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Matter

• Masses increase with each generation
- me ≈ 0.5 MeV
- mμ ≈ 106 MeV
- mtop ≈ 173000 MeV = 173 GeV (≈mGold)
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So...

One of the primary goals to build  
the Large Hadron Collider was  

to find (or exclude the presence of) 
the Higgs boson
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• Proton-proton collision energy E
- 7 TeV (2011), 8 TeV (2012): “Run 1”
- 13 TeV (2015-…): “Run 2”

• Luminosity
- Instantaneous luminosity 
- Integrated Luminosity L = 

….25 fb-1 
……………36 fb-1 

- Number of produced events N = 
- Run 1

                  
- Run 2
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Higgs Boson Production: a rare Process
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A Higgs boson is 
produced in only  
1 out of 109 events

Proton-(anti)proton  
cross sections

34
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Higgs Boson Decay
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The ATLAS Detector
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How do we find the Higgs Boson?
• Search in “clean” signatures: leptons or photons

• Calculate “invariant mass” of decay products

• Plot mass of every selected event into histogram and 
look for signal peak over background

15

m2 = |p1 + p2|2 = (E1 + E2)
2 � |~p1 + ~p2|2

Mass

Background
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H → γγ
Strategy:
• Select two isolated photons
• Calculate di-photon invariant mass  

and fit distribution 

17

Complete  
Run 1 data!

Expect ~1400
Higgs Bosons
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Signal strength µ:
µ :=

� · B
�SM · BSM

=

observed rate

expected rate

Measurement of Higgs boson production in the diphoton decay channel in pp
collisions at center-of-mass energies of 7 and 8 TeV with the ATLAS detector

(Dated: September 10, 2014)

A measurement of the production processes of the recently discovered Higgs boson is performed
in the two-photon final state using 4.5 fb�1 of proton–proton collisions data at

p
s = 7 TeV and

20.3 fb�1 at
p
s = 8 TeV collected by the ATLAS detector at the Large Hadron Collider. The

number of observed Higgs boson decays to diphotons divided by the corresponding Standard Model
prediction, called the signal strength, is found to be µ = 1.17± 0.27 at the value of the Higgs
boson mass measured by ATLAS, mH = 125.4 GeV. The analysis is optimized to measure the signal
strengths for individual Higgs boson production processes at this value of mH . They are found to
be µ

ggF

= 1.32± 0.38, µ
VBF

= 0.8± 0.7, µWH = 1.0± 1.6, µZH = 0.1 +3.7
�0.1, and µt¯tH = 1.6 +2.7

�1.8, for
Higgs boson production through gluon fusion, vector-boson fusion, and in association with a W or Z
boson or a top-quark pair, respectively. Compared with the previously published ATLAS analysis,
the results reported here also benefit from a new energy calibration procedure for photons and the
subsequent reduction of the systematic uncertainty on the diphoton mass resolution. No significant
deviations from the predictions of the Standard Model are found.

I. INTRODUCTION

In July 2012, the ATLAS and CMS collaborations in-
dependently reported observations of a new particle [1, 2]
compatible with the Standard Model (SM) Higgs bo-
son [3–8]. Since then, measurements of the properties
of this new boson have been carried out to further eluci-
date its role in electroweak symmetry breaking and the
mechanism of fermion mass generation. In addition to
measurements of its mass [9, 10] and its spin and par-
ity [11, 12], the strengths of the couplings of the Higgs
boson to fermions and vector bosons are of primary inter-
est [10, 13]. These couplings, which are predicted to de-
pend on the value of mH , can be tested by measurements
of the ratios of the number of observed Higgs bosons pro-
duced through gluon fusion (ggF), weak vector-boson fu-
sion (VBF) and associated production with a W boson
(WH), a Z boson (ZH) or a top-quark pair (tt̄H) to
the corresponding SM predictions. The good diphoton
invariant mass resolution of the ATLAS detector makes
it possible to measure these ratios, or signal strengths µ,
in the diphoton final state, separating the small, narrow
Higgs boson signal from the large continuum background.

Measurements of the individual signal strengths of the
production processes listed above are presented in this
article. They probe both the Higgs boson production
and the H ! �� decay rate: in order to test the pro-
duction through VBF and associated production with a
W or Z boson or a tt̄ pair independently of the H ! ��
branching ratio, signal strengths of these processes rela-
tive to ggF production are also presented. A combination
of 4.5 fb�1 of pp collision data recorded at

p
s = 7 TeV

and 20.3 fb�1 of data recorded at
p
s = 8 TeV (the LHC

Run 1 data) is analyzed. The analysis is designed to
maximize the sensitivity to the signal strengths while us-
ing the same event selection as the measurement of the
Higgs boson mass discussed in Ref. [9]. This is achieved
by defining categories of diphoton candidate events that
exploit the characteristic features of the final states of
the di↵erent production modes.

The signal strengths are extracted from maximum like-

lihood fits to unbinned invariant mass distributions of
diphoton candidates observed in the di↵erent event cat-
egories, modeled by a narrow Higgs boson resonance
on continuum backgrounds. All the results presented
in this article are obtained for a Higgs boson mass
mH = 125.4 GeV measured by ATLAS using the combi-
nation of results from the decay channels H ! �� and
H ! ZZ(⇤) ! 4` [9]. The CMS collaboration has re-
cently updated its measurements of the Higgs properties
in the diphoton channel as discussed in Ref. [14].

Compared with the previous results obtained with the
same dataset [13], this new analysis profits from a refined
energy calibration procedure that improves the expected
mass resolution of the signal in the inclusive diphoton
sample by approximately 10% [15]. In addition, the un-
certainty on the photon energy resolution is reduced by
approximately a factor of two. Furthermore, experimen-
tal uncertainties on the integrated luminosity, photon
identification, and photon isolation are reduced. Two
new categories enriched in tt̄H events and a dedicated
dilepton category that distinguishes ZH from WH pro-
duction have been added. Finally, the event selection
and categorization are tuned to improve the sensitivity
of the analysis. The above refinements contribute almost
equally to an overall improvement of about 10% in the
expected uncertainty on the combined signal strength.

The article is organized in the following way. The
ATLAS detector is briefly described in Sec. II. The data
and Monte Carlo (MC) samples used for this analysis are
presented in Sec. III while details of the reconstruction
of photons, electrons, muons, jets and missing transverse
momentum are given in Sec. IV. The diphoton event se-
lection is discussed in Sec. V followed by a description
of the event categorization in Sec. VI. The models of the
signal and background distributions used to fit the data
are presented in Sec. VII. The systematic uncertainties
are described in Sec. VIII. Using the statistical procedure
briefly outlined in Sec. IX, the results of the combina-
tion of the

p
s = 7 TeV and

p
s = 8 TeV data for the

Higgs boson signal strengths are extracted and presented
in Sec. X. The conclusions of this study are summarized
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• Calculate the “p-value”:
1. Build probability density distribution f for background-only hypothesis H0: f(x|H0)

2. Probability to obtain result xobs or less likely, given f(x|H0):
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• Significance: 5.2σ



Karsten Köneke

H → ZZ* → 4ℓ𝓁

19



Karsten Köneke

H → ZZ* → 4ℓ𝓁

20

p
p

H Z

Z

μ+

μ-

e+

e-

• Strategy:
- Identify 4 isolated leptons (electrons, muons)
- Calculate invariant mass 



Karsten Köneke

H → ZZ* → 4ℓ𝓁

20

p
p

H Z

Z

μ+

μ-

e+

e-

• Strategy:
- Identify 4 isolated leptons (electrons, muons)
- Calculate invariant mass 

• Conditions:
- Tiny overall branching ratio:

- BR(H → ZZ*) ≈ 2.6%
- BR(Z → ℓ𝓁ℓ𝓁) ≈ 3.4%

⇒ Expect ~75 Higgs bosons in 
this decay!

• Result:
- Significance: 8.2σ
- Signal strength: 

µ = 1.50 +0.35
�0.31(stat)

+0.19
�0.13(sys)
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Higgs Boson Properties

• Mass mH  

• Spin and CP 

• Interactions with other particles 
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Mass Measurement

22

• Not predicted by theory
- Once measured by experiment, everything else is determined 

• Use high-resolution H → γγ and H → ZZ* → 4ℓ𝓁 channels:
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ATLAS+CMS Mass Measurement

23

• Result:

9

ing mH, profiled. Similarly, the compatibility of the ATLAS combined mass measurement in
the two channels with the CMS combined measurement in the two channels is evaluated using
the variable Dmexpt ⌘ mATLAS

H � mCMS
H . The observed results, DmgZ = �0.1 ± 0.5 GeV and

Dmexpt = 0.4 ± 0.5 GeV, are both consistent with zero within 1 s. The difference between the
mass values in the two experiments is Dmexpt

gg = 1.3 ± 0.6 GeV (2.1 s) for the H ! gg channel
and Dmexpt

4` = �0.9 ± 0.7 GeV (1.3 s) for the H ! ZZ ! 4` channel. The combined results
exhibit a greater degree of compatibility than the results from the individual decay channels
because the Dmexpt value has opposite signs in the two channels.

The compatibility of the signal strengths from ATLAS and CMS is evaluated through the ratios
lexpt = µATLAS/µCMS, l

expt
F = µgg ATLAS

ggF+tt̄H /µgg CMS
ggF+tt̄H, and l

expt
4` = µ4` ATLAS/µ4` CMS. For this

purpose, each ratio is individually taken to be the parameter of interest, with all other nuisance
parameters profiled, including the remaining two ratios for the first two tests. We find lexpt =
1.21+0.30

�0.24, l
expt
F = 1.3+0.8

�0.5, and l
expt
4` = 1.3+0.5

�0.4, all of which are consistent with unity within 1 s.
The ratio l

expt
V = µgg ATLAS

VBF+VH /µgg CMS
VBF+VH is omitted because the ATLAS mass measurement in the

H ! gg channel is not sensitive to µgg
VBF+VH/µgg

ggF+tt̄H.

The correlation between the signal strength and the measured mass is explored with 2D likeli-
hood scans as functions of µ and mH. The three signal strengths are assumed to be the same:
µgg

ggF+tt̄H = µgg
VBF+VH = µ4` ⌘ µ, and thus the ratios of the production cross sections times

branching fractions are constrained to the SM predictions. Assuming that the negative log-
likelihood ratio �2 ln L(µ, mH) is distributed as a c2 variable with two degrees of freedom, the
68% confidence level (CL) confidence regions are shown in Fig. 4 for each individual measure-
ment, as well as for the combined result.

In summary, a combined measurement of the Higgs boson mass is performed in the H ! gg
and H ! ZZ ! 4` channels using the LHC Run 1 data sets of the ATLAS and CMS experi-
ments, with minimal reliance on the assumption that the Higgs boson behaves as predicted by
the SM.

The result is
mH = 125.09 ± 0.24 GeV

= 125.09 ± 0.21 (stat.)± 0.11 (syst.) GeV,
(9)

where the total uncertainty is dominated by the statistical term, with the systematic uncertainty
dominated by effects related to the photon, electron, and muon energy or momentum scales
and resolutions. Compatibility tests are performed to ascertain whether the measurements are
consistent with each other, both between the different decay channels and between the two ex-
periments. All tests on the combined results indicate consistency of the different measurements
within 1 s, while the four Higgs boson mass measurements in the two channels of the two ex-
periments agree within 2 s. The combined measurement of the Higgs boson mass improves
upon the results from the individual experiments and is the most precise measurement to date
of this fundamental parameter of the newly discovered particle.
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But is it the Higgs Boson?
Need to determine its other properties precisely:

• Spin and CP

• Production rates

• Couplings to bosons and fermions
- According to boson and fermion masses?
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Why Spin 0?
• Vacuum:

- No charge: 
- Rotationally invariant, i.e., no preferred direction

• Higgs boson should have same quantum numbers  
as observed vacuum:
- No charge: 👍

- Mass cannot depend on direction  
⇒ Spin 0
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Standard Model Higgs boson:  JPC = 0++ 
• Charge conjugation: change sign of all quantum numbers
• Parity (“mirror”) transformation”: P̂ x⃗ ⟶ -x⃗
• Strategy: falsify other hypotheses (0-, 1+, 1-, 2+, 2-), 

demonstrate consistency with 0+ hypothesis

• Spin-1 excluded by observed H → γγ 
• Use angular variables
• Calculate likelihood ratio  

between alternative hypothesis 
and standard JP = 0+ hypothesis

Spin and CP
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Spin and CP
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q̃ = �2 · ln (LJP/L0+)
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Spin and CP
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q̃ = �2 · ln (LJP/L0+)
projection
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Spin and CP

27

q̃ = �2 · ln (LJP/L0+)
projection

• SM JP = 0+ favored

• Other models disfavored at >99.9% 
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But is it the Higgs Boson?
Need to determine its other properties precisely:
✔Spin and CP

• Production rates

• Couplings to bosons and fermions
- According to boson and fermion masses?
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The κ Framework

29

Model and fit framework: 
• Once Higgs boson mass is known, all other Higgs-boson parameters 

are fixed in the SM
• To allow for measurement deviations from SM rates, introduce 

coupling scale factors:

Assumption: 
• Only one SM Higgs-like state at ~125 GeV with negligible width

LHC Higgs XS WG (arxiv:1307.1347)

 =
g

gSM

http://arxiv.org/abs/1307.1347
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Table 11: Measured global signal strength µ and its total uncertainty, together with the breakdown of the uncertainty
into its four components as defined in Section 3.3. The results are shown for the combination of ATLAS and CMS,
and separately for each experiment. The expected uncertainty, with its breakdown, is also shown.

