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H→WW* channel currently provides the most precise 
signal strength measurement in a single decay channel
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Higgs boson is a neutral and spin-0 particle
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TABLE XXV. Summary of uncertainties on the signal strength µ. The table gives the relative uncertainties for inclusive Higgs
production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the
first line gives the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal
yield to the µvbf measurement and vice versa. The “misid. factor” is the systematic uncertainty related to the Wj estimation.
The “Z/�⇤ ! ee, µµ” entry corresponds to uncertainties on the frecoil selection e�ciency for the nj  1 ee/µµ category. The
“muons and electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections, lepton trigger
e�ciencies, and lepton isolation e�ciencies. The “jets” uncertainties includes the jet energy scale, jet energy resolution, and
the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The entries marked with a dash are smaller than 0.01
or do not apply.
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As a result, the 2

F dependence for the ggF process approximately cancels in the H!WW ⇤ decay channel, but the
rate remains sensitive to V . Similarly, the VBF rate scales approximately with 4

V /
2

F and the VBF channel provides
more sensitivity to F than the ggF channel does in this model.

The likelihood scan as a function of V and F is shown in Fig. 41. The relatively low discrimination among high
values of F in the plot is due to the functional behavior of the total ggF yield. The product �

ggf · B is F -independent
in the limit where F � V . The sensitivity at high F values is therefore driven by the value of µvbf, but this process
rapidly vanishes in the limit where F � V due to the increase of the Higgs boson total width and the consequent
reduction of the branching fraction to WW bosons.

The best fit values are:

F = 0.92 +0.31
�0.23

V = 1.04 +0.10
�0.11

(17)

and their correlation is ⇢=0.21. The correlation is derived from the covariance matrix constructed from the second-
order mixed partial derivatives of the likelihood, evaluated at the best-fit values of F and V .
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• Dilepton trigger → lower leading lepton pT
• MET resolution improvement
• Better understanding of Top background
• QCD estimation
• Better fake factor measurement for jets faking leptons
• Sub-threshold b-tagging
• Re-optimized selections
• More refined fit procedure
• Addition of ggF + 2 jet category
• Same sign control region is added
• Reweighting of pT of Z boson 
• Adopted BDT analysis for VBF enriched region

O(50%) improvement in sensitivity
Uncertainty reduced by O(30-50%)
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remaining “soft” objects that typically have low values521

of pt. The calculation can thus be summarized as522
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where the soft object reconstruction and the choice of523
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particular method, as described below.528
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FIG. 4. Resolutions of (a) missing transverse momentum
and (b) mt for the ggF signal MC in the nj =0 category. The
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O(30%) improvement 
in significance over 
cut-based analysis

Train boosted decision tree 
(BDT) multivariate method using 
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Leading systematic uncertainty sources:
~10% : ggF signal theory uncertainty
~6% : WW modeling
~6% : Object mis-ID bkg. modeling

1. Observation of H→WW* decay
      6.1σ significance

2. Evidence for VBF production
      3.2σ significance

3. Combined signal strength
      µ = 1.08+0.22

4. Coupling measurement
 κF = 0.92+0.31 , κV = 1.04+0.10

–0.20

–0.23 –0.11

) µSignal strength (
0 0.5 1 1.5 2

ATLAS Preliminary

-1Ldt = 4.5-4.7 fb∫ = 7 TeV s
-1Ldt = 20.3 fb∫ = 8 TeV s

 = 125.36 GeVHm
arXiv:1408.7084

0.27-
0.27+ = 1.17µ

γγ →H 

arXiv:1408.5191

0.33-
0.40+ = 1.44µ

 4l→ ZZ* →H 

0.20-
0.22+ = 1.08µ

νlν l→ WW* →H 
ATLAS-CONF-2014-060

arXiv:1409.6212

0.4-
0.4+ = 0.5µ

b b→W,Z H 

0.4-
0.4+ = 1.4µ

ττ →H 
ATLAS-CONF-2014-061

Total uncertainty
µ on σ1±

smallest 
error

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/HIGGS/

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/HIGGS/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/HIGGS/
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• 6.1σ observation of H→WW*
• 3.2σ evidence of VBF H→WW*
• Most precise µ measurement
• No significant deviation from SM
• Coupling combination being 

finalized
• Run-2 (2015 – 2018) will 

increase statistics by ⨉10

Stay tuned!
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10–39 νμ + A → μ+ + π– + A

