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Introduction
The discovery of the Higgs boson is a triumph of the SM.
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for the prefit case and

δmHpostfit ¼ "0.22 GeV

¼ "0.19 ðstatÞ " 0.10 ðsystÞ GeV ð7Þ

for the postfit case, which are both very similar to the
observed uncertainties reported in Eq. (3).
Constraining all signal yields to their SM predictions

results in an mH value that is about 70 MeV larger than the
nominal result with a comparable uncertainty. The increase
in the central value reflects the combined effect of the
higher-than-expected H → ZZ → 4l measured signal
strength and the increase of theH → ZZ branching fraction
with mH. Thus, the fit assuming SM couplings forces the
mass to a higher value in order to accommodate the value
μ ¼ 1 expected in the SM.
Since the discovery, both experiments have improved

their understanding of the electron, photon, and muon
measurements [16,30–34], leading to a significant reduc-
tion of the systematic uncertainties in the mass measure-
ment. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the
individual measurements and their combination. The com-
bined analysis incorporates approximately 300 nuisance
parameters. Among these, approximately 100 are fitted
parameters describing the shapes and normalizations of the
background models in the H → γγ channel, including a
number of discrete parameters that allow the functional
form in each of the CMS H → γγ analysis categories to
be changed [35]. Of the remaining almost 200 nuisance
parameters, most correspond to experimental or theoretical
systematic uncertainties.
Based on the results from the individual experiments, the

dominant systematic uncertainties for the combined mH
result are expected to be those associated with the energy or

momentum scale and its resolution: for the photons in the
H → γγ channel and for the electrons and muons in the
H → ZZ → 4l channel [14–16]. These uncertainties are
assumed to be uncorrelated between the two experiments
since they are related to the specific characteristics of the
detectors as well as to the calibration procedures, which
are fully independent except for negligible effects due to
the use of the common Z boson mass [36] to specify
the absolute energy and momentum scales. Other exper-
imental systematic uncertainties [14–16] are similarly
assumed to be uncorrelated between the two experiments.
Uncertainties in the theoretical predictions and in the
measured integrated luminosities are treated as fully and
partially correlated, respectively.
To evaluate the relative importance of the different

sources of systematic uncertainty, the nuisance parameters
are grouped according to their correspondence to three
broad classes of systematic uncertainty: (1) uncertainties in
the energy or momentum scale and resolution for photons,
electrons, and muons (“scale”), (2) theoretical uncertain-
ties, e.g., uncertainties in the Higgs boson cross section and
branching fractions, and in the normalization of SM
background processes (“theory”), (3) other experimental
uncertainties (“other”).
First, the total uncertainty is obtained from the full profile-

likelihood scan, as explained above. Next, parameters
associated with the scale terms are fixed and a new scan
is performed. Then, in addition to the scale terms, the
parameters associated with the theory terms are fixed and
a scan performed. Finally, in addition, the other parameters
are fixed and a scan performed. Thus the fits are performed
iteratively, with the different classes of nuisance parameters
cumulatively held fixed to their best-fit values. The uncer-
tainties associated with the different classes of nuisance
parameters are defined by the difference in quadrature
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FIG. 2 (color online). Summary of Higgs boson mass measurements from the individual analyses of ATLAS and CMS and from the
combined analysis presented here. The systematic (narrower, magenta-shaded bands), statistical (wider, 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.
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Important to look at all the possible decay channels of Higgs boson at the
LHC
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• Need to measure the property of Higgs boson with precision
• Probe other decay modes
• Any deviation from SM prediction is a sign of new physics
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Higgs Boson Production at LHC
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF

production processes.
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Figure 2: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) qq ! VH and

(b, c) gg! ZH production processes.
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Figure 3: Examples of leading-order Feynman diagrams for Higgs boson production via the qq/gg ! ttH and

qq/gg! bbH processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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ggF: dominant,  
larger initial state 
radiation from 
gluons

VBF: two forward 
jets with high 
mass and large 
rapidity gap

VH: vector boson 
(lv, ll’, qq’)

ttH: many b-jets, 
leptons, ET

miss

LHC Higgs Cross Section Working Group

With 80 fb-1, about 4M ggF events, 
300K VBF, 200K VH and 40K ttH events
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Table 1: Standard Model predictions for the Higgs boson production cross sections together with their theoretical
uncertainties. The value of the Higgs boson mass is assumed to be mH = 125.09 GeV and the predictions are
obtained by linear interpolation between those at 125.0 and 125.1 GeV from Ref. [32] except for the tH cross
section, which is taken from Ref. [77]. The pp ! ZH cross section, calculated at NNLO in QCD, includes both
the quark-initiated, i.e. qq ! ZH or qg ! ZH, and the gg ! ZH contributions. The contribution from the
gg ! ZH production process, calculated only at NLO in QCD and indicated separately in brackets, is given
with a theoretical uncertainty assumed to be 30%. The uncertainties in the cross sections are evaluated as the sum
in quadrature of the uncertainties resulting from variations of the QCD scales, parton distribution functions, and
↵s. The uncertainty in the tH cross section is calculated following the procedure of Ref. [78]. The order of the
theoretical calculations for the di↵erent production processes is also indicated. In the case of bbH production, the
values are given for the mixture of five-flavour (5FS) and four-flavour (4FS) schemes recommended in Ref. [73].

Production Cross section [pb] Order of
process

p
s = 7 TeV

p
s = 8 TeV calculation

ggF 15.0 ± 1.6 19.2 ± 2.0 NNLO(QCD) + NLO(EW)
VBF 1.22 ± 0.03 1.58 ± 0.04 NLO(QCD+EW) + approx. NNLO(QCD)
WH 0.577 ± 0.016 0.703 ± 0.018 NNLO(QCD) + NLO(EW)
ZH 0.334 ± 0.013 0.414 ± 0.016 NNLO(QCD) + NLO(EW)
[ggZH] 0.023 ± 0.007 0.032 ± 0.010 NLO(QCD)
ttH 0.086 ± 0.009 0.129 ± 0.014 NLO(QCD)
tH 0.012 ± 0.001 0.018 ± 0.001 NLO(QCD)
bbH 0.156 ± 0.021 0.203 ± 0.028 5FS NNLO(QCD) + 4FS NLO(QCD)

Total 17.4 ± 1.6 22.3 ± 2.0

Table 2: Standard Model predictions for the decay branching fractions of a Higgs boson with a mass of 125.09 GeV,
together with their uncertainties [32]. Included are decay modes that are either directly studied or important for the
combination because of their contributions to the Higgs boson width.

Decay mode Branching fraction [%]
H ! bb 57.5 ± 1.9
H ! WW 21.6 ± 0.9
H ! gg 8.56 ± 0.86
H ! ⌧⌧ 6.30 ± 0.36
H ! cc 2.90 ± 0.35
H ! ZZ 2.67 ± 0.11
H ! �� 0.228 ± 0.011
H ! Z� 0.155 ± 0.014
H ! µµ 0.022 ± 0.001

6
• Low BR channels (ZZ→4l, γγ, Zγ and μμ) have better mass 

resolutions but small rate. Channels with higher BRs (the rest) 
are challenging experimentally

LHC Higgs Cross Section Working Group
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Higgs Mass (1806.00242, 1706.09936)

Latest Higgs mass measurements conducted by ATLAS and CMS using 2015+16 datasets (⇠ 36 fb�1)
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Analysis mH [GeV] Uncertainty [GeV]
ATLAS+CMS Run-1 125.09 ±0.24 (0.19%)

ATLAS Run-2 H ! ZZ ! 4` 124.79 ±0.37 (0.30%)
ATLAS Run-2 H ! gg 124.93 ±0.40 (0.32%)

ATLAS Run-1+Run-2 H ! ZZ ! 4` + H ! gg 124.97 ±0.24 (0.19%)
CMS Run-2 H ! ZZ ! 4` 125.26 ±0.21 (0.17%)

H ! ZZ ! 4` statistically limited, H ! gg systematically limited

With only ⇠ 25% of Run-2 dataset, single experiment better than Run-1 ATLAS+CMS combined measurement

University College London Higgs Results at the LHC October 23, 2018 5 / 37

arXiv: 1706.09936

• H→ZZ→4l
• 36 fb-1 Run 2 data

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2017-123
2017/11/21

CMS-HIG-16-041

Measurements of properties of the Higgs boson decaying
into the four-lepton final state in pp collisions atp

s = 13 TeV

The CMS Collaboration⇤

Abstract

Properties of the Higgs boson are measured in the H ! ZZ ! 4` (` = e, µ) de-
cay channel. A data sample of proton-proton collisions at

p
s = 13 TeV, collected

with the CMS detector at the LHC and corresponding to an integrated luminosity of
35.9 fb�1 is used. The signal strength modifier µ, defined as the ratio of the observed
Higgs boson rate in the H ! ZZ ! 4` decay channel to the standard model expecta-
tion, is measured to be µ = 1.05+0.19

�0.17 at mH = 125.09 GeV, the combined ATLAS and
CMS measurement of the Higgs boson mass. The signal strength modifiers for the
individual Higgs boson production modes are also measured. The cross section in
the fiducial phase space defined by the requirements on lepton kinematics and event
topology is measured to be 2.92 +0.48

�0.44 (stat) +0.28
�0.24 (syst) fb, which is compatible with the

standard model prediction of 2.76± 0.14 fb. Differential cross sections are reported as
a function of the transverse momentum of the Higgs boson, the number of associated
jets, and the transverse momentum of the leading associated jet. The Higgs boson
mass is measured to be mH = 125.26 ± 0.21 GeV and the width is constrained using
the on-shell invariant mass distribution to be GH < 1.10 GeV, at 95% confidence level.