Best fit µ Uncertainty

Total Stat Expt Thbgd Thsig

ATLAS + CMS (measured) 1.09 +0.11
�0.10

+0.07
�0.07

+0.04
�0.04

+0.03
�0.03

+0.07
�0.06

ATLAS + CMS (expected) +0.11
�0.10

+0.07
�0.07

+0.04
�0.04

+0.03
�0.03

+0.07
�0.06

ATLAS (measured) 1.20 +0.15
�0.14

+0.10
�0.10

+0.06
�0.06

+0.04
�0.04

+0.08
�0.07

ATLAS (expected) +0.14
�0.13

+0.10
�0.10

+0.06
�0.05

+0.04
�0.04

+0.07
�0.06

CMS (measured) 0.97 +0.14
�0.13

+0.09
�0.09

+0.05
�0.05

+0.04
�0.03

+0.07
�0.06

CMS (expected) +0.14
�0.13

+0.09
�0.09

+0.05
�0.05

+0.04
�0.03

+0.08
�0.06

5. Measurements of signal strengths

Section 4.1 presents the results from generic parameterisations, expressed in terms of cross sections and
branching fractions. This section probes more specific parameterisations, with additional assumptions.
Results for these parameterisations are presented, starting with the most restrictive one using a single
parameter of interest, which was used to assess the sensitivity of the experimental analyses to the presence
of a Higgs boson at the time of its discovery. Section 5.4 describes the test of a hypothesis that two or
more neutral Higgs bosons might be present with similar masses.

5.1. Global signal strength

The simplest and most restrictive signal strength parameterisation is to assume that the values of the signal
strengths µ f

i , as defined in Eq. (3), are the same for all production processes i and decay channels f . In
this case, the SM predictions of signal yields in all categories are scaled by a global signal strength µ.
Such a parameterisation provides the simplest test of the compatibility of the experimental data with the
SM predictions. A fit to the ATLAS and CMS data at

p
s = 7 and 8 TeV with µ as the parameter of

interest results in the best fit value:

µ = 1.09+0.11
�0.10 = 1.09+0.07

�0.07 (stat) +0.04
�0.04 (expt) +0.03

�0.03 (thbgd)+0.07
�0.06 (thsig),

where the breakdown of the uncertainties into their four components is performed as described in Sec-
tion 3.3. The overall systematic uncertainty of +0.09

�0.08 is larger than the statistical uncertainty and its largest
component is the theoretical uncertainty in the ggF cross section. This result is consistent with the SM
prediction of µ = 1 within less than 1� and the p-value of the compatibility between the data and the SM
predictions is 40%. This result is shown in Table 11, together with that from each experiment, includ-
ing the breakdown of the uncertainties into their four components. The expected uncertainties and their
breakdown are also given.
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Mass ~ Coupling Strength?

ATLAS and CMS 
see all measured 
couplings in 
agreement with 
SM expectations
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LHC Run 2

ECM = 13 TeV
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DRAFT

4. Category optimization for probing production modes

Various categories are developed in order to probe the various production Higgs production modes,
namely the vector boson fusion (VBF), WH, ZH and ttH associated production. The relative contri-
bution of the di↵erent production modes are available in Tables 1 and 26.

Figure 1 shows a sketch of the event categorization. In order to reduce as much as possible the rate of
contamination among categories, the ordering is made in order to test the categories from the most rare
to the most frequent. This contamination by processes not aimed by a given category (whose values are
shown in Table 1) is not an intrinsic problem, because it is taken into account in the final fit. But it allows
to improve the sensitivity for the rare modes. More details of the categorization for di↵erent production
mode are introduced in following subsections.

di-photon selection

ttH - leptonic

ttH - hadronic

Di-lepton

 ll)H→Z(

One-lepton

)Hν l→W(

 significancemiss
TE

)Hν l→)H ; W(νν →Z(

Low-mass two-jets

 jj)H→ jj)H, Z(→W(

tight

loose

High-mass two-jets

VBF

tight

loose

 rest
Tt

-pη4 

ggF

Figure 1: Flow-chart of the event categorisation, giving the order of selection of the di↵erent categories and the
targeted production process. This corresponds to h012.

Unless specificed otherwise, the figure of merit used for the optimization is the Asimov expected signi-
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Strategy:
• Fit mγγ in many production mode sensitive categories
• Measure fiducial, differential, and production cross-sections

H → γγ

Fiducial cross-section:
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signal strength. Among the largest contributions is the uncertainty on the photon energy resolution. Un-
certainties due to the photon identification e�ciency, the jet energy scale and the background modelling
are also among the larger ones. Substantial theoretical uncertainties are associated to the prediction of the
gluon fusion contribution to the VBF-enriched categories. The perturbative uncertainty on the predicted
gluon fusion cross section and the uncertainty on the predicted H ! �� branching ratio contribute sig-
nificantly for the signal strength measurements, but do not a↵ect the measurements of cross section times
H ! �� branching ratio. The black dots and bars show how the nuisance parameters associated with the
uncertainties shown are pulled or constrained by the fit.

10 Results

10.1 Fiducial and di↵erential cross sections

The cross section for pp! H ! �� measured in the baseline fiducial region is

�fid = 43.2 ± 14.9 (stat.) ± 4.9 (syst.) fb

which is to be compared with the Standard Model prediction for inclusive Higgs boson production of
62.8 +3.4

�4.4 fb. The gluon fusion contribution to the Standard Model prediction is taken to be the N3LO
prediction of Ref. [24] corrected for the H ! �� branching ratio and the fiducial acceptance6. The
fiducial acceptance is defined using the NNLOPS prediction for gluon fusion [79]. NNLOPS provides
parton-level events at NNLO accuracy for inclusive gluon fusion production and is interfaced to the
Pythia8 event generator for parton showering, hadronisation and multiple parton interactions (using the
AZNLO parameter set). The contributions to the Standard Model prediction from the VBF, VH and tt̄H
production mechanisms are determined using the particle-level predictions from the Powheg+Pythia and
Pythia8 event generators normalised to state-of-the-art theoretical calculations as discussed in Section 4,
and are collectively referred to as XH. Although the measured cross section is somewhat lower than the
Standard Model prediction, the e↵ect is not statistically significant.

The cross sections measured in the VBF-enhanced and single-lepton fiducial regions are presented in
Table 5, whereas the di↵erential cross sections are presented in Figures 10–13. For all of these results,
the data are compared to a SM prediction constructed from the NNLOPS prediction for gluon fusion,
with the VBF, VH and tt̄H contributions taken from the default MC samples discussed in Section 4. The
NNLOPS calculation is normalised to the N3LO prediction of Ref. [24] using a K-factor of KggH = 1.1.
For the cross sections measured in the VBF-enhanced and single-lepton regions, the data are in agreement
with the Standard Model predictions.

The di↵erential cross sections for pp! H ! �� as a function of the diphoton transverse momentum and
rapidity are shown in Figure 10. The data slightly undershoot the theoretical prediction at low transverse
momentum and low rapidity, and slightly overshoot at large transverse momentum. The slightly harder
Higgs boson transverse momentum is consistent with the ATLAS Run-I measurements in both the H !
�� and H ! ZZ⇤ ! 4` decay channels [10, 80].

The di↵erential cross sections for pp ! H ! �� as a function of the jet multiplicity are shown in
Figure 11. The left panel shows the result for the exclusive jet bins and the data are in agreement with

6 Shifting the Higgs boson mass by its measured uncertainties results in less than 1% shift in the calculated cross section times
branching ratio and is therefore neglected.
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signal strength. Among the largest contributions is the uncertainty on the photon energy resolution. Un-
certainties due to the photon identification e�ciency, the jet energy scale and the background modelling
are also among the larger ones. Substantial theoretical uncertainties are associated to the prediction of the
gluon fusion contribution to the VBF-enriched categories. The perturbative uncertainty on the predicted
gluon fusion cross section and the uncertainty on the predicted H ! �� branching ratio contribute sig-
nificantly for the signal strength measurements, but do not a↵ect the measurements of cross section times
H ! �� branching ratio. The black dots and bars show how the nuisance parameters associated with the
uncertainties shown are pulled or constrained by the fit.

10 Results

10.1 Fiducial and di↵erential cross sections

The cross section for pp! H ! �� measured in the baseline fiducial region is

�fid = 43.2 ± 14.9 (stat.) ± 4.9 (syst.) fb

which is to be compared with the Standard Model prediction for inclusive Higgs boson production of
62.8 +3.4

�4.4 fb. The gluon fusion contribution to the Standard Model prediction is taken to be the N3LO
prediction of Ref. [24] corrected for the H ! �� branching ratio and the fiducial acceptance6. The
fiducial acceptance is defined using the NNLOPS prediction for gluon fusion [79]. NNLOPS provides
parton-level events at NNLO accuracy for inclusive gluon fusion production and is interfaced to the
Pythia8 event generator for parton showering, hadronisation and multiple parton interactions (using the
AZNLO parameter set). The contributions to the Standard Model prediction from the VBF, VH and tt̄H
production mechanisms are determined using the particle-level predictions from the Powheg+Pythia and
Pythia8 event generators normalised to state-of-the-art theoretical calculations as discussed in Section 4,
and are collectively referred to as XH. Although the measured cross section is somewhat lower than the
Standard Model prediction, the e↵ect is not statistically significant.

The cross sections measured in the VBF-enhanced and single-lepton fiducial regions are presented in
Table 5, whereas the di↵erential cross sections are presented in Figures 10–13. For all of these results,
the data are compared to a SM prediction constructed from the NNLOPS prediction for gluon fusion,
with the VBF, VH and tt̄H contributions taken from the default MC samples discussed in Section 4. The
NNLOPS calculation is normalised to the N3LO prediction of Ref. [24] using a K-factor of KggH = 1.1.
For the cross sections measured in the VBF-enhanced and single-lepton regions, the data are in agreement
with the Standard Model predictions.

The di↵erential cross sections for pp! H ! �� as a function of the diphoton transverse momentum and
rapidity are shown in Figure 10. The data slightly undershoot the theoretical prediction at low transverse
momentum and low rapidity, and slightly overshoot at large transverse momentum. The slightly harder
Higgs boson transverse momentum is consistent with the ATLAS Run-I measurements in both the H !
�� and H ! ZZ⇤ ! 4` decay channels [10, 80].

The di↵erential cross sections for pp ! H ! �� as a function of the jet multiplicity are shown in
Figure 11. The left panel shows the result for the exclusive jet bins and the data are in agreement with

6 Shifting the Higgs boson mass by its measured uncertainties results in less than 1% shift in the calculated cross section times
branching ratio and is therefore neglected.
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signal strength. Among the largest contributions is the uncertainty on the photon energy resolution. Un-
certainties due to the photon identification e�ciency, the jet energy scale and the background modelling
are also among the larger ones. Substantial theoretical uncertainties are associated to the prediction of the
gluon fusion contribution to the VBF-enriched categories. The perturbative uncertainty on the predicted
gluon fusion cross section and the uncertainty on the predicted H ! �� branching ratio contribute sig-
nificantly for the signal strength measurements, but do not a↵ect the measurements of cross section times
H ! �� branching ratio. The black dots and bars show how the nuisance parameters associated with the
uncertainties shown are pulled or constrained by the fit.

