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The scalar sector
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Additional d.o.f. 
⟹ W and Z polarisation

Quantum of the field 
⟹ Higgs boson

v / √2

Higgs properties and decays, searches for high mass Higgs bosons, and HH production

�LYukawa = Yij  ̄Li � Rj + · · · Yukawa interaction 
⟹ fermion masses

The study of the scalar 
sector requires:

■ The study of the shape of the 
scalar potential

■ A precise characterisation of 
the Higgs boson properties

■ The search for extensions of 
the scalar sector itself
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Outline
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Higgs boson mass and width (H→𝛾𝛾, H→ZZ*→4ℓ)  

Couplings to fermions and bosons discussed in Silvio’s talk

Focus on latest 13 TeV results from 2016 dataset (~ 36 fb-1)

Higgs boson pair production (HH),  
resonant and nonresonant production

Production of new scalars H→𝜏𝜏, H→ZZ, h’→𝛾𝛾  
H→aa→bb𝜏𝜏 , H→aa/Za→ℓℓℓℓ 
ZH→ℓℓ+invisible 
Charged Higgs H±→tb

■ The study of the shape of the 
scalar potential

■ A precise characterisation of 
the Higgs boson properties

■ The search for extensions of 
the scalar sector itself

Higgs properties and decays, searches for high mass Higgs bosons, and HH production
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to derive them. No significant deviations from the pre-fit input values of the most significant nuisance
parameters are observed after the fit.

The di�erence between the masses measured in the H ! Z Z⇤ ! 4` and H ! �� channels, obtained
using a dedicated test statistic and the asymptotic approximation, is measured to be

�mH = 0.23 ± 0.42 (stat) ± 0.36 (syst) GeV = 0.23 ± 0.55 GeV.

The combined mass measured is in excellent agreement with, and has similar precision to, the value that
was measured with a combined fit to the ATLAS and CMS Run 1 data [6]:

mH = 125.09 ± 0.21 (stat) ± 0.11 (syst) GeV = 125.09 ± 0.24 GeV

The results from each of the individual channels and their combination, along with the LHC Run 1 result,
are summarized in Figure 12.
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Figure 12: Summary of the Higgs boson mass measurements from the individual and combined analyses performed
here, compared to the combined Run 1 measurement by ATLAS and CMS [6]. The systematic (magenta-shaded
bands), statistical (yellow-shaded bands), and total (black error bars) uncertainties are indicated. The (red) vertical
line and corresponding (gray) shaded column indicate the central value and the total uncertainty of the combined
measurement, respectively.

9 Conclusion

A measurement of the mass of the Higgs boson, improved with respect to the previous one obtained with
ATLAS Run 1 data, has been derived from a combined fit to the invariant mass spectra of the decay channels
H ! Z Z⇤ ! 4` and H ! ��. The results use the pp collision data sample recorded by the ATLAS
experiment at the CERN Large Hadron Collider at a centre-of-mass energy of

p
s=13 TeV, corresponding

to an integrated luminosity of 36.1 fb�1. The measurements are based on the latest calibrations for muons,
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mH 𝛤H

Using the high resolution channels with 2016 data:  H→𝛾𝛾 and H→ZZ*→4ℓ (ATLAS), ZZ*→4ℓ only (CMS)

■ σ(mH) / mH = 0.18% : precise measurement!  
□ excellent detector performance in lepton/photon energy scale determination 
□ single experiments are better than ATLAS + CMS Run I combination 
□ still dominated by statistical uncertainties

mH = 125.25 
± 0.20 (stat.) ± 0.08 (syst.) GeV
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𝛤H < 1.10 GeV

■ 𝛤H < 13 MeV (3.2 ⨉ 𝛤HSM) 
□ best limit from CMS Run I 

□ from off-shell H→WW*/ZZ*

□ model dependent


■ New result: direct limit from 
mH lineshape

Higgs properties and decays, searches for high mass Higgs bosons, and HH production
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Extended scalar sectors

■ Extensions of the scalar sector can solve some known 
problems of the SM


■ Two Higgs Doublet Model: + Singlet 2HDM

□ an extra doublet is added ⟹ 5 bosons!

□ 7 free parameters: boson masses, tanβ (VEV ratio), 

cos(α-β) (α = mixing angle), m12 (soft Z2-breaking mass)

□ Type I and II depending on the which fermion type the doublets 

couple to


■ Next-to-Minimal Supersymmetric Standard Model: NMSSM

□ fixes the relations between bosons and α 

⟹ two parameters: mA, tanβ

5

Why just one doublet?

h

H
A

H→VV (2HDM) 
H→𝜏𝜏/bb (MSSM) 
(ggf and bb associated 
production) 
H→hh

A→Zh

tb associated production 
H± → tb at high mH± 
H± → 𝜏𝜈𝜏 at low mH±

H+/H-

Higgs properties and decays, searches for high mass Higgs bosons, and HH production

Experimental signatures
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Extended scalar sectors

■ Extensions of the scalar sector can solve some known 
problems of the SM


■ Two Higgs Doublet Model + Singlet: 2HDM + S

□ extra doublet and singlet ⟹ 7 bosons!

□ 7 free parameters: boson masses, tanβ (VEV ratio), cos(α-β) (α = 

mixing angle), m12 (soft Z2-breaking mass)

□ Type I and II depending on the which fermion type the doublets 

couple to


■ Next-to-Minimal Supersymmetric Standard Model: NMSSM

□ fixes the relations between bosons and α 

⟹ two parameters: mA, tanβ
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Why just one doublet?

h

H
A H+/H-

h’

In general, scalar sector 
extensions and generic BSM 
scenarios predict new states 
and new Higgs boson decays

a

Higgs boson → light scalars decays 
New light scalars → SM particles decays

Higgs properties and decays, searches for high mass Higgs bosons, and HH production

Experimental signatures
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Heavy H→𝜏𝜏
■ 𝜇𝜏h, e𝜏h, 𝜏h𝜏h final states (ATLAS) 

+ 𝜇e (CMS)

□ ℓ𝜏h: single lepton trigger

□ 𝜏h𝜏h: single 𝜏h, pT > 80/125/160 GeV (ATLAS) 

double 𝜏h, pT > 35 GeV (CMS)


■ Signal appears as an enhancement in 
the total transverse mass


■ Main backgrounds

□ Z→𝜏𝜏 (from simulation)

□ QCD multijet with mis-ID 𝜏h (data-driven) 

its precise estimation is crucial for the 
analysis sensitivity

7

16 6 Statistical inference for the signal
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Figure 5: Distribution of mtot
T in the global (left) No B-tag and (right) B-tag categories in the

(upper row) µth and (lower row) eth final states. In all cases the most sensitive Tight-mT
event sub-category is shown. The black horizontal line indicates the change from logarithmic
to linear scale on the vertical axis.
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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. [140] and
is shown in the lower panels. The expected significance of the hypothetical Higgs boson signals are also overlaid.
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Production modes:

Gluon fusion b associated production
5.4 Ditau mass reconstruction

The ditau mass reconstruction is important for achieving good separation between signal and background.
However, ditau mass reconstruction is challenging due to the presence of neutrinos from the ⌧-lepton
decays. Therefore, the mass reconstruction used for both the ⌧had⌧had and ⌧lep⌧had channels is the total
transverse mass, defined as:

mtot
T ⌘

q
(p⌧1T + p⌧2T + Emiss

T )2 � (p⌧1T + p
⌧2
T + E

miss
T )2 ,

where p
⌧1
T and p

⌧2
T are the momenta of the visible tau decay products (including ⌧had and ⌧lep) projected

into the transverse plane. More complex mass reconstruction techniques were investigated, but they did
not improve the expected sensitivity.

6 Background estimation

The dominant background contribution in the ⌧had⌧had channel is from multijet production, which is estim-
ated using a data-driven technique, described in Section 6.1. Other important background contributions
come from Z/�⇤ ! ⌧⌧ production at high mtot

T in the b-veto category, tt̄ production in the b-tag cat-
egory, and to a lesser extent W(! `⌫)+jets, single top-quark, diboson and Z/�⇤(! ``)+jets production.
These contributions are estimated using simulation. Corrections are applied to the simulation to account
for mismodelling of the trigger, reconstruction, identification and isolation e�ciencies, the electron to
⌧had-vis misidentification rate and the momentum scales and resolutions. To further improve the model-
ling in the ⌧had⌧had channel, events in the simulation that contain quark- or gluon-initiated jets (henceforth
called jets) that are misidentified as ⌧had-vis candidates are weighted by fake-rates measured in W+ jets and
tt̄ control regions in data.

The dominant background contribution in the ⌧lep⌧had channel arises from processes where the ⌧had-vis
candidate originates from a jet. This contribution is estimated using a data-driven technique similar to the
⌧had⌧had channel, described in Section 6.2. The events are divided into those where the selected lepton
is correctly identified, predominantly from W+ jets (tt̄) production in the b-veto (b-tag) channel, and
those where the selected lepton arises from a jet, predominantly from multijet production. Backgrounds
where both the ⌧had-vis and lepton candidates originate from electrons, muons or taus (real-lepton) arise
from Z/�⇤ ! ⌧⌧ production in the b-veto category and tt̄ production in the b-tag category, with minor
contributions from Z/�⇤ ! ``, diboson and single top-quark production. These contributions are es-
timated using simulation. To help constrain the normalisation of the tt̄ contribution, a control region
rich in tt̄ events (CR-T) is defined and included in the statistical fitting procedure. The other major
background contributions can be adequately constrained in the signal regions. Events in this control re-
gion must pass the signal selection for the b-tag category, but the mT(p`T,E

miss
T ) selection is replaced by

mT(p`T,E
miss
T ) > 110 (100) GeV in the ⌧e⌧had (⌧µ⌧had) channel. The tighter selection in the ⌧e⌧had channel

is used to help suppress the larger multijet contamination. The region has ⇠90% tt̄ purity.