Published in the Journal of High Energy Physics as doi:10.1007/JHEP11(2017)047.

c� 2017 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

⇤See Appendix A for the list of collaboration members
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10.3 Higgs boson mass measurement

In this section we show the results of the measurement of the mass of the resonance, using
additional information in the likelihood fit with respect to the signal strength and cross section
measurements.

To improve the four-lepton invariant mass resolution, a kinematic fit is performed using a mass
constraint on the intermediate Z resonance. Previous studies [14] of the Higgs boson mass show
that the selected Z1 has a significant on-shell component, while the invariant mass distribution
for the selected Z2 is wider than the detector resolution. Therefore only the Z1 candidate is
considered when performing the kinematic constraint.

The likelihood to be maximized is constructed as follows:

L( p̂1
T, p̂2

T|p1
T, sp1

T
, p2

T, sp2
T
) = Gauss(p1

T| p̂1
T, sp1

T
)Gauss(p2

T| p̂2
T, sp2

T
)L(m12|mZ, mH), (10)

where p1
T and a2 are the reconstructed transverse momenta of the two leptons forming the Z1

candidate, sp1
T

and sp2
T

are the corresponding per-lepton resolutions, p̂1
T and p̂2

T are the refitted
transverse momenta, and m12 is the invariant mass calculated from the refitted four-momenta.
The term L(m12|mZ, mH) is the mass constraint term. For a Higgs boson mass near 125 GeV,
the selected Z1 is not always on-shell, so a Breit–Wigner shape does not perfectly describe the
Z1 shape at the generator level. We therefore choose L(m12|mZ, mH) to be the m(Z1) shape
at the generator level from the SM Higgs boson sample with mH = 125 GeV, where the same
algorithm for selecting the Z1 and Z2 candidates, as described in Section 4, is used. For each
event, the likelihood is maximized and the refitted transverse momenta are used to recalculate
the four-lepton mass and mass uncertainty, which are denoted as m0

4` and D0
mass, respectively.

These distributions are then used to build the likelihood used to extract the Higgs boson mass.

The 1D likelihood scans vs. mH, while profiling the signal strength modifier µ along with
all other nuisance parameters for the 1D L(m0

4`), 2D L(m0
4`,D0

mass), and 3D L(m0
4`,D0

mass,Dkin
bkg)

fits, including the m(Z1) constraint, are shown in Fig. 11. All systematic uncertainties described
in Section 9 are included. When estimating separately the systematic and statistical uncertain-
ties, the signal strength is profiled in the likelihood scan with the systematic uncertainties re-
moved, so that its uncertainty is included in the statistical uncertainty. As in the measurement
of the signal strengths, the relative fraction of 4e, 4µ, and 2e2µ signal events is fixed to the SM
prediction. If the relative fractions are allowed to float, the change in the fitted mass value is
much smaller than the uncertainty.

The best fit masses and the expected increase in the uncertainty relative to the 3D fit with
the m(Z1) constraint for each of the six fits are shown in Table 6. The nominal result for
the mass measurement is obtained from the 3D fit with the m(Z1) constraint, for which the
fitted value of mH in the three subchannels is m4µ

H = 124.94 ± 0.25 (stat) ± 0.08 (syst) GeV,
m4e

H = 124.37 ± 0.62 (stat) ± 0.38 (syst) GeV, and m2e2µ
H = 125.95 ± 0.32 (stat) ± 0.14 (syst) GeV

leading to a combined value mH = 125.26 ± 0.20 (stat) ± 0.08 (syst) GeV. The systematic un-
certainty in the mass measurement is completely dominated by the uncertainty in the lepton
momentum scale. The expected uncertainty in the mass measurement using the 3D fit with
the m(Z1) constraint is evaluated with two Asimov data sets. The “prefit” expected uncer-
tainty is ±0.24 (stat) ± 0.09 (syst) GeV. Here mH = 125 GeV, µ = 1, and all nuisance parameters
are fixed to their nominal values. The “postfit” expected uncertainty with mH, µ, and all nui-
sance parameters fixed to their best-fit estimates from the data is ±0.23 (stat) ± 0.08 (syst) GeV.
The probability of the “prefit” uncertainty being less than or equal to the observed value is
determined from an ensemble of pseudo-experiments to be about 18%. The mutual compat-
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The likelihood to be maximized is constructed as follows:
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candidate, sp1
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T are the refitted
transverse momenta, and m12 is the invariant mass calculated from the refitted four-momenta.
The term L(m12|mZ, mH) is the mass constraint term. For a Higgs boson mass near 125 GeV,
the selected Z1 is not always on-shell, so a Breit–Wigner shape does not perfectly describe the
Z1 shape at the generator level. We therefore choose L(m12|mZ, mH) to be the m(Z1) shape
at the generator level from the SM Higgs boson sample with mH = 125 GeV, where the same
algorithm for selecting the Z1 and Z2 candidates, as described in Section 4, is used. For each
event, the likelihood is maximized and the refitted transverse momenta are used to recalculate
the four-lepton mass and mass uncertainty, which are denoted as m0

4` and D0
mass, respectively.

These distributions are then used to build the likelihood used to extract the Higgs boson mass.

The 1D likelihood scans vs. mH, while profiling the signal strength modifier µ along with
all other nuisance parameters for the 1D L(m0

4`), 2D L(m0
4`,D0
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4`,D0
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fits, including the m(Z1) constraint, are shown in Fig. 11. All systematic uncertainties described
in Section 9 are included. When estimating separately the systematic and statistical uncertain-
ties, the signal strength is profiled in the likelihood scan with the systematic uncertainties re-
moved, so that its uncertainty is included in the statistical uncertainty. As in the measurement
of the signal strengths, the relative fraction of 4e, 4µ, and 2e2µ signal events is fixed to the SM
prediction. If the relative fractions are allowed to float, the change in the fitted mass value is
much smaller than the uncertainty.

The best fit masses and the expected increase in the uncertainty relative to the 3D fit with
the m(Z1) constraint for each of the six fits are shown in Table 6. The nominal result for
the mass measurement is obtained from the 3D fit with the m(Z1) constraint, for which the
fitted value of mH in the three subchannels is m4µ

H = 124.94 ± 0.25 (stat) ± 0.08 (syst) GeV,
m4e

H = 124.37 ± 0.62 (stat) ± 0.38 (syst) GeV, and m2e2µ
H = 125.95 ± 0.32 (stat) ± 0.14 (syst) GeV

leading to a combined value mH = 125.26 ± 0.20 (stat) ± 0.08 (syst) GeV. The systematic un-
certainty in the mass measurement is completely dominated by the uncertainty in the lepton
momentum scale. The expected uncertainty in the mass measurement using the 3D fit with
the m(Z1) constraint is evaluated with two Asimov data sets. The “prefit” expected uncer-
tainty is ±0.24 (stat) ± 0.09 (syst) GeV. Here mH = 125 GeV, µ = 1, and all nuisance parameters
are fixed to their nominal values. The “postfit” expected uncertainty with mH, µ, and all nui-
sance parameters fixed to their best-fit estimates from the data is ±0.23 (stat) ± 0.08 (syst) GeV.
The probability of the “prefit” uncertainty being less than or equal to the observed value is
determined from an ensemble of pseudo-experiments to be about 18%. The mutual compat-
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constraint on the intermediate Z resonance. Previous studies [14] of the Higgs boson mass show
that the selected Z1 has a significant on-shell component, while the invariant mass distribution
for the selected Z2 is wider than the detector resolution. Therefore only the Z1 candidate is
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transverse momenta, and m12 is the invariant mass calculated from the refitted four-momenta.
The term L(m12|mZ, mH) is the mass constraint term. For a Higgs boson mass near 125 GeV,
the selected Z1 is not always on-shell, so a Breit–Wigner shape does not perfectly describe the
Z1 shape at the generator level. We therefore choose L(m12|mZ, mH) to be the m(Z1) shape
at the generator level from the SM Higgs boson sample with mH = 125 GeV, where the same
algorithm for selecting the Z1 and Z2 candidates, as described in Section 4, is used. For each
event, the likelihood is maximized and the refitted transverse momenta are used to recalculate
the four-lepton mass and mass uncertainty, which are denoted as m0

4` and D0
mass, respectively.

These distributions are then used to build the likelihood used to extract the Higgs boson mass.

The 1D likelihood scans vs. mH, while profiling the signal strength modifier µ along with
all other nuisance parameters for the 1D L(m0
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fits, including the m(Z1) constraint, are shown in Fig. 11. All systematic uncertainties described
in Section 9 are included. When estimating separately the systematic and statistical uncertain-
ties, the signal strength is profiled in the likelihood scan with the systematic uncertainties re-
moved, so that its uncertainty is included in the statistical uncertainty. As in the measurement
of the signal strengths, the relative fraction of 4e, 4µ, and 2e2µ signal events is fixed to the SM
prediction. If the relative fractions are allowed to float, the change in the fitted mass value is
much smaller than the uncertainty.

