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• Beyond the Standard Model 
• 139 fb-1 results 

• High mass ZZ 
• High mass γγ 

• 80 fb-1 results 
• Low mass γγ 

• 36 fb-1 results 
• High mass WW 

• Summary
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Beyond the SM
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• Standard Model (SM): 
One doublet of Higgs, only one neutral Higgs boson. 

• SM needs to be extended: 
ν mass, dark matter… 

• Fermions (leptons and quarks) come in three 
generations, why only one Higgs doublet?  

• In many extensions of the SM: 
Prediction of two complex Higgs doublets (2HDM). 

• Five physical states: H+, H-, h0, H0, A0. 
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C
H→ZZ

Eur. Phys. J. C 81 (2021) 332
New

• Search for heavy resonances decaying into a pair of Z bosons in the 
llll and llνν final states using 139 fb-1 at 13 TeV. 

• Many channels: 
• Productions: gluon-gluon fusion and vector-boson-fusion. 
• Decays: llll and llνν. 
• Width assumptions: narrow-width approximation and large-width assumption 

(only for the ggF channel). 
• Spins: 0 (two-Higgs-doublet model) and 2 (Randall–Sundrum). 

• Mass range: 200-2000 GeV. 
• Discriminating variable: 

• llll: m4l (four-lepton invariant mass). 
• llνν: 

to an integrated luminosity of 139 fb�1. The additional Higgs boson (spin-0 resonance), denoted by H
throughout this paper, is assumed to be produced mainly via gluon–gluon fusion (ggF) and vector-boson
fusion (VBF) processes with the ratio of the two production mechanisms unknown in the absence of a
specific model. The results are interpreted separately for the ggF and VBF production modes, with events
being classified into ggF- and VBF-enriched categories in both final states, as discussed in Sections 5
and 6. The searches cover a wide mass range from 200 GeV up to 2000 GeV and look for an excess in the
distribution of the the four-lepton invariant mass, m4` , for the `+`�`0+`0� final state, and the transverse
mass, mT, for the `+`�⌫⌫̄ final state, as the escaping neutrinos do not allow the full reconstruction of the
final state. The transverse mass is defined as:
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where mZ is the mass of the Z boson [13], ÆpT
`` and ÆEmiss

T are the transverse momentum of the lepton
pair and the missing transverse momentum with magnitudes of p``T and Emiss

T , respectively. In the
absence of such an excess, limits on the production rate of di�erent signal hypotheses are obtained
from a simultaneous likelihood fit in the two final states. The hypothesis of a heavy Higgs boson in the
narrow-width approximation (NWA) is studied. The upper limits on the production rate of a heavy Higgs
boson are also translated into exclusion contours in the context of the two-Higgs-doublet model. As several
theoretical models favour non-negligible natural widths, large-width assumption (LWA) models [12],
assuming widths of 1%, 5%, 10% and 15% of the resonance mass, are examined only for ggF production,
which dominates over the next-largest contribution (VBF) in the search range. Results are also interpreted
assuming the bulk Randall–Sundrum (RS) model [14, 15] with a warped extra dimension giving rise to a
spin-2 Kaluza–Klein (KK) excitation of the graviton GKK.

The main improvements relative to the previous search [16] are the following: i) full LHC Run 2 integrated
luminosity is used; ii) both analyses profit from improved lepton reconstruction and isolation selection to
mitigate the impact of additional pp interactions in the same or neighbouring bunch crossing (pile-up); iii)
the reconstruction of jets uses a particle-flow algorithm which combines measurements from the tracker
and the calorimeter; iv) the normalisation of the SM Z Z background is derived from data rather than being
estimated from SM predictions; v) event classification targeting di�erent production processes is optimised
using machine learning (ML) algorithms in the case of Z Z !`+`�`0+`0� final state; vi) the mT distribution
is used to search for signals in the VBF-enriched category in the case of the Z Z !`+`�⌫⌫̄ final state, in
addition to the use of mT in the ggF-enriched category; and vii) the search range is extended to 2000 GeV
in signal mass. The improved analyses reduce the expected upper limit on the production cross section of
an additional heavy resonance by up to 40% in comparison with the previous published result scaled to the
full Run 2 luminosity.