6.1 Jet background estimate in the ⌧had⌧had channel

The data-driven technique used to estimate the dominant multijet background in the ⌧had⌧had channel
is described in Section 6.1.1. The method used to weight simulated events to estimate the remaining
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Figure 1: Leading order diagrams for the production of Higgs bosons (left) via gluon-fusion
and (middle and right) in association with b quarks. In the middle panel of the figure a pair of
b quarks is produced from two gluons (leading order in the four-flavor scheme). In the right
panel the Higgs boson is radiated from a b quark in the proton (leading order in the five-flavor
scheme).

Higgs bosons in the context of the MSSM are presented. They are based on the full 2016 pp
collision dataset from the CMS experiment. These data amount to an integrated luminosity
of L = 35.9 fb�1. It is the first publication of such a search in the di-t final state by the CMS
Collaboration based on LHC Run 2 data with a center-of-mass energy of 13 TeV. The search
makes use of all high-level objects accessible from the reconstructed energy deposits in the de-
tector: electrons, muons, hadronically decaying tau leptons, jets and missing transverse energy.
The central element of this analysis is the reconstruction of the di-t pair. Four different final
states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
have been used are new with respect to previous publications by CMS. In the absence of signal,
upper limits are presented on the product of the cross section and branching fraction for the
production of a single narrow resonance via gluon-fusion or in association with b quarks. In
addition exclusion contours in the mA–tan b plane in selected MSSM benchmark scenarios are
provided.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated par-
ticles with a transverse momentum of 1 < pT < 10 GeV and |h| < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact param-
eter [31]. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for
unconverted or late-converting photons in the tens of GeV energy range. The remaining barrel
photons have a resolution of better than 2.5% for |h|  1.4. In the endcaps, the resolution of un-
converted or late-converting photons is about 2.5%, while the remaining endcap photons have
a resolution between 3% and 4% [32]. For electrons from Z boson decays, the momentum reso-
lution varies from 1.7%, for well-measured electrons in the barrel, to 4.5% for electrons, which
e.g., loose a significant amount of their energy through bremsstrahlung, in the endcap [33].
When combining information from the entire detector, the jet energy resolution amounts typi-
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the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated par-
ticles with a transverse momentum of 1 < pT < 10 GeV and |h| < 1.4, the track resolutions
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collision dataset from the CMS experiment. These data amount to an integrated luminosity
of L = 35.9 fb�1. It is the first publication of such a search in the di-t final state by the CMS
Collaboration based on LHC Run 2 data with a center-of-mass energy of 13 TeV. The search
makes use of all high-level objects accessible from the reconstructed energy deposits in the de-
tector: electrons, muons, hadronically decaying tau leptons, jets and missing transverse energy.
The central element of this analysis is the reconstruction of the di-t pair. Four different final
states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
have been used are new with respect to previous publications by CMS. In the absence of signal,
upper limits are presented on the product of the cross section and branching fraction for the
production of a single narrow resonance via gluon-fusion or in association with b quarks. In
addition exclusion contours in the mA–tan b plane in selected MSSM benchmark scenarios are
provided.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated par-
ticles with a transverse momentum of 1 < pT < 10 GeV and |h| < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact param-
eter [31]. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for
unconverted or late-converting photons in the tens of GeV energy range. The remaining barrel
photons have a resolution of better than 2.5% for |h|  1.4. In the endcaps, the resolution of un-
converted or late-converting photons is about 2.5%, while the remaining endcap photons have
a resolution between 3% and 4% [32]. For electrons from Z boson decays, the momentum reso-
lution varies from 1.7%, for well-measured electrons in the barrel, to 4.5% for electrons, which
e.g., loose a significant amount of their energy through bremsstrahlung, in the endcap [33].
When combining information from the entire detector, the jet energy resolution amounts typi-

b

b
!h
"
ℓ

2 2 The CMS detector

h,H,A
t, t̃

g

g

b, b̃

h,H,A

b

g

g

b

h,H,A

b

b

Figure 1: Leading order diagrams for the production of Higgs bosons (left) via gluon-fusion
and (middle and right) in association with b quarks. In the middle panel of the figure a pair of
b quarks is produced from two gluons (leading order in the four-flavor scheme). In the right
panel the Higgs boson is radiated from a b quark in the proton (leading order in the five-flavor
scheme).

Higgs bosons in the context of the MSSM are presented. They are based on the full 2016 pp
collision dataset from the CMS experiment. These data amount to an integrated luminosity
of L = 35.9 fb�1. It is the first publication of such a search in the di-t final state by the CMS
Collaboration based on LHC Run 2 data with a center-of-mass energy of 13 TeV. The search
makes use of all high-level objects accessible from the reconstructed energy deposits in the de-
tector: electrons, muons, hadronically decaying tau leptons, jets and missing transverse energy.
The central element of this analysis is the reconstruction of the di-t pair. Four different final
states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
have been used are new with respect to previous publications by CMS. In the absence of signal,
upper limits are presented on the product of the cross section and branching fraction for the
production of a single narrow resonance via gluon-fusion or in association with b quarks. In
addition exclusion contours in the mA–tan b plane in selected MSSM benchmark scenarios are
provided.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated par-
ticles with a transverse momentum of 1 < pT < 10 GeV and |h| < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact param-
eter [31]. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for
unconverted or late-converting photons in the tens of GeV energy range. The remaining barrel
photons have a resolution of better than 2.5% for |h|  1.4. In the endcaps, the resolution of un-
converted or late-converting photons is about 2.5%, while the remaining endcap photons have
a resolution between 3% and 4% [32]. For electrons from Z boson decays, the momentum reso-
lution varies from 1.7%, for well-measured electrons in the barrel, to 4.5% for electrons, which
e.g., loose a significant amount of their energy through bremsstrahlung, in the endcap [33].
When combining information from the entire detector, the jet energy resolution amounts typi-

!h
"!"!
"ℓ
ℓ

2 2 The CMS detector

h,H,A
t, t̃

g

g

b, b̃

h,H,A

b

g

g

b

h,H,A

b

b

Figure 1: Leading order diagrams for the production of Higgs bosons (left) via gluon-fusion
and (middle and right) in association with b quarks. In the middle panel of the figure a pair of
b quarks is produced from two gluons (leading order in the four-flavor scheme). In the right
panel the Higgs boson is radiated from a b quark in the proton (leading order in the five-flavor
scheme).

Higgs bosons in the context of the MSSM are presented. They are based on the full 2016 pp
collision dataset from the CMS experiment. These data amount to an integrated luminosity
of L = 35.9 fb�1. It is the first publication of such a search in the di-t final state by the CMS
Collaboration based on LHC Run 2 data with a center-of-mass energy of 13 TeV. The search
makes use of all high-level objects accessible from the reconstructed energy deposits in the de-
tector: electrons, muons, hadronically decaying tau leptons, jets and missing transverse energy.
The central element of this analysis is the reconstruction of the di-t pair. Four different final
states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
have been used are new with respect to previous publications by CMS. In the absence of signal,
upper limits are presented on the product of the cross section and branching fraction for the
production of a single narrow resonance via gluon-fusion or in association with b quarks. In
addition exclusion contours in the mA–tan b plane in selected MSSM benchmark scenarios are
provided.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated par-
ticles with a transverse momentum of 1 < pT < 10 GeV and |h| < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact param-
eter [31]. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for
unconverted or late-converting photons in the tens of GeV energy range. The remaining barrel
photons have a resolution of better than 2.5% for |h|  1.4. In the endcaps, the resolution of un-
converted or late-converting photons is about 2.5%, while the remaining endcap photons have
a resolution between 3% and 4% [32]. For electrons from Z boson decays, the momentum reso-
lution varies from 1.7%, for well-measured electrons in the barrel, to 4.5% for electrons, which
e.g., loose a significant amount of their energy through bremsstrahlung, in the endcap [33].
When combining information from the entire detector, the jet energy resolution amounts typi-

2 2 The CMS detector

h,H,A
t, t̃

g

g

b, b̃

h,H,A

b

g

g

b

h,H,A

b

b

Figure 1: Leading order diagrams for the production of Higgs bosons (left) via gluon-fusion
and (middle and right) in association with b quarks. In the middle panel of the figure a pair of
b quarks is produced from two gluons (leading order in the four-flavor scheme). In the right
panel the Higgs boson is radiated from a b quark in the proton (leading order in the five-flavor
scheme).