The best fit masses and the expected increase in the uncertainty relative to the 3D fit with
the m(Z1) constraint for each of the six fits are shown in Table 6. The nominal result for
the mass measurement is obtained from the 3D fit with the m(Z1) constraint, for which the
fitted value of mH in the three subchannels is m4µ

H = 124.94 ± 0.25 (stat) ± 0.08 (syst) GeV,
m4e

H = 124.37 ± 0.62 (stat) ± 0.38 (syst) GeV, and m2e2µ
H = 125.95 ± 0.32 (stat) ± 0.14 (syst) GeV

leading to a combined value mH = 125.26 ± 0.20 (stat) ± 0.08 (syst) GeV. The systematic un-
certainty in the mass measurement is completely dominated by the uncertainty in the lepton
momentum scale. The expected uncertainty in the mass measurement using the 3D fit with
the m(Z1) constraint is evaluated with two Asimov data sets. The “prefit” expected uncer-
tainty is ±0.24 (stat) ± 0.09 (syst) GeV. Here mH = 125 GeV, µ = 1, and all nuisance parameters
are fixed to their nominal values. The “postfit” expected uncertainty with mH, µ, and all nui-
sance parameters fixed to their best-fit estimates from the data is ±0.23 (stat) ± 0.08 (syst) GeV.
The probability of the “prefit” uncertainty being less than or equal to the observed value is
determined from an ensemble of pseudo-experiments to be about 18%. The mutual compat-
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Figure 4: Summary of the Higgs boson mass measurements from the individual and combined analyses performed
here, compared with the combined Run 1 measurement by ATLAS and CMS [6]. The statistical-only (horizontal
yellow-shaded bands) and total (black error bars) uncertainties are indicated. The (red) vertical line and correspond-
ing (grey) shaded column indicate the central value and the total uncertainty of the combined ATLAS Run 1 + 2
measurement, respectively.

10 Conclusion

The mass of the Higgs boson has been measured from a combined fit to the invariant mass spectra of
the decay channels H ! Z Z⇤ ! 4` and H ! ��. The results are obtained from a Run 2 pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at a centre-of-mass
energy of 13 TeV, corresponding to an integrated luminosity of 36.1 fb�1. The measurements are based on
the latest calibrations of muons, electrons, and photons, and on improvements to the analysis techniques
used to obtain the previous results from ATLAS Run 1 data.

The measured values of the Higgs boson mass for the H ! Z Z⇤ ! 4` and H ! �� channels are

mH = 124.79 ± 0.37 GeV,

mH = 124.93 ± 0.40 GeV.

From the combination of these two channels, the mass is measured to be

mH = 124.86 ± 0.27 GeV.
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ATLAS Run1+2 combined:

This result is in good agreement with the average of the ATLAS and CMS Run 1 measurements. The
combination of the ATLAS Run 1 and Run 2 measurements yields

mH = 124.97 ± 0.24 GeV.
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Figure 2: (a) Invariant mass distributions (circles) of simulated H ! �� events reconstructed in two categories
with one of the best (“ggH 0J Cen”: open circles) and one of the worst (“ggH 0J Fwd”: solid circles) experimental
resolutions. The signal model derived from a fit of the simulated events is superimposed (solid lines). (b) Diphoton
invariant mass distribution of all selected data events, overlaid with the result of the fit (solid red line). Both for data
and for the fit, each category is weighted by a factor ln(1+ S/B), where S and B are the fitted signal and background
yields in a m�� interval containing 90% of the expected signal. The dotted line describes the background component
of the model. The bottom inset shows the di�erence between the sum of weights and the background component of
the fitted model (dots), compared with the signal model (black line).

The background invariant mass distribution of each category is parameterised with an empirical continuous
function of the diphoton system invariant mass value. The parameters of these functions are fitted directly
to data. The functional form used to describe the background in each category is chosen among several
alternatives according to the three criteria described in Ref. [24]: (i) the fitted signal yield in a test sample
representative of the data background, built by combining simulation and control regions in data, must be
minimised; (ii) the �2 probability for the fit of this background control sample must be larger than a certain
threshold; (iii) the quality of the fit to data sidebands must not improve significantly when adding an extra
degree of freedom to the model. The models selected by this procedure are exponential or power-law
functions with one degree of freedom for the categories with few events, while exponential functions of a
second-order polynomial are used for the others.

From the extrapolation of a background-only fit to the sidebands of the m�� distribution in data, excluding
events with 121 GeV < m�� < 129 GeV, the expected signal-to-background ratio in a m�� window
containing 90% of the signal distribution for mH = 125 GeV varies between 2% in the “ggH 0J Fwd”
category and 100% in a high-purity, low-yield (about 12 events) category targeting H+2jet, VBF-like
events with low transverse momentum of the H+2jet system.

8.3 Systematic uncertainties

The main sources of systematic uncertainty in the measured Higgs boson mass in the diphoton channel are
the uncertainties in the photon energy scale (PES), the uncertainty arising from the background model,
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Figure 1: (a) Invariant mass distribution for the data (points with error bars) shown together with the simultaneous
fit result to H ! Z Z⇤ ! 4` candidates (continuous line). The background component of the fit is also shown
(filled area). The signal probability density function is evaluated per-event and averaged over the observed data. (b)
Value of �2 ln⇤ as a function of mH for the combined fit to all H ! Z Z⇤ ! 4` categories. The intersection of the
�2 ln⇤ curve with the horizontal lines labelled 1� and 2� provide the 68.3% and 95.5% confidence intervals.

be compatible with the value measured independently for each channel, with the largest deviation being
1.4� for the 2µ2e channel and the others being within 1�.

The Higgs boson mass in the four-lepton channel is also measured by using a profile likelihood ratio
to combine the information from the Run 1 analysis [6], where mH = 124.51 ± 0.52 GeV, and the
Run 2 analysis, keeping each individual signal normalisation parameter independent. The systematic
uncertainties taken to be correlated between the two runs are the muon momentum and electron energy
scales, while all other systematic uncertainties are considered uncorrelated. The combined Run 1 and Run
2 result is mZZ⇤

H = 124.71 ± 0.30 (stat) ± 0.05 (syst) GeV = 124.71 ± 0.30 GeV. The di�erence between
the measured values of mH in the four-lepton channel in the two runs is �mZZ⇤

H = 0.28 ± 0.63 GeV, with
the two results being compatible, with a p-value of 0.84.

8 Mass measurement in the H ! �� channel

In the diphoton channel, the Higgs boson mass is measured from the position of the narrow resonant peak
in the m�� distribution due to the Higgs boson decay to two photons. Such a peak is observed over a large,
monotonically decreasing, m�� distribution from continuum background events. The diphoton invariant
mass is computed from the measured photon energies and from their directions relative to the diphoton
production vertex, chosen among all reconstructed primary vertex candidates using a neural-network
algorithm based on track and primary vertex information, as well as the directions of the two photons
measured in the calorimeter and inner detector [49].
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shows the observed and expected distributions of DME. Events with a DME value between �4.5 and 0.5
are used for the final result.
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Figure 1: Observed distributions in the range 220 GeV < m4` < 2000 GeV for (a) the four-lepton invariant mass m4`
and (b) the ME-based discriminant DME combining all lepton final states, compared to the expected contributions
from the SM including the Higgs boson (stacked). Events with m4` > 1200 GeV are included in the last bin of the
m4` distribution. The hatched area shows the combined statistical and systematic uncertainties. The dashed line
corresponds to the total expected event yield, including all backgrounds and the Higgs boson with µo�-shell = 5. The
ratio plot shows the observed data yield divided by the SM prediction (black points) as well as the total expected
event yield with µo�-shell = 5 divided by the SM prediction (dashed line) in each bin.

5 ZZ ! 2`2⌫ analysis

The analysis in the Z Z ! 2`2⌫ final state closely follows the one performed to search for Z Z reson-
ances [33]. The reconstruction, identification and selection of electrons, muons, jets, b-jets and missing
transverse momentum are identical while the event selection is optimised for the current analysis.

To discriminate the signal from the background and enhance the sensitivity to o�-shell Higgs boson
production, the transverse mass of the Z Z system (mZZ

T ) is used, defined as:

mZZ
T ⌘

sq
m2

Z +
�
p``T

�2
+

q
m2

Z +
�
Emiss

T
�2 �2

�
��� ÆpT

``
+ ÆEmiss

T

���2,
where p``T is the transverse momentum of the dilepton system, mZ is the mass of the Z boson fixed to
mZ = 91.187 GeV [65] and Emiss

T is the magnitude of the missing transverse momentum ÆEmiss
T . The latter

is computed as the negative sum of transverse momenta of all the leptons and jets, as well as the tracks
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• Uses ZZ->4l and ZZ->2l2v
• 𝛤H  < 14.4 MeV at 95% CL

PLB 786 (2018) 223 CMS-PAS-HIG-18-002

• Uses 4l finals states
• 𝛤H  < 9.16 MeV at 95% CL

36 fb-1 80.2 fb-1
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Figure 2: Best fit values and uncertainties of the cross sections and signal strengths. (left) pH
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(right) pH
T while fixing non-gluon-fusion contributions to their SM expectation.
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Figure 13: The fiducial di↵erential cross sections measured as a function of (a) p��T , (b) |y�� |, (c) p j1
T , and

(d) Nb-jets. The Nb-jets distribution is measured in a fiducial phase space requiring at least one central jet (pT >
30 GeV, |y | < 2.5) and no electrons or muons. All di↵erential measurements are compared to the default MC
prediction, with gluon fusion modeled using Powheg NNLOPS and other Higgs production processes X H using
the predictions described in Section 4. In addition, the p��T distribution is compared to (X H plus) the gluon-fusion
prediction NNLOjet+SCET; the |y�� | distribution is compared to SCETlib+MCFM8; and the p j1

T distribution is
compared to NNLOjet and SCETlib(STWZ), all described in Section 9.4. The theoretical uncertainty of the Nb-jets
prediction is not well understood, and is therefore omitted.
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Table 5: Post-fit MC and data yields in ggF and VBF SRs. Yields in the highest-score VBF BDT bin are also
presented. The quoted uncertainties include the theoretical and experimental systematic sources and those due to
sample statistics. The sum of all the contributions may di�er from the total value due to rounding. Moreover, the
total uncertainty di�ers from the sum in quadrature of the single-process uncertainties due to the correlations.

