇡

m
2

µ

m2
⌧

⇡ 0.0035. (6)

(The derivation for the CP-even scalar is identical, up to
the replacement tan� ! � sin↵/ cos�.) Interestingly,
as we discuss in §IV, the sensitivity of a 2b2µ search to
Br(h ! 2a) in these somewhat leptophilic scenarios is
competitive with purely leptonic searches like h ! 2⌧2µ,
while providing a potentially cleaner final state for ex-
perimental reconstruction.

C. NMSSM

An important example of a model with a non-minimal
scalar sector is the NMSSM (see, e.g., [36] for review).
An additional Higgs singlet superfield Ŝ is introduced to
address the µ problem of the MSSM. The Higgs super-
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Figure 5: The predicted and observed mµµ distributions in the SR after the background-only fit. The signal
distributions are also shown assuming the SM Higgs boson cross-section (including ggF, VBF and VH production)
and B(H ! aa ! bbµµ) = 0.04%. The hashed bands show the total statistical and systematic uncertainties of the
backgrounds.

Table 2: Total and individual background yields in five representative mµµ bins of the signal region. The yields
are the post-fit values as determined by the background-only fit. The uncertainties shown include all systematic
uncertainties and the statistical MC uncertainty. W+jets contribution in the SR is found to be negligible and is
therefore not shown in the table.

mµµ bin [GeV] [19–21] [29–31] [39–41] [48–52] [58–62]

Observed events 6 6 16 48 29

Total background 4.84 ± 0.97 7.8 ± 1.2 13.7 ± 2.2 37.9 ± 5.1 30.8 ± 4.2

tt̄ 0.96 ± 0.29 3.08 ± 0.74 6.6 ± 1.5 18.1 ± 4.3 14.8 ± 3.3
DY 3.88 ± 0.92 4.5 ± 1.1 7.1 ± 1.7 19.0 ± 4.5 15.5 ± 3.6
Dibosons < 0.01 < 0.01 0.02+0.04

�0.02 0.26 ± 0.16 0.3 ± 0.1
Single top < 0.01 0.2 ± 0.2 < 0.01 0.65+0.97

�0.65 0.09+0.19
�0.09

tt̄V < 0.01 < 0.01 < 0.01 0.01+0.02
�0.01 0.05 ± 0.03
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• Target ggF Higgs production (the largest production cross-section)
‣ Trigger on muons from the signal decay

• Dominant backgrounds: 
‣ Drell-Yan + jets: data-driven template
‣ tt: MC simulation normalized to the data in the control region

• Look for narrow peak in mµµ spectrum

Phys. Lett. B 790 (2019) 1

https://www.sciencedirect.com/science/article/pii/S0370269318309717
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h→aa summary
• Model independent limits on Br(h→aa→xx yy) translated into limits on Br(h→aa) under 

the assumption of a particular 2HDM+S scenario that determines Br(aa→xx yy) 
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Figure 2: Observed and expected 95% CL upper limits on �H

�SM

⇥ B(H ! aa) in the 2HDM+S type-II tan� = 0.5
scenario. The limits on H ! µµ⌧⌧ and H ! 4� are derived from exotic 125 GeV Higgs decay searches with 8 TeV
data. All the other constraints are derived from exotic Higgs decay searches with data collected at 13 TeV in 2015 and
2016. The branching fractions of the pseudoscalar boson to SM particles are computed following the prescriptions in
Ref. [1].
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Ref. [1].
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https://cds.cern.ch/record/2650740/files/ATL-PHYS-PUB-2018-045.pdf
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• Couplings depend on tanβ 
➡ Different channels important at different values of tanβ

• Searches nicely complementary
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H→γγ
• Search for an additional Higgs boson in 

65-110 GeV mass range
• Main backgrounds:

‣ Continuum: γγ, γj, jj (jets misidentified as 
photons)

‣ Z/γ*→e+e- (Drell-Yan): electrons 
reconstructed as photons

➡ Described with analytic functions 
validated on the data
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Summary
• Extensive searches for additional Higgs boson: 
‣ High/low-mass
‣ Neutral, charged, doubly charged
‣ Direct production or produced in h(125 GeV) decays

• No significant deviations from the SM predictions observed so far

• Many new results with the full Run 2 dataset (~140 fb-1) coming out soon!
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scenario. The limits on H ! µµ⌧⌧ and H ! 4� are derived from exotic 125 GeV Higgs decay searches with 8 TeV
data. All the other constraints are derived from exotic Higgs decay searches with data collected at 13 TeV in 2015 and
2016. The branching fractions of the pseudoscalar boson to SM particles are computed following the prescriptions in
Ref. [1].
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Backup



L. Morvaj BSM Higgs searches in ATLAS 18

H→µµ
• In some models coupling to muons could be larger than coupling to taus (Flavourful Higgs 

model: 1610.02398)

• Targeting both ggH & bbH production: 0 and >=1 b-tagged jet categories
• Dominant backgrounds: Z/y*+jets & tt
‣ Modelled with MC simulation & normalized to the data 
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Figure 2: Distributions of the dimuon invariant mass, mµµ, after the combined fit to data are shown normalized: 2(a)
in the SRbTag, under the background plus signal hypothesis (480 GeV bb� signal) and 2(b) in the SRbVeto, under
the background plus signal hypothesis (480 GeV ggF signal). The fit for a m� =480 GeV signal corresponds to the
largest excess observed above the background expectation. Each background process is normalized according to
its post-fit cross-section. The templates for the m� =200 GeV, m� =480 GeV and m� =1 TeV mass hypotheses are
normalized to the expected upper limit. The data are shown by the points, while the size of the statistical uncertainty
is shown by the error bars. The blue arrows represent the data points outside of the frame. The hatched band shows
the total systematic uncertainty of the post-fit yield.

The uncertainties in the energy scale and resolution of the jets and leptons are propagated to the calculation
of E

miss
T , which also has additional uncertainties from the scale, resolution, and e�ciency of the tracks

used to define the soft term, along with the modelling of the underlying event.

The pile-up modelling uncertainty is assessed by varying the number of pile-up interactions in simulated
events. The variations are designed to cover the uncertainty in the ratio of the predicted and measured
cross-section of non-di�ractive inelastic events producing a hadronic system of mass mX > 13 GeV [75].

The uncertainty in the combined 2015+2016 integrated luminosity is 2.1%. It is derived, following
a methodology similar to that detailed in Ref. [76], and using the LUCID-2 detector for the baseline
luminosity measurements [77], from calibration of the luminosity scale using x-y beam-separation scans.

7.2 Theoretical uncertainties

Background processes

As discussed earlier, the rates of major backgrounds are measured using data control regions, thus theoretical
uncertainties in the predicted cross-section for Z/�⇤+ jets and tt̄ processes are not considered. Instead, the
e�ects of theoretical uncertainties in the modelling of the mµµ distribution and in the ratio of the event
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in the SRbTag, under the background plus signal hypothesis (480 GeV bb� signal) and 2(b) in the SRbVeto, under
the background plus signal hypothesis (480 GeV ggF signal). The fit for a m� =480 GeV signal corresponds to the
largest excess observed above the background expectation. Each background process is normalized according to
its post-fit cross-section. The templates for the m� =200 GeV, m� =480 GeV and m� =1 TeV mass hypotheses are
normalized to the expected upper limit. The data are shown by the points, while the size of the statistical uncertainty
is shown by the error bars. The blue arrows represent the data points outside of the frame. The hatched band shows
the total systematic uncertainty of the post-fit yield.

