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If more than one quadruplet passes all requirements, e.g. for VH or tt̄H, the channel with the highest
expected signal rate after reconstruction and event selection is selected, in the order: 4µ, 2e2µ, 2µ2e and
4e. In order to improve the four-lepton mass reconstruction, the reconstructed final-state radiation (FSR)
photons in Z boson decays are accounted for using the same strategy as in the Run-1 data analysis [111].
The invariant mass distribution of the four leptons of the selected events is shown in Figure 1. Only events
with a four-lepton invariant mass in the range 115�130 GeV are used in the extraction of the signal.
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Figure 1: Four-lepton invariant mass distribution of the selected events before the m4` requirement, corrected for
final-state radiation (FSR). The error bars on the data points indicate the statistical uncertainty. The SM Higgs
boson signal prediction is obtained from the samples discussed in Section 3. The backgrounds are determined
following the description in Section 6. The uncertainty in the prediction is shown by the hatched band, calculated
as described in Section 9.

The selected events are divided into bins of the variables of interest. The bin boundaries are chosen such
that each bin has an expected signal significance greater than 2� (where the significance is calculated
from the number of signal events S and the number of background events B as S/

p
S + B) and that

there are minimal migrations between bins, which reduces the model dependence of the correction for the
detector response.

5 Fiducial phase space

The fiducial cross sections are defined at particle level using the selection requirements outlined in
Table 1, which are chosen to closely match those in the detector-level analysis in order to minimize
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Higgs boson decay to di-bosons

2

Bosonic decay channels present quite low branching fractions, but have a clean signature and 
are a powerful tool for many Higgs boson properties measurements

H→WW*→lνlν  
BR ~1.5%, l=e,μ, 𝜏→lνν 

 S/B~0.14 
Good branching fraction 
Poor mass resolution 
Large backgrounds

H→ZZ*→4l 
BR ~0.013%, l=e,μ  

S/B~2.3 
Good mass resolution 
Best S/B ratio 
Limited stats

H→𝛾𝛾  
BR~0.2% 
S/B~0.03  

Good mass resolution 
Moderate sample size 
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boson signal prediction is obtained from the samples discussed in Section 3. The backgrounds are determined
following the description in Section 6. The uncertainty in the prediction is shown by the hatched band, calculated
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The selected events are divided into bins of the variables of interest. The bin boundaries are chosen such
that each bin has an expected signal significance greater than 2� (where the significance is calculated
from the number of signal events S and the number of background events B as S/

p
S + B) and that

there are minimal migrations between bins, which reduces the model dependence of the correction for the
detector response.

5 Fiducial phase space

The fiducial cross sections are defined at particle level using the selection requirements outlined in
Table 1, which are chosen to closely match those in the detector-level analysis in order to minimize
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Bosonic decay channels present quite low branching fractions, but have a clean signature and 
are a powerful tool for many Higgs boson properties measurements
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 S/B~0.14 
Good branching fraction 
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Good mass resolution 
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Fiducial inclusive and differential cross-section: 
Fiducial: measured in a fiducial volume:  
No acceptance correction            Measurements largely model-independent 
Allows to introduce the theory uncertainty in a second interpretation step  
The resulting inclusive cross sections and differential distributions (as       ,         ) can be 
used to test the expected SM properties of the Higgs boson and its production 

Cross section measurements
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Figure 2: The negative-log-likelihood scan for the combined measurement of the Higgs boson signal strength.
Shown are the observed combined (black) and individual H ! �� (red) and H ! Z Z⇤ ! 4` (blue) curves, where
the individual channel curves are based only on the data from the measured channel.

5.2 Global signal strength

The global signal strength µ is determined following the procedures used for the measurements performed
at

p
s = 7 and 8 TeV [3]. The fit is to a single parameter defined as the ratio of the observed yield to its

SM expectation
µ =

� ⇥ B
(� ⇥ B)SM

, (2)

which is applied as a single scaling factor to all production processes and decay modes. It depends on the
SM predictions for each production mode cross section and decay branching ratio, and the uncertainties
on these predictions are included as nuisance parameters as described in Section 4.

The global signal strength is measured to be

µ = 1.09 ± 0.12 = 1.09 ± 0.09 (stat.) +0.06
�0.05 (exp.) +0.06

�0.05 (th.).

The event categorization reduces the statistical uncertainty relative to the total cross section measurement.
The measurement is consistent with the SM prediction with a p-value of pSM = 47%. The negative log
likelihood curves from the individual channels and the combination are shown in Figure 2, where the
individual channel curves are based only on the data from the measured channel. The leading uncertainties
and the impact of the fit on the nuisance parameters are shown in Table 4.
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In Run-2 different Higgs boson cross-section measurements considered: 

Production cross-section: usually expressed as signal strength

(a) (b)

Figure 5: Template fit of SM Higgs boson signal and background to the data for the (a) first and (b) last bins of the
distribution of the transverse momentum of the four leptons pT,4`. The error bars on the data points indicate the
statistical uncertainty. The SM Higgs boson predictions are normalized to the cross sections discussed in Section 3,
while the backgrounds are normalized to the estimates described in Section 6. The uncertainty in the prediction is
shown by the dashed band. The dotted green line illustrates the best fit.

8 Signal extraction and correction for detector e↵ects

To extract the number of signal events in each bin of a di↵erential distribution (or for each decay channel
for the inclusive fiducial cross section), invariant mass templates for the Higgs boson signal and the back-
ground processes are fit to the m4` distribution in data. The signal shape is obtained from the simulated
samples described in Section 3 assuming a Higgs boson mass of 125 GeV. Most of the background shapes
are also obtained from the simulated samples described in Section 3, while some of the backgrounds in
the ``ee channel are derived from control regions in data, as discussed in Section 6. The normalization
of the backgrounds is fixed in this fit. Figures 4 and 5 show the data, templates and best fits for the m4`
distributions in the four decay channels for the extraction of the inclusive fiducial cross section, and two
bins of the transverse momentum of the four leptons. For the di↵erential distributions, no split into decay
channels is performed, and the SM ZZ⇤ ! 4` decay fractions are assumed.

The fiducial cross section �i,fid for a given final state or bin of the di↵erential distribution is defined as:

�i,fid = �i ⇥ Ai ⇥ B =
Ni,fit

L ⇥Ci
, Ci =

Ni,reco

Ni,part
, (1)

where Ai is the acceptance in the fiducial phase space, B is the branching ratio and �i is the total cross
section in bin i. The term Ni,fit is the number of extracted signal events in data, L is the integrated
luminosity and Ci is the bin-by-bin correction factor for detector ine�ciency and resolution. The term
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1 Introduction

Di�erential cross section measurements are important studies of Higgs boson production, probing Standard
Model (SM) predictions. Deviations from the predictions could be caused by physics beyond the SM [1,
2]. Both the ATLAS and CMS collaborations have measured di�erential cross sections in the H ! ��,
H ! Z Z⇤ ! 4` (where ` = e, µ) and H ! WW ⇤ ! e⌫µ⌫ decay channels [3–9].

This note describes the combination of two fiducial cross sections measurements in the H ! �� [10]
and H ! Z Z⇤ ! 4` [11] decay channels, which were obtained using 36.1 fb�1 of pp collision data
produced by the Large Hadron Collider (LHC) in 2015 and 2016 with a center of mass energy of 13 TeV
and recorded by the ATLAS detector [12]. The combination is performed in the total phase space,
increasing the model dependence compared to the individual measurements, which were performed in a
fiducial phase space close to the selection of reconstructed events in the detector. Despite the additional
systematic uncertainties assigned to the extrapolation, the combination provides a significant reduction in
the measurement uncertainty.

The measured observables are the total production cross section, the Higgs boson transverse mo-
mentum pH

T , sensitive to perturbative QCD calculations, the Higgs rapidity |yH |, sensitive to the parton
distribution functions (PDF), the number of jets Njets in events with a Higgs boson with jet transverse
momentum above 30 GeV, and the leading jet transverse momentum pj1

T , which both probe the theoretical
modelling of high-transverse momentum QCD radiation in Higgs boson production. The Njets observable
is also sensitive to the di�erent Higgs boson production processes [13].

The cross sections are obtained from yields measured in the H ! �� and H ! Z Z⇤ ! 4` decay channels,
which are combined accounting for detector e�ciencies, resolution, acceptances and branching fractions.
For each decay channel and each observable, the cross sections can be written as

�i =
N sig
i

L B Ai Ci
, (1)

where i is the iterator over the bins of the observable of interest, �i is the cross section in bin i, N sig
i

is the number of measured reconstructed signal events in the analysis phase space, L is the integrated
luminosity and B is the branching fraction. The term Ci is the correction factor from the number of events
reconstructed to the number of events at particle level produced in the respective fiducial phase space, and
Ai is the acceptance factor extrapolating from the fiducial to the total phase space contained in the bin of
interest.

Predicted branching ratios and production cross sections are obtained for mH = 125.09 GeV [14], as
described in Section 2. The number of signal events in each bin of a probed observable is extracted in each
channel from fits to the m�� and m4` invariant mass distributions, respectively. The signal extraction and
the correction factors are discussed in detail in Refs. [10, 11]. The correction factors are obtained from
simulated events assuming SM Higgs boson production. In order to harmonise the published H ! ��
fiducial measurement [10] to the H ! Z Z⇤ ! 4` analysis [11], adjustments were made to the bin
boundaries and the uncertainties of the correction factors due to the fractions of di�erent Higgs boson
production processes in the H ! �� decay channel. To extrapolate to the total phase space, acceptance
factors and uncertainties are calculated for the combination, as discussed in Section 3. Section 4 presents
the combination methodology. The results are discussed in Section 5.
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Higgs boson mass measurement

4

ATLAS-CONF-2017-046

to derive them. No significant deviations from the pre-fit input values of the most significant nuisance
parameters are observed after the fit.

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

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

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

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

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

9 Conclusion

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

p
s=13 TeV, corresponding

to an integrated luminosity of 36.1 fb�1. The measurements are based on the latest calibrations for muons,
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Excellent agreement between the two channels

Limited by photon energy scale 
systematic uncertainties

Statistically limited channel

Higgs boson mass measured in H→ZZ*→4ℓ/H→γγ channels

Channels with fully reconstructed 
narrow peak over a smooth 

background
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H→WW*→eνμν analysis
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 ATLAS-CONF-2018-004 Newest results!

Analysis strategySignal: two prompt opposite 
sign and flavour isolated 
leptons with  small opening 
angle and missing transverse 
energy

Backgrounds: 
•WW, tt,tW, Z/γ∗ → ττ : 
constrained with data 
control regions 

•Mis-identified leptons in W 
+ jets and multijets events:  
fake factor methods from Z 
+ jets data 

•Other diboson (WZ, ZZ, 
Wγ) from MC

Events  classified in three Signal Regions (Njets): 

gluon-gluon fusion (ggF): Vector Boson Fusion (VBF)
BDT used as discriminant 
built from jet/lepton kin. quantities

‣Njets ≥ 2 ‣Njets = 0 , Njets = 1

mT used as discriminant 
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H→WW*→eνμν - Production cross-section
Performed combined maximum 
likelihood fits of the SR /CR

Predicted σggF⨉BR=10.4±0.6 pb and σVBF⨉BR=0.81±0.02

1σ 
compatibility 

with SM 
prediction 

Cross section results:

Signal strengths:

ggF: 6.3σ (exp.5.2σ) 
VBF: 1.9σ (exp.2.7σ)Significance

 ATLAS-CONF-2018-004 Newest results!
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H→γγ -Production cross section

7

 [GeV]γγm
110 120 130 140 150 160

 w
ei

gh
ts

 - 
fit

te
d 

bk
g

∑ 10−

0

10

20

 w
ei

gh
ts

 / 
G

eV
∑

100

200

300

400

500

600
Data
Background
Signal + Background
Signal

-1 = 13 TeV, 36.1 fbs
 = 125.09 GeVHm

ln(1+S/B) weighted sum

ATLAS

Figure 9: Weighted diphoton invariant mass spectrum observed in the 2015 and 2016 data at 13 TeV. Each
event is weighted by the ln(1 + S90/B90) ratio of the expected signal (S90) and background (B90) of the 90%
signal quantile in the category to which it belongs to. The error bars represent 68% confidence intervals of the
weighted sums. The solid red curve shows the fitted signal-plus-background model when the Higgs boson mass
is constrained to be 125.09 ± 0.24 GeV. The background component of the fit is shown with the dotted blue
curve. The signal component of the fit is shown with the solid black curve. Both the signal-plus-background
and background-only curves reported here are obtained from the sum of the individual curves in each category
weighted by the logarithm of unity plus the signal-to-background ratio. The bottom plot shows the residuals
between the data and the background component of the fitted model.

the NNLO SM prediction for ggH production [17, 110], which is about 10% lower than the N3LO
calculation used here (see Section 4). section [17, 110] that is about 10% lower than the state-of-
the-art �ggH. The impact of the main sources of systematic uncertainty (presented in Table 3 and
Section 7) in the measured global signal strength is summarized in Table 6. The distinction between
yield and migration uncertainties adopted in Table 3 is used and the uncertainties are grouped into
theory uncertainties, experimental uncertainties, mass resolution and scale, background shape, and
luminosity.