Process Njet = 0 ggF Njet = 1 ggF Njet � 2 VBF
Inclusive BDT: [0.86, 1.0]

HggF 680± 110 300± 50 45± 18 6.4± 2.3
HVBF 7± 1 30± 2 28± 16 15.9± 4.1

WW 2960± 200 1020± 210 370± 60 10.2± 3.2
VV 320± 30 200± 30 70± 12 2.6± 1.6
tt̄/Wt 580± 130 1400± 180 1270± 80 13.4± 3.7
Mis-Id 470± 80 250± 50 96± 30 6.7± 2.7
Z/�⇤ 27± 10 76± 22 280± 40 4.2± 2.1

Total 5060± 70 3290± 50 2143± 48 59.7± 7.8
Observed 5089 3264 2164 60
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Figure 8: Post-fit combined transverse mass distribution for Njet  1. The bottom panel shows the di�erence between
the data and the estimated background compared to the distribution for a SM Higgs boson with mH = 125 GeV.
The signal and the background contributions are fitted to the data with a floating signal strength. The hatched band
shows the total uncertainty of the signal and background predictions. The HVBF contribution is too small to be
visible.

The signal strength parameter µ is defined as the ratio of the measured signal yield to that predicted by
the SM. The measured signal strengths for the ggF and VBF production modes in the H!WW⇤ decay

12

8

 [GeV]llm
20 40 60 80

]-1
 [G

eV
ll

/d
m

w
dN

10

20

30

40

50

60

70

80

90 ttW and t WW
Nonprompt DY
VVV VZ
γV *γV

Higgs Data
Systematic uncertainty

 (13 TeV)-135.9 fbCMS

 [GeV]llm
20 40 60 80

D
at

a/
Ex

pe
ct

ed

0.6
0.8

1
1.2
1.4

 [GeV]Tm
60 80 100 120 140

]-1
 [G

eV
T

/d
m

w
dN

10

20

30

40

50

60

70

80 ttW and t WW
Nonprompt DY
VVV VZ
γV *γV

Higgs Data
Systematic uncertainty

 (13 TeV)-135.9 fbCMS

 [GeV]Tm
60 80 100 120 140

D
at

a/
Ex

pe
ct

ed

0.6
0.8

1
1.2
1.4

 [GeV]llm
20 40 60 80

]-1
 [G

eV
ll

/d
m

w
dN

20

40

60

80

100

120

140 ttW and t WW
Nonprompt DY
VVV VZ
γV *γV

Higgs Data
Systematic uncertainty

 (13 TeV)-135.9 fbCMS

 [GeV]llm
20 40 60 80

D
at

a/
Ex

pe
ct

ed

0.6
0.8

1
1.2
1.4

 [GeV]Tm
60 80 100 120 140

]-1
 [G

eV
T

/d
m

w
dN

20
40
60
80

100
120
140
160
180
200
220
240

ttW and t WW
Nonprompt DY
VVV VZ
γV *γV

Higgs Data
Systematic uncertainty

 (13 TeV)-135.9 fbCMS

 [GeV]Tm
60 80 100 120 140

D
at

a/
Ex

pe
ct

ed

0.6
0.8

1
1.2
1.4

Figure 1: Postfit number of weighted events (Nw) as a function of m`` and mT for DF events
with 0 jets and pT2 < 20 GeV (upper row) or pT2 > 20 GeV (lower row). The number of events
is weighted according to the S/(S + B) ratio in each bin of one of the two variables, integrat-
ing over the other one. The various lepton flavor and charge subcategories are also merged
and weighted according to their S/(S + B) value. The contributions of the main background
processes (stacked histograms) and the SM Higgs boson signal (superimposed and stacked red
histograms) remaining after all selection criteria are shown. The dashed gray band accounts
for all systematic uncertainties relative to signal and background yields after the fit.
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• 𝝻 (ggF) = 1.21 +0.22 
–0.21 

• 𝝻 (VBF) = 0.62 +0.37 
-0.36

Higgs Coupling to Bosons (H ! WW , 1808.09054, 1806.05246)
ATLAS uses 80 fb�1 for H ! WW ⇤ ! enµn

I ggF and VBF categories

CMS uses 36 fb�1 for H ! WW

I Total of 9 categories to target a number of Higgs production modes
I Results correspond to observed (expected) significance of 9.1 (7.1) s for H ! WW ⇤ process

ATLAS measured H ! WW cross-sections:
I sggF = 12.6±1.0(stat.)+1.9

�1.8(syst.) pb
I sVBF = 0.50+0.24

�0.23(stat.)±0.18(syst.) pb

ATLAS measured H ! WW cross-sections

0 1 2 3 4 5 6

SMσ/σ

-0.24
+0.21 = 1.38 

ggH
µ

-0.29
+0.66 = 0.29 

VBF
µ

-1.70
+1.88 = 3.27 

WH
µ

-1.00
+1.57 = 1.00 

ZH
µ

-0.17

+0.18
 = 1.28 

comb
µ

WW→H

Combination

SM

 (13 TeV)-135.9 fbCMS

CMS H ! WW signal strengths

University College London Higgs Results at the LHC October 23, 2018 10 / 37

Higgs Coupling to Bosons (H ! WW , 1808.09054, 1806.05246)
ATLAS uses 80 fb�1 for H ! WW ⇤ ! enµn

I ggF and VBF categories

CMS uses 36 fb�1 for H ! WW

I Total of 9 categories to target a number of Higgs production modes
I Results correspond to observed (expected) significance of 9.1 (7.1) s for H ! WW ⇤ process

ATLAS measured H ! WW cross-sections:
I sggF = 12.6±1.0(stat.)+1.9

�1.8(syst.) pb
I sVBF = 0.50+0.24

�0.23(stat.)±0.18(syst.) pb

ATLAS measured H ! WW cross-sections

0 1 2 3 4 5 6

SMσ/σ

-0.24
+0.21 = 1.38 

ggH
µ

-0.29
+0.66 = 0.29 

VBF
µ

-1.70
+1.88 = 3.27 

WH
µ

-1.00
+1.57 = 1.00 

ZH
µ

-0.17

+0.18
 = 1.28 

comb
µ

WW→H

Combination

SM

 (13 TeV)-135.9 fbCMS

CMS H ! WW signal strengths

University College London Higgs Results at the LHC October 23, 2018 10 / 37
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• 𝝻 (VBF) = 0.29 +0.66 
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ATLAS-CONF-2018-018 CMS-PAS-HIG-2018-001

79.8 fb-1
41.5 fb-1
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ATLAS-CONF-2018-018 CMS-PAS-HIG-2018-001

79.8 fb-1
41.5 fb-1

No significant deviation from SM is observed~11% ~14%
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ATLAS-CONF-2018-028 arXiv: 1804.02716

79.8 fb-1
35.9 fb-1
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• Dominant background is Z→𝜏𝜏
• Most sensitive categories: VBF and boosted
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ATLAS-CONF-2018-021 PLB 779 (2018) 283
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• Dominant background is Z→𝜏𝜏
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ATLAS-CONF-2018-021 PLB 779 (2018) 283

36 fb-1 36 fb-1

Combined with Run 1: 6.4 σ
Combined with Run 1: 5.9 σ
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• About 58% of Higgs decay to bb
• Probe this decay mode using VH
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0-lepton 1-lepton 2-lepton

Combination of H ! bb̄ Results (CMS)
To improve sensitivity, VH(! bb̄) combined with additional analyses from Run-1 and Run-2:

I ggF , H ! bb̄: 1709.05543 (35.9 fb�1 recorded at
p

s = 13 TeV)
I VBF, H ! bb̄: 1506.01010 (19.8 fb�1 recorded at

p
s = 8 TeV)

I t t̄H, H ! bb̄: 1408.1682, 1804.02610 (5.1, 19.7, and 35.9 fb�1 recorded at
p

s = 7 TeV,
p

s = 8 TeV andp
s = 13 TeV, respectively)

H ! bb̄ observed (expected) significance of 5.6 (5.5) s

µH!bb̄ = 1.04±0.20

Observation of H ! bb̄ decay

pp→ZH   
b + b 
e+ + e- 

electron	

b-jet	

b-jet	

positron	

µBest fit 
0 1 2 3 4 5 6 7 8 9

Combined

ZH

WH

ttH

VBF

ggF
stat      syst

 0.14± 0.14 ±1.04 

 0.16± 0.24 ±0.88 

 0.24± 0.29 ±1.24 

 0.37± 0.23 ±0.85 

 1.17± 0.98 ±2.53 

 1.30± 2.08 ±2.80 

CMS
 (13 TeV)-1 77.2 fb≤ (8 TeV) + -1 19.8 fb≤ (7 TeV) + -1 5.1 fb≤

bb→H

Observed
 syst)⊕ (stat σ1±

 (syst)σ1±
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Fitted µVH and significance (ATLAS: 1808.08238)
Fit result of VH(! bb̄) signal in ATLAS
analysis

Bottom left: Bins organised by S/B ratio

Top right: fitted signal strengths for WH/ZH:

I 84% compatibility between WH/ZH

Run-2: 4.9 (4.3) s obs. (exp.) significance

Run-1+Run-2: 4.9 (5.1) s obs. (exp.)
significance

Dominated by systematic uncertainties
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0.31−
+0.331.20    , 0.23−
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+0.23                                                 (                 )         

0.43−
+0.471.08    , 0.27−

+0.27                                0.34−
+0.38                                                 (                 )         

  Tot. ( Stat., Syst. )
Total Stat.

