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This note presents a search for new resonances decaying to a Z boson and a photon. The Z
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Fig. 7. Combined search results: (a) The observed (solid) 95% CL limits on the signal
strength as a function of mH and the expectation (dashed) under the background-
only hypothesis. The dark and light shaded bands show the ±1σ and ±2σ uncer-
tainties on the background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson signal hypothe-
sis (µ = 1) at the given mass. (c) The best-fit signal strength µ̂ as a function of mH .
The band indicates the approximate 68% CL interval around the fitted value.

582 GeV. The observed 95% CL exclusion regions are 111–122 GeV
and 131–559 GeV. Three mass regions are excluded at 99% CL,
113–114, 117–121 and 132–527 GeV, while the expected exclu-
sion range at 99% CL is 113–532 GeV.

9.2. Observation of an excess of events

An excess of events is observed near mH =126 GeV in the H →
Z Z (∗) → 4ℓ and H → γ γ channels, both of which provide fully
reconstructed candidates with high resolution in invariant mass, as
shown in Figs. 8(a) and 8(b). These excesses are confirmed by the
highly sensitive but low-resolution H → W W (∗) → ℓνℓν channel,
as shown in Fig. 8(c).

The observed local p0 values from the combination of channels,
using the asymptotic approximation, are shown as a function of
mH in Fig. 7(b) for the full mass range and in Fig. 9 for the low
mass range.

The largest local significance for the combination of the 7 and
8 TeV data is found for a SM Higgs boson mass hypothesis of
mH = 126.5 GeV, where it reaches 6.0σ , with an expected value
in the presence of a SM Higgs boson signal at that mass of 4.9σ
(see also Table 7). For the 2012 data alone, the maximum local sig-
nificance for the H → Z Z (∗) → 4ℓ, H → γ γ and H → W W (∗) →

Fig. 8. The observed local p0 as a function of the hypothesised Higgs boson mass
for the (a) H → Z Z (∗) → 4ℓ, (b) H → γ γ and (c) H → W W (∗) → ℓνℓν channels.
The dashed curves show the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass. Results are shown separately for the

√
s = 7 TeV data

(dark, blue in the web version), the
√

s = 8 TeV data (light, red in the web version),
and their combination (black).

Fig. 9. The observed (solid) local p0 as a function of mH in the low mass range.
The dashed curve shows the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass with its ±1σ band. The horizontal dashed lines indicate
the p-values corresponding to significances of 1 to 6 σ .

eνµν channels combined is 4.9 σ , and occurs at mH = 126.5 GeV
(3.8σ expected).

The significance of the excess is mildly sensitive to uncertain-
ties in the energy resolutions and energy scale systematic uncer-
tainties for photons and electrons; the effect of the muon energy
scale systematic uncertainties is negligible. The presence of these

PLB, 716, 2012
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Fig. 2. The local p-value as a function of mH in the γ γ decay mode for the com-
bined 7 and 8 TeV data sets. The additional lines show the values for the two data
sets taken individually. The dashed line shows the expected local p-value for the
combined data sets, should a SM Higgs boson exist with mass mH.

presence of a significant excess at mH = 125 GeV in both the 7 and
8 TeV data. The features of the observed limit are confirmed by the
independent sideband-background-model and cross-check analy-
ses. The local p-value is shown as a function of mH in Fig. 2 for
the 7 and 8 TeV data, and for their combination. The expected (ob-
served) local p-value for a SM Higgs boson of mass 125 GeV corre-
sponds to 2.8(4.1)σ . In the sideband-background-model and cross-
check analyses, the observed local p-values for mH = 125 GeV cor-
respond to 4.6 and 3.7σ , respectively. The best-fit signal strength
for a SM Higgs boson mass hypothesis of 125 GeV is σ /σSM =
1.6 ± 0.4.

In order to illustrate, in the mγ γ distribution, the significance
given by the statistical methods, it is necessary to take into ac-
count the large differences in the expected signal-to-background
ratios of the event categories shown in Table 2. The events are
weighted according to the category in which they fall. A weight
proportional to S/(S + B) is used, as suggested in Ref. [121], where
S and B are the number of signal and background events, respec-
tively, calculated from the simultaneous signal-plus-background fit
to all categories (with varying overall signal strength) and inte-
grating over a 2σeff wide window, in each category, centred on
125 GeV. Fig. 3 shows the data, the signal model, and the back-
ground model, all weighted. The weights are normalised such that
the integral of the weighted signal model matches the number of
signal events given by the best fit. The unweighted distribution,
using the same binning but in a more restricted mass range, is
shown as an inset. The excess at 125 GeV is evident in both the
weighted and unweighted distributions.

5.2. H → ZZ

In the H → ZZ → 4ℓ decay mode a search is made for a narrow
four-lepton mass peak in the presence of a small continuum back-
ground. Early detailed studies outlined the promise of this mode
over a wide range of Higgs boson masses [122]. Only the search
in the range 110–160 GeV is reported here. Since there are dif-
ferences in the reducible background rates and mass resolutions
between the subchannels 4e, 4µ, and 2e2µ, they are analysed sep-
arately. The background sources include an irreducible four-lepton
contribution from direct ZZ production via qq and gluon–gluon
processes. Reducible contributions arise from Z+bb and tt̄ produc-
tion where the final states contain two isolated leptons and two
b-quark jets producing secondary leptons. Additional background

Fig. 3. The diphoton invariant mass distribution with each event weighted by the
S/(S + B) value of its category. The lines represent the fitted background and signal,
and the coloured bands represent the ±1 and ±2 standard deviation uncertainties
in the background estimate. The inset shows the central part of the unweighted
invariant mass distribution. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this Letter.)

arises from Z + jets and WZ + jets events where jets are misidenti-
fied as leptons. Compared to the analysis reported in Ref. [25], the
present analysis employs improved muon reconstruction, improved
lepton identification and isolation, and a kinematic discriminant
exploiting the decay kinematics expected for the signal events. An
algorithm to recover final-state radiation (FSR) photons has also
been deployed.

Electrons are required to have pT > 7 GeV and |η| < 2.5.
The corresponding requirements for muons are pT > 5 GeV and
|η| < 2.4. Electrons are selected using a multivariate identifier
trained using a sample of W + jets events, and the working point
is optimized using Z + jets events. Both muons and electrons are
required to be isolated. The combined reconstruction and selection
efficiency is measured using electrons and muons in Z boson de-
cays. Muon reconstruction and identification efficiency for muons
with pT < 15 GeV is measured using J/ψ decays.

The electron or muon pairs from Z boson decays are required to
originate from the same primary vertex. This is ensured by requir-
ing that the significance of the impact parameter with respect to
the event vertex satisfy |S IP| < 4 for each lepton, where S IP = I/σI ,
I is the three-dimensional lepton impact parameter at the point of
closest approach to the vertex, and σI its uncertainty.

Final-state radiation from the leptons is recovered and included
in the computation of the lepton-pair invariant mass. The FSR re-
covery is tuned using simulated samples of ZZ → 4ℓ and tested
on data samples of Z boson decays to electrons and muons. Pho-
tons reconstructed within |η| < 2.4 are considered as possibly due
to FSR. The photons must satisfy the following requirements. They
must be within &R < 0.07 of a muon and have pγ

T > 2 GeV (most
photon showers within this distance of an electron having already
been automatically clustered with the electron shower); or if their
distance from a lepton is in the range 0.07 < &R < 0.5, they must
satisfy pγ

T > 4 GeV, and be isolated within &R = 0.3. Such photon
candidates are combined with the lepton if the resulting three-
body invariant mass is less than 100 GeV and closer to the Z boson
mass than the mass before the addition of the photon.

The event selection requires two pairs of same-flavour, oppo-
sitely charged leptons. The pair with invariant mass closest to the
Z boson mass is required to have a mass in the range 40–120 GeV

PLB, 716, 2012

 A new era: the transition from discovery to property measurement.

5.9σ @ATLAS, 5σ @CMS
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Major Higgs production modes Higgs decays

ATLAS (Run1) Exp. yield Resolution S/B

H→γγ ~450 σ(mH)~1-2% ~3%

H→ZZ*(4l) ~20 σ(mH)~1-2% ~1.6
H→WW*(2l2ν) ~500 σ(mT)~20% ~15%

H→ττ ~300 σ(mH)~10-20% ~1-30%

H→bb ~400 σ(mH)~10-20% ~1-10%
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bosonic decays 

➡Channels  with excellent 
mass resolution/signal-to-
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Figure 8: Best fit values of the �(gg ! H ! ZZ) cross section and of ratios of cross sections and branching
fractions, as obtained from the generic parameterisation with nine parameters and tabulated in Table 9 for the
combination of the ATLAS and CMS measurements. Also shown are the results from each experiment. The values
involving cross sections are given for

p
s = 8 TeV, assuming the SM values for �i(7 TeV)/�i(8 TeV). The error

bars indicate the 1� (thick lines) and 2� (thin lines) intervals. The fit results are normalised to the SM predictions
for the various parameters and the shaded bands indicate the theoretical uncertainties in these predictions.
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First ATLAS and CMS Combination:  mH=125.09±0.21(stat.)± 0.11(sys.)GeV
5

 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Figure 2: Summary of Higgs boson mass measurements from the individual analyses of AT-
LAS 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.

for the prefit case and

dmHpostfit = ±0.22 GeV = ±0.19 (stat.) ± 0.10(syst.) GeV (7)

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 ! 4` measured
signal strength and the increase of the H ! 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 = 1 expected in the SM.

Since the discovery, both experiments have improved their understanding of the electron, pho-
ton, and muon measurements [16, 30–34], leading to a significant reduction of the systematic
uncertainties in the mass measurement. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the individual measurements and their com-
bination. The combined 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 ! gg channel, including a number of discrete parameters that al-
low the functional form in each of the CMS H ! gg 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 ! gg channel and for the electrons and
muons in the H ! ZZ ! 4` channel [14–16]. These uncertainties are assumed to be uncor-
related 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 negli-
gible effects due to the use of the common Z boson mass [36] to specify the absolute energy and

1.3σ

2.1σ

1.6σ
2.0σ

arXiv: 1606.02266

Further combined measurement of Higgs production/decay rates and coupling 
with mH=125.09GeV with 6 channels: the global signal strength is 1.09±0.11. 
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The Higgs Boson width
▣ ATLAS and CMS are insensitive to the direct Higgs width measurement 

(ΓSM~4.2MeV which is too small for the detector resolution)

6

PRD 90, 052004 (2014)

EPJC 75 (2015) 212

Γ: obs.(exp.)@ 95% CL H→γγ H→ZZ
ATLAS 5.0 (6.2) GeV 2.6 (6.2) GeV

CMS 2.4 (3.1) GeV 3.4 (2.8) GeV

3-order of magnitude larger than SM width

Figure 4 shows the result of the simultaneous fit to the
data over all categories. For illustration, all categories are
summed together, with a weight given by the signal-to-
background (s=b) ratio in each category.

F. Systematic uncertainties

The dominant systematic uncertainties on the mass
measurement arise from uncertainties on the photon energy
scale. These uncertainties, discussed in Sec. II, are propa-
gated to the diphoton mass measurement in each of the ten
categories, by modifying the peak of the Crystal Ball
function and the average of the Gaussian function describ-
ing the signal mass spectrum. The total uncertainty on the
mass measurement from the photon energy scale uncer-
tainties ranges from 0.17% to 0.57% depending on the
category. The category with the lowest systematic uncer-
tainty is the low pTt central converted category, for which
the energy scale extrapolation from Z → eþe− events is the
smallest.
Systematic uncertainties related to the reconstruction

of the diphoton primary vertex are investigated using
Z → eþe− events reweighted to match the transverse

momentum distribution of the Higgs boson and the η
distribution of the decay products. The primary vertex is

reconstructed using the same technique as for diphoton
events, ignoring the tracks associated with the electrons,
and treating them as unconverted photons. When this
procedure is applied to simulated samples, the efficiency
to reconstruct the primary vertex is the same in Z → eþe−

events and H → γγ events [17]. The dielectron invariant
mass is then computed in the same way as the diphoton
invariant mass. Comparing the results of this procedure in
data and simulation leads to an uncertainty of 0.03% on the
position of the peak of the reconstructed invariant mass.
Systematic uncertainties related to the modeling of

the background are estimated by performing signal-plus-
background fits to samples containing large numbers of
simulated background events plus the expected signal at
various assumed Higgs boson masses. The signal is
injected using the same functional form used in the fit,
so the fitted Higgs boson mass is sensitive only to the
accuracy of the background modeling. The maximum
difference between the fitted Higgs boson mass and the
input mass over the tested mass range is assigned as a
systematic uncertainty on the mass measurement. This
uncertainty varies from 0.05% to 0.20% depending on the
category. The uncertainties in the different categories are
taken as uncorrelated. As a cross-check, to investigate the
impact of a background shape in data different than in the
large statistics simulated background sample, signal-plus-
background pseudo-experiments are generated using a
functional form for the background with one more degree
of freedom than the nominal background model used in
the fit: for the four high pTt categories, a second-order
Bernstein polynomial or the exponential of a second-order
polynomial is used; for the six other categories, a third-
order Bernstein polynomial is used. The parameters of the
functional form used to generate these pseudo-experiments
are determined from the data. These pseudo-experiments
are then fitted using the nominal background model. This
procedure leads to an uncertainty on the mass measurement
between 0.01% and 0.05% depending on the category, and
smaller than the uncertainties derived from the baseline
method using the large sample of simulated background
events.
Systematic uncertainties on the diphoton mass reso-

lution due to uncertainties on the energy resolution vary
between 9% and 16% depending on the category and
have a negligible impact on the mass measurement.
Systematic uncertainties affecting the relative signal

yield in each category arise from uncertainties on the
photon conversion rate, uncertainties in the proper classi-
fication of converted and unconverted photon candidates
and uncertainties in the modeling of the transverse momen-
tum of the Higgs boson. These migration systematic
uncertainties vary between 3% for the low pTt categories,
dominated by uncertainties on the efficiency for recon-
structing photon conversions, and 24% for the gluon fusion
production process in the high pTt categories, dominated by
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difference between the summed weights and the background
component of the fit.
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Figure 4 shows the result of the simultaneous fit to the
data over all categories. For illustration, all categories are
summed together, with a weight given by the signal-to-
background (s=b) ratio in each category.

