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The Higgs sector today

• Higgs boson discovery already “old news” 

• Main focus measuring Higgs boson  
properties: 

• (On/off-shell/invisible) couplings 

• Mass, Spin/CP state 

• Or look for rare decays or coupling to  
exotic particles (discussed  
by Paolo Meridiani later today)
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Figure 8: Value of �2 ln⇤ as a function of mH for the individual H ! �� and H! ZZ⇤! 4` channels and their combination, where the signal
strengths µ�� and µ4` are allowed to vary independently. The dashed lines show the statistical component of the mass measurements. For the
H! ZZ⇤! 4` channel, this is indistinguishable from the solid line that includes the systematic uncertainties.
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Figure 9: Likelihood contours �2 ln⇤(S ,mH) as a function of the normalized signal yield S = �/�SM(mH=125.36 GeV) and mH for the H ! ��
and H! ZZ⇤! 4` channels and their combination, including all systematic uncertainties. For the combined contour, a common normalised signal
yield S is used. The markers indicate the maximum likelihood estimates in the corresponding channels.
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• Finalized most of Run-I Higgs analyses! 

• Reduced experimental/theory 
systematic uncertainties 

• Increased sensitivity, especially 
to sub-leading production modes  

• Interpret possible deviations from  
SM within more general theory  
frameworks (e.g. Effective field theory)

From discovery…

…to properties!



What do we look for… 
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+ mass measurement + off-shell coupling analysis

+ search for invisible decays

       Coupling  
      analysis

in preparation

planned

Discussed by  
Stephanie  
Majewski in  
“top quark” 
session 
on 
Wednesday

+ measurement of spin/CP



H to γγ
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Diphoton selection

tt̄H leptonic

tt̄H hadronic

V H dilepton

(ZH ! ``H)

V H one-lepton

(WH ! `⌫H)

V H Emiss

T

(ZH ! ⌫⌫H ; WH ! �̀⌫H)

V H hadronic

(WH ! jjH ; ZH ! jjH)

VBF tight

(qqV ! jjH)

Untagged

(gg ! H)

VBF loose

(qqV ! jjH)

FIG. 3. Illustration of the order in which the criteria for the
exclusive event categories are applied to the selected diphoton
events. The division of the last category, which is dominated
by ggF production, into four sub-categories is described in
Sec. VID.

are required to have p
T

� 25 GeV and to be tagged us-
ing the 80% (85%) e�ciency working point (WP) of the
b-tagging algorithm [93] in the 8 TeV (7 TeV) data. In or-
der to suppress the background contribution from Z+jets
with Z ! ee, where a jet and an electron are misidenti-
fied as photons, events with an invariant electron–photon
mass of 84–94 GeV are rejected.
Events in the tt̄H hadronic category are required not

to have a well-reconstructed and identified lepton (elec-
tron or muon) passing the kinematic cuts described in

Sec. IVB. Also, they are required to fulfill at least one of
the following sets of criteria that are partly based on the
b-tagger, which is calibrated at several di↵erent working
points of b-tagging e�ciency (Sec. IVC):

1. at least six jets with p
T

> 25 GeV out of which two
are b-tagged using the 80% WP;

2. at least six jets with p
T

> 30 GeV out of which one
is b-tagged using the 60% WP;

3. at least five jets with p
T

> 30 GeV out of which two
are b-tagged using the 70% WP.

Only the first set of criteria above is applied to the 7 TeV
data but with a working point e�ciency of 85%.
The fraction of tt̄H events relative to all signal pro-

duction passing this selection in the hadronic category is
larger than 80% while in the leptonic category it ranges
from 73% to 84% depending on the center-of-mass en-
ergy; the numbers are reported in Tables II and III. Con-
tributions of about 10% from ggF events in the hadronic
category and 10% from WH events in the leptonic cat-
egory remain. The remaining 10% in each of the two
categories is accounted for by tHW and tHbj events.

B. Categories sensitive to V H

In the second step of the categorization the selection is
optimized to identify events where a Higgs boson is pro-
duced in association with a Z or W boson. Compared
with our previous studies, a new V H dilepton category is
added to separately measure the signal strength param-
eters for the ZH and WH production modes in order
to better test the custodial symmetry of the Higgs sec-
tor [13]. This new category exploits the dilepton decay
of the Z boson by requiring two same-flavor opposite-
sign leptons (electrons or muons) with p

T

> 15 GeV and
p
T

> 10 GeV for electrons and muons, respectively. The
invariant mass of the two leptons is required to be in the
range 70–110 GeV. These requirements lead to a 99%
signal-only purity for ZH production, the remaining 1%
coming from tt̄H production (Tables II and III).
The V H one-lepton category is optimized to select

events with a leptonic decay of the W boson by requir-
ing the presence of one electron or muon with p