The paper is organised as follows. A brief description of the ATLAS detector is given in Section 2.
In Section 3 the data and simulated samples are described. The object reconstruction is described in
Section 4. The analysis strategies for the `+`�`0+`0� and `+`�⌫⌫̄ final states are described in Sections 5
and 6, respectively. Section 7 describes the systematic uncertainties, Section 8 the final results, and
Section 9 the interpretation of these results in the various models.
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1. Introduction

The discovery of a scalar particle [1, 2] at the Large Hadron Collider (LHC) [3] has provided important
insight into the mechanism of electroweak symmetry breaking. Experimental studies of the new particle
[4–8] demonstrate consistency with the Standard Model (SM) Higgs boson [9–14]. However, it remains
possible that the discovered particle is part of an extended scalar sector, a scenario that is favoured by a
number of theoretical arguments [15, 16].

The Minimal Supersymmetric Standard Model (MSSM) [15, 17, 18] is the simplest extension of the
SM that includes supersymmetry. The MSSM requires two Higgs doublets of opposite hypercharge.
Assuming that CP symmetry is conserved, this results in one CP-odd (A) and two CP-even (h, H) neutral
Higgs bosons and two charged Higgs bosons (H±). At tree level, the properties of the Higgs sector in
the MSSM depend on only two non-SM parameters, which can be chosen to be the mass of the CP-odd
Higgs boson, mA, and the ratio of the vacuum expectation values of the two doublets, tan �. Beyond
tree level, a number of additional parameters a�ect the Higgs sector, the choice of which defines various
MSSM benchmark scenarios. In some scenarios, such as m

mod+
h

[19], the top-squark mixing parameter
is chosen such that the mass of the lightest CP-even Higgs boson, mh, is close to the measured mass
of the Higgs boson that was discovered at the LHC. A di�erent approach is employed in the hMSSM
scenario [20, 21] in which the measured value of mh can be used, with certain assumptions, to predict
the remaining masses and couplings of the MSSM Higgs bosons without explicit reference to the soft
supersymmetry-breaking parameters. The couplings of the MSSM heavy Higgs bosons to down-type
fermions are enhanced with respect to the SM for large tan � values, resulting in increased branching
fractions to ⌧ leptons and b-quarks,1 as well as a higher cross section for Higgs boson production in
association with b-quarks. This has motivated a variety of searches for a scalar boson in ⌧⌧ and bb final
states at LEP [22], the Tevatron [23–25] and the LHC [26–32].

(a)

_

(b) (c)

Figure 1: Lowest-order Feynman diagrams for the production of a neutral MSSM Higgs boson via (a) gluon–gluon
fusion and b-associated production in the (b) four-flavour and (c) five-flavour schemes of a neutral MSSM Higgs
boson.

This paper presents the results of a search for neutral MSSM Higgs bosons in the ⌧⌧ decay mode using
13.3 fb�1 of LHC proton–proton (pp) collision data collected with the ATLAS detector [33] in 2015
and 2016 at a centre-of-mass energy of 13 TeV. From this dataset, 3.2 fb�1 were collected in 2015 and
10.1 fb�1 in 2016. The search considers the ⌧lep⌧had and ⌧had⌧had decay modes, where ⌧lep represents the
1 Throughout this paper the inclusion of charge-conjugate decay modes is implied.
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C
H→ZZ

Eur. Phys. J. C 81 (2021) 332
New

llll 
• Require two same-flavour, 

opposite-sign lepton pairs and 
have invariant masses cuts. 

• For the NWA events are classified 
based on NN to separate the ggF 
and VBF production mechanisms.  

• Signal modelling:  
• NWA: Crystal Ball and 

Gaussian function.  
• LWA and graviton: convolved 

also with the parton-level 
lineshape of m4l.

llνν 
• Require a same-flavour, opposite-

sign lepton pair and have 
additional missing ET related and 
angular cuts. 

• Separate ggF from VBF based on 
jets related selections.  

• Signal modeling: 
• MT - transverse mass template 

derived from simulations and 
fit to data. 

Higgs 2021
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C
H→ZZ

Eur. Phys. J. C 81 (2021) 332
New

• Background estimation: 
• Minor backgrounds - simulated 

from MC.  
• Major backgrounds - shape from 

MC and normalization from data. 
• llll: dominant non resonant ZZ - 

using functional form. 
• LWA 

• H-h interference: reweighting the 
the particle-level lineshape of 
generated signal events. 

• H-B interference:  generating 
Inclusive sample of 
signal+background+interference.

Higgs 2021
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C
H→ZZ

Eur. Phys. J. C 81 (2021) 332
New

• Upper limits on XS*BR are set at the 95% CLs: 
• NWA (improvement of up to ~40% wrt 

previous results due to improvements in 
object performances and in the analysis): 

• 200–2.6 fb for ggF. 
• 87–1.9 fb for VBF.