The uncertainties in the energy scale and resolution of the jets and leptons are propagated to the calculation
of E

miss
T , which also has additional uncertainties from the scale, resolution, and e�ciency of the tracks

used to define the soft term, along with the modelling of the underlying event.

The pile-up modelling uncertainty is assessed by varying the number of pile-up interactions in simulated
events. The variations are designed to cover the uncertainty in the ratio of the predicted and measured
cross-section of non-di�ractive inelastic events producing a hadronic system of mass mX > 13 GeV [75].

The uncertainty in the combined 2015+2016 integrated luminosity is 2.1%. It is derived, following
a methodology similar to that detailed in Ref. [76], and using the LUCID-2 detector for the baseline
luminosity measurements [77], from calibration of the luminosity scale using x-y beam-separation scans.

7.2 Theoretical uncertainties

Background processes

As discussed earlier, the rates of major backgrounds are measured using data control regions, thus theoretical
uncertainties in the predicted cross-section for Z/�⇤+ jets and tt̄ processes are not considered. Instead, the
e�ects of theoretical uncertainties in the modelling of the mµµ distribution and in the ratio of the event
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H→µµ
• In some models coupling to muons could be larger than coupling to taus (Flavourful Higgs 

model: 1610.02398)

• Targeting both ggH & bbH production: 0 and >=1 b-tagged jet categories
• Dominant backgrounds: Z/y*+jets & tt
‣ Modelled with MC simulation & normalized to the data 

and they cover the mass range 0.2–1.0 TeV. In Figure 4(a) and 4(b) the 95% CL upper limits are shown
for b-quark associated production and gluon–gluon fusion, respectively. The expected limits are in the
ranges 1.3–25 fb and 1.8–25 fb respectively. The observed limits are in the ranges 1.9–41 fb and 1.6–44 fb
respectively. Both the expected and observed limits are calculated in the asymptotic approximation [74],
which was verified with MC pseudo-experiments for the m� = 1000 GeV hypothesis. The upper limit
on the ggF production mode is dominated by the SRbVeto, while for the bb� production mode both
the SRbTag and SRbVeto regions contribute to the result because of the relative acceptance of the bb�
production mode in the two regions. Limits shown in Figure 4(a) and 4(b) are obtained in simultaneous fits
of the SRbVeto and SRbTag data regions and correspond to the di�erent signal production modes. Usage
of the same data events in both the bb�-only and the ggF-only fits explains correlations in the behaviour of
the observed limits.
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Figure 4: The observed and expected 95% CL upper limits on the production cross section times branching ratio for a
massive scalar resonance produced via 4(a) b-quark associated production and 4(b) gluon—gluon fusion.

Figures 5(a) and 5(b) show the observed and expected 95% CL upper limits on the production cross section
times branching ratio for � ! µµ as a function of the fractional contribution from b-quark associated
production (�bb�/[�bb� + �ggF]) and the scalar resonance mass. These fractions are derived assuming
that other production mechanisms do not a�ect the result.
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SR SR SR

SR SR SR

CRW + jets CRtt̄ + light CRtt̄ + light CRtt̄ + bb̄

CRZ + jets

CRtt̄ + cc̄/bb̄ CRtt̄ + bb̄
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Dilepton
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Figure 2: Definition of the signal and control regions (SR and CR, respectively) in the single-lepton and dilepton
channels. The main background component probed with the CR is indicated. The vertical axis shows the lepton
selection, while the horizontal axis shows the jet and b-tagged jet multiplicities.
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Figure 3: Fractional contributions of the various backgrounds to the total background prediction in the (a) single-
lepton and (b) dilepton signal and control regions. The predictions for the various background contributions are
obtained through the simulation and the data-driven estimates described in section 4. The tt̄ background categories
are also defined in section 4.

mistagged. In the case of (1`, 4j, 4b), the tt̄ background includes more events with genuine b-quarks from
gluon splitting to bb̄ pairs.

9

H→aa→4b

Table 2: List of variables used to train the BDT multivariate discriminant for each signal region.

Variable (1`, 3j, 3b) (1`, 4j, 3b) (1`, 4j, 4b) (2`, 3j, 3b) (2`, �4j, 3b) (2`, �4j, �4b)

mbbb X X X X
mbbbb X X
mbb1 X X
mbb2 X X
Average �R(b,b) X X X X X X
HT X X X
pWT X
mbbj X
mT2 X X X
�R(`,`) X X X
�R(Z ,H) X X
cos ✓⇤ X
Emiss

T X X X

7 Systematic uncertainties

Many sources of systematic uncertainties a�ect this search, including those related to the integrated
luminosity, to the reconstruction and identification of leptons and jets, and to the modelling of signal
and background processes. Some uncertainties a�ect only the overall normalization of the samples,
while others also impact the shapes of the distributions used to categorize events and build the final
discriminants.

A single nuisance parameter is assigned to each source of systematic uncertainty, as described in section 8.
Some of the systematic uncertainties, in particular most of the experimental uncertainties, are decomposed
into several independent sources, as specified in the following. Each individual source then has a
correlated e�ect across all channels, analysis categories, signal and background samples. For modelling
uncertainties, especially the tt̄ and Z + jets modelling, additional nuisance parameters are included to
split some uncertainties into several sources a�ecting di�erent subcomponents of a particular process
independently.

The uncertainty of the combined integrated luminosity for 2015 and 2016 is 2.1%. It is determined using
a methodology similar to that detailed in ref. [35]. Uncertainties in the modelling of pile-up are also
estimated, and cover the di�erences between the predicted and measured inelastic cross-sections [92].

Uncertainties associated with leptons arise from the trigger, reconstruction, identification, and isolation
e�ciencies, as well as the momentum scale and resolution. These are measured in data using leptons in
Z ! `+`�, J/ ! `+`� and W ! e⌫ events [38, 39] and have only a small impact on the result.

Uncertainties associated with jets arise from their reconstruction and identification e�ciencies. These are
due to the uncertainty in the jet energy scale (JES), resolution and the e�ciency of the JVT requirement that
is meant to remove jets from pile-up. The JES and its uncertainty are derived by combining information
from test-beam data, LHC collision data and simulation [43]. Additional uncertainties are also considered,
associated with the jet flavour and pile-up corrections. The total per-jet uncertainties are 1–6%, although
the e�ects are amplified by the large number of jets in the final state.
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• Reinterpretation of prompt H→aa→4b analysis for slightly displaced signals
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Theories for Exotic Higgs Decays

1. Higgs decay to scalars
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H→aa→4µ
• Look for dark photons and pseudoscalars in 4 lepton final state 

• H→ZdZd→4lep (1-60 GeV), H→aa→4µ (1-8 GeV) 

• Search for excess in 2D mµµ spectrum

7.5 Results

The hm``i distribution for the selected events is shown in Figure 6(a). Table 4 shows the resulting yields
and uncertainties for this analysis: no events are observed to pass the selection, for a total background
prediction of 0.4 ± 0.1.

The m34 versus m12 distribution in Figure 6(b) shows that there is no evidence of a signal-like resonance
even outside of the 120 GeV < m4` < 130 GeV window applied in this selection: 16 events are observed
outside of this mass window, compared to a MC-based prediction of 15± 2 events from non-resonant SM
Z Z processes. These 16 events are shown in the validation region in Figure 5.
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Figure 6: Distribution of (a) hm``i = 1
2 (m12 + m34) and (b) m34 vs m12, for events selected in the H ! X X !