10 Results

10.1 Fiducial and di↵erential cross sections

The cross section for pp! H ! �� measured in the baseline fiducial region is

�fid = 43.2 ± 14.9 (stat.) ± 4.9 (syst.) fb

which is to be compared with the Standard Model prediction for inclusive Higgs boson production of
62.8 +3.4

�4.4 fb. The gluon fusion contribution to the Standard Model prediction is taken to be the N3LO
prediction of Ref. [24] corrected for the H ! �� branching ratio and the fiducial acceptance6. The
fiducial acceptance is defined using the NNLOPS prediction for gluon fusion [79]. NNLOPS provides
parton-level events at NNLO accuracy for inclusive gluon fusion production and is interfaced to the
Pythia8 event generator for parton showering, hadronisation and multiple parton interactions (using the
AZNLO parameter set). The contributions to the Standard Model prediction from the VBF, VH and tt̄H
production mechanisms are determined using the particle-level predictions from the Powheg+Pythia and
Pythia8 event generators normalised to state-of-the-art theoretical calculations as discussed in Section 4,
and are collectively referred to as XH. Although the measured cross section is somewhat lower than the
Standard Model prediction, the e↵ect is not statistically significant.

The cross sections measured in the VBF-enhanced and single-lepton fiducial regions are presented in
Table 5, whereas the di↵erential cross sections are presented in Figures 10–13. For all of these results,
the data are compared to a SM prediction constructed from the NNLOPS prediction for gluon fusion,
with the VBF, VH and tt̄H contributions taken from the default MC samples discussed in Section 4. The
NNLOPS calculation is normalised to the N3LO prediction of Ref. [24] using a K-factor of KggH = 1.1.
For the cross sections measured in the VBF-enhanced and single-lepton regions, the data are in agreement
with the Standard Model predictions.

The di↵erential cross sections for pp! H ! �� as a function of the diphoton transverse momentum and
rapidity are shown in Figure 10. The data slightly undershoot the theoretical prediction at low transverse
momentum and low rapidity, and slightly overshoot at large transverse momentum. The slightly harder
Higgs boson transverse momentum is consistent with the ATLAS Run-I measurements in both the H !
�� and H ! ZZ⇤ ! 4` decay channels [10, 80].

The di↵erential cross sections for pp ! H ! �� as a function of the jet multiplicity are shown in
Figure 11. The left panel shows the result for the exclusive jet bins and the data are in agreement with

6 Shifting the Higgs boson mass by its measured uncertainties results in less than 1% shift in the calculated cross section times
branching ratio and is therefore neglected.
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signal strength. Among the largest contributions is the uncertainty on the photon energy resolution. Un-
certainties due to the photon identification e�ciency, the jet energy scale and the background modelling
are also among the larger ones. Substantial theoretical uncertainties are associated to the prediction of the
gluon fusion contribution to the VBF-enriched categories. The perturbative uncertainty on the predicted
gluon fusion cross section and the uncertainty on the predicted H ! �� branching ratio contribute sig-
nificantly for the signal strength measurements, but do not a↵ect the measurements of cross section times
H ! �� branching ratio. The black dots and bars show how the nuisance parameters associated with the
uncertainties shown are pulled or constrained by the fit.

10 Results

10.1 Fiducial and di↵erential cross sections

The cross section for pp! H ! �� measured in the baseline fiducial region is

�fid = 43.2 ± 14.9 (stat.) ± 4.9 (syst.) fb

which is to be compared with the Standard Model prediction for inclusive Higgs boson production of
62.8 +3.4

�4.4 fb. The gluon fusion contribution to the Standard Model prediction is taken to be the N3LO
prediction of Ref. [24] corrected for the H ! �� branching ratio and the fiducial acceptance6. The
fiducial acceptance is defined using the NNLOPS prediction for gluon fusion [79]. NNLOPS provides
parton-level events at NNLO accuracy for inclusive gluon fusion production and is interfaced to the
Pythia8 event generator for parton showering, hadronisation and multiple parton interactions (using the
AZNLO parameter set). The contributions to the Standard Model prediction from the VBF, VH and tt̄H
production mechanisms are determined using the particle-level predictions from the Powheg+Pythia and
Pythia8 event generators normalised to state-of-the-art theoretical calculations as discussed in Section 4,
and are collectively referred to as XH. Although the measured cross section is somewhat lower than the
Standard Model prediction, the e↵ect is not statistically significant.

The cross sections measured in the VBF-enhanced and single-lepton fiducial regions are presented in
Table 5, whereas the di↵erential cross sections are presented in Figures 10–13. For all of these results,
the data are compared to a SM prediction constructed from the NNLOPS prediction for gluon fusion,
with the VBF, VH and tt̄H contributions taken from the default MC samples discussed in Section 4. The
NNLOPS calculation is normalised to the N3LO prediction of Ref. [24] using a K-factor of KggH = 1.1.
For the cross sections measured in the VBF-enhanced and single-lepton regions, the data are in agreement
with the Standard Model predictions.

The di↵erential cross sections for pp! H ! �� as a function of the diphoton transverse momentum and
rapidity are shown in Figure 10. The data slightly undershoot the theoretical prediction at low transverse
momentum and low rapidity, and slightly overshoot at large transverse momentum. The slightly harder
Higgs boson transverse momentum is consistent with the ATLAS Run-I measurements in both the H !
�� and H ! ZZ⇤ ! 4` decay channels [10, 80].

The di↵erential cross sections for pp ! H ! �� as a function of the jet multiplicity are shown in
Figure 11. The left panel shows the result for the exclusive jet bins and the data are in agreement with

6 Shifting the Higgs boson mass by its measured uncertainties results in less than 1% shift in the calculated cross section times
branching ratio and is therefore neglected.
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4. Category optimization for probing production modes

Various categories are developed in order to probe the various production Higgs production modes,
namely the vector boson fusion (VBF), WH, ZH and ttH associated production. The relative contri-
bution of the di↵erent production modes are available in Tables 1 and 26.

Figure 1 shows a sketch of the event categorization. In order to reduce as much as possible the rate of
contamination among categories, the ordering is made in order to test the categories from the most rare
to the most frequent. This contamination by processes not aimed by a given category (whose values are
shown in Table 1) is not an intrinsic problem, because it is taken into account in the final fit. But it allows
to improve the sensitivity for the rare modes. More details of the categorization for di↵erent production
mode are introduced in following subsections.

di-photon selection

ttH - leptonic

ttH - hadronic

Di-lepton

 ll)H→Z(

One-lepton

)Hν l→W(

 significancemiss
TE

)Hν l→)H ; W(νν →Z(

Low-mass two-jets

 jj)H→ jj)H, Z(→W(

tight

loose

High-mass two-jets

VBF

tight

loose

 rest
Tt

-pη4 

ggF

Figure 1: Flow-chart of the event categorisation, giving the order of selection of the di↵erent categories and the
targeted production process. This corresponds to h012.

Unless specificed otherwise, the figure of merit used for the optimization is the Asimov expected signi-
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Strategy:
• Fit mγγ in many production mode sensitive categories
• Measure fiducial, differential, and production cross-sections

H → γγ

Fiducial cross-section:
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signal strength. Among the largest contributions is the uncertainty on the photon energy resolution. Un-
certainties due to the photon identification e�ciency, the jet energy scale and the background modelling
are also among the larger ones. Substantial theoretical uncertainties are associated to the prediction of the
gluon fusion contribution to the VBF-enriched categories. The perturbative uncertainty on the predicted
gluon fusion cross section and the uncertainty on the predicted H ! �� branching ratio contribute sig-
nificantly for the signal strength measurements, but do not a↵ect the measurements of cross section times
H ! �� branching ratio. The black dots and bars show how the nuisance parameters associated with the
uncertainties shown are pulled or constrained by the fit.

10 Results

10.1 Fiducial and di↵erential cross sections

The cross section for pp! H ! �� measured in the baseline fiducial region is

�fid = 43.2 ± 14.9 (stat.) ± 4.9 (syst.) fb

which is to be compared with the Standard Model prediction for inclusive Higgs boson production of
62.8 +3.4

�4.4 fb. The gluon fusion contribution to the Standard Model prediction is taken to be the N3LO
prediction of Ref. [24] corrected for the H ! �� branching ratio and the fiducial acceptance6. The
fiducial acceptance is defined using the NNLOPS prediction for gluon fusion [79]. NNLOPS provides
parton-level events at NNLO accuracy for inclusive gluon fusion production and is interfaced to the
Pythia8 event generator for parton showering, hadronisation and multiple parton interactions (using the
AZNLO parameter set). The contributions to the Standard Model prediction from the VBF, VH and tt̄H
production mechanisms are determined using the particle-level predictions from the Powheg+Pythia and
Pythia8 event generators normalised to state-of-the-art theoretical calculations as discussed in Section 4,
and are collectively referred to as XH. Although the measured cross section is somewhat lower than the
Standard Model prediction, the e↵ect is not statistically significant.

The cross sections measured in the VBF-enhanced and single-lepton fiducial regions are presented in
Table 5, whereas the di↵erential cross sections are presented in Figures 10–13. For all of these results,
the data are compared to a SM prediction constructed from the NNLOPS prediction for gluon fusion,
with the VBF, VH and tt̄H contributions taken from the default MC samples discussed in Section 4. The
NNLOPS calculation is normalised to the N3LO prediction of Ref. [24] using a K-factor of KggH = 1.1.
For the cross sections measured in the VBF-enhanced and single-lepton regions, the data are in agreement
with the Standard Model predictions.

The di↵erential cross sections for pp! H ! �� as a function of the diphoton transverse momentum and
rapidity are shown in Figure 10. The data slightly undershoot the theoretical prediction at low transverse
momentum and low rapidity, and slightly overshoot at large transverse momentum. The slightly harder
Higgs boson transverse momentum is consistent with the ATLAS Run-I measurements in both the H !
�� and H ! ZZ⇤ ! 4` decay channels [10, 80].

The di↵erential cross sections for pp ! H ! �� as a function of the jet multiplicity are shown in
Figure 11. The left panel shows the result for the exclusive jet bins and the data are in agreement with

6 Shifting the Higgs boson mass by its measured uncertainties results in less than 1% shift in the calculated cross section times
branching ratio and is therefore neglected.
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signal strength. Among the largest contributions is the uncertainty on the photon energy resolution. Un-
certainties due to the photon identification e�ciency, the jet energy scale and the background modelling
are also among the larger ones. Substantial theoretical uncertainties are associated to the prediction of the
gluon fusion contribution to the VBF-enriched categories. The perturbative uncertainty on the predicted
gluon fusion cross section and the uncertainty on the predicted H ! �� branching ratio contribute sig-
nificantly for the signal strength measurements, but do not a↵ect the measurements of cross section times
H ! �� branching ratio. The black dots and bars show how the nuisance parameters associated with the
uncertainties shown are pulled or constrained by the fit.

10 Results

10.1 Fiducial and di↵erential cross sections

The cross section for pp! H ! �� measured in the baseline fiducial region is

�fid = 43.2 ± 14.9 (stat.) ± 4.9 (syst.) fb

which is to be compared with the Standard Model prediction for inclusive Higgs boson production of
62.8 +3.4

�4.4 fb. The gluon fusion contribution to the Standard Model prediction is taken to be the N3LO
prediction of Ref. [24] corrected for the H ! �� branching ratio and the fiducial acceptance6. The
fiducial acceptance is defined using the NNLOPS prediction for gluon fusion [79]. NNLOPS provides
parton-level events at NNLO accuracy for inclusive gluon fusion production and is interfaced to the
Pythia8 event generator for parton showering, hadronisation and multiple parton interactions (using the
AZNLO parameter set). The contributions to the Standard Model prediction from the VBF, VH and tt̄H
production mechanisms are determined using the particle-level predictions from the Powheg+Pythia and
Pythia8 event generators normalised to state-of-the-art theoretical calculations as discussed in Section 4,
and are collectively referred to as XH. Although the measured cross section is somewhat lower than the
Standard Model prediction, the e↵ect is not statistically significant.