Higgs 2021
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C
H→ γγ

• Search for heavy resonances decaying into photon pairs 
using 139 fb-1 at 13 TeV. 

• Motivation:  
• Spin 0 - extended Higgs sector. 
• Spin 2 - warped extra-dimension model. 

• Require at least two photons with ET > 22 GeV and additional ET/mγγ > 0.3 
(0.25) for leading (subleading) γ. 

• The signal is modeled using  
• Double Sided Crystal Ball 

• Convolved with the  
truth line shape. 

• Breit-Wigner.

Phys. Lett. B 822 (2021) 136651
New

Higgs 2021
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C
H→ γγ

• Background estimation:  

• Irreducible (γγ) from MC. 

• Reducible (γj,jγ,jj) from data driven methods. 

• Mixed according to data-driven purities. 
• Fluctuations suppressed using the  

functional decomposition method. 
Up to 25% gain on the limit wrt using the default MC. 

• Background modeling: 
• Fit range: 160-3000 GeV  

(spin dependent). 
• Functional form: 

• Uncertainty obtained using the  
spurious signal method.

Phys. Lett. B 822 (2021) 136651
NewThe analytic form of the continuum background is determined by fitting a template built from reconstructed

S����� WW MC events and W 9 events derived from a dedicated data control region where the photon
identification requirements are inverted. The diphoton invariant mass distribution is fitted in the range above
150 GeV. The lower value of the range is chosen to allow for enough events in the <WW side-bands to ensure
a good description by the analytic form, while the upper value of the range is chosen such as the procedure
remains stable in injection tests . The search region for a resonant signal covers the region 160–3000 GeV
for a NWA spin-0 resonance, 400–2800 GeV for a wide spin-0 resonance, and 500–2800 GeV for a graviton
resonance. The procedure described in Ref. [40] is used to ensure that the chosen analytic function
is flexible enough to model any potential variations in the background template. The analytic form is
chosen from the family of functions previously used to describe the diphoton invariant mass spectrum [48].
Additional background templates are constructed from variations due to the uncertainties in the measured
background composition, shape of the W 9 component and theoretical uncertainties such as the choice of
PDF and the variation of renormalization and factorization scales. The function with the fewest degrees of
freedom that maintains enough flexibility to model all variations of the template shape is chosen, and it
takes the form

5 (G; 1, 00, 01) = # (1 � G
1/3)1G00+01log(G) (1)

where # , 1, 00, 01 are free parameters and G = <WW/
p
B.

Fits to these background templates are used to estimate the bias due to this choice of analytic function; any
fitted signal yield is considered as a ‘spurious signal’ systematic uncertainty. For lower resonance masses
this uncertainty is dominated by the statistical fluctuations of the background template due to the limited
number of generated MC events, leading to fluctuations that are significant compared to the expected
statistical uncertainty on the data. To suppress the impact of these fluctuations, each background template
is smoothed using the functional decomposition (FD) method [13]. This method uses a linear combination
of orthonormal exponential functions to fit a background template and the fit result is binned and used as a
smoothed template for the spurious-signal determination only.

To illustrate the FD process, an example fit to a pseudo-experiment and the resulting spurious-signal
uncertainty is shown in Figure 2. This pseudo-experiment dataset is generated from the functional form
given in Eq. (1), where the parameters are determined by fitting simulated WW events. First, the FD
method is used to fit the pseudo-experiment, resulting in a smoothed FD template; this template and the
pseudo-experiment are shown in Fig. 2(a). The spurious signal estimated by fitting the smoothed FD
template with the signal-plus-background model has fewer fluctuations and a smaller amplitude than the one
estimated by fitting the unsmoothed template as shown in Fig. 2(b). To verify that the smoothing maintains
the underlying shape of the <WW distribution, this process is repeated for an ensemble of pseudo-experiments
and the mean number of extracted signal events is compared between the smoothed and unsmoothed
templates. The resulting bias in the determination of the spurious-signal uncertainty, shown in Fig. 2(c),
agrees between the unsmoothed and smoothed template ensembles and is found to be much smaller than
the uncertainty from a single pseudo-experiment. Finally, by using this smoothed template approach, an
improved description of the spurious-signal uncertainty is obtained, leading to an improvement of 2–28%
in the expected sensitivity of this search as shown in Fig. 2(d).