T

greater
than 15 GeV or 10 GeV, respectively. In order to ex-
ploit the missing transverse momentum signature of the
neutrino in the decay chain, the significance of the miss-
ing transverse momentum, as defined in Sec. IVD, is re-
quired to be larger than 1.5. For the optimization of the
selection cuts in this category, the expected background
contribution is derived from data events in the sidebands.
Approximately 90% of the signal events in this category
are predicted to come from WH production, about 6%
from ZH production, and 1–2% from tt̄H production.
The V H Emiss

T

category is optimized to be enriched in
events from V H production with a leptonic decay of a
W boson, where the lepton is not detected or does not

ttH

VH

VBF

ggF
4
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FIG. 13. Diphoton invariant mass m�� spectrum observed in
the sum of the 7 TeV and 8 TeV data. Each event is weighted
by the signal-to-background ratio in the dataset and category
it belongs to. The errors bars represent 68% confidence in-
tervals of the weighted sums. The solid red curve shows the
fitted signal plus background model when the Higgs boson
mass is fixed at 125.4 GeV. The background component of
the fit is shown with the dotted blue curve. The signal com-
ponent of the fit is shown with the solid black curve. Both the
signal plus background and background-only curves reported
here are obtained from the sum of the individual curves in
each category weighted by their signal-to-background ratio.
The bottom plot shows the data relative to the background
component of the fitted model.

Table XIV. They are determined from the di↵erence in
quadrature between the nominal uncertainty and change
in the 68% CL range on µ when the corresponding nui-
sance parameters are fixed to their best fit values. The
sums of the squares of the theoretical uncertainties linked
to the QCD scales, PDFs, and H ! �� branching ratio
account for approximately 50% of the square of the to-
tal systematic uncertainty. The dominant experimental
uncertainty is from the photon energy resolution, which
represents approximately 30% of the total systematic un-
certainty (as above in terms of its contribution to the
square of the total systematic uncertainty). In the fit
to extract the signal strengths, the post-fit values of the
most relevant nuisance parameters (those apart from the
ones of the background model), do not show significant
deviations from their pre-fit input values.
The compatibility of the combined signal strength pre-

sented in this article with the one published in Ref. [13],
µ = 1.55 +0.33

�0.28, is investigated using a jackknife resam-
pling technique [111, 112] in which variances and covari-
ances of observables are estimated with a series of sub-

TABLE XIV. Main systematic uncertainties �syst.
µ on the

combined signal strength parameter µ. The values for each
group of uncertainties are determined by subtracting in
quadrature from the total uncertainty the change in the 68%
CL range on µ when the corresponding nuisance parameters
are fixed to their best fit values. The experimental uncer-
tainty on the yield does not include the luminosity contribu-
tion, which is accounted for separately.

Uncertainty group �syst.
µ

Theory (yield) 0.09
Experimental (yield) 0.02
Luminosity 0.03
MC statistics < 0.01
Theory (migrations) 0.03
Experimental (migrations) 0.02
Resolution 0.07
Mass scale 0.02
Background shape 0.02

samples of the observations. The datasets used in the
two analyses are highly correlated: 142681 events are
selected in Ref. [13], 111791 events are selected in the
current analysis, and 104407 events are selected in both
analyses. The significance of the 0.4 di↵erence between
the combined signal strengths, including the e↵ect of the
74% correlation between the two measurements, is cal-
culated by applying the jackknife technique to the union
of the two datasets and is found to be 2.3�. An un-
certainty of 0.1� on the compatibility between the two
measurements is estimated by varying the size of the jack-
knife sub-samples. The decrease in the observed signal
significance (5.2�) with respect to the one published in
Ref. [13] (7.4�) is related to the reduction of the mea-
sured signal strength according to the asymptotic for-
mula Z = µ/�stat

µ , where �stat

µ is the statistical compo-
nent of the uncertainty on µ. In other words, the ob-
served reductions of the significance and signal strength
are consistent with each other and consistent with a sta-
tistical fluctuation at the level of ⇠ 2.3�.