MINERvA <A> = 12
BEBC <A> = 20
CHARM II <A> = 21
SKAT <A> = 30
ArgoNeuT <A> = 40
GENIE v2.6.2
NEUT v5.3.1 

More recently, the SciBooNE and K2K 
collaborations attempted to measure the 
coherent production of charged pions 
at lower neutrino energies (less than 
2 GeV). However, they found no evidence 
of the interaction, and published upper 
limits below Rein and Sehgal’s original 
estimation. These results, together with 
recent observations of coherent production 
of neutral pions by the MiniBooNE 
and NOMAD collaborations, have now 
motivated renewed interest and new models 
of coherent pion production.

In the NuMI beamline at Fermilab – which 
has a peak energy of 3.5 GeV and energies 
beyond 20 GeV – coherent charged-current 
pion production accounts for only 1% of 
all of the ways that a neutrino can interact. 
Nevertheless, both the ArgoNeuT and 
MINERvA collaborations have now 
successfully measured the cross-sections 
for charged-current pion production by 
recording the interactions of neutrinos and 
antineutrinos. 

ArgoNeuT uses a liquid-argon 
time-projection chamber (TPC), and 
has results for coherent interactions of 
antineutrinos and neutrinos at mean energies 
of 3.6 GeV and 9.6 GeV, respectively (Acciarri 
et al. 2014). A very limited exposure produced 
only 30 candidates for coherent interactions of 
antineutrinos and 24 for neutrinos (fi gure 1), 
but a measurement was possible thanks to 
the high resolution and precise calorimetry 
achieved by the TPC. It is the fi rst time that 
this interaction has been measured in a 
liquid-argon detector. ArgoNeuT’s results 
agree with the state-of-the-art theoretical 

predictions (fi gure 2), but its small detector 
size (<0.5 tonnes) limits the precision of the 
measurements. 
MINERvA uses a fi ne-grained 

scintillator tracker to fully reconstruct 
and select the coherent interactions in 
a model-independent analysis. With 
770 antineutrino and 1628 neutrino 
candidates, this experiment measured 
the cross-section as a function of incident 
antineutrino and neutrino energy (fi gure 2). 
The measured spectrum and angle of 
the coherently produced pions are not 
consistent with models used by oscillation 
experiments (Higuera et al. 2014), and they 
will be used to correct those models. 

The techniques developed during both 
the ArgoNeuT and MINERvA analyses will 
be used by larger liquid-argon experiments, 
such as MicroBooNE, that are part of the 
new short-baseline neutrino programme 
at Fermilab. While these experiments will 
focus on neutrino oscillations and the search 
for new physics, they will also provide more 
insight into coherent pion production.

 ● Further reading 
R Acciarri et al. ArgoNeuT Collaboration 2014 
arXiv:1408.0598 [hep-ex]; submitted for 
publication.
A Higuera et al. MINERvA Collaboration 2014 

arXiv:1409.3835 [hep-ex]; submitted to Phys. 
Rev. Lett.
S Boyd et al. 2009 AIP Conf. Proc. 1189 60.

Fig. 1. ArgoNeuT’s event display of a 
coherent pion-production candidate caused 
by a muon neutrino. The track at the top 
corresponds to a muon, the one below to a 
charged pion.

Fig. 2. Measurements by ArgoNeuT and 
MINERvA of cross-sections for coherent 
π– production as a function of incident 
antineutrino energy. (The experiments fi nd 
similar results for π+ production by 
neutrinos.)

A C C E L E R A T O R S

It looks like a small black button, but in tests 
at Fermilab’s High-Brightness Electron 
Source Lab it has produced beam currents 
103–106 times greater than those generated 
with a large laser system. Designed 
by a collaboration led by RadiaBeam 
Technologies, a California-based technology 
fi rm actively involved in accelerator 
R&D, this electron source is based on a 
carbon-nanotube cathode only 15 mm across.  