F. Systematic uncertainties

The dominant systematic uncertainties on the mass
measurement arise from uncertainties on the photon energy
scale. These uncertainties, discussed in Sec. II, are propa-
gated to the diphoton mass measurement in each of the ten
categories, by modifying the peak of the Crystal Ball
function and the average of the Gaussian function describ-
ing the signal mass spectrum. The total uncertainty on the
mass measurement from the photon energy scale uncer-
tainties ranges from 0.17% to 0.57% depending on the
category. The category with the lowest systematic uncer-
tainty is the low pTt central converted category, for which
the energy scale extrapolation from Z → eþe− events is the
smallest.
Systematic uncertainties related to the reconstruction

of the diphoton primary vertex are investigated using
Z → eþe− events reweighted to match the transverse

momentum distribution of the Higgs boson and the η
distribution of the decay products. The primary vertex is

reconstructed using the same technique as for diphoton
events, ignoring the tracks associated with the electrons,
and treating them as unconverted photons. When this
procedure is applied to simulated samples, the efficiency
to reconstruct the primary vertex is the same in Z → eþe−

events and H → γγ events [17]. The dielectron invariant
mass is then computed in the same way as the diphoton
invariant mass. Comparing the results of this procedure in
data and simulation leads to an uncertainty of 0.03% on the
position of the peak of the reconstructed invariant mass.
Systematic uncertainties related to the modeling of

the background are estimated by performing signal-plus-
background fits to samples containing large numbers of
simulated background events plus the expected signal at
various assumed Higgs boson masses. The signal is
injected using the same functional form used in the fit,
so the fitted Higgs boson mass is sensitive only to the
accuracy of the background modeling. The maximum
difference between the fitted Higgs boson mass and the
input mass over the tested mass range is assigned as a
systematic uncertainty on the mass measurement. This
uncertainty varies from 0.05% to 0.20% depending on the
category. The uncertainties in the different categories are
taken as uncorrelated. As a cross-check, to investigate the
impact of a background shape in data different than in the
large statistics simulated background sample, signal-plus-
background pseudo-experiments are generated using a
functional form for the background with one more degree
of freedom than the nominal background model used in
the fit: for the four high pTt categories, a second-order
Bernstein polynomial or the exponential of a second-order
polynomial is used; for the six other categories, a third-
order Bernstein polynomial is used. The parameters of the
functional form used to generate these pseudo-experiments
are determined from the data. These pseudo-experiments
are then fitted using the nominal background model. This
procedure leads to an uncertainty on the mass measurement
between 0.01% and 0.05% depending on the category, and
smaller than the uncertainties derived from the baseline
method using the large sample of simulated background
events.
Systematic uncertainties on the diphoton mass reso-

lution due to uncertainties on the energy resolution vary
between 9% and 16% depending on the category and
have a negligible impact on the mass measurement.
Systematic uncertainties affecting the relative signal

yield in each category arise from uncertainties on the
photon conversion rate, uncertainties in the proper classi-
fication of converted and unconverted photon candidates
and uncertainties in the modeling of the transverse momen-
tum of the Higgs boson. These migration systematic
uncertainties vary between 3% for the low pTt categories,
dominated by uncertainties on the efficiency for recon-
structing photon conversions, and 24% for the gluon fusion
production process in the high pTt categories, dominated by
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component of the fit.
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invariant masses of the Z1 and Z2 in a m4l range between
121.5 and 130.5 GeV.
The distributions of the Dkin

bkg versus m4l are shown for
the selected events and compared to the SM background
expectation in Fig. 12. The distribution of events in the
ðm4l;Dkin

bkgÞ plane agrees well with the SM background
expectation in the high-mass range [Fig. 12 (bottom)],

while discrepancies in the two-dimensional plane are
observed in the low-mass range 110 < m4l < 180 GeV
[Fig. 12 (top)], indicative of the presence of a signal.
Figure 13 (top) shows the same data points as in Fig. 12
(top), but compared with the expected distribution from
SM backgrounds plus the contribution of a Higgs boson
with mH ¼ 126 GeV. A signal-like clustering of events is
apparent at high values of Dkin

bkg and for m4l ≈ 126 GeV.
Figure 13 (bottom) shows the distribution of the kinematic
discriminant Dkin

bkg in the mass region 121.5 < m4l <
130.5 GeV.
The distribution of the transverse momentum of the 4l

system in the 0/1-jet category and its joint distribution with
m4l are shown in Fig. 14. The pT spectrum shows good
agreement with a SM Higgs boson hypothesis with
mH ¼ 126 GeV in the 0/1-jet category with few events
having pT > 60 GeV, where VBF and VH production
are relatively more relevant. In order to compare the pT
spectrum in data with the SM Higgs boson distribution
more quantitatively, a background subtraction using the
sPlot weighting technique [135] is performed. The event
weights, related to the probability for each event to be
signal-like or background-like, are computed according to
the one-dimensional likelihood based on the m4l distribu-
tion, which shows a small correlation with the four-lepton
p4l
T . The weighted distribution has the property that it

corresponds to the signal-only distribution and is normal-
ized to the fitted signal yield. The background-subtracted
weighted p4l

T distribution is shown in Fig. 15.
The distribution of the production mechanism discrimi-

nant in the dijet category and its joint distribution with m4l
are shown in Fig. 16. Good agreement is found with the
expectation from simulation, which predicts a negligible
background and a fraction of 42% of the signal events
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Fig. 2 a Differential cross-sections as a function of the four-
lepton invariant mass m4ℓ in the range of 100 GeV < m4ℓ <
1000 GeV for the gg → (H∗ →)Z Z → 2e2µ channel at
the parton level, for the gg → H∗ → Z Z signal (solid line),
gg → Z Z continuum background (dots), gg → (H∗ →)Z Z
with SM Higgs boson couplings (long-dashed line, including sig-

nal plus background plus interference) and gg → (H∗ →)Z Z
with µoff-shell = 10 (dashed line). b Differential cross-section as a
function of m4ℓ in the range of 130 GeV < m4ℓ < 1000 GeV for the
SM gg → H∗ → Z Z → 2e2µ signal (solid line) and its interference
with the gg → Z Z → 2e2µ continuum background (dashed line)

125.36 GeV [11], is assumed for the off-shell signal pro-
cesses. This small difference has a negligible impact on the
predicted off-shell production yields.

Figure 2 illustrates the size and kinematic properties
of the gluon-induced signal and background processes by
showing the four-lepton invariant mass (m4ℓ) distribution
for the gg → (H∗ →)Z Z → 2e2µ processes after
applying the event selections in the Z Z → 4ℓ chan-
nel (see Sect. 3) on generator-level quantities. The pro-
cess gg → (H∗ →)Z Z → 2e2µ is shown for the SM
µoff-shell = 1 case and for an increased off-shell signal
with µoff-shell = 10. For low masses mZZ < 2mZ the off-
shell signal is negligible, while it becomes comparable to
the continuum gg → Z Z background for masses above
the 2mt threshold. The interference between the gg →
H∗ → Z Z signal and the gg → Z Z background is neg-
ative over the whole mass range. A very similar relation
between the gg → H∗ → VV signal and the gg →
VV background is also seen for the gg → (H∗ →)Z Z
→ 2ℓ2ν and gg → (H∗ →)WW → eν µν processes.

The detector simulation for most generated Monte Carlo
(MC) event samples is performed using Geant4 [26,27].
Some background MC samples in the WW → eν µν analy-
sis for processes with large cross-sections are simulated with
the fast detector simulation package Atlfast-II [27].

2.1 Simulation of gg → (H∗ →)VV

To generate the gg → H∗ → VV and gg → VV processes,
including the interference, the LO MC generators gg2VV [7,
28] and MCFM [9,10] together with PYTHIA8 [29] and
SHERPA+OpenLoops [30–33] are used. The QCD renor-

malisation and factorisation scales are set to mVV /2 [9]. The
CT10 next-to-next-to-leading-order (NNLO) PDF set [34] is
used, as the LO gg → VV process is part of the NNLO cal-
culation for pp → VV . The default parton showering and
hadronisation option for the events processed with the full
detector simulation is PYTHIA8 with the “power shower”
parton shower option [29].

For the gg → H∗ → VV signal, a NNLO/LO K-factor2

including the next-to-leading-order (NLO) electroweak cor-
rections, KH∗

(mVV ) = σNNLO
gg→H∗→VV /σ

LO
gg→H∗→VV , is

applied. The K-factor and associated uncertainties are cal-
culated in Ref. [25] as a function of the Higgs boson virtual-
ity mVV for mH ∼125.5 GeV, using the MSTW2008 PDF
set [35]. Additional corrections are used to re-weight the pre-
dictions to the CT10 NNLO PDF set used in the simulation.

For the gg → VV background and the interference with
the gg → H∗ → VV signal, no higher-order QCD calcula-
tions are available. However, these corrections are studied for
the WW final state in Ref. [36] in the soft-collinear approx-
imation, which is considered suitable for high-mass Higgs
boson production. In this approximation, the signal K-factor
is found to provide a reliable estimate for the higher-order
QCD corrections to the signal-background interference term.

The K-factor for the gg → VV background process,
K(gg → VV ), remains unknown. Therefore, the results
in this note are given as a function of the unknown K-
factor ratio between the gg → VV background and the
gg → H∗ → VV signal, defined as

2 The shorter gg → X notation is used also in the context of higher-
order QCD calculations where qg and qq initial states contribute to the
full pp → X process.
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Indirect Higgs Boson width constraint

▣ Indirect Higgs width constraint with the combination between on-shell and 
off-shell analysis under the following assumptions: 
▪ µon-shell = µoff-shell 

▪ No BSM particle or interactions affect the Higgs coupling and SM background 
expectation

7

ΓH =obs.(exp.) 95%CL CMS ATLAS
H→ZZ→4l

13(26)MeV 22.7(33.0)MeVH→ZZ*→2l2ν
H→WW*→lνlν
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1. Introduction25

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC,26

reported by the ATLAS [1] and CMS [2] Collaborations, is a milestone in the quest to understand elec-27

troweak symmetry breaking. Precision measurements of the properties of the new boson are of critical28

importance. Among its key properties are the couplings to each of the SM fermions and bosons, for which29

ATLAS and CMS presented results in Refs. [3, 4], and spin/CP properties, studied by ATLAS and CMS30

in Refs. [5, 6].31

The studies in Refs. [7–10] have shown that the high-mass o↵-peak regions beyond 2mV (V = Z,W), well32

above the measured resonance mass of about 125 GeV [4,11], in the H ! ZZ and H ! WW channels are33

sensitive to Higgs boson production through o↵-shell and background interference e↵ects. This presents34

a novel way of characterising the properties of the Higgs boson in terms of the o↵-shell event yields,35

normalised to the SM prediction (referred to as signal strength µ), and the associated o↵-shell Higgs36

boson couplings. Such studies provide sensitivity to new physics that alters the interactions between the37

Higgs boson and other fundamental particles in the high-mass region [12–18]. This approach was used38

by the CMS Collaboration [19] to set an indirect limit on the total width. The analysis presented in this39

paper is complementary to direct searches for Higgs boson to invisible decays [20, 21] and to constraints40

coming from the Higgs boson coupling tests [3, 4].41

This paper presents an analysis of the o↵-shell signal strength in the ZZ ! 4`, ZZ ! 2`2⌫ and WW !42

e⌫ µ⌫ final states (` = e, µ). It is structured as follows: Sect. 2 discusses the key theoretical considerations43

and the simulation of the main signal and background processes. Sections 3, 4 and 5 give details for44

the analysis in the ZZ ! 4`, ZZ ! 2`2⌫ and WW ! e⌫ µ⌫ final states, respectively. The dominant45

systematic uncertainties are discussed in Sect. 6. Finally the results of the individual analyses and their46

combination are presented in Sect. 7.47

The ATLAS detector is described in Ref. [22]. The present analysis is performed on pp collision data48

corresponding to an integrated luminosity of 20.3 fb-1 at a collision energy of
p

s = 8 TeV.49

2. Theoretical predictions and simulated samples50

The cross-section�gg!H⇤!VV
o↵-shell for the o↵-shell Higgs boson production with subsequent decay into vector-51

boson pairs,1 as illustrated by the Feynman diagram in Fig. 1(a), is proportional to the product of the Higgs52

boson couplings squared for production and decay. However, unlike the on-shell Higgs boson production,53

�gg!H⇤!VV
o↵-shell is independent of the total Higgs boson decay width �H [7,8]. Using the framework for Higgs54

boson coupling deviations as described in Ref. [23], the o↵-shell signal strength in the high-mass region55

selected by the analysis described in this paper at an energy scale ŝ, µo↵-shell(ŝ), can be expressed as:56

µo↵-shell(ŝ) ⌘ �
gg!H⇤!VV
o↵-shell (ŝ)

�gg!H⇤!VV
o↵-shell, SM (ŝ)

= 2g,o↵-shell(ŝ) · 2V,o↵-shell(ŝ) , (1)

1 In the following the notation gg ! (H⇤ !)VV is used for the full signal+background process for VV = ZZ and WW
production, including the Higgs boson signal (S) gg ! H⇤ ! VV process, the continuum background (B) gg ! VV process
and their interference. For vector-boson fusion (VBF) production, the analogous notation VBF (H⇤ !)VV is used for the
full signal plus background process, with VBF H⇤ ! VV representing the Higgs boson signal and VBF VV denoting the
background.
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where g,o↵-shell(ŝ) and V,o↵-shell(ŝ) are the o↵-shell coupling scale factors associated with the gg ! H⇤57

production and the H⇤ ! VV decay. Due to the statistically limited sensitivity of the current analysis,58

the o↵-shell signal strength and coupling scale factors are assumed in the following to be independent59

of ŝ in the high-mass region selected by the analysis. The o↵-shell Higgs boson signal cannot be treated60

independently from the gg ! VV background, as sizeable negative interference e↵ects appear [7]. The61

interference term is proportional to pµo↵-shell = g,o↵-shell · V,o↵-shell.62

g

g

H⇤

V

V

t, b

(a)

V

V

g

g

q

(b)

q̄

q V

V

(c)

Figure 1: The leading-order Feynman diagrams for (a) the gg ! H⇤ ! VV signal, (b) the continuum gg ! VV
background and (c) the qq̄! VV background.