In addition to the global signal strength, the signal strengths of the primary production processes are
evaluated by exploiting the sensitivities of the analysis categories of Table 4 to specific production
processes. The measured signal strengths are shown together with the global signal strengths discussed
above in Figure 12 and found to be:
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Signal strength
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Figure 12: Summary of the signal strengths measured for the di�erent production processes (ggH, VBF, VH
and top) and globally (µRun�2), compared to the global signal strength measured at 7 and 8 TeV (µRun�1) [75].
The black and orange error bars show the total and statistical uncertainties. The signal strength µRun�1 was
derived assuming the Higgs production-mode cross section based on Refs. [17, 110]. Uncertainties smaller
than 0.05 are displayed as 0.0. In the more recent theoretical predictions used in this analysis [7, 32], the
gluon–gluon fusion production-mode cross section is larger by approximately 10%. In this measurement, the
bb̄H contributions are scaled with ggH (µbbH = µggH), and the tH and tt̄H productions are measured together
(µtop = µttH+tH). Associated production with Z or W bosons is assumed to be scaled by a single signal strength
parameter (µVH = µZH = µWH).

µggH = 0.81 +0.19
�0.18 = 0.81 ± 0.16 (stat.) +0.07

�0.06 (exp.) +0.07
�0.05 (theo.)

µVBF = 2.0 +0.6
�0.5 = 2.0 ± 0.5 (stat.) +0.3

�0.2 (exp.) +0.3
�0.2 (theo.)

µVH = 0.7 +0.9
�0.8 = 0.7 ± 0.8 (stat.) +0.2

�0.2 (exp.) +0.2
�0.1 (theo.)

µtop = 0.5 +0.6
�0.6 = 0.5 +0.6

�0.5 (stat.) +0.1
�0.1 (exp.) +0.1

�0.0 (theo.)

For Higgs boson production via VH the signal strength is assumed to be scaled by a single parameter
(i.e. µVH = µZH = µWH). The bb̄H contributions are scaled with ggH (i.e. µbbH = µggH), and the tH
and tt̄H productions are measured together rather than separately (i.e. µtop = µttH+tH).

The ggH signal strength is 1 � below the Standard Model prediction, while the VBF signal strength
is 2.2 � above the prediction. The expected and observed significances Z0 of VBF production are
reported in Table 7: the significance of the observed VBF signal is close to 5 �.

Since no significant evidence is observed for VH and top-associated Higgs boson production, upper
limits at 95% CL are reported for their signal strengths, as shown in Table 8 and Figure 13. The accuracy
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Good agreement with SM predictions 

Signal yield extracted from simultaneous signal+bkg fit of mγγ distribution

arXiv:1802.04146v1

Analysis performed with event categorisations that targets H production modes

• Simplified Template 
Cross-Sections (STXS) 

• Exclusive regions, 
reducing theory 
dependence while 
maximising 
experimental sensitivity 

Production mode cross-section x BR

Signal strength
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Figure 24: The measured cross sections or cross-section upper limits of the diphoton, VBF-enhanced, Nlepton � 1,
high Emiss

T , and tt̄H-enhanced fiducial regions are shown. The intervals on the vertical axis each represent one
of these fiducial regions. The data are shown as filled (black) circles. The error bar on each measured cross
section represents the total uncertainty in the measurement, with the systematic uncertainty shown as a dark
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•The H → γγ signal is extracted using a fit to the  mγγ distribution

Higgs boson and to search for physics beyond the Standard Model.

•Signal yields corrected for experimental 
inefficiencies and resolution effects
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Figure 26: The di�erential cross sections for pp ! H ! �� as a function of (a) p��T and (b) |y�� | are shown
and compared to the SM expectations.

small whilst retaining enough statistical power to measure the di�erential spectra. The measured pj1
T

spectrum shown in Figure 27(a) is compared to the default MC prediction as introduced in the previous
section as well as to the NNLOJET and SCET���(STWZ) [98, 134] predictions. Both the NNLOJET
and SCET��� predictions are corrected using isolation correction factors to account for the impact of
the isolation e�ciency. In addition, the NNLOJET prediction is corrected for the kinematic acceptance
and the uncertainties in these corrections is included in the uncertainty bands of both NNLOJET and
SCET���. The first bin of the leading jet pT spectrum represents zero-jet events that do not contain
any jet with pT> 30 GeV. The predicted pT distributions slightly exceed the measured distribution
at low transverse momentum and all show a slight deficit at large transverse momentum. Both are
compatible with the observed slightly harder Higgs boson transverse momentum distribution. The
measured |yj1 | distribution shown in Figure 27(b) is compared to the default MC and the NNLOJET
predictions: Both show a slight excess at low rapidity. In Figure 27(c) the measured subleading jet pT
distribution is shown. The first bin of pj2

T represents one-jet events that do not contain two or more jets
with pT> 30 GeV. The measured distribution is compared to the default MC, S����� (M���@N��),
and G�S�� predictions, as introduced in Section 9.4. Finally, in Figure 27(d) the subleading jet
rapidity distribution, |yj2 |, is shown and compared to the expectation from the default MC, S�����
(M���@N��), and G�S�� predictions. The SM predictions are in agreement with the measured
distributions and no significant deviations are seen.

9.5.3 Measurements of cross sections probing spin and CP

The absolute value of the cosine of the angle between the beam axis and the photons in the Collins–
Soper frame [11] of the Higgs boson, | cos ✓⇤ |, can be used to study the spin of the Higgs boson. The
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Figure 2: Signal composition in terms of the reduced Stage-1 production bins in each reconstructed event category.
The ggF and bbH contributions are shown separately but both contribute to the same (ggF) production bin.

Table 3: The BDT discriminants and their corresponding input variables used for the measurement of cross sections
per production bin. The jets are denoted by “ j”. See the text for variable definitions.

Reconstructed event category BDT discriminant Input variables
0 j BDTggF p4`

T , ⌘4` , DZZ⇤

1 j-p4`
T -Low BDT1j-p4`

T -Low
VBF pj

T, ⌘j , �R( j, 4`)
1 j-p4`

T -Med BDT1j-p4`
T -Med

VBF pj
T, ⌘j , �R( j, 4`)

1 j-p4`
T -High - -

VBF-enriched-pj
T-Low BDTVBF mj j , �⌘j j , pj1

T , pj2
T , ⌘⇤4` , �Rmin

jZ , (p4` j j
T )constrained

VBF-enriched-pj
T-High - -

VH-Had-enriched BDTVH-Had mj j , �⌘j j , pj1
T , pj2

T , ⌘⇤4` , �Rmin
jZ , ⌘j1

VH-Lep-enriched - -
ttH-enriched - -
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H→ZZ*→4ℓ Production cross-section

9

•High resolution on Higgs mass, main background from non-resonant ZZ production, while other 
bkg. (Z + jets, top) strongly suppressed by selection

JHEP 03 (2018) 095
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Figure 7: The observed and expected SM values of the cross-section ratios � · B normalized by the SM expectation
(� ·B)SM for the inclusive production and in the (a) Stage-0 and (b) reduced Stage-1 production bins for an integrated
luminosity of 36.1 fb�1 at

p
s = 13 TeV. Di�erent colors for the observed results indicate di�erent Higgs boson

production modes. The hatched area indicates that the VH and ttH parameters of interest are constrained to positive
values. For visualization purposes, the VBF-pj

T-High value and the limits for the three reduced Stage-1 production
bins VH-Had, VH-Lep and ttH are divided by a factor of five when shown normalized to (� · B)SM. The yellow
vertical band represents the theory uncertainty in the signal prediction, while the horizontal grey bands represent
the expected measurement uncertainty.
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•Reconstructed events are classified into several exclusive categories based on the presence of jets and 
additional leptons in the final state  

•BDT discriminants are introduced to increase the sensitivity of the cross-section measurements in the 
production bins
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H→ZZ*→4ℓ Fiducial and differential cross-section

10

Invariant mass templates for the signal and the bkg processes are fit to the m4ℓ distribution in data  to 
extract Nsig in each bin of a differential distribution or for each decay channel 
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Figure 7: The fiducial cross sections (left two panels) and total cross section (right panel) of Higgs boson production
measured in the 4` final state. The fiducial cross sections are shown separately for each decay channel, and for same-
and opposite-flavour decays. The inclusive fiducial cross section is measured as the sum of all channels, as well as
by combining the per-channel measurements assuming SM ZZ⇤ ! 4` branching ratios. The LHCXSWG prediction
is accurate to N3LO in QCD for the ggF process. For the fiducial cross-section predictions, the LHCXSWG
cross sections are multiplied by the acceptances determined using the NNLOPS sample for ggF and the samples
discussed in Section 3 for the other production modes. For the total cross section, the cross-section predictions
by the generators NNLOPS, HRes, and MG5_aMC@NLO_FxFx are also shown. The cross sections for all other
Higgs boson production modes XH are added. The error bars on the data points show the total uncertainties, while
the systematic uncertainties are indicated by the boxes. The shaded bands around the theoretical predictions indicate
the PDF and scale uncertainties.
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Figure 8: Di↵erential fiducial cross sections, for (a) the transverse momentum pT,4` of the Higgs boson, (b) the
absolute value of the rapidity |y4` | of the Higgs boson, (c) the invariant mass of the subleading lepton pair m34,
(d) the magnitude of the cosine of the decay angle of the leading lepton pair in the four-lepton rest frame with
respect to the beam axis |cos ✓⇤|. The measured cross sections are compared to ggF predictions by NNLOPS,
MG5_aMC@NLO_FxFx, and, for pT,4` and |y4` |, by HRes, all normalized to the N3LO cross section with the listed
K-factors. Predictions for all other Higgs boson production modes XH are added. The error bars on the data points
show the total uncertainties, while the systematic uncertainties are indicated by the boxes. The shaded bands on
the expected cross sections indicate the PDF and scale uncertainties. The p-values indicating the compatibility of
the measurement and the SM prediction are shown as well. They do not include the systematic uncertainty in the
theoretical predictions.
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Differential distributions are sensitive to 
perturbative QCD calculations and 
presence of new particles in loops 

  Measured    
inclusive fiducial 
cross-section in 
good agreement 
with SM 
prediction 

(1.3σ difference in 
mixed channels)

�
fid,comb

=

The di↵erential fiducial cross sections can be interpreted in the context of searches for physics beyond
the SM. In the absence of significant deviations from the SM predictions, limits are set on modified Higgs
boson interactions within the framework of pseudo-observables [15, 80]. In this paper, the couplings
related to the contact interaction of the Higgs boson decay are considered, "L and "R, which modify, in a
flavour-universal way, the contact terms between the Higgs boson, the Z boson, and left- or right-handed
leptons. Since the contact terms have the same Lorentz structure as the SM term, they only a↵ect the
dilepton invariant mass spectra, while the lepton angular distributions are not modified. The di↵erence in
�2 between the measured and predicted cross sections in the m12 vs m34 observable plane is therefore used
to constrain the possible contributions from contact interactions. It was checked with pseudo experiments
that the �2 distribution agrees with the hypothesis of two degrees of freedom. Assuming the SM values
for all but the tested parameters, limits are set on the contact-interaction coupling strength as shown in
Figure 11. Two parameter planes are considered: "L vs "R, as well as "L vs , where  is the coupling of
the Higgs boson to the Z bosons and "R = 0.48 · "L [80]. Since the addition of the contact terms changes
the Higgs boson production rate, in principle limits could be set based on the inclusive Higgs boson cross
sections alone. In this case, the obtained allowed area in Figure 11(a) would be circular, but the addition
of the invariant mass spectra improves the sensitivity, especially for negative "L and positive "R. The
addition of the shape information also improves the limit in the "L vs  parameter plane. It can be seen
that the expected and observed limits are slightly shifted with respect to each other, but no significant
deviation is observed.

11 Conclusion

Measurements of the inclusive and di↵erential fiducial cross sections of Higgs boson production in
the H ! ZZ⇤ ! 4` decay channel are presented. They are based on data extracted from 36.1 fb�1

of
p

s = 13 TeV proton–proton collisions recorded by the ATLAS detector at the LHC in 2015 and
2016. The inclusive fiducial cross section in the H ! ZZ⇤ ! 4` decay channel is measured to be
3.62 ± 0.50 (stat) +0.25

�0.20 (sys) fb, in agreement with the Standard Model prediction of 2.91 ± 0.13 fb. The
inclusive fiducial cross section is also extrapolated to the total phase space which includes all Stand-
ard Model Higgs boson decays. Several di↵erential fiducial cross sections are measured for observables
sensitive to the Higgs boson production and decay, including kinematic distributions of the jets produced
together with the Higgs boson. Good agreement is found between the data and the predictions of the
Standard Model. The extracted cross-section distributions are used to constrain anomalous Higgs boson
interactions with Standard Model particles using the pseudo-observable framework.