Carbon-nanotube cathodes have already 
been studied extensively in university 
research labs, but Fermilab is the fi rst 
accelerator facility to test the technology 
within a full-scale setting. With its capability 
and expertise for handling intense electron 
beams, it is one of relatively few labs that can 
support a project like this.  

Traditionally, accelerator scientists use 

lasers to strike cathodes to eject electrons 
through photoemission. With the nanotube 
cathode, a strong electric fi eld pulls streams 
of electrons off the surface of the cathode 
though fi eld emission. There were early 
concerns that the strong electric fi elds would 
cause the cathode to self-destruct. However, 
one of the fi rst discoveries that the team 
made when it began testing in May was that 
the cathode did not explode. Instead, the 
exceptional strength of carbon nanotubes 
prevents the cathode from being destroyed. 
The team used around 22 MV/m to produce 
the target current of more than 350 mA.

The technology has extensive potential 
applications in medical equipment, for 
example, since an electron beam is a critical 
component in generating X-rays. 

 ● A Department of Energy Small Business 

Innovation Research grant funds the 
RadiaBeam-Fermilab-Northern Illinois 
University collaboration.

Nanotube cathode promises intense electron beam

The dark carbon-nanotube-coated area of 
the new fi eld-emission cathode. (Image 
credit: Fermilab.)
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The WW fi nal 
state was a key 
component in 
the discovery of 

the Higgs boson with a mass of around 
125 GeV, and remains essential for the 
ongoing measurements of the particle’s 
properties. Now, the ATLAS collaboration 
has fi rmly established the existence of this 
process, observing an excess consistent 
with H → WW, with a signifi cance of 
6.1σ compared with the background-only 
hypothesis (ATLAS Collaboration 2014a). In 
addition, ATLAS has measured the inclusive 
signal strength with a precision of about 
20%, thereby taking the next step towards a 
precision measurement of the strength of the 
HWW interaction. 

The new results are based on the combined 
7-and-8-TeV ATLAS datasets from 
Run 1 of the LHC, and a total integrated 
luminosity of 25 fb–1. The analysis selects 
Higgs boson candidate data from events 
that have two charged leptons: electrons or 
muons. Improvements since the previous 
result – including likelihood-based electron 
identifi cation and missing transverse-energy 
reconstruction that is more robust to pile-up 
– have allowed ATLAS to lower kinematic 
thresholds and so increase the signal 
acceptance. 

The main backgrounds are from WW 
and top-quark pair production, with 
important contributions from Drell–Yan, 
Wγ*, and inclusive W production with a 
second, “fake” lepton produced by a jet. 
Categorizing the events by the number of 
jets separates the signal from the otherwise 
dominant background of top-quark pair 
production, and distinguishes between the 
vector-boson-fusion (VBF) and gluon–gluon 
fusion (ggF) production modes. Within each 

category, subdividing the signal regions by 
the fl avours and kinematic properties of 
the lepton pair enhances the sensitivity by 
further separating signal from background, 
and separating different background 
processes from each other. 

The number of signal events is determined 
by a fi t to the distribution of an event property 
to separate signal and backgrounds still 
further. For the ggF categories, the dilepton 
“transverse mass”, mT, is used. The fi gure 
shows the distribution of mT for the 0 and 1 jet 
categories, compared with the summed signal 
and background expectation. It demonstrates 
the good agreement between the prediction, 
including the Higgs boson signal, and the 
observed data. For the VBF categories, a fi t 
is made to the output of a boosted decision 
tree (BDT) – another new development since 
the previous ATLAS analysis. The BDT is 
trained using variables that are sensitive to the 
Higgs boson decay topology, as well as to the 
distinctive VBF signature of two energetic, 
well-separated jets. 
At 125.36 GeV – the value of the Higgs 

boson mass measured by ATLAS from the γγ 
and ZZ* → 4l channels (ATLAS 
Collaboration 2014b) – the expected 
signifi cance for an excess in H → WW is 
5.8σ, and a signifi cance of 6.1σ is observed. 
The measured signal strength, defi ned as the 
ratio of the measured H → WW cross-section 
to the Standard Model prediction, is 
μ = +0.16

–0.151.08  (statistical) +0.16
–0.13  (systematic).