Higgs bosons in the context of the MSSM are presented. They are based on the full 2016 pp
collision dataset from the CMS experiment. These data amount to an integrated luminosity
of L = 35.9 fb�1. It is the first publication of such a search in the di-t final state by the CMS
Collaboration based on LHC Run 2 data with a center-of-mass energy of 13 TeV. The search
makes use of all high-level objects accessible from the reconstructed energy deposits in the de-
tector: electrons, muons, hadronically decaying tau leptons, jets and missing transverse energy.
The central element of this analysis is the reconstruction of the di-t pair. Four different final
states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
have been used are new with respect to previous publications by CMS. In the absence of signal,
upper limits are presented on the product of the cross section and branching fraction for the
production of a single narrow resonance via gluon-fusion or in association with b quarks. In
addition exclusion contours in the mA–tan b plane in selected MSSM benchmark scenarios are
provided.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated par-
ticles with a transverse momentum of 1 < pT < 10 GeV and |h| < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact param-
eter [31]. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for
unconverted or late-converting photons in the tens of GeV energy range. The remaining barrel
photons have a resolution of better than 2.5% for |h|  1.4. In the endcaps, the resolution of un-
converted or late-converting photons is about 2.5%, while the remaining endcap photons have
a resolution between 3% and 4% [32]. For electrons from Z boson decays, the momentum reso-
lution varies from 1.7%, for well-measured electrons in the barrel, to 4.5% for electrons, which
e.g., loose a significant amount of their energy through bremsstrahlung, in the endcap [33].
When combining information from the entire detector, the jet energy resolution amounts typi-

!h
"
ℓ

2 2 The CMS detector

h,H,A
t, t̃

g

g

b, b̃

h,H,A

b

g

g

b

h,H,A

b

b

Figure 1: Leading order diagrams for the production of Higgs bosons (left) via gluon-fusion
and (middle and right) in association with b quarks. In the middle panel of the figure a pair of
b quarks is produced from two gluons (leading order in the four-flavor scheme). In the right
panel the Higgs boson is radiated from a b quark in the proton (leading order in the five-flavor
scheme).

Higgs bosons in the context of the MSSM are presented. They are based on the full 2016 pp
collision dataset from the CMS experiment. These data amount to an integrated luminosity
of L = 35.9 fb�1. It is the first publication of such a search in the di-t final state by the CMS
Collaboration based on LHC Run 2 data with a center-of-mass energy of 13 TeV. The search
makes use of all high-level objects accessible from the reconstructed energy deposits in the de-
tector: electrons, muons, hadronically decaying tau leptons, jets and missing transverse energy.
The central element of this analysis is the reconstruction of the di-t pair. Four different final
states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
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Figure 9: Expected and observed 95% CL exclusion contour (left) in the MSSM mmod+
h and

(right) in the hMSSM scenario. The expected median is shown as a dashed black line. The dark
and bright gray bands indicate the 68% and 95% confidence intervals for the variation of the
expected exclusion. The observed exclusion contour is indicated by the colored blue area.

JHEP 01 (2018) 055  
CMS PAS HIG-17-020 

23

 (GeV)φm
100 200 300 1000 2000

(p
b)

)ττ
→φ(

B⋅)φ
(g

g
σ

95
%

 C
L 

lim
it 

on
 

3−10

2−10

1−10

1

10

210

310

C
ou

pl
in

g-
de

pe
nd

en
t r

eg
io

n

Observed
Expected

 Expectedσ1±
 Expectedσ2±

Expected b quark only
Expected t quark only

Observed
Expected

 Expectedσ1±
 Expectedσ2±

Expected b quark only
Expected t quark only

CMS
Preliminary

 (13 TeV)-135.9 fb

 (GeV)φm
100 200 300 1000 2000

(p
b)

)ττ
→φ(

B⋅)φ
(b

b
σ

95
%

 C
L 

lim
it 

on
 

3−10

2−10

1−10

1

10

210

Observed
Expected

 Expectedσ1±
 Expectedσ2±

Observed
Expected

 Expectedσ1±
 Expectedσ2±

CMS
Preliminary

 (13 TeV)-135.9 fb

Figure 7: Expected and observed 95% CL upper limits for the production of a single narrow
resonance f with a mass between 90 GeV and 3.2 TeV in the di-t final state (left) for the pro-
duction via gluon-fusion and (right) in association with b quarks. The expected median of the
exclusion limit is shown by the dashed line. The dark green and bright yellow band indicate
the 68% and 95% confidence intervals for the variation of the expected exclusion limit. The
black dots correspond to the observed limits.

duction four-flavor scheme NLO QCD calculations [95, 96] and five-flavor scheme NNLO QCD
calculations, as implemented in SUSHI based on BBH@NNLO [97], have been combined using
the Santander matching scheme [98]. The Higgs boson masses and mixing, and the effective
Yukawa couplings for the mmod+

h scenario, have been calculated using the FEYNHIGGS [78, 99–
102] (v2.10.2) code. The branching fraction of the Higgs boson to tau leptons was calculated
with FEYNHIGGS for the mmod+

h scenario and using the program HDECAY [103] (v6.40) for the
hMSSM scenario.

The simulated single neutral Higgs boson signals are combined into a multi-resonance signal
model for the given values of mA and tan b, taking into account the predictions for the mass,
production cross sections and branching fraction into tau leptons for each of the neutral Higgs
bosons. For each value of mA and tan b, using a fine grain scan, a maximum likelihood fit to
the data is performed under the background-only and the signal-plus-background hypotheses
using the likelihood of Eq. (9) but with a modified test statistic as given in Eq. (10). The numer-
ator remains the same, with a fixed value of µ = 1, and corresponds to the signal prediction
for the given value in mA and tan b. However no signal strength parameter is included in the
denominator; the model is thus fixed to the background-only prediction and the SM Higgs
boson is added to the non-Higgs boson background processes. This turns the likelihood ratio
into a comparison between the MSSM and the SM Higgs sector hypotheses, and ensures a well
defined problem even when reaching the sensitivity for the observed Higgs boson at 125 GeV.
The median and confidence intervals for the expected exclusion contour are determined from
toys. In Fig. 9 the observed and expected exclusion contours for the MSSM mmod+

h and the
hMSSM scenarios are shown. In both scenarios the exclusion contours extend down to values
of tan b ⇡ 6 for values of mA . 250 GeV. Thus from the analyzed dataset a heavy MSSM Higgs
boson within this mass range is practically excluded in both scenarios. The exclusion contours
reach up to 1.6 TeV, extending the excluded mass range by almost a factor of two in mA com-
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Higgs bosons in the context of the MSSM are presented. They are based on the full 2016 pp
collision dataset from the CMS experiment. These data amount to an integrated luminosity
of L = 35.9 fb�1. It is the first publication of such a search in the di-t final state by the CMS
Collaboration based on LHC Run 2 data with a center-of-mass energy of 13 TeV. The search
makes use of all high-level objects accessible from the reconstructed energy deposits in the de-
tector: electrons, muons, hadronically decaying tau leptons, jets and missing transverse energy.
The central element of this analysis is the reconstruction of the di-t pair. Four different final
states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
have been used are new with respect to previous publications by CMS. In the absence of signal,
upper limits are presented on the product of the cross section and branching fraction for the
production of a single narrow resonance via gluon-fusion or in association with b quarks. In
addition exclusion contours in the mA–tan b plane in selected MSSM benchmark scenarios are
provided.
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The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated par-
ticles with a transverse momentum of 1 < pT < 10 GeV and |h| < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact param-
eter [31]. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for
unconverted or late-converting photons in the tens of GeV energy range. The remaining barrel
photons have a resolution of better than 2.5% for |h|  1.4. In the endcaps, the resolution of un-
converted or late-converting photons is about 2.5%, while the remaining endcap photons have
a resolution between 3% and 4% [32]. For electrons from Z boson decays, the momentum reso-
lution varies from 1.7%, for well-measured electrons in the barrel, to 4.5% for electrons, which
e.g., loose a significant amount of their energy through bremsstrahlung, in the endcap [33].
When combining information from the entire detector, the jet energy resolution amounts typi-
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upper limits are presented on the product of the cross section and branching fraction for the
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addition exclusion contours in the mA–tan b plane in selected MSSM benchmark scenarios are
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states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
have been used are new with respect to previous publications by CMS. In the absence of signal,
upper limits are presented on the product of the cross section and branching fraction for the
production of a single narrow resonance via gluon-fusion or in association with b quarks. In
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this analysis the most significant backgrounds are estimated from data. The techniques that
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upper limits are presented on the product of the cross section and branching fraction for the
production of a single narrow resonance via gluon-fusion or in association with b quarks. In
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provided.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated par-
ticles with a transverse momentum of 1 < pT < 10 GeV and |h| < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact param-
eter [31]. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for
unconverted or late-converting photons in the tens of GeV energy range. The remaining barrel
photons have a resolution of better than 2.5% for |h|  1.4. In the endcaps, the resolution of un-
converted or late-converting photons is about 2.5%, while the remaining endcap photons have
a resolution between 3% and 4% [32]. For electrons from Z boson decays, the momentum reso-
lution varies from 1.7%, for well-measured electrons in the barrel, to 4.5% for electrons, which
e.g., loose a significant amount of their energy through bremsstrahlung, in the endcap [33].
When combining information from the entire detector, the jet energy resolution amounts typi-

2 2 The CMS detector

h,H,A
t, t̃

g

g

b, b̃

h,H,A

b

g

g

b

h,H,A

b

b

Figure 1: Leading order diagrams for the production of Higgs bosons (left) via gluon-fusion
and (middle and right) in association with b quarks. In the middle panel of the figure a pair of
b quarks is produced from two gluons (leading order in the four-flavor scheme). In the right
panel the Higgs boson is radiated from a b quark in the proton (leading order in the five-flavor
scheme).