Acknowledgements

We thank CERN for the very successful operation of the LHC, as well as the support sta↵ from our
institutions without whom ATLAS could not be operated e�ciently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW
and FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and
CFI, Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS, Colombia;
MSMT CR, MPO CR and VSC CR, Czech Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS,
CEA-DSM/IRFU, France; SRNSF, Georgia; BMBF, HGF, and MPG, Germany; GSRT, Greece; RGC,

23

�fid,SM =

The di↵erential fiducial cross sections can be interpreted in the context of searches for physics beyond
the SM. In the absence of significant deviations from the SM predictions, limits are set on modified Higgs
boson interactions within the framework of pseudo-observables [15, 80]. In this paper, the couplings
related to the contact interaction of the Higgs boson decay are considered, "L and "R, which modify, in a
flavour-universal way, the contact terms between the Higgs boson, the Z boson, and left- or right-handed
leptons. Since the contact terms have the same Lorentz structure as the SM term, they only a↵ect the
dilepton invariant mass spectra, while the lepton angular distributions are not modified. The di↵erence in
�2 between the measured and predicted cross sections in the m12 vs m34 observable plane is therefore used
to constrain the possible contributions from contact interactions. It was checked with pseudo experiments
that the �2 distribution agrees with the hypothesis of two degrees of freedom. Assuming the SM values
for all but the tested parameters, limits are set on the contact-interaction coupling strength as shown in
Figure 11. Two parameter planes are considered: "L vs "R, as well as "L vs , where  is the coupling of
the Higgs boson to the Z bosons and "R = 0.48 · "L [80]. Since the addition of the contact terms changes
the Higgs boson production rate, in principle limits could be set based on the inclusive Higgs boson cross
sections alone. In this case, the obtained allowed area in Figure 11(a) would be circular, but the addition
of the invariant mass spectra improves the sensitivity, especially for negative "L and positive "R. The
addition of the shape information also improves the limit in the "L vs  parameter plane. It can be seen
that the expected and observed limits are slightly shifted with respect to each other, but no significant
deviation is observed.

11 Conclusion

Measurements of the inclusive and di↵erential fiducial cross sections of Higgs boson production in
the H ! ZZ⇤ ! 4` decay channel are presented. They are based on data extracted from 36.1 fb�1

of
p

s = 13 TeV proton–proton collisions recorded by the ATLAS detector at the LHC in 2015 and
2016. The inclusive fiducial cross section in the H ! ZZ⇤ ! 4` decay channel is measured to be
3.62 ± 0.50 (stat) +0.25
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Total Higgs boson cross-section: H4ℓ, Hγγ combination
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Figure 1: Total pp ! H + X cross sections measured at centre-of-mass energies of 7, 8, and 13 TeV, compared
to Standard Model predictions at up to N3LO in QCD. Shown are the measurements in the H ! �� channel (red
triangles), the H ! Z Z⇤ ! 4` channel (green rectangles), and the combinations of these two channels (black dots).
The individual channel results are o�set along the x-axis for display purposes. The grey bands on the combined
measurements represent the systematic uncertainty, while the error bars show the total uncertainty. The light (dark)
blue band shows the estimated uncertainty due to missing higher-order corrections (the total theoretical uncertainty).
The total theoretical uncertainty corresponds to the higher-order-correction uncertainty summed in quadrature with
the sum of the PDF and ↵S uncertainties, and is partially correlated across values of the centre-of-mass energy.

Table 3 and Figure 1. The measurements at 7 and 8 TeV are taken from Ref. [67]. For comparison,
the SM predictions for the total cross section at the three centre-of-mass energies are given [8, 22–25].
The systematic uncertainties are smaller than the statistical uncertainties for the measurements at all three
center-of-mass energies. The results of the individual decay channels are compatible with a p-value of
29%, and no deviation from the SM predictions is observed (pSM = 84%).

Table 3: Total pp ! H + X cross sections measured using H ! �� and H ! Z Z⇤ ! 4` decays, and their
combination, for centre-of-mass energies of 7, 8 and 13 TeV. The SM predictions [8] are computed for a Higgs
boson mass of 125.09 GeV [10]. The uncertainties in the individual channels are dominantly statistical.

Decay channel Total cross section (pp ! H + X)
p

s =7 TeV
p

s =8 TeV
p

s =13 TeV

H ! �� 35+13
�12 pb 30.5+7.5

�7.4 pb 47.9+9.1
�8.6 pb

H ! Z Z⇤ ! 4` 33+21
�16 pb 37+9

�8 pb 68.0+11.4
�10.4 pb

Combination 34 ± 10 (stat.) +4
�2 (syst.) pb 33.3+5.5

�5.3 (stat.) +1.7
�1.3 (syst.) pb 57.0+6.0

�5.9 (stat.) +4.0
�3.3 (syst.) pb

SM prediction [8] 19.2 ± 0.9 pb 24.5 ± 1.1 pb 55.6+2.4
�3.4 pb
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the SM predictions for the total cross section at the three centre-of-mass energies are given [8, 22–25].
The systematic uncertainties are smaller than the statistical uncertainties for the measurements at all three
center-of-mass energies. The results of the individual decay channels are compatible with a p-value of
29%, and no deviation from the SM predictions is observed (pSM = 84%).

Table 3: Total pp ! H + X cross sections measured using H ! �� and H ! Z Z⇤ ! 4` decays, and their
combination, for centre-of-mass energies of 7, 8 and 13 TeV. The SM predictions [8] are computed for a Higgs
boson mass of 125.09 GeV [10]. The uncertainties in the individual channels are dominantly statistical.

Decay channel Total cross section (pp ! H + X)
p

s =7 TeV
p

s =8 TeV
p

s =13 TeV

H ! �� 35+13
�12 pb 30.5+7.5

�7.4 pb 47.9+9.1
�8.6 pb

H ! Z Z⇤ ! 4` 33+21
�16 pb 37+9

�8 pb 68.0+11.4
�10.4 pb

Combination 34 ± 10 (stat.) +4
�2 (syst.) pb 33.3+5.5

�5.3 (stat.) +1.7
�1.3 (syst.) pb 57.0+6.0

�5.9 (stat.) +4.0
�3.3 (syst.) pb

SM prediction [8] 19.2 ± 0.9 pb 24.5 ± 1.1 pb 55.6+2.4
�3.4 pb
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the individual channel curves are based only on the data from the measured channel.

5.2 Global signal strength

The global signal strength µ is determined following the procedures used for the measurements performed
at

p
s = 7 and 8 TeV [3]. The fit is to a single parameter defined as the ratio of the observed yield to its

SM expectation
µ =

� ⇥ B
(� ⇥ B)SM

, (2)

which is applied as a single scaling factor to all production processes and decay modes. It depends on the
SM predictions for each production mode cross section and decay branching ratio, and the uncertainties
on these predictions are included as nuisance parameters as described in Section 4.

The global signal strength is measured to be

µ = 1.09 ± 0.12 = 1.09 ± 0.09 (stat.) +0.06
�0.05 (exp.) +0.06

�0.05 (th.).

The event categorization reduces the statistical uncertainty relative to the total cross section measurement.
The measurement is consistent with the SM prediction with a p-value of pSM = 47%. The negative log
likelihood curves from the individual channels and the combination are shown in Figure 2, where the
individual channel curves are based only on the data from the measured channel. The leading uncertainties
and the impact of the fit on the nuisance parameters are shown in Table 4.
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5.2 Global signal strength

The global signal strength µ is determined following the procedures used for the measurements performed
at

p
s = 7 and 8 TeV [3]. The fit is to a single parameter defined as the ratio of the observed yield to its

SM expectation
µ =

� ⇥ B
(� ⇥ B)SM

, (2)

which is applied as a single scaling factor to all production processes and decay modes. It depends on the
SM predictions for each production mode cross section and decay branching ratio, and the uncertainties
on these predictions are included as nuisance parameters as described in Section 4.

The global signal strength is measured to be

µ = 1.09 ± 0.12 = 1.09 ± 0.09 (stat.) +0.06
�0.05 (exp.) +0.06

�0.05 (th.).

The event categorization reduces the statistical uncertainty relative to the total cross section measurement.
The measurement is consistent with the SM prediction with a p-value of pSM = 47%. The negative log
likelihood curves from the individual channels and the combination are shown in Figure 2, where the
individual channel curves are based only on the data from the measured channel. The leading uncertainties
and the impact of the fit on the nuisance parameters are shown in Table 4.
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Combined H→4ℓ and H→γγ for |y(H)| < 2.5 in Higgs boson 
production categories: ggF, VBF, VH and ttH
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Figure 3: Cross sections for ggF, VBF, VH, and ttH normalized to the SM predictions and measured with the
assumption of SM branching fractions. The black error bars and pink and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The blue bands indicate the theoretical uncertainties
in the predictions.
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Figure 4: Correlation matrix for the measured values of the production cross sections shown in Table 5.
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Quantity normalized to SM
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y = 125.09 GeV, |Hm
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Figure 6: Results of a simultaneous fit for �ggF ·B4` , B��/B4`�VBF/�ggF, �VH/�ggF, and �ttH/�ggF. The fit results
are normalized to the SM predictions. The black error bars and pink and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The blue bands show the theoretical uncertainties in
the predictions.

Table 6: Best-fit values and uncertainties of �ggF · B4` and the ratios of cross sections and branching fractions.

Quantity Result
Uncertainty

SM prediction
Total Stat. Exp. Th.

�ggF·B4` [fb] 6.6 +1.2
�1.0

⇣
+1.1
�1.0 ±0.4 ±0.2

⌘
5.6+0.3

�0.4

B��/B4` 12.5 +2.8
�2.3

⇣
+2.6
�2.2

+0.9
�0.7 ±0.2

⌘
18.1 ± 0.2

�VBF/�ggF [10�2] 21.5 +8.5
�6.3

⇣
+7.3
�5.6

+2.8
�1.7

+3.6
�2.2

⌘
7.9+0.4

�0.6

�VH/�ggF [10�2] 0.2 +4.5
�3.4

⇣
+4.2
�3.2

+1.2
�0.9

+0.9
�0.4

⌘
4.5+0.2

�0.3

�ttH/�ggF [10�2] 0.7 +1.0
�0.9

⇣
+1.0
�0.9

+0.2
�0.1 ±0.1

⌘
1.3 ± 0.1
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Figure 9: Best-fit results of STXS measurement regions given in Table 7. The fit results are shown normalized (top)
and not normalized (bottom) to the SM predictions for the various parameters. The black error bar shows the total
uncertainty on each measurement.
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Cross section results by production mode of the H→ZZ*→4l and 
H→γγ combination can be interpreted within the κ framework
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H4ℓ, Hγγ combination - couplings
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Figure 11: Contours at 68% and 95% CL in the (F, V) plane.
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Figure 12: Contours at 68% and 95% CL in the (�, g) plane.

Higgs boson, but this parameter is not determined directly. The results are summarized in Table 10 and
shown in Figure 13. The correlations between the fitted coupling modifiers are summarized in Figure 14.
The four-dimensional compatibility with the SM prediction is pSM = 15%.
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Measurements 
consistent with the SM 
predictions within the 
experimental 
uncertainties  

ATLAS-CONF-2017-047

6 Results in the  framework

The  framework parameterizes new Higgs boson interactions as multiplicative coe�cients to cross
sections and partial widths as follows [11]:

�(i ! H ! f ) = 2i �SM
i

2f �
SM
f

2H�
SM
H

, (5)

where i and f are the initial and final states, respectively, �SM
i is the SM production cross section, and

�SM
H and �SM

f
are the SM values of the total Higgs boson width and the partial width of final state f ,

respectively. In the absence of non-SM decays the coe�cient to the Higgs boson width, H , is a function of
the other  parameters; similarly, in the absence of non-SM loops in the e�ective Hgg and H�� couplings,
the corresponding coe�cients g and � are functions of the other parameters.

The individual channel measurements are combined to obtain confidence intervals for the i coe�cients
using progressively relaxed assumptions on the coupling relationships. First, two-parameter fits are
performed for the coe�cients of couplings to fermions ( f ) and to weak vector bosons (V ), and for the
coe�cients g and �. In these fits the branching fraction to non-SM particles is assumed to be zero.
This assumption is removed in a four-parameter fit, where the coe�cient for the Higgs boson width H is
added to a combination of ratios of the other  parameters. The fits assume no other deviations from the
SM and include theory uncertainties on the predicted signal yields, as in the case of the signal strength
measurement.