Evidence for VBF production can be seen 
also from analysis of the categories. The ratio 
of the VBF and ggF signal strengths does not 
assume a value for the H → WW branching 
ratio or the ggF cross-section. A nonzero 
ratio indicates the presence of the VBF 
production mode. The result is 
μVBF/μggF = +0.79

–0.521.25 , which corresponds to a 

signifi cance of 3.2σ, compared with 2.7σ 
expected for the Standard Model.
This analysis represents a signifi cant 

advance in the understanding of the 
signal and background processes in the 
challenging dilepton WW channel. It 
establishes the observation of this decay, 
and the signal-strength measurement is, at 
present, the most precise obtained in a single 
Higgs boson decay channel. The results are 
consistent with the predictions for a Standard 
Model Higgs boson, but they remain limited 
by the statistical uncertainty, pointing to the 
potential of future measurements with data 
from Run 2 at the LHC. 

 ● Further reading 
ATLAS Collaboration 2014a ATLAS-CONF-2014-060.
ATLAS Collaboration 2014b Phys. Rev. D 90 052004.

ATLAS observes and measures 
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Experiments at Fermilab are advancing an 
intriguing story that began three decades 
ago, with investigations of coherent neutrino 
interactions that produce pions yet leave the 
target nucleus unscathed.  

When neutrinos scatter coherently off 
an entire nucleus, the exchange of a Z0 
or W± boson can lead to the production 

of a pion with the same charge. The fi rst 
observations of such interactions came in 
the early 1980s from the Aachen–Padova 
experiment at CERN’s Proton Synchrotron, 
followed by an analysis of earlier data from 
Gargamelle. A handful of other experiments 
at CERN, Fermilab and Serpukhov 
provided additional measurements before 

the end of the 1990s. These experiments 
determined interaction cross-sections 
for high-energy neutrinos (5–100 GeV), 
which were in good agreement with the 
model of Deiter Rein and Lalit Sehgal of 
Aachen. Published shortly after the fi rst 
measurements were made, their model is 
still used in some Monte Carlo simulations.

F E R M I L A B

Neutrinos cast light on coherent pion production

WWW.
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Welcome to the digital edition of the November 2014 issue of CERN Courier.

Summer is a time for conferences, and this issue brings reports on a few 

of the season’s many meetings on particle physics in 2014. Some come 

round regularly, such as those in the ICHEP and Beauty series, while others 

are “one-offs”. The meeting on the 50th anniversary of the discovery of 

CP violation brought together some of the leading players in the field, both 

to reminisce and to look to the future. Summer is also a time for “schools” 

on particle physics, with the African School of Fundamental Physics and its 

Applications now becoming well established. This summer also gave students 

who are still at school the opportunity to come to CERN, not for a standard 

visit but to work in a real test beam in the project “Beam line for schools”. 
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TABLE XXV. Summary of uncertainties on the signal strength µ. The table gives the relative uncertainties for inclusive Higgs
production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the
first line gives the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal
yield to the µvbf measurement and vice versa. The “misid. factor” is the systematic uncertainty related to the Wj estimation.
The “Z/�⇤ ! ee, µµ” entry corresponds to uncertainties on the frecoil selection e�ciency for the nj  1 ee/µµ category. The
“muons and electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections, lepton trigger
e�ciencies, and lepton isolation e�ciencies. The “jets” uncertainties includes the jet energy scale, jet energy resolution, and
the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The entries marked with a dash are smaller than 0.01
or do not apply.
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As a result, the 2

F dependence for the ggF process approximately cancels in the H!WW ⇤ decay channel, but the
rate remains sensitive to V . Similarly, the VBF rate scales approximately with 4

V /
2

F and the VBF channel provides
more sensitivity to F than the ggF channel does in this model.