4µ(1 < mX < 15 GeV) analysis. The crossed-through points in figure (b) correspond to events that are outside the
m4` mass window of 120 GeV < m4` < 130 GeV. The events outside the (shaded green) signal region are events
that fail the m34/m12 > 0.85 requirement.

Process Yield
Z Z

⇤ ! 4` 0.10 ± 0.01
H ! Z Z

⇤ ! 4` 0.1 ± 0.1
VVV/VBS 0.06 ± 0.03
Heavy flavour 0.07 ± 0.04
Total 0.4 ± 0.1
Data 0

Table 4: Expected event yields of the SM background processes and observed data in the H ! X X ! 4µ
(1 GeV < mX < 15 GeV) selection. The uncertainties include MC-statistical and systematic components (systematic
uncertainties are discussed in Section 7.5).

8 Interpretation and discussion

The results do not show evidence for the signal processes of H ! Z X ! 4` or H ! X X ! 4`. The
results are therefore interpreted in terms of limits on the benchmark models presented in Section 2.
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Figure 10: Upper limit at 95% CL on the branching ratios for processes (a) H ! ZdZd and (b) H ! aa, for the two
benchmark models studied in this paper. The limit on H ! aa is greater than 1 for ma > 15 GeV. The step change
in (a) at the mX = 15 GeV boundary is due to the addition of sensitivity to 4e and 2e2µ final states (lowering the
limit). The shaded areas are the quarkonia veto regions.
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on these branching ratios are shown in Figures 9 and 10 for the H ! Z Zd ! 4` and H ! X X ! 4`
searches, respectively. The observed limit for B(H ! aa) (Figure 10(b)) for ma > 15 GeV is greater than
1 (i.e. this search has no sensitivity to this model in that mass range). The limit on the branching ratio for
H ! ZdZd ! 4` improves on the Run 1 result of Ref. [39] by about a factor of four, which corresponds
to the increase in both luminosity and Higgs boson production cross-section between Run 1 and Run 2.
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9 Conclusion

Searches are performed for exotic decays of the Standard Model Higgs boson with a mass of 125 GeV to
one or two new spin-1 particles, H ! Z Zd and H ! ZdZd, or spin-0 particles, H ! Za and H ! aa,
using proton–proton collision data produced at

p
s = 13 TeV and recorded by the ATLAS detector at the

24
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L. Morvaj Exotic Higgs decays 23Figure 2: The observed (solid line) and expected (dashed line) 95% CL exclusion upper limit on the
pp ! H ! aa ! ��gg cross-section times branching ratio as a function of ma, normalised to the SM inclus-
ive pp ! H cross-section [31]. The vertical lines indicate the boundaries between the di�erent m�� analysis
regimes. At the boundaries, the m�� regime that yields the best expected limit is used to provide the observed
exclusion limit (filled circles); the observed limit provided by the regime that yields the worse limit is also indicated
(empty circles).
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• Fermiophobic a
‣ E.g scalar coupled to new charged & coloured vector-like states:

• Dominant yy+multijet background estimated using data-driven “ABCD” method based on 
inverting y ID and |Mjj-Myy| criteria

8. h ! 2���2j

A relatively clean exotic decay mode of the Higgs boson is h ! 2�2j [311]. The SM rate

for this signature is negligible: decays into 2�2q are highly Yukawa suppressed while the

2�2g process is loop induced. However, going beyond the SM, more possibilities arise. In

particular, here we consider Higgs boson decays to two scalars ss
(0) which subsequently decay

into photons and gluons or quarks. Below we outline some possible theoretical scenarios

leading to such decays and briefly discuss their collider phenomenology.

8.1. Theoretical Motivation

There are several ways in which a SM singlet scalar decays to photons, gluons or quarks.

For example, it can do so via mixing with the Higgs boson, as in the singlet extensions

discussed in §1.3.1 and §1.3.2. This will generally give a very suppressed rate to photons

compared with that of quarks or gluons, due to the electromagnetic loop factor.

Alternatively, a singlet scalar s may couple to gluons and photons via a dimension-5

operator sF
µ⌫

Fµ⌫ , which arises by introducing new colored and charged vectorlike states

and coupling them to s. Such scenario can easily accommodate larger or even dominant

s ! 2� branching ratios, depending on the color vs. electric charge assignments of the

new states. As a simple example, consider adding new heavy Dirac fermions  i along with

Yukawa couplings of the form �is ̄i i. The fermions reside in a representation Ri under

SU(3)C , have electric charge Qi and mass mi. The scalar s then decays to gluons and

photons via heavy fermion loops. The resulting branching ratios satisfy

⇢ =
Br(s ! 2�)

Br(s ! 2g)
=

1

8

✓
↵

↵s

◆2 P
�i Q

2
i
N(Ri)/miP

�i C(Ri)/mi

�2
, (75)

where N(Ri) and C(Ri) are the dimension and normalization factor of the representation

Ri (the normalization factors of the lowest lying color representations R = 3, 6, 8 are C =

1/2, 5/2, 3). For example, one heavy down-type quark b
0 and one heavy charged lepton ⌧ 0 (a

combination which appears in a single ‘5’ multiplet of SU(5), along with a heavy neutrino),

with masses m2 and m3, and Yukawa couplings �2 and �3, respectively, would result in

⇢ =
1

18

✓
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↵s

◆2 ✓
1 + 3

�2
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' 0.02
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H→aa→jjyy

Illinois 
ChangTriggering is also important
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FIG. 1. Feynman diagrams for the leading production modes
(ggF, VBF, and VH), where the V VH and qqH coupling ver-
tices are marked by • and �, respectively. The V represents
a W or Z vector boson.

detector and data, and the event reconstruction. The se-
lection of events in the di↵erent final states is given in
Sec. IV. Sections V and VI discuss the modeling of the
signal and the background processes, respectively. The
signal yield extraction and the various sources of system-
atic uncertainty are described in Sec. VII. Section VIII
provides the event yields and the distributions of the fi-
nal discriminating variables; the di↵erences with respect
to previous ATLAS measurements in this channel [5] are
given in Sec. VIII C. The results are presented in Sec. IX,
and the conclusions given in Sec. X.

II. ANALYSIS OVERVIEW

The H!WW ⇤ final state with the highest purity at
the LHC occurs when each W boson decays leptonically,
W ! `⌫, where ` is an electron or muon. The analy-
sis therefore selects events consistent with a final state
containing neutrinos and a pair of opposite-charge lep-
tons. The pair can be an electron and a muon, two
electrons, or two muons. The relevant backgrounds to
these final states are shown in Table I and are catego-
rized as WW , top quarks, misidentified leptons, other
dibosons, and Drell-Yan. The distinguishing features of
these backgrounds, discussed in detail below, motivate
the definition of event categories based on lepton flavor
and jet multiplicity, as illustrated in Fig. 2. In the final
step of the analysis, a profile likelihood fit is simultane-
ously performed on all categories in order to extract the
signal from the backgrounds and measure its yield.

The Drell-Yan (DY) process is the dominant source of
events with two identified leptons, and contributes to the
signal final state when there is a mismeasurement of the
net particle momentum in the direction transverse to the

TABLE I. Backgrounds to the H !WW ⇤ measurement in
the final state with two charged leptons (`= e or µ) and
neutrinos, and no jet that contains a b-quark. Irreducible
backgrounds have the same final state; other backgrounds are
shown with the features that lead to this final state. Quarks
from the first or second generation are denoted as q, and j
represents a jet of any flavor.