In contrast, the cross-section for on-shell Higgs production allows a measurement of the signal strength:63

64

µon-shell ⌘
�gg!H!VV

on-shell

�gg!H!VV
on-shell, SM

=
2g,on-shell · 2V,on-shell

�H/�SM
H

, (2)

which depends on the total width �H . Assuming the same on-shell and o↵-shell Higgs couplings, the ratio65

of µo↵-shell to µon-shell provides a measurement of the total width of the Higgs boson. This assumption is66

particularly relevant to the running of the e↵ective coupling g(ŝ) for the loop-induced gg! H production67

process, as it is sensitive to new physics that enters at higher mass scales and could be probed in the high-68

mass mVV signal region of this analysis. More details are given in Refs. [12–16]. With the current69

sensitivity of the analysis, only an upper limit on the total width �H can be determined, for which the70

weaker assumption71

2g,on-shell · 2V,on-shell  2g,o↵-shell · 2V,o↵-shell , (3)

that the on-shell couplings are no larger than the o↵-shell couplings, is su�cient. It is also assumed72

that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell couplings73

i,o↵-shell does not modify the predictions for the backgrounds. Nor are there either sizeable kinematic74

modifications to the o↵-shell signal or new, sizeable signals in the search region of this analysis unrelated75

to an enhanced o↵-shell signal strength [18, 24].76

While higher-order QCD and EW corrections are known for the o↵-shell signal process [25], no higher-77

order QCD calculations are available for the gg! VV background process, which is evaluated at leading78

order (LO). Therefore the results are given as a function of the unknown K-factor for the gg ! VV79

background. QCD corrections for the o↵-shell signal processes have only been calculated inclusively in80

the jet multiplicity. The experimental analyses are therefore performed inclusively in jet observables and81

the event selections are designed to minimise the dependence on the boost of the VV system, which is82

sensitive to the jet multiplicity.83

The dominant processes contributing to the high-mass signal region in the ZZ ! 4`, ZZ ! 2`2⌫ and84

WW ! e⌫ µ⌫ final states are: the gg! H⇤ ! VV o↵-shell signal, the gg! VV continuum background,85

19th February 2015 – 11:35 3

µoffshell = µonshell × ΓH /ΓH (SM )

arxiv:1605.02329,  EPJC 75,335 (2015)

RH*
b = Kgg→VV

Kgg→H *→VV
= 1

▣ At the LHC, it is impossible to extract the coupling and Higgs width 
separately from on-shell cross section measurement. 
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Figure 7: Examples of distributions of the test statistic q̃ defined in Section 5.1, for the combination of decay
channels. (a): 0+ versus 0−; (b): 0+ versus 0+h ; (c): 0

+ versus the spin-2 model with universal couplings (κq = κg);
(d): 0+ versus the spin-2 model with κq = 2κg and the pT selection at 125 GeV. The observed values are indicated
by the vertical solid line and the expected medians by the dashed lines. The shaded areas correspond to the integrals
of the expected distributions used to compute the p-values for the rejection of each hypothesis.
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The Spin-Parity of the Higgs Boson

8

Clear SM prediction for Higgs Boson quantum Numbers: Jpc = 0++

•All alternative hypotheses excluded to more than 99.9% CL.

•The observations are consistent with the expectations for a 

scalar SM-like Higgs boson

EPJC(2015) 75:476 PRD 92 (2015) 012004

unconstrained, that is, to have any value between −π and
þπ with a generally complex coupling. Such a fit is
performed for fΛ1 and fa2 using the same configuration,
but with additional ϕΛ1 and ϕa2 parameters in Eq. (21). The
results with ϕai unconstrained (any) are shown in Table XV
as well. The fa3 measurement with ϕa3 unconstrained is
performed with a different technique and is presented in
Ref. [12], where the DCP observable is removed from the
fit and the result becomes insensitive to the phase of the
amplitude. This technique is adopted due to its simpler
implementation and equivalent performance.
The next step in generalizing the constraints is to

consider two anomalous contributions at the same time,
both with and without the constraints that the couplings
are real. Therefore, up to four parameters are considered
at the same time: fai, ϕai, faj, and ϕaj. Constraints on
one parameter, when other parameters are left uncon-
strained in the full allowed parameter space, with
0 ≤ fai ≤ 1, are presented in Table XV. Even though
the expansion with only three anomalous contributions in

Eq. (1) becomes incomplete when large values of fai ∼ 1
are considered, this is still a valuable test of the
consistency of the data with the SM. All of the above
results, with phases fixed or unconstrained and with other
anomalous couplings unconstrained, are shown in Fig. 21
(right). Some observed fai constraints appear to be
tighter when compared to the one-parameter fits shown
in Fig. 21 (left). This happens because the values of other
profiled parameters are away from the SM expectation at
the minimum of −2 lnL, though still consistent with the
SM. The expected constraints are always weaker with
additional free parameters.
The above one-parameter measurements, with other

couplings also considered to be unconstrained, are
obtained from the fit configurations used for the two-
parameter measurements shown in Fig. 22. Both options
are considered, either with or without the assumption
that the couplings are real. To keep the number of
observables to the maximum of three, in the template
approach, the following discriminants are used to set the
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FIG. 18 (color online). Distributions of the test statistic q ¼ −2 lnðLJP=L0þÞ for the spin-one and spin-two JP models tested against the
SM Higgs boson hypothesis in the combined X → ZZ andWW analyses. The expected median and the 68.3%, 95.4%, and 99.7% C.L.
regions for the SM Higgs boson (orange, the left for each model) and for the alternative JP hypotheses (blue, right) are shown. The
observed q values are indicated by the black dots.

TABLE XII. Results of the study of the 2þm model for the combination of the X → ZZ, WW, and γγ decay channels. The expected
separation is quoted for the three channels separately and for the combination with the signal strength for each hypothesis determined
from the fit to data independently in each channel. Also shown in parentheses is the expectation with the SM signal cross section
(μ ¼ 1). The observed separation shows the consistency of the observation with the SM 0þ model or JP model and corresponds to the
scenario where the signal strength is floating in the fit to data.

JP JP Expected Expected Expected Expected
Model Production X → ZZ X → WW X → γγ (μ ¼ 1) Observed 0þ Observed JP CLs

2þm gg 1.9σ 1.8σ 1.6σ 3.0σ ð3.7σÞ −0.2σ þ3.3σ 0.13%
2þm qq̄ 1.7σ 2.7σ 1.2σ 3.3σ ð4.4σÞ −0.9σ þ4.7σ 0.001%

V. KHACHATRYAN et al. PHYSICAL REVIEW D 92, 012004 (2015)
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CP Mixing
▣ Spin0 effective model:

9

The third case would imply CP-violation in the Higgs sector. In the case of CP mixing, the Higgs boson
would be a mass eigenstate, but not a CP eigenstate. In all cases, only one resonance with a mass of
about 125 GeV is considered. It is also assumed that the total width of the resonance is small compared
to the typical experimental resolution of the ATLAS detector (of the order of 1–2 GeV in the four-lepton
and γγ final states, as documented in Ref. [12]). Interference effects between the BSM signals and SM
backgrounds are neglected.

The EFT approach, used by the Higgs boson characterisation model, is only valid up to a certain energy
scale, Λ. The models described in Ref. [7] assume that the resonance structure corresponds to one new
boson (X(JP) with JP = 0± or 2+), assuming that any other BSM particle only exists at an energy scale
larger than Λ. The Λ scale is set to 1 TeV to account for the experimental results obtained at the LHC and
previous collider experiments, which do not show any evidence of new physics at lower energy scales.

The case where the observed resonance has JP = 1± is not studied in this paper. The H → γγ decay is
forbidden by the Landau–Yang theorem [13, 14] for a spin-1 particle. Moreover, the spin-1 hypothesis
was already studied in the previous ATLAS publication [4] in the H → ZZ∗ → 4ℓ and H → WW∗ → eνµν
decays and excluded at a more than 99% confidence level.

3.1 The spin-0 hypothesis

In the spin-0 hypothesis, models with fixed spin and parity, and models with mixed SM spin-0 and BSM
spin-0 CP-even and CP-odd contributions are considered. In Ref. [7], the spin-0 particle interaction with
pairs of W or Z bosons is given through the following interaction Lagrangian:

LV0 =
{

cos(α)κSM
[

1
2gHZZZµZ

µ + gHWWW+µW−µ
]

− 14
1
Λ

[

cos(α)κHZZZµνZµν + sin(α)κAZZZµνZ̃µν
]

(1)

− 12
1
Λ

[

cos(α)κHWWW+µνW−µν + sin(α)κAWWW+µνW̃−µν
]}

X0.

Here Vµ represents the vector-boson field (V = Z,W±), the Vµν are the reduced field tensors and the
dual tensor is defined as Ṽµν = 1

2ε
µνρσVρσ. The symbol Λ denotes the EFT energy scale. The symbols

κSM, κHVV and κAVV denote the coupling constants corresponding to the interaction of the SM, BSM
CP-even or BSM CP-odd spin-0 particle, represented by the X0 field, with ZZ or WW pairs. To ensure
that the Lagrangian terms are Hermitian, these couplings are assumed to be real. The mixing angle α
allows for production of CP-mixed states and implies CP-violation for α ! 0 and α ! π, provided the
corresponding coupling constants are non-vanishing. The SM couplings, gHVV , are proportional to the
square of the vector boson masses: gHVV ∝ m2V . Other higher-order operators described in Ref. [7],
namely the derivative operators, are not included in Eq. (1) and have been neglected in this analysis since
they induce modifications of the discriminant variables well below the sensitivity achievable with the
available data sample.

As already mentioned, for the spin-0 studies the SM Higgs boson hypothesis is compared to two altern-
atives: the CP-odd JP = 0− and the BSM CP-even JP = 0+h hypotheses. All three models are obtained
by selecting the corresponding parts of the Lagrangian described in Eq. (1) while setting all other con-
tributions to zero. The values of the couplings corresponding to the different spin-0 models are listed in
Table 1.

The investigation of the tensor structure of the HVV interaction is based on the assumption that the ob-
served particle has spin zero. Following the parameterisation defined in Eq. (1), scenarios are considered
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Figure 11: Expected and observed distributions of the test statistic for H → WW∗ → eνµν and H → ZZ∗ → 4ℓ
analyses and their combinations. The distributions are shown as a function of the BSM coupling ratios κ̃HVV/κSM
and (κ̃AVV/κSM) · tanα. The 68% and 95% CL exclusion regions are indicated as lying above the corresponding
horizontal lines. (a) and (b): individual H → WW∗ → eνµν , H → ZZ∗ → 4ℓ and combined observed distributions.
(c) and (d): expected and observed combined distributions. The expected distributions are presented for the SM
signal strength µ = 1 and for the signal strengths obtained from the fit to data.
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FIG. 25 (color online). Expected (dashed line) and observed (solid line) likelihood scans for effective fractions fΛ1
(top), fa2 (middle), fa3 (bottom). The couplings studied are constrained to be real and all other anomalous couplings
are fixed to the SM predictions. The cosϕai term allows a signed quantity where cosϕai ¼ −1 or þ1. Plots on the left
show the results of the H → WW → lνlν analysis expressed in terms of the HWW couplings. Plots on the right show the
combined H → WW and H → ZZ result in terms of the HZZ couplings for Rai ¼ 0.5. Measurements are shown for each
channel separately, and two types of combinations are present: using aWW

1 ¼ a1 (red line) and without such a constraint
(magenta line).
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Fiducial/Differential Cross section measurement

▣ Measurement designed as model independent as possible. 
▣ Direct comparison with theoretical predictions at particle level. 
▣ A wide and diverse range of physical phenomena to be probed: 

✦ Higgs boson kinematics, Jet activity, VBF-sensitive variables, Spin-CP sensitive 
variables


▣ Methodology: 
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D. Particle level isolation and the fiducial volume974

The fiducial volume is the phase space defined at particle level. This is the phase space of the measured975

cross section since the measured signal yield is corrected for detector e�ects as described in Section 7. It976

can be said that the particle level cuts define what is being corrected to.977

Some care must be taken when defining the fiducial volume in order to satisfy certain objectives. Important978

considerations are:979

1. Similarity to detector level. As explained in Section 1, a key motivation for fiducial cross section980

measurements is to avoid extrapolating through phase space, which would assume knowledge of the981

production rate in unsampled regions of phase space and so introduce model dependence. This is982

achieved by making the detector and particle level cuts as similar as possible whilst still fulfilling983

the other considerations.984

2. Simplicity. A simple fiducial volume is easier to interpret, calculate and combine with other decay985

channels.986

3. Ability to compare to theory. Some common detector level objects or quantities are di�cult to987

include in theory calculations and so introduce uncertainties into these calculations. Since the aim988

of fiducial cross section measurements is to be comparable to many theory predictions, such objects989

should be avoided where possible.990

4. Model independence. Even when the detector and particle level cuts are chosen to be very similar,991

some residual model dependence may be present. This is discussed further in Section D.1.992

This appendix describes some studies into the choice of fiducial volume (or, equivalently, the choice of993

particle level cuts).994

D.1. Model dependence and the fiducial volume995

The choice of fiducial volume can introduce model dependence into the measured cross sections through996

the correction for detector e�ects, described in Section 7. Consider the formulae used to apply this997

correction, showed in Equation 20 where �i is the measured cross section in bin i, ci is the correction998

factor, ⌫sigi is the measured signal yield and Lint is the integrated luminosity. The correction factor is999

determined from the expected detector and particle level yields, ndet
i and nptcl

i respectively, as calculated1000

using Monte Carlo simulations. Here we absorb the diphoton branching ratio into the cross section for1001

brevity.1002

�i =
⌫sigi

ci ⇥ Lint
where ci =

ndet
i

nptcl
i

(20)

Model dependence is introduced if di�erent physics models yield a di�erent correction factor, ci . If ci is1003

the same when calculated using simulations of the five di�erent production mechanisms then the choice1004

of ci is trivial. However, if ci di�ers between samples then one has to determine the final correction factor1005

by assuming Standard Model weights, ws where s 2 {ggF,V BF,W H, Z H, ttH } as given by Equation 21.1006
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Fig. 4 The H → γ γ differential cross section for inclusive events as
a function of (upper left) pγ γ

T , (upper right) |yγ γ |, (lower left) "φγγ ,
and (lower right) |cos θ∗|. All the SM contributions are normalized
to their cross section from Ref. [20]. Theoretical uncertainties in the
renormalization and factorization scales, PDF, and branching fraction

are added in quadrature. The error bars on data points reflect both statis-
tical and systematic uncertainties. The last bin of pγ γ

T distribution sums
the events above 200 GeV. For each graph, the bottom panel shows the
ratio of data to theoretical predictions from the powheg generator

in perturbative QCD. Figure 4 (upper right) shows the abso-
lute rapidity distribution of the Higgs boson, which is sen-
sitive to the proton PDF, as well as to the production mech-
anism. Figure 4 (lower left) shows the "φγγ distribution.

