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Introduction
• Theory hypothesises several extensions of the Standard Model (SM).

• In the Higgs sector, hypothesised additional Higgs bosons 

‣ Minimal super symmetric Standard Model (MSSM)

✦ Ex: CP even neutral doublet (h,H) and CP odd pseudo scalar A and two scalars H±

‣ Two Higgs doublet model (2HDM)

✦ motivated also by dark matter axion models
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• Outline:

1. A/H→ tt̅,  A/H→ ττ̅ and HH→bb̅ ττ̅ 

2. Heavy ZZ resonances in the 4ℓ and ℓℓν̅ ν̅ final states 

3. Exotic Higgs boson decays
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Figure 1: Distributions of the invariant mass of the tt̄ pair from the decay of a pseudoscalar A of mass mA =
500 GeV (mA ⌧ mH) at parton level before the emission of final-state radiation and before the parton shower
for the pure resonance S (filled) and signal+interference contribution S + I (unfilled). Events from all tt̄ decay
modes are included and no selection requirements are imposed. The distributions are normalized to an integrated
luminosity of 20.3 fb�1.

for the interference component I is KI =
p

KS ⇥ KB, as suggested in Ref. [46], where KB = 1.87 is
the correction factor to normalize the total cross-section of the SM tt̄ background generated at LO with
MadGraph to the cross-section calculated at NNLO accuracy in the strong coupling constant ↵S, including
resummation of next-to-next-to-leading-logarithmic soft gluon terms. The values of KS range between
two and three for the tested signal hypotheses.

The event selection criteria for the signal regions provide a high selection e�ciency for tt̄ events in the
`+jets channel. Only events with a resolved topology, in which the three jets from the hadronically
decaying top quark are well separated in the detector, are selected. This is the most e�cient selection
strategy for signal hypotheses with mA/H < 800 GeV. Events with a merged topology, in which the
hadronically decaying top quark is reconstructed as a single large radius jet, are not considered. The
event reconstruction and selection criteria are identical to those for the resolved topology in Ref. [17]
except that events that would satisfy the criteria for both topologies are classified as “resolved” instead of
“merged”.

Events are required to contain exactly one isolated electron or muon that is geometrically matched to the
corresponding trigger-level signature. Electron candidates are reconstructed from energy clusters in the
electromagnetic calorimeter matched to tracks in the inner detector and required to have ET > 25 GeV
and pseudorapidity [47] |⌘cluster| < 2.5 [48]. Muon candidates are reconstructed by combining tracks in
the inner detector with tracks in the muon spectrometer [49]. They are required to have pT > 25 GeV
and |⌘| < 2.5. Events must have large missing transverse momentum, Emiss

T > 20 GeV, computed as the
magnitude of the negative vector sum of lepton and jet transverse momenta [50]. In addition, Emiss

T +mW
T >

60 GeV, is required to further suppress the contribution from multijet events, where mW
T is the lepton–Emiss

T
transverse mass [17]. Events must contain at least four hadronic jets with pT > 25 GeV and |⌘| < 2.5,
reconstructed using the anti-kt algorithm [51, 52] with radius parameter R = 0.4. Jets from additional
collisions in the same bunch crossing are rejected using dedicated tracking and vertex requirements [53]
applied to jets with pT < 50 GeV and |⌘| < 2.4. At least one of the jets must be identified as originating
from the decay of a b-hadron (b-jet) using a multivariate tagging algorithm with a 70% e�ciency for
b-jets [54].
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• In 2HDM decays of A/H to tt̅ enhanced for tanβ<3 and mA/H > 500 GeV.  
‣ Parameter region not probed by previous searches.  

• Significant interference between gg→tt̅  production and A/H→tt̅
‣ for mA/H  above tt̅ threshold, for LHC tt̅  main production
‣ Resonant shape distorted to a peak-dip structure. 

A/H→ tt̅
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• Considering only resolved kinematics
‣ Most efficient strategy for mA/H <800 GeV 

• Event classification into six categories 
‣ Kinematic χ2 for jet association to W
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A/H→ tt̅

• CLs limits taking into account signal (S), background (B) and interference (I)

‣ tanβ < 0.7 for mA=550 GeV  and tanβ < 0.72 for mH=550 GeV 

• First and strictest limits in this parameter region
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Figure 2: The mreco
t t̄

distribution in data and after the profile-likelihood fit under the background-only hypothesis for
all signal regions combined. The total background before the fit is indicated by a dashed line. The solid red line in
the bottom panel shows the S + I distribution (scaled by a factor of three) for mH � mA = 500 GeV, tan � = 0.68
relative to the total background. The last bin includes overflow events.