The spurious-signal uncertainty for this background function choice is 40%–10% of the statistical uncertainty
of the fitted signal yield for NWA signals with masses ranging from 160 GeV to 3000 GeV. This uncertainty
increases to 70%–20% for wider signals with masses ranging from 400 GeV to 2800 GeV.
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C
H→ γγ

• Upper limits on the fiducial XS*BR are set at the 
95% CLs: 

• Spin 0: 12.5–0.03 fb. 

• Spin 2: 3.2–0.04 fb. 

• Highest local (global) is 3.29σ (1.36) at m = 684 GeV.

Phys. Lett. B 822 (2021) 136651
New



L. Barak 11

C
H→ γγ

• Search for low-mass resonance decaying into photon pairs using 80 fb-1 at 
13 TeV. 

• Mass range: 65 - 110 GeV. 
• Additional features: 

• Another background: Drell-Yan originates from Z/γ∗ → e+e− with electrons faking photons.  
• Shape and normalization constrained using a data-driven measurement of e → γ 

events in Z → ee decays. 
• Categories based on the photon reconstruction: both unconverted (UU), one converted and 

one unconverted (CU) or both converted (CC). 
• Background estimation:  

• Both the non-resonant continuum and the resonant DY are estimated separately in each 
category. 

• The continuum is fitted on data, with the normalization and function parameters free, 
while for the DY both shape and normalization are fitted but constrained by control 
regions.

ATLAS-CONF-2018-025

Higgs 2021
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C
H→ γγ

• Upper limits on the fiducial XS*BR  
are set at the 95% CLs: 

• 30 - 101 fb.

ATLAS-CONF-2018-025

Higgs 2021
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C
H→WW

Eur. Phys. J. C 78 (2018) 24

• Search for heavy resonances decaying into WW in the eνµν 
final state using 36.1 fb-1 at 13 TeV. 

• Many channels: 

• Productions: gluon-gluon fusion and vector-boson-fusion. 

• Width assumptions: narrow-width approximation and large-width 
assumption. 

• Spins: 0 (2HDM, GM), 1 (HVT) and 2 (Randall–Sundrum, ELM). 

• Mass range: 200-5000 GeV. 

• Discriminating variable: 
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Figure 1: Acceptance times e�ciency as a function of signal mass for the ggF or qqA (left) and VBF (right)
productions. All three signal event categories are combined. The hatched band around the NWA signal curve shows
the typical size of the total statistical and systematic uncertainties.

VBF phase space) dedicated to the ggF or qqA signal (SRggF). For the VBF Njet = 1 category, two
discriminating variables are used to minimise the contribution of the ggF signal: the pseudorapidity of the
jet, ⌘j , and the minimum value of the pseudorapidity di�erence between the jet and either of the leptons,
min(|�⌘j` |). For the VBF Njet � 2 category, the invariant mass, mj j , and the rapidity di�erence, �yj j , of
the two leading jets are used to select the VBF signal.

The NWA and LWA signal acceptance times the e�ciency, after all selection requirements for a 700 GeV
ggF signal, is approximately 50% in the quasi-inclusive ggF category and 5% or less in the VBF Njet = 1
and Njet � 2 categories. For a 700 GeV VBF signal, it is between 15% and 25% for the three event
categories. The acceptance times e�ciency for the three event categories combined, as a function of
resonance mass, is shown in Figure 1 for the di�erent signals. For the spin-1 and spin-2 signals, the
range up to 1 TeV is considered in the case of VBF model processes. For samples with lower resonance
masses, the acceptance times e�ciency is lower because the leptons are softer. This is also the reason
why the search is limited to signal mass values greater than about 200 GeV. The same selection is applied
to all models and the di�erent selection e�ciencies between the models are mainly due to di�erent �⌘``
distributions for the di�erent spin states.

The discriminating variable used for the statistical analysis (Section 9) in this search is the transverse mass
defined as
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T is the transverse momentum vector of the leading and subleading leptons.

7 Background estimation

The dominant background for the e⌫µ⌫ final state is due to events with top quarks and due to SM WW

events. Additional contributions to the background arise from V+jets and the diboson processes V Z ,
V� and V�⇤. Since the discriminating variable used for this search is the transverse mass, mT, both the
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Table 1: Summary of the di�erent signal models and resonances considered in the analysis. The resonance spin
and production mode are also specified with ggF for gluon–gluon fusion, qqA for quark–antiquark annihilation and
VBF for vector-boson fusion.

Model Resonance spin Production mode
ggF qqA VBF

NWA Spin-0 x x
2HDM x x
LWA x x
GM x
HVT Spin-1 x x

Bulk RS Spin-2 x
ELM x

width approximation (NWA). Larger widths (large-width assumption, LWA) of 5%, 10% and 15% of the
heavy Higgs boson mass, are also considered. The choice of the width range for the heavy Higgs boson
is motivated by the fact that, for several of the most relevant BSM models, widths above 15% are already
excluded by indirect limits [37].