Figure 4 (lower right) displays the cos θ∗ distribution, which
is sensitive to the spin of the Higgs boson. The two spin-
2 samples indicate deviations relative to the SM predictions.
As in the case of Ref. [12], the data do not have sufficient sen-
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FIG. 3 (color online). Differential cross sections (left) and normalized cross-section shapes (right) for inclusive Higgs boson
production measured by combining the H → γγ and H → ZZ! → 4l channels. The measured variables are the Higgs boson transverse
momentum pH

T (top) and its rapidity jyHj (middle), and the transverse momentum of the leading jet pj1
T (bottom). The 0–30 GeV bin of

the pj1
T distributions corresponds to events without jets above 30 GeV. Various theoretical predictions are presented, using the same bin

widths as the measurement.
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Total Higgs production cross section

11

associated production with top quarks (tt̄H) and b-quarks
(bb̄H). The fiducial acceptance for events with jyHj < 1.2
is approximately 72% for H → γγ, and 55%–59% for
H → ZZ! → 4l. For higher jyHj, the acceptance decreases
to 35%–38% in both channels. The fiducial acceptance is
more constant as a function of the other variables and is in
the range 56%–62% for theH → γγ channel and 44%–53%
for the H → ZZ! → 4l channel [16].
After correcting the differential cross sections and

normalized shapes for fiducial acceptance and branching
fractions, the corresponding measurements in both chan-
nels are found to be in good agreement with each other;
p values obtained from χ2 compatibility tests are in the
range 56%–99% [16].
In the binned maximum-likelihood fit, the statistical

uncertainty of the H → γγ event yield is modeled using
a Gaussian distribution, while the event yield in the
H → ZZ! → 4l channel follows a Poisson distribution
due to the small sample size. Experimental and theoretical
systematic uncertainties affecting the signal yields, detec-
tor efficiencies, branching fractions, and fiducial accep-
tance corrections are taken into account in the likelihood
as constrained nuisance parameters. Nuisance parameters
describing the same uncertainty sources are treated as
fully correlated between bins and channels. Systematic
uncertainties on the H → γγ and H → ZZ! → 4l back-
ground estimates and efficiency correction factors, as
well as the uncertainty on the integrated luminosity, are
described in detail in Refs. [8,9]. The branching fraction
uncertainty due to the assumed quark masses and other
theoretical uncertainties are evaluated following the rec-
ommendations of Ref. [17], considering uncertainty cor-
relations between the H → γγ and H → ZZ! → 4l decay
channels. Uncertainties on the acceptance correction
related to the choice of PDF set are evaluated by taking
the envelope of the sum in quadratures of eigenvector
variations of the baseline (CT10 [18]) and the central
values of alternative (MSTW2008NLO [19] and
NNPDF2.3 [20]) PDF sets. Uncertainties on the accep-
tance correction associated with missing higher-order
corrections are evaluated by varying the renormalization
and factorization scales coherently and individually by
factors of 0.5 and 2 from their nominal values, and
by reweighting the pH

T distribution from POWHEG-BOX to
the prediction of the HRES 2.2 calculation [21,22].
The envelope of the maximum deviation of the combined
scale variations and the pH

T reweighting is used as the
systematic variation. To account for the uncertainty in the
mass measurement, the Higgs boson mass is varied by
"0.4 GeV. To assess the systematic uncertainty due to the
assumption of SM cross-section fractions of the Higgs
boson production modes, the VBF and VH fractions are
varied by factors of 0.5 and 2 from the SM prediction and
the fraction of tt̄H is varied by factors of 0 and 5. These
factors are based on current experimental bounds [23–27].

The total uncertainties on the acceptance correction range
from 1% to 6%, depending on the channel, distribution
and bin.
The total systematic uncertainties on the combined

differential cross sections range from 4% to 12%, depend-
ing on the distribution and bin. For the kinematic variables
pH
T and jyHj, the largest systematic uncertainties on the

differential cross sections are due to the luminosity and the
background estimates in both channels. For the jet variables
Njets and pj1

T , the largest systematic uncertainties on the
differential cross sections are due to the jet energy scale and
resolution. In the shape combination, the normalization
uncertainties including luminosity, branching fractions,
and efficiency uncertainties do not apply. Statistical uncer-
tainties dominate all resulting distributions, ranging from
23% to 75%.
The total pp → H cross section is determined in the

H → γγ channel to be 31.4" 7.2 ðstatÞ " 1.6 ðsystÞ pb
and in the H → ZZ! → 4l channel to be 35.0" 8.4ðstatÞ"
1.8ðsystÞ pb. Combining the analyses yields σpp→H ¼
33.0" 5.3 ðstatÞ " 1.6 ðsystÞ pb. Figure 1 presents a com-
parison of these measurements with two ggF predictions to
which contributions from other relevant Higgs boson pro-
duction modes (VBF, VH, tt̄H, bb̄H) are added using cross
sections and uncertainties from Ref. [10]. The LHC-XS ggF
prediction, recommended in Ref. [10], is accurate to next-to-
next-to-leading order (NNLO) in QCD and utilizes threshold
resummation accurate to next-to-next-to-leading logarithms
(NNLL). A significant effort has been undertaken by the
theory community to provide ggF cross sections beyond this
precision through various improvements in the perturbative
calculations [28–33]. Recently, the ADDFGHLM group has
provided a fixed-order calculation accurate to next-to-next-
to-next-leading order (N3LO) [34–37]. A PDF uncertainty

Data LHC-XS ADDFGHLM

[p
b]

H
→

ppσ

15

20

25

30

35

40

45

50
ATLAS

γγ→H l4→*ZZ→H
comb. data syst. unc.

-1 = 8 TeV,  20.3 fbs  = 125.4 GeVHm,H→pp

 0.1 pb± = 3.0 XHσXHσ + ggFσ
Hbb + Htt + VH  =  VBF + XH

QCD scale uncertainty
)sα PDF+⊕(scaleTotal uncertainty 

NNLO+NNLL LO3N

FIG. 1 (color online). Measured total cross section of Higgs
boson production compared to two calculations of the ggF cross
section. Contributions from other relevant Higgs boson produc-
tion modes (VBF, VH, tt̄H, bb̄H) are added using cross sections
and uncertainties from Ref. [10]. Details of the predictions are
presented in Table I.
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Figure 6: The 68% (dark) and 95% (light) confidence regions for the fit to the c̄HW and c̃HW Wilson coefficients. All
other Wilson coefficients are set to zero, except for c̄HB and c̃HB which are set to be equal to c̄HW and c̃HW , respectively.
The shaded area represents the allowed region of parameter space and the marker indicates the SM value.

boson production channels arising from the inclusion of rate and jet kinematic information in the signal
hypothesis.

The observed limits on c̄HW and c̃HW are also not excluded by current signal strength measurements. For
example, the signal strength in the H → ZZ∗ and H → WW∗ channels is predicted to be approximately 1.3
for c̄HW = 0.1, which is consistent with the dedicated measurements [37, 38].

The 95% confidence regions for a one-dimensional scan of the Wilson coefficients are given in Table 1.

7 Summary

The strength and structure of the Higgs boson’s interactions with other particles have been investigated us-
ing an effective Lagrangian. Limits are placed on anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W-bosons and Z-bosons, using a fit to five differential cross sections
previously measured by ATLAS in the H → γγ decay channel at

√
s = 8 TeV [9]. No significant deviations

from the SM predictions are observed. To allow a simultaneous fit to all distributions, the statistical correla-
tions between these distributions have been determined by re-analysing the candidate H → γγ events in the
proton-proton collision data. These correlations are made publicly [15] available to allow for future analysis
of theories with non-SM Higgs boson interactions.
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1 Introduction

The discovery of a Higgs boson at the ATLAS and CMS experiments [1,2] o↵ers a new opportunity to search
for physics beyond the Standard Model (SM) by examining the strength and structure of the Higgs boson’s
interactions with other particles. Thus far, the interactions of the Higgs boson have been probed using the
-framework [3], in which the strength of a given coupling is allowed to vary from the SM prediction by a
constant value. In this approach, the total rate of a given production and decay channel can di↵er from the
SM prediction, but the kinematic properties of the Higgs boson in each decay channel are unchanged.

An alternative framework for probing physics beyond the SM is the e↵ective field theory (EFT) approach [3–
8], whereby the SM Lagrangian is augmented by additional operators of dimension-six or higher. Some of
these operators produce new tensor structures for the interactions between the Higgs boson and the SM
particles, which can modify the shapes of the Higgs boson kinematic distributions as well as the associated
jet spectra. The new interactions arise as the low-energy manifestation of new physics that exists at energy
scales much larger than the partonic centre-of-mass energies being probed.

In this Letter, the e↵ects of EFT operators that produce anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W bosons and Z bosons are studied. The analysis is performed using
a simultaneous fit to five detector-corrected di↵erential cross sections in the H ! �� decay channel, which
were previously published by the ATLAS Collaboration [9]. These are the di↵erential cross sections as
a function of the diphoton transverse momentum (p��T ), the number of jets produced in association with
the diphoton system (Njets), the leading-jet transverse momentum (p j1

T ), and the invariant mass (m j j) and
di↵erence in azimuthal angle (�� j j) of the leading and sub-leading jets in events containing two or more jets.
The inclusion of di↵erential information significantly improves the sensitivity to operators that modify the
Higgs boson’s interactions with W and Z bosons. To perform a simultaneous analysis of these distributions,
the statistical correlations between bins of di↵erent distributions need to be included in the fit procedure.
These correlations are evaluated by analysing the H ! �� candidate events in the data, and are published as
part of this Letter to allow future studies of new physics that produces non-SM kinematic distributions for
H ! ��.

2 Higgs e↵ective field theory framework

The EFT used in this analysis is presented in Ref. [8]. In this model, the SM Lagrangian is augmented
with the dimension-six CP-even operators of the Strongly Interacting Light Higgs formulation [6] and cor-
responding CP-odd operators. The H ! �� di↵erential cross sections are mainly sensitive to the operators
that a↵ect the Higgs boson’s interactions with gauge bosons and the relevant terms in the Lagrangian can be
specified by

L = c̄�O� + c̄gOg + c̄HWOHW + c̄HBOHB

+ c̃�Õ� + c̃gÕg + c̃HWÕHW + c̃HBÕHB,

where c̄i and c̃i are ‘Wilson coe�cients’ specifying the strength of the new CP-even and CP-odd interactions,
respectively, and the dimension-six operators Oi are those described in Refs. [8, 10]. In the SM, all of the

2

Constraint on non-SM interactions with 
 differential cross sections

▣ Procedure: simultaneous fit on 5 sensitive differential distributions 
and set limit on the Wilson coefficients�

12

Overview

For a full introduction and 1D scan results, see the last talk:
https://indico.cern.ch/event/384019/contribution/1/material/slides/0.pdf

Analysis idea: Simultaneous fit to measured fiducial cross section with cross
correlations can be used to constrain new physics in the Higgs sector

Fit parameters of interest: Wilson coe�cients ci
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Figure 3: The input data from Ref. [9] is compared to the SM hypothesis and two non-SM hypotheses with c̄g = 1⇥10�4

and c̄HW = 0.05, respectively.

The input data vector is compared in Fig. 3 to the SM hypothesis as well as two non-SM hypotheses specified
by c̄g = 1 ⇥ 10�4 and c̄HW = 0.05, respectively.

The covariance matrix for experimental systematic uncertainties is constructed from all uncertainty sources
provided by Ref. [9], which include the jet energy scale and resolution uncertainties, photon energy and
resolution uncertainties, and model uncertainties. Identical sources are assumed to be fully correlated across
bins and variables and the sign of an error amplitude is taken into account when computing the covariance
matrix. The statistical uncertainties on the cross correlation have a negligible impact on the results reported
here.

The covariance matrix for the theoretical uncertainties is constructed to account for missing higher-order
corrections and PDF uncertainties in the SM reference predictions. The uncertainties in the gluon fusion
reference samples are: (i) a shape uncertainty, estimated by simultaneously varying the factorisation and
renormalisation scales in MG5_aMC@NLO by a factor of 0.5 or 2.0, and (ii) uncertainties from missing
higher-order corrections and PDF associated with the normalisation to the NNLO+NNLL QCD plus NLO
electroweak total cross-section prediction, which is taken from Ref. [3], and assumed to be fully correlated
among bins and observables. For VBF, ZH and WH, shape uncertainties are neglected because their impact
is expected to be negligible with respect to all other theory uncertainties. Normalisation uncertainties for
these processes are taken from Ref. [3].