Higgs bosons in the context of the MSSM are presented. They are based on the full 2016 pp
collision dataset from the CMS experiment. These data amount to an integrated luminosity
of L = 35.9 fb�1. It is the first publication of such a search in the di-t final state by the CMS
Collaboration based on LHC Run 2 data with a center-of-mass energy of 13 TeV. The search
makes use of all high-level objects accessible from the reconstructed energy deposits in the de-
tector: electrons, muons, hadronically decaying tau leptons, jets and missing transverse energy.
The central element of this analysis is the reconstruction of the di-t pair. Four different final
states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
have been used are new with respect to previous publications by CMS. In the absence of signal,
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Figure 1: Leading order diagrams for the production of Higgs bosons (left) via gluon-fusion
and (middle and right) in association with b quarks. In the middle panel of the figure a pair of
b quarks is produced from two gluons (leading order in the four-flavor scheme). In the right
panel the Higgs boson is radiated from a b quark in the proton (leading order in the five-flavor
scheme).

Higgs bosons in the context of the MSSM are presented. They are based on the full 2016 pp
collision dataset from the CMS experiment. These data amount to an integrated luminosity
of L = 35.9 fb�1. It is the first publication of such a search in the di-t final state by the CMS
Collaboration based on LHC Run 2 data with a center-of-mass energy of 13 TeV. The search
makes use of all high-level objects accessible from the reconstructed energy deposits in the de-
tector: electrons, muons, hadronically decaying tau leptons, jets and missing transverse energy.
The central element of this analysis is the reconstruction of the di-t pair. Four different final
states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
have been used are new with respect to previous publications by CMS. In the absence of signal,
upper limits are presented on the product of the cross section and branching fraction for the
production of a single narrow resonance via gluon-fusion or in association with b quarks. In
addition exclusion contours in the mA–tan b plane in selected MSSM benchmark scenarios are
provided.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated par-
ticles with a transverse momentum of 1 < pT < 10 GeV and |h| < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact param-
eter [31]. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for
unconverted or late-converting photons in the tens of GeV energy range. The remaining barrel
photons have a resolution of better than 2.5% for |h|  1.4. In the endcaps, the resolution of un-
converted or late-converting photons is about 2.5%, while the remaining endcap photons have
a resolution between 3% and 4% [32]. For electrons from Z boson decays, the momentum reso-
lution varies from 1.7%, for well-measured electrons in the barrel, to 4.5% for electrons, which
e.g., loose a significant amount of their energy through bremsstrahlung, in the endcap [33].
When combining information from the entire detector, the jet energy resolution amounts typi-
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Figure 7: Expected and observed upper limits at 95% CL for mA/H vs. the MSSM parameter
tan b in the (left) m

mod+
h benchmark scenario with µ = +200 GeV, and (right) in the hMSSM

scenario. 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 excluded parameter space is indicated by the red shaded area.
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Figure 8: Expected and observed upper limits at 95% CL for mA/H vs. the MSSM parameter
tan b in the (left) light et and the (right) light et benchmark scenarios. 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 excluded parame-
ter space is indicated by the red shaded area.
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parameters of 
extended 
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Higgs properties and decays, searches for high mass Higgs bosons, and HH production

■ H→bb in bb associated production to overcome the large multijet background : 4b final state


■ Efficient b-tagging (ε ~ 65%) is crucial for the sensitivity

□ use events with ≥ 3 b-tagged jet, recorded with b-tag triggers
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Heavy H→VV
■ 4ℓ / 2ℓ2𝜈 (ATLAS) +  2ℓ2q (CMS) final states
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H→WW (ATLAS)H→ZZ (ATLAS, CMS)

■ e𝜈𝜇𝜈 final state


■ Main 
backgrounds 
(single-t, tt) from 
simultaneous fit 
in control regions


■ use mT (e,𝜇,pTmiss) 
to look for a 
signal


Search for both ggF and VBF production with dedicated categories  
Explore different mH in [100 GeV, 4 Tev] and ΓH

8 5 Event selection and categorization

• VBF-tagged requires exactly four leptons selected with regular criteria. In addition,
there must be either two or three jets among which at most one is b-tagged, or at
least four jets and no b-tagged jets, and DVBF

2jet following Eq. (1) is required to pass a
mass-dependent selection;

• Untagged consists of the remaining events with regularly selected leptons;
• RSE contains additional events from the relaxed electron selection for m4` > 300

GeV.

When more than two jets pass the selection criteria, the two pT-leading jets are selected for
matrix element calculations.

As a result of the above categorization, events are split into eight categories: 4e, 4µ, 2e2µ, in
either the VBF-tagged or the untagged category, or 4e and 2e2µ in the RSE category. Each
event is characterized by two observables (m4` and Dkin

bkg) that are shown in Fig. 2 together
with several signal hypotheses.
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Figure 2: Distribution of the four-leptons invariant mass in untagged (upper left), VBF-tagged
(upper right) and RSE (bottom left) category and of Dkin

bkg for all selected events (bottom right).
Signal expectations including the interference effect for several mass and width hypotheses are
shown. The cross section for the signal corresponds to the expected exclusion value (times a
scaling indicated on the panel to make them more visible), and is normalized to a total of 400
events in the bottom right panel.

5.2 X ! ZZ ! 2`2q

In the X ! ZZ ! 2`2q analysis, events are selected by combining leptonic and hadronic Z
candidates. The lepton pair selection is similar to the four-lepton analysis: pairs of opposite-
sign and same-flavour electrons or muons with invariant mass between 60 and 120 GeV are
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Figure 4: Post-fit distributions of the transverse mass mT in the SRggF (top left), SRVBF1J (top right) and SRVBF2J
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and 2 TeV in the NWA scenario.
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More on searches for high-mass resonances in John’s talk

■ 4ℓ 
□ signal in m4ℓ


□ bkg: ZZ


■ 2ℓ2𝜈

□ signal in mT

□ bkg: ZZ, WZ


■ 2ℓ2q

□ signal in mℓℓqq


□ bkg: Z+jets

Higgs properties and decays, searches for high mass Higgs bosons, and HH production
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Figure 9: Expected and observed upper limits at the 95% CL on the pp! X ! ZZ cross section
as a function of mX and for several GX values with fVBF being a free parameter (left) and fixed to
1 (right) with 35.9 fb�1 of data at 13 TeV. The results are shown for 4` , 2`2q and 2`2n channels
and combined.
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Figure 8: The exclusion contour in the 2HDM (a) Type-I and (b) Type-II models for mH = 200 GeV shown as
a function of the parameters cos(β − α) and tan β. The green and yellow bands represent the ±1σ and ±2σ
uncertainties in the expected limits. The hatched area shows the observed exclusion.

Figure 8 shows exclusion limits in the tan β versus cos(β − α) plane for Type-I and Type-II 2HDMs, for a
heavy Higgs boson with mass mH = 200 GeV. This mH value is chosen so that the assumption of a narrow
Higgs boson is valid over most of the parameter space, and the experimental sensitivity is maximal. At
this low mass, only the ℓ+ℓ−ℓ+ℓ− final state contributes to this result. The range of cos(β − α) and tan β
explored is limited to the region where the assumption of a heavy narrow Higgs boson with negligible
interference is valid. When calculating the limits at a given choice of cos(β − α) and tan β, the relative
rates of ggF and VBF production in the fit are set to the prediction of the 2HDM for that parameter choice.
Figure 9 shows exclusion limits as a function of the heavy Higgs boson mass mH and the parameter tan β
for cos(β−α) = −0.1. The white regions in the exclusion plots indicate regions of parameter space which
are not excluded by the present analysis. In these regions the cross section predicted by the 2HDM is below
the observed cross section limit. Compared with the results from Run 1 [19], the exclusion presented here
is almost twice as stringent.

8.4 Spin-2 resonance interpretation

The results are also interpreted as a search for a Kaluza–Klein graviton excitation, GKK, in the context of the
bulk RS model using the ℓ+ℓ−νν̄ final state because the ℓ+ℓ−ℓ+ℓ− final state was found to have negligible
sensitivity for this type of model. The limits on σ × B(GKK → Z Z) at 95% CL as a function of the KK
graviton mass, m(GKK), are shown in Figure 10 together with the predicted GKK cross section. A spin-2
graviton is excluded up to a mass of 1300 GeV. These limits have been extracted using the asymptotic
approximation, and they were verified to be correct within about 4% using pseudo-experiments.
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4ℓ 
most sensitive 
(best purity)

ℓℓqq 
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(highest BR)

Results constrain the 2HDM model 
parameter space

Model independent limits on Heavy H 
production ⨉ branching fraction

Higgs properties and decays, searches for high mass Higgs bosons, and HH production
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H±→tb
■ Boosted decision tree to look for a signal

□ input: variables related to the kinematics of jets

□ dedicated training for each mass hypothesis

12

ATLAS-CONF-2016-089
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■ Signal and control 
regions based on the 
number of b-tag and 
additional jets

□ simultaneous fit to 

constrain backgrounds 
and systematic 
uncertainties


■ Sensitive to low mH+, 
low tanβ MSSM regions
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Figure 7: Comparison of predicted and observed event yields after the fit to the data under the background-plus-signal
hypothesis with an H

+ signal mass of 300 GeV, as an example. tt̄ + X includes contributions from tt̄ +W , tt̄ + Z

and tt̄ +H . The fitted signal is slightly negative (S<0) and therefore, while included, is not explicitly displayed. The
hatched bands show the post-fit uncertainties. The lower panels display the ratio of the data to the total predicted
background.
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Figure 1: Leading order diagrams for the production of Higgs bosons (left) via gluon-fusion
and (middle and right) in association with b quarks. In the middle panel of the figure a pair of
b quarks is produced from two gluons (leading order in the four-flavor scheme). In the right
panel the Higgs boson is radiated from a b quark in the proton (leading order in the five-flavor
scheme).