The 2HDM comes in di�erent types [38], defined by assumptions about the couplings of each of the Higgs
doublets and the discrete symmetries imposed. This analysis considers Type I, where one Higgs doublet
couples to vector bosons while the other couples to fermions, and Type II of the minimal supersymmetric
(SUSY)-like model in which one Higgs doublet couples to up-type quarks and the other one to down-type
quarks and charged leptons. This analysis uses a generic charge-conjugation- and parity-conserving (CP-
conserving) 2HDM with a softly broken Z2 symmetry [38] which has several free parameters: (i) four
masses mh, mH , mA and mH± for the two CP-even neutral states, the pseudo-scalar and the charged Higgs
boson pair, respectively, (ii) a mixing angle ↵ between the CP-even neutral Higgs fields, and (iii) the ratio
of the vacuum expectation values of the two Higgs doublets tan � = �2/�1. The benchmark is defined by
setting mh = 125 GeV and the masses of the supersymmetric particles heavy enough so that Higgs boson
decays into SUSY particles are kinematically forbidden. The cross sections and branching fractions are
calculated with SusHi and 2HDMC [39, 40].

The GM model extends the Higgs sector with the addition of a real and a complex triplet of SU(2)L in
a way which preserves the SM value of ⇢ = M

2
W
/(M

2
Z

cos2✓W ) = 1 at tree level, with mW , mZ and ✓W
being the W and Z boson mass and the weak mixing angle, respectively. The physical states include a
fermiophobic fiveplet, H

0
5 , H

±

5 , and H
±±

5 , of custodial SU(2) symmetry which couples preferentially to
vector bosons [41]. For that reason, the GM model is less constrained [42], when produced by the VBF
process, than other standard benchmark models of a triplet Higgs field, such as the little Higgs model [43]
or the left–right symmetric model [44]. The model has many parameters [45, 46], but, if the other new
Higgs bosons are heavier than those of the H5 multiplet, the only production mode is via the VBF process.
The cross section and decay width into VV are then proportional to a single parameter, sin2✓H , which
characterises the fraction of the gauge boson masses generated by the triplet Higgs fields.

The HVT Lagrangian [18] parameterises the couplings of the new spin-1 heavy bosons to SM particles in
a generic manner and allows their mixing with SM gauge bosons. The s-channel production mechanism
of the heavy gauge bosons is primarily via qq̄ annihilation (qqA). The HVT bosons couple to the Higgs
boson and SM gauge bosons with coupling strength chgV and to the fermions with coupling strength
g2

cF/gV , where g is the SM SU(2)L gauge coupling, ch and cF are multiplicative factors that modify the

3
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• Dominant BGs: non resonant VV and V+jets.  
• Upper limits on XS*BR are set at the 95% 

CLs: 
• NWA: 

• 6.4–0.008 pb for ggF. 
• 1.3–0.006 pb for VBF.



Summary
• ATLAS is searching for a new physics in various production and decay 

modes, under different spin assumptions. 

• Unfortunately, no significant deviation from the SM prediction has been 
observed. 

• Many more exciting results to come using the full Run 2 dataset. 

15L. Barak Charged 2021
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• Run 2 is over with more than 150 fb-1 of data delivered 
during 2015-2018. 
• Almost 140 fb-1 are good for physics.

Charged 2021
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Eur. Phys. J. C 78 (2018) 24

• Search for heavy resonances decaying into WW in the eνµν 
final state using 36.1 fb-1 at 13 TeV.Table 2: Selection conditions and phase space definitions used in the ggF and VBF signal regions.

SRggF SRVBF1J SRVBF2J
Common selections

Nb-tag = 0
|�⌘`` | < 1.8

m`` > 55 GeV
p
`,lead
T > 45 GeV

p
`,sublead
T > 30 GeV

veto if p
`,other
T > 15 GeV

max(mW

T ) > 50 GeV
ggF phase space VBF1J phase space VBF2J phase space

Inclusive in Njet but excluding Njet = 1 and Njet � 2 and
VBF1J and VBF2J phase space |⌘j | > 2.4, min(|�⌘j` |) > 1.75 mj j > 500 GeV, |�yj j | > 4

6 Event selection

As a first step, WW candidate events are selected by requiring two oppositely charged, di�erent-flavour
leptons (e or µ). Both leptons must satisfy the minimal quality criteria discussed in Section 5. When
ordered in pT, these leptons are called the leading and subleading ones, p

`,(sub)lead
T . In order to suppress

the background from diboson processes, a veto is imposed on events with an additional lepton with
p
`,other
T > 15 GeV.