The benefit of using more than one di↵erential distribution in the analysis is quantified using an ‘Asimov
dataset’, which is a representative dataset of the median expected cross-section measurement assuming the
SM. For c̄g and c̃g, the use of a single inclusive distribution (p��T or Njets) results in the same expected limits
as the full five-dimensional fit. For c̄� and c̃�, the most sensitive variable is found to be p��T , with a 5%
improvement in the expected limits obtained from using the five-dimensional information. For c̄HW and

7

95%CL constraint κHVV/κSM �κAVV/κSM)tanα
H→WW/ZZ [-0.73, 0.63] [-2.18, 0.83]

EFT in H→γγ [-0.08, 0.09] [-0.22, 0.22]

❖ No significant deviation from the SM 
❖ More stringent constraint on the HVV Tensor structure with a factor of 7 w.r.t. the 

dedicated Spin and parity analysis of WW/ZZ decays, due to inclusion of rate 
and jet kinematic information

PLB 753 (2016) 69-85



What have we learned from Run1
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▣ Higgs mass determined to 0.2%


▣ Higgs signal strength ~1, determined to 10%


▣ Higgs couplings tested for many scenarios and 
assumptions (consistent with SM).


▣ Higgs spin-parity is compatible with SM from all studies


▣ Fiducial/Differential cross-section measurement at 8TeV

Higgs boson is very consistent with SM predictions, but 
measurements are still statistically limited.
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Run-II Datasets 

▣ The dataset already collected at 13TeV 
are comparable to Run-I. 

▣ Increased centre-of-mass energy results 
in much larger cross sections 

▣ Pileup robust algorithm developed 15

Integrated luminosity parton luminosity

Higgs Boson Results from the LHC Run-2 LHCP, Lund, June 13, 2016.

Jonas StrandbergRun 1 and Run 2 Datasets
• Essentially three years of data taking used in analyses covered here:

- 2011, at 7 TeV, with ∫ℒ ≈ 5 fb-1 for analysis.

- 2012, at 8 TeV, with ∫ℒ ≈ 20 fb-1 for analysis.

- 2015, at 13 TeV, with ∫ℒ ≈ 3 fb-1 for analysis.

• The higher collision energy in Run 2 leads to an increase of σ for both 
signal and backgrounds.

4

√s=7 TeV √s=8 TeV √s=13 
TeV

Ratio 
13/8 TeV

ggH 15.3 pb 19.4 pb 44.1 pb 2.27
VBF 1.25 pb 1.6 pb 3.8 pb 2.38
ttH 88.6 fb 133 fb 507 fb 3.81
tt 177 pb 253 pb 832 pb 3.29

Giovanni Marchiori Search for high-mass Z+photon resonances - 05/08/2016
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Main updates wrt the previous results
• 2015 data analysis: combination of limits from leptonic and hadronic analyses in 

overlapping regions (arXiv:1607.06363), will be shown at the end of the talk


• 2015+2016 data (ATL-CONF-2016-044):


• only leptonic analysis has been updated


• addition of 10.1 fb-1 (±3.7%) of 13 
TeV data collected in 2016 (total: 
13.3 fb-1) allows to extend mass 
reach of leptonic analysis to 2.4 TeV


• split dataset in two categories 
(l=e, μ) to exploit different mllγ 
resolution  

• small improvements on lepton and 
photon reconstruction and 
calibration, also to deal with larger 
pile-up

3

arXiv:0901.0002From Mike’s talk @ ICHEP2016



H→γγ
▣ Selected events are split into exclusive categories with the optimal 

separation of the Higgs boson production processes
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Figure 6: The invariant mass spectrum in the tt̄H leptonic production mode category. The black data points show
the measured distribution, the blue dashed curve shows the result of a background-only fit to the data, the green
curve shows the signal+background distribution based on the predicted SM signal for a Higgs boson mass of mH =
125.09 GeV, and the red curve shows the signal+background distribution based on the fitted signal yields from the
combined fit to all event categories.
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Figure 7: The invariant mass spectrum combining all production mode categories. The black data points show
the measured distribution, where each event is weighted by the signal-to-background ratio of the event category it
belongs to. The blue dashed curve shows the result of a background-only fit to the data, the red curve shows the
signal+background distribution based on the fitted signal yields, and the black curve shows the signal component.
The bottom inset displays the residuals of the data with respect to the fitted background component (bkg).

9 Systematic uncertainties

Several sources of systematic uncertainty are considered in this measurement, which can be grouped into
three categories: uncertainties associated with the parameterisation of the signal and background when

19

ATLAS-CONF-2016-067 HIG-16-020

The observed (expected) significance 
is 5.6 (6.1) σ at mH=125.09GeV

The observed (expected) significance is 
4.7 (5.4) σ at mH=125.09GeV



Cross section and signal strength in H→γγ
▣ Selected events are split into exclusive categories with the optimal 

separation of the Higgs boson production processes
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Figure 14: The signal strength measured for the di↵erent production processes (ggH, VBF, VH and tt̄H) and
globally (µRun�2), compared to the global signal strength measured at 7 and 8 TeV (µRun�1) [13]. The error bar
shows the total uncertainty. The µRun�1 is taken from Ref. [13], and is derived assuming the Higgs production cross
section based on Ref. [19, 87]. In the more recent theoretical predictions used in this analysis [24, 28], the gluon
fusion production cross section is larger by approximately 10%.

10.2.3 Impact of fixing the Higgs mass

Figure 9 shows that the nuisance parameter associated with the photon energy scale uncertainty is slightly
pulled, which indicates that the best value for the Higgs boson mass in the dataset analysed here is a bit
di↵erent from 125.09 GeV. When the Higgs boson mass is left free in the fit, the measured cross sections
and signal strengths di↵er only by a small fraction of the statistical uncertainty from the results with
mH = 125.09 ± 0.24 GeV. The fitted Higgs boson mass is compatible with mH = 125.09 ± 0.24 GeV
within its statistical uncertainty.

11 Conclusion

Measurements of the Higgs boson cross sections in the Higgs boson diphoton decay channel are per-
formed using pp collision data recorded by the ATLAS experiment at the LHC. The data were taken at
a centre-of-mass energy of

p
s = 13 TeV and correspond to an integrated luminosity of 13.3 fb�1. Fidu-

cial cross sections in several phase space regions and di↵erential cross sections as a function of several
kinematic variables are performed in an almost model-independent way. The fiducial cross section is
measured to be �fid = 43.2±14.9 (stat.)±4.9 (syst.) fb for a Higgs boson of mass 125.09 GeV decaying to
two isolated photons that have transverse momentum greater than 35% and 25% of the diphoton invariant
mass and each with absolute pseudorapidity |⌘| < 2.37, excluding the region 1.37 < |⌘| < 1.52. The Stan-
dard Model prediction for the same fiducial region is 62.8 +3.4

�4.4 fb. Simplified template cross sections and
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• Signal strength measured is measured in 
bosonic and fermionic components

Results

V.R.Tavolaro 1504.08.2016

• Production mechanism signal strengths 
measurements compatible with SM

• More details on mass: see Ulascan Sarica’s 
talk 
“Combined results of the 125 GeV Higgs boson on the 
mass, tensor structure, and couplings measured by the 
CMS detector”, today@1:10pm

HIG-16-020
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�ggH ⇥ B(H ! ��) = 63 +30

�29 fb

�VBF ⇥ B(H ! ��) = 17.8 +6.3
�5.7 fb

�VHlep ⇥ B(H ! ��) = 1.0 +2.5
�1.9 fb

�VHhad ⇥ B(H ! ��) = �2.3 +6.8
�5.8 fb

�tt̄H ⇥ B(H ! ��) = �0.3 +1.4
�1.1 fb

They avoid the extrapolation to the full phase space by restricting the measurement to |yH | < 2.5. The
�VHlep ⇥ B(H ! ��) is only based on leptonic decays of the vector bosons, W ! `⌫, Z ! ``, and
Z ! ⌫⌫ (` = e, µ), and �VHhad ⇥ B(H ! ��) is only based on hadronic decays of the vector bosons,
following [12]. The VH production cross sections are determined under the assumption that the ratio of
the WH and ZH production cross sections is as predicted by the SM, and includes both production from
quark and gluon initial states (see Section 4).

10.2.2 Total production process cross sections and signal strengths

The production mode cross sections for mH = 125.09 ± 0.24 GeV are measured to be

�ggH ⇥ B(H ! ��) = 65 +32
�31 fb

�VBF ⇥ B(H ! ��) = 19.2 +6.8
�6.1 fb

�VH ⇥ B(H ! ��) = 1.2 +6.5
�5.4 fb

�tt̄H ⇥ B(H ! ��) = �0.3 +1.4
�1.1 fb

The VH production cross sections are determined under the assumption that the ratio of the WH and
ZH production cross sections is as predicted by the SM, and includes both production from quark and
gluon initial states (see Section 4). The corresponding signal strengths measured for the di↵erent pro-
duction processes, and globally (i.e. assuming one common signal strength parameter for all production
processes), are summarised in Figure 14, which also shows the global signal strength measured in Run-I.
The µRun�1 is taken from Ref. [13], and is derived assuming the Higgs production cross section based on
Ref. [19, 87]. In the more recent theoretical predictions used in this analysis [24, 28], the gluon fusion
production cross section is larger by approximately 10%.

As for the signal strength measurements previously published using the
p

s = 7 and 8 TeV data [13],
the measurements presented above are dominated by the statistical uncertainties. The measurements
agree with the SM expectations within 1 to 2�. The tendencies for the gluon fusion cross section to be
slightly smaller than the SM expectation, and the VBF cross section to be slightly larger than the SM
expectation, are compatible with the di↵erential measurements shown in Section 10.1. In Figure 10, the
data slightly undershoot the theoretical prediction at low diphoton transverse momentum and low rapidity,
whilst slightly overshooting the prediction at large transverse momentum. Although these features are
not significant, they impact upon the measurements of the production cross sections and signal strengths,
which rely on the predicted Standard Model Higgs boson kinematic distributions to separate the di↵erent
Higgs boson production processes.

The slightly high measured VBF cross section is qualitatively compatible with the slightly high measured
fiducial cross section in the VBF-enriched phase space region (see Table 5).
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Total Higgs production X-sec
• Production cross section and signal 

strengths probe the Higgs coupling directly 

• Data in reasonable agreement with the SM 
predictions
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Figure 7: (left) Significance of the local fluctuation with respect to the SM expectation as a
function of the Higgs boson mass. Dashed lines show the mean expected significance of the
SM Higgs boson for a given mass hypothesis. (right) Observed values of the signal strength µ =
s/sSM for the six event categories, compared to the combined µ shown as a vertical line. The
horizontal bars and the filled band indicate the ± 1s uncertainties. The uncertainties include
both statistical and systematic sources.
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Figure 8: (left) Result of the 2D likelihood scan for the µggH, ttH and µVBF,VH signal-strength
modifiers. The solid and dashed contours show the 68% and 95% CL regions, respectively. The
cross indicates the best-fit values, and the diamond represents the expected values for the SM
Higgs boson. (right) Results of likelihood scans for the signal strength modifiers corresponding
to the five main Higgs boson production modes, compared to the combined µ shown as a
vertical line. The horizontal bars and the filled band indicate the ± 1s uncertainties. The
uncertainties include both statistical and systematic sources.

H→ZZ*→4l
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Figure 4: (a) The m4` distribution of the selected candidates, compared to the background expectation in the low
mass region. (b) The distribution of data (filled circles) and the expected signal and backgrounds events in the
m34 – m12 plane with the requirement of m4` in 115–130 GeV . The projected distributions are shown for (c) m12
and (d) m34. The signal contribution is shown for mH = 125 GeV as blue histograms in (a), (c) and (d). The
expected background contributions, ZZ⇤ (red histogram), Z+ jets plus tt̄ (purple histogram) and tt̄V plus VVV
(yellow histogram), are shown in (a), (c) and (d); the systematic uncertainty associated to the total signal plus
background contribution is represented by the hatched areas. The expected distributions of the Higgs signal (blue)
and total background (red) are superimposed in (b), where the box size (signal) and colour shading (background)
represent the relative density.
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ATLAS-CONF-2016-079

the �ggF+bb̄H+tt̄H · B(H ! ZZ⇤) versus �VBF+VH · B(H ! ZZ⇤). The measured values for �ggF+tt̄H+bb̄H ·
B(H ! ZZ⇤), �VBF · B(H ! ZZ⇤) and �VH · B(H ! ZZ⇤) with their SM expectations (on the right) are
respectively:

�ggF+bb̄H+tt̄H · B(H ! ZZ⇤) = 1.80+0.49
�0.44 pb �SM,ggF+bb̄H+tt̄H · B(H ! ZZ⇤) = 1.31 ± 0.07 pb

�VBF · B(H ! ZZ⇤) = 0.37+0.28
�0.21 pb �SM,VBF · B(H ! ZZ⇤) = 0.100 ± 0.003 pb

�VH · B(H ! ZZ⇤) = 0+0.15 pb �SM,VH · B(H ! ZZ⇤) = 0.059 ± 0.002 pb
(8)

The compatibility between the measured �ggF+bb̄H+tt̄H ·B(H ! ZZ⇤) and the SM prediction is at the level
of 1.1 standard deviations, while for the �VBF · B(H ! ZZ⇤) the compatibility with the SM prediction is
at the level of 1.4 standard deviations.