The exclusion limits are derived separately for each parameter point from a profile-likelihood fit [52] of168

the expected mreco
t t̄

distributions to the observed ones simultaneously in all signal regions, taking both169

the statistical and systematic uncertainties into account as nuisance parameters [12]. Only bins with170

mreco
t t̄
> 320 GeV are considered to avoid threshold e�ects that are not well described by the simulation.171

The shape of the binned mreco
t t̄

distributions in the presence of interference is parameterized in terms of172

the signal strength µ as follows [17, 53]:173

µ · S + pµ · I + B =
p
µ · (S + I) + (µ � pµ) · S + B. (1)

The fitted variable ispµ and the case µ = 1 corresponds to the type-II 2HDM in the alignment limit, while174

the case µ = 0 corresponds to the background-only hypothesis. This approach relies on the assumption175

that, for a given parameter point, the shape of the tt̄ invariant mass distributions for S and S + I in176

Eq. (1) does not change if the signal strength is varied. The terms S + I and S on the right-hand side177

of Equation (1) are obtained from the simulated S + I and S signal samples. The term B is determined178

from the mass spectra of the expected total SM background, which is dominated by events from SM tt̄179

production. The level of agreement between the observed and expected mass spectra is quantified in a fit180

under the background-only hypothesis with µ = 0 in which only the nuisance parameters are allowed to181

vary. The observed mass spectra are compatible with the expected spectra after the background-only fit182

within the (constrained) uncertainty bands, as shown in Figure 2.183

The upper limits on µ at 95% confidence level (CL) are obtained with the CLs method [54] for all parameter184

values at which signal samples are available. The upper limits at intermediate points are obtained from185

a linear interpolation among the three closest points. In Figure 3, the observed and expected exclusion186

regions for the type-II 2HDM (µ = 1) are shown for the three mass hierarchies discussed in the introduction.187

The excluded values of tan � for the di�erent mass hypotheses are listed in Table 3.188
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A/H→ ττ̅ and HH→bb̅ ττ̅
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A/H→ ττ̅
• For large tanβ, A/H couplings to leptons and down quarks enhanced.
‣ Particular for hMSSM models.
‣ Increased branching fractions to τ-leptons

• Dominant production modes:
‣ gluon gluon fusion for low tanβ, 
‣ b-associated production for high tanβ
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Figure 1: Lowest-order Feynman diagrams for gluon fusion (a) and b-associated production in the four-flavour (b)
and five-flavour (c) schemes of a neutral MSSM Higgs boson. Feynman diagram for Drell–Yan production of a Z 0

boson at lowest order (d).

2 ATLAS detector93

The ATLAS detector [48] at the LHC covers nearly the entire solid angle around the collision point. It94

consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic95

and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting toroid96

magnets. The inner-detector system is immersed in a 2 T axial magnetic field and provides charged97

particle tracking in the range |⌘ | < 2.5.298

The high-granularity silicon pixel detector covers the vertex region and typically provides four meas-99

urements per track, the first hit being normally in the innermost layer. This closest layer, known as the100

Insertable B-Layer [49, 50], was added in 2014 and provides high-resolution hits at small radius to improve101

the tracking performance. The pixel detector is followed by the silicon microstrip tracker, which provides102

four three-dimensional measurement points per track. These silicon detectors are complemented by the103

transition radiation tracker, which enables radially extended track reconstruction up to |⌘ | = 2.0. The104

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and
the z-axis along the beam pipe. The x-axis points from the interaction point to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r, �) 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). Angular distance is measured in units of
�R ⌘

q
(�⌘)2 + (��)2.
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• Events are split into two categories: 
‣ b-tag veto category: no b-jets in production. 
‣ N(b-jets)>0 associated b-jet production.

arXiv: 1709.07242
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Figure 5: Distributions of mtot
T for the (a) b-veto and (b) b-tag categories of the ⌧lep⌧had channel and the (c) b-

veto and (d) b-tag categories of the ⌧had⌧had channel. The label “Others” refers to contributions from diboson,
Z/�⇤(! ``)+jets and W(! `⌫)+jets production. In the ⌧lep⌧had channel, events containing ⌧had-vis candidates that
originate from jets are removed from all processes other than Jet ! ⌧ fake. The binning displayed is that entering
into the statistical fit discussed in Section 8, with minor modifications needed to combine the ⌧lep⌧had channels and
with underflows and overflows included in the first and last bins, respectively. The predictions and uncertainties for
the background processes are obtained from the fit under the hypothesis of no signal. The combined prediction for A
and H bosons with masses of 300, 500 and 800 GeV and tan � = 10 in the hMSSM scenario are superimposed. The
significance of the data given the fitted model and its uncertainty is computed in each bin following Ref. [142] and
is shown in the lower panels. The expected significance of the hypothetical Higgs boson signals are also overlaid.
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T for the (a) b-veto and (b) b-tag categories of the ⌧lep⌧had channel and the (c) b-

veto and (d) b-tag categories of the ⌧had⌧had channel. The label “Others” refers to contributions from diboson,
Z/�⇤(! ``)+jets and W(! `⌫)+jets production. In the ⌧lep⌧had channel, events containing ⌧had-vis candidates that
originate from jets are removed from all processes other than Jet ! ⌧ fake. The binning displayed is that entering
into the statistical fit discussed in Section 8, with minor modifications needed to combine the ⌧lep⌧had channels and
with underflows and overflows included in the first and last bins, respectively. The predictions and uncertainties for
the background processes are obtained from the fit under the hypothesis of no signal. The combined prediction for A
and H bosons with masses of 300, 500 and 800 GeV and tan � = 10 in the hMSSM scenario are superimposed. The
significance of the data given the fitted model and its uncertainty is computed in each bin following Ref. [142] and
is shown in the lower panels. The expected significance of the hypothetical Higgs boson signals are also overlaid.
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A/H→ ττ̅
• Reconstruction of ττ̅ final states.
‣ Two τ decay modes are considered:

✦ All hadronic final state (τhadτhad) both τ decay hadronically. 
✦ Semileptonic final state (τlepτhad) one τ decays hadronically and one leptonically.