Higgs bosons in the context of the MSSM are presented. They are based on the full 2016 pp
collision dataset from the CMS experiment. These data amount to an integrated luminosity
of L = 35.9 fb�1. It is the first publication of such a search in the di-t final state by the CMS
Collaboration based on LHC Run 2 data with a center-of-mass energy of 13 TeV. The search
makes use of all high-level objects accessible from the reconstructed energy deposits in the de-
tector: electrons, muons, hadronically decaying tau leptons, jets and missing transverse energy.
The central element of this analysis is the reconstruction of the di-t pair. Four different final
states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
have been used are new with respect to previous publications by CMS. In the absence of signal,
upper limits are presented on the product of the cross section and branching fraction for the
production of a single narrow resonance via gluon-fusion or in association with b quarks. In
addition exclusion contours in the mA–tan b plane in selected MSSM benchmark scenarios are
provided.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated par-
ticles with a transverse momentum of 1 < pT < 10 GeV and |h| < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact param-
eter [31]. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for
unconverted or late-converting photons in the tens of GeV energy range. The remaining barrel
photons have a resolution of better than 2.5% for |h|  1.4. In the endcaps, the resolution of un-
converted or late-converting photons is about 2.5%, while the remaining endcap photons have
a resolution between 3% and 4% [32]. For electrons from Z boson decays, the momentum reso-
lution varies from 1.7%, for well-measured electrons in the barrel, to 4.5% for electrons, which
e.g., loose a significant amount of their energy through bremsstrahlung, in the endcap [33].
When combining information from the entire detector, the jet energy resolution amounts typi-
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Higgs bosons in the context of the MSSM are presented. They are based on the full 2016 pp
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The central element of this analysis is the reconstruction of the di-t pair. Four different final
states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
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Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.
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photons have a resolution of better than 2.5% for |h|  1.4. In the endcaps, the resolution of un-
converted or late-converting photons is about 2.5%, while the remaining endcap photons have
a resolution between 3% and 4% [32]. For electrons from Z boson decays, the momentum reso-
lution varies from 1.7%, for well-measured electrons in the barrel, to 4.5% for electrons, which
e.g., loose a significant amount of their energy through bremsstrahlung, in the endcap [33].
When combining information from the entire detector, the jet energy resolution amounts typi-
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calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
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eter [31]. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for
unconverted or late-converting photons in the tens of GeV energy range. The remaining barrel
photons have a resolution of better than 2.5% for |h|  1.4. In the endcaps, the resolution of un-
converted or late-converting photons is about 2.5%, while the remaining endcap photons have
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lution varies from 1.7%, for well-measured electrons in the barrel, to 4.5% for electrons, which
e.g., loose a significant amount of their energy through bremsstrahlung, in the endcap [33].
When combining information from the entire detector, the jet energy resolution amounts typi-

g

g

t

1

H+ t

1

b
"ℓ

b

b
q
q’

b

ℓtb H± , one leptonic W decay 
⟹ 4b + 1ℓ final state   
Complex final state!



March 2nd, 2018L. Cadamuro (UF)

Light h’→𝛾𝛾

■ Low mass search

□ sensitivity crucially 

depends on dedicated 
low-mass 𝛾𝛾 triggers


■ Look for an excess in 
the m𝛾𝛾 spectrum


■ Analysis strategy 
similar to H→𝛾𝛾

□ MVA method to 

identify 𝛾𝛾 signal
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datasets. 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.

2.8σ local 
1.3σ global

6.1 Uncertainties evaluated at the per-photon level 9
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Figure 3: Background model fits using the chosen ’best-fit’ parametrization (PDF) to data in the
three event classes at

p
s = 13 TeV. The deviations from monotonically decreasing behavior in

the neighborhood of mgg = 90 GeV are consistent with surviving double-fake events from the
Z ! e+e� Drell-Yan process. The corresponding signal model for each class for mH = 90 GeV
is also shown. The error bands, shown for illustration purposes only, reflect the uncertainty
on the background model normalization associated with the statistical uncertainties of the fits.
The difference between the data and the best-fit PDF is shown below.

□Run I + Run II combinationContinuum 
background

Z→ee, with 
mis-ID electrons

Higgs properties and decays, searches for high low mass Higgs bosons, and HH production
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H→aa→bb 𝜏𝜏
■ Three 𝜏𝜏 final states: e𝜏h, 𝜇𝜏h, e𝜇 

+ ≥ 1 b-tagged jet

□ rely on the lepton signature at 

trigger

□ jets too soft to reconstruct both 

of them


■ Four categories in mvisb𝜏𝜏 to 
separate signal and background


■ Main backgrounds

□ tt (simulation)

□ Z→𝜏𝜏 (simulation + corr. in Z→𝜇𝜇)

□ mis-ID jets as 𝜏h (from data)


■ Look for a signal using visible 𝜏𝜏 
mass

14
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Higgs properties and decays, searches for high mass Higgs bosons, and HH production

□ Best sensitivity for ma > 15 GeV
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H→Zx / xx→4ℓ

■ Exploit x→ℓℓ resonant signature

□ Zx: search for the mx peak over 

background distribution

□ xx: search for a peak over 

average ℓℓ mass <mℓℓ>


■ Low mass search!

□ Zx: mx in [15, 55] GeV

□ xx: mx in [15, 60] GeV  

and [1, 15] (4μ only)

15

arXiv:1802.03388

e�ciencies are measured using tag-and-probe techniques on Z ! `+`�, J/ ! `+`� and ⌥ ! µ+µ�

data and simulated events. The small di�erences found are corrected for in the simulation. The combined
e�ect of all these uncertainties results in an overall normalisation uncertainty in the signal and background
ranging up to 10%. The dominant uncertainties arise in the reconstruction and identification of leptons.

MC background modelling: Uncertainties in the factorisation and renormalisation scales, the parton
shower, the choice of PDF, and the hadronisation and underlying-event model a�ect those backgrounds
normalised with their theory cross-sections. Uncertainties in the modelling of H ! Z Z

⇤ ! 4` are found
to be between 3% and 9% depending on the Higgs boson production mode, while for Standard Model
qq̄/gg ! Z Z

⇤ processes uncertainties from these sources add in quadrature to 5%.

Signal modelling: Several sources of systematic uncertainty a�ect the theoretical modelling of the signal
acceptance. Uncertainties originating from the choice of PDFs, the factorisation and renormalisation
scales, and the modelling of parton shower, hadronisation, and underlying-event account for a total e�ect
of 9% [92, 93].

Data-driven estimation of the background: Uncertainties coming from the data-driven estimation of
the background are also considered. They depend on the channel and a�ect the normalisation of the
reducible background [79].

5.5 Results

The distribution of the invariant mass of the subleading dilepton pair m34 in the selected events in all four
final states is shown in Figure 2. The numbers of events observed in each channel after the event selection,
as well as the expected background, are presented in Table 2. A total of 102 events are observed for an
expected background of 86.8 ± 7.5.
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Figure 2: Distribution of m34 for data and background events in the mass range m4` 2 [115, 130] GeV after the
H ! Z X ! 4` selection. Three signal points for the H ! Z Zd ! 4` model are shown. The signal strength
corresponds to a branching ratio B(H ! Z Zd ! 4`) = 1

3B(H ! Z Z
⇤ ! 4`) (with B(H ! Z Z

⇤ ! 4`)
corresponding to the SM prediction [93]). The uncertainties include statistical and systematic contributions.
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Higgs properties and decays, searches for high mass Higgs bosons, and HH production

■ x : light pseudoscalar or vector boson


■ Dominant background

□ SM H→ZZ*→4ℓ

□ triboson (MC) and heavy flavours (data-driven) at very 

low mass



March 2nd, 2018L. Cadamuro (UF)

 [GeV]miss
TE

2−10

1−10

1

10

210

310

410

Ev
en

ts
 / 

10
 G

eV

 [GeV]miss
TE

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

bk
g

100 200 300 1000

Data
ZZ
WZ

Z+jets
Non-resonant-ll
Others
Stat. + Syst.

inv)=0.3→ZH(ll+inv) with B(H
 =500, 100 GeV)x0.27
χ

, m
med

DM(m

ATLAS
-1=13 TeV,  36.1 fbs

ee

 [GeV]miss
TE

2−10

1−10

1

10

210

310

410

Ev
en

ts
 / 

10
 G

eV

 [GeV]miss
TE

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

bk
g

100 200 300 1000

Data
ZZ
WZ

Z+jets
Non-resonant-ll
Others
Stat. + Syst.