The cross section results by production mode from the event categorisation can also be interpreted in the
LO framework [40, 96] ( framework) in which coupling modifiers, i are introduced to parameterise
possible deviations from the SM predictions of the Higgs boson couplings to SM bosons and fermions.
One interesting benchmark allows for two di↵erent Higgs boson coupling strength modifiers to fermions
and bosons, reflecting the di↵erent structure of the interactions of the SM Higgs sector with gauge bosons
and fermions. The universal coupling-strength scale factors F for all fermions and V for all vector
bosons are defined as V = W = Z and F = t = b = ⌧ = g = µ. The likelihood contours at 68%
CL (solid line) and 95% CL (dashed line) in the V � F plane are shown in Figure 7 (only the quadrant
F > 0 and V > 0 is shown since this channel is not sensitive to the relative sign of the two coupling
modifiers). The Higgs boson mass is assumed to be mH = 125.09 GeV and no undetected or invisible
Higgs boson decays is assumed to exist.
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

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

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

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

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

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

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

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

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

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

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

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

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

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

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

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

�tot = 81+18
�16 pb (7)

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

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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the �ggF+bb̄H+tt̄H · B(H ! ZZ⇤) versus �VBF+VH · B(H ! ZZ⇤). The measured values for �ggF+tt̄H+bb̄H ·
B(H ! ZZ⇤), �VBF · B(H ! ZZ⇤) and �VH · B(H ! ZZ⇤) with their SM expectations (on the right) are
respectively:

�ggF+bb̄H+tt̄H · B(H ! ZZ⇤) = 1.80+0.49
�0.44 pb �SM,ggF+bb̄H+tt̄H · B(H ! ZZ⇤) = 1.31 ± 0.07 pb

�VBF · B(H ! ZZ⇤) = 0.37+0.28
�0.21 pb �SM,VBF · B(H ! ZZ⇤) = 0.100 ± 0.003 pb

�VH · B(H ! ZZ⇤) = 0+0.15 pb �SM,VH · B(H ! ZZ⇤) = 0.059 ± 0.002 pb
(8)

The compatibility between the measured �ggF+bb̄H+tt̄H ·B(H ! ZZ⇤) and the SM prediction is at the level
of 1.1 standard deviations, while for the �VBF · B(H ! ZZ⇤) the compatibility with the SM prediction is
at the level of 1.4 standard deviations.

The cross section results by production mode from the event categorisation can also be interpreted in the
LO framework [40, 96] ( framework) in which coupling modifiers, i are introduced to parameterise
possible deviations from the SM predictions of the Higgs boson couplings to SM bosons and fermions.
One interesting benchmark allows for two di↵erent Higgs boson coupling strength modifiers to fermions
and bosons, reflecting the di↵erent structure of the interactions of the SM Higgs sector with gauge bosons
and fermions. The universal coupling-strength scale factors F for all fermions and V for all vector
bosons are defined as V = W = Z and F = t = b = ⌧ = g = µ. The likelihood contours at 68%
CL (solid line) and 95% CL (dashed line) in the V � F plane are shown in Figure 7 (only the quadrant
F > 0 and V > 0 is shown since this channel is not sensitive to the relative sign of the two coupling
modifiers). The Higgs boson mass is assumed to be mH = 125.09 GeV and no undetected or invisible
Higgs boson decays is assumed to exist.

26

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

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

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

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

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

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

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

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

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

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

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

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

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

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

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

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

�tot = 81+18
�16 pb (7)

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

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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Figure 3: Distribution of the four-lepton reconstructed invariant mass m4` in the full mass range
(top) and the low-mass range (bottom left) and high-mass range (bottom right). Points with
error bars represent the data and stacked histograms represent expected distributions. The
125 GeV Higgs boson signal and the ZZ backgrounds are normalized to the SM expectation,
the Z+X background to the estimation from data. No events are observed with m4` > 850 GeV.

Fig. 6.

10.2 Systematic uncertainties

The main experimental uncertainties which affect both signal and background are the uncer-
tainty on the integrated luminosity (6.2%) and the uncertainty on the lepton identification and
reconstruction efficiency (6–11%, depending on the final state). Experimental uncertainties for
the reducible background estimation, described in Section 8.2, vary between 40–55%. The un-
certainty on the lepton energy scale is 0.04% for muons and 0.3% for electrons, and the uncer-
tainty on the 4` mass resolution coming from the uncertainty on the per-lepton energy resolu-
tion is 20%. Theoretical uncertainties which affect both the background signal and background
estimation include uncertainties from the renormalization and factorization scale and choice
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•First directly 
measure signal 
strength/ cross 
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•The results agree 
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H→ZZ*→4l

▣ Compatibility to the SM prediction: 


▣ σggF+bbH+ttH·Br(H→ZZ*) is 1.1σ 


▣ σVBF+VH ·Br(H→ZZ*) is 1.4σ
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Figure 9: (a)–(c) The observed negative log-likelihood scans for �ggF+bb̄H+tt̄H ·B(H ! ZZ⇤) (a), �VBF ·B(H ! ZZ⇤)
(b) and �VH · B(H ! ZZ⇤) (c) with (solid black line) and without (dashed red line) systematics. The expected SM
negative log-likelihood scan (solid blue line) with systematics is also shown. The green horizontal lines indicate the
value of the profile likelihood ratio corresponding to 1, 2 and 3 � intervals for the parameter of interest, assuming
an asymptotic �2 distribution for the test statistic. (d) Shows the negative log-likelihood contours at 68% (solid
line) and 95% CL (dashed line) in the �ggF+bb̄H+tt̄H · B(H ! ZZ⇤) - �VBF+VH · B(H ! ZZ⇤) plane as well as the SM
predictions (blue filled circle), with their theoretical uncertainties taken from Ref [26, 27]. The �VBF+VH · B(H !
ZZ⇤) is evaluated under the assumption that the relative contribution of these two production modes follows the SM
prediction.
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Figure 7: (left) Significance of the local fluctuation with respect to the SM expectation as a
function of the Higgs boson mass. Dashed lines show the mean expected significance of the
SM Higgs boson for a given mass hypothesis. (right) Observed values of the signal strength µ =
s/sSM for the six event categories, compared to the combined µ shown as a vertical line. The
horizontal bars and the filled band indicate the ± 1s uncertainties. The uncertainties include
both statistical and systematic sources.
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Figure 8: (left) Result of the 2D likelihood scan for the µggH, ttH and µVBF,VH signal-strength
modifiers. The solid and dashed contours show the 68% and 95% CL regions, respectively. The
cross indicates the best-fit values, and the diamond represents the expected values for the SM
Higgs boson. (right) Results of likelihood scans for the signal strength modifiers corresponding
to the five main Higgs boson production modes, compared to the combined µ shown as a
vertical line. The horizontal bars and the filled band indicate the ± 1s uncertainties. The
uncertainties include both statistical and systematic sources.
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quadrature between the full uncertainty and the statistical uncertainty.
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Figure 11: Left: 1D likelihood scan as a function of mass for the 1D, 2D, and 3D measurement.
Right: 1D likelihood scan as a function of mass for the different final states and the combination
of all final states for the 3D measurement. Solid lines represents the scan with full uncertainties
included, dashed lines statistical error only.

The best fit masses for the different types of fits are shown in Table 8. The nominal result for the
mass measurement comes from the 3D fit, for which the fitted value of mH is 124.50+0.48

�0.46 GeV.

Table 8: Best fit values for the mass of the new boson measured in the 4`, ` = e, µ final states,
with 1D, 2D and 3D fit, respectively, as described in the text along with the uncertainty. For
the 1D and 2D we give the total uncertainty only, while for the nominal 3D fit we separate the
contribution from statistical and systematic uncertainty.

Channel 1D: L(m4l) ( GeV) 2D: L(m4l ,Dmass) ( GeV) 3D: L(m4l ,Dmass,Dkin
bkg) ( GeV)

4` 124.31+0.46
�0.45 124.52+0.47

�0.47 124.50+0.47
�0.45(stat.)+0.13

�0.11(sys.)

10.6 Measurement of the width from on-shell and off-shell region

A measurement of the width GH and mass mH of the H(125) boson is performed using the
general parameterization of the signal mass distribution across the wide range 100 < m4` <
1500 GeV. A very important feature of this measurement is the off-shell production of the boson
H⇤, which becomes particularly sensitive to the width [58–60]. The precision on GH with the
off-shell method is far more precise than the on-shell. There is a modest model-dependence in-
troduced in the off-shell analysis, which is the assumption that no BSM particles or interactions
affect the H boson couplings either in production or in decay. However, should BSM particles
or interactions affect this measurement, the implications of their presence are far greater than
tight constraints on the width alone.

The scope of the width measurement can be reduced by limiting the range to 105 < m4` <
140 GeV, which leaves the off-shell region out together with assumptions about BSM contri-
butions. Precision on GH is reduced by about two order of magnitudes in such a case. On the

10.6 Measurement of the width from on-shell and off-shell region 23

other hand, precision on mass mH is driven by the peak position around m4` ⇠ 125 GeV only
and therefore does not depend on the mass range above 2mZ threshold.

An unbinned maximum likelihood fit of the m4` distribution is performed over the range of
selected events between 100 and 1500 GeV. The strength of fermion-induced couplings (gluon
fusion and tt̄H production mechanisms) and vector-boson-induced couplings (VBF and VH)
are independent and are left unconstrained in the fit. Constraints on the two sets of cou-
plings are possible due to splitting events into two categories with VBF-like two-jet topology
and the rest of the events. The general parameterization of the probability density function
P(m4`|mH, GH, µVBF+VH, µggH+tt̄H) for the VBF or gg ! background + H(125) ! 4` process,
is based on the framework of MCFM + JHUGEN + HNNLO within MELA, and it allows inclu-
sion of interference between various components. This interference is relevant in the off-shell
region, but also in the on-shell region when the width of the resonance is large, comparable to
the precision on the width from on-shell region only.

The joint constraint on the width GH and mass mH of the H(125) boson is shown in Fig. 12,
where results of two fits are shown: in the full mass range and in the on-shell only range,
with 12.9 fb�1 of 13 TeV data. Figure 13 shows likelihood as a function of GH with the mH
parameter unconstrained. As expected, the precision of the mH measurement does not depend
on the range used, while the precision on GH changes significantly with inclusion of the off-shell
events. The observed and expected results are summarized in Table 9.

Table 9: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the H(125) boson. The expected results are
quoted for the SM signal production cross section (µVBF+VH = µggH+tt̄H = 1) and the values of
mH = 125 GeV and GH = 0.0041 GeV.

Parameter m4` range Observed Expected
GH (GeV) [100, 1600] 0.010+0.014

�0.010 [0.000, 0.041] 0.004+0.013
�0.004 [0.000, 0.032]

GH (GeV) [105, 140] 0.3+1.4
�0.0 [0.0, 3.9] 0.0+1.1

�0.0 [0.0, 2.7]
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Figure 12: Observed likelihood scan of mH and GH using the full mass range 100 < m4` <
1600 GeV between 0 < GH < 100 MeV and the signal range 105 < m4` < 140 GeV between
0 < GH < 5 GeV with 12.9 fb�1 data.

Mass and width measurement in H→ZZ*→4l @ CMS

▣ 3D mass measurement: mH=124.50+0.48-0.46GeV, comparable with Run-I 
ATLAS+CMS combination result. 

▣ Observed (expected ) width is constrained to be ΓH<41(32) MeV @ 95% CL.
20

Mass Direct/Indirect Width 
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other hand, precision on mass mH is driven by the peak position around m4` ⇠ 125 GeV only
and therefore does not depend on the mass range above 2mZ threshold.

An unbinned maximum likelihood fit of the m4` distribution is performed over the range of
selected events between 100 and 1500 GeV. The strength of fermion-induced couplings (gluon
fusion and tt̄H production mechanisms) and vector-boson-induced couplings (VBF and VH)
are independent and are left unconstrained in the fit. Constraints on the two sets of cou-
plings are possible due to splitting events into two categories with VBF-like two-jet topology
and the rest of the events. The general parameterization of the probability density function
P(m4`|mH, GH, µVBF+VH, µggH+tt̄H) for the VBF or gg ! background + H(125) ! 4` process,
is based on the framework of MCFM + JHUGEN + HNNLO within MELA, and it allows inclu-
sion of interference between various components. This interference is relevant in the off-shell
region, but also in the on-shell region when the width of the resonance is large, comparable to
the precision on the width from on-shell region only.

The joint constraint on the width GH and mass mH of the H(125) boson is shown in Fig. 12,
where results of two fits are shown: in the full mass range and in the on-shell only range,
with 12.9 fb�1 of 13 TeV data. Figure 13 shows likelihood as a function of GH with the mH
parameter unconstrained. As expected, the precision of the mH measurement does not depend
on the range used, while the precision on GH changes significantly with inclusion of the off-shell
events. The observed and expected results are summarized in Table 9.

Table 9: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the H(125) boson. The expected results are
quoted for the SM signal production cross section (µVBF+VH = µggH+tt̄H = 1) and the values of
mH = 125 GeV and GH = 0.0041 GeV.

Parameter m4` range Observed Expected
GH (GeV) [100, 1600] 0.010+0.014

�0.010 [0.000, 0.041] 0.004+0.013
�0.004 [0.000, 0.032]

GH (GeV) [105, 140] 0.3+1.4
�0.0 [0.0, 3.9] 0.0+1.1

�0.0 [0.0, 2.7]
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Figure 12: Observed likelihood scan of mH and GH using the full mass range 100 < m4` <
1600 GeV between 0 < GH < 100 MeV and the signal range 105 < m4` < 140 GeV between
0 < GH < 5 GeV with 12.9 fb�1 data.
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Figure 4: Expected and observed likelihood scans for fa2(left) and fa3(right) obtained using the
kinematic discriminant method (KD, black) and multidimensional distribution method (MD,
red). The likelihoods are computed assuming the a2/a1 and a3/a1 coupling ratios are real.

coverage is expected in the asymptotic limit [89].

For the scans shown in Figure 5a the likelihood is computed from the kinematic discriminant
method assuming fL1 is 0 or p and all other amplitudes have their SM values. Here the dis-
crimination is based on three-dimensional probability density functions (Dbkg, DL1, D0h+). The
fit finds (expects) the best fit points at fL1 cos(fL1) = 0.22+0.10

�0.16(0.00+0.16
�0.87) when the phase is 0

or p, fL1 = 0.22+0.10
�0.16(0.00+0.16

�0.00) when fL1 = 0, and fL1 = 0.00+0.08
�0.00(0.00+0.87

�0.00) when fL1 = p.
In Figure 5b fL1 is profiled while all other parameters are set to the SM predictions or a second
ZZ amplitude and its phase fai are profiled along with fL1 ( fa2, fa2 or fa3, fa3). The fits find
(expect) the best fit points to be at fL1 = 0.35+0.15

�0.29(0.00+0.87
�0.00) when profiling fL1. Furthermore,

fL1 = 0.28+0.20
�0.15(0.00+0.87

�0.00) when profiling fL1, fa2, and fa2 and fL1 = 0.42+0.10
�0.33(0.00+0.88

�0.00) when
profiling fL1, fa3, and fa3. In this case the likelihood is computed from the kinematic discrimi-
nant method only and the discrimination power is based on the three-dimensional probability
density functions (Dbkg, DL1, D0� or D0h+).