8

• Discriminant is total transverse mass:

‣ Missing energy challenges mττ.

‣ Backgrounds larger component in longitudinal axis.

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

DRAFT

5.2 ⌧had⌧had channel277

Events in the ⌧had⌧had channel are recorded using single tau triggers with pT thresholds of 80, 125 or278

160 GeV, depending on the data-taking period. Events must contain at least two ⌧had-vis candidates279

with pT > 65 GeV and no electrons or muons. The leading-pT ⌧had-vis candidate must be geometrically280

matched to the object that fired the trigger and must exceed the trigger pT threshold by 5 GeV. The281

leading and sub-leading ⌧had-vis candidates must pass the “medium” and “loose” identification criteria,282

respectively. They must also have opposite electric charge and be back-to-back in the transverse plane:283

|��(⌧1, ⌧2) | > 2.7 rad.284

5.3 Event categories285

Events satisfying the selection criteria in the ⌧lep⌧had and ⌧had⌧had channels are categorised to exploit the286

di�erent production modes in the MSSM. Events containing at least one b-tagged jet enter the b-tag287

category, while events containing no b-tagged jets enter the b-veto category. The categorisation is not288

used for the Z 0 search.289

5.4 Ditau mass reconstruction290

The ditau mass reconstruction is important for achieving good separation between signal and background.291

However, its reconstruction is challenging due to the presence of neutrinos from the ⌧-lepton decays.292

Furthermore, the backgrounds tend to produce a higher mass along the longitudinal axis than in the293

transverse plane, diminishing the separation power. Therefore, the mass reconstruction used for both the294

⌧had⌧had and ⌧lep⌧had channels is the total transverse mass, defined as:295

mtot
T ⌘

q
(p⌧1

T + p⌧2
T + Emiss

T )2 � (p⌧1
T + p⌧2

T + Emiss
T )2

where p⌧1
T and p⌧2

T are the momenta of the visible tau decay products (including ⌧had and ⌧lep) projected296

into the transverse plane and Emiss
T is the missing transverse momentum.297

6 Background estimation298

The dominant background contribution in the ⌧lep⌧had channel arises from processes where the ⌧had-vis299

candidate originates from a quark- or gluon-initiated jet (henceforth called jet). This contribution is300

estimated using a data-driven fake-factor technique, described in Section 6.1. The events are divided301

into those where the selected lepton is correctly identified, predominantly from W+ jets (tt̄) production in302

the b-veto (b-tag) channel, and those where the selected lepton arises from a jet, predominantly multijet303

production. Backgrounds where both the ⌧had-vis and lepton candidates originate from electrons, muons or304

taus (real-lepton) arise from Z/�⇤ ! ⌧⌧ production in the b-veto category and tt̄ production in the b-tag305

category, with minor contributions from Z/�⇤ ! ``, diboson and single top-quark production. These306

contributions are estimated using simulation. Corrections are applied to the simulation to account for307

mismodelling of the trigger, reconstruction, identification and isolation e�ciencies, the electron to ⌧had-vis308

misidentification rate and the momentum scales and resolutions. To help constrain the normalisation309
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A/H→ ττ̅

9

• Results from profile likelihood fit on transverse 
mass mTtot

• Model independent limits on σ x BR (H/A) 
production
‣ Separately for ggF production and b-associated 

production. 
‣ Limits from 200 GeV to > 2.0 TeV on mϕ

‣ Narrow-width assumption of ϕ 

arXiv: 1709.07242
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Figure 7: The observed and expected 95% CL upper limits on the production cross section times branching fraction
for a scalar boson produced via (a) gluon–gluon fusion and (b) b-associated production, and for (c) gauge bosons.
The limits are calculated from a statistical combination of the ⌧lep⌧had and ⌧had⌧had channels. The excluded regions
from the 2015 data ATLAS search [31] are depicted by the hatched blue fill. The predicted cross section for a Z0SSM
boson is overlaid in (c), where the band depicts the total uncertainty.
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Figure 8: The (a) observed and (b) expected 95% CL upper limit on the production cross section times branching
fraction for � ! ⌧⌧ as a function of the fractional contribution from b-associated production and the scalar boson
mass. The solid and dashed lines represent contours of fixed � ⇥ B.
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Figure 9: Impact of major groups of systematic uncertainties on the � ! ⌧⌧ 95% CL cross section upper limits
as a function of the scalar boson mass, separately for the (a) gluon–gluon fusion and (b) b-associated production
mechanisms.
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G. Barone

A/H→ ττ̅

10

• Results interpreted as limits on MSSM models

‣ tanβ > 1.0 for mA=0.25 TeV and tanβ > 45 for mA=1 TeV excluded.