The likelihood scan as a function of V and F is shown in Fig. 41. The relatively low discrimination among high
values of F in the plot is due to the functional behavior of the total ggF yield. The product �

ggf · B is F -independent
in the limit where F � V . The sensitivity at high F values is therefore driven by the value of µvbf, but this process
rapidly vanishes in the limit where F � V due to the increase of the Higgs boson total width and the consequent
reduction of the branching fraction to WW bosons.

The best fit values are:

F = 0.92 +0.31
�0.23

V = 1.04 +0.10
�0.11

(17)

and their correlation is ⇢=0.21. The correlation is derived from the covariance matrix constructed from the second-
order mixed partial derivatives of the likelihood, evaluated at the best-fit values of F and V .
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As a result, the 2

F dependence for the ggF process approximately cancels in the H!WW ⇤ decay channel, but the
rate remains sensitive to V . Similarly, the VBF rate scales approximately with 4
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F and the VBF channel provides
more sensitivity to F than the ggF channel does in this model.

The likelihood scan as a function of V and F is shown in Fig. 41. The relatively low discrimination among high
values of F in the plot is due to the functional behavior of the total ggF yield. The product �

ggf · B is F -independent
in the limit where F � V . The sensitivity at high F values is therefore driven by the value of µvbf, but this process
rapidly vanishes in the limit where F � V due to the increase of the Higgs boson total width and the consequent
reduction of the branching fraction to WW bosons.

The best fit values are:

F = 0.92 +0.31
�0.23

V = 1.04 +0.10
�0.11

(17)

and their correlation is ⇢=0.21. The correlation is derived from the covariance matrix constructed from the second-
order mixed partial derivatives of the likelihood, evaluated at the best-fit values of F and V .
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TABLE XXV. Summary of uncertainties on the signal strength µ. The table gives the relative uncertainties for inclusive Higgs
production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the
first line gives the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal
yield to the µvbf measurement and vice versa. The “misid. factor” is the systematic uncertainty related to the Wj estimation.
The “Z/�⇤ ! ee, µµ” entry corresponds to uncertainties on the frecoil selection e�ciency for the nj  1 ee/µµ category. The
“muons and electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections, lepton trigger
e�ciencies, and lepton isolation e�ciencies. The “jets” uncertainties includes the jet energy scale, jet energy resolution, and
the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The entries marked with a dash are smaller than 0.01
or do not apply.
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Signal ggF normalization 0.06 0.05
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Muons and electrons 0.04 0.04
Missing transv. momentum 0.02 0.02
Jets 0.03 0.02
Others 0.03 0.02

Integrated luminosity 0.03 0.03

Total 0.22 0.20

-30 -15 0 15 30

Observed µggF =1.01

Error Plot of error
+ � (scaled by 100)

0.19 0.19
0.14 0.14
0.12 0.12
0.03 0.03

0.05 0.06

0.17 0.14
0.05 0.03
0.09 0.06
0.06 0.05
- - -
- - -

0.08 0.08
0.04 0.04
0.06 0.06
0.02 0.02

0.08 0.07
0.04 0.04
0.03 0.03
0.05 0.04
0.02 0.01
0.04 0.03
0.03 0.03

0.03 0.02

0.27 0.25

-30 -15 0 15 30

Observed µvbf =1.27

Error Plot of error
+ � (scaled by 100)

0.44 0.40
0.38 0.35
0.21 0.18
0.09 0.08

0.05 0.05

0.22 0.16
0.07 0.04
0.03 0.03
0.07 0.07
0.07 0.04
0.15 0.08
0.07 0.07
0.06 0.06
0.02 0.02
0.03 0.02

0.18 0.14
0.02 0.01
0.01 0.01
0.03 0.02
0.05 0.05
0.14 0.11
0.06 0.06

0.05 0.03

0.53 0.45

-60 -30 0 30 60

As a result, the 2

F dependence for the ggF process approximately cancels in the H!WW ⇤ decay channel, but the
rate remains sensitive to V . Similarly, the VBF rate scales approximately with 4

V /
2

F and the VBF channel provides
more sensitivity to F than the ggF channel does in this model.