The cross sections measured in the VBF-enhanced and single-lepton fiducial regions are presented in
Table 5, whereas the di↵erential cross sections are presented in Figures 10–13. For all of these results,
the data are compared to a SM prediction constructed from the NNLOPS prediction for gluon fusion,
with the VBF, VH and tt̄H contributions taken from the default MC samples discussed in Section 4. The
NNLOPS calculation is normalised to the N3LO prediction of Ref. [24] using a K-factor of KggH = 1.1.
For the cross sections measured in the VBF-enhanced and single-lepton regions, the data are in agreement
with the Standard Model predictions.

The di↵erential cross sections for pp! H ! �� as a function of the diphoton transverse momentum and
rapidity are shown in Figure 10. The data slightly undershoot the theoretical prediction at low transverse
momentum and low rapidity, and slightly overshoot at large transverse momentum. The slightly harder
Higgs boson transverse momentum is consistent with the ATLAS Run-I measurements in both the H !
�� and H ! ZZ⇤ ! 4` decay channels [10, 80].

The di↵erential cross sections for pp ! H ! �� as a function of the jet multiplicity are shown in
Figure 11. The left panel shows the result for the exclusive jet bins and the data are in agreement with

6 Shifting the Higgs boson mass by its measured uncertainties results in less than 1% shift in the calculated cross section times
branching ratio and is therefore neglected.
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signal strength. Among the largest contributions is the uncertainty on the photon energy resolution. Un-
certainties due to the photon identification e�ciency, the jet energy scale and the background modelling
are also among the larger ones. Substantial theoretical uncertainties are associated to the prediction of the
gluon fusion contribution to the VBF-enriched categories. The perturbative uncertainty on the predicted
gluon fusion cross section and the uncertainty on the predicted H ! �� branching ratio contribute sig-
nificantly for the signal strength measurements, but do not a↵ect the measurements of cross section times
H ! �� branching ratio. The black dots and bars show how the nuisance parameters associated with the
uncertainties shown are pulled or constrained by the fit.
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�4.4 fb. The gluon fusion contribution to the Standard Model prediction is taken to be the N3LO
prediction of Ref. [24] corrected for the H ! �� branching ratio and the fiducial acceptance6. The
fiducial acceptance is defined using the NNLOPS prediction for gluon fusion [79]. NNLOPS provides
parton-level events at NNLO accuracy for inclusive gluon fusion production and is interfaced to the
Pythia8 event generator for parton showering, hadronisation and multiple parton interactions (using the
AZNLO parameter set). The contributions to the Standard Model prediction from the VBF, VH and tt̄H
production mechanisms are determined using the particle-level predictions from the Powheg+Pythia and
Pythia8 event generators normalised to state-of-the-art theoretical calculations as discussed in Section 4,
and are collectively referred to as XH. Although the measured cross section is somewhat lower than the
Standard Model prediction, the e↵ect is not statistically significant.

The cross sections measured in the VBF-enhanced and single-lepton fiducial regions are presented in
Table 5, whereas the di↵erential cross sections are presented in Figures 10–13. For all of these results,
the data are compared to a SM prediction constructed from the NNLOPS prediction for gluon fusion,
with the VBF, VH and tt̄H contributions taken from the default MC samples discussed in Section 4. The
NNLOPS calculation is normalised to the N3LO prediction of Ref. [24] using a K-factor of KggH = 1.1.
For the cross sections measured in the VBF-enhanced and single-lepton regions, the data are in agreement
with the Standard Model predictions.

The di↵erential cross sections for pp! H ! �� as a function of the diphoton transverse momentum and
rapidity are shown in Figure 10. The data slightly undershoot the theoretical prediction at low transverse
momentum and low rapidity, and slightly overshoot at large transverse momentum. The slightly harder
Higgs boson transverse momentum is consistent with the ATLAS Run-I measurements in both the H !
�� and H ! ZZ⇤ ! 4` decay channels [10, 80].

The di↵erential cross sections for pp ! H ! �� as a function of the jet multiplicity are shown in
Figure 11. The left panel shows the result for the exclusive jet bins and the data are in agreement with

6 Shifting the Higgs boson mass by its measured uncertainties results in less than 1% shift in the calculated cross section times
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signal strength. Among the largest contributions is the uncertainty on the photon energy resolution. Un-
certainties due to the photon identification e�ciency, the jet energy scale and the background modelling
are also among the larger ones. Substantial theoretical uncertainties are associated to the prediction of the
gluon fusion contribution to the VBF-enriched categories. The perturbative uncertainty on the predicted
gluon fusion cross section and the uncertainty on the predicted H ! �� branching ratio contribute sig-
nificantly for the signal strength measurements, but do not a↵ect the measurements of cross section times
H ! �� branching ratio. The black dots and bars show how the nuisance parameters associated with the
uncertainties shown are pulled or constrained by the fit.
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10.1 Fiducial and di↵erential cross sections

The cross section for pp! H ! �� measured in the baseline fiducial region is

�fid = 43.2 ± 14.9 (stat.) ± 4.9 (syst.) fb

which is to be compared with the Standard Model prediction for inclusive Higgs boson production of
62.8 +3.4

�4.4 fb. The gluon fusion contribution to the Standard Model prediction is taken to be the N3LO
prediction of Ref. [24] corrected for the H ! �� branching ratio and the fiducial acceptance6. The
fiducial acceptance is defined using the NNLOPS prediction for gluon fusion [79]. NNLOPS provides
parton-level events at NNLO accuracy for inclusive gluon fusion production and is interfaced to the
Pythia8 event generator for parton showering, hadronisation and multiple parton interactions (using the
AZNLO parameter set). The contributions to the Standard Model prediction from the VBF, VH and tt̄H
production mechanisms are determined using the particle-level predictions from the Powheg+Pythia and
Pythia8 event generators normalised to state-of-the-art theoretical calculations as discussed in Section 4,
and are collectively referred to as XH. Although the measured cross section is somewhat lower than the
Standard Model prediction, the e↵ect is not statistically significant.

The cross sections measured in the VBF-enhanced and single-lepton fiducial regions are presented in
Table 5, whereas the di↵erential cross sections are presented in Figures 10–13. For all of these results,
the data are compared to a SM prediction constructed from the NNLOPS prediction for gluon fusion,
with the VBF, VH and tt̄H contributions taken from the default MC samples discussed in Section 4. The
NNLOPS calculation is normalised to the N3LO prediction of Ref. [24] using a K-factor of KggH = 1.1.
For the cross sections measured in the VBF-enhanced and single-lepton regions, the data are in agreement
with the Standard Model predictions.

The di↵erential cross sections for pp! H ! �� as a function of the diphoton transverse momentum and
rapidity are shown in Figure 10. The data slightly undershoot the theoretical prediction at low transverse
momentum and low rapidity, and slightly overshoot at large transverse momentum. The slightly harder
Higgs boson transverse momentum is consistent with the ATLAS Run-I measurements in both the H !
�� and H ! ZZ⇤ ! 4` decay channels [10, 80].

The di↵erential cross sections for pp ! H ! �� as a function of the jet multiplicity are shown in
Figure 11. The left panel shows the result for the exclusive jet bins and the data are in agreement with

6 Shifting the Higgs boson mass by its measured uncertainties results in less than 1% shift in the calculated cross section times
branching ratio and is therefore neglected.
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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Table 9: MC and Data yields for the W H analysis. Normalisation factors derived from maximising the likelihood
function are applied. The errors include MC statistical uncertainties on the yield, NF statistical uncertainties,
detector systematic uncertainties and theory systematic uncertainties. The sum of all the contributions may slightly
di�er from the total value due to rounding.

Category CRa CRb CRc CRd CRe CRf

W H 0.97± 0.36 0.27± 0.01 0.37± 0.13 0.45± 0.02 0.21± 0.08 0.14± 0.05
Other Higgs 0.77± 0.02 0.03± 0.00 0.39± 0.01 0.42± 0.01 0.05± 0.01 0.02± 0.00

VV 207.07± 15.32 162.72± 52.50 156.02± 13.38 163.43± 13.57 4.42± 0.76 1.04± 0.48
VVV 0.86± 0.21 0.02± 0.01 0.15± 0.04 0.16± 0.04 0.20± 0.05 0.19± 0.03
Top quark 3.65± 0.56 0.43± 0.18 7.31± 0.89 9.05± 1.16 234.22± 19.07 193.97± 18.61
Z+jets 2.50± 1.24 0.0± 0.0 230.15± 82.94 211.76± 72.55 1.55± 0.72 0.13± 0.12

Total background 214.85± 14.12 162.47± 42.29 394.01± 73.35 385.15± 64.13 240.43± 19.34 195.28± 18.95
Observed 217 163 393 387 241 195

The fit results for the signal strength for the VBF and W H production modes are respectively:502

µVBF = 1.7+1.0
�0.8(stat)+0.6

�0.4(sys)

µWH = 3.2+3.7
�3.2(stat)+2.3

�2.7(sys)

Since the contribution of the ggF production process to the background in the VBF analysis is not503

negligible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been504

assessed. A scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred505

percent, i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25%506

which is well below the precision of the given measurement.507

The measured signal strength, µVBF (µWH ), can be used to evaluate the product �VBF(WH ) · BH!WW ⇤508

for the VBF (associated W H) production mode, respectively. The central value is the product of µ and the509

predicted cross section used to define it. The uncertainties are similarly scaled, except for the theoretical510

uncertainties related to the total predicted signal yield, which do not apply to this measurement. Since511

these uncertainties are small compared to leading uncertainties in both signal strength measurements, the512

cross sections are calculated to be:513

�VBF · BH!WW ⇤ = 1.4+0.8
�0.6(stat)+0.5

�0.4(sys) pb

�WH · BH!WW ⇤ = 0.9+1.1
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The predicted cross section times branching fraction values are 0.808 ± 0.021 pb and 0.293 ± 0.007 pb514
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Table 9: MC and Data yields for the W H analysis. Normalisation factors derived from maximising the likelihood
function are applied. The errors include MC statistical uncertainties on the yield, NF statistical uncertainties,
detector systematic uncertainties and theory systematic uncertainties. The sum of all the contributions may slightly
di�er from the total value due to rounding.
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Top quark 3.65± 0.56 0.43± 0.18 7.31± 0.89 9.05± 1.16 234.22± 19.07 193.97± 18.61
Z+jets 2.50± 1.24 0.0± 0.0 230.15± 82.94 211.76± 72.55 1.55± 0.72 0.13± 0.12
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Since the contribution of the ggF production process to the background in the VBF analysis is not503

negligible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been504

assessed. A scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred505

percent, i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25%506
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The measured signal strength, µVBF (µWH ), can be used to evaluate the product �VBF(WH ) · BH!WW ⇤508

for the VBF (associated W H) production mode, respectively. The central value is the product of µ and the509

predicted cross section used to define it. The uncertainties are similarly scaled, except for the theoretical510

uncertainties related to the total predicted signal yield, which do not apply to this measurement. Since511

these uncertainties are small compared to leading uncertainties in both signal strength measurements, the512

cross sections are calculated to be:513
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�0.6(stat)+0.5

�0.4(sys) pb

�WH · BH!WW ⇤ = 0.9+1.1
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The predicted cross section times branching fraction values are 0.808 ± 0.021 pb and 0.293 ± 0.007 pb514
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• 1.9σ (1.2σ) observed (expected)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-112/
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WH → WWW* → ℓ𝓁νℓ𝓁νℓ𝓁ν
• 2 signal regions
• 6 data control regions
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Table 9: MC and Data yields for the W H analysis. Normalisation factors derived from maximising the likelihood
function are applied. The errors include MC statistical uncertainties on the yield, NF statistical uncertainties,
detector systematic uncertainties and theory systematic uncertainties. The sum of all the contributions may slightly
di�er from the total value due to rounding.
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negligible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been504

assessed. A scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred505

percent, i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25%506

which is well below the precision of the given measurement.507

The measured signal strength, µVBF (µWH ), can be used to evaluate the product �VBF(WH ) · BH!WW ⇤508

for the VBF (associated W H) production mode, respectively. The central value is the product of µ and the509

predicted cross section used to define it. The uncertainties are similarly scaled, except for the theoretical510

uncertainties related to the total predicted signal yield, which do not apply to this measurement. Since511
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Table 9: MC and Data yields for the W H analysis. Normalisation factors derived from maximising the likelihood
function are applied. The errors include MC statistical uncertainties on the yield, NF statistical uncertainties,
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Karsten Köneke

H → bb is dominant decay (~58%)
(W/Z)H associated production:

• 0-lepton (Z → νν)
• 1-lepton (W → ℓ𝓁ν)
• 2-lepton (Z → ℓ𝓁ℓ𝓁)

H → bb

42

ATL-CONF-2016-091
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Homing in on new H channelsHoming in on new H channels

2015

+

2016

Hunt for H b→ b decay 
in (W/Z)H associated 
production

● H  bb dominant decay BR~58%→
● Significance 0.4σ (exp 1.9σ)

2015+2016 

ttH production
● Direct probe of ttH 

vertex
● 3 channels with 

2015+2016 data
● Combined: 2.8σ 

observed (exp 1.8σ)

ATLAS-CONF-2016-068

Run-1

• Analysis validated with  
(W/Z)Z(bb):  
3σ, consistent with SM

• Results: 0.42σ (1.94σ) 
observed (expected) 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-091/


Karsten Köneke, Christian Grefe

H → µµ
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ATL-CONF-2016-041

Strategy:
• 2 opposite sign muons,  

MET < 80 GeV, b-veto
• VBF-enriched SR (BDT)   

(new in run-2)
• 6 ggF-enriched SRs: 

- 3 pT(µµ) bins 
- 2 η(µ) bins (forward/central)
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Run-1: µ < 7.1 (obs.), 7.2 (exp.)
Run-2: µ < 4.4 (obs.), 5.5 (exp.)