‣ For mhmod+ tanβ > 5.3 for mA=0.25 TeV and tanβ > 54 for mA=1 TeV excluded

✦ Presence of low mass neutralinos decrease A/H→ττ branching fraction 

arXiv: 1709.07242
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Figure 10: The observed and expected 95% CL upper limits on tan � as a function of mA in the MSSM (a) mmod+
h

and (b) hMSSM scenarios. For the mmod+
h scenario, dashed lines of constant mh and mH are shown in red and blue,

respectively. For the hMSSM scenario, the exclusion arising from the SM Higgs boson coupling measurements of
Ref. [145] and the exclusion limit from the ATLAS 2015 H/A! ⌧⌧ search result of Ref. [31] are shown.

8.4 Z0 interpretations

The data are also interpreted in terms of Z0 models. As shown in Figure 7(c), the observed (expected)
lower limit on the mass of a Z0SSM boson is 2.42 (2.47) TeV at 95% CL. Limits at 95% CL are also placed
on Z0NU bosons as a function of mZ0 and the mixing angle between the heavy and light SU(2) gauge groups,
�, as shown in Figure 11. Masses below 2.25–2.60 TeV are excluded in the range 0.03 < sin2 � < 0.5
assuming no µ–⌧ mixing.
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respectively. For the hMSSM scenario, the exclusion arising from the SM Higgs boson coupling measurements of
Ref. [145] and the exclusion limit from the ATLAS 2015 H/A! ⌧⌧ search result of Ref. [31] are shown.

8.4 Z0 interpretations

The data are also interpreted in terms of Z0 models. As shown in Figure 7(c), the observed (expected)
lower limit on the mass of a Z0SSM boson is 2.42 (2.47) TeV at 95% CL. Limits at 95% CL are also placed
on Z0NU bosons as a function of mZ0 and the mixing angle between the heavy and light SU(2) gauge groups,
�, as shown in Figure 11. Masses below 2.25–2.60 TeV are excluded in the range 0.03 < sin2 � < 0.5
assuming no µ–⌧ mixing.
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• Search for resonant Higgs pair production 
‣ CP-even scalar decaying into a HH pair. 
‣ One pair into bb̅ and one into ττ̅ 

✦ τ modes similar to what discussed above. 
✦ mττ reconstructed with kinematic likelihood 

‣ Splitting in resolved and boosted topologies for bb̅ kinematics

‣ Multivariate discriminant to reject tt̅ processes. 

arXiv:1707.02909
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Figure 2: Distributions of the events observed in the signal regions of the tµth final state. The
first, second, and third rows show the resolved 1b1j, 2b, and boosted regions, respectively.
Panels in the right column show the distribution of the mT2 variable, while the other panels
show the distribution of the mKinFit

HH variable, separated in the low-mass (LM, left panels) and
high-mass (HM, central panels) regions for the resolved event categories.Data are represented
by points with error bars and expected signal contributions are represented by the solid (BSM
HH signals) and dashed (SM nonresonant HH signal) lines. Expected background contribu-
tions (shaded histograms) and associated systematic uncertainties (dashed areas) are shown as
obtained after the maximum likelihood fit to the data under the background-only hypothesis.
The background histograms are stacked while the signal histograms are not stacked.
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Figure 2: Distributions of the events observed in the signal regions of the tµth final state. The
first, second, and third rows show the resolved 1b1j, 2b, and boosted regions, respectively.
Panels in the right column show the distribution of the mT2 variable, while the other panels
show the distribution of the mKinFit

HH variable, separated in the low-mass (LM, left panels) and
high-mass (HM, central panels) regions for the resolved event categories.Data are represented
by points with error bars and expected signal contributions are represented by the solid (BSM
HH signals) and dashed (SM nonresonant HH signal) lines. Expected background contribu-
tions (shaded histograms) and associated systematic uncertainties (dashed areas) are shown as
obtained after the maximum likelihood fit to the data under the background-only hypothesis.
The background histograms are stacked while the signal histograms are not stacked.
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Figure 2: Distributions of the events observed in the signal regions of the tµth final state. The
first, second, and third rows show the resolved 1b1j, 2b, and boosted regions, respectively.
Panels in the right column show the distribution of the mT2 variable, while the other panels
show the distribution of the mKinFit

HH variable, separated in the low-mass (LM, left panels) and
high-mass (HM, central panels) regions for the resolved event categories.Data are represented
by points with error bars and expected signal contributions are represented by the solid (BSM
HH signals) and dashed (SM nonresonant HH signal) lines. Expected background contribu-
tions (shaded histograms) and associated systematic uncertainties (dashed areas) are shown as
obtained after the maximum likelihood fit to the data under the background-only hypothesis.
The background histograms are stacked while the signal histograms are not stacked.
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HH→bb̅ ττ̅
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• Model independent limits as a function of resonance mass

‣ Narrow width hypothesis. 

• Limits interpreted in the hMSSM model in the tanβ plane 
‣ with the resonance interpreted as A and h(SM Higgs at 125 GeV).  