In the first model, a two-parameter fit of  f and V is performed. The H ! Z Z⇤ ! 4` branching fraction
is proportional to 2V , while the H ! �� branching fraction depends on 2V , 2f , and V  f due to significant
contributions from top-quark and W-boson loops, and their interference, in the decay. Both branching
fractions are inversely dependent on these three  combinations through the total width of the Higgs boson.
The dominant production mechanisms of ggF and VBF have 2f and 2V dependencies, respectively. The
fit results are summarized in Figure 11 and show a small positive correlation due in part to the destructive
interference between the top-quark and W-boson loops in the H ! �� decay. The fit to data excludes
 f < 0 well beyond the 95% CL, so only  f > 0 is shown. The best-fit values and uncertainties are
V = 1.03± 0.06,  f = 0.89+0.20

�0.15. The correlation between the two quantities is estimated to be 54%. The
two-dimensional compatibility with the SM prediction is pSM = 52%.

In the second model, the e�ective couplings g and � capture all loop contributions to the Higgs-boson
interaction with gluons and photons, respectively. New loop processes would appear in these modifiers
rather than being absorbed by the  f and V modifiers. In this model, production and decay modes other
than ggF, H ! gg and H ! �� are fixed to their SM expectations. The two-parameter fit for g and
� (Figure 12) shows a strong anti-correlation because the leading constraint comes from H ! �� in the
gluon fusion channel. The best-fit values and uncertainties are g = 1.08+0.11

�0.10 and � = 0.93+0.09
�0.08. The

correlation between the two quantities is estimated to be -64%. The two-dimensional compatibility with
the SM prediction is pSM = 68%.

Finally, a set of four ratios is constructed to probe the loop vertices (g, �), total width (H ), and the
fermion and vector couplings ( f and V respectively): gV = gV/H , �Vg = V/g, � f g =  f /g,
and ��V = �/V . The parameter � f g is allowed to go negative to exploit the moderate sensitivity to the
relative sign from tHX and gg ! ZH processes. All the other parameters are assumed to be positive
without losing generality. The inclusion of H in the parameterization allows for non-SM decays of the
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➡Coupling modifiers κV and 
κF, to probe the Higgs 
couplings with the SM 
bosons and fermions 
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Figure 8: Di↵erential fiducial cross sections, for (a) the transverse momentum pT,4` of the Higgs boson, (b) the
absolute value of the rapidity |y4` | of the Higgs boson, (c) the invariant mass of the subleading lepton pair m34,
(d) the magnitude of the cosine of the decay angle of the leading lepton pair in the four-lepton rest frame with
respect to the beam axis |cos ✓⇤|. The measured cross sections are compared to ggF predictions by NNLOPS,
MG5_aMC@NLO_FxFx, and, for pT,4` and |y4` |, by HRes, all normalized to the N3LO cross section with the listed
K-factors. Predictions for all other Higgs boson production modes XH are added. The error bars on the data points
show the total uncertainties, while the systematic uncertainties are indicated by the boxes. The shaded bands on
the expected cross sections indicate the PDF and scale uncertainties. The p-values indicating the compatibility of
the measurement and the SM prediction are shown as well. They do not include the systematic uncertainty in the
theoretical predictions.
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Figure 28: The di�erential cross sections for pp ! H ! �� as a function of (a) | cos ✓⇤ | and (b) �� j j are
shown and compared to the SM expectations. The data and theoretical predictions are presented in the same
way as in Figure 26. In addition, the SCET���+MCFM8 prediction and the S����� (M���@N��) and G�S��
predictions, described in the text, are displayed in (a) and (b), respectively.

The di�erential cross sections for pp ! H ! �� as a function of |�yj j |, |����, j j |, and mj j are
shown for events with at least two jets with pT > 30 GeV in Figure 29. These variables are used to
discriminate between gluon–gluon fusion and the VBF production of the Higgs boson and enter the
multivariate classifier introduced in Section 8.1.4 that defines the categories used for the simplified
template cross-section and coupling measurements. The measured distributions are in agreement to
the default MC, S����� (M���@N��), and the G�S�� predictions. The accuracy of the fixed-order
parton-level prediction from G�S�� breaks down in the lowest bin of ⇡ � |����, j j | and the measured
cross section moderately exceeds the SM predictions at high mj j values.

9.5.5 Double-di�erential cross sections

The double-di�erential cross section for pp ! H ! �� as a function of p��T and Njets, for jets with
pT > 30 GeV, and p��T and | cos ✓⇤ | are shown in Figure 30. These cross sections are sensitive to the
modeling of the Higgs boson kinematic, its production mechanisms, and its spin-CP properties. Both
double-di�erential cross sections are in agreement with the Standard Model expectation.

9.5.6 Impact of systematic uncertainties on results

A summary of the uncertainties in the measured cross sections of the fiducial regions are shown in
Table 16. As an example concerning the di�erential measurements, a breakdown of the systematic
uncertainties in the di�erential cross sections as a function of p��T and Njets is shown in Figure 31.
The measurements are dominated by the statistical uncertainties. For the systematic uncertainties,
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Consistent with SM predictions for a CP-even scalar particle.

Higgs spin/CP properties probed in both H→γγ and H→ZZ∗→4ℓ channels with differential distributions

absolute value of 
the cosine of the 
angle between 
the beam axis 
and the two Z in 
the Higgs rest 
frame 

H→γγ

H→ZZ∗→4l

ATLAS-CONF-2018-002

Sensitive to spin

azimuthal 
angle 
between the 
two leading 
jets

Sensitive to 
CP



L. S. Bruni

Conclusions

15

 Overview of the ATLAS latest results with Higgs boson decaying into vectors 
bosons using 36.1 fb   of Run 2 data  

Precision era for Higgs boson measurements has started 
Results shown in terms of (fiducial) integrated and differential cross-sections, 
couplings and Higgs boson properties (mass, spin-parity)  

The new results obtained in Run 2 measurements are consistent with the SM 
predictions  

Some results are still limited by statistics, but more data is to be analysed!  
Looking forward to Run 2 full dataset:  

➡New ~45 fb   recorded during 2017 data-taking still to be analysed 
➡More data expected at the end of Run 2!
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Table 7: Expected and observed significances of the VBF, VH and top quark associated production mode signal
strengths.

Measurement Exp. Z0 Obs. Z0

µVBF 2.6 � 4.9 �
µVH 1.4 � 0.8 �
µtop 1.8 � 1.0 �

Table 8: Observed and expected upper limits at 95% CL on the signal strengths µVH and µtop. The median
expected limits are given for either the case when the true value of the signal strength under study is the SM
value (µi = 1) or zero. The ±1 � and ±2 � intervals for the expected upper limit in the case µi = 0 are also
reported.

Measurement Observed Exp. Limit Exp. Limit +2� +1� �1� �2�
(µi = 1) (µi = 0)

µVH 2.3 2.5 1.5 3.1 2.2 1.1 0.8
µtop 1.7 2.3 1.2 2.6 1.8 0.9 0.6

Upper Limits 
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of the asymptotic approximation was validated using ensembles of pseudo-experiments. Appendix F
provides separate limits on µZH and µWH, and Appendix G.1 shows the expected uncertainties for the
inclusive and production-mode specific signal strengths reported in Figure 12.
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Table 7: Expected and observed significances of the VBF, VH and top quark associated production mode signal
strengths.

Measurement Exp. Z0 Obs. Z0

µVBF 2.6 � 4.9 �
µVH 1.4 � 0.8 �
µtop 1.8 � 1.0 �

Table 8: Observed and expected upper limits at 95% CL on the signal strengths µVH and µtop. The median
expected limits are given for either the case when the true value of the signal strength under study is the SM
value (µi = 1) or zero. The ±1 � and ±2 � intervals for the expected upper limit in the case µi = 0 are also
reported.
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provides separate limits on µZH and µWH, and Appendix G.1 shows the expected uncertainties for the
inclusive and production-mode specific signal strengths reported in Figure 12.
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Figure 11: Observed negative log-profile likelihood ⇤ of the global signal strength µ. The three likelihood
contours shown correspond to all theory and experimental nuisance parameters fixed (Stat.), all experimental
nuisance parameters fixed (Theo.), and with all nuisance parameters floating (Total). The intersections of the
solid curves and horizontal lines at ⇤ = 1 and ⇤ = 4 indicate the 1 and 2 � confidence intervals of the
corresponding result.

Table 6: Main systematic uncertainties �syst.
µ in the combined signal strength parameter µ. The values for each

group of uncertainties are determined by subtracting in quadrature from the total uncertainty the change in
the 68% CL range of µ when the corresponding nuisance parameters are fixed to their best fit values. The
experimental uncertainty in the yield does not include the luminosity contribution, which is accounted for
separately. The uncertainties correspond to the sources detailed in Table 3.

Uncertainty Group �syst.
µ

Theory (QCD) 0.041
Theory (B(H ! ��)) 0.028
Theory (PDF+↵S) 0.021
Theory (UE/PS) 0.026
Luminosity 0.031
Experimental (yield) 0.017
Experimental (migrations) 0.015
Mass resolution 0.029
Mass scale 0.006
Background shape 0.027
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With current data no sensitivity to all the STXS stage-1 31 categories → fit in performed in10 phase 
space regions obtained from merging the initial 31  

STXS stage 1

Fraction of Signal Process / Category
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ggH 0J CEN
ggH 0J FWD
ggH 1J LOW
ggH 1J MED
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H
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Figure 8: The expected composition of the selected Higgs boson events, in terms of the di�erent production
modes, for each reconstructed category.
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All observed cross sections are in agreement with the Standard Model values  
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Table 2: Summary of the event generators and PDF sets used to model the signal and the main background
processes. The SM cross sections � for the Higgs production processes with mH = 125.09 GeV are also given
separately for

p
s = 13 TeV, together with the orders of the calculations corresponding to the quoted cross

sections, which are used to normalize the samples, after multiplication by the Higgs boson branching ratio to
diphotons, 0.227%. The following versions were used: P�����8 version 8.212 (processes) and 8.186 (pile-up
overlay); H�����++ version 2.7.1; P�����-B�� version 2; MG5_�MC@NLO version 2.4.3; S����� version
2.2.1

Process Generator Showering PDF set � [pb] Order of calculation of �p
s = 13 TeV

ggH P����� NNLOPS P�����8 PDF4LHC15 48.52 N3LO(QCD)+NLO(EW)
VBF P�����-B�� P�����8 PDF4LHC15 3.78 NNLO(QCD)+NLO(EW)
WH P�����-B�� P�����8 PDF4LHC15 1.37 NNLO(QCD)+NLO(EW)
qq̄0 ! ZH P�����-B�� P�����8 PDF4LHC15 0.76 NNLO(QCD)+NLO(EW)
gg ! ZH P�����-B�� P�����8 PDF4LHC15 0.12 NLO+NLL(QCD)
tt̄H MG5_�MC@NLO P�����8 NNPDF3.0 0.51 NLO(QCD)+NLO(EW)
bb̄H MG5_�MC@NLO P�����8 CT10 0.49 5FS(NNLO)+4FS(NLO)
t-channel tH MG5_�MC@NLO P�����8 CT10 0.07 4FS(LO)
W-associated tH MG5_�MC@NLO H�����++ CT10 0.02 5FS(NLO)
�� S����� S����� CT10
V�� S����� S����� CT10

Additional proton–proton interactions (pileup) are included in the simulation for all generated events
such that the average number of interactions per bunch crossing reproduces that observed in the data.
The inelastic proton–proton collisions were produced using P�����8 with the A2 parameter set [67]
that are tuned to data and the MSTW2008�� PDF set [68]. A summary of the used signal and
background samples is shown in Table 2.

5 Event reconstruction and selection

5.1 Photon reconstruction and identification

The reconstruction of photon candidates is seeded by energy clusters in the electromagnetic calorimeter
with a size of �⌘ ⇥ �� = 0.075⇥0.125, with transverse energy ET greater than 2.5 GeV [69]. The
reconstruction is designed to separate electron from photon candidates, and to classify the latter
as unconverted or converted photon candidates. Converted photon candidates are associated with
the conversion of photons into electron–positron pairs in the material upstream the electromagnetic
calorimeter. Conversion vertex candidates are reconstructed from either two tracks consistent with
originating from a photon conversion, or one track that does not have any hits in the innermost pixel
layer. These tracks are required to induce transition radiation signals in the TRT consistent with the
electron hypothesis, in order to suppress backgrounds from non-electron tracks. Clusters without any
matching track or conversion vertex are classified as unconverted photon candidates, while clusters
with a matching conversion vertex are classified as converted photon candidates. In the simulation,
the average reconstruction e�ciency for photons with generated ET above 20 GeV and generated
pseudorapidity |⌘ | < 2.37 is 98%.