Name Process Feature(s)

WW WW Irreducible

Top quarks
tt̄ tt̄!WbWb̄ Unidentified b-quarks

t

⇢
tW Unidentified b-quark
tb̄, tqb̄ q or b misidentified as `;

unidentified b-quarks

Misidentified leptons (Misid)
Wj W + jet(s) j misidentified as `
jj Multijet production jj misidentified as ``;

misidentified neutrinos

Other dibosons8
><

>:

W� � misidentified as e

V V
W�⇤, WZ, ZZ! `` `` Unidentified lepton(s)
ZZ! `` ⌫⌫ Irreducible
Z� � misidentified as e;

unidentified lepton

Drell-Yan (DY)
ee/µµ Z/�⇤ ! ee, µµ Misidentified neutrinos
⌧⌧ Z/�⇤ ! ⌧⌧ ! `⌫⌫ `⌫⌫ Irreducible

beam (individual particle momentum in this direction is
denoted pt). The DY background is strongly reduced
in events with di↵erent-flavor leptons (eµ), as these arise
through fully leptonic decays of ⌧ -lepton pairs with a
small branching fraction and reduced lepton momenta.
The analysis thus separates eµ events from those with
same-flavor leptons (ee/µµ) in the event selection and
the likelihood fit.
Pairs of top quarks are also a prolific source of lep-

ton pairs, which are typically accompanied by high-
momentum jets. Events are removed if they have a jet
identified to contain a b-hadron decay (b-jet), but the tt̄
background remains large due to ine�ciencies in the b-jet
identification algorithm. Events are therefore categorized
by the number of jets. The top-quark background pro-
vides a small contribution to the zero-jet category but
represents a significant fraction of the total background
in categories with one or more jets.
In events with two or more jets, the sample is separated

by signal production process (“VBF-enriched” and “ggF-
enriched”). The VBF process is characterized by two
quarks scattered at a small angle, leading to two well-
separated jets with a large invariant mass [15]. These
and other event properties are inputs to a boosted deci-
sion tree (BDT) algorithm [16] that yields a single-valued
discriminant to isolate the VBF process. A separate anal-
ysis based on a sequence of individual selection criteria
provides a cross-check of the BDT analysis. The ggF-
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beam (individual particle momentum in this direction is
denoted pt). The DY background is strongly reduced
in events with di↵erent-flavor leptons (eµ), as these arise
through fully leptonic decays of ⌧ -lepton pairs with a
small branching fraction and reduced lepton momenta.
The analysis thus separates eµ events from those with
same-flavor leptons (ee/µµ) in the event selection and
the likelihood fit.
Pairs of top quarks are also a prolific source of lep-

ton pairs, which are typically accompanied by high-
momentum jets. Events are removed if they have a jet
identified to contain a b-hadron decay (b-jet), but the tt̄
background remains large due to ine�ciencies in the b-jet
identification algorithm. Events are therefore categorized
by the number of jets. The top-quark background pro-
vides a small contribution to the zero-jet category but
represents a significant fraction of the total background
in categories with one or more jets.
In events with two or more jets, the sample is separated

by signal production process (“VBF-enriched” and “ggF-
enriched”). The VBF process is characterized by two
quarks scattered at a small angle, leading to two well-
separated jets with a large invariant mass [15]. These
and other event properties are inputs to a boosted deci-
sion tree (BDT) algorithm [16] that yields a single-valued
discriminant to isolate the VBF process. A separate anal-
ysis based on a sequence of individual selection criteria
provides a cross-check of the BDT analysis. The ggF-
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a W or Z vector boson.

detector and data, and the event reconstruction. The se-
lection of events in the di↵erent final states is given in
Sec. IV. Sections V and VI discuss the modeling of the
signal and the background processes, respectively. The
signal yield extraction and the various sources of system-
atic uncertainty are described in Sec. VII. Section VIII
provides the event yields and the distributions of the fi-
nal discriminating variables; the di↵erences with respect
to previous ATLAS measurements in this channel [5] are
given in Sec. VIII C. The results are presented in Sec. IX,
and the conclusions given in Sec. X.

II. ANALYSIS OVERVIEW

The H!WW ⇤ final state with the highest purity at
the LHC occurs when each W boson decays leptonically,
W ! `⌫, where ` is an electron or muon. The analy-
sis therefore selects events consistent with a final state
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tons. The pair can be an electron and a muon, two
electrons, or two muons. The relevant backgrounds to
these final states are shown in Table I and are catego-
rized as WW , top quarks, misidentified leptons, other
dibosons, and Drell-Yan. The distinguishing features of
these backgrounds, discussed in detail below, motivate
the definition of event categories based on lepton flavor
and jet multiplicity, as illustrated in Fig. 2. In the final
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ously performed on all categories in order to extract the
signal from the backgrounds and measure its yield.

The Drell-Yan (DY) process is the dominant source of
events with two identified leptons, and contributes to the
signal final state when there is a mismeasurement of the
net particle momentum in the direction transverse to the

TABLE I. Backgrounds to the H !WW ⇤ measurement in
the final state with two charged leptons (`= e or µ) and
neutrinos, and no jet that contains a b-quark. Irreducible
backgrounds have the same final state; other backgrounds are
shown with the features that lead to this final state. Quarks
from the first or second generation are denoted as q, and j
represents a jet of any flavor.

Name Process Feature(s)

WW WW Irreducible

Top quarks
tt̄ tt̄!WbWb̄ Unidentified b-quarks

t

⇢
tW Unidentified b-quark
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beam (individual particle momentum in this direction is
denoted pt). The DY background is strongly reduced
in events with di↵erent-flavor leptons (eµ), as these arise
through fully leptonic decays of ⌧ -lepton pairs with a
small branching fraction and reduced lepton momenta.
The analysis thus separates eµ events from those with
same-flavor leptons (ee/µµ) in the event selection and
the likelihood fit.
Pairs of top quarks are also a prolific source of lep-

ton pairs, which are typically accompanied by high-
momentum jets. Events are removed if they have a jet
identified to contain a b-hadron decay (b-jet), but the tt̄
background remains large due to ine�ciencies in the b-jet
identification algorithm. Events are therefore categorized
by the number of jets. The top-quark background pro-
vides a small contribution to the zero-jet category but
represents a significant fraction of the total background
in categories with one or more jets.
In events with two or more jets, the sample is separated

by signal production process (“VBF-enriched” and “ggF-
enriched”). The VBF process is characterized by two
quarks scattered at a small angle, leading to two well-
separated jets with a large invariant mass [15]. These
and other event properties are inputs to a boosted deci-
sion tree (BDT) algorithm [16] that yields a single-valued
discriminant to isolate the VBF process. A separate anal-
ysis based on a sequence of individual selection criteria
provides a cross-check of the BDT analysis. The ggF-
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Figure 1: Distributions of kinematic observables before the requirements on m
VBF
j j

, leading VBF jet pT, m�� j j and
|mj j �m�� | for: (a) m

VBF
j j

; (b) leading VBF jet pT; (c) m�� j j (with the additional requirement |mj j �m�� | < 12 GeV
that defines the signal-enriched region); and (d) |mj j � m�� |. The quantities are shown separately for simulated
signal events (with ma = 30 GeV) produced in the VBF mode and compared with those produced in the ggF mode
and the observed data.

⌘-dependent calibration scheme, and are required to have a transverse momentum (pT) greater than 20 GeV
and |⌘ | < 2.5 or pT > 30 GeV and |⌘ | < 4.4. A track- and topology-based veto [29, 30] is used to suppress
jets originating from pile-up interactions. Jets must have an angular separation of �R > 0.4 from any
Loose photon candidate in the event.