Combined: µ < 3.5 (obs.), 4.3 (exp.)

http://cds.cern.ch/record/2206079


Karsten Köneke

• Combination of:
- ttH(γγ): ATLAS-CONF-2016-067 (see earlier)
- ttH(bb): ATLAS-CONF-2016-080
- ttH multi-lepton: ATLAS-CONF-2016-058

• Result: 2.8σ (1.8σ) obs, (exp.):

ttH

44
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Homing in on new H channelsHoming in on new H channels

2015

+

2016

Hunt for H b→ b decay 
in (W/Z)H associated 
production

● H  bb dominant decay BR~58%→
● Significance 0.4σ (exp 1.9σ)

2015+2016 

ttH production
● Direct probe of ttH 

vertex
● 3 channels with 

2015+2016 data
● Combined: 2.8σ 

observed (exp 1.8σ)

ATLAS-CONF-2016-068

Run-1

ATL-CONF-2016-068

                     Run 2

(Run 1 exp: 1.5σ)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-080/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-068/
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Combination and Interpretation
So far :

• κ-framework:
- Only considers rates

• Spin and CP measurements:
- Only considers shapes

Want: measure full tensor structure of Higgs boson couplings

• One option: effective field theory
- Assume no new particles below Λ < 1 TeV

- Write down all possible interactions  
consistent with SM symmetries up to dimension 6

45



Karsten Köneke

Higgs Characterization Model
• Effective Lagrangian:

46

Introduction

Method

Example

Challenges

Summary

Example: Higgs Characterization Lagrangian

� Effective Lagrangian for the interaction of scalar and
pseudo-scalar states with vector bosons

LV
0

= �c↵
SM

�1
2

gHZZ ZµZ
µ + gHWW W+

µW
−µ�

− 1

4

�c↵H��gH�� Aµ⌫A
µ⌫ + s↵A��gA�� Aµ⌫Ã

µ⌫�
− 1

2

�c↵HZ�gHZ� Zµ⌫A
µ⌫ + s↵AZ�gAZ� Zµ⌫Ã

µ⌫�
− 1

4

�c↵HgggHgg G
a
µ⌫G

a,µ⌫ + s↵AgggAgg G
a
µ⌫G̃

a,µ⌫�
− 1

4

1

⇤

�c↵HZZ Zµ⌫Z
µ⌫ + s↵AZZ Zµ⌫Z̃

µ⌫�
− 1

2

1

⇤

�c↵HWW W+
µ⌫W

−µ⌫ + s↵AWW W+
µ⌫
�W−µ⌫�

− 1

⇤

c↵�H@� Z⌫@µA
µ⌫ + H@Z Z⌫@µZ

µ⌫ + �H@W W+
⌫ @µW

−µ⌫ + h.c.���X
0

� Implemented in MadGraph5_aMC@NLO (HC_UFO)
� fixed ⇤ = 1TeV (conventional), cos↵ = 1√

2

(redundant)
� Define coupling parameter as gx (e.g. gAWW = s↵AWW �⇤)

8/12

SM CP-even 
BSM CP-even 
BSM CP-odd

arXiv:1306.6464

- Fixed Λ < 1 TeV (convention), cα = cos(α) = 1/√2 (redundant)
- Implemented in MadGraph5_aMC@NLO (HC_UFO)

https://arxiv.org/abs/1306.6464
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Morphing
• Measurements based on formulation of Likelihood 𝓛(x|θ)  
• Predict observable distribution from composite model:

- HEP model ⊗ simulation ⊗ detector response ⊗ reconstruction
• Interpolate smoothly 𝓛(x|θ = -1, 0, 1) ⟶ 𝓛(x|θ)   
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Motivation

� Physics measurements based on Likelihood L (x � ✓)
� Predict observable distribution from a composite model

HEP model ⊗ soft physics ⊗ detector response ⊗ reconstruction

� Interpolate smoothly L (x � ✓ = −1,0,1)→ L (x � ✓)

Coupling A, e. g. g
SM

Co
up

lin
g
B

,e
.g

.
g B

S
M

⇒

Coupling A, e. g. g
SM

Co
up

lin
g
B

,e
.g

.
g B

S
M

2/12

https://cds.cern.ch/record/2066980
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Template Morphing
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Template morphing

Template

morphing

Empirical
descrip-
tions

Physics
inspired

Analytical
shapes

Piecewise linear
interpolation

Integral morphing

Moment morphing

. . .

Parametrized Gaussian

. . .

3/12
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Idea of Effective Lagrangian Morphing

• Cross section ~ |matrix element|2:
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Example: g
SM

and g
BSM

in one vertex

� Cross section proportional to the matrix element squared

M(g
SM

, g
BSM

) = g
SM

O
SM

+ g
BSM

O
BSM

T ∝ �M(g
SM

, g
BSM

)�2 = g2
SM

�O
SM

�2 + g2
BSM

�O
BSM

�2+ 2g
SM

g
BSM

R(O∗
SM

O
BSM

)
� With 3 unique terms, need 3 input samples Ti,in

T
out

(�g
out

) = Nin=3�
i=1 wi(�gout

;
�gi) ⋅ Ti,in(�gi) �g

out

variable�gi fixed

� Ansatz wi = ai1 ⋅ g2
SM

+ ai2 ⋅ g
SM

g
BSM

+ ai3 ⋅ g2
BSM

� Calculate aij from closure condition wi = �ij for �g
out

= �gj
� Linear system of equations, i. e. matrix inversion.
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Idea of Effective Lagrangian Morphing

• Cross section ~ |matrix element|2:
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Idea of Effective Lagrangian Morphing

• Cross section ~ |matrix element|2:

49

ATL-PHYS-PUB-2015-047

Introduction

Method

Example

Challenges

Summary

Example: g
SM

and g
BSM

in one vertex

� Cross section proportional to the matrix element squared

M(g
SM

, g
BSM

) = g
SM

O
SM

+ g
BSM

O
BSM

T ∝ �M(g
SM

, g
BSM

)�2 = g2
SM

�O
SM

�2 + g2
BSM

�O
BSM

�2+ 2g
SM

g
BSM

R(O∗
SM

O
BSM

)
� With 3 unique terms, need 3 input samples Ti,in

T
out

(�g
out

) = Nin=3�
i=1 wi(�gout

;
�gi) ⋅ Ti,in(�gi) �g

out

variable�gi fixed

� Ansatz wi = ai1 ⋅ g2
SM

+ ai2 ⋅ g
SM

g
BSM

+ ai3 ⋅ g2
BSM

� Calculate aij from closure condition wi = �ij for �g
out

= �gj
� Linear system of equations, i. e. matrix inversion.

4/12

Introduction

Method

Example

Challenges

Summary

Example: g
SM

and g
BSM

in one vertex

� Cross section proportional to the matrix element squared

M(g
SM

, g
BSM

) = g
SM

O
SM

+ g
BSM

O
BSM

T ∝ �M(g
SM

, g
BSM

)�2 = g2
SM

�O
SM

�2 + g2
BSM

�O
BSM

�2+ 2g
SM

g
BSM

R(O∗
SM

O
BSM

)
� With 3 unique terms, need 3 input samples Ti,in

T
out

(�g
out

) = Nin=3�
i=1 wi(�gout

;
�gi) ⋅ Ti,in(�gi) �g

out

variable�gi fixed

� Ansatz wi = ai1 ⋅ g2
SM

+ ai2 ⋅ g
SM

g
BSM

+ ai3 ⋅ g2
BSM

� Calculate aij from closure condition wi = �ij for �g
out

= �gj
� Linear system of equations, i. e. matrix inversion.

4/12

• With 3 unique terms, need 3 input samples Ti,in:

Introduction

Method

Example

Challenges

Summary

Example: g
SM

and g
BSM

in one vertex

� Cross section proportional to the matrix element squared

M(g
SM

, g
BSM

) = g
SM

O
SM

+ g
BSM

O
BSM

T ∝ �M(g
SM

, g
BSM

)�2 = g2
SM

�O
SM

�2 + g2
BSM

�O
BSM

�2+ 2g
SM

g
BSM

R(O∗
SM

O
BSM

)
� With 3 unique terms, need 3 input samples Ti,in

T
out

(�g
out

) = Nin=3�
i=1 wi(�gout

;
�gi) ⋅ Ti,in(�gi) �g

out

variable�gi fixed

� Ansatz wi = ai1 ⋅ g2
SM

+ ai2 ⋅ g
SM

g
BSM

+ ai3 ⋅ g2
BSM

� Calculate aij from closure condition wi = �ij for �g
out

= �gj
� Linear system of equations, i. e. matrix inversion.

4/12

• Ansatz:
• Calculate       from closure condition            for      
• Linear system of equations, i.e., matrix inversion

Introduction

Method

Example

Challenges

Summary

Example: g
SM

and g
BSM

in one vertex

� Cross section proportional to the matrix element squared

M(g
SM

, g
BSM

) = g
SM

O
SM

+ g
BSM

O
BSM

T ∝ �M(g
SM

, g
BSM

)�2 = g2
SM

�O
SM

�2 + g2
BSM

�O
BSM

�2+ 2g
SM

g
BSM

R(O∗
SM

O
BSM

)
� With 3 unique terms, need 3 input samples Ti,in

T
out

(�g
out

) = Nin=3�
i=1 wi(�gout

;
�gi) ⋅ Ti,in(�gi) �g

out

variable�gi fixed

� Ansatz wi = ai1 ⋅ g2
SM

+ ai2 ⋅ g
SM

g
BSM

+ ai3 ⋅ g2
BSM

� Calculate aij from closure condition wi = �ij for �g
out

= �gj
� Linear system of equations, i. e. matrix inversion.

4/12

Introduction

Method

Example

Challenges

Summary

Example: g
SM

and g
BSM

in one vertex

� Cross section proportional to the matrix element squared

M(g
SM

, g
BSM

) = g
SM

O
SM

+ g
BSM

O
BSM

T ∝ �M(g
SM

, g
BSM

)�2 = g2
SM

�O
SM

�2 + g2
BSM

�O
BSM

�2+ 2g
SM

g
BSM

R(O∗
SM

O
BSM

)
� With 3 unique terms, need 3 input samples Ti,in

T
out

(�g
out

) = Nin=3�
i=1 wi(�gout

;
�gi) ⋅ Ti,in(�gi) �g

out

variable�gi fixed

� Ansatz wi = ai1 ⋅ g2
SM

+ ai2 ⋅ g
SM

g
BSM

+ ai3 ⋅ g2
BSM

� Calculate aij from closure condition wi = �ij for �g
out

= �gj
� Linear system of equations, i. e. matrix inversion.