The likelihood scan as a function of V and F is shown in Fig. 41. The relatively low discrimination among high
values of F in the plot is due to the functional behavior of the total ggF yield. The product �

ggf · B is F -independent
in the limit where F � V . The sensitivity at high F values is therefore driven by the value of µvbf, but this process
rapidly vanishes in the limit where F � V due to the increase of the Higgs boson total width and the consequent
reduction of the branching fraction to WW bosons.

The best fit values are:

F = 0.92 +0.31
�0.23

V = 1.04 +0.10
�0.11

(17)

and their correlation is ⇢=0.21. The correlation is derived from the covariance matrix constructed from the second-
order mixed partial derivatives of the likelihood, evaluated at the best-fit values of F and V .
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TABLE XXV. Summary of uncertainties on the signal strength µ. The table gives the relative uncertainties for inclusive Higgs
production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the
first line gives the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal
yield to the µvbf measurement and vice versa. The “misid. factor” is the systematic uncertainty related to the Wj estimation.
The “Z/�⇤ ! ee, µµ” entry corresponds to uncertainties on the frecoil selection e�ciency for the nj  1 ee/µµ category. The
“muons and electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections, lepton trigger
e�ciencies, and lepton isolation e�ciencies. The “jets” uncertainties includes the jet energy scale, jet energy resolution, and
the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The entries marked with a dash are smaller than 0.01
or do not apply.
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As a result, the 2

F dependence for the ggF process approximately cancels in the H!WW ⇤ decay channel, but the
rate remains sensitive to V . Similarly, the VBF rate scales approximately with 4

V /
2

F and the VBF channel provides
more sensitivity to F than the ggF channel does in this model.

The likelihood scan as a function of V and F is shown in Fig. 41. The relatively low discrimination among high
values of F in the plot is due to the functional behavior of the total ggF yield. The product �

ggf · B is F -independent
in the limit where F � V . The sensitivity at high F values is therefore driven by the value of µvbf, but this process
rapidly vanishes in the limit where F � V due to the increase of the Higgs boson total width and the consequent
reduction of the branching fraction to WW bosons.

The best fit values are:

F = 0.92 +0.31
�0.23

V = 1.04 +0.10
�0.11

(17)

and their correlation is ⇢=0.21. The correlation is derived from the covariance matrix constructed from the second-
order mixed partial derivatives of the likelihood, evaluated at the best-fit values of F and V .
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TABLE XXV. Summary of uncertainties on the signal strength µ. The table gives the relative uncertainties for inclusive Higgs
production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the
first line gives the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal
yield to the µvbf measurement and vice versa. The “misid. factor” is the systematic uncertainty related to the Wj estimation.
The “Z/�⇤ ! ee, µµ” entry corresponds to uncertainties on the frecoil selection e�ciency for the nj  1 ee/µµ category. The
“muons and electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections, lepton trigger
e�ciencies, and lepton isolation e�ciencies. The “jets” uncertainties includes the jet energy scale, jet energy resolution, and
the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The entries marked with a dash are smaller than 0.01
or do not apply.
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As a result, the 2

F dependence for the ggF process approximately cancels in the H!WW ⇤ decay channel, but the
rate remains sensitive to V . Similarly, the VBF rate scales approximately with 4

V /
2

F and the VBF channel provides
more sensitivity to F than the ggF channel does in this model.

The likelihood scan as a function of V and F is shown in Fig. 41. The relatively low discrimination among high
values of F in the plot is due to the functional behavior of the total ggF yield. The product �

ggf · B is F -independent
in the limit where F � V . The sensitivity at high F values is therefore driven by the value of µvbf, but this process
rapidly vanishes in the limit where F � V due to the increase of the Higgs boson total width and the consequent
reduction of the branching fraction to WW bosons.