ATLAS b b→VH, H -1=13 TeV, 79.8 fbs

Signal strength Signal strength
p0 Significance

Exp. Obs. Exp. Obs.

0-lepton 1.04+0.34
�0.32 9.5 · 10�4 5.1 · 10�4 3.1 3.3

1-lepton 1.09+0.46
�0.42 8.7 · 10�3 4.9 · 10�3 2.4 2.6

2-lepton 1.38+0.46
�0.42 4.0 · 10�3 3.3 · 10�4 2.6 3.4

V H, H ! bb̄ combination 1.16+0.27
�0.25 7.3 · 10�6 5.3 · 10�7 4.3 4.9
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• ATLAS uses 80 fb-1 data
• Run 2: obs. 4.9 σ (exp. 4.3 σ )
• Run 1 + Run 2:  obs. 4.9 σ

(exp. 5.1 σ )

VH, H→bb

PLB 86 (2018) 59

Combined with VBF, H→bb and ttH, H→bb

The ATLAS Collaboration / Physics Letters B 786 (2018) 59–86 71

Table 12
Expected and observed significance values (in standard deviations) 
for the H → bb̄ channels fitted independently and their combina-
tion using the 7 TeV, 8 TeV and 13 TeV data.

Channel Significance

Exp. Obs.

VBF+ggF 0.9 1.5
tt̄ H 1.9 1.9
V H 5.1 4.9

H → bb̄ combination 5.5 5.4

Fig. 7. The fitted values of the Higgs boson signal strength µH→bb for mH = 125 GeV
separately for the V H , tt̄ H and VBF+ggF analyses along with their combination, us-
ing the 7 TeV, 8 TeV and 13 TeV data. The individual µH→bb values for the different 
production modes are obtained from a simultaneous fit with the signal strengths 
for each of the processes floating independently. The probability of compatibility of 
the individual signal strengths is 83%.

predicted by the SM, the fitted value for all channels combined of 
the signal strength of the branching fraction into b-quark pairs is

µH→bb = 1.01 ± 0.20 = 1.01 ± 0.12(stat.)+0.16
−0.15(syst.).

Table 12 shows the significance values independently for the 
VBF+ggF, tt̄ H and V H channels in the combination of the Run 1 
and Run 2 data, and for the combined global likelihood fit. The sig-
nal strengths obtained from a fit where individual signal strengths 
are fitted simultaneously for the three production modes are dis-
played in Fig. 7. Fits are also performed with the signal strengths 
floated independently for each of the production processes in both 
Run 1 and Run 2. The probability of compatibility of the six indi-
vidual measurements is 54%.

7.4.3. Observation of V H production
The Run 2 V H , H → bb̄ result is further combined with the re-

sults of other Run 2 searches for the Higgs boson produced in the 
V H production mode, but decaying into either two photons or four 
leptons via Z Z∗ decays. For a Higgs boson mass of 125 GeV, and 
assuming the relative branching fractions of the three decay modes 
considered to be as predicted by the SM, the observed significance 
for V H production is 5.3 standard deviations, to be compared with 
an expectation of 4.8 standard deviations. Table 13 shows the sig-
nificance values for the combined global likelihood fit, and for a fit 
where the four-lepton (H → Z Z∗ → 4ℓ), diphoton (H → γ γ ) and 
H → bb̄ decay modes each have their own signal strength for the 
Run 2 data. Assuming the branching fractions are as predicted by 
the SM, the fitted value of the V H signal strength for all channels 
combined is:

µV H = 1.13+0.24
−0.23 = 1.13 ± 0.15(stat.)+0.18

−0.17(syst.).

Fig. 8. The fitted values of the Higgs boson signal strength µV H for mH = 125 GeV
separately for the H → bb̄, H → γ γ and H → Z Z∗ → 4ℓ decay modes, along with 
their combination. The individual µV H values for the different decay modes are 
obtained from a simultaneous fit with the signal strengths for each of the pro-
cesses floating independently. The probability of compatibility of the individual 
signal strengths is 96%.

Table 13
Expected and observed significance values (in standard deviations) 
for the V H production channels from the combined fit and from a 
combined fit where each of the lepton channels has its own signal 
strength, using 13 TeV data.

Channel Significance

Exp. Obs.

H → Z Z∗ → 4ℓ 1.1 1.1
H → γ γ 1.9 1.9
H → bb̄ 4.3 4.9

VH combined 4.8 5.3

The signal strengths obtained from the fit where individual sig-
nal strengths are fitted for the three decay modes are displayed in 
Fig. 8, along with their combination.

8. Conclusion

A search for the Standard Model Higgs boson decaying into a 
bb̄ pair and produced in association with a W or Z boson is pre-
sented, using data collected by the ATLAS experiment in proton–
proton collisions from Run 2 of the LHC. The data correspond to 
an integrated luminosity of 79.8 fb−1 collected at a centre-of-mass 
energy of 

√
s =13 TeV. An excess over the expected background 

is observed, with a significance of 4.9 standard deviations com-
pared with an expectation of 4.3. The measured signal strength 
relative to the SM prediction for mH = 125 GeV is found to be 
µbb

V H = 1.16 ± 0.16(stat.)+0.21
−0.19(syst.).

This result is combined with previous results based on all the 
Run 1 data collected at centre-of-mass energies of 7 TeV and 8 TeV. 
An excess over the expected SM background is observed, with 
a significance of 4.9 standard deviations compared with an ex-
pectation of 5.1. The measured signal strength relative to the SM 
expectation is found to be µbb

V H = 0.98 ± 0.14(stat.)+0.17
−0.16(syst.).

Results for the SM Higgs boson decaying into a bb̄ pair in 
the V H , tt̄ H and VBF+ggF production modes at centre-of-mass 
energies of 7 TeV, 8 TeV and 13 TeV are also combined, assum-
ing the relative production cross-sections of these processes to be 
as predicted by the SM. An excess over the expected SM back-
ground is observed, with a significance of 5.4 standard deviations 
compared with an expectation of 5.5, providing an observation of 
the H → bb̄ decay mode. Assuming the SM production strengths, 
the measured signal strength relative to the SM expectation is 
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Table 13
Expected and observed significance values (in standard deviations) 
for the V H production channels from the combined fit and from a 
combined fit where each of the lepton channels has its own signal 
strength, using 13 TeV data.

Channel Significance

Exp. Obs.

H → Z Z∗ → 4ℓ 1.1 1.1
H → γ γ 1.9 1.9
H → bb̄ 4.3 4.9

VH combined 4.8 5.3

The signal strengths obtained from the fit where individual sig-
nal strengths are fitted for the three decay modes are displayed in 
Fig. 8, along with their combination.

8. Conclusion

A search for the Standard Model Higgs boson decaying into a 
bb̄ pair and produced in association with a W or Z boson is pre-
sented, using data collected by the ATLAS experiment in proton–
proton collisions from Run 2 of the LHC. The data correspond to 
an integrated luminosity of 79.8 fb−1 collected at a centre-of-mass 
energy of 

√
s =13 TeV. An excess over the expected background 

is observed, with a significance of 4.9 standard deviations com-
pared with an expectation of 4.3. The measured signal strength 
relative to the SM prediction for mH = 125 GeV is found to be 
µbb

V H = 1.16 ± 0.16(stat.)+0.21
−0.19(syst.).

This result is combined with previous results based on all the 
Run 1 data collected at centre-of-mass energies of 7 TeV and 8 TeV. 
An excess over the expected SM background is observed, with 
a significance of 4.9 standard deviations compared with an ex-
pectation of 5.1. The measured signal strength relative to the SM 
expectation is found to be µbb

V H = 0.98 ± 0.14(stat.)+0.17
−0.16(syst.).

Results for the SM Higgs boson decaying into a bb̄ pair in 
the V H , tt̄ H and VBF+ggF production modes at centre-of-mass 
energies of 7 TeV, 8 TeV and 13 TeV are also combined, assum-
ing the relative production cross-sections of these processes to be 
as predicted by the SM. An excess over the expected SM back-
ground is observed, with a significance of 5.4 standard deviations 
compared with an expectation of 5.5, providing an observation of 
the H → bb̄ decay mode. Assuming the SM production strengths, 
the measured signal strength relative to the SM expectation is 

obs. 5.4 σ (exp. 5.5 σ )

Observation of H→bb
from ATLAS
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Fig. 4. The distribution of mbb in data after subtraction of all backgrounds except for 
the W Z and Z Z diboson processes, as obtained with the dijet-mass analysis. The 
contributions from all lepton channels, pV

T regions and number-of-jets categories 
are summed and weighted by their respective S/B , with S being the total fitted 
signal and B the total fitted background in each region. The expected contribution of 
the associated W H and Z H production of a SM Higgs boson with mH = 125 GeV is 
shown scaled by the measured signal strength (µ = 1.06). The size of the combined 
statistical and systematic uncertainty for the fitted background is indicated by the 
hatched band.

have observed (expected) significances of 2.5 (2.3) and 4.0 (3.5) 
standard deviations, respectively, with a linear correlation between 
the two signal strengths of −1%.