‣ limits from mA = 270 GeV to 370 GeV. 

arXiv:1707.02909
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Figure 5: (upper) Observed and expected 95% CL upper limits on cross section times branching
fraction as a function of the mass of the resonance mS under the hypothesis that its intrinsic
width is negligible with respect to the experimental resolution. The inner (green) band and the
outer (yellow) band indicate the regions containing 68 and 95%, respectively, of the distribution
of limits expected under the background-only hypothesis. The red line denotes the expectation
for the production of a radion, a spin-0 state predicted in WED models, for the parameters
LR = 3 TeV (mass scale) and kL = 35 (size of the extra dimension), assuming the absence of
mixing with the Higgs boson. (lower) Interpretation of the exclusion limit in the context of the
hMSSM model, parametrized as a function of the tan b and mA parameters. In this model, the
CP-even lighter scalar is assumed to be the observed 125 GeV Higgs boson and is denoted as h,
while the CP-even heavier scalar is denoted as H and the CP-odd scalar is denoted as A. The
dotted lines indicate trajectories in the plane corresponding to equal values of the mass of the
CP-even heavier scalar of the model, mH.
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ZZ→4ℓ and ℓℓν̅ν̅
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• Searches for spin-0 and spin-2 resonances in the ZZ→4ℓ and ℓℓν̅ν ̅final 
states. 
‣ Upper limits for Type-I and II two-Higgs double models (spin-0) and for RS models 

(spin-2)
‣ Separate sensitivity for ggF and VBF productions (both ATLAS and CMS)

✦ Typical VBF selection: at least two jets with pT(j) > 30 GeV, Δη > 3.3 and mjj > 400 GeV

• Resonances searched in m4ℓ and mT

‣ Analytical parametrisation of signal.
‣ h-H interference taken into account in 

the large width approximation 

ATLAS-CONF-2017-058, B2G-16-023 and B2G-16-033
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ZZ→4ℓ and ℓℓν̅ν̅
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• Searches for spin-0 and spin-2 resonances in the ZZ→4ℓ and ℓℓν̅ ν̅ final 
states. 
‣ Upper limits for Type-I and II two-Higgs double models (spin-0) and for RS models 

(spin-2)
‣ Separate sensitivity for ggF and VBF productions 

✦ At least two jets with pT(j) > 30 GeV, Δη > 3.3 (4.4) and mjj > 400 (550) GeV

10 7 Results

background predictions.

Upper limits on the contribution of events from new physics are computed by using the modi-
fied frequentist approach CLs [48–50]. The same simultaneous combined fit is performed using
signal and background distributions after application of the SR selection to extract the upper
limits for a given signal hypothesis.

Statistical uncertainties in the background modeling are taken into account by fluctuating the
predicted background histograms within an envelope according to uncertainties in each bin.
Because the statistical uncertainties are bin-to-bin uncorrelated, a set of such envelopes is in-
cluded in the analysis with each envelope representing the statistical fluctuations of a particular
bin.

Systematic uncertainties are treated as nuisance parameters, constrained with Gaussian or log-
normal probability density functions in the maximum likelihood fit. Upper limits on the cross
section times branching fraction for the resonance production are evaluated using the asymp-
totic approximation [51] of the CLs criterion with the “LHC-style” test statistic [50]. When the
likelihoods for electron and muon channels are combined, the correlation of systematic effects
across those channels is taken into account.
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Figure 4: The MT distributions for electron (ee, left) and muon (µµ, right) channels comparing
data and data-driven background modeling after fitting only the background modeling to the
data (Post-fit B-only). A model of the expected distribution for a spin-2 bulk graviton with
MG = 1 TeV is shown after normalization to a cross section of 1 pb. The uncertainty bands on
the ratio plots show the systematic uncertainties, while the statistical uncertainty on the data
is reflected by the error bars. The lower panels show the ratio of data to the prediction for
background.

7 Results

The expected and observed upper limits on the resonance cross section multiplied by the
branching fraction for X ! ZZ are determined at the 95% confidence level (CL) for the nar-
row width benchmark model as a function of mX and shown in Figure 5. The observed lim-
its are consistent with the SM backgrounds prediction. Upward fluctuations in the data ob-

ATLAS-CONF-2017-058, B2G-16-023 and B2G-16-033
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• Spin-0 resonance limits 
‣ Narrow width:  0.68 pb at mH= 242 GeV to 11 fb at mH= 1.2 TeV 
‣ Large width as a function of 1%, 5% and 10% of mH

ATLAS-CONF-2017-058

• Interpretation in context of 2HDM 

‣ No direct coupling of Higgs to leptons, only Type II and II 
considered. 

‣ Relative ggF to VBF rates fixed to 2HDM predictions for 
mH= 200 GeV. 

✦ NWA valid across wide range and maximal experimental 
sensitivity 



G. Barone

ZZ→4ℓ and ℓℓν̅ν̅
• Separates searches in each final state. 