inv)=0.3→ZH(ll+inv) with B(H
 =500, 100 GeV)x0.27
χ

, m
med

DM(m

ATLAS
-1=13 TeV,  36.1 fbs

µµ

Figure 2: Observed Emiss
T distribution in the ee (left) and µµ (right) channel compared to the signal and background

predictions. The error band shows the total statistical and systematic uncertainty on the background prediction.
The background predictions are presented as they are before being fit to the data. The ratio plot gives the observed
data yield over the background prediction (black points) as well as the signal-plus-background contribution divided
by the background prediction (blue or purple line) in each Emiss

T bin. The rightmost bin contains the overflow
contributions. The ZH ! `` + inv signal distribution is shown with BH!inv = 0.3, which is the value most
compatible with data. The simulated DM distribution with mmed = 500 GeV and m� = 100 GeV is also scaled (with
a factor of 0.27) to the best-fit contribution.

cross-section. As a result of the small data excess observed in this search, the observed limit is less
stringent than the expected one. Using the combined ee and µµ channel, the observed and expected limits
on BH!inv are 67% and 39%, respectively. The corresponding observed (expected) limit on the production
cross-section of the ZH ! `` + inv process is 40 (23) fb at the 95% CL, where only the prompt Z ! ee
and Z ! µµ decays are considered. When the signal-plus-background model is fit to the data, the best-fit
BH!inv is (30 ± 20)%, where the data statistical and systematic uncertainties are about 13% and 16%,
respectively. The dominant sources of the systematic uncertainty are the theoretical uncertainties on the
qqZZ and ggZZ predictions, the luminosity uncertainty, the uncertainties in the data-driven estimation of
the WZ and Z + jets backgrounds, and the jet energy scale and resolution uncertainties.

Table 3: The 95% CL upper limits on BH!inv for mH = 125 GeV from the ee, µµ, and combined ee + µµ channels.
Both the observed and expected limits are given, and the 1� and 2� uncertainties on the expected limits are also
presented.

Obs. BH!inv Limit Exp. BH!inv Limit ±1� ± 2�
ee 59% (51 +21

�15
+49
�24) %

µµ 97% (48 +20
�14

+46
�22) %

ee + µµ 67% (39 +17
�11

+38
�18) %

Figure 3 gives the 95% CL exclusion limit in the two-dimensional phase space of WIMP mass m� and
mediator mass mmed derived using the combined ee+µµ channel, where the underlying dark matter model
assumes an axial-vector mediator, fermionic WIMPs, and a specific scenario of the coupling parameters

10

H(125)→invisible decays
■ Searches performed using ggF, VBF, and VH 

production

□ current best limit on 𝓑(H→inv.) = 24% from CMS 

Run I + 2015 combination (JHEP 02 (2017) 135)

□ searches under update with the full 2016 dataset


■ Search for a signal as an enhancement in the 
ETmiss distribution


■ New ATLAS search with full 2016 dataset using 
ZH, Z→ℓℓ


■ Main backgrounds

□ VV, from simulation with data-driven correction

□ Z+jets, data-driven


■ Sensitivity improved by 40% w.r.t. Run I results in 
the same channel

16

PLB 776 (2017) 318 

□Obs. (exp.) : 𝓑 (H→inv.) < 67% (39%)

Higgs properties and decays, searches for high mass Higgs bosons, and HH production
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HH in the SM

■ Gluon fusion: dominant production mode


■ Large destructive interference 
⟹ tiny cross section

□ not sensitive to SM prediction with current data

17Higgs properties and decays, searches for high mass Higgs bosons, and HH production
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
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g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.
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HH beyond the SM

■ Anomalous Higgs boson couplings

□ strong effects on cross-section and shapes

□ described with EFT approach

18

Two production mechanisms:

Nonresonant Resonant

■ Several BSM models accessible with the 
same signature

□ model-independent searches + interpretation


■ Need to cover a broad mX range

□ complementarity of several channels 

Higgs properties and decays, searches for high mass Higgs bosons, and HH production
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HH is an ideal place to look for BSM physics 
Sensitive with current LHC data
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An example: HH→bb𝛾𝛾
■ Focus on the CMS result (full 2016 dataset)

□ search also performed by ATLAS with 2015 dataset


■ Rare but clean final state

□ main background from continuum jj𝛾𝛾 estimated from 

data


■ Use excellent m𝛾𝛾 resolution + mbb signature to 
look for a signal

□ categories based on mHH and the number of b-tagged 

jets to increase the sensitivity

□ regression of mbb with multivariate method

□ fit in the (m𝛾𝛾, mbb) 2D plane

19
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An example: HH→bbbb

20

Resonant

CMS PAS HIG-17-009
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Boosted jet topologies also used in a separate analysis to extend 
the search to mX ~ 3 TeV

■ Focus on the CMS result 
(full 2016 dataset)

□ search also performed by 

ATLAS with first half of 
2016 dataset


■ High BR, but large 
background from QCD 
mutlijet

□ data-driven estimation


■ Use mbb to define the 
signal region, and mbbbb 
to look for a signal

□ kinematic fit to improve 

the resolution

low mX medium mX

Higgs properties and decays, searches for high mass Higgs bosons, and HH production
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: Test of anomalous 
HH couplings

⊡
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bb𝛾𝛾
bb𝜏𝜏

bbVV

WW𝛾𝛾

bbbb

■ Five channels currently explored

□ common techniques and channel-specific challenges

□ complementarity ⟹ benefit of a combination!
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Conclusions

1) Precise characterisation of the Higgs boson properties

□ mH known at 0.18% precision


2) Search for extensions of the scalar sector itself

□ heavy and light scalars, BSM H decays, H±


3) Search for HH production

□ resonant and nonresonant


■ Challenging experimental measurements giving rewarding physics results

□ many different signatures investigated

□ possible only thanks to the excellent performance of the ATLAS and CMS detectors


■ This exciting exploration is continuing as more data are collected and analysed

22Higgs properties and decays, searches for high mass Higgs bosons, and HH production

An intensive programme of exploration of the scalar sector is ongoing at the LHC
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VBF H±→WZ

■ Clean final state!

□ mostly WZ+jets 

background

□ normalised to data 

sideband


■ Look for a signal in 
mT(WZ)
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H± couplings to vector bosons in scalar sector 
extended with SU(2) triplets 
⟹ VBF production and decay to W±Z
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Figure 2: Transverse mass distributions after full selection, for data collected in 2015 (left) and
2016 (right). The background yield predictions correspond to the background-only hypoth-
esis fit result. The signal distribution is shown for m(H±) = 700 GeV and the cross-section
prediction in the GM model at sH = 0.7.
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1

The discovery [1, 2] of a Higgs boson [3–8] at the CERN LHC marks an important milestone
in the exploration of the electroweak (EW) sector of the standard model (SM) [9–11]. Many
aspects of EW interactions at the energy scale of 1 TeV, however, remain to be explored. At
the LHC, the study of vector boson scattering (VBS) may reveal hints to extensions of the SM.
In particular, extended Higgs sectors with additional SU(2) doublets [12–15] or triplets [16–23]
introduce couplings of vector bosons to heavy neutral or charged Higgs bosons.

Searches for charged Higgs bosons (H±) at the LHC currently focus on the production and
the decay via couplings to fermions [24–32], well motivated by the minimal supersymmetric
standard model [33]. In this model, the H±tb coupling is the dominant one irrespective of
the mass of the charged Higgs boson (m(H±)) and tan b, the ratio of the vacuum expectation
values of the two Higgs doublets. Couplings to vector bosons are, however, largely suppressed
in these models.

Higgs sectors extended by SU(2) triplets, however, give rise to charged Higgs bosons with cou-
plings to W and Z bosons at the tree level. Higgs triplets appear in left-right symmetric [34–36],
little Higgs [37–39], and supersymmetric models [40, 41] and can generate neutrino masses
via the seesaw mechanism [17–19, 42, 43]. A particularly prominent model is the Georgi–
Machacek (GM) model [44], where two SU(2) triplets (one real and one complex) are added
to the SM Higgs sector and preserve custodial symmetry for large vacuum expectation values
of the SU(2) triplets. In such models, the charged Higgs bosons are produced via vector boson
fusion (VBF) and the couplings depend on m(H±) and the parameter sin qH, or sH, where s

2
H

denotes the fraction of the W boson mass squared generated by the vacuum expectation value
of the triplets. A representative Feynman diagram for the production by and decay into a W
and Z boson pair is shown in Fig. 1.

q q
0

W
±

q q

Z

H
±

W
±

Z

Figure 1: Example of a Feynman diagram showing the production of charged Higgs bosons via
VBF.