7.2. Results of the dijet-mass analysis

For all channels combined the fitted value of the signal strength 
is

µbb
V H = 1.06+0.36

−0.33 = 1.06 ± 0.20(stat.)+0.30
−0.26(syst.),

in good agreement with the result of the multivariate analysis. The 
observed excess has a significance of 3.6 standard deviations, com-
pared to an expectation of 3.5 standard deviations. Good agree-
ment is also found when comparing the values of signal strengths 
in the individual channels from the dijet-mass analysis with those 
from the multivariate analysis.

The mbb distribution is shown in Fig. 4 summed over all chan-
nels and regions, weighted by their respective values of the ratio 
of fitted Higgs boson signal and background yields and after sub-
traction of all backgrounds except for the W Z and Z Z diboson 
processes.

7.3. Results of the diboson analysis

As a validation of the Higgs boson search analysis, the mea-
surement of V Z production based on the multivariate analysis 
described in Section 6.3 returns a value of signal strength

µbb
V Z = 1.20+0.20

−0.18 = 1.20 ± 0.08(stat.)+0.19
−0.16(syst.),

in good agreement with the Standard Model prediction. Analo-
gously to the V H signal, fits are also performed with separate 
signal strengths for the W Z and Z Z production modes, and the 
results are shown in Fig. 5.

7.4. Results of combinations

7.4.1. Run 1 and Run 2 combination for V H, H → bb̄
The result of the Run 2 analysis is combined with the Run 1 

V H , H → bb̄ result following the methodology described in Sec-

Fig. 5. The fitted values of the V Z signal strength µbb
V Z for the W Z and Z Z pro-

cesses and their combination. The individual µbb
V Z values for the (W /Z)Z processes 

are obtained from a simultaneous fit with the signal strengths for each of the W Z
and Z Z processes floating independently. The probability of compatibility of the in-
dividual signal strengths is 47%.

Fig. 6. The fitted values of the Higgs boson signal strength µbb
V H for mH = 125 GeV

for the W H and Z H processes and their combination, using the 7 TeV, 8 TeV and 
13 TeV data. The individual µbb

V H values for the (W /Z)H processes are obtained 
from a simultaneous fit with the signal strengths for each of the W H and Z H pro-
cesses floating independently.

tion 6.4. The observed p0 value is 5.5 · 10−7, corresponding to 
an excess with a significance of 4.9 standard deviations, compared 
with an expectation of 5.1 standard deviations. The measured sig-
nal strength is:

µbb
V H = 0.98+0.22

−0.21 = 0.98 ± 0.14(stat.)+0.17
−0.16(syst.).

Fits are also performed with the signal strengths floated indepen-
dently for the W H and Z H production processes. The probability 
of compatibility of the signal strengths for the W H and Z H pro-
duction processes is 72%, and the results of this fit are shown in 
Fig. 6.

7.4.2. Observation of H → bb̄ decays
The V H result is further combined with results of the searches 

for the Standard Model Higgs boson decaying into a bb̄ pair pro-
duced in association with a tt̄ pair and in vector-boson fusion for 
both Run 1 and Run 2, to perform a search for the H → bb̄ decay. 
For a Higgs boson mass of 125 GeV, and assuming the relative pro-
duction cross-sections are those predicted by the SM, the observed 
significance for the H → bb̄ decay is 5.4 standard deviations, to be 
compared with an expectation of 5.5 standard deviations. With the 
additional assumption that the production cross-sections are those 
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• CMS uses 77.2 fb-1 data
• Run 2: obs. 4.2 σ (exp. 4.4 σ )
• Run 1 + Run 2:  obs. 4.8 σ

(exp. 4.9 σ )

VH, H→bb

categorized into four bins of increasing signal-to-back-
ground ratio according to the score of their corresponding
discriminant, obtained with those input variables correlated
with mðjjÞ fixed to their mean values. The resulting four
mðjjÞ distributions in each data set are fit together with the
same distributions used in the control regions, described
above, to extract signal and background yields. The
fitted mðjjÞ distributions are combined and weighted by
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FIG. 1. Left: distributions of signal, background, and data event yields sorted into bins of similar signal-to-background ratio, as given
by the result of the fit to their corresponding multivariate discriminant. All events in the VH, H → bb̄ signal regions of the combined
run 1 and run 2 data sets are included. The red histogram indicates the Higgs boson signal contribution, while the gray histogram is the
sum of all background yields. The bottom panel shows the ratio of the data to the background, with the total uncertainty in the
background yield indicated by the gray hatching. The red line indicates the sum of signal plus background contribution divided by the
background yield. Right: best-fit value of the signal strength μ, atmH ¼ 125.09 GeV, for the fit of all VH, H → bb̄ channels in the run
1 and run 2 data sets. Also shown are the individual results of the 2016 and 2017 measurements, the run 2 combination, and the run 1
result. Horizontal error bars indicate the 1σ systematic (red) and 1σ total (blue) uncertainties, and the vertical dashed line indicates the
SM expectation.

TABLE II. Expected and observed significances, in σ, and
observed signal strengths for the VH production process with
H → bb̄. Results are shown separately for 2017 data, combined
run 2 (2016 and 2017) data, and for the combination of the run 1
and run 2 data sets. For the 2017 analysis, results are shown
separately for the individual signal strengths for each channel
from a combined simultaneous fit to all channels. All results are
obtained for mH ¼ 125.09 GeV combining statistical and sys-
tematic uncertainties.

Significance (σ)

Data set Expected Observed Signal strength

2017
0-lepton 1.9 1.3 0.73$ 0.65
1-lepton 1.8 2.6 1.32$ 0.55
2-lepton 1.9 1.9 1.05$ 0.59
Combined 3.1 3.3 1.08$ 0.34

Run 2 4.2 4.4 1.06$ 0.26

Run 1þ run 2 4.9 4.8 1.01$ 0.22
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FIG. 2. Dijet invariant mass distribution for events weighted by
S=ðSþ BÞ in all channels combined in the 2016 and 2017 data
sets. Weights are derived from a fit to the mðjjÞ distribution, as
described in the text. Shown are data (points) and the fitted VH
signal (red) and VZ background (grey) distributions, with all
other fitted background processes subtracted. The error bar for
each bin represents the presubtraction 1σ statistical uncertainty on
the data, while the gray hatching indicates the 1σ total uncertainty
on the signal and all background components.
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Combined with VBF, H→bb and ttH, H→bb

S=ðSþ BÞ, where S and B are computed from the Higgs
boson signal yield and the sum of all background yields for
each category considering their fitted normalizations,
respectively. The resulting combined mðjjÞ distribution,
after background subtraction, is shown in Fig. 2, where the
VH and VZ contributions are separately visible.
A combination of CMS measurements of the H → bb̄

decay is performed, including dedicated analyses for the
following production processes: VH (reported above),
gluon fusion [38], vector boson fusion [44], and associated
production with top quarks [30,41,42]. These analyses use
data collected at 7, 8, and 13 TeV, depending on the
process. In this fit, most sources of systematic uncertainty
are treated as uncorrelated. The dominant jet energy scale
uncertainties are treated as correlated between processes at
the same collision energy, while the theory uncertainties are
correlated between all processes and data sets. The
observed (expected) signal significance is 5.6 ð5.5Þσ,
and the measured signal strength is μ ¼ 1.04% 0.20. In
addition to the overall signal strength for the H → bb̄
decay, the signal strengths for the individual production
processes are also determined in this combination, where
contributions from a single production process to multiple
channels are properly accounted for in the fit. All results are
summarized in Fig. 3.
In summary, measurement of the standard model Higgs

boson decaying to bottom quarks has been presented. A
combination of all CMSmeasurements of the VH,H → bb̄
process using proton-proton collisions recorded at center of
mass energies of 7, 8, and 13 TeV, yields an observed
(expected) significance of 4.8 (4.9) standard deviations at

mH ¼ 125.09 GeV, and the signal strength is μ ¼ 1.01%
0.22. Combining this result with previous measurements by
the CMS Collaboration of the H → bb̄ decay in events
where the Higgs boson is produced through gluon fusion,
vector boson fusion, or in association with top quarks, the
observed (expected) significance increases to 5.6 (5.5)
standard deviations and the signal strength is μ ¼ 1.04%
0.20. This constitutes the observation of the H → bb̄ decay
by the CMS Collaboration.
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FIG. 3. Best-fit value of the H → bb̄ signal strength with its 1σ
systematic (red) and total (blue) uncertainties for the five
individual production modes considered, as well as the overall
combined result. The vertical dashed line indicates the standard
model expectation. All results are extracted from a single fit
combining all input analyses, with mH ¼ 125.09 GeV.
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Figure 2: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) qq ! VH and
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Figure 3: Examples of leading-order Feynman diagrams for Higgs boson production via the qq/gg ! ttH and

qq/gg! bbH processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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qq/gg! bbH processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although

4

ttH allows direct probe of top 
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• Dominant background is Z→𝜇𝜇
• Most sensitive categories: VBF and boosted
• Both experiments use analytical functions to model background and signal
• Reply on d-muon mass resolution to have better sensitivity

ATLAS-CONF-2018-026 CMS-PAS-HIG-17-019
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Figure 1: Observed and simulated distributions of the di-muon mass mµµ (left) and transverse momentum pµµT (right)
for events in the region 76 < mµµ < 160 GeV. The expected signal of a Higgs boson of mH = 125 GeV is multiplied
by a factor 50. The Drell–Yan background prediction is reweighted to the data as described the text, while the minor
background processes are fixed to the SM predictions. The error band in the lower panel reflects the experimental
uncertainties in the MC background prediction, while the error bars on the points show the statistical uncertainties
of the MC simulation and the subdominant data contribution. Theoretical uncertainties are not included. For the
right plot the right-most bin contains the overflow.