Events are required to have at least two photon candidates. The transverse energy requirements depend
on the trigger path through which the event was recorded. For events passing the trigger with higher
transverse energy thresholds, the leading photon is required to have ET > 40 GeV, and the sub-leading
photon is required to have ET > 30 GeV. For events passing the trigger with lower thresholds, both the
leading and sub-leading photons are required to have ET > 27 GeV. For events passing both triggers, the
latter selection is applied. The invariant mass of the two leading photon candidates is denoted by m��.

In the VBF production mode, the Higgs boson is produced in association with two additional light-quark
jets with a large opening angle and a large invariant mass. Selected events are therefore required to have
at least four jets and the pair of jets with the highest invariant mass (mVBF

j j
) are referred to as VBF jets. In
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results only, and used to provide a constraint on Binv. The conditions W  1 and Z  1 are used to
provide a constraint on Bundet as discussed in Section 7.1.

(c) A single free parameter BBSM = Binv = Bundet is added to the model. The measurements of o�-shell
production described in Section 3.9 is included in the combination, for these results only, and used
to provide a constraint on BBSM under the assumptions listed in Section 7.1.

The numerical results of the various scenarios are summarized in Table 11 and illustrated in Figure 16.
Limits on Binv, Bundet and BBSM are set using the t̃µ prescription presented in Section 4. All probed
fundamental coupling-strength scale factors, as well as the probed loop-induced coupling scale factors are
measured to be compatible with their SM expectation under all explored assumptions. Upper limits are
set on the fraction of Higgs boson decays to invisible or undetected decays. In scenario (b) the observed
(expected) 95% CL upper limits on the branching ratios are Binv < 0.30 (0.18) and Bundet < 0.22 (0.38),
and the lower limits on the couplings to vector bosons are Z > 0.87 (0.76) and W > 0.86 (0.77). In
scenario (c), the observed (expected) upper limit on BBSM is 0.47 (0.57). The compatibility of the SM
hypothesis with the best-fit point in scenario (a) is pSM = 88%, computed using the procedure outlined in
Section 4 with seven degrees of freedom and BBSM fixed to zero.

Table 11: Fit results for Higgs boson coupling modifiers per particle type with e�ective photon and gluon couplings
and either (a) Binv = Bundet = 0, (b) Binv and Bundet included as free parameters, the conditions W ,Z  1 applied
and the measurement of the Higgs boson decay rate to invisible final states described in Section 3.8 included in the
combination, or (c) BBSM = Binv + Bundet included as a free parameter, the measurement of o�-shell Higgs boson
production described in Section 3.9 included in the combination, and the assumptions described in the text applied on
the o�-shell coupling-strength scale factors. The SM corresponds to Binv = Bundet = BBSM = 0 and all  parameters
set to unity. All parameters except t are assumed to be positive.

Parameter (a) Binv = Bundet = 0 (b) Binv free, Bundet � 0, W ,Z  1 (c) BBSM � 0, o� = on

Z 1.11 ± 0.08 > 0.87 at 95% CL 1.16+0.18
�0.13

W 1.05 ± 0.09 > 0.85 at 95% CL 1.12+0.18
�0.15

b 1.03+0.19
�0.17 0.88 ± 0.13 1.08+0.25

�0.20

t 1.09+0.15
�0.14 [�1.03,�0.79] [ [0.93,1.24] at 68% CL 1.14+0.19

�0.18

⌧ 1.05+0.16
�0.15 0.97 ± 0.13 1.12+0.23

�0.21

� 1.05 ± 0.09 0.98 ± 0.07 1.10+0.19
�0.13

g 0.99+0.11
�0.10 1.01+0.13

�0.11 1.02+0.22
�0.13

Binv - < 0.30 at 95% CL -
Bundet - < 0.22 at 95% CL -
BBSM - - < 0.47 at 95% CL
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Figure 16: Best-fit values and uncertainties of Higgs boson coupling modifiers per particle type with e�ective photon
and gluon couplings and either Binv = Bundet = 0 (black); Binv and Bundet included as free parameters, the conditions
W ,Z  1 applied and the measurement of the Higgs boson decay rate to invisible final states described in Section 3.8
included in the combination (red); or BBSM = Binv +Bundet included as a free parameter, the measurement of o�-shell
Higgs boson production described in Section 3.9 included in the combination, and the assumptions described in the
text applied on the o�-shell coupling-strength scale factors (blue). The SM corresponds to Binv = Bundet = BBSM = 0
and all  parameters set to unity. All parameters except t are assumed to be positive.
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H→bb
• Searching for b-associated heavy neutral H production
• Search insensitive to CP of the heavy 2HDM boson (A/H)
• 3 event categories base on number of jets (3, 4 or 5)

‣ Signal region: >=3 b-tagged jets
‣ Control region: ==2 b-tagged jets

• Background shape and normalisation obtained from the data

ATLAS-CONF-2019-010
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Figure 1: Feynman diagrams for some of the leading-order processes for the production of a heavy neutral Higgs
boson (denoted here by �) in association with one or two b-quarks in the 5 flavor scheme. Diagrams (a) and (b) are
unique to the 5 flavor scheme, while diagrams (c) and (d) appear in both the 4 and 5 flavor schemes.

This paper presents a search for heavy neutral Higgs bosons produced in association with one or two
b-quarks and decaying to b-quark pairs using 27.8 fb�1 of

p
s = 13 TeV proton–proton collision data

recorded by the ATLAS detector at the LHC during 2015 and 2016. Such a search is sensitive to the
Type II and flipped scenarios of the 2HDM in the regime where tan � � 1. In the 5 flavor scheme
(5FS) [16], processes such as those shown in Figure 1 lead to the production of heavy neutral Higgs bosons
in association with one b-quark (Figures 1a and 1b) or two b-quarks (Figures 1c and 1d). In practice the
optimal balance between signal e�ciency and background rejection is achieved by requiring that signal
events contain at least three b-quark-initiated jets. The search is performed for neutral Higgs bosons in the
mass range 450 GeV � 1400 GeV. A similar search has been performed by the CMS collaboration for the
mass range 300 GeV � 1300 GeV [17].

The kinematic distributions for the production and decay of H and A bosons are nearly identical, and
therefore this search is insensitive to the CP properties of the two heavy neutral Higgs bosons of the 2HDM.
The � boson will be used in this paper to represent the CP-even H boson, the CP-odd A boson, or a Higgs
boson mass eigenstate with an arbitrary mixture of CP-even and CP-odd eigenstates.

2 The ATLAS detector

The ATLAS experiment [18] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle.1 It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadronic calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
The innermost pixel layer [19, 20] was added before the start of collisions in 2015. Lead/liquid-argon
(LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with high granularity.
An hadronic steel/scintillator-tile calorimeter covers the central pseudorapidity range |⌘ | < 1.7. The
endcap and forward regions are instrumented with LAr calorimeters for both the EM and hadronic energy
measurements up to |⌘ | = 4.9. The muon spectrometer surrounds the calorimeters and features three large
air-core toroid superconducting magnets with eight coils each. The field integral of the toroids ranges from
2.0 to 6.0 T·m across most of the detector. It includes a system of precision tracking chambers and fast

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � 2 (�⇡, ⇡] being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is defined as
�R ⌘

q
(�⌘)2 + (��)2. The �� separation is defined as min( |�1 � �2 |, 2⇡ � |�1 � �2 |).
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Figure 1: Feynman diagrams for some of the leading-order processes for the production of a heavy neutral Higgs
boson (denoted here by �) in association with one or two b-quarks in the 5 flavor scheme. Diagrams (a) and (b) are
unique to the 5 flavor scheme, while diagrams (c) and (d) appear in both the 4 and 5 flavor schemes.