Table 2 summaries the selections and the definition of signal regions (SRs). The variables used in the
selections are the most discriminating ones chosen by a boosted decision tree (BDT) [90], based on the
NWA signal samples. These are p

`,lead
T , the invariant mass of the leading and subleading leptons, m`` ,

and the pseudorapidity di�erence between the two leptons, �⌘`` . The first two variables provide good
separation between a heavy resonance signal and the WW and top-quark background. The separation of
signal from background based on the �⌘`` distribution is found to have a reasonable e�ciency and allows,
at the same time, a control region to be defined for the WW background (Section 7.2). For each selected
variable, the selection criterion is set by maximising the signal significance in the presence of background.
The optimised selection is checked to be applicable to the LWA signals.

In order to further suppress the top-quark background, events with at least one b-tagged jet (Nb-tag � 1)
are rejected from the signal regions. To reduce the Z+jets and W+jets contributions, two other variables
are used: p

`,sublead
T and the maximum value of the transverse mass calculated with either of the two leptons

and the missing transverse momentum, m
W

T . The latter variable is defined as:

m
W

T =

r
2p

`
TE

miss
T

⇣
1 � cos(�` � �Emiss

T )

⌘
,

where p
`
T and �` are the transverse momentum and azimuthal angle of a given lepton and �Emiss

T is the
azimuthal angle of the missing transverse momentum vector.

Three event categories are defined: two disjoint categories optimised for the VBF production, VBF
Njet = 1 and VBF Njet � 2 (SRVBF1J and SRVBF2J), and one quasi-inclusive category (excluding the

8
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• Search for heavy resonances decaying into a pair of Z bosons in the 
llll and llνν final states using 139 fb-1 at 13 TeV. 

• Many channels: 
• Productions: gluon-gluon fusion and vector-boson-fusion. 
• Decays: llll and llνν. 
• Width assumptions: narrow-width approximation and large-width assumption 

(only for the ggF channel). 
• Spins: 0 (two-Higgs-doublet model) and 2 (Randall–Sundrum). 

• Mass range: 200-2000 GeV. 
• Discriminating variable: 

• llll: m4l (four-lepton invariant mass). 
• llνν: 

to an integrated luminosity of 139 fb�1. The additional Higgs boson (spin-0 resonance), denoted by H
throughout this paper, is assumed to be produced mainly via gluon–gluon fusion (ggF) and vector-boson
fusion (VBF) processes with the ratio of the two production mechanisms unknown in the absence of a
specific model. The results are interpreted separately for the ggF and VBF production modes, with events
being classified into ggF- and VBF-enriched categories in both final states, as discussed in Sections 5
and 6. The searches cover a wide mass range from 200 GeV up to 2000 GeV and look for an excess in the
distribution of the the four-lepton invariant mass, m4` , for the `+`�`0+`0� final state, and the transverse
mass, mT, for the `+`�⌫⌫̄ final state, as the escaping neutrinos do not allow the full reconstruction of the
final state. The transverse mass is defined as:

mT ⌘

sq
m2

Z
+
�
p``T

�2
+

q
m2

Z
+
�
Emiss

T
�2 �2

�

��� ÆpT
``
+ ÆEmiss

T

���2,

where mZ is the mass of the Z boson [13], ÆpT
`` and ÆEmiss

T are the transverse momentum of the lepton
pair and the missing transverse momentum with magnitudes of p``T and Emiss

T , respectively. In the
absence of such an excess, limits on the production rate of di�erent signal hypotheses are obtained
from a simultaneous likelihood fit in the two final states. The hypothesis of a heavy Higgs boson in the
narrow-width approximation (NWA) is studied. The upper limits on the production rate of a heavy Higgs
boson are also translated into exclusion contours in the context of the two-Higgs-doublet model. As several
theoretical models favour non-negligible natural widths, large-width assumption (LWA) models [12],
assuming widths of 1%, 5%, 10% and 15% of the resonance mass, are examined only for ggF production,
which dominates over the next-largest contribution (VBF) in the search range. Results are also interpreted
assuming the bulk Randall–Sundrum (RS) model [14, 15] with a warped extra dimension giving rise to a
spin-2 Kaluza–Klein (KK) excitation of the graviton GKK.