In this Letter, we discuss the search for charged Higgs bosons that are produced via VBF and
decay via couplings to W and Z bosons. The analysis is performed on a sample of proton-
proton collisions collected at

p
s = 13 TeV center-of-mass energy by the CMS experiment at the

LHC. The data sample corresponds to integrated luminosities of 2.3 and 12.9 fb�1 recorded dur-
ing the years 2015 and 2016, respectively. The search is performed using W and Z bosons decay-
ing into electrons and muons. The event selection requires two jets with large pseudorapidity
separation and a high dijet mass to select a VBF topology. The data are compared to the pre-
dictions of the GM model for a charged Higgs boson mass range of 200 < m(H±) < 1000 GeV.
In addition, an exclusion limit on the VBF production cross section times branching fraction
(B) for 200 < m(H±) < 2000 GeV is derived. A similar search was performed by the ATLAS
Collaboration in proton-proton collisions at

p
s = 8 TeV in the semi-leptonic (WZ ! qq0

``)
final state [45]. Other experimental constraints on the GM model can be obtained from studies

high mjj and Δη jet pair   

ℓℓ pair at mZ

extra ℓ + pTmiss

Higgs properties and decays, searches for high mass Higgs bosons, and HH production
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H±→𝜏𝜈
■ Fully hadronic final state (2b, 2j, 1𝜏h)


■ main background: mulitjet with mis-ID 𝜏h (data-driven)

■ Trigger: ETmiss (ATLAS), single 𝜏h + ETmiss (CMS)

■ Use mT(𝜏h) to look for the presence of a signal
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Figure 1: Leading order diagrams for the production of Higgs bosons (left) via gluon-fusion
and (middle and right) in association with b quarks. In the middle panel of the figure a pair of
b quarks is produced from two gluons (leading order in the four-flavor scheme). In the right
panel the Higgs boson is radiated from a b quark in the proton (leading order in the five-flavor
scheme).

Higgs bosons in the context of the MSSM are presented. They are based on the full 2016 pp
collision dataset from the CMS experiment. These data amount to an integrated luminosity
of L = 35.9 fb�1. It is the first publication of such a search in the di-t final state by the CMS
Collaboration based on LHC Run 2 data with a center-of-mass energy of 13 TeV. The search
makes use of all high-level objects accessible from the reconstructed energy deposits in the de-
tector: electrons, muons, hadronically decaying tau leptons, jets and missing transverse energy.
The central element of this analysis is the reconstruction of the di-t pair. Four different final
states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
have been used are new with respect to previous publications by CMS. In the absence of signal,
upper limits are presented on the product of the cross section and branching fraction for the
production of a single narrow resonance via gluon-fusion or in association with b quarks. In
addition exclusion contours in the mA–tan b plane in selected MSSM benchmark scenarios are
provided.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated par-
ticles with a transverse momentum of 1 < pT < 10 GeV and |h| < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact param-
eter [31]. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for
unconverted or late-converting photons in the tens of GeV energy range. The remaining barrel
photons have a resolution of better than 2.5% for |h|  1.4. In the endcaps, the resolution of un-
converted or late-converting photons is about 2.5%, while the remaining endcap photons have
a resolution between 3% and 4% [32]. For electrons from Z boson decays, the momentum reso-
lution varies from 1.7%, for well-measured electrons in the barrel, to 4.5% for electrons, which
e.g., loose a significant amount of their energy through bremsstrahlung, in the endcap [33].
When combining information from the entire detector, the jet energy resolution amounts typi-
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Collaboration based on LHC Run 2 data with a center-of-mass energy of 13 TeV. The search
makes use of all high-level objects accessible from the reconstructed energy deposits in the de-
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The central element of this analysis is the reconstruction of the di-t pair. Four different final
states are taken into account: eµ, eth, µth and thth, where th indicates a hadronic t decay. For
this analysis the most significant backgrounds are estimated from data. The techniques that
have been used are new with respect to previous publications by CMS. In the absence of signal,
upper limits are presented on the product of the cross section and branching fraction for the
production of a single narrow resonance via gluon-fusion or in association with b quarks. In
addition exclusion contours in the mA–tan b plane in selected MSSM benchmark scenarios are
provided.
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ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated par-
ticles with a transverse momentum of 1 < pT < 10 GeV and |h| < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact param-
eter [31]. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for
unconverted or late-converting photons in the tens of GeV energy range. The remaining barrel
photons have a resolution of better than 2.5% for |h|  1.4. In the endcaps, the resolution of un-
converted or late-converting photons is about 2.5%, while the remaining endcap photons have
a resolution between 3% and 4% [32]. For electrons from Z boson decays, the momentum reso-
lution varies from 1.7%, for well-measured electrons in the barrel, to 4.5% for electrons, which
e.g., loose a significant amount of their energy through bremsstrahlung, in the endcap [33].
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A→VH
■ Search using the full 2015+2016 dataset


■ H→bb, giving the final states ℓℓ bb, 𝜈𝜈 bb, 
ℓ𝜈 bb


■ Target both ggF and bb associated 
production modes


■ mA from 220 GeV to 5 TeV

□ both resolved and boosted topologies 

depending on pT(H)


■ Categorisation on the number of tagged jets

□ 1, 2, ≥3 tagged jets


■ Look for localised excesses over the 
background distribution

□ mT (VH) for 𝜈𝜈 bb

□ mA for ℓℓ bb, ℓ𝜈 bb (with W mass constraint)


■ Results also interpreted in 2HDM models
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Figure 6: Upper limits at the 95% CL on the product of the production cross-section for pp! A and the branching
fractions for A ! Zh and h ! bb evaluated by combining the 0-lepton and 2-lepton channels. The possible signal
components of the data are interpreted assuming (a) pure gluon–gluon fusion production, and (b) pure b-quark
associated production.
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Figure 4: Event distributions of mT,Vh for the 0-lepton channel and mVh for the 2-lepton channel after a background-
only fit to the categories used in the search for the A boson produced in association with b-quarks. The quantity
on the vertical axis is the number of data events divided by the bin width in GeV. The distribution for an A boson
with mass of 500 GeV (1.5 TeV) is shown as a red dashed line for illustration in the resolved (merged) regions
normalised using a cross-section of 5 pb. The background uncertainty band shown includes both the statistical and
systematic uncertainties after the fit added in quadrature. The lower panels show the ratio of the observed data to
the estimated SM background.
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Figure 2: Event distributions of mT,Vh for the 0-lepton channel, and mVh for the 1-lepton and 2-lepton channels in
the resolved categories. The quantity on the vertical axis is the number of data events divided by the bin width in
GeV. The background prediction is shown after a background-only maximum-likelihood fit to the data. The signal
for the benchmark HVT Model A with mV 0 = 1.5 TeV is shown as a dashed red line and normalised to 10 times
the theoretical cross-section. The background uncertainty band shown includes both the statistical and systematic
uncertainties after the fit added in quadrature. The lower panels show the ratio of the observed data to the estimated
SM background.
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Light h’→𝛾𝛾

■ Events are divided in 
3 classes (4 for Run I 
data) of signal 
purities 

□ P(0) > P(1) > P(2) > 

P(3)
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CMS PAS HIG-17-013

Higgs properties and decays, searches for high low mass Higgs bosons, and HH production

6.1 Uncertainties evaluated at the per-photon level 9
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Figure 3: Background model fits using the chosen ’best-fit’ parametrization (PDF) to data in the
three event classes at

p
s = 13 TeV. The deviations from monotonically decreasing behavior in

the neighborhood of mgg = 90 GeV are consistent with surviving double-fake events from the
Z ! e+e� Drell-Yan process. The corresponding signal model for each class for mH = 90 GeV
is also shown. The error bands, shown for illustration purposes only, reflect the uncertainty
on the background model normalization associated with the statistical uncertainties of the fits.
The difference between the data and the best-fit PDF is shown below.
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Figure 3: Background model fits using the chosen ’best-fit’ parametrization (PDF) to data in the
three event classes at

p
s = 13 TeV. The deviations from monotonically decreasing behavior in

the neighborhood of mgg = 90 GeV are consistent with surviving double-fake events from the
Z ! e+e� Drell-Yan process. The corresponding signal model for each class for mH = 90 GeV
is also shown. The error bands, shown for illustration purposes only, reflect the uncertainty
on the background model normalization associated with the statistical uncertainties of the fits.
The difference between the data and the best-fit PDF is shown below.

8 6 Systematic uncertainties
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Figure 2: Background model fits using the chosen ’best-fit’ parametrization (PDF) to data in
the four event classes at

p
s = 8 TeV. The deviations from monotonically decreasing behavior in

the neighborhood of mgg = 90 GeV are consistent with surviving double-fake events from the
Z ! e+e� Drell-Yan process. The corresponding signal model for each class for mH = 90 GeV
is also shown. The error bands, shown for illustration purposes only, reflect the uncertainty
on the background model normalization associated with the statistical uncertainties of the fits.
The difference between the data and the best-fit PDF is shown below.