4/12

Introduction

Method

Example

Challenges

Summary

Example: g
SM

and g
BSM

in one vertex

� Cross section proportional to the matrix element squared

M(g
SM

, g
BSM

) = g
SM

O
SM

+ g
BSM

O
BSM

T ∝ �M(g
SM

, g
BSM

)�2 = g2
SM

�O
SM

�2 + g2
BSM

�O
BSM

�2+ 2g
SM

g
BSM

R(O∗
SM

O
BSM

)
� With 3 unique terms, need 3 input samples Ti,in

T
out

(�g
out

) = Nin=3�
i=1 wi(�gout

;
�gi) ⋅ Ti,in(�gi) �g

out

variable�gi fixed

� Ansatz wi = ai1 ⋅ g2
SM

+ ai2 ⋅ g
SM

g
BSM

+ ai3 ⋅ g2
BSM

� Calculate aij from closure condition wi = �ij for �g
out

= �gj
� Linear system of equations, i. e. matrix inversion.

4/12

Introduction

Method

Example

Challenges

Summary

Example: g
SM

and g
BSM

in one vertex

� Cross section proportional to the matrix element squared

M(g
SM

, g
BSM

) = g
SM

O
SM

+ g
BSM

O
BSM

T ∝ �M(g
SM

, g
BSM

)�2 = g2
SM

�O
SM

�2 + g2
BSM

�O
BSM

�2+ 2g
SM

g
BSM

R(O∗
SM

O
BSM

)
� With 3 unique terms, need 3 input samples Ti,in

T
out

(�g
out

) = Nin=3�
i=1 wi(�gout

;
�gi) ⋅ Ti,in(�gi) �g

out

variable�gi fixed

� Ansatz wi = ai1 ⋅ g2
SM

+ ai2 ⋅ g
SM

g
BSM

+ ai3 ⋅ g2
BSM

� Calculate aij from closure condition wi = �ij for �g
out

= �gj
� Linear system of equations, i. e. matrix inversion.

4/12

Example: gSM and gBSM in one vertex

https://cds.cern.ch/record/2066980


Karsten Köneke

Example: gSM and gBSM in one Vertex
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� free choice of input samples as long as matrix is invertible
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Applicability
• Applicable whenever matrix element factorizes:
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decay

�
Example

BSM coupling parameter in interac-
tions of Higgs bosons to SM particles.

Ht

g

g

� Not applicable for scanning the mass as a free parameter.
� RooFit implementation: RooEFTMorphFunc .
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Optimal Input Set

• Find set of input samples with:
- robust morphing performance
- minimal statistical uncertainty in target region
⇒Non-trivial problem: constrained optimization
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Optimal input template set

True Template

A
1

A
2

A
3

B
1

B
2

B
3

g
SM

g B
S
M

Observable
Ev

en
ts

True Template
Morphing output (Input Set A)
Morphing output (Input Set B)

� Find input template set for target phase space with
1. robust morphing performance.

2. minimal statistical uncertainty �T
out

at target

� Non-trivial problem: Constrained optimization.
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Proof-of-Concept: ggF H → ZZ* → 4ℓ𝓁 
• Simulate 3 input samples 

and 2 target samples:
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Figure 2: Distributions of cos (✓1), where ✓1 is the angle between the on-shell Z boson and its negatively charged
lepton (left) and the angle � (right) between the decay planes of the two Z bosons for events generated in the ggF
H ! Z Z⇤ ! 4` process at 13 TeV, calculated in the rest frame of the Higgs boson [1]. Generated validation samples
(solid) as well as predictions calculated via morphing (dashed) are shown. The ratios between the morphing output
and the validation distributions are shown in the lower panels.

5.1.2. Validation in VBF H ! WW ⇤ ! e⌫µ⌫

In addition to the SM coupling SM two non-SM couplings HWW and AWW are used for validation. All
three operators act on the production and decay vertex which results in 15 input samples needed for the
morphing. Besides these 15 input samples additional validation samples are produced to have statistically
independent distributions.

An overview of all generated samples in the parameter space can be found in Figure 3, where the two
additional validation samples have been highlighted and dubbed v0 and v1. Their parameters have been
chosen randomly. For each sample, 50.000 Monte Carlo events have been generated. The cross sections
calculated in arbitrary units using the morphing technique can be seen in Figure 4 (left). Using larger
absolute non-SM coupling values results in larger rates for both non-SM coupling parameters.

The relative uncertainty arising from the morphing function on the number of events is shown in Figure 4
(right). In the considered parameter space the relative Monte Carlo statistical uncertainty remains very
small, in the range of ca. 2-3%, whereas outside the region the uncertainty grows the further away the
parameters lie from the input samples. This explains both the local maxima in the central parameter region
and the rapid increase in the outer region.

For this channel, the kinematic observable used is the azimuthal angle between the two tagging jets �� j j .
All input distributions for morphing and validation are scaled to their respective cross section in arbitrary
units and shown in Figure 5. When morphing to one of the input samples a perfect match is obtained.
The morphing is also tested against statistically independent validation samples, as shown in Figure 6,
exhibiting agreement within ⇠ 5% of the input samples and the morphing.
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5.1.2. Validation in VBF H ! WW ⇤ ! e⌫µ⌫

In addition to the SM coupling SM two non-SM couplings HWW and AWW are used for validation. All
three operators act on the production and decay vertex which results in 15 input samples needed for the
morphing. Besides these 15 input samples additional validation samples are produced to have statistically
independent distributions.

An overview of all generated samples in the parameter space can be found in Figure 3, where the two
additional validation samples have been highlighted and dubbed v0 and v1. Their parameters have been
chosen randomly. For each sample, 50.000 Monte Carlo events have been generated. The cross sections
calculated in arbitrary units using the morphing technique can be seen in Figure 4 (left). Using larger
absolute non-SM coupling values results in larger rates for both non-SM coupling parameters.

The relative uncertainty arising from the morphing function on the number of events is shown in Figure 4
(right). In the considered parameter space the relative Monte Carlo statistical uncertainty remains very
small, in the range of ca. 2-3%, whereas outside the region the uncertainty grows the further away the
parameters lie from the input samples. This explains both the local maxima in the central parameter region
and the rapid increase in the outer region.

For this channel, the kinematic observable used is the azimuthal angle between the two tagging jets �� j j .
All input distributions for morphing and validation are scaled to their respective cross section in arbitrary
units and shown in Figure 5. When morphing to one of the input samples a perfect match is obtained.
The morphing is also tested against statistically independent validation samples, as shown in Figure 6,
exhibiting agreement within ⇠ 5% of the input samples and the morphing.
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Benefits of Morphing
• Computationally fast & convenient:

• Can be applied directly and without change to differential 
or total cross sections (truth or reconstructed)

• Description of rates and shapes is exact, continuous, and 
analytical 

57

ATL-PHYS-PUB-2015-047

Morphing Matrix-element reweighting
• Use final histograms 
• Only calculates linear 

sums of coefficients 
• All other inputs are  

pre-computed once

For every scenario: 
• write events to disk 
• rerun analysis 
• additional interpolation

https://cds.cern.ch/record/2066980
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• Restriction: rates morphing (no shape) with κSM ≡ 1
58

Application: H → ZZ* → 4ℓ𝓁
ATL-CONF-2016-079

this note. The Run�1 limits have been obtained under very di↵erent assumptions: only the kinematic
properties of the four lepton decay were used to constraint the BSM couplings while the dependence of
the event yields on the BSM couplings was not considered in the fit. In this analysis only the yields in
categories sensitive to the production mode are used. In addition these results are obtained by fixing the
SM part of the interactions while in Run�1 the ratio of the BSM coupling to the SM one was left as a free
parameter.

Table 13: Observed and expected limits at 95% CL on HVV and AVV · sin↵.

Not excluded HVV AVV · sin↵
range at 95% CL expected observed expected observed

[�6.3, 5.1] [0.9, 7.5] [�6.3, 6.5] [�9.7, 11.0]

7.5 Results for the heavy scalar search

The parameter of interest in the search for an additional heavy scalar is the cross section times branching
ratio of heavy Higgs boson production. It is assumed that an additional scalar would be produced predom-
inantly via the ggF and VBF processes but that the ratio of the two production mechanisms is unknown in
the absence of a specific model. For this reason, fits for the ggF and VBF production processes are done
separately, and in each case the other production process is left free in the fit.

The maximum deviation from the SM background hypothesis is found at a mass around 705 GeV with a
narrow-width hypothesis using the inclusive analysis without ggF-VBF categories, and the corresponding
local p-value is about 2.9 standard deviations. The global p-value, taking into account that such excess
can happen anywhere in the mass spectrum, is about 1.9 standard deviations.

Since no significant excess in the search is found, limits on the cross section times branching ratio for
an additional heavy narrow resonance are obtained as a function of mS with the CLs procedure in the
asymptotic approximation for both ggF and VBF production modes.

Figure 11 presents the expected and observed limits at 95% confidence level on � ⇥ B(S ! ZZ ! 4`).
Since this analysis assumes a narrow intrinsic width for the heavy particle, the results are valid for models
in which the width is less than 0.5% of mS .

In the mass range considered for this search the 95% confidence level (CL) upper limits on the cross
section times branching ratio for heavy Higgs boson production vary between 4.6 fb at mS = 244 GeV
and 0.22 fb at mS = 1000 GeV in the ggF channel and between 1.9 fb at mS = 234 GeV and 0.2 fb at
mS = 1000 GeV in the VBF channel. A cross check using pseudo-experiments instead of the asymptotic
approximation, results in cross section limits that are higher by not more than 25% for mS above 550 GeV.
The e↵ect is much smaller at lower masses due to more statistics.

In the case of LWA, limits on the �ggF ⇥ B(S ! ZZ ! 4`) assuming intermediate widths of the heavy
scalar are also set. Figures 12(a), 12(b), 12(c) show the limits for a width of 1%, 5% and 10% of mS ,
respectively. The limits are set for masses of mS higher than 400 GeV.
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• Assume                             and

pact on the yields in the VH and VBF production modes since they would modify simultaneously the
production and the decay interactions. In order to study these interactions the BSM e↵ects are paramet-
erised following the Higgs characterization model described in Ref. [30]. Only the e↵ective Lagrangian
terms related to the BSM couplings HVV and AVV of Equation 2.2 of Ref. [30] are considered in this note
as in previous ATLAS studies [12], where, however, these interactions were considered only in the Higgs
boson decay. They describe BSM scalar (HVV ) and pseudo-scalar (AVV ) interactions between the Higgs
boson and the Z and W SM vector bosons. The BSM couplings are assumed to be the same for the W and
Z bosons (i.e., HVV = HZZ = HWW and AVV = AZZ = AWW). The scale of the new physics described
in the model (⇤) is fixed at 1 TeV and the coupling that describes the SM-like interaction is fixed to the
SM value (SM · cos↵ = 1 of Ref [30]). For the BSM scalar interaction the value of cos↵ of Ref. [30] is
fixed to 1, so that the interaction is described by the single parameter HVV . For the pseudo-scalar inter-
action the coupling of the BSM part is defined as a single parameter AVV · sin↵ of Ref. [30]. With these
assumptions and this parameterisation, the interactions between the Higgs boson and the vector bosons
are the same as in the SM when the value of the BSM coupling is zero.

In order to study the impact of the BSM interactions on the experimental categories, BSM samples have
been generated using the code MadGraph5_aMC@NLO [31] and are used to emulate di↵erent values of
the couplings using a morphing technique described in Section 5. The data yields are fit to the expected
BSM signal in each category, without the use of discriminants. The SM-like part of the interaction is
fixed to the predictions by the latest SM calculations [26, 27].

2.3 High-mass analysis

The signal candidate events selected in the invariant mass region above 140 GeV are used to search for
heavy scalar resonances decaying via the process ZZ ! 4`. The analysis is close to the one described in
Ref. [15]. The basic event selection is described in section 2 with the addition of the Z-mass constraint
applied to both dilepton pairs, as both Zs are expected to be on-shell.

A few improvements with respect to Ref. [15] are implemented in this study: in addition to the inclusive
search, categories sensitive to ggF and VBF production modes are added. An event is classified as ori-
ginating from the VBF production mode if there are two or more jets in the event, the invariant mass of
the di-jet system is above 400 GeV and the jets are well separated in ⌘ (|�⌘| > 3.3). Otherwise the event
enters the ggF category.