This paper presents a search for heavy neutral Higgs bosons produced in association with one or two
b-quarks and decaying to b-quark pairs using 27.8 fb�1 of

p
s = 13 TeV proton–proton collision data

recorded by the ATLAS detector at the LHC during 2015 and 2016. Such a search is sensitive to the
Type II and flipped scenarios of the 2HDM in the regime where tan � � 1. In the 5 flavor scheme
(5FS) [16], processes such as those shown in Figure 1 lead to the production of heavy neutral Higgs bosons
in association with one b-quark (Figures 1a and 1b) or two b-quarks (Figures 1c and 1d). In practice the
optimal balance between signal e�ciency and background rejection is achieved by requiring that signal
events contain at least three b-quark-initiated jets. The search is performed for neutral Higgs bosons in the
mass range 450 GeV � 1400 GeV. A similar search has been performed by the CMS collaboration for the
mass range 300 GeV � 1300 GeV [17].

The kinematic distributions for the production and decay of H and A bosons are nearly identical, and
therefore this search is insensitive to the CP properties of the two heavy neutral Higgs bosons of the 2HDM.
The � boson will be used in this paper to represent the CP-even H boson, the CP-odd A boson, or a Higgs
boson mass eigenstate with an arbitrary mixture of CP-even and CP-odd eigenstates.

2 The ATLAS detector

The ATLAS experiment [18] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle.1 It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadronic calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
The innermost pixel layer [19, 20] was added before the start of collisions in 2015. Lead/liquid-argon
(LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with high granularity.
An hadronic steel/scintillator-tile calorimeter covers the central pseudorapidity range |⌘ | < 1.7. The
endcap and forward regions are instrumented with LAr calorimeters for both the EM and hadronic energy
measurements up to |⌘ | = 4.9. The muon spectrometer surrounds the calorimeters and features three large
air-core toroid superconducting magnets with eight coils each. The field integral of the toroids ranges from
2.0 to 6.0 T·m across most of the detector. It includes a system of precision tracking chambers and fast

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � 2 (�⇡, ⇡] being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is defined as
�R ⌘

q
(�⌘)2 + (��)2. The �� separation is defined as min( |�1 � �2 |, 2⇡ � |�1 � �2 |).
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Figure 7: Post-fit bbb category distributions of m
0
bb

for the 600 GeV (left) and 1200 GeV (right) mass points in the
3-jet (top), 4-jet (middle) and 5-jet (bottom) categories. The pre-fit background shape is also shown in the top panels
and its ratio to the post-fit shape is shown in the bottom panels (dashed green line).
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Figure 9: Observed and expected 95% CL exclusion limits for MSSM scenarios as a function of mA. The main
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scenarios are also
shown. Limits are not shown for tan � > 60 since the Higgs boson coupling becomes non-perturbative for very large
values of tan � in the considered models.
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Figure 2: E�ciency of the single b-tagged jet and double b-tagged jet triggers and their logical OR for signal events
fulfilling the final selection of Section 4 as a function of the neutral Higgs boson mass for datasets collected in 2015
(top) and 2016 (bottom). The operating points for the single (double) b-tagged jet triggers correspond to b-quark
identification e�ciencies of 79% (72%) in 2015 and 60% (60%) in 2016.

The ATLAS detector response to the generated signal events is modeled using the ATLAS full simulation
software [27] based on GEANT4 [28]. The impact of multiple pp collisions in the same or nearby bunch
crossings (pile-up) is simulated by overlaying minimum bias events on each generated event. The minimum
bias events were generated with PYTHIA 8.186 [29], using the A2 tune [30] and the MSTW2008LO PDF
sets [31]. Finally, events were processed using the same reconstruction software as in data.

5

7.1 Cross-section limits

Since no significant excess over the background expectation is observed, upper limits on the production
of a single heavy neutral Higgs boson � decaying into a bb̄ pair are set. Figure 8 presents the observed
and expected limits for �(pp ! bb̄�) ⇥ B(� ! bb̄) at the 95% confidence level (CL). The limits are
calculated with the CLS method [56, 57].

The leading sources of uncertainty on the measured value of � ⇥ B for two of the mass points, 600 GeV
and 1200 GeV, are given in Table 5, together with their relative importance. The impact of the given source
of uncertainty is obtained by first fixing all the nuisance parameters related to other systematic uncertainties
to their best-fit values and then allowing only the nuisance parameters ascribed to the considered source
of uncertainty to float in the fit. The uncertainty is dominated by the statistical error, which improves
significantly between m� = 600 and 1200 GeV due to the sharp drop in the background level. The
systematic uncertainties with the largest impact on the sensitivity are related to the flavor tagging calibration
of the o�ine b-tagging algorithm and b-jet trigger, and to jet reconstruction.

Table 5: Grouped systematic contributions to the uncertainty on the best-fit value of � ⇥ B. The best-fit values for
m� = 600 and 1200 GeV are 0.76 pb and -0.1 pb, respectively.

m� = 600 GeV m� = 1200 GeV
Source of uncertainty �(� ⇥ B) [pb] �(� ⇥ B) [pb]

Total 0.80 0.29
Statistical 0.77 0.26
Systematic 0.20 0.11

Experimental uncertainties

Jet-related 0.05 0.05
B-tagging (o�ine) 0.12 0.05
B-trigger 0.04 0.05
Luminosity 0.02 0.01

Theoretical and modeling uncertainties

Generator 0.03 0.03
PDF 0.08 0.04
MC statistical 0.09 0.04

7.2 Model interpretations

The two 2HDM scenarios with enhanced pp! bb̄� production and �! bb decay at large tan � are Type II
and Type Y (flipped). The most commonly analyzed scenario is Type II since the Higgs sector of the MSSM
is a Type II 2HDM. The results of this search are interpreted in the context of the MSSM for the hMSSM
scenario [58], and for the m

mod+
h

and m
mod�
h

scenarios [59]. The Higgs boson production cross-sections
and branching ratios are calculated using the procedures outlined in the LHC Higgs Cross-section Working
Group report [60]. The cross-sections for Higgs boson production through bb̄ fusion [16] are determined
by matching 5FS [61, 62] and 4FS [63, 64] cross-section calculations. For the hMSSM scenario the Higgs
boson masses and branching ratios are calculated using HD���� [65, 66]. For the m

mod+
h

and m
mod�
h
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Figure 8: Observed and expected upper limits on �(pp! bb̄�) ⇥ B(�! bb̄) at 95% CL as a function of the Higgs
boson mass in 27.8 fb�1 of pp collision data at

p
s = 13 TeV.
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H+→τv
Table 1: List of kinematic variables used as input to the BDT in the ⌧had-vis+jets and ⌧had-vis+lepton channels. Here,
` refers to the selected lepton (electron or muon). ��X, miss denotes the di�erence in azimuthal angle between a
reconstructed object X (X = ⌧had-vis, b-jet, `) and the direction of the missing transverse momentum. The variable
⌥ is related to the polarisation of the ⌧-lepton and is only defined for 1-prong ⌧had-vis candidates. Hence, for H+
masses in the range 90–400 GeV, where the variable ⌥ is used, the BDT training is performed separately for events
with a selected 1- or 3-prong ⌧had-vis candidate. In the mass range 500–2000 GeV, ⌥ is not used, hence the BDT
training is inclusive in number of tracks associated with ⌧had-vis candidates.