16 8 Conclusion

an hypothesis mass of approximately 110 GeV with a local expected significance close to 3s
(greater than 6s) for the 8 TeV (13 TeV) dataset. The area in the neighborhood of 90 GeV gives
the worst expected significance of approximately 0.4s (slightly above 2s). In the case of the 8
TeV dataset, one excess with approximately 2.0s local significance is observed for an hypoth-
esis mass of 97.6 GeV. For the 13 TeV dataset, one excess with approximately 2.9s local (1.47s
global) significance is observed for an hypothesis mass of 95.3 GeV. For the combination, the
most significant expected sensitivity occurs at an hypothesis mass of 110 GeV with a local ex-
pected significance of approximately 6.8s. The area in the neighborhood of 90 GeV gives the
worst expected significance of slightly above 2s. An excess with approximately 2.8s local (1.3s
global) significance is observed for the same hypothesis mass as for the 13 TeV dataset alone,
95.3 GeV.
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8 Conclusion
A search for new low-mass resonances decaying to two photons has been presented. It is based
upon data samples corresponding to integrated luminosities of 19.7 fb�1 and 35.9 fb�1 collected
respectively at center-of-mass energies of 8 TeV in 2012 and 13 TeV in 2016. The search is per-
formed in a mass range between 70 and 110 GeV. The expected and observed 95% confidence
level upper limits on the product of the cross section times branching ratio into two photons
for a second Higgs boson as well as the expected and observed local p-values are presented.
No significant excess with respect to the expected limits is observed. For the 8 TeV dataset,
the minimum(maximum) observed upper limit on the production cross section times branch-
ing ratio is approximately 31(133) fb corresponding to a mass hypothesis of 102.8(91.1) GeV.
For the 13 TeV dataset, the minimum(maximum) observed upper limits are 26(161) fb corre-
sponding to a mass hypothesis of 103.0(89.9) GeV. The statistical combination of the results
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■ Phenomenologically rich set of decay 
channels


■ Good complementarity 
□ essential to cover many decay channels to fully 

study different SM+BSM signal hypotheses


■ Common techniques… 
□ identification of b-jets

□ mHH reconstruction


■ … and channel specific challenges 
□ partially reconstructed final states (bbWW, bb𝜏𝜏)

□ large multijet background (bbbb)

□ small branching fractions (bb𝛾𝛾, WW𝛾𝛾)
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■ Five-dimensional parameter space to 
be explored

□ 12 points defined as benchmarks of 

representative shapes

34 Chapter 1. Higgs boson pair production

important consequences for the experimental searches, that are sensitive to anomalous
⁄HHH couplings through both the total HH production cross section and the kinematic
distribution of HH events.

E�ective field theory

In the previous section ⁄HHH has been treated as a free parameter and allowed to vary from
the SM prediction. This has the advantage to cover multiple BSM scenario from a simple
parametrization of the induced coupling modifications at the TeV scale. Results can be
subsequently reinterpreted in a specific model through a comparison for the predicted
⁄HHH deviations. A generalization of this approach with a rigorous method is provided
by the e�ective field theory (EFT). If the scale of BSM physics is assumed to be beyond
the direct reach of the LHC, we can approximate its e�ects through an addition of higher
order operators to the d Æ 4 SM Lagrangian. These additional operators are suppressed
by powers of a scale �. From a bottom-up perspective, � can be interpreted as the
scale up to which only SM fields propagate, while from a top-down perspective it is the
energy scale of the BSM physics itself. The theory thus obtained is not renormalizable,
but this does not constitute a problem in this context as an EFT only represents the
lower energy manifestation of a more extended (and renormalizable) theory at higher
scales. Considering a universal flavour structure and no CP violation, there is only one
dimension–5 operator that has the e�ect of introducing neutrino masses m‹ Ã v

2
/�2. It

can be neglected in this context, so that dimension–6 operators are relevant and the EFT
Lagrangian can be written as:

L = LSM +
ÿ

i

ci

�2 O
6
i + · · · (1.45)

and the BSM physics is fully parametrized in terms of the Wilson coe�cients ci. Once
the EFT defined, any UV-complete BSM model can be matched to it, i.e. reduced to
its lower scale manifestation to derive an expression of the ci coe�cients in terms of the
fundamental model parameters. From an experimental point of view, Eq. (1.45) provides
a generic parametrization to investigate several BSM signatures with a model-independent
approach.

In the context of HH production, a relevant EFT can be constructed as detailed in
Ref. [58]. Following the procedure in Ref. [21], the EFT Lagrangian can be rewritten in
terms of e�ective Higgs boson couplings to provide a simple physics interpretation of the
e�ects of dimension–6 operators. The relevant terms of the Lagrangian for HH processes
initiated by gluon-fusion are given by:

L
HH = 1

2ˆµHˆ
µ
H ≠

m
2
H

2 H
2

≠ k⁄⁄
SM

vH
3

≠
mt

v

3
v + ktH + c2

v
HH

4
(tLtR + h.c.)

+ –s

12fiv

3
cgH ≠

c2g

2v
HH

4
G

A

µ‹G
A,µ‹

(1.46)

The physical interpretation of this Lagrangian is the presence of anomalous ⁄HHH and
yt couplings and of three BSM contact interactions representing ttHH (c2), ggHH (c2g),
and ggH (cg) vertices. In a linear realization of the EWSB, the relation c2 = ≠cg holds.
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
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g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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■ Extensions of the SM Lagrangian with 
dim-6 operators


■ Anomalous yt and λHHH couplings and 
three contact interactions (c2, cg, c2g)
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￭ Projections of early Run II results (2.3/2.7 fb-1) 
to 3000 fb-1

□ conservative: improvements already achieved in full 
2016 dataset analyses

expected uncertainty
2− 1− 0 1 2 3 4 5

bbbb
µ

VVbb
µ

bbττ
µ

bbγγ
µ

ECFA16 S2 ECFA16 S2+
Stat. Only

 = 13 TeVs Projection CMS  HH→SM gg 

1.43 𝜎

0.39 𝜎

0.45 𝜎

0.39 𝜎
Decay channel combination is 
essential for an evidence of HH 
production
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Channel

Median expected Significance (Z-value) Uncertainty
limits on µ = ‡HH/‡

SM
HH as a fraction of µ

ECFA16 S2 Stat. only ECFA16 S2 Stat. only ECFA16 S2 Stat. only
HH æ bb““(S2+) 1.44 1.37 1.43 1.47 0.72 0.71
HH æ bb· · 5.2 3.9 0.39 0.53 2.6 1.9
HH æ bbVV 4.8 4.6 0.45 0.47 2.4 2.3
HH æ bbbb 7.0 2.9 0.39 0.67 2.5 1.5

Table 7.1 – Comparison of the 95% CL upper limit on µ = ‡HH/‡
SM
HH , significance, and

uncertainty on µ for the four HH decay channels results extrapolated to a luminosity
of 3000 fb≠1.

other observables such as the output of the BDT discriminant. These possibilities are
clearly very hard to evaluate quantitatively in the context of an extrapolation and will
not be explored in the following. The discussion will consequently assume that the general
analysis strategy is unchanged.

Background rejection

The tt and Drell-Yan processes constitute the major background sources. The develop-
ment of improved rejection strategies is based on the following considerations.

• Di�erent contamination in the flavour of the jets produced in the Drell-Yan back-
ground (DY2b , DY1b , and DY0b) is observed depending on the event category. The
contamination from DY2b accounts for about 70% of the events in the 2b resolved
event categories, but its fraction is only about 10% and 20% in the 1b1j resolved
and boosted categories, respectively. The 1b1j resolved category shows an almost
equal contamination from DY1b and DY0b , while the boosted category is dominated
by DY0b that represents about 80% of the total background contribution. These
numbers are approximately constant for all the · · final states. Such di�erences in
these fractions are expected from the b tagging criteria applied. DY0b contamina-
tion in the boosted category may be reduced by tightening the working point of the
discriminant (currently the loose one is used because of the small number of events
expected).

• The dominant Drell-Yan contribution is realized through the Z/“
ú

æ · · decay
mode, with the two · leptons subsequently decaying to · µ· h, · e· h, or · h· h depend-
ing on the final state considered. Between 85% and 90% of the selected Drell-Yan
events correspond to this decay, with minor contamination from prompt electron
or muon production; these numbers are consistent between the various bb event
categories explored. This shows the e�ectiveness of the object quality selection and
additional lepton veto, and indicate that a further suppression of this background
must rely on the kinematic properties of the selected · · and bb candidates.

• The contamination from tt events di�ers according to the final state considered.
The fraction of generated tt decays that contaminate the three bb categories are
separately shown for the three · · final states in Figure 7.3. It can be observed that
prompt production of a muon or an electron in the tt decay dominates the · µ· h
and · e· h final states, and that between 35% and 50% of the events contain at least
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■ bb𝛾𝛾, bb𝜏𝜏 and bbbb studied


■ parametric simulation of the 
detector upgraded response


■ full analysis on parametric 
simulation, assuming 3000 fb-1 of 
data collected


■ best significance is 1.05𝜎 from 
bb𝛾𝛾

□ maintaining the resolution on m𝛾𝛾 is 

crucial to increase the sensitivity
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Figure 3: Expected 95% CL upper limit on the cross-section �(HH ! bb̄��) with 3000 fb�1 of data and neglecting
systematic uncertainties, as a function of the Higgs self-coupling constant � in units of �S M . The ±1� and ±2�
uncertainty bands are shown in green and yellow. The cross-section exclusion limit grows less stringent in the range
3 < �/�S M < 5 due to the shift of the number of expected HH events towards lower values where the cross section
is decreased.

7 Conclusion

This note presents preliminary studies of a search for pair production of SM Higgs bosons decaying into
two photons and two b-jets in the high luminosity LHC context. The expected number of signal and
background events have been estimated from simulated truth level information after applying smearing
functions to mimic the ATLAS detector response in the HL-LHC environment.

Using a cut-based analysis the estimated number of signal events is 9.544 ± 0.029, to be compared to a
background level of 90.9 ± 2.0 events. The combination of these numbers gives an expected significance
of 1.05� for 3000 fb�1. At 95% CL, the Higgs boson self-coupling is expected to be constrained to
�0.8 < �/�S M < 7.7. This is not enough on its own to claim evidence for the observation of Higgs pair
production, or to determine whether the Higgs self-coupling strength is close to its SM expectation. This
channel is expected to be combined with similar measurements for di-Higgs boson production in other
decay channels such as HH ! bb̄bb̄ and HH ! bb̄⌧⌧ and to be part of a combination of ATLAS and
CMS results.
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