The results are expressed as 95% confidence upper limits derived separately for ggF and VBF produc-
tion cross sections of the additional heavy Higgs-like boson assuming the Narrow Width Approximation
(NWA). In the case of the NWA, the heavy Higgs boson is modelled with a Breit-Wigner with a fixed
width of 4.07 MeV as predicted for the SM Higgs boson with a mass of 125 GeV. Under the NWA as-
sumption, the interference of a light Higgs with the gg-initiated ZZ continuum can be safely ignored. The
modelling of the signal and background used for the high-mass analysis is discussed in Section 5.

In addition to the NWA, the case of a signal with Large Width Approximation (LWA) is also studied, as
several theoretical models favor this hypothesis. In this case the signal is modelled with a Breit-Wigner
with a width varying up to 10% of its mass. Results for a heavy Higgs boson with a width of 1%, 5%
and 10% of its mass are presented. The interference with the SM background is found to be small and
therefore is neglected. In the LWA analysis, no categories (sensitive to ggF and VBF production modes)
are used.
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Outlook
• Many measurements are still limited  

by number of recorded events

• New possibilities with millions of produced Higgs bosons:
- Rare production and decay modes
- High-precision measurements
- Constraints on BSM parameters

• Significant advances in theory,  
crucial for interpretation of measurements
- e.g., improvement in ggF cross-section calculation:

- one more order in perturbative expansion (N3LO QCD)
- theory uncertainty: 8.5% ⟶ 5.0%
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Summary

60

Finding the Higgs boson has been a breakthrough
• One of the main reasons to build the LHC
• Higgs boson well established

What we know about the Higgs boson
• mH = 125.09 ± 0.24 GeV (2‰ precision)
• Predicted properties (JP = 0+, couplings)  

consistent with SM expectations

Very large number of Higgs bosons in Run 2
• Transition to precision measurement phase

- First set of √s = 13 TeV results available
• Very active field of Higgs-boson property measurements

- Effective Lagrangian Morphing
• Exciting possibilities to uncover new phenomena in Higgs-boson sector
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But what about Mass?

What is it and 

where does it come from?
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Mass in “normal” Matter
Mass in Atoms:

• > 99.9% in the nucleus
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Mass in “normal” Matter
Mass in Atoms:

• > 99.9% in the nucleus
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Mass in the nucleus:

• ~95% due to binding energy of strong nuclear force

E = mc2
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Higgs Boson Decay
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The CMS Detector
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Particle detection
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On July 4th 2012
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H→ZZ*→4ℓ𝓁 over Time
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H→ZZ*→4ℓ𝓁 over Time
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H → WW* → ℓ𝓁νℓ𝓁ν
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H → WW* → ℓ𝓁νℓ𝓁ν
• Strategy:

- 2 isolated leptons (electrons, muons) and 
missing transverse momentum (neutrinos)

- Fit

• Conditions:
- Large BR(H → WW*) ≈ 22%

- BR(W → ℓ𝓁ν) ≈ 10.8%

⇒ Expect ~6500 Higgs bosons in this decay, 
but also large backgrounds

• Result:
- Total significance (ggF+VBF): 6.1σ
- Combined signal strength:  µ = 1.09 +0.23

�0.21
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H → WW* → ℓ𝓁νℓ𝓁ν
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Vector-Boson Fusion vs. Gluon Fusion

75

Individual compatibility with SM:
• VBF significance: 3.2σ

• Fit μggF and μVBF simultaneously  

• Observed signal strengths for 
ggF and VBF production modes:

μggF = 1.02

μVBF = 1.27

+0.29
-0.26

+0.53
-0.45
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• Largest BR(H → bb) ≈ 58%
- but huge backgrounds

• VH associated production

76

Higgs Boson Decay into Fermions
H → bb

µ = 0.51 +0.40
�0.37

H → ττ
• Moderate BR(H → ττ) ≈ 6.3%

- all ττ decays analyzed
• VBF and ggF production

µ = 1.4 +0.4
�0.4
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H → WW* → ℓ𝓁νℓ𝓁ν
• Strategy:

- 4 isolated leptons (electrons, muons) and 
missing transverse momentum (neutrinos)

- Fit

• Conditions:
- Large BR(H → WW*) ≈ 22%

- BR(W → ℓ𝓁ν) ≈ 10.8%

⇒ Expect ~6500 Higgs bosons in this decay, 
but also large backgrounds

• Result:
- Significance: 4.3σ
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• Strategy:
- Combine information  

using machine learning

- Fit resulting classifier

• Conditions:
- Small σVBF ≈ 1.6 pb

⇒ Expect ~400 Higgs bosons in this channel, 
and also large backgrounds

• Result:
- Significance: 3.2σ
- Total significance (ggF+VBF): 6.1σ
- Combined signal strength:  

78

H → WW* → ℓ𝓁νℓ𝓁ν

µ = 1.09 +0.23
�0.21
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H → WW* → ℓ𝓁νℓ𝓁ν over Time
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H → WW* → ℓ𝓁νℓ𝓁ν over Time
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• Largest BR(H → bb) ≈ 58%
- but huge backgrounds

• VH associated production
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H → bb



Karsten Köneke 81

ttH
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Higgs Boson Mass
• Not predicted by theory

- Once measured by experiment, everything else is 
determined 
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Mass?
Background

Signal
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Mass Measurement
Use high-resolution H → γγ and H → ZZ* → 4ℓ𝓁 channels:

• Calibrate detector  
as well as possible
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Mass Measurement
Use high-resolution H → γγ and H → ΖΖ* → 4l channels:

1. Calibrate your detector as good as possible
2. Determine signal line shape
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Higgs Boson Width
• Expected width: ΓH,SM ≈ 4 MeV

- Too small to be measured  
(exp. resolution: 1-2 GeV)

- Direct limits: ΓH < 1.7 GeV  
(~400 × ΓH,SM)
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Indirect Contraints on Higgs Boson Width

- Cross-section on-resonance:

- Cross section far above 
resonance (“off-shell”):

- Measure ratio of both:
86
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Indirect Contraints on Higgs Boson Width
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• Use H → WW(*) and H → ZZ(*) 

• ATLAS result: ΓH < 22.7 MeV @ 95% CL (5.5 × ΓH,SM)

87

• Caveats:
- gg → WW and gg → ZZ cross 

sections not well known
- Vary by factor 2

- New physics effects could change 
high-mass behavior 

- Assuming on-shell coupling is 
same as off-shell coupling
- Disputed assumption

Indirect Contraints on Higgs Boson Width
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Only direct Width Measurement
• s-channel production at future muon collider :
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Figure 3: Number of events of the Higgs signal plus backgrounds and statistical errors ex-
pected for two di↵erent beam energy resolutions and integrated luminosities as a function
of the collider energy

p
s in bb and WW ⇤ final states with a SM Higgs mh = 126 GeV

and �h = 4.21 MeV. Detector backgrounds are not included, see more discussion in Sec.
3.3. These figures are taken from Ref [9].

accuracies are by and large free from detector resolutions. Other uncertainties associated

with b tagging, acceptance, etc., will enter into our estimation of signal strength B di-

rectly. These uncertainties will a↵ect our estimation of total width �h indirectly through

statistics, leaving a minimal impact in most cases.

12

(arxiv:1308.2143)

• Precision ~5%

http://arxiv.org/abs/1308.2143
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Higgs Boson Width
• Expected width: ΓH,SM ≈ 4 MeV

- Too small to measure  
(exp. resolution: 1-2 GeV)

- Direct limits: ΓH < 1.7 GeV  
(~400 × ΓH,SM)
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Higgs Boson Width
• Expected width: ΓH,SM ≈ 4 MeV

- Too small to measure  
(exp. resolution: 1-2 GeV)

- Direct limits: ΓH < 1.7 GeV  
(~400 × ΓH,SM)
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Flight Length

Productio
n

Dec
ay

Flight of  
the Higgs

• Maybe via lifetime,  
i.e., if it flies far enough?
- τ = ħ/Γ ≈ 1.6 ×10-22 s  
⇒ c τ ≈ 5 ×10-14 m  
⇒ too short to measure
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Why Spin 0 and even Parity?
• Should have same quantum numbers  

as observed vacuum:
- No charge: 👍
- Rotationally invariant, i.e., no preferred direction
- Invariant under Parity (“mirror”) transformation: P̂ x⃗ ⟶ -x⃗
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Why Spin 0 and even Parity?

91

Temperature:  T(x,y,z,t) 
Each point has magnitude ⇒ Spin 0

Windspeed:  W⃗(x,y,z,t) 
Each point has also direction ⇒ Spin 1 

Analogon:
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Why Spin 0 and even Parity?
• Should have same quantum numbers  

as observed vacuum:
- No charge: 👍
- Rotationally invariant, i.e., no preferred direction
- Invariant under Parity (“mirror”) transformation: P̂ x⃗ ⟶ -x⃗

• Mass cannot depend on direction  
 

⇒ Higgs-field must be Spin 0

• Vacuum invariant unter mirror transformation: 
P̂ Ψ(x⃗,t) = Ψ(-x⃗,t) = +Ψ(x⃗,t) 
 

⇒ even parity:  P = “+”
92
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μ-dependence on κ for WW and ZZ 
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4. Category optimization for probing production modes

Various categories are developed in order to probe the various production Higgs production modes,
namely the vector boson fusion (VBF), WH, ZH and ttH associated production. The relative contri-
bution of the di↵erent production modes are available in Tables 1 and 26.

Figure 1 shows a sketch of the event categorization. In order to reduce as much as possible the rate of
contamination among categories, the ordering is made in order to test the categories from the most rare
to the most frequent. This contamination by processes not aimed by a given category (whose values are
shown in Table 1) is not an intrinsic problem, because it is taken into account in the final fit. But it allows
to improve the sensitivity for the rare modes. More details of the categorization for di↵erent production
mode are introduced in following subsections.

di-photon selection

ttH - leptonic

ttH - hadronic

Di-lepton

 ll)H→Z(

One-lepton

)Hν l→W(

 significancemiss
TE

)Hν l→)H ; W(νν →Z(

Low-mass two-jets

 jj)H→ jj)H, Z(→W(

tight

loose

High-mass two-jets

VBF

tight

loose

 rest
Tt

-pη4 

ggF

Figure 1: Flow-chart of the event categorisation, giving the order of selection of the di↵erent categories and the
targeted production process. This corresponds to h012.

Unless specificed otherwise, the figure of merit used for the optimization is the Asimov expected signi-

18th October 2016 – 20:11 16

ATL-CONF-2016-067

Strategy:
• Fit mγγ in many production mode sensitive categories
• Measure fiducial, differential, and production cross-sections

H → γγ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/
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VBF H → WW* → ℓ𝓁νℓ𝓁ν
Strategy:

• Isolated electron and muon (different flavor, opposite charge)
• Combine sensitive variables in BDT
• Data-driven fake-lepton estimate from di-jet data
• Fit BDT output with Top and Z+jets normalization from dedicated control regions
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The BDT score distribution in the top-quark CR is shown in Figure 3 (a).261
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(b) Z/�⇤ ! ⌧⌧ CR

Figure 3: Observed distributions of BDT score in (a) the VBF top-quark CR and (b) the VBF Z/�⇤ ! ⌧⌧ CR after
the NF have been applied. The hatched band includes MC statistical and systematic uncertainties associated with
the prediction.