12

The gluon–gluon fusion part of the SM prediction is constructed from the NNLOPS prediction for ggf normalized 
with the N3LO in QCD and NLO EW (“default MC”) 

The contributions to the Standard Model prediction from the VBF, VH, bb ̄H and tt ̄H production mechanisms are 
determined using the particle-level predictions normalized with theoretical calculations and are collectively 
referred to as XH.  
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•The strength and tensor structure of the Higgs-boson interactions can be investigated using an effective field theory  
•additional CP-even and CP-odd interactions that change the event rates and the kinematic properties of the Higgs 

boson and associated jet spectra are introduced

9.5.8 Search for anomalous Higgs-boson interactions using an e�ective field theory approach

The strength and tensor structure of the Higgs-boson interactions can be investigated using an e�ective
field theory approach, which introduces additional CP-even and CP-odd interactions that change the
event rates and the kinematic properties of the Higgs boson and associated jet spectra from those in
the Standard Model. The parameters of the e�ective field theory are probed using a fit to five of
the most relevant di�erential cross sections. The e�ective Lagrangian of Ref. [142] is used which
adds dimension-six operators of the Strongly Interacting Light Higgs formulation [13] to the Standard
Model interactions. The H ! �� di�erential cross sections are mainly sensitive to the operators that
a�ect the Higgs boson interactions with gauge bosons and the relevant terms in the Lagrangian can be
specified by

Le� = c̄gOg + c̄HWOHW + c̄HBOHB

+ c̃gÕg + c̃HW ÕHW + c̃HBÕHB,

where c̄i and c̃i are dimensionless Wilson coe�cients specifying the strength of the new CP-even and
CP-odd interactions, respectively, and the dimension-six operators Oi and Õi are those described in
Refs. [142, 143]. In the SM, all of the Wilson coe�cients are equal to zero. The Og and Õg operators
introduce new interactions between the Higgs boson and two gluons and can be probed through the
gluon–gluon fusion Higgs production mechanism. The OHW and ÕHW operators introduce new
HWW , HZ Z and HZ� interactions. The HZ Z and HZ� interactions are also impacted by OHB and
ÕHB. The OHW , ÕHW , OHB and ÕHB operators can be probed through vector-boson fusion and
associated production. Other operators in the full e�ective Lagrangian of Ref. [142] can also modify
Higgs-boson interactions but are not considered here due to the lack of sensitivity of the H ! ��
decay channel. Combinations of some of the CP-even operators have been constrained using global
fits to experimental data from LEP and the LHC [142, 144, 145].

The e�ective Lagrangian has been implemented in FeynRules [143].13 Parton-level event samples
are produced for specific values of Wilson coe�cients by interfacing the universal file output from
FeynRules to the M�������5 event generator [147]. Higgs bosons are produced via gluon–gluon
fusion with up to two additional partons in the final state using leading-order matrix elements.

The generated events are passed to P�����8 [29] to provide parton showering, hadronization and
underlying event and the zero-, one- and two-parton events are merged using the MLM matching
scheme [148] to create the full final state. Event samples containing a Higgs boson produced either
in association with a vector boson or via vector-boson fusion are produced using leading-order matrix
elements and passed through the P�����8 generator. For each production mode, the Higgs boson
mass is set to 125 GeV and events are generated using the NNPDF2.3LO PDF set [47] and the A14
parameter set [48]. All other Higgs boson production modes are assumed to occur as predicted by the
SM.

Event samples are produced for di�erent values of a given Wilson coe�cient. The particle-level
di�erential cross sections are produced using R���� [149]. The P�������� method [150] is used to
13 The implementation in Ref. [143] involves a redefinition of the gauge boson propagators that results in unphysical

amplitudes unless certain physical constants are also redefined. The original implementation did not include the redefinition
of these physical constants. However, the impact of redefining the physical constants is found to be negligible on the
predicted cross sections across the range of Wilson coe�cients studied. The relative change in the predicted Higgs boson
cross sections as functions of the di�erent Wilson coe�cients is also found to agree with that predicted by the Higgs
characterization framework [146], with less than 2% variation across the parameter ranges studied.
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c are dimensionless Wilson coefficients specifying the 
strength of the new CP-even and CP-odd interactions, 
respectively, 

Oi and O ̃i are  dimension-six operators  
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Table 14: Summary of the particle-level definitions of the five fiducial integrated regions described in the text.
The photon isolation piso,0.2

T is defined analogously to the reconstructed-level track isolation as the transverse
momentum of the system of charged particles within �R < 0.2 of the photon.
Objects Definition
Photons |⌘ | < 1.37 or 1.52 < |⌘ | < 2.37, piso,0.2

T /p�T < 0.05
Jets anti-kt , R = 0.4, pT > 30 GeV, |y | < 4.4
Leptons, ` e or µ, pT > 15 GeV, |⌘ | < 2.47 for e (excluding 1.37 < |⌘ | < 1.52) and |⌘ | < 2.7 for µ
Fiducial region Definition
Diphoton fiducial N� � 2, p�1

T > 0.35 m�� = 43.8 GeV, p�2
T > 0.25 m�� = 31.3 GeV

VBF-enhanced Diphoton fiducial, Nj � 2 with pjet
T > 25 GeV,

mj j > 400 GeV, |�yj j | > 2.8, |����, j j | > 2.6
Nlepton � 1 Diphoton fiducial, N` � 1
High Emiss

T Diphoton fiducial, Emiss
T > 80 GeV, p��T > 80 GeV

tt̄H-enhanced Diphoton fiducial,
�
Nj � 4, Nb-jets � 1

�
or

�
Nj � 3, Nb-jets � 1, N` � 1

�

9.2 Fiducial integrated and di�erential cross sections

The cross section (�i) in a fiducial integrated region, and the di�erential cross section (d�i/dx) in a
bin of variable x, are given by

�i =
Nsig
i

ci
Ø

L dt
and

d�i
dx
=

Nsig
i

ci �xi
Ø

L dt
,

where Nsig
i is the number of signal events as introduced in Section 6.3,

Ø
L dt is the integrated

luminosity of the data set, ci is a correction factor that accounts for detector ine�ciency and resolution,
and �xi is the bin width. The correction factors are determined using the simulated samples discussed
in Section 4. This bin-by-bin method showed similar performance to that of the non-regularized
inversion of the full migration matrix and of regularized methods [111–113] within the current
statistical accuracy and systematic uncertainties.

The correction factor is 0.75 ± 0.03 in the diphoton fiducial region, defined to unfold all signal events
to the fiducial definition of Section 9.1, which is dominated by the photon identification and isolation
e�ciency. The correction factor also accounts for migrations caused by detector energy resolution
and migration in and out of the fiducial phase space due to detector e�ects. In addition, the correction
factor removes a small fraction (0.5% for the diphoton fiducial region) of reconstructed H ! f f �
Dalitz decays.8

The correction factor is di�erent in fiducial regions defined by associated jet activity, for example,
taking values of 0.66 and 0.87 for the tt̄H and VBF fiducial regions defined in the next section,
respectively. For the diphoton fiducial region the uncertainty in the correction factor is dominated by
the theoretical modeling uncertainty. For the tt̄H and VBF fiducial regions the uncertainties in the
correction factors are dominated by uncertainties associated with the knowledge of the jet energy scale
and energy resolution, as well as the theoretical modeling. A more complete breakdown is given in
Section 9.5.6 and Table 16.

8 Here f denotes any fermion but the top quark.
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(a) (b)

Figure 30: The double-di�erential cross section for pp ! H ! �� as a function of (a) p��T and Njets, for jets
with pT > 30 GeV, and (b) p��T and | cos ✓⇤ | separating the two regions of | cos ✓⇤ | < 0.5 and | cos ✓⇤ | > 0.5
from each other. The data and theoretical predictions are presented in the same way as in Figure 26.

Table 16: The expected uncertainties, expressed in percent, in the cross sections measured in the diphoton
fiducial, VBF-enhanced, Nlepton � 1, tt̄H-enhanced, and high Emiss

T regions. The fit systematic uncertainty
includes the e�ect of the photon energy scale and resolution, and the impact of the background modeling on
the signal yield. The theoretical modeling uncertainty is defined as the envelope of the signal composition, the
modeling of Higgs boson transverse momentum and rapidity distribution, and the uncertainty of parton shower
and the underlying event (labeled as “UE/PS”) as described in Section 7.4.
Source Uncertainty in fiducial cross section

Diphoton VBF-enhanced Nlepton � 1 tt̄H-enhanced High Emiss
T

Fit (stat.) 17% 22% 72% 176% 53%
Fit (syst.) 6% 9% 27% 138% 13%

Photon energy scale & resolution 4.3% 3.5% 3.1% 10% 4.1%
Background modelling 4.2% 7.8% 26.7% 138% 12.2%

Photon e�ciency 1.8% 1.8% 1.8% 1.8% 1.9%
Jet energy scale/resolution - 8.9% - 4.5% 6.9%
b-jet flavor tagging - - - 3% -
Lepton selection - - 0.7% 0.2% -
Pileup 1.1% 2.9% 1.3% 2.5% 2.5%
Theoretical modeling 0.1% 4.5% 4.0% 8.1% 31%

Signal composition 0.1% 4.5% 3.1% 8.1% 25%
Higgs boson pH

T & |yH | 0.1% 0.9% 0.2% 0.7% 0.1%
UE/PS - 0.3% 0.7% 1.1% 31%

Luminosity 3.2% 3.2% 3.2% 3.2% 3.2%
Total 18% 26% 77% 224% 63%

the uncertainty in the fitted signal yield, due to the background modeling and the photon energy
resolution, is typically more important than the uncertainty in the correction factor due to the theoretical
modeling. The jet energy scale and resolution uncertainties become increasingly important for high-jet
multiplicities and in the tt̄H- and VBF-enhanced phase space.
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Figure 1: The phase-space regions (production bins) for the measurement of the Higgs boson production cross
sections defined for two stages at the particle level and the corresponding reconstructed event categories.

For the first set (Stage 0) [15], production bins are simply defined according to the Higgs boson production
vertex: gluon–gluon fusion (ggF), vector boson fusion (VBF) and associated production with top quark
pairs (ttH) or vector bosons (VH), where V is a W or a Z boson. The bbH Higgs boson production
bin is not included because there is insu�cient sensitivity to measure this process with the current
integrated luminosity. This production mode has an acceptance similar to gluon–gluon fusion, and their
contributions are therefore considered together in the analysis. The sum of their contributions is referred
to in the following as gluon–gluon fusion.

For the second set (reduced Stage 1), a more exclusive set of production bins is defined. This set is
obtained by the merging of those production bins of the original Stage-1 set from Ref. [15] which cannot
be measured separately in the H ! Z Z⇤ ! 4` channel with the current data sample. The gluon–gluon
fusion process is split into events with zero, one or at least two particle-level jets. The particle-level jets
are built from all stable particles (all particles with c⌧ > 1 mm) including neutrinos, photons and leptons
from hadron decays or produced in the shower. All decay products from the Higgs boson, as well as
the leptons and neutrinos from decays of the signal V bosons are removed, while decay products from
hadronically decaying signal V bosons are included in the inputs to the particle-level jet building. The
anti-kt jet reconstruction algorithm [20], implemented in the FastJet package [21], with a radius parameter
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Figure 2: Signal composition in terms of the reduced Stage-1 production bins in each reconstructed event category.
The ggF and bbH contributions are shown separately but both contribute to the same (ggF) production bin.

Table 3: The BDT discriminants and their corresponding input variables used for the measurement of cross sections
per production bin. The jets are denoted by “ j”. See the text for variable definitions.

Reconstructed event category BDT discriminant Input variables
0 j BDTggF p4`

T , ⌘4` , DZZ⇤

1 j-p4`
T -Low BDT1j-p4`

T -Low
VBF pj

T, ⌘j , �R( j, 4`)
1 j-p4`

T -Med BDT1j-p4`
T -Med

VBF pj
T, ⌘j , �R( j, 4`)

1 j-p4`
T -High - -

VBF-enriched-pj
T-Low BDTVBF mj j , �⌘j j , pj1

T , pj2
T , ⌘⇤4` , �Rmin

jZ , (p4` j j
T )constrained

VBF-enriched-pj
T-High - -

VH-Had-enriched BDTVH-Had mj j , �⌘j j , pj1
T , pj2

T , ⌘⇤4` , �Rmin
jZ , ⌘j1

VH-Lep-enriched - -
ttH-enriched - -

12

Table 5: Impact of the dominant systematic uncertainties (in percent) on the measured inclusive and the Stage-0
production mode cross sections � · B(H ! Z Z⇤). Signal theory uncertainties include only acceptance e�ects and
no uncertainty in predicted cross sections.

Experimental uncertainties [%] Theory uncertainties [%]
Production Lumi e, µ, Jets, flavour Higgs Reducible Z Z⇤ Signal theory

bin pile-up tagging mass backgr. backgr. PDF QCD scale Shower
Inclusive cross section

4.1 3.1 0.7 0.8 0.9 1.9 0.3 0.8 1.2
Stage-0 production bin cross sections

ggF 4.3 3.4 1.1 1.2 1.1 1.8 0.5 1.8 1.4
VBF 2.6 2.7 10 1.3 0.9 2.2 1.6 11 5.3
VH 3.0 2.7 11 1.6 1.7 5.9 2.1 12 3.7
ttH 3.6 2.9 19 < 0.1 2.4 1.9 3.3 7.9 2.1

The electron (muon) reconstruction and identification e�ciencies, and the energy (momentum) scale and
resolution are derived from data using large samples of J/ ! `` and Z ! `` decays [91–93]. Typical
uncertainties in the predicted yield due to the identification e�ciencies are in the range 0.5–1.0% for muons
and 1.0–1.3% for electrons. The uncertainty in the expected yields coming from the muon and electron
isolation e�ciencies are also taken into account, with the typical size being 2%. The uncertainties in the
electron and muon energy scale and resolution are small and have a negligible impact on the measurements
presented in Section 9.