The transverse momentum spectrum of Z/�⇤ ! `` events is often not well described by MC event
generators [63]. The observed data-to-simulation ratio in the Z control region is thus parameterised
by a smooth function that is applied to the simulation, normalizing the simulation to the data overall
and improving the shape agreement to better than 5%. Figure 1 shows the general agreement between
data and simulation after this reweighting for inclusively selected events in the full analysis region
76 < mµµ < 160 GeV, with respect to the dimuon mass mµµ and transverse momentum pµµT .

Similar comparisons between are data and simulation are performed in the Z+ � 2 jets control region. As
the di-jet invariant mass m j j in data is not well modelled by the generator [64], the prediction is reweighted
to the data in this distribution. Other distributions agree generally well, although some mismodelling of
the simulation is observed at a similar level as reported before [65].

The region with 110 < mµµ < 160 GeV constitutes the inclusive signal region with an overall signal
e�ciency of 56% and 57% for the ggF and VBF processes, respectively. In the region of 120 < mµµ <
130 GeV about 450 H ! µµ signal events are expected from an SM Higgs boson of mH = 125 GeV,
however the expected signal-to-background ratio (S/B) is just about 0.2%. To improve the discrimination
between signal and background, the selected events are further split into categories exploiting the kinematic
di�erences between signal and background as well as the resolution of mµµ in the ATLAS detector. Two
categories are defined to target the rarer VBF production mode and six categories are defined to exploit
the more abundant events produced via ggF.

6

6

boson resonance is affected by the muon momentum scale and resolution. Uncertainties on the
calibration of these values were propagated to the shape of the invariant mass distribution of
the Higgs boson, yielding up to 0.05% variations in the position of the peak, and 10% changes in
its width. Jet energy miscalibrations in scale and resolution affect the analysis through migra-
tions between the categories. The largest variation of this kind impacts the VBF-like category,
and amounts to 6% of the relative yield. Simulation of additional pileup events in the same
bunch crossing were tested by varying the minimum bias cross section used to derive the extra
collisions by ±5%, which translates to ⇡ 1% changes in the yields. The systematic uncertainty
on the efficiency of tagging a b quark jet, or mistagging light quark jets, also produces ⇡ 1%
migrations. Lepton efficiency mismodeling was accounted for with trigger and isolated muon
identification uncertainties (⇡ 2%). The factorization and renormalization scales used in the
MC simulations are varied up and down separately by a factor 2, translating to changes of up
to 6% in the category yields. The parton distribution functions used in the MC simulations
were varied using the NNPDF3.0 replicas, which yield differences of ⇡ 2%. In addition, there
are uncertainties on the cross sections due to the choice of factorization and renormalization
scale (3.9%, 0.4%, 3.8%, 1.9%, and . 10%, for ggH, VBF, ZH, WH, and ttH, respectively) and
parton distribution functions (3.2%, 2.1%, 1.6%, 1.9%, and 3.7%), as well the 1.7% H ! µ+µ�

branching fraction uncertainty [11]. Finally, a 2.5% uncertainty is associated with the luminos-
ity measurement [40].

A maximum likelihood fit is performed across all categories yielding a value of the signal
strength modifier (µ = (sB)obs/(sB)SM) of µ̂125 = 0.7 ± 1.0 for mH = 125 GeV [41], where
s is the Higgs production cross section and B is its branching fraction to muons. Figure 4
(left) shows the background-only and the signal-plus-background fits to the data in all cate-
gories combined, weighted by the expected signal-to-background ratio in each category. The
expected 95% CL upper limits on the signal strength modifier and the compatibility with
the background-only hypothesis were derived for the 2016 dataset (13 TeV), corresponding
to 35.9 fb�1, and presented in Fig. 4 (right). The 95% CL observed (expected) upper limit at
mH = 125 GeV is µ < 2.64 (2.08), with an observed (expected) significance at mH = 125 GeV of
0.74 (0.98) s.
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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Modified Breit–Wigner (mBW):B(x) =
ea2x+a3x2

(x � µz)a1 + ( sz
2 )a1

(4)

In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Figure 4: The weighted sum of individual fits to each category of the signal-plus-background
fits (solid) and the background-only components (dashed). Events are weighted according to
the expected signal-to-background ratio in the category to which they belong (left). The 95%
CL upper limit on the signal strength modifier, µ, for 13 TeV pp collisions data collected in
2016 together with the expected limit obtained in the background hypothesis and signal-plus-
background hypothesis (red line) for a SM Higgs boson with mH = 125 GeV (right).



H→𝜇𝜇

11/13/18 Haifeng Li (Shandong University) 30

• Dominant background is Z→𝜇𝜇
• Most sensitive categories: VBF and boosted
• Both experiments use analytical functions to model background and signal
• Rely on d-muon mass resolution to have better sensitivity

ATLAS-CONF-2018-026 CMS-PAS-HIG-17-019
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Figure 5: Background-only fit to the observed mµµ distribution in the non-central high pµµT category (left) and in the
VBF Tight category (right). Only the statistical uncertainties are shown for the data points. The expected signal is
scaled by a factor of 20. The lower panels show the di�erence between the data and the background-only fit divided
by the data uncertainty.

of Nspur are derived for three nearby Higgs boson masses (120, 125, and 130 GeV), and from these the
largest value between the yields and their statistical uncertainties is taken as the Nspur value for a certain
category. A detailed discussion about how Nspur is used in the fitting procedure is given in Ref. [73]. The
background modeling uncertainty is treated as uncorrelated among all the categories. This uncertainty
varies from 10% to 100% of the statistical uncertainties of the background, depending on the category.
The impact of the background mismodelling on the expected upper limit on the signal strength is about
4%.

6.3 Fit to data

The observed mµµ spectrum is compared to the background-only fit in Figure 5 for the two most sensitive
categories, while the other six categories are presented in Appendix A. The �2 per degree of freedom for
the fit is good for all the categories.

The S+B model is fit to the observed mµµ spectra in eight signal categories simultaneously and the
measured overall signal strength is µ = 0.1+1.0

�1.1. The observed significance for a SM H ! µµ signal with
mH = 125 GeV is 0.0�, while the expected significance is 0.9�. An upper limit on µ is computed using a
modified frequentist CLs method [75, 76] with the profile-likelihood-ratio test statistic [75]. The observed
upper limit on µ at 95% CL is found to be 2.1, with an expected limit of 2.0 for the case of no H ! µµ
signal and an expected limit of 2.8 for the case of a H ! µµ signal at SM strength. This limit is driven by
the data statistical uncertainty. The impact of the systematic uncertainties is found to be 4%, dominated
by the spurious signal systematics. This result represents an improvement of about 35% compared to the
previous ATLAS result [11].
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Figure 5: The 95% CL upper limit on the signal strength modifier, µ, for the combination of the
7, 8, and 13 TeV datasets (left) together with the expected limit obtained background hypothesis
and in the signal-plus-background hypothesis (red-line) for a SM Higgs boson with mH =
125 GeV. The combined local p-value and significance as a function of the SM Higgs boson
mass hypothesis (right). The observation (black) is compared to the expectation (red) for the
Higgs boson, and (blue) for the Higgs boson mass of 125 GeV.

The combination of these results with data recorded earlier at center-of-mass energies of 7 and
8 TeV is shown in Fig. 5 (left), and yields a 95% CL observed (expected) upper limit on the
production rate of 2.64 (1.89) times the SM value. Theoretical uncertainties are considered cor-
related across the datasets, while the main experimental uncertainties are considered uncorre-
lated. The best fit signal strength is obtained for a Higgs mass of 125 GeV, µ̂comb

125 = 0.9+1.0
�0.9, and

the observed (expected) combined significance at mH = 125 GeV is 0.98 (1.09) s as presented
in Fig. 5 (right). This corresponds to an upper limit on the H ! µ+µ� branching fraction of
5.7 ⇥ 10�4, assuming the SM production cross sections.

Upper limit on signal strength: 2.6 
(1.9) for obs (exp)Upper limit on signal strength: 2.1 

(2.0) for obs (exp)

79.8 fb-1 36 fb-1
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Cross-section normalized to SM value
0.5− 0 0.5 1 1.5 2 2.5 3 3.5 40.5−
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H
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             Total      Stat.     Syst.
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VBF   )0.12
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0.22  ±  1.21 
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0.52  ±  1.57 

ZH   )0.24
0.25  ±  , 0.32

0.34  ±   ( 0.40
0.42  ±  0.74 

ttH + tH   )0.18
0.20  ±  , 0.17

0.17  ±   ( 0.25
0.26  ±  1.22 

Figure 2: Cross-sections for ggF, VBF, WH, ZH and ttH+tH normalized to their SM predictions, measured with the
assumption of SM branching fractions. The black error bars, blue boxes and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The grey bands indicate the theory uncertainties in
the cross-section predictions.