BDT input variable ⌧had-vis+jets ⌧had-vis+lepton
Emiss

T
p⌧T
pb-jet

T
p`T
��⌧had-vis, miss
��b-jet, miss
��`, miss
�R⌧had-vis, `

�Rb-jet, `
�Rb-jet, ⌧had-vis

⌥

Data-driven fake-factor method

Background processes where a quark- or gluon-initiated jet is reconstructed and selected as a ⌧had-vis
candidate are estimated from data. For this purpose, an anti-⌧had-vis selection is defined by requiring
that the ⌧had-vis candidate does not satisfy the BDT-based identification criteria of the nominal selection.
Meanwhile, a loose requirement on the ⌧had-vis BDT output score is maintained in order to ensure that the
relative fractions of gluon- and quark-initiated jets mimicking ⌧had-vis candidates are similar in the signal
region and the corresponding anti-⌧had-vis region. Then, a fake factor (FF) is defined as the ratio of the
number of jets reconstructed as ⌧had-vis candidates that pass the nominal ⌧had-vis selection to the number
that pass the anti-⌧had-vis selection in a given control region (CR):

FF =
NCR
⌧had-vis

NCR
anti-⌧had-vis

.

The actual computation of FFs is described later in the text. Events are selected with the nominal criteria
described in Section 4, except that an inverted identification criterion for the ⌧had-vis candidate is required.
In this sample, the ⌧had contribution is subtracted using simulated events in which a ⌧had at generator level
fulfils the anti-⌧had-vis criterion. The resulting number of events is Nanti-⌧had-vis . Then, the number of events
with a misidentified ⌧had-vis candidate (N⌧had-vis

fakes ) is derived from the subset of anti-⌧had-vis candidates as
follows:

N⌧had-vis
fakes =

’
i

Nanti-⌧had-vis(i) ⇥ FF(i),

where the index i refers to each bin in the parameterisation of the FF, in terms of p⌧T and number of
associated tracks.
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Figure 8: Observed and expected 95% CL exclusion limits on (a) �(pp ! tbH+) ⇥ B(H+ ! ⌧⌫) and (b)
B(t ! bH+) ⇥ B(H+ ! ⌧⌫) as a function of the charged Higgs boson mass in 36.1 fb�1 of pp collision data atp

s = 13 TeV, after combination of the ⌧had-vis+jets and ⌧had-vis+lepton channels. In the case of the expected limits,
one- and two-standard-deviation uncertainty bands are also shown. As a comparison, the observed exclusion limits on
B(t ! bH+)⇥B(H+ ! ⌧⌫) obtained with the Run-1 data at

p
s = 8 TeV [16] and on�(pp ! tbH+)⇥B(H+ ! ⌧⌫)

obtained with the dataset collected in 2015 at
p

s = 13 TeV [22] are also shown.

Table 4: Impact of systematic uncertainties on the expected 95% CL limit on�(pp ! tbH+)⇥B(H+ ! ⌧⌫), for two
H+ mass hypotheses: 170 GeV and 1000 GeV. The impact is obtained by comparing the expected limit considering
only statistical uncertainties (stat. only) with the expected limit when a certain set of systematic uncertainties is added
in the limit-setting procedure. In the absence of correlations and assuming Gaussian uncertainties, the row “All”
would be obtained by summing in quadrature (linearly) the individual contributions of the systematic uncertainties
if these were much larger (smaller) than the statistical uncertainties.

Source of systematic Impact on the expected limit (stat. only) in %
uncertainty mH+ = 170 GeV mH+ = 1000 GeV
Experimental

luminosity 2.9 0.2
trigger 1.3 <0.1
⌧had-vis 14.6 0.3
jet 16.9 0.2
electron 10.1 0.1
muon 1.1 <0.1
Emiss

T 9.9 <0.1
Fake-factor method 20.3 2.7
⌥ modelling 0.8 �
Signal and background models

tt̄ modelling 6.3 0.1
W/Z+jets modelling 1.1 <0.1
cross-sections (W/Z/VV/t) 9.6 0.4
H+ signal modelling 2.5 6.4

All 52.1 13.8
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Figure 9: 95% CL exclusion limits on tan � as a function of mH+ , shown in the context of the hMSSM, for the
regions in which theoretical predictions are available (0.5  tan �  60). In the case of the expected limits, one-
and two-standard-deviation uncertainty bands are also shown. As a comparison, the red curves near the upper-left
corner show the observed and expected exclusion limits based on the dataset of 3.2 fb�1 collected in 2015 atp

s = 13 TeV [22].

8 Conclusion

A search for charged Higgs bosons produced either in top-quark decays or in association with a top-quark,
and subsequently decaying via H+ ! ⌧⌫, is performed in the ⌧+jets and ⌧+lepton channels, according
to the hadronic or semileptonic decay of the top quark produced together with H+. The dataset contains
36.1 fb�1 of pp collisions at

p
s = 13 TeV, recorded with the ATLAS detector at the LHC. The data

are found to be in agreement with the background-only hypothesis. Upper limits at the 95% confidence
level are set on the H+ production cross-section times the branching fraction B(H+ ! ⌧⌫) between
4.2 pb and 2.5 fb for a charged Higgs boson mass range of 90–2000 GeV, corresponding to upper limits
between 0.25% and 0.031% for the branching fraction B(t ! bH+) ⇥ B(H+ ! ⌧⌫) in the mass range
90–160 GeV. These exclusion limits are about 5–7 times more stringent than those obtained by ATLAS
with 3.2 fb�1 of 13 TeV data for H+ masses above 200 GeV [22] and with Run-1 data in the H+ mass range
90–160 GeV [16]. In the intermediate-mass region where mH+ ' mtop, accurate theoretical predictions
recently became available, allowing a dedicated comparison of the H+ models with data near the top-quark
mass. In the context of the hMSSM scenario, all tan � values are excluded for mH+ . 160 GeV. The H+

mass range up to 1100 GeV is excluded at tan � = 60.
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Table 4: The selection criteria used to define the signal regions. The variables are described in Section 5.
2`ss 3` 4`

Selection criteria e±e± e±µ± µ±µ± SFOS 0 SFOS 1,2
mH±± = 200 GeV

Emiss
T [GeV ] > 100 > 100 > 100 > 45 > 45 > 60

mx`[GeV ] [25, 130] [15, 150] [35, 150] > 160 > 170 > 230
�R`±`± [rad.] < 0.8 < 1.8 < 0.9 [0.15, 1.57] [0.00, 1.52]
��(``, Emiss

T )[rad.] < 1.1 < 1.3 < 1.3
S[rad.] < 0.3 < 0.3 < 0.2
mjets[GeV ] [140, 770] [95, 330] [95, 640]
�R`�jet[rad.] [0.08, 1.88] [0.07, 1.31]
pleading jet

T [GeV ] > 80 > 55
p`1

T [GeV ] > 65
�Rmin

`±`± [rad.] [0.16, 1.21]
�Rmax

`±`± [rad.] [0.27, 2.03]
mH±± = 300 GeV

Emiss
T [GeV ] > 200 > 200 > 200 > 65 > 55 > 60

mx`[GeV ] [105, 340] [80, 320] [80, 320] > 170 > 210 > 270
�R`±`± [rad.] < 1.4 < 1.8 < 1.8 [0.18, 2.23] [0.08, 2.23]
��(``, Emiss

T )[rad.] < 2.1 < 2.4 < 2.4
S[rad.] < 0.4 < 0.4 < 0.4
mjets[GeV ] [180, 770] [130, 640] [130, 640]
�R` j [rad.] [0.27, 2.37] [0.21, 2.08]
pleading jet