The uncertainties in the jet energy scale and resolution are in the range of 3–7% and 2–4%, respect-
ively [104, 105]. Given the analysis categories, the impact of these uncertainties are more relevant for
the VH, VBF and ttH production modes cross-section measurements (10–20%) and for all the reduced
Stage-1 cross-section measurements, including the ggF process split into the di�erent n-jet exclusive
production bins (5–20%), while they are negligible for the inclusive and the ggF (Stage-0) cross-section
measurements.

The uncertainties associated with the e�ciency of the b-tagging algorithm, which are derived from tt̄
events, are at the level of a few percent over most of the jet pT range [97]. This uncertainty is only relevant
in the ttH-enriched category, with its expected impact being approximately 5% in the ttH cross-section
measurement.

The impact of the precision of the Higgs boson mass measurement, mH = 125.09± 0.24 GeV [16], on the
signal acceptance due to the mass window requirement defining the signal region is negligible. A small
dependency of the BDTggF shape on mH is observed for the signal (below 2% in the highest BDT bins)
and is included in the signal model. This uncertainty a�ects the measurement of ggF production, as well
as the measurements in other production bins with large ggF contamination.

The uncertainties from the data-driven measurement of reducible background contributions are detailed
in Section 7. Their impact on the cross-section measurements is also summarized in Table 5.

17

DZZ*: difference between 
the logarithms of the signal 
and background  
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ggF ,VBF ,VH:  Powheg-Box v2 Monte Carlo  with PDF4LHC NLO PDF set [58]. 
• ggF is NNLO in QCD. 
•The VBF and VH samples are produced at NLO accuracy in QCD. For VH, the MiNLO method is used to 

merge zero- and one-jet events.  
• Pythia 8 is used for the H➞ ZZ➞4l decay as well as for parton showering, hadronization, and multiple 

partonic interactions. 
ttH: events are simulated at NLO with MadGraph5_aMC@NLO. Herwig++ is used for parton showering and 
hadronization, 

Alternative prediction for ggF  1: MadGraph5_aMC@NLO v.2.3.3 at NLO accuracy in QCD for zero, one, two 
additional jets, merged with the FxFx scheme . Interfaced to Pythia 8 for Higgs boson decay, parton showering, 
hadronization and multiple partonic interactions using the A14 parameter set . 
Alternative  prediction for ggF 2: HRes v2.3. The HRes program computes fixed-order cross sections for ggF 
SM Higgs boson production up to NNLO in QCD and describes the pT,4l distribution at NLO. HRes does not 
perform parton showering and QED final-state radiation effects are not included. 
 Both the MG5_aMC@NLO_FxFx and the HRes predictions are normalized using the LHCXSWG cross section 
( N3LO ) 
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Table 1: List of event selection requirements which define the fiducial phase space of the cross-section measure-
ment. SFOS lepton pairs are same-flavour opposite-sign lepton pairs.

Leptons and jets

Muons: pT > 5 GeV, |⌘| < 2.7
Electrons: pT > 7 GeV, |⌘| < 2.47
Jets: pT > 30 GeV, |y| < 4.4
Jet–lepton overlap removal: �R(jet, `) > 0.1 (0.2) for muons (electrons)

Lepton selection and pairing

Lepton kinematics: pT > 20, 15, 10 GeV
Leading pair (m12): SFOS lepton pair with smallest |mZ � m``|
Subleading pair (m34): remaining SFOS lepton pair with smallest |mZ � m``|

Event selection (at most one quadruplet per channel)

Mass requirements: 50 GeV< m12 < 106 GeV and 12 GeV< m34 < 115 GeV
Lepton separation: �R(`i, ` j) > 0.1 (0.2) for same- (di↵erent-)flavour leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 GeV< m4` < 130 GeV

model-dependent acceptance extrapolations.

The fiducial selection is applied to final-state3 electrons and muons that do not originate from hadrons or
⌧ decays. The leptons are “dressed”, i.e. the four-momenta of photons within a cone of size �R = 0.1 are
added to the lepton four-momentum, requiring the photons to not originate from hadron decays. Particle-
level jets are reconstructed from final-state particles using the anti-kt algorithm with radius parameter
R = 0.4. Electrons, muons, neutrinos (if they are not from hadron decays) and photons used to dress
leptons, are excluded from the jet clustering. Jets are removed if they are within a cone of size �R = 0.1
(0.2) around a selected muon (electron).

Quadruplets are formed with the selected dressed leptons. Using the same procedure as for reconstructed
events reproduces the mispairing of the leptons from Higgs boson decays when assigning them to the
leading and subleading Z bosons and the inclusion of leptons originating from vector bosons produced in
association with the Higgs boson. The variables used in the di↵erential cross-section measurement are
calculated using the dressed leptons in the quadruplets.

The acceptance of the fiducial selection (with respect to the full phase space of H ! ZZ⇤ ! 2`2`0,
where `, `0 = e or µ) is 42% for a SM Higgs boson with mH = 125 GeV. The ratio of the number of
events passing the detector-level event selection to those passing the particle-level selection is 53%. Due
to resolution e↵ects, about 2% of the events which pass the detector-level selection fail the particle-level
selection.

6 Background estimates

Non-resonant SM ZZ⇤ production via qq̄ annihilation and gluon–gluon fusion can result in four prompt
leptons in the final state and constitutes the largest background for this analysis. It is estimated using the

3 Final-state particles are defined as particles with a lifetime c⌧ > 10 mm. For electrons and muons, this corresponds to leptons
after final state radiation.
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Ni,reco is the number of reconstructed signal events and Ni,part is the number of events at the particle level
in the fiducial phase-space. The correction factor is calculated from simulated Higgs boson samples,
assuming SM production mode fractions and ZZ⇤ ! 4` decay fractions as discussed in Section 3. The
systematic uncertainties in this assumption are described in Section 9. The correction factors for the
di↵erent Higgs boson production modes agree within 15%, except for the tt̄H mode, which di↵ers by
up to 40%, due to the fact that tt̄H events have more hadronic jets and that no isolation requirements
are applied to the leptons at the particle level. The correction factors for the four final states are 0.64
± 0.04 (4µ), 0.55 ± 0.03 (2e2µ), 0.48 ± 0.05 (2µ2e), and 0.43 ± 0.06 (4e). Figure 6 shows the bin-by-
bin correction factors for all decay channels combined including systematic uncertainties for the pT,4`
and Njets distributions. The large uncertainty for Njets� 3 is due to the experimental jet reconstruction
uncertainties and the variations of the fractions of Higgs boson production modes (see Section 9). The
same figure also shows the bin purity, defined as the fraction of events in a bin of the reconstructed
distribution that are found in the same bin at particle level. The bin purity is greater than 0.75 for the
Higgs boson kinematic and decay observables, and typically greater than 0.6 for the jet variables. It can
be seen that the narrower bins at low pT,4` have a slightly reduced bin purity, as detector resolution e↵ects
result in larger bin migration e↵ects, which is enhanced by the presence of a steep slope.
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Figure 6: Bin-by-bin correction factors and bin purities for (a) the transverse momentum of the four leptons pT,4`
and (b) the number of jets Njets. The bands show the systematic uncertainties in the correction factors, which are
discussed in Section 9. The uncertainties in the bin purity include the detector response and pile-up uncertainties.

The signal, background, and data m4` distributions, as well as the correction factors, are used as input to
a profile-likelihood-ratio fit [113], taking into account all bins of a given distribution and all final states
for the inclusive measurement. The likelihood includes the shape and normalization uncertainties of the
backgrounds and correction factors as nuisance parameters. This allows for correlation of systematic
uncertainties between the background estimates and the correction factors, as well as between bins or
decay channels. The cross sections are extracted for each bin, or final state, by minimizing twice the
negative logarithm of the profile likelihood ratio, �2 ln⇤. In the asymptotic assumption, i.e. the large
sample limit, �2 ln⇤ behaves as a �2 distribution with one degree of freedom. The compatibility of a
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Figure 5: Template fit of SM Higgs boson signal and background to the data for the (a) first and (b) last bins of the
distribution of the transverse momentum of the four leptons pT,4`. The error bars on the data points indicate the
statistical uncertainty. The SM Higgs boson predictions are normalized to the cross sections discussed in Section 3,
while the backgrounds are normalized to the estimates described in Section 6. The uncertainty in the prediction is
shown by the dashed band. The dotted green line illustrates the best fit.

8 Signal extraction and correction for detector e↵ects

To extract the number of signal events in each bin of a di↵erential distribution (or for each decay channel
for the inclusive fiducial cross section), invariant mass templates for the Higgs boson signal and the back-
ground processes are fit to the m4` distribution in data. The signal shape is obtained from the simulated
samples described in Section 3 assuming a Higgs boson mass of 125 GeV. Most of the background shapes
are also obtained from the simulated samples described in Section 3, while some of the backgrounds in
the ``ee channel are derived from control regions in data, as discussed in Section 6. The normalization
of the backgrounds is fixed in this fit. Figures 4 and 5 show the data, templates and best fits for the m4`
distributions in the four decay channels for the extraction of the inclusive fiducial cross section, and two
bins of the transverse momentum of the four leptons. For the di↵erential distributions, no split into decay
channels is performed, and the SM ZZ⇤ ! 4` decay fractions are assumed.

The fiducial cross section �i,fid for a given final state or bin of the di↵erential distribution is defined as:

�i,fid = �i ⇥ Ai ⇥ B =
Ni,fit

L ⇥Ci
, Ci =

Ni,reco

Ni,part
, (1)

where Ai is the acceptance in the fiducial phase space, B is the branching ratio and �i is the total cross
section in bin i. The term Ni,fit is the number of extracted signal events in data, L is the integrated
luminosity and Ci is the bin-by-bin correction factor for detector ine�ciency and resolution. The term
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Table 3: Fractional uncertainties for the inclusive fiducial cross section �comb, obtained by combining all decay
channels, and ranges of systematic uncertainties for the di↵erential observables. The columns e, µ, jets represent
the experimental uncertainties in lepton and jet reconstruction and identification. The ZZ⇤ theory uncertainties
include the PDF and scale variations. The model uncertainties are dominated by the production mode composition
variations in the extraction of the correction factors.

Observable Stat Systematic Dominant systematic components [%]
unc. [%] unc. [%] e µ jets ZZ⇤ theo Model Z + jets+ tt̄ Lumi

�comb 14 7 3 3 < 0.5 2 0.8 0.8 4
d� / dpT,4` 30–150 3–11 1–4 1–3 < 0.5 < 7 < 6 1–6 3–5
d� / dpT,4` (0j) 31–52 10–18 2–5 1–4 3–16 3–8 1 2–3 3–5
d� / dpT,4` (1j) 35–15 6–30 1–4 1–3 2–29 1–4 1–11 1–2 3–5
d� / dpT,4` (2j) 30–41 5–21 1–3 1–3 2–19 1–5 1–7 1–2 3–5
d� / d|y4` | 29–120 5–8 2–4 2–3 < 0.5 1–2 < 1 1 3–5
d� / d|cos ✓⇤| 31–100 5–8 2–4 2–3 < 0.5 1–2 < 2 1–4 3–5
d� / dm34 26–53 4–13 2–5 1–5 < 0.5 1–6 < 1 1–3 3–5
d2� / dm12dm34 21–40 4–12 2–4 1–4 < 0.5 1–6 < 1 1–4 3–5
d� / dNjets 22–44 6–31 1–4 1–3 4–22 2–4 1–22 1–2 3–5
d� / dplead.jet

T 30–53 5–18 1–4 1–3 3–16 2–3 1–8 1–2 3–5
d� / d��jj 29–43 9–17 1–3 1–3 8–14 3–4 1–7 1 3–5
d� / dmjj 23–100 9–27 1–4 1–4 8–24 3–8 1–7 < 3 3–5

The correction factors are cross-checked using the alternative Madgraph5 ggF samples (for SM and
modified couplings) and the di↵erences with respect to nominal values are found to be well within the
statistical uncertainties of the samples. Bias studies and cross-checks with other unfolding methods, such
as matrix inversion and Bayesian iterative unfolding [117] show results that agree very well with the
bin-by-bin correction factor results. Observed di↵erences are generally much smaller than the statistical
uncertainties.