The main improvements relative to the previous search [16] are the following: i) full LHC Run 2 integrated
luminosity is used; ii) both analyses profit from improved lepton reconstruction and isolation selection to
mitigate the impact of additional pp interactions in the same or neighbouring bunch crossing (pile-up); iii)
the reconstruction of jets uses a particle-flow algorithm which combines measurements from the tracker
and the calorimeter; iv) the normalisation of the SM Z Z background is derived from data rather than being
estimated from SM predictions; v) event classification targeting di�erent production processes is optimised
using machine learning (ML) algorithms in the case of Z Z !`+`�`0+`0� final state; vi) the mT distribution
is used to search for signals in the VBF-enriched category in the case of the Z Z !`+`�⌫⌫̄ final state, in
addition to the use of mT in the ggF-enriched category; and vii) the search range is extended to 2000 GeV
in signal mass. The improved analyses reduce the expected upper limit on the production cross section of
an additional heavy resonance by up to 40% in comparison with the previous published result scaled to the
full Run 2 luminosity.

The paper is organised as follows. A brief description of the ATLAS detector is given in Section 2.
In Section 3 the data and simulated samples are described. The object reconstruction is described in
Section 4. The analysis strategies for the `+`�`0+`0� and `+`�⌫⌫̄ final states are described in Sections 5
and 6, respectively. Section 7 describes the systematic uncertainties, Section 8 the final results, and
Section 9 the interpretation of these results in the various models.

3

1. Introduction

The discovery of a scalar particle [1, 2] at the Large Hadron Collider (LHC) [3] has provided important
insight into the mechanism of electroweak symmetry breaking. Experimental studies of the new particle
[4–8] demonstrate consistency with the Standard Model (SM) Higgs boson [9–14]. However, it remains
possible that the discovered particle is part of an extended scalar sector, a scenario that is favoured by a
number of theoretical arguments [15, 16].

The Minimal Supersymmetric Standard Model (MSSM) [15, 17, 18] is the simplest extension of the
SM that includes supersymmetry. The MSSM requires two Higgs doublets of opposite hypercharge.
Assuming that CP symmetry is conserved, this results in one CP-odd (A) and two CP-even (h, H) neutral
Higgs bosons and two charged Higgs bosons (H±). At tree level, the properties of the Higgs sector in
the MSSM depend on only two non-SM parameters, which can be chosen to be the mass of the CP-odd
Higgs boson, mA, and the ratio of the vacuum expectation values of the two doublets, tan �. Beyond
tree level, a number of additional parameters a�ect the Higgs sector, the choice of which defines various
MSSM benchmark scenarios. In some scenarios, such as m

mod+
h

[19], the top-squark mixing parameter
is chosen such that the mass of the lightest CP-even Higgs boson, mh, is close to the measured mass
of the Higgs boson that was discovered at the LHC. A di�erent approach is employed in the hMSSM
scenario [20, 21] in which the measured value of mh can be used, with certain assumptions, to predict
the remaining masses and couplings of the MSSM Higgs bosons without explicit reference to the soft
supersymmetry-breaking parameters. The couplings of the MSSM heavy Higgs bosons to down-type
fermions are enhanced with respect to the SM for large tan � values, resulting in increased branching
fractions to ⌧ leptons and b-quarks,1 as well as a higher cross section for Higgs boson production in
association with b-quarks. This has motivated a variety of searches for a scalar boson in ⌧⌧ and bb final
states at LEP [22], the Tevatron [23–25] and the LHC [26–32].

(a)

_

(b) (c)

Figure 1: Lowest-order Feynman diagrams for the production of a neutral MSSM Higgs boson via (a) gluon–gluon
fusion and b-associated production in the (b) four-flavour and (c) five-flavour schemes of a neutral MSSM Higgs
boson.

This paper presents the results of a search for neutral MSSM Higgs bosons in the ⌧⌧ decay mode using
13.3 fb�1 of LHC proton–proton (pp) collision data collected with the ATLAS detector [33] in 2015
and 2016 at a centre-of-mass energy of 13 TeV. From this dataset, 3.2 fb�1 were collected in 2015 and
10.1 fb�1 in 2016. The search considers the ⌧lep⌧had and ⌧had⌧had decay modes, where ⌧lep represents the
1 Throughout this paper the inclusion of charge-conjugate decay modes is implied.
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• Upper limits on XS*BR are set at the 95% CLs: 
• NWA (improvement of up to ~40% wrt 

previous results due to improvements in 
object performances and in the analysis): 

• 200–2.6 fb for ggF. 
• 87–1.9 fb for VBF.