For the scans shown in Figure 5c the likelihood is computed from the kinematic discriminant
method assuming the a2/a1 amplitude ratio is real and all other amplitudes have their SM
values. Here the likelihood is based on three-dimensional probability density functions (Dbkg,
D0h+, Dint). The best fit values when the amplitude ratio is real, fa2 = 0 or p are reported
above. In Figure 5d fa2 is profiled while all other parameters are set to the SM predictions or a
second ZZ amplitude and its phase fai are profiled along with fa2 ( fL1,fL1 or fa3,fa3). The fits
find (expect) the best fit points to be at fa2 = 0.32+0.28

�0.32(0.00+0.59
�0.00) when profiling fa2. Further-

more, fa2 = 0.11+0.16
�0.11(0.00+0.73

�0.00) when profiling fa2, fL1, and fL1 and fa2 = 0.28+0.29
�0.28(0.00+0.59

�0.00)
when profiling fa2, fa3, and fa3. In this case the likelihood is computed from the Kinematic
Discriminant Method only and the discrimination power is based on the three-dimensional
probability density functions (Dbkg, D0h+, D0� or DL1).

For the scans shown in Figure 5e the likelihood is computed from the kinematic discriminant

CP mixing

▣ Limits on the scalar (κHVV) and pseudo-scalar (κAVV·sinα) are derived 
with a fit of the yields in each categories:


▪ Compatibility to the SM prediction: κHVV is 2.1σ, κAVV·sinα is 1.8σ
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7.4 Study of BSM HVV and AVV · sin ↵

Table 12 shows the comparison of the number of observed events in the di↵erent categories with the SM
predictions. Limits on the BSM parameters HVV and AVV · sin↵ are derived with a fit of the yields in the
categories as described in Section 2, without exploiting any additional discriminant shape information.
In the fit, S M which simply scales the SM part of the interactions, is fixed to unity. This includes the
ggF production, which is fixed to the SM expectation. The decay branching fraction to ZZ⇤ is left free
along with the value of the BSM couplings. Only one of the two BSM couplings at a time is considered.
Figure 10 shows the SM expected and the observed negative log-likelihood scans as function of the BSM
coupling HVV 10(a) and AVV · sin↵ 10(b). In each scan the other BSM coupling parameter is left free
in the fit.
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Figure 10: Observed (solid black line) and SM expected (dashed blue line) negative log-likelihood scans for HVV
(a) and AVV · sin↵ (b) . The horizontal dashed lines indicate the value of the profile likelihood ratio corresponding
to the 68% (red) and 95% (green) CL intervals for the parameter of interest, assuming the asymptotic �2 distribution
of the test statistic.

In Table 13 the observed and expected limits at 95% CL for HVV and AVV · sin↵ obtained with the
analysis described in this note are reported. As can be seen in Fig. 10 and Table 13, the minima of the fits
are not at BS M = 0 and the observed exclusion limits are weaker than the expected limits. This is due to
the fact that the observed number of events is larger than those predicted by the SM in several categories,
in particular in the 2-jet VBF enriched category. The agreement between HVV = 0 and the observed value
is 2.1 standard deviations and between AVV · sin↵ = 0 and the observed value is 1.8 standard deviations.
These agreements are worse than what is observed in Section 7.3, and arise for two reasons. First, in the
BS M fits the ggF production is fixed to the SM (BS M enters only in the decay branching fraction and thus
has a much smaller e↵ect on the overall ggF rate than for the VBF and VH processes), and cannot absorb
part of the excess in the 2-jet VBF enriched category as has happened for the fits reported in Section 7.3.
Second, only the total yields in each category are used in this fit, while the BDT discriminant shapes are
used for the results of Section 7.3.

It has to be stressed that the Run�1 results [12] cannot be directly compared with those reported in
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Table 5: The measured cross sections in the baseline, VBF-enhanced and single-lepton fiducial regions, which are
defined in Section 7. The gluon fusion contribution to the Standard Model prediction in the baseline region is taken
to be the N3LO prediction of Ref. [24] corrected for the H ! �� branching ratio and the fiducial acceptance as
defined in the text. The contributions to the Standard Model prediction from VBF, VH and tt̄H production mech-
anisms are determined using the particle-level predictions from the Powheg+Pythia and Pythia8 event generators
normalised to state-of-the-art theoretical calculations as discussed in Section 4, and are collectively referred to as
XH.

Fiducial region Measured cross section (fb) SM prediction (fb)
Baseline 43.2 ± 14.9 (stat.) ± 4.9 (syst.) 62.8 +3.4

�4.4 [N3LO + XH]
VBF-enhanced 4.0 ± 1.4 (stat.) ± 0.7 (syst.) 2.04 ± 0.13 [NNLOPS + XH]
single lepton 1.5 ± 0.8 (stat.) ± 0.2 (syst.) 0.56 ± 0.03 [NNLOPS + XH]

nificantly for the signal strength measurements, but do not a↵ect the measurements of cross section times
H ! �� branching ratio. The black dots and bars show how the nuisance parameters associated with the
uncertainties shown are pulled or constrained by the fit.

10 Results

10.1 Fiducial and di↵erential cross sections

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

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

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

�4.4 fb. The gluon fusion contribution to the Standard Model prediction is taken to be the N3LO
prediction of Ref. [24] corrected for the H ! �� branching ratio and the fiducial acceptance7. The
fiducial acceptance is defined using the NNLOPS prediction for gluon fusion [79]. NNLOPS provides
parton-level events at NNLO accuracy for inclusive gluon fusion production and is interfaced to the
Pythia8 event generator for parton showering, hadronisation and multiple parton interactions (using the
AZNLO parameter set). The contributions to the Standard Model prediction from the VBF, VH and tt̄H
production mechanisms are determined using the particle-level predictions from the Powheg+Pythia and
Pythia8 event generators normalised to state-of-the-art theoretical calculations as discussed in Section 4,
and are collectively referred to as XH. Although the measured cross section is somewhat lower than the
Standard Model prediction, the e↵ect is not statistically significant.

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

7 Shifting the Higgs boson mass by its measured uncertainties results in less than 1% shift in the calculated cross section times
branching ratio and is therefore neglected.
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

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

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

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

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

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

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

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

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

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

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

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

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

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

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

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

�tot = 81+18
�16 pb (7)

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

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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H→γγ

H→ZZ*

measurements at 7 and 8 TeV are taken from Ref. [63]. The measured cross sections probe the properties
of the Higgs boson and can be compared to state-of-the-art theoretical calculations at the three di↵erent
centre-of-mass energies.
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Figure 6: Total pp ! H + X cross sections measured at di↵erent centre-of-mass energies compared to Standard
Model predictions at up to N3LO in QCD. The red triangles show the measurements from the H ! �� channel, the
green rectangles show the measurements from the H ! ZZ⇤ ! 4` channel, and the black dots show the combina-
tions of these two channels. The grey bands on the combined measurements represent the systematic uncertainty,
while the black lines are the total uncertainty. The SM predictions (for a Higgs boson mass of 125.09 GeV [9])
are shown as a smooth curve, which is obtained by applying a third-order polynomial fit to the values available
in Ref. [7]. The light (dark) blue band shows the uncertainty from missing higher-order QCD corrections (total
uncertainty). The theoretical uncertainties are partially correlated between di↵erent values of the centre-of-mass
energy.

The total pp! H + X cross sections at centre-of-mass energies of 7, 8 and 13 TeV measured in H ! ��
and H ! ZZ⇤ ! 4` are shown in Table 8 and Figure 6, along with their combination. For comparison,
the SM predictions for the total cross section at the three centre-of-mass energies are given. To derive the
breakdown of the uncertainties, the statistical uncertainties are obtained by fixing all nuisance parameters
for the systematic uncertainties to their best-fit values and taking the quadratic di↵erence with respect to
the result of the fit where all parameters are allowed to vary. The systematic uncertainties are smaller
than the statistical uncertainties for the measurements at all three center-of-mass energies. The results
of the two decay channels are compatible within the quoted uncertainties, and no deviation from the SM
predictions is observed.

7 Conclusions

Combined measurements based on Higgs boson production cross sections and branching ratios using
proton-proton collision data produced by the LHC at

p
s = 13 TeV and recorded by the ATLAS detector
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Figure 9: Left: The measured fiducial cross section as a function of
p

s. The acceptance is cal-
culated using POWHEG at

p
s=13 TeV and HRES [50, 52] at

p
s=7 and 8 TeV and the theoretical

uncertainty on the gluon fusion contribution is taken from Ref. [25]. The model dependence
uses experimental constraints on the relative fraction of the various production modes, as de-
scribed in the text, and is much less than 1% for the

p
s=7 and 8 TeV measurements. Right:

measured fiducial cross section in each final state. The sub-dominant component of the the
signal (VBF + VH + tt̄H) is denoted as XH.
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Figure 10: Result of the differential cross section measurement for pT(H) (left) and N(jets)
(right). The acceptance and theoretical uncertainties in the differential bins are are calculated
using POWHEG.

3D fit (L(m4`,Dmass,Dkin
bkg)). All systematic errors are included. The expected relative improve-

ment on the uncertainty of the mass measurement for mH ⇡ 125 GeV when including the per
event mass uncertainties is about 8%, and when also including Dkin

bkg is about 3%. In order to
estimate the contribution of the statistical and systematic error to the mass measurement we
also perform a likelihood scan removing both the normalization and shape systematics. As
in the case of the scan including the full uncertainties, µ is profiled, and then its uncertainty
is included in the statistical error. The systematic uncertainty is estimated as the difference in

▣ No deviation from the SM predictions is observed



Differential cross section measurement

▣ Good agreement between data and theory
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Figure 10: The di↵erential cross section for pp ! H ! �� as a function of the diphoton transverse momentum
(left) and the absolute rapidity of the diphoton system (right). The data are shown as filled (black) circles. The
vertical error bar on each data point represents the total uncertainty on the measured cross section and the size of
the shaded (grey) band is the systematic component. The SM prediction, defined using the NNLOPS prediction
for gluon fusion and the default MC samples for the other production mechanisms, is presented as a hatched (blue)
band, with the depth of the band reflecting the total theoretical uncertainty.

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

The di↵erential cross sections for pp! H ! �� as a function of the jet multiplicity are shown in Figure
11. The left panel shows the result for the exclusive jet bins and the data are in agreement with the Stan-
dard Model prediction constructed from NNLOPS, although there is a deficit for Njets = 0 which is con-
sistent with the deficit of low-p��T events shown in Figure 10(a). The right panel shows the cross section
in bins of inclusive jet multiplicity, where the data in each bin is compared to a variety of state-of-the-art
theoretical calculations for gluon fusion, after correcting the predictions to the fiducial acceptance of the
measurement as defined using NNLOPS. The STWZ-BLPTW prediction [81, 82] is a NNLL’+NNLO
resummation for the pT of the leading jet, combined with a NLL’+NLO resummation for the sublead-
ing jet.8 It also provides a resummation-improved total cross section with a central value and accuracy
comparable to N3LO. The JVE+N3LO prediction [83] includes NNLL resummation of the pT of the lead-
ing jet with small-R resummation and is matched to the N3LO total cross section. NNLOJET [84] is a
parton-level prediction for inclusive H + 1-jet production at NNLO QCD. GoSam+Sherpa [54, 85, 86] is
a fixed-order calculation that is accurate to NLO QCD in the inclusive H + 1-jet, H + 2-jet, and H + 3-jet
regions. No significant deviation from the SM expectation is seen.

The jet activity produced in association with the Higgs boson is probed in more detail in Figure 12,

8 The theoretical calculations take di↵erent approaches to applying corrections for electroweak and heavy quark mass e↵ects.
Details can be found in the specific references.
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Figure 13: The di↵erential cross section for pp ! H ! �� as a function of the cosine of the angle between the
beam axis and the photons in the Collins–Soper frame (left) and the dijet azimuthal separation in H + 2jet events
(right). The data and theoretical predictions are presented the same way as in Figure 10.

where the leading jet transverse momentum is shown for events containing at least one jet, as well as the
dijet invariant mass for events containing two or more jets. Aside from the undershoot compared to the
theoretical prediction in the low-p j1

T region, the data agree well the theoretical prediction.

The di↵erential cross sections for pp ! H ! �� as a function of |cos ✓⇤| and |�� j j| are shown in
Figure 13. These distributions are sensitive to the spin-CP nature of the Higgs boson and the data are in
reasonable agreement with the Standard Model prediction for a CP-even scalar particle.

The compatibility between the extracted number of signal events from the baseline selection and from
summing over all bins of a given di↵erential distribution has been investigated. For the p��T distribution,
which shows the largest discrepancy in this respect, the compatibility is found to be 2.3� taking into
account statistical and background modelling uncertainties.

10.2 Production mode cross sections

The production mode event categories are used to determine simplified template cross sections and total
production mode cross sections, as well as the corresponding signal strengths. In these fits, the cross
section of the bb̄H and tH production processes are fixed to the expected values from the SM.

With the present dataset, the observed significance of the H ! �� signal is 4.7�, while 5.4� is expected
for a SM Higgs boson.

10.2.1 Simplified template cross sections

The ’stage 0’ simplified template cross sections for gluon fusion, vector boson fusion production, and
production in association with a vector boson or a tt̄ pair for mH = 125.09 ± 0.24 GeV are measured to
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p
s=7 and 8 TeV measurements. Right:

measured fiducial cross section in each final state. The sub-dominant component of the the
signal (VBF + VH + tt̄H) is denoted as XH.