The uncertainties in this analysis are dominated by the limited number of data events. The statistical
uncertainty in the fiducial inclusive cross section obtained by combining all decay channels is 14%, while
the systematic uncertainty is 7%, dominated by the lepton uncertainties and the uncertainty in the lumin-
osity. For the di↵erential cross sections, the size of the statistical and systematic uncertainties depends on
the variable and is shown in Table 3. The breakdown of the dominant systematic uncertainties is obtained
by performing the fits while fixing groups of nuisance parameters to their best-fit value. The statistical un-
certainties are mostly in the range 20�50%, and can be as high as 150%. For the Higgs boson kinematic
properties, the most important systematic uncertainties are the experimental lepton uncertainties, 1�5%.
The signal composition uncertainty grows with the increase of the fraction of tt̄H in some regions of
phase space. Therefore, for observables defined by the jet activity produced in association with the Higgs
boson, not only the jet energy scale but also the signal composition uncertainties become increasingly
important, especially at high Njets and plead.jet

T (⇠20% each for Njets� 3).

10 Results

The inclusive fiducial cross sections of H ! ZZ⇤ ! 4` are presented in Table 4 and Figure 7. The
left panel in Figure 7 shows the fiducial cross sections for the four individual decay channels (4µ, 4e,
2µ2e, 2e2µ). The middle panel shows the cross sections for opposite- and same-flavour decays, which
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Figure 9: Observed (solid black line) and SM expected (dashed blue line) negative log-likelihood scans for (a) Agg,
(b) HVV and (c) AVV coupling parameters using 36.1 fb�1 of data at

p
s = 13 TeV. The horizontal lines indicate

the value of the profile likelihood ratio corresponding to the 68% and 95% CL intervals for the parameter of interest,
assuming the asymptotic �2 distribution of the test statistic.
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R = 0.4 is used and jets are required to have pT > 30 GeV. The 1-jet bin is further split into three
bins with the Higgs boson transverse momentum pH

T below 60 GeV, between 60 GeV and 120 GeV, and
above 120 GeV. The reduced Stage-1 gluon–gluon fusion bins are correspondingly denoted by ggF-0 j,
ggF-1 j-pH

T -Low, ggF-1 j-pH
T -Med, ggF-1 j-pH

T -High and ggF-2 j. The VBF production bin is split into
two bins with the transverse momentum of the leading jet, pj1

T , below and above 200 GeV (VBF-pj
T-Low

and VBF-pj
T-High, respectively). The former bin is expected to be dominated by SM events, while the

latter is sensitive to potential BSM contributions. For VH production, separate bins with hadronically
(VH-Had) and leptonically (VH-Lep) decaying vector bosons are considered. The leptonic V boson decays
include the decays into ⌧ leptons and into neutrino pairs. The ttH production bin remains the same as for
Stage 0.

Figure 1 also summarizes the corresponding categories of reconstructed events in which the cross-section
measurements are performed and which are described in more detail in Section 5. There is a dedicated
reconstructed event category for each production bin except for ggF-2 j. This process contributes strongly
in all reconstructed event categories containing events with at least two jets and can therefore be measured
in these categories.

3.2 Tensor structure of Higgs boson couplings

In order to study the tensor structure of the Higgs boson couplings to SM gauge bosons, interactions of
the Higgs boson with these SM particles are described in terms of the e�ective Lagrangian of the Higgs
characterization model [22],

LV
0 =

⇢
SM


1
2
gHZZZµZµ + gHWWW+µW�µ

�

� 1
4
⇥
HgggHggGa

µ⌫Ga,µ⌫ + tan↵AgggAggGa
µ⌫G̃a,µ⌫

⇤

� 1
4

1
⇤

⇥
HZZZµ⌫Zµ⌫ + tan↵AZZZµ⌫ Z̃µ⌫

⇤

� 1
2

1
⇤

⇥
HWWW+µ⌫W�µ⌫ + tan↵AWWW+µ⌫W̃�µ⌫⇤ �X0. (1)

The additional terms in the Lagrangian involving couplings to fermions are not considered since the present
analysis is not sensitive to these couplings. The model is based on an e�ective field theory description
which assumes there are no new BSM particles below the energy scale ⇤. The cut-o� scale ⇤ is set to
1 TeV, supported by the current experimental results showing no evidence of new physics below this scale.
The notation of Eq. (1) follows the notation of Eq. (2.4) in Ref. [22] with X0 defining a new bosonic state
of spin 0 and with the di�erence that the dimensionless coupling parameters  are redefined by dividing
them by cos↵, where ↵ is the mixing angle between the 0+ and 0� CP states implying CP-violation
for ↵ , 0 and ↵ , ⇡. In this way the prediction for the SM Higgs boson is given by SM = 1 and
Hgg = 1 with the values of the BSM couplings set to zero. In this analysis, only the e�ective Lagrangian
terms with coupling parameters HVV , AVV and Agg are considered as possible BSM admixtures to the
corresponding SM interactions. These terms describe the CP-even (scalar) and CP-odd (pseudo-scalar)
BSM interaction with vector bosons and the CP-odd BSM interaction with gluons, respectively. The BSM
couplings are assumed to be the same for W and Z bosons (i.e. HWW = HZZ ⌘ HVV and AWW = AZZ
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reconstructed event category for each production bin except for ggF-2 j. This process contributes strongly
in all reconstructed event categories containing events with at least two jets and can therefore be measured
in these categories.

3.2 Tensor structure of Higgs boson couplings

In order to study the tensor structure of the Higgs boson couplings to SM gauge bosons, interactions of
the Higgs boson with these SM particles are described in terms of the e�ective Lagrangian of the Higgs
characterization model [22],

LV
0 =

⇢
SM


1
2
gHZZZµZµ + gHWWW+µW�µ

�

� 1
4
⇥
HgggHggGa

µ⌫Ga,µ⌫ + tan↵AgggAggGa
µ⌫G̃a,µ⌫

⇤

� 1
4

1
⇤

⇥
HZZZµ⌫Zµ⌫ + tan↵AZZZµ⌫ Z̃µ⌫

⇤

� 1
2

1
⇤

⇥
HWWW+µ⌫W�µ⌫ + tan↵AWWW+µ⌫W̃�µ⌫⇤ �X0. (1)

The additional terms in the Lagrangian involving couplings to fermions are not considered since the present
analysis is not sensitive to these couplings. The model is based on an e�ective field theory description
which assumes there are no new BSM particles below the energy scale ⇤. The cut-o� scale ⇤ is set to
1 TeV, supported by the current experimental results showing no evidence of new physics below this scale.
The notation of Eq. (1) follows the notation of Eq. (2.4) in Ref. [22] with X0 defining a new bosonic state
of spin 0 and with the di�erence that the dimensionless coupling parameters  are redefined by dividing
them by cos↵, where ↵ is the mixing angle between the 0+ and 0� CP states implying CP-violation
for ↵ , 0 and ↵ , ⇡. In this way the prediction for the SM Higgs boson is given by SM = 1 and
Hgg = 1 with the values of the BSM couplings set to zero. In this analysis, only the e�ective Lagrangian
terms with coupling parameters HVV , AVV and Agg are considered as possible BSM admixtures to the
corresponding SM interactions. These terms describe the CP-even (scalar) and CP-odd (pseudo-scalar)
BSM interaction with vector bosons and the CP-odd BSM interaction with gluons, respectively. The BSM
couplings are assumed to be the same for W and Z bosons (i.e. HWW = HZZ ⌘ HVV and AWW = AZZ
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1 Introduction

Di�erential cross section measurements are important studies of Higgs boson production, probing Standard
Model (SM) predictions. Deviations from the predictions could be caused by physics beyond the SM [1,
2]. Both the ATLAS and CMS collaborations have measured di�erential cross sections in the H ! ��,
H ! Z Z⇤ ! 4` (where ` = e, µ) and H ! WW ⇤ ! e⌫µ⌫ decay channels [3–9].

This note describes the combination of two fiducial cross sections measurements in the H ! �� [10]
and H ! Z Z⇤ ! 4` [11] decay channels, which were obtained using 36.1 fb�1 of pp collision data
produced by the Large Hadron Collider (LHC) in 2015 and 2016 with a center of mass energy of 13 TeV
and recorded by the ATLAS detector [12]. The combination is performed in the total phase space,
increasing the model dependence compared to the individual measurements, which were performed in a
fiducial phase space close to the selection of reconstructed events in the detector. Despite the additional
systematic uncertainties assigned to the extrapolation, the combination provides a significant reduction in
the measurement uncertainty.

The measured observables are the total production cross section, the Higgs boson transverse mo-
mentum pH

T , sensitive to perturbative QCD calculations, the Higgs rapidity |yH |, sensitive to the parton
distribution functions (PDF), the number of jets Njets in events with a Higgs boson with jet transverse
momentum above 30 GeV, and the leading jet transverse momentum pj1

T , which both probe the theoretical
modelling of high-transverse momentum QCD radiation in Higgs boson production. The Njets observable
is also sensitive to the di�erent Higgs boson production processes [13].

The cross sections are obtained from yields measured in the H ! �� and H ! Z Z⇤ ! 4` decay channels,
which are combined accounting for detector e�ciencies, resolution, acceptances and branching fractions.
For each decay channel and each observable, the cross sections can be written as

�i =
N sig
i

L B Ai Ci
, (1)

where i is the iterator over the bins of the observable of interest, �i is the cross section in bin i, N sig
i

is the number of measured reconstructed signal events in the analysis phase space, L is the integrated
luminosity and B is the branching fraction. The term Ci is the correction factor from the number of events
reconstructed to the number of events at particle level produced in the respective fiducial phase space, and
Ai is the acceptance factor extrapolating from the fiducial to the total phase space contained in the bin of
interest.

Predicted branching ratios and production cross sections are obtained for mH = 125.09 GeV [14], as
described in Section 2. The number of signal events in each bin of a probed observable is extracted in each
channel from fits to the m�� and m4` invariant mass distributions, respectively. The signal extraction and
the correction factors are discussed in detail in Refs. [10, 11]. The correction factors are obtained from
simulated events assuming SM Higgs boson production. In order to harmonise the published H ! ��
fiducial measurement [10] to the H ! Z Z⇤ ! 4` analysis [11], adjustments were made to the bin
boundaries and the uncertainties of the correction factors due to the fractions of di�erent Higgs boson
production processes in the H ! �� decay channel. To extrapolate to the total phase space, acceptance
factors and uncertainties are calculated for the combination, as discussed in Section 3. Section 4 presents
the combination methodology. The results are discussed in Section 5.
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Figure 2: Di�erential cross sections in the full phase space measured in the H ! �� (red upward triangle) and
H ! Z Z⇤ ! 4` (blue downward triangle) decay channels, as well as the combined measurement (black circle) for
Higgs boson transverse momentum pH

T (a), Higgs boson rapidity |yH | (b), number of jets Njets with pT > 30 GeV
(c), and the transverse momentum of the leading jet pj1

T (d). The first bin in the pj1
T distribution corresponds to the

0-jet bin in the Njets distribution, as indicated by the black vertical line. Di�erent SM predictions are overlayed,
their bands indicating the PDF uncertainties as well as uncertainties due to missing higher order corrections. The
dotted red line corresponds to the central value of the NNLOPS ggF prediction, scaled to the N3LO cross section.
The uncertainties due to higher order on the NNLOPS prediction are obtained as in Refs. [10, 11, 75]. For (c),
the M�������5_�MC@NLO prediction is scaled to the N3LO cross section. Predictions for the other production
processes XH are added to the ggF predictions, and also shown separately as a shaded area. For better visibility, all
bins are presented in the same size, independent of their numerical width.
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1 Introduction

Di�erential cross section measurements are important studies of Higgs boson production, probing Standard
Model (SM) predictions. Deviations from the predictions could be caused by physics beyond the SM [1,
2]. Both the ATLAS and CMS collaborations have measured di�erential cross sections in the H ! ��,
H ! Z Z⇤ ! 4` (where ` = e, µ) and H ! WW ⇤ ! e⌫µ⌫ decay channels [3–9].

This note describes the combination of two fiducial cross sections measurements in the H ! �� [10]
and H ! Z Z⇤ ! 4` [11] decay channels, which were obtained using 36.1 fb�1 of pp collision data
produced by the Large Hadron Collider (LHC) in 2015 and 2016 with a center of mass energy of 13 TeV
and recorded by the ATLAS detector [12]. The combination is performed in the total phase space,
increasing the model dependence compared to the individual measurements, which were performed in a
fiducial phase space close to the selection of reconstructed events in the detector. Despite the additional
systematic uncertainties assigned to the extrapolation, the combination provides a significant reduction in
the measurement uncertainty.

The measured observables are the total production cross section, the Higgs boson transverse mo-
mentum pH

T , sensitive to perturbative QCD calculations, the Higgs rapidity |yH |, sensitive to the parton
distribution functions (PDF), the number of jets Njets in events with a Higgs boson with jet transverse
momentum above 30 GeV, and the leading jet transverse momentum pj1

T , which both probe the theoretical
modelling of high-transverse momentum QCD radiation in Higgs boson production. The Njets observable
is also sensitive to the di�erent Higgs boson production processes [13].