Table 4: Best-fit values and uncertainties of the production cross-sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.),
experimental systematic uncertainties (Exp.), and theory uncertainties in the modelling of the signal (Sig. th.) and
background (Bkg. th.) processes. SM predictions [34] are shown for the cross-section of each production process.
The observed (obs.) and expected (exp.) significances of the observed signals relative to the no-signal hypothesis
are also shown for all processes except ggF, which was observed in Run 1. For the WH and ZH modes, a combined
VH significance is reported assuming the SM value of the ratio of WH to ZH production.

Process Value Uncertainty [pb] SM pred. Significance
(|yH | < 2.5) [pb] Total Stat. Exp. Sig. th. Bkg. th. [pb] obs. (exp.)
ggF 47.8 ±4.0

⇣
±3.1 +2.7

�2.2 ±0.9 ±1.3
⌘

44.7 ± 2.2 -

VBF 4.25 +0.77
�0.74

⇣
±0.63 +0.39

�0.35
+0.25
�0.21

+0.14
�0.11

⌘
3.515 ± 0.075 6.5 (5.3)

WH 1.89 +0.63
�0.58

⇣
+0.45
�0.42

+0.29
�0.28

+0.25
�0.16

+0.23
�0.22

⌘
1.204 ± 0.024

)
4.1 (3.7)

ZH 0.59 +0.33
�0.32

⇣
+0.27
�0.25 ±0.14 +0.08

�0.02 ±0.11
⌘

0.794+0.033
�0.027

ttH+tH 0.71 ±0.15
⇣
±0.10 ±0.07 +0.05

�0.04
+0.08
�0.07

⌘
0.586+0.034

�0.050 5.8 (5.3)
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Figure 5: Summary plot of the fit to the per-production mode (left) and per-decay mode (right)
signal strength modifiers. The thick and thin horizontal bars indicate the ±1s and ±2s uncer-
tainties, respectively. Also shown are the ±1s systematic components of the uncertainties. The
last point in the per-production mode summary plot is taken from a separate fit and indicates
the result of the combined overall signal strength µ.

with H ! ZZ decay, as well as ZH production with H ! gg decay, the background contam-
ination is sufficiently low so that a negative signal strength can result in an overall negative
event yield. Therefore, these signal strengths are restricted to nonnegative values. Figure 6
summarizes the results in this model along with the 1s CL intervals. The numerical values,
including the uncertainty decomposition into statistical and systematic parts, and the corre-
sponding expected uncertainties, are given in Table 3.

7.1 Ratios of cross sections and branching fractions, relative to ggH ! ZZ

Results are presented for a model based on the ratios of cross sections and branching frac-
tions. These are given relative to a well-measured reference process, chosen to be ggH ! ZZ
(µZZ

ggH). Using ratios has the advantage that some systematic or theoretical uncertainties com-
mon to both the numerator and denominator cancel. The following ratios are used: µgg/µZZ,
µWW/µZZ, µtt/µZZ,µµµ/µZZ, µbb/µZZ, µVBF/µggH, µWH/µggH, µZH/µggH, and µttH/µggH. These
results are summarized in Fig. 7, and the numerical values are given in Table 4. The uncertain-
ties in the SM predictions are included in the measurements.

7.2 Stage 0 simplified template cross sections

Measurements of production cross sections, which are complementary to the signal strength
parametrization, are made for seven processes defined according to the simplified template
cross sections proposed in Ref. [52]. The results given here are for the stage 0 fiducial regions
defined by the rapidity of the Higgs boson |yH| < 2.5. All input analyses have a negligible
acceptance for |yH| > 2.5. Defining the fiducial region in this way reduces the theoretical
uncertainty that would otherwise apply while extrapolating to the fully inclusive phase space.
Subsequent stages propose splitting the fiducial regions into a number of smaller ones, for
example based on ranges of the Higgs boson pT. The measured cross sections are defined as:

Productions
Four productions modes 
have been observed at LHC
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125 GeV) = 2.76 GeV.

The 1s and 2s CL regions in the (M, e) fit are shown in Fig. 10 (left). The results of the fit
using the six parameter k model are plotted versus the particle masses in Fig. 10 (right), and
the result of the (M, e) fit is also shown for comparison. For the b quark, since the best fit point
for kb is negative, the absolute value of this coupling modifier is shown. In order to show both
the Yukawa and vector boson couplings in the same plot, a “reduced” vector boson couplingp

kVmV/v is shown.
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Figure 10: Likelihood scan in the M-e plane (left). The best fit point and the 1s and 2s CL
regions are shown, along with the SM prediction. Result of the phenomenological (M, e) fit
overlayed with the resolved k-framework model (right).

8.2 Generic model within k-framework with effective loops

The results of the fits to the generic k model where the ggH and H ! gg loops are scaled using
the effective coupling modifiers kg and kg are given in Fig. 11 and Table 8. In this parametriza-
tion, additional contributions from BSM decays are allowed for by rewriting the total width of
the Higgs boson, relative to its SM value, as,

GH

GSM
H

=
k2

H
1 � (Bundet + Binv)

, (7)

where kH is defined in Table 6.

Two different model assumptions are made concerning the BSM branching fraction. In the first
parametrization, it is assumed that BBSM = Binv + Bundet = 0, whereas in the second, Binv
and Bundet are allowed to vary as POIs, and instead the constraint |kW|, |kZ|  1 is imposed.
This avoids a complete degeneracy in the total width where all of the coupling modifiers can
be scaled equally to account for a non-zero Bundet. The parameter Bundet represents the total
branching fraction to any final state that is not detected by the channels included in this com-
bined analysis. The likelihood scan for the Binv parameter in this model, and the 2D likelihood
scan of Binv vs. Bundet are given in Fig. 12. The 68 and 95% CL regions for Fig. 12 (right) are
determined as the regions for which q(Bundet,Binv) < 2.28 and 5.99, respectively. The 95%
CL upper limits of Binv < 0.22 and Bundet < 0.38 are determined, corresponding to the value
for which q < 3.84 [106]. The uncertainty in the measurement of kt is reduced by nearly 40%
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Figure 10: Reduced coupling strength modifiers F mF

v for fermions (F = t, b,⌧, µ) and p
V

mV

v for weak gauge
bosons (V = W, Z) as a function of their masses mF and mV , respectively, and the vacuum expectation value of the
Higgs field v = 246 GeV. The SM prediction for both cases is also shown (dotted line). The couplings modifiers
F and V are measured assuming no BSM contributions to the Higgs boson decays, and the SM structure of loop
processes such as ggF, H ! �� and H ! gg.

5.4.4 Parameterization including e�ective photon and gluon couplings with and without BSM
contributions in decays

The two models considered in this section are based on the same parameterization as the one in Section 5.4.3
but the ggF, H ! gg and H ! �� loop processes are parameterized using the g and � modifiers in the
same way as for the model of Section 5.4.2.

In the first model, no BSM contributions to the total width are considered (BBSM = 0). The measured
parameters are Z , W , b, t , ⌧ , � and g. The sign of t can be either positive or negative, while Z is
assumed to be positive without loss of generality. The other parameters are also assumed to be positive.

In the second model, BSM contributions to the total width are included through the parameter BBSM, and
constrained by assuming BBSM � 0 and W ,Z  1. The latter condition holds true for a broad class of
extensions of the SM and disfavors large values of BBSM [22].

The results of both models are summarized in Table 9 and Figure 11. In the model with BBSM included as
a free parameter, an upper limit of BBSM = 0.26 at 95% CL is obtained, compared to an expected upper
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Summary
• CMS and ATLAS have performed Higgs measurements 

using 36-80 fb-1 LHC Run 2 data
• Observed ttH and VH production modes
• Observed H→bb decay mode
• H→𝜇𝜇 will be the next one to be observed at the LHC
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No obvious deviation from the SM has 
been found at Higgs sector at the LHC
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Performance
ATLAS CMS 

Magnetic field 2 T solenoid  
+ toroid:  0.5 T (barrel), 1 T (endcap) 

4 T solenoid + return yoke 

Tracker Silicon pixels and strips  
+ transition radiation tracker 
�/pT  �  5 �10-4 pT  +  0.01  

Silicon  pixels and strips 
(full silicon tracker)  
�/pT  � 1.5 � 10-4 pT  + 0.005 

EM calorimeter Liquid argon + Pb absorbers  
�/E � 10%/�E + 0.007 

PbWO4 crystals 
�/E � 3%/�E + 0.003 

Hadronic 
calorimeter 

Fe + scintillator / Cu+LAr (10�) 
�/E � 50%/�E + 0.03 GeV 

Brass + scintillator (7 � + catcher) 
�/E � 100%/�E + 0.05 GeV 

Muon �/pT � 2% @ 50GeV to 10% @ 1TeV 
(Inner Tracker + muon system) 

�/pT � 1% @ 50GeV to 10% @ 1TeV 
(Inner Tracker + muon system) 

Trigger L1 + HLT (L2+EF) L1 + HLT (L2 + L3) 
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