The best fit values are:

F = 0.92 +0.31
�0.23

V = 1.04 +0.10
�0.11

(17)

and their correlation is ⇢=0.21. The correlation is derived from the covariance matrix constructed from the second-
order mixed partial derivatives of the likelihood, evaluated at the best-fit values of F and V .
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TABLE XXV. Summary of uncertainties on the signal strength µ. The table gives the relative uncertainties for inclusive Higgs
production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the
first line gives the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal
yield to the µvbf measurement and vice versa. The “misid. factor” is the systematic uncertainty related to the Wj estimation.
The “Z/�⇤ ! ee, µµ” entry corresponds to uncertainties on the frecoil selection e�ciency for the nj  1 ee/µµ category. The
“muons and electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections, lepton trigger
e�ciencies, and lepton isolation e�ciencies. The “jets” uncertainties includes the jet energy scale, jet energy resolution, and
the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The entries marked with a dash are smaller than 0.01
or do not apply.

Observed µ=1.08

Source Error Plot of error
+ � (scaled by 100)

Data statistics 0.16 0.15
Signal regions 0.12 0.12
Profiled control regions 0.10 0.10
Profiled signal regions - - -

MC statistics 0.04 0.04

Theoretical systematics 0.13 0.11
Signal H !WW ⇤ B 0.05 0.04
Signal ggF normalization 0.06 0.05
Signal ggF acceptance 0.05 0.04
Signal VBF normalization 0.01 0.01
Signal VBF acceptance 0.02 0.01
Background WW 0.06 0.06
Background top quark 0.03 0.03
Background misid. factor 0.05 0.05
Others 0.02 0.02

Experimental systematics 0.07 0.06
Background misid. factor 0.03 0.03
Bkg. Z/�⇤ ! ee, µµ 0.02 0.02
Muons and electrons 0.04 0.04
Missing transv. momentum 0.02 0.02
Jets 0.03 0.02
Others 0.03 0.02

Integrated luminosity 0.03 0.03

Total 0.22 0.20

-30 -15 0 15 30

Observed µggF =1.01

Error Plot of error
+ � (scaled by 100)

0.19 0.19
0.14 0.14
0.12 0.12
0.03 0.03

0.05 0.06

0.17 0.14
0.05 0.03
0.09 0.06
0.06 0.05
- - -
- - -

0.08 0.08
0.04 0.04
0.06 0.06
0.02 0.02

0.08 0.07
0.04 0.04
0.03 0.03
0.05 0.04
0.02 0.01
0.04 0.03
0.03 0.03

0.03 0.02

0.27 0.25

-30 -15 0 15 30

Observed µvbf =1.27

Error Plot of error
+ � (scaled by 100)

0.44 0.40
0.38 0.35
0.21 0.18
0.09 0.08

0.05 0.05

0.22 0.16
0.07 0.04
0.03 0.03
0.07 0.07
0.07 0.04
0.15 0.08
0.07 0.07
0.06 0.06
0.02 0.02
0.03 0.02

0.18 0.14
0.02 0.01
0.01 0.01
0.03 0.02
0.05 0.05
0.14 0.11
0.06 0.06

0.05 0.03

0.53 0.45

-60 -30 0 30 60

As a result, the 2

F dependence for the ggF process approximately cancels in the H!WW ⇤ decay channel, but the
rate remains sensitive to V . Similarly, the VBF rate scales approximately with 4

V /
2

F and the VBF channel provides
more sensitivity to F than the ggF channel does in this model.

The likelihood scan as a function of V and F is shown in Fig. 41. The relatively low discrimination among high
values of F in the plot is due to the functional behavior of the total ggF yield. The product �

ggf · B is F -independent
in the limit where F � V . The sensitivity at high F values is therefore driven by the value of µvbf, but this process
rapidly vanishes in the limit where F � V due to the increase of the Higgs boson total width and the consequent
reduction of the branching fraction to WW bosons.