The cross sections are obtained from yields measured in the H ! �� and H ! Z Z⇤ ! 4` decay channels,
which are combined accounting for detector e�ciencies, resolution, acceptances and branching fractions.
For each decay channel and each observable, the cross sections can be written as

�i =
N sig
i

L B Ai Ci
, (1)

where i is the iterator over the bins of the observable of interest, �i is the cross section in bin i, N sig
i

is the number of measured reconstructed signal events in the analysis phase space, L is the integrated
luminosity and B is the branching fraction. The term Ci is the correction factor from the number of events
reconstructed to the number of events at particle level produced in the respective fiducial phase space, and
Ai is the acceptance factor extrapolating from the fiducial to the total phase space contained in the bin of
interest.

Predicted branching ratios and production cross sections are obtained for mH = 125.09 GeV [14], as
described in Section 2. The number of signal events in each bin of a probed observable is extracted in each
channel from fits to the m�� and m4` invariant mass distributions, respectively. The signal extraction and
the correction factors are discussed in detail in Refs. [10, 11]. The correction factors are obtained from
simulated events assuming SM Higgs boson production. In order to harmonise the published H ! ��
fiducial measurement [10] to the H ! Z Z⇤ ! 4` analysis [11], adjustments were made to the bin
boundaries and the uncertainties of the correction factors due to the fractions of di�erent Higgs boson
production processes in the H ! �� decay channel. To extrapolate to the total phase space, acceptance
factors and uncertainties are calculated for the combination, as discussed in Section 3. Section 4 presents
the combination methodology. The results are discussed in Section 5.
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1 Introduction

Di�erential cross section measurements are important studies of Higgs boson production, probing Standard
Model (SM) predictions. Deviations from the predictions could be caused by physics beyond the SM [1,
2]. Both the ATLAS and CMS collaborations have measured di�erential cross sections in the H ! ��,
H ! Z Z⇤ ! 4` (where ` = e, µ) and H ! WW ⇤ ! e⌫µ⌫ decay channels [3–9].

This note describes the combination of two fiducial cross sections measurements in the H ! �� [10]
and H ! Z Z⇤ ! 4` [11] decay channels, which were obtained using 36.1 fb�1 of pp collision data
produced by the Large Hadron Collider (LHC) in 2015 and 2016 with a center of mass energy of 13 TeV
and recorded by the ATLAS detector [12]. The combination is performed in the total phase space,
increasing the model dependence compared to the individual measurements, which were performed in a
fiducial phase space close to the selection of reconstructed events in the detector. Despite the additional
systematic uncertainties assigned to the extrapolation, the combination provides a significant reduction in
the measurement uncertainty.

The measured observables are the total production cross section, the Higgs boson transverse mo-
mentum pH

T , sensitive to perturbative QCD calculations, the Higgs rapidity |yH |, sensitive to the parton
distribution functions (PDF), the number of jets Njets in events with a Higgs boson with jet transverse
momentum above 30 GeV, and the leading jet transverse momentum pj1

T , which both probe the theoretical
modelling of high-transverse momentum QCD radiation in Higgs boson production. The Njets observable
is also sensitive to the di�erent Higgs boson production processes [13].

The cross sections are obtained from yields measured in the H ! �� and H ! Z Z⇤ ! 4` decay channels,
which are combined accounting for detector e�ciencies, resolution, acceptances and branching fractions.
For each decay channel and each observable, the cross sections can be written as

�i =
N sig
i

L B Ai Ci
, (1)

where i is the iterator over the bins of the observable of interest, �i is the cross section in bin i, N sig
i

is the number of measured reconstructed signal events in the analysis phase space, L is the integrated
luminosity and B is the branching fraction. The term Ci is the correction factor from the number of events
reconstructed to the number of events at particle level produced in the respective fiducial phase space, and
Ai is the acceptance factor extrapolating from the fiducial to the total phase space contained in the bin of
interest.

Predicted branching ratios and production cross sections are obtained for mH = 125.09 GeV [14], as
described in Section 2. The number of signal events in each bin of a probed observable is extracted in each
channel from fits to the m�� and m4` invariant mass distributions, respectively. The signal extraction and
the correction factors are discussed in detail in Refs. [10, 11]. The correction factors are obtained from
simulated events assuming SM Higgs boson production. In order to harmonise the published H ! ��
fiducial measurement [10] to the H ! Z Z⇤ ! 4` analysis [11], adjustments were made to the bin
boundaries and the uncertainties of the correction factors due to the fractions of di�erent Higgs boson
production processes in the H ! �� decay channel. To extrapolate to the total phase space, acceptance
factors and uncertainties are calculated for the combination, as discussed in Section 3. Section 4 presents
the combination methodology. The results are discussed in Section 5.
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1 Introduction

Di�erential cross section measurements are important studies of Higgs boson production, probing Standard
Model (SM) predictions. Deviations from the predictions could be caused by physics beyond the SM [1,
2]. Both the ATLAS and CMS collaborations have measured di�erential cross sections in the H ! ��,
H ! Z Z⇤ ! 4` (where ` = e, µ) and H ! WW ⇤ ! e⌫µ⌫ decay channels [3–9].

This note describes the combination of two fiducial cross sections measurements in the H ! �� [10]
and H ! Z Z⇤ ! 4` [11] decay channels, which were obtained using 36.1 fb�1 of pp collision data
produced by the Large Hadron Collider (LHC) in 2015 and 2016 with a center of mass energy of 13 TeV
and recorded by the ATLAS detector [12]. The combination is performed in the total phase space,
increasing the model dependence compared to the individual measurements, which were performed in a
fiducial phase space close to the selection of reconstructed events in the detector. Despite the additional
systematic uncertainties assigned to the extrapolation, the combination provides a significant reduction in
the measurement uncertainty.

The measured observables are the total production cross section, the Higgs boson transverse mo-
mentum pH

T , sensitive to perturbative QCD calculations, the Higgs rapidity |yH |, sensitive to the parton
distribution functions (PDF), the number of jets Njets in events with a Higgs boson with jet transverse
momentum above 30 GeV, and the leading jet transverse momentum pj1

T , which both probe the theoretical
modelling of high-transverse momentum QCD radiation in Higgs boson production. The Njets observable
is also sensitive to the di�erent Higgs boson production processes [13].

The cross sections are obtained from yields measured in the H ! �� and H ! Z Z⇤ ! 4` decay channels,
which are combined accounting for detector e�ciencies, resolution, acceptances and branching fractions.
For each decay channel and each observable, the cross sections can be written as

�i =
N sig
i

L B Ai Ci
, (1)

where i is the iterator over the bins of the observable of interest, �i is the cross section in bin i, N sig
i

is the number of measured reconstructed signal events in the analysis phase space, L is the integrated
luminosity and B is the branching fraction. The term Ci is the correction factor from the number of events
reconstructed to the number of events at particle level produced in the respective fiducial phase space, and
Ai is the acceptance factor extrapolating from the fiducial to the total phase space contained in the bin of
interest.

Predicted branching ratios and production cross sections are obtained for mH = 125.09 GeV [14], as
described in Section 2. The number of signal events in each bin of a probed observable is extracted in each
channel from fits to the m�� and m4` invariant mass distributions, respectively. The signal extraction and
the correction factors are discussed in detail in Refs. [10, 11]. The correction factors are obtained from
simulated events assuming SM Higgs boson production. In order to harmonise the published H ! ��
fiducial measurement [10] to the H ! Z Z⇤ ! 4` analysis [11], adjustments were made to the bin
boundaries and the uncertainties of the correction factors due to the fractions of di�erent Higgs boson
production processes in the H ! �� decay channel. To extrapolate to the total phase space, acceptance
factors and uncertainties are calculated for the combination, as discussed in Section 3. Section 4 presents
the combination methodology. The results are discussed in Section 5.
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1 Introduction

Di�erential cross section measurements are important studies of Higgs boson production, probing Standard
Model (SM) predictions. Deviations from the predictions could be caused by physics beyond the SM [1,
2]. Both the ATLAS and CMS collaborations have measured di�erential cross sections in the H ! ��,
H ! Z Z⇤ ! 4` (where ` = e, µ) and H ! WW ⇤ ! e⌫µ⌫ decay channels [3–9].

This note describes the combination of two fiducial cross sections measurements in the H ! �� [10]
and H ! Z Z⇤ ! 4` [11] decay channels, which were obtained using 36.1 fb�1 of pp collision data
produced by the Large Hadron Collider (LHC) in 2015 and 2016 with a center of mass energy of 13 TeV
and recorded by the ATLAS detector [12]. The combination is performed in the total phase space,
increasing the model dependence compared to the individual measurements, which were performed in a
fiducial phase space close to the selection of reconstructed events in the detector. Despite the additional
systematic uncertainties assigned to the extrapolation, the combination provides a significant reduction in
the measurement uncertainty.

The measured observables are the total production cross section, the Higgs boson transverse mo-
mentum pH

T , sensitive to perturbative QCD calculations, the Higgs rapidity |yH |, sensitive to the parton
distribution functions (PDF), the number of jets Njets in events with a Higgs boson with jet transverse
momentum above 30 GeV, and the leading jet transverse momentum pj1

T , which both probe the theoretical
modelling of high-transverse momentum QCD radiation in Higgs boson production. The Njets observable
is also sensitive to the di�erent Higgs boson production processes [13].

The cross sections are obtained from yields measured in the H ! �� and H ! Z Z⇤ ! 4` decay channels,
which are combined accounting for detector e�ciencies, resolution, acceptances and branching fractions.
For each decay channel and each observable, the cross sections can be written as

�i =
N sig
i

L B Ai Ci
, (1)

where i is the iterator over the bins of the observable of interest, �i is the cross section in bin i, N sig
i

is the number of measured reconstructed signal events in the analysis phase space, L is the integrated
luminosity and B is the branching fraction. The term Ci is the correction factor from the number of events
reconstructed to the number of events at particle level produced in the respective fiducial phase space, and
Ai is the acceptance factor extrapolating from the fiducial to the total phase space contained in the bin of
interest.

Predicted branching ratios and production cross sections are obtained for mH = 125.09 GeV [14], as
described in Section 2. The number of signal events in each bin of a probed observable is extracted in each
channel from fits to the m�� and m4` invariant mass distributions, respectively. The signal extraction and
the correction factors are discussed in detail in Refs. [10, 11]. The correction factors are obtained from
simulated events assuming SM Higgs boson production. In order to harmonise the published H ! ��
fiducial measurement [10] to the H ! Z Z⇤ ! 4` analysis [11], adjustments were made to the bin
boundaries and the uncertainties of the correction factors due to the fractions of di�erent Higgs boson
production processes in the H ! �� decay channel. To extrapolate to the total phase space, acceptance
factors and uncertainties are calculated for the combination, as discussed in Section 3. Section 4 presents
the combination methodology. The results are discussed in Section 5.
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Table 4: Leading uncertainties on the global signal strength. Signed impacts on µ are shown for a 1� upward or
downward shift on the uncertainty source, except in the cases of PDFs and branching fractions. The PDF uncertainty
is dominated by PDF4LHC eigenvector 5, which decreases the signal strength by 0.018 due to a relative increase in
the gluon distribution of 1.5% for a momentum fraction of x = 0.01 [68].

Source Up Down
Theoretical
�SM

ggF (perturbative) �0.045 +0.044
PDFs ±0.018
Branching fractions ±0.014
↵S �0.011 +0.012

Experimental
Luminosity �0.037 +0.038
Energy resolution (e, �) +0.021 �0.019
Pileup +0.014 �0.015

5.3 Production cross sections

Further information on Higgs boson production is obtained by separating the production mechanisms.
A combined fit is performed for the cross sections of ggF, VBF, VH, and ttH for |yH | < 2.5 and
assuming SM branching fractions. The measurements of ggF and ttH production include the bb̄H and
tHX processes, respectively.

Figure 3 and Table 5 show the cross-section measurement results. The correlations between the measured
cross sections are summarized in Figure 4. The four-dimensional compatibility between the measurement
and the SM prediction corresponds to a p-value of pSM = 5%.

Table 5: Best-fit values and uncertainties of the production cross sections assuming SM Higgs boson decay branching
fractions. The SM predictions [8] are shown for each production process.

Process Result Uncertainty [pb] SM prediction
(|yH | < 2.5) [pb] Total Stat. Exp. Th. [pb]
ggF 43.9 +6.2

�6.0

⇣
+5.5
�5.4

+2.7
�2.3 ±1.2

⌘
44.5+2.0

�3.0

VBF 7.9 +2.1
�1.8

⇣
+1.7
�1.6

+0.8
�0.6

+1.0
�0.7

⌘
3.52+0.08

�0.07

VH 0.3 +1.6
�1.4

⇣
+1.5
�1.3 ±0.4 +0.3

�0.2

⌘
1.99+0.06

�0.05

ttH 0.27 +0.37
�0.32

⇣
+0.36
�0.31

+0.06
�0.05

+0.05
�0.02

⌘
0.59+0.03

�0.05

The ggF and VBF cross sections are measured with the best precision, though the results are anti-correlated
because the VBF selection categories have significant contributions from ggF production. Figure 5 shows
the measured likelihood contours in the �VBF versus �ggF plane from H ! �� and H ! Z Z⇤ ! 4`, and
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