(H
) [

fb
/G

eV
]

T
/d

p
fid

 
σd -310

-210

-110

1

 (13 TeV)-112.9 fbCMS Preliminary

sys. unc.)⊕Data (stat. H (POWHEG+JHUGen) + XH→gg

Systematic uncertainty Model dependence

XH = VBF + VH + ttH

(H) [GeV]
T

p
0 20 40 60 80 100 120 140 160 180 200

Ra
tio

 to
 P

O
W

HE
G

00.20.40.60.81
1.21.41.61.82
2.22.4

 [f
b]

fidσ

-210

-110

1

10

210

 (13 TeV)-112.9 fbCMS Preliminary

sys. unc.)⊕Data (stat. H (POWHEG+JHUGen) + XH→gg

Systematic uncertainty Model dependence

XH = VBF + VH + ttH

N(jets)
0 1 2  3≥

Ra
tio

 to
 P

O
W

HE
G

0
0.5

1
1.5

2
2.5

3
3.5

4

Figure 10: Result of the differential cross section measurement for pT(H) (left) and N(jets)
(right). The acceptance and theoretical uncertainties in the differential bins are are calculated
using POWHEG.

3D fit (L(m4`,Dmass,Dkin
bkg)). All systematic errors are included. The expected relative improve-

ment on the uncertainty of the mass measurement for mH ⇡ 125 GeV when including the per
event mass uncertainties is about 8%, and when also including Dkin

bkg is about 3%. In order to
estimate the contribution of the statistical and systematic error to the mass measurement we
also perform a likelihood scan removing both the normalization and shape systematics. As
in the case of the scan including the full uncertainties, µ is profiled, and then its uncertainty
is included in the statistical error. The systematic uncertainty is estimated as the difference in
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Figure 10: Result of the differential cross section measurement for pT(H) (left) and N(jets)
(right). The acceptance and theoretical uncertainties in the differential bins are are calculated
using POWHEG.

3D fit (L(m4`,Dmass,Dkin
bkg)). All systematic errors are included. The expected relative improve-

ment on the uncertainty of the mass measurement for mH ⇡ 125 GeV when including the per
event mass uncertainties is about 8%, and when also including Dkin

bkg is about 3%. In order to
estimate the contribution of the statistical and systematic error to the mass measurement we
also perform a likelihood scan removing both the normalization and shape systematics. As
in the case of the scan including the full uncertainties, µ is profiled, and then its uncertainty
is included in the statistical error. The systematic uncertainty is estimated as the difference in
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▣ The combination of H→γγ and H→ZZ*→4l:  μ=1.13+0.18-0.17 with observed 
(expected) significance of 10σ (8σ) 

▣ Products of production cross sections and branching ratios:

First combination of Higgs production and decay rates(Run-II)
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due to the assumptions on the correlation scheme between the H ! ZZ⇤ ! 4` and the H ! �� analyses,
and the specific definition of ggF, VBF VHhad, VHhad and top generate the small di↵erences between the
results in Table 5 and the ones presented in Ref. [1] and Ref. [2].

Table 4: Parameters of interest for the measurement of (� · B) f
i .

Decay mode ggF VBF VHhad VHlep top

H ! �� (� · B)��ggF (� · B)��VBF (� · B)��VHhad (� · B)��VHlep (� · B)��top
H ! ZZ⇤ (� · B)ZZ

ggF (� · B)ZZ
VBF fixed to SM fixed to SM fixed to SM

Table 5: Best fit values of (� · B) f
i for each specific channel i! H ! f , as obtained from the generic parameteri-

sation with 7 parameters as given in Table 4. The SM predictions [7] are shown for each (� · B) f
i .

H ! ZZ⇤ H ! ��
ggF Best fit value (pb) 1.58 +0.46

�0.39 0.063 +0.030
�0.029

SM prediction (pb) 1.18 ± 0.07 0.101 ± 0.006

VBF Best fit value (fb) 350+260
�200 18 +6

�6

SM prediction (fb) 93.0 ± 2.8 8.00 ± 0.29

VHhad Best fit value (fb) fixed to SM �2.5 +6.8
�5.8

SM prediction (fb) 36.0 ± 1.2 3.09 ± 0.12

VHlep Best fit value (fb) fixed to SM 1.0+2.5
�1.9

SM prediction (fb) 17.0 ± 0.5 1.46 ± 0.05

top Best fit value (fb) fixed to SM �0.3+1.6
�1.2

SM prediction (fb) 15.9 ± 1.5 1.36 ± 0.13

Figure 2 shows the cross sections (� · B) f
i as given in Table 4 for ggF, VBF, VHhad, VHlep and top

measured in H ! �� and H ! ZZ⇤. The fit results displayed are normalised to the SM predictions for
the various parameters and the grey bands indicate the theoretical uncertainties in these predictions. A
summary of the measured cross sections (� · B) f

i is shown in Table 5.

The ggF and VBF cross sections are measured with the best precision. As the event categories from which
they are mainly constrained typically have substantial contributions from both gg ! H and VBF, the
measured cross sections of the two sets of production modes are correlated. To compare the contours in
the (� · B) f

ggF–(� · B) f
VBF plane, as measured in H ! �� and H ! ZZ⇤ when the remaining parameters

of interest are profiled, the values of (� · B) f
i are divided by the branching fraction for the decay mode f

predicted by the SM, B f
SM, as shown in Figure 3.

The uncertainties on the electromagnetic energy resolution and the photon identification e�ciency play
the most important role among the experimental errors. The uncertainties on the acceptance of gluon
fusion production in the categories with a specific number of jets in the event are the most prominent
theoretical uncertainties.
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Figure 2: Cross sections (� · B) f
i as given in Table 4 for ggF, VBF, VHhad, VHlep and top measured in H ! ��

and H ! ZZ⇤. The fit results are normalised to the SM predictions for the various parameters and the grey bands
indicate the theoretical uncertainties in these predictions. The blue error bars show the full uncertainty, including
experimental uncertainties and theoretical uncertainties that impact the measurements.

The compatibility between the measurement and the SM prediction corresponds to a p-value of pSM =

11%.

4.2 Parameterisation using independent production cross sections and assuming SM
Higgs decay branching fractions

The second model focuses on the measurement of the production cross sections assuming SM Higgs decay
branching fractions. In this model, the cross sections for ggF (�ggF), VBF (�VBF), VHhad (�VHhad), VHlep
(�VHlep) and top (�top) are measured in the central region. Theoretical uncertainties on the predicted SM

11

where the �i are the cross sections considered in Section 4.2. With the present data sample and the decay
channels taken into account, the combined analysis is only sensitive to (�·B)ZZ

ggF, �VBF/�ggF and B��/BZZ .
In the combined fit, the remaining ratios between cross sections and ggF are profiled.

Parameter value norm. to SM value

0 1 2 3 4 5

ggFσ/VBFσ

ZZ/BγγB

ZZ
ggF

 B)⋅ σ(

ATLAS Preliminary =125.09 GeVHm
 (ZZ)-1), 14.8 fbγγ (-1=13 TeV, 13.3 fbs

Observed 68% CL SM Prediction

Figure 5: Measurement of (�·B)ZZ
ggF, �VBF/�ggF and B��/BZZ . The fit results are normalised to the SM predictions for

the various parameters and the grey bands indicate the theoretical uncertainties in these predictions. The remaining
ratios between production cross sections and ggF are profiled in the combined fit. The blue error bars show the full
uncertainty, including experimental uncertainties and theoretical uncertainties that impact the measurements.

Figure 5 shows the measurement of (� ·B)ZZ
ggF, �VBF/�ggF and B��/BZZ compared to their SM expectation.

The fit results displayed in Figure 5 are normalised to the SM predictions for the various parameters and
the grey bands indicate the theoretical uncertainties in these predictions.

The compatibility between the measurement and the SM prediction corresponds to a p-value of pSM =

5%.

Evidence for the the vector-boson fusion production process is established at
p

s = 13 TeV, with a local

14

ATLAS-CONF-2016-081

No significant deviation from the Standard Model predictions 
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Figure 4: Cross sections for ggF, VBF, VHhad, VHlep and top measured with the assumption of SM branching
fractions. The fit results are normalised to the SM predictions for the various parameters and the grey bands
indicate the theoretical uncertainties in these predictions. The blue error bars show the full uncertainty, including
experimental uncertainties and theoretical uncertainties that impact the measurements.

4.3 Parameterisation using ratios of cross sections and of branching fractions

The third model provides measurements of ratios of cross sections and of branching fractions extracted
from a combined fit to the data by normalising the production cross section for process i to ggF and
the branching ratio for final state f to BZZ . The product of the cross section and the branching fraction
(� · B) f

i can then be expressed using the ratios as:

(� · B) f
i = (� · B)ZZ

ggF ·
 
�i

�ggF

!
·
 

B f

BZZ

!
, (2)

13



H→WW→eνµν @ CMS
▣ Only the eμ final state is studied with the 2.3fb-1 early Run-II data 
▣ To disentangle backgrounds, the 0 and 1 jet categories are split.
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12 8 Summary

7 Results

The final binned fit is performed using template histograms for all signal and background
processes obtained after all selection criteria. The signal and background templates, as well as
the distribution observed in the data, are shown in Figure 5 for the 0-jet and 1-jet and µe and
eµ categories.

Figure 5: Bi-dimensional distributions of the m`` and mH
T templates in the 0-jet (top) and 1-jet

(bottom) and µe (left) and eµ (right) categories after the WW level selection. The bi-dimensional
templates ranges are 10 < m`` < 110 GeV and 0 < mH

T < 200 GeV with 5 bins in m`` and 10 bins
in mH

T . The distributions are unrolled to one dimensional histograms such that that identical
values of mH

T are in adjacent bins. The background and signal contributions are normalized
according to their pre-fit values except that scale factors estimated from data are applied to the
jet induced, the Drell-Yan, and top backgrounds.

Combining the four categories the observed (expected) significance is 0.7s (2.0s) for a SM Higgs
boson with a mass of 125 GeV. The corresponding best fit signal strength, s/sSM, which is the
ratio of the measured H!WW! enµn signal yield to the expectation for the SM Higgs boson
is 0.3 ± 0.5.

8 Summary

A measurement of the SM Higgs boson decaying to WW in pp collisions at
p

s = 13 TeV is
performed by the CMS experiment using a data sample corresponding to an integrated lumi-
nosity of 2.3 fb�1. The W+W� candidates are selected in events with an oppositely charged
eµ pair and large missing transverse momentum in association with up to one additional jet.
The observed (expected) significance for a SM Higgs boson with a mass of 125 GeV is 0.7s

0jet, µe 

1jet, µe 

0jet, eµ 

1jet, eµ 

HIG-15-003

See more details 
in Joshuha’s talk



Summary
▣ Comprehensive Higgs boson property measurement @ 

Run-I included mass, width, coupling, Spin-parity, cross 
section measurements etc. 

▣ With the new 13TeV data, both ATLAS and CMS 
confirmed the existence of the Higgs boson: 

▪ A first measurement of the Higgs boson production cross section: 
a good agreement with SM prediction  

▣ More results are coming soon with the increased 
integrated luminosity.
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Bonus slides
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H→γγ
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Figure 9: The nuisance parameters ranking and pulls on the gluon fusion signal strength (top) and the vector boson
fusion signal strength (bottom) at mH = 125.09±0.24 GeV. The pulls (black dots and bars) correspond to the bottom
axis, while the top axis describes the pre- and post-fit impact on the signal strength (yellow and blue bands).
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H->ZZ @ ATLAS
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Figure 6: The values of the test statistics �2� ln L as a function of (a) the fiducial cross section and (b) of the total
cross section. The solid black (blue) lines shows the observed (expected SM) results including all uncertainties
while the dashed red lines show the observed results without including the systematic uncertainties.

7.3 Cross sections by production mode from event categorisation

The number of expected and observed events in each of the categories, which were introduced in Section 2
and are used to enhance the sensitivity to the di↵erent Higgs boson production modes, are summarized in
Table 12.

Table 12: The expected and observed yields in the 0-jet, 1-jet, 2-jet with mj j > 120 GeV (VBF-enriched), 2-jet
with mj j < 120 GeV (VH-enriched) and VH-leptonic categories. The yields are given for the di↵erent production
modes, assuming mH = 125 GeV, the ZZ⇤ and reducible background for 14.8 fb�1 at

p
s = 13 TeV. The estimates

are given for the m4` mass range 118–129 GeV. Full uncertainties are provided.

Analysis Signal Background Total Observed
category ggF + bb̄H + tt̄H VBF WH ZH ZZ⇤ Z + jets, tt̄ expected

0-jet 11.2 ± 1.4 0.120 ± 0.019 0.047 ± 0.007 0.060 ± 0.006 6.2 ± 0.6 0.84 ± 0.12 18.4 ± 1.6 21
1-jet 5.7 ± 2.4 0.59 ± 0.05 0.137 ± 0.012 0.091 ± 0.008 1.62 ± 0.21 0.44 ± 0.07 8.5 ± 2.4 12

2-jet VBF enriched 1.9 ± 0.9 0.92 ± 0.07 0.074 ± 0.007 0.052 ± 0.005 0.22 ± 0.05 0.24 ± 0.11 3.4 ± 0.9 9
2-jet VH enriched 1.1 ± 0.5 0.084 ± 0.009 0.143 ± 0.012 0.101 ± 0.009 0.166 ± 0.035 0.088 ± 0.011 1.6 ± 0.5 2

VH-leptonic 0.055 ± 0.004 < 0.01 0.067 ± 0.004 0.011 ± 0.001 0.016 ± 0.002 0.012 ± 0.010 0.16 ± 0.01 0
Total 20 ± 4 1.71 ± 0.14 0.47 ± 0.04 0.315 ± 0.027 8.2 ± 0.9 1.62 ± 0.07 32 ± 4 44

The distributions of the BDT output used in each category are shown in Fig. 8. The cross section for the
di↵erent production modes are evaluated assuming the mH =125.09 GeV. Given the limited sensitivity
to the tt̄H and bb̄H production mechanisms, their cross sections are evaluated together with the ggF
under the assumption that the relative contribution of these production modes follows the SM prediction.
Figure 9 shows the negative log-likelihood scans as function of the measured cross sections as well as
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