• ZZ→4ℓ, search as function of Γ (with Γ<mX) on m4ℓ

‣ Separate ggF / VBF categorisation 
✦ Parametrisation based on MCFM within MELA, incorporation of interference effects 

• ZZ→ ℓℓν̅ ν̅ 

17
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• Search for BSM dark vector or pseudoscalar bosons in 4ℓ final states
‣ Probe ε and mZd (of the U(1)d)  independently of mixing with SM Higgs

✦ Signal is indistinguishable from H→ZZ*, must emerge above SM Higgs production 

‣ 2HDM+S allows for a light pseudoscalar mass eigenstate (a)

✦ Yukawa-like couplings to fermions,  though 
smaller BR to lepton pairs

H→ZZd and ZdZd

19
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• Generic limits on H→XX→4ℓ
‣ model independent within fiducial phase-space

✦ σH fixed to expectation at mH=125 GeV
✦ Signal modelled by Gaussian pdf

• Interpreted as limits ZdZd and 2HDM+S
‣ on  BR(H→ZdZd) and BR(H→aa)

‣ factor two improvement w.r.t previous result

• Limits on ZZd 

H→ZZd and ZdZd

20
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ℓℓ+̅ETmiss

• Dilepton from Z boson production in association with large ETmiss probes 

‣ Dark matter production, spin-0- and spin1- mediated 
‣ Higgs decays into invisible particles 
‣ Graviton production in the context of large extra dimensions 

21
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Figure 1: Feynman diagrams illustrative of the beyond the standard model processes consid-
ered in this paper: (a) dark matter production in a simplified model with a spin-1 mediator
A; (b) dark matter production in a simplified model with a spin-0 mediator f; (c) production
of a Higgs boson in association with Z boson with subsequent decay of the Higgs boson into
invisible particles; (d) graviton production in the scenario of large extra dimensions.
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• Non resonant signal search → understanding of background 
‣ ZZ→2ℓ2ν same final state about 60% of tot. bck. 

‣ WZ→ℓνℓℓ ̅with one lepton failing identification, 
about 25% of tot. bck.

‣ W(Z) traverse momentum: emulation of ETmiss 
‣ sum of extra lepton and measured ETmiss

8 7 Background estimation

Similar to the WZ case, the emulated Emiss
T is calculated as the vectorial sum of the genuine Emiss

T
and the Z boson with the larger mass difference to the nominal value of mZ. Again, a signal-
like topology selection is applied using the emulated Emiss

T and the remaining Z candidate with
relaxed t lepton and b jet vetoes. The resulting emulated Emiss

T spectrum is shown in Fig. 2 (top
right).
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Figure 2: Emulated Emiss
T distribution for the WZ ! 3`n (top left) and ZZ ! 4` (top right)

control regions, and the ratio between both distributions in data and simulation (bottom). Un-
certainty bands correspond to the combined statistical and systematic components.

7.1.3 VV ratio constraints

To tie the WZ and ZZ control regions and the signal region together, a transfer factor is formed
using the theoretical predictions for the WZ and ZZ processes. The prediction is formed from
fully reconstructed simulated events generated as described in Section 4 with the following
additional higher-order corrections applied:

• A Df(Z, Z)-dependent correction to ZZ from NLO to next-to-next-to-leading order
(NNLO) in QCD [63], a 15% effect;
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Figure 4: Distribution of the Emiss
T in the ee + µµ channel after the full selection, including the

region between 50 and 100 GeV. The last bin also includes any events with Emiss
T > 600 GeV.

The uncertainty band includes both statistical and systematic components. The ZH(inv.) signal
normalization assumes SM production rates and B(H ! inv.) = 1.

10.1 Dark matter interpretation

Figure 5 shows the 95% CL expected and observed limits for vector and axial-vector medi-
ated scenarios with couplings gDM = 1, gq = 0.25. Figure 6 shows the 95% CL expected and
observed limits for couplings gDM = 1, gq = 1 for scalar- and pseudoscalar-mediated scenar-
ios. Limits on the DM-nucleon scattering cross section are set at 90% CL as a function of the
DM particle mass. Both spin-dependent and spin-independent cases are considered. In both
cases, couplings gq = 0.25 and gDM = 1 are used. The limits are compared to the results from
direct-detection experiments in Fig. 7.
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Figure 5: The 95% CL expected and observed limits on sobs/stheo for the vector (left) and axial-
vector (right) mediated DM scenario with gq = 0.25. Limits are not shown for far off-shell
(2mDM > 1.5mmed) regions of the parameter space.

ℓℓ+̅ETmiss CMS PAS EXO-16-052

• Classification of events with multivariate technique 
‣ Enhances sensitivity of the analysis 
‣ Signal emulated with qq̅ and gg H invisible process

10.1 Dark matter interpretation 15
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10.1 Dark matter interpretation

Figure 5 shows the 95% CL expected and observed limits for vector and axial-vector medi-
ated scenarios with couplings gDM = 1, gq = 0.25. Figure 6 shows the 95% CL expected and
observed limits for couplings gDM = 1, gq = 1 for scalar- and pseudoscalar-mediated scenar-
ios. Limits on the DM-nucleon scattering cross section are set at 90% CL as a function of the
DM particle mass. Both spin-dependent and spin-independent cases are considered. In both
cases, couplings gq = 0.25 and gDM = 1 are used. The limits are compared to the results from
direct-detection experiments in Fig. 7.
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Figure 9: Post-fit distribution of the BDT classifier in the multivariate analysis signal region for
the SM H(inv.) decay hypothesis.
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Figure 10: Expected and observed 95% CL upper limits on the production cross section times
branching fraction, sZH ⇥ B(H ! inv.) as a function of the Higgs boson mass.