The best fit values are:

F = 0.92 +0.31
�0.23

V = 1.04 +0.10
�0.11

(17)

and their correlation is ⇢=0.21. The correlation is derived from the covariance matrix constructed from the second-
order mixed partial derivatives of the likelihood, evaluated at the best-fit values of F and V .
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TABLE XXV. Summary of uncertainties on the signal strength µ. The table gives the relative uncertainties for inclusive Higgs
production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the
first line gives the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal
yield to the µvbf measurement and vice versa. The “misid. factor” is the systematic uncertainty related to the Wj estimation.
The “Z/�⇤ ! ee, µµ” entry corresponds to uncertainties on the frecoil selection e�ciency for the nj  1 ee/µµ category. The
“muons and electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections, lepton trigger
e�ciencies, and lepton isolation e�ciencies. The “jets” uncertainties includes the jet energy scale, jet energy resolution, and
the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The entries marked with a dash are smaller than 0.01
or do not apply.

Observed µ=1.08

Source Error Plot of error
+ � (scaled by 100)

Data statistics 0.16 0.15
Signal regions 0.12 0.12
Profiled control regions 0.10 0.10
Profiled signal regions - - -

MC statistics 0.04 0.04

Theoretical systematics 0.13 0.11
Signal H !WW ⇤ B 0.05 0.04
Signal ggF normalization 0.06 0.05
Signal ggF acceptance 0.05 0.04
Signal VBF normalization 0.01 0.01
Signal VBF acceptance 0.02 0.01
Background WW 0.06 0.06
Background top quark 0.03 0.03
Background misid. factor 0.05 0.05
Others 0.02 0.02

Experimental systematics 0.07 0.06
Background misid. factor 0.03 0.03
Bkg. Z/�⇤ ! ee, µµ 0.02 0.02
Muons and electrons 0.04 0.04
Missing transv. momentum 0.02 0.02
Jets 0.03 0.02
Others 0.03 0.02

Integrated luminosity 0.03 0.03

Total 0.22 0.20

-30 -15 0 15 30

Observed µggF =1.01

Error Plot of error
+ � (scaled by 100)

0.19 0.19
0.14 0.14
0.12 0.12
0.03 0.03

0.05 0.06

0.17 0.14
0.05 0.03
0.09 0.06
0.06 0.05
- - -
- - -

0.08 0.08
0.04 0.04
0.06 0.06
0.02 0.02

0.08 0.07
0.04 0.04
0.03 0.03
0.05 0.04
0.02 0.01
0.04 0.03
0.03 0.03

0.03 0.02

0.27 0.25

-30 -15 0 15 30

Observed µvbf =1.27

Error Plot of error
+ � (scaled by 100)

0.44 0.40
0.38 0.35
0.21 0.18
0.09 0.08

0.05 0.05

0.22 0.16
0.07 0.04
0.03 0.03
0.07 0.07
0.07 0.04
0.15 0.08
0.07 0.07
0.06 0.06
0.02 0.02
0.03 0.02

0.18 0.14
0.02 0.01
0.01 0.01
0.03 0.02
0.05 0.05
0.14 0.11
0.06 0.06

0.05 0.03

0.53 0.45

-60 -30 0 30 60

As a result, the 2

F dependence for the ggF process approximately cancels in the H!WW ⇤ decay channel, but the
rate remains sensitive to V . Similarly, the VBF rate scales approximately with 4

V /
2

F and the VBF channel provides
more sensitivity to F than the ggF channel does in this model.

The likelihood scan as a function of V and F is shown in Fig. 41. The relatively low discrimination among high
values of F in the plot is due to the functional behavior of the total ggF yield. The product �

ggf · B is F -independent
in the limit where F � V . The sensitivity at high F values is therefore driven by the value of µvbf, but this process
rapidly vanishes in the limit where F � V due to the increase of the Higgs boson total width and the consequent
reduction of the branching fraction to WW bosons.

The best fit values are:

F = 0.92 +0.31
�0.23

V = 1.04 +0.10
�0.11

(17)

and their correlation is ⇢=0.21. The correlation is derived from the covariance matrix constructed from the second-
order mixed partial derivatives of the likelihood, evaluated at the best-fit values of F and V .
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the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The entries marked with a dash are smaller than 0.01
or do not apply.
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