Higgs 2021



L. Barak 22

C
H→ γγ

• Search for heavy resonances decaying into 
photon pairs using 139 fb-1 at 13 TeV. 

• Upper limits on the fiducial XS*BR are set at the 95% CLs: 

• Spin 0: 12.5–0.03 fb. 

• Spin 2: 3.2–0.04 fb. 

• Highest local (global) is 3.29σ (1.36) at m = 684 GeV.

Phys. Lett. B 822 (2021) 136651
New
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C
H→ γγ

• Search for low-mass resonance decaying into photon pairs 
using 80 fb-1 at 13 TeV. 

• Upper limits on the fiducial XS*BR  
are set at the 95% CLs: 

• 30 - 101 fb.

ATLAS-CONF-2018-025

Higgs 2021
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• Search for heavy resonances decaying into WW 
in the eνµν final state using 36.1 fb-1 at 13 TeV. 

• Dominant BGs: non resonant VV and V+jets.  
• Upper limits on XS*BR are set at the 95% CLs: 

• NWA: 
• 6.4–0.008 pb for ggF. 
• 1.3–0.006 pb for VBF.

Table 1: Summary of the di�erent signal models and resonances considered in the analysis. The resonance spin
and production mode are also specified with ggF for gluon–gluon fusion, qqA for quark–antiquark annihilation and
VBF for vector-boson fusion.

Model Resonance spin Production mode
ggF qqA VBF

NWA Spin-0 x x
2HDM x x
LWA x x
GM x
HVT Spin-1 x x

Bulk RS Spin-2 x
ELM x

width approximation (NWA). Larger widths (large-width assumption, LWA) of 5%, 10% and 15% of the
heavy Higgs boson mass, are also considered. The choice of the width range for the heavy Higgs boson
is motivated by the fact that, for several of the most relevant BSM models, widths above 15% are already
excluded by indirect limits [37].

The 2HDM comes in di�erent types [38], defined by assumptions about the couplings of each of the Higgs
doublets and the discrete symmetries imposed. This analysis considers Type I, where one Higgs doublet
couples to vector bosons while the other couples to fermions, and Type II of the minimal supersymmetric
(SUSY)-like model in which one Higgs doublet couples to up-type quarks and the other one to down-type
quarks and charged leptons. This analysis uses a generic charge-conjugation- and parity-conserving (CP-
conserving) 2HDM with a softly broken Z2 symmetry [38] which has several free parameters: (i) four
masses mh, mH , mA and mH± for the two CP-even neutral states, the pseudo-scalar and the charged Higgs
boson pair, respectively, (ii) a mixing angle ↵ between the CP-even neutral Higgs fields, and (iii) the ratio
of the vacuum expectation values of the two Higgs doublets tan � = �2/�1. The benchmark is defined by
setting mh = 125 GeV and the masses of the supersymmetric particles heavy enough so that Higgs boson
decays into SUSY particles are kinematically forbidden. The cross sections and branching fractions are
calculated with SusHi and 2HDMC [39, 40].

The GM model extends the Higgs sector with the addition of a real and a complex triplet of SU(2)L in
a way which preserves the SM value of ⇢ = M

2
W
/(M

2
Z

cos2✓W ) = 1 at tree level, with mW , mZ and ✓W
being the W and Z boson mass and the weak mixing angle, respectively. The physical states include a
fermiophobic fiveplet, H

0
5 , H

±

5 , and H
±±

5 , of custodial SU(2) symmetry which couples preferentially to
vector bosons [41]. For that reason, the GM model is less constrained [42], when produced by the VBF
process, than other standard benchmark models of a triplet Higgs field, such as the little Higgs model [43]
or the left–right symmetric model [44]. The model has many parameters [45, 46], but, if the other new
Higgs bosons are heavier than those of the H5 multiplet, the only production mode is via the VBF process.
The cross section and decay width into VV are then proportional to a single parameter, sin2✓H , which
characterises the fraction of the gauge boson masses generated by the triplet Higgs fields.

The HVT Lagrangian [18] parameterises the couplings of the new spin-1 heavy bosons to SM particles in
a generic manner and allows their mixing with SM gauge bosons. The s-channel production mechanism
of the heavy gauge bosons is primarily via qq̄ annihilation (qqA). The HVT bosons couple to the Higgs
boson and SM gauge bosons with coupling strength chgV and to the fermions with coupling strength
g2

cF/gV , where g is the SM SU(2)L gauge coupling, ch and cF are multiplicative factors that modify the
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