10.2 The ADD interpretation 17

10.2 The ADD interpretation

In the framework of the ADD model of extra dimensions, we calculate limits depending on the
number of extra dimensions n and MD. For each value of n, cross section limits are calculated
as a function of MD. By finding the intersection between the theory cross section line with the
observed and expected excluded cross sections, and projecting that point onto the MD axis, we
find limits on MD as a function of n, as shown in Fig. 8.

The observed and expected exclusion of MD ranges between 2.3 and 2.5 TeV for n between 2
and 7.
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In both plots, the markers for expected exclusion are obscured by the close overlap with the
observed curves. The red solid line shows the theoretical cross section for given values of n.
Cross sections are calculated for the fiducial phase space of pT(Graviton) > 50 GeV. Gray
lines show the projection of the intersection between theory and expected as well as observed
exclusion onto the MD axis.

10.3 Limit on invisible Higgs boson decays

Upper limits are derived for the Higgs boson production cross section using the same Emiss
T -

shape analysis as for DM. In addition, for mH = 125 GeV, a shape analysis using the Higgs BDT
as described in Section 9 is performed. The resulting post-fit signal region is shown in Fig. 9.
For mH = 125 GeV, this can be interpreted as the upper limit on B(H ! inv.) assuming the SM
production rate. The 95% CL median expected and observed upper limits on the production
cross section times branching fraction, sZH ⇥ B(H ! inv.), computed with the asymptotic CLs
method are shown in Figure 10 for the Emiss

T -shape analysis. Assuming the SM production rate,
the 95% observed (expected) CL upper limit on B(H ! inv.) is 0.45 (0.44) using the Emiss

T -shape
analysis, and 0.40 (0.42) using the multivariate analysis. The gg ! Z(``)H process has been
considered only for the 125 GeV mass point.

11 Conclusions
A search for new physics in events with a Z boson produced in association with large missing
transverse momentum with the CMS experiment at the LHC has been presented. This search
is interpreted in simplified models with both spin-0 and spin-1 dark matter mediators, a large
extra-dimensional model, and in a model with a standard model Higgs-like scalar particle,
each produced in association with the Z boson and decaying invisibly. The search is based on

• Extraction from yield analysis in the ETmiss spectrum 
‣ Dark matter: limits on vector and axial-vector with gDM=1, 

gq=0.25 and gq=1
‣ Extra dimensions: limits on the number of dimensions and 

graviton masses
‣ Invisible decays:  limits on σZH×BR(H→ inv.) 

✦ under mH=125 GeV, shape analysis 
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Conclusion
• ATLAS and CMS have good sensitivity to standard models extensions

‣ In particular BSM physics in the Higgs sector 

• Searches for new phenomena a involving heavy neutral scalar production 

‣ Decaying into quarks, leptons and bosons (Z)

• Carried novel experimental techniques to constrain the background. 

• Only a selection shown here, more results and details: 

‣ CMS results

‣ ATLAS results

24

http://cms-results.web.cern.ch/cms-results/public-results/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
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• Analysis in the lepton (ℓ) plus 
jets (j) final state

‣ One lepton (e or μ) 
with  pT(ℓ) > 25 GeV.

‣ At least four anti-kT(4) jets with  
pT(j) > 25 GeV. 

‣ ETmiss >20 GeV and ETmiss +mTW > 
60 GeV. 

• Considering only resolved kinematics

‣ Most efficient strategy for mA/H <800 GeV 

• Event classification into six categories 
‣ Kinematic χ2 for jet association to W

• W+jets and Multijet contributions 
estimated from data. 

• Leading uncertainties 

‣ Jet modelling  ~6% on B and 
~9% on S+I

‣ tt̅ modelling ~7% (mt and pdf)

arXiv:1707.06025
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A/H→ ττ̅
• τ reconstruction and event selection 

• Dominant backgrounds estimated from data

‣ Estimate rates of jets faking taus by 
inverting identification criteria

‣ from regions in data enhancing the 
Mulitjet background, t t̅ and W+jets

27
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with minor contributions from Z/�⇤ ! ll, diboson and single top-quark production. These contributions253

are estimated using simulation. Corrections are applied to the simulation to account for mismodelling of254

the trigger, reconstruction, identification and isolation e�ciencies, the electron to ⌧had-vis misidentification255

rate and the momentum scales and resolutions. To help constrain the normalisation of the tt̄ contribution,256

a control region rich in tt̄ events (TCR) is defined and included in the statistical fitting procedure. Events257

in the TCR must pass the signal selection, but the mT selection is replaced by mT > 110(100) GeV in the258