T [GeV ] > 95 > 80
p`1

T [GeV ] > 45
�Rmin

`±`± [rad.] [0.09, 1.97]
�Rmax

`±`± [rad.] [0.44, 2.68]
mH±± = 400 GeV

Emiss
T [GeV ] > 200 > 200 > 200 > 65 > 85 > 60

mx`[GeV ] [105, 340] [80, 350] [80, 350] > 230 > 250 > 270
�R`±`± [rad.] < 2.2 < 1.8 < 1.8 [0.22, 2.39] [0.29, 2.69]
��(``, Emiss

T )[rad.] < 2.4 < 2.4 < 2.4
S[rad.] < 0.6 < 0.6 < 0.5
mjets[GeV ] [280, 1200] [220, 1200] [220, 1200]
�R` j [rad.] [0.30, 2.59] [0.31, 2.30]
pleading jet

T [GeV ] > 120 > 100
p`1

T [GeV ] > 110
�Rmin

`±`± [rad.] [0.39, 2.22]
�Rmax

`±`± [rad.] [0.55, 2.90]
mH±± = 500–700 GeV

Emiss
T [GeV ] > 250 > 250 > 250 > 120 > 100 > 60

mx`[GeV ] [105, 730] [110, 440] [110, 440] > 230 > 300 > 370
�R`±`± [rad.] < 2.6 < 2.2 < 2.2 [0.39, 3.11] [0.29, 2.85]
��(``, Emiss

T )[rad.] < 2.6 < 2.4 < 2.4
S[rad.] < 1.1 < 1.1 < 1.1
mjets[GeV ] > 440 > 470 > 470
�R` j [rad.] [0.60, 2.68] [0.31, 2.53]
pleading jet

T [GeV ] > 130 > 130
p`1

T [GeV ] > 160
�Rmin

`±`± [rad.] [0.53, 3.24]
�Rmax

`±`± [rad.] [0.59, 2.94]
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Fig. 6 Relative uncertainties in the total background yield estimation
after the fit. ‘Stat. Unc.’ corresponds to reducible and irreducible back-
ground statistical uncertainties. ‘Yield fit’ corresponds to the uncertainty
arising from fitting the yield of diboson and Drell–Yan backgrounds.
‘Lumi’ corresponds to the uncertainty in the luminosity. ‘Theory’ indi-
cates the theoretical uncertainty in the physics model used for simulation

(e.g. cross-sections). ‘Exp.’ indicates the uncertainty in the simulation
of electron and muon efficiencies (e.g. trigger, identification). ‘Fakes’
is the uncertainty associated with the model of the fake background.
Individual uncertainties can be correlated, and do not necessarily add
in quadrature to the total background uncertainty, which is indicated by
‘Total Unc.’

A significant contribution arises from the statistical uncer-
tainty in the MC samples and data sideband regions. Analy-
sis regions have a very restrictive selection and only a small
fraction of the initially generated MC events remains after
applying all requirements. The statistical uncertainty varies
from 5 to 40% depending on the signal region.

Experimental systematic uncertainties due to different
reconstruction, identification, isolation, and trigger efficien-
cies of leptons in data compared to simulation are estimated
by varying the corresponding scale-factors. They are at most
3% and less significant than the other systematic uncertain-
ties and MC statistical uncertainties. The same is true for
lepton energy or momentum calibration.

The experimental uncertainty related to the charge mis-
identification probability of electrons arises from the statis-
tical uncertainty of both the data and the simulated sample
of Z/γ ∗ → ee events used to measure this probability. The
uncertainty ranges between 10 and 20% as a function of the
electron pT and η. Possible systematic effects were investi-
gated by altering the selection requirements imposed on the
invariant mass used to select Z/γ ∗ → ee events analysed to
measure the misidentification probability. The effects esti-
mated with this method are found to be negligible compared
to the statistical uncertainty.

The experimental systematic uncertainty in the data-
driven estimate of the fake-lepton background is evaluated
by varying the nominal fake factor to account for different
effects. The Emiss

T requirement is altered to consider varia-
tions in the W + jets composition. The flavour composition
of the fakes is investigated by requiring an additional recoil-

ing jet in the electron channel and changing the definition of
the recoiling jet in the muon channel. Furthermore, the trans-
verse impact parameter criterion for tight muons (defined in
Sect. 4.1) is varied by one standard deviation. Finally, in the
fake-enriched regions, the normalisation of the subtracted
simulated samples, to remove the prompt lepton component,
is altered within its uncertainties. This accounts for uncer-
tainties related to the luminosity, the cross-section, and the
corrections applied to simulation-based predictions. The sta-
tistical uncertainty in the fake factors is added in quadrature
to the total systematic error. The uncertainty ranges between
10% and 20% across all pT and η bins.

The total relative systematic uncertainty after the fit
(Sect. 7), and its breakdown into components, is presented in
Fig. 6. All experimental systematic uncertainties discussed
here affect the signal samples as well as the background.

7 Statistical analysis and results

The statistical analysis package HistFitter [84] was used to
implement a maximum-likelihood fit of the dilepton invari-
ant mass distribution in all control and signal regions, and the
M̄ distribution in four-lepton regions to obtain the numbers
of signal and background events. The likelihood is the prod-
uct of a Poisson probability density function describing the
observed number of events and Gaussian distributions to con-
strain the nuisance parameters associated with the systematic
uncertainties. The widths of the Gaussian distributions cor-
respond to the magnitudes of these uncertainties, whereas
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Table 3 Summary of all regions used in the analysis. The table is split into three blocks: the upper block indicates the final states for each region, the middle block indicates the mass range of the
corresponding final state, and the lower block indicates the event selection criteria for the region. The application of a selection requirement is indicated by a check-mark (✓). The 2P4L regions
include all lepton flavour combinations. In the three lepton regions, ℓ±ℓ±ℓ′∓ indicates that same-charge leptons have the same flavour, while the opposite-sign lepton has a different flavour

Channel Region

Control regions Validation regions Signal regions

OCCR DBCR 4LCR SCVR 3LVR 4LVR 1P2L 1P3L 2P4L

Electron channel e±e∓ e±e±e∓ ℓ±ℓ±ℓ∓ℓ∓ e±e± e±e±e∓ ℓ±ℓ±ℓ∓ℓ∓ e±e± e±e±e∓ ℓ±ℓ±ℓ∓ℓ∓

Mixed channel – e±µ±ℓ∓ e±µ± e±µ±ℓ∓

ℓ±ℓ±ℓ′∓ e±µ± e±µ±ℓ∓

ℓ±ℓ±ℓ′∓

Muon channel – µ±µ±µ∓ µ±µ± µ±µ±µ∓ µ±µ± µ±µ±µ∓

m(e±e±) [GeV] [130, 2000] [90, 200) [60, 150) [130, 200) [90, 200) [150, 200) [200,∞) [200,∞) [200,∞)

m(ℓ±ℓ±) [GeV] – [90, 200) [130, 200) [90, 200) [200,∞) [200,∞)

m(µ±µ±) [GeV] – [60, 200) [60, 200) [60, 200) [200,∞) [200,∞)

b-jet veto ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Z veto – inverted – – ✓ – – ✓ ✓

"R(ℓ±, ℓ±) < 3.5 – – – – – – ✓ ✓ –

pT(ℓ
±ℓ±) > 100 GeV – – – – – – ✓ ✓ –

∑ |pT(ℓ)| > 300 GeV – – – – – – ✓ ✓ –

"M/M̄ requirement – – – – – – – – ✓
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