The Z/�⇤ ! ⌧⌧ CR is defined using the invariant mass of the ⌧⌧ system (m⌧⌧). The Z/�⇤ ! ⌧⌧ CR262

requires events with m⌧⌧ within 25 GeV of mZ , passing VBF pre-selection as described in section 5.1,263

and with m`` less than 80 GeV to suppress top contamination, resulting into a purity of Z/�⇤ ! ⌧⌧ events264

of 61%. The resulting Z/�⇤ ! ⌧⌧ NF is 0.87 ± 0.20(stat)+0.21
�0.18(sys). The BDT score distribution of the265

Z/�⇤ ! ⌧⌧ CR can be found in Figure 3 (b).266

The background contribution due to mis-identified leptons, consisting mainly of W+jets events, is esti-267

mated using a control sample of events in which one of the two lepton candidates satisfies the identification268

and isolation criteria used to define the signal sample, and the other lepton, called anti-identified, fails269

to meet the nominal identification and isolation criteria but satisfies less restrictive ones. Events in this270

sample are otherwise required to satisfy all of the SR selection criteria. The contamination of mis-271

identified leptons in the SR is determined by scaling the number of events in the control region, after272

subtracting contributions from prompt leptons, by an extrapolation factor, called the fake factor. The273

fake factors are measured in two di-jet data samples that are collected either using low-pT single-lepton274

prescaled triggers or using the single-lepton triggers that define the signal region. In each of the data275

samples the fake factor is the ratio of the number of fully identified leptons to the number of anti-identified276

leptons, measured in bins of anti-identified lepton pT and ⌘. If the anti-identified lepton in the W+jets277

control sample matches the triggered lepton, the fake factors measured in the di-jet sample using signal278

triggers are applied. Otherwise, the fake factors measured in the prescaled data are used. This estimation279

method has been validated in MC-based closure tests. Uncertainties are applied on the di�erence in280

sample composition between the di-jet and the W+jets dataset, as described in Section 6.1.281

The small background contributions from non-resonant diboson processes (WW , W�⇤, W�, and W Z) are282

estimated from the predicted inclusive cross sections and MC acceptance. Due to the signal-like final283

state of non-resonant WW a CR with su�cient statistics and purity is not defined. The modelling of the284

MC prediction has been checked in a validation region and corresponding theoretical uncertainties are285

assigned as described in Section 6.286
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The BDT score distribution in the top-quark CR is shown in Figure 3 (a).261
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Figure 3: Observed distributions of BDT score in (a) the VBF top-quark CR and (b) the VBF Z/�⇤ ! ⌧⌧ CR after
the NF have been applied. The hatched band includes MC statistical and systematic uncertainties associated with
the prediction.

The Z/�⇤ ! ⌧⌧ CR is defined using the invariant mass of the ⌧⌧ system (m⌧⌧). The Z/�⇤ ! ⌧⌧ CR262

requires events with m⌧⌧ within 25 GeV of mZ , passing VBF pre-selection as described in section 5.1,263

and with m`` less than 80 GeV to suppress top contamination, resulting into a purity of Z/�⇤ ! ⌧⌧ events264

of 61%. The resulting Z/�⇤ ! ⌧⌧ NF is 0.87 ± 0.20(stat)+0.21
�0.18(sys). The BDT score distribution of the265

Z/�⇤ ! ⌧⌧ CR can be found in Figure 3 (b).266

The background contribution due to mis-identified leptons, consisting mainly of W+jets events, is esti-267

mated using a control sample of events in which one of the two lepton candidates satisfies the identification268

and isolation criteria used to define the signal sample, and the other lepton, called anti-identified, fails269

to meet the nominal identification and isolation criteria but satisfies less restrictive ones. Events in this270

sample are otherwise required to satisfy all of the SR selection criteria. The contamination of mis-271

identified leptons in the SR is determined by scaling the number of events in the control region, after272

subtracting contributions from prompt leptons, by an extrapolation factor, called the fake factor. The273

fake factors are measured in two di-jet data samples that are collected either using low-pT single-lepton274

prescaled triggers or using the single-lepton triggers that define the signal region. In each of the data275

samples the fake factor is the ratio of the number of fully identified leptons to the number of anti-identified276

leptons, measured in bins of anti-identified lepton pT and ⌘. If the anti-identified lepton in the W+jets277

control sample matches the triggered lepton, the fake factors measured in the di-jet sample using signal278

triggers are applied. Otherwise, the fake factors measured in the prescaled data are used. This estimation279

method has been validated in MC-based closure tests. Uncertainties are applied on the di�erence in280

sample composition between the di-jet and the W+jets dataset, as described in Section 6.1.281

The small background contributions from non-resonant diboson processes (WW , W�⇤, W�, and W Z) are282

estimated from the predicted inclusive cross sections and MC acceptance. Due to the signal-like final283

state of non-resonant WW a CR with su�cient statistics and purity is not defined. The modelling of the284

MC prediction has been checked in a validation region and corresponding theoretical uncertainties are285

assigned as described in Section 6.286
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Number of Input Samples
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Example

Challenges

Summary

Number of input templates

� As many input templates N as unique terms in �M(�g)�2
T (�g)∝ �M(�g)�2 = �np+ns�

i=1 giOi�2��������������������������������������������������������������������
production vertex

⋅��nd+ns�
j=1 gjOj

��
2

�������������������������������������������������������������������������
decay vertex

� ns: Number of shared couplings in production and decay vertex.
� np: Number of couplings only in production.
� nd: Number of couplings only in decay.

N = np (np + 1)
2

⋅ nd (nd + 1)
2

+ �4 + ns − 1
4

�
+ �np ⋅ ns + ns (ns + 1)

2

� ⋅ nd (nd + 1)
2

+ �nd ⋅ ns + ns (ns + 1)
2

� ⋅ np (np + 1)
2

+ ns (ns + 1)
2

⋅ np ⋅ nd + (np + nd)�3 + ns − 1
3
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Proof-of-Concept: ggF H → ZZ* → 4ℓ𝓁 
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Figure 2: Distributions of cos (✓1), where ✓1 is the angle between the on-shell Z boson and its negatively charged
lepton (left) and the angle � (right) between the decay planes of the two Z bosons for events generated in the ggF
H ! Z Z⇤ ! 4` process at 13 TeV, calculated in the rest frame of the Higgs boson [1]. Generated validation samples
(solid) as well as predictions calculated via morphing (dashed) are shown. The ratios between the morphing output
and the validation distributions are shown in the lower panels.

5.1.2. Validation in VBF H ! WW ⇤ ! e⌫µ⌫

In addition to the SM coupling SM two non-SM couplings HWW and AWW are used for validation. All
three operators act on the production and decay vertex which results in 15 input samples needed for the
morphing. Besides these 15 input samples additional validation samples are produced to have statistically
independent distributions.

An overview of all generated samples in the parameter space can be found in Figure 3, where the two
additional validation samples have been highlighted and dubbed v0 and v1. Their parameters have been
chosen randomly. For each sample, 50.000 Monte Carlo events have been generated. The cross sections
calculated in arbitrary units using the morphing technique can be seen in Figure 4 (left). Using larger
absolute non-SM coupling values results in larger rates for both non-SM coupling parameters.

The relative uncertainty arising from the morphing function on the number of events is shown in Figure 4
(right). In the considered parameter space the relative Monte Carlo statistical uncertainty remains very
small, in the range of ca. 2-3%, whereas outside the region the uncertainty grows the further away the
parameters lie from the input samples. This explains both the local maxima in the central parameter region
and the rapid increase in the outer region.

For this channel, the kinematic observable used is the azimuthal angle between the two tagging jets �� j j .
All input distributions for morphing and validation are scaled to their respective cross section in arbitrary
units and shown in Figure 5. When morphing to one of the input samples a perfect match is obtained.
The morphing is also tested against statistically independent validation samples, as shown in Figure 6,
exhibiting agreement within ⇠ 5% of the input samples and the morphing.
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Introduction

Method

Example

Challenges

Summary

Proof-of-Concept: ggF H → ZZ → 4`


SM

Azz Hgg cos↵

Input Sample 0 1.000 0.000 1.000 1.000
Input Sample 1 0.000 13.938 1.414 0.707
Input Sample 2 1.414 13.938 1.414 0.707
Validation Sample 1 1.000 0.250 1.414 0.707
Validation Sample 2 1.414 -2.000 1.414 0.707
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Proof-of-Concept: VBF H → ZZ* → 4ℓ𝓁 
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Figure 14: Distributions of the �� j j , the angle between leading and sub leading jet for events generated in the
VBF H ! Z Z⇤ ! 4` process at 13 TeV. Generated validation samples (solid) as well as predictions calculated via
morphing (dashed) are shown. The ratio between morphing output and validation distribution is depicted in the
lower panel.

In addition to the SM coupling SM two non-SM couplings, HWW and AWW , are used for validation.
All three operators act on the decay vertex which results in 6 input samples needed for the morphing.
Besides these 6 input samples additional validation samples are produced to have statistically independent
distributions.

An overview of all generated samples in the parameter space can be found in Figure 15. The samples
were generated with 50.000 Monte Carlo events each. The cross sections calculated in arbitrary units
using the morphing technique can be seen in Figure 16 (left). Using larger absolute non-SM coupling
values results in larger rates for both non-SM coupling parameters. The relative Monte Carlo statistical
uncertainty arising from the morphing function on the number of events is shown in Figure 16 (right). In
the considered parameter space the relative Monte Carlo statistical uncertainty remains very small, in the
range of ca. 2-3%, whereas outside the region the uncertainty grows the further away the parameters lie
from the input samples. This explains both the local maxima in the central parameter region and the rapid
increase in the outer region.

For this channel the kinematic observable used is the azimuthal angle between the two leptons ��ll . All
input distributions for morphing and validation are scaled their respective cross section in arbitrary units
and shown in Figure 17. Two tests of the morphing method are covered. First the morphing to the input
distributions is tested (cf. Figure 18). Since the validation samples are among the inputs a perfect agreement
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Mass in our Universe
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Dark matter
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Dark matter
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What did we know before the LHC?
At LEP:

102

√s - mZ = 206 – 91 GeV = 115 GeV

No significant Higgs signal 
mH > 114.4 GeV @ 95% CL 

• Large Electron-
Positron Collider
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Indirect Higgs-mass determination 
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mH, mt and mW are connected through radiative 
corrections in the Standard Model:

W mass (CDF+DØ): 80385 ± 15 MeV   
Top mass (CDF+DØ): 173.2 ± 0.9 GeV   

W → μν

mT [GeV]



Karsten Köneke

Indirect Higgs-mass determination 
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mH, mt and mW are connected through radiative 
corrections in the Standard Model:

W mass (CDF+DØ): 80385 ± 15 MeV   
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Data-taking conditions
LHC delivered excellent data!

• ATLAS recorded it with very high 
efficiency! 

• 𝛿ℒ /ℒ = 1.8% for 2011 data! 

105

Eur. Phys. J. C (2013) 73:2518
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Data-taking conditions
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LHC conditions:

• High Luminosity comes 
with a price:  PILEUP
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Z →μ+μ- with 25 pp interactions
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Rediscovery of the Standard Model
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CP Admixture
• Higgs boson could be mixed state of CP-even and CP-odd

- Mixing described by cosα
- Beyond-SM coupling to vector bosons described by κHVV (CP-even) and κAVV (CP-odd)

109
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ATLAS Combined Spin and CP Results
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CP-even SM Higgs and  
CP-odd BSM Higgs 
(scan over tanα)

CP-even SM Higgs and  
CP-even BSM Higgs 
(scan over κHWW)

Spin 0 mixing between:
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Vector-Boson-Fusion Analysis

111

Combine background-discriminating variables into BDT

Fit re-binned BDT distribution 
• BDT modelling validated in background regions

• Input variables for VBF production topology, 
Higgs boson decay topology, as well as 
background rejection

Lepton centrality 
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Results: Gluon Fusion

112

Also look at ≥2 jet ggF region: 
• Result is part of combined ggF significance shown on previous page

• ggF signal significance in ≥2 jet region alone: 1.4 σ (1.2 σ)  
observed (expected) @mH = 125.36 GeV
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Signal Strength vs. mH
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Assess compatibility with SM: 
• Observed best-fit value μ vs. mH 

• Let total yield and 
mH unconstrained
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Vector-Boson Fusion
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• ggF contribution in 
≥2-jet region is ~30%

• Run global fit to 
determine μVBF/μggF 

• Branching fraction 
cancels in ratio

Evidence for VBF production:
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Fermion vs. Boson Couplings

115

Observations:
κV = 1.04 ± 0.11
κF = 0.93

• Excellent agreement with 
SM expectation

• Good precision for κV 

Fit simultaneously for  
coupling scale factor to fermions and vector bosons:
• Fermion coupling from top-loop in gluon-fusion production
• Vector-boson coupling from decay and VBF production

+0.32
-0.23
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Determining the Spin and CP Structure

• Standard Model Higgs boson: JCP = 0++ 

• Test against alternative hypothesis:
- Spin 2 minimal coupling models (graviton-like):

116



Karsten Köneke

Determining the Spin and CP Structure
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(SM)
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(SM)
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Determining the Spin and CP Structure

• Standard Model Higgs boson: JCP = 0++ 

• Test against alternative hypothesis:
- Spin 2 minimal coupling models (graviton-like):

- Spin 0, including mixing between SM and BSM states:

• s
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Determining the Spin and CP Structure
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(SM)

κ = κHWW/κSM