⌧e⌧had (⌧µ⌧had) channel. The region has ⇠90% tt̄ purity.259

The dominant background in the ⌧had⌧had channel is multijet production, which is estimated using a fake-260

factor technique similar to the ⌧lep⌧had channel, described in Section 6.2. Other important background261

contributions come from Z/�⇤ ! ⌧⌧ production at high-mtot
T in the b-veto category, tt̄ production in the262

b-tag category, and to a lesser extent W (! `⌫)+jets, tt̄, single top-quark, diboson and Z/�⇤(! ``)+jets263

production. These contributions are estimated using simulation. To improve the modelling, events in the264

simulation that contain jets misidentified as hadronic tau decays are weighted by fake-rates measured in265

W+ jets and tt̄ control regions in data.266

Both channels employ fake-factor techniques that use events in control regions where a selected ⌧had-vis fails267

identification or a selected lepton fails isolation. The events are weighted by transfer-factors (fake-factors)268

measured in an orthogonal control region to predict a given background contribution. The fake-factors269

are defined as the ratio of events in data which pass (Npass
data ) over those that fail (N fail

data) a specified selection270

criterion. They are measured in a control region (R) with background (Nbkg) subtracted and parameterised271

against a set of auxiliary variables (x):272

f (x) ⌘
Npass

data (x) � Npass
bkg (x)

N fail
data(x) � N fail

bkg(x)

������R
. (1)

6.1 Jet background estimate in the ⌧
lep

⌧
had

channel273

Events in the ⌧lep⌧had channel where the ⌧had-vis candidate originates from a jet are estimated using a fake-274

factor method to weight events in a control region which has the same selection as the signal region (SR),275

but where the ⌧had-vis candidate fails identification (called the CR). The method, however, must be extended276

to account for the fact that the 1-fake and 2-fake events have significantly di�erent fake-factors, which is277

mainly due to a di�erent ratio of quark- and gluon-initiated jets. The method proceeds as follows.278

The 2-fake contribution in the SR (NSR
2�fake) is obtained by weighting the estimated 2-fake contribution in279

the CR (NCR
2�fake) by the multijet tau fake-factor ( fMJ):280

NSR
2�fake(v) =

Z
fMJ(x) · NCR

2�fake(v; x) dx , (2)

where v is the variable being modelled (eg. mtot
T ) and x are the auxiliary variables from the fMJ281

parameterisation: ⌧had-vis pT, ⌧had-vis track multiplicity and the azimuthal ⌧had-vis � Emiss
T separation,282

|��(⌧had-vis, Emiss
T ) |. The fMJ is measured in the multijet Control Region (MJCR), defined in Section 6.1.1.283

The 1-fake contribution in the SR is estimated by weighting the events in the CR that remain after subtract-284

ing the 2-fake contribution (estimated using data) and the 2-real contribution (estimated using simulation)285

by the W+ jets tau fake-factor ( fW):286

NSR
1�fake(v) =

Z
fW(x) ·

f
NCR

data(v; x) � NCR
2�fake(v; x) � NCR

2�real(v; x)
g

dx . (3)
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‣ Two τ decay modes are considered:
✦ All hadronic final state (τhadτhad). 
✦ Semileptonic final state (τlepτhad).

arXiv: 1709.07242
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ZZ→4ℓ and ℓℓν̅ν̅
• Local p0 scan. 

‣ Largest excess at 2.2 σ  

28
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A/H→ ττ̅
• τ reconstruction and event selection 

‣ Hadronic τ decays: one or more charged particles, a neutrino and π0

‣ Visible decay products identification based on multivariate technique  
‣ 50% to 60% identification efficiencies measured on Z→ ττ

29

 τlepτhad τhadτhad

One τhad with pT >25 GeV 

|Δφ(ℓ, τhad)| > 2.4 rad

mT(ℓ,ETmiss)< 40 GeV 

At least two τhad with pT >65 GeV 

|Δφ(τhad, τhad)| > 2.7 rad

arXiv: 1709.07242
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H/A→ ττ̅
• Hadronic tau decays: one or more charged particles, a neutrino and π0

• Visible decay products ID based on multivariate technique  

‣ Rejection of jets faking a tau lepton. 
✦ Shower shapes and track multiplicities. 

‣ 50% to 60% identification efficiencies measured on Z→ ττ
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Figure 1: (a) Distribution of the logarithm of the second moment in energy density of ⇡0
cand clusters that do (signal)

or do not (background) originate from ⇡0’s, as used in the ⇡0 identification. (b) 1 � e�ciency for background ⇡0
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associated with ⌧had�vis’s selected from simulated Z ! ⌧⌧ events.
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reconstructed as a particular mode by the Tau Particle Flow after ⇡0 reconstruction in simulated Z ! ⌧⌧ events. De-
cays containing neutral kaons are omitted. Only decays from ⌧had�vis’s that are reconstructed and pass the selection
described in Section 2.2 are considered. The statistical uncertainty is negligible.
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• In τ leptonic  decays ETmiss stringent requirements

arXiv: 1709.07242
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A/H→ ττ̅

31

• Results from profile likelihood fit on transverse mass mTtot

arXiv: 1709.07242
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h→ BSM
• Combined run I limit on h→ BSM 
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