As can be seen in Figs. 17 and 18, the observed sig-
nal strengths of the tagged categories, which are domi-
nated by production processes other than ggF, tend to
be lower than the signal strengths measured with the
untagged categories, which are dominated by ggF pro-
duction. This tendency, combined with the optimized
sensitivity of this analysis to production processes other
than ggF, results in a lower combined signal strength
than those measured using alternative analyses of the
same dataset (or where the datasets are largely over-
lapping) that are inclusive with respect to the produc-
tion process. The compatibility of the combined signal
strength obtained in this analysis with the signal strength
µ = 1.29± 0.30 obtained in the mass measurement anal-
ysis quoted in Ref. [9] for the diphoton channel (where
the diphoton events are sorted into categories that de-
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FIG. 18. The signal strength for a Higgs boson of mass
mH = 125.4 GeV decaying via H ! �� as measured in groups
of categories sensitive to individual production modes, and
the combined signal strength, for the combination of the
7 TeV and 8 TeV data. The vertical hatched band indicates
the 68% confidence interval of the combined signal strength.
The vertical dashed line at signal strength 1 indicates the
SM expectation. The vertical dashed red line indicates the
limit below which the fitted signal plus background mass dis-
tribution for the combination of the V H categories becomes
negative for some mass in the fit range.
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FIG. 19. Measured signal strengths, for a Higgs boson of mass
mH = 125.4 GeV decaying via H ! ��, of the di↵erent Higgs
boson production modes and the combined signal strength
µ obtained with the combination of the 7 TeV and 8 TeV
data. The vertical dashed line at µ = 1 indicates the SM
expectation. The vertical dashed line at the left end of the
µZH result indicates the limit below which the fitted signal
plus background mass distribution becomes negative for some
mass in the fit range.

lation between the fitted values of µ
ggF

and µ
VBF

has

been studied by still fixing both µtH and µb¯bH to 1 and
profiling3 the remaining signal strengths µZH , µWH , and
µt¯tH . The best-fit values of µ

ggF

and µ
VBF

and the 68%
and 95% CL contours are shown in Fig. 20.
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FIG. 20. The two-dimensional best-fit value of (µ
VBF

, µ
ggF

)
for a Higgs boson of mass mH = 125.4 GeV decaying via
H ! �� when fixing both µtH and µb¯bH to 1 and profil-
ing all the other signal strength parameters. The 68% and
95% CL contours are shown with the solid and dashed lines,
respectively. The result is obtained for mH = 125.4 GeV and
the combination of the 7 TeV and 8 TeV data.

Compared with the measured tt̄H signal strength pa-
rameter µt¯tH = 1.3 +2.5

�1.7 (stat.) +0.8
�0.4 (syst.) in Ref. [96],

µt¯tH measured in this analysis profits from the contribu-
tion of tt̄H events in other categories such as V H Emiss

T

and V H one-lepton. In addition, in this measurement
the other contributions to the signal strength are pro-
filed, whereas they are fixed at the SM predictions in
Ref. [96].
As mentioned in the introduction, in order to test the

production through VBF and associated production with
aW or Z boson or a tt̄ pair, independently of theH ! ��
branching ratio, the ratios µ

VBF

/µ
ggF

, µV H/µ
ggF

, and
µt¯tH/µ

ggF

are fitted separately by fixing µtH and µb¯bH

to 1 and profiling the remaining signal strengths. The
measured ratios

µ
VBF

/µ
ggF

= 0.6 +0.8
�0.5,

µV H/µ
ggF

= 0.6 +1.1
�0.6,

µt¯tH/µ
ggF

= 1.2 +2.2
�1.4,

although not significantly di↵erent from zero, are
consistent with the SM predictions of 1.0. Like-
lihood scans of these ratios are presented in

3 Profiling here means maximizing the likelihood with respect to
all parameters apart from the parameters of interest µ

ggF

and
µ
VBF

.
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FIG. 13. Diphoton invariant mass m�� spectrum observed in
the sum of the 7 TeV and 8 TeV data. Each event is weighted
by the signal-to-background ratio in the dataset and category
it belongs to. The errors bars represent 68% confidence in-
tervals of the weighted sums. The solid red curve shows the
fitted signal plus background model when the Higgs boson
mass is fixed at 125.4 GeV. The background component of
the fit is shown with the dotted blue curve. The signal com-
ponent of the fit is shown with the solid black curve. Both the
signal plus background and background-only curves reported
here are obtained from the sum of the individual curves in
each category weighted by their signal-to-background ratio.
The bottom plot shows the data relative to the background
component of the fitted model.

Table XIV. They are determined from the di↵erence in
quadrature between the nominal uncertainty and change
in the 68% CL range on µ when the corresponding nui-
sance parameters are fixed to their best fit values. The
sums of the squares of the theoretical uncertainties linked
to the QCD scales, PDFs, and H ! �� branching ratio
account for approximately 50% of the square of the to-
tal systematic uncertainty. The dominant experimental
uncertainty is from the photon energy resolution, which
represents approximately 30% of the total systematic un-
certainty (as above in terms of its contribution to the
square of the total systematic uncertainty). In the fit
to extract the signal strengths, the post-fit values of the
most relevant nuisance parameters (those apart from the
ones of the background model), do not show significant
deviations from their pre-fit input values.
The compatibility of the combined signal strength pre-

sented in this article with the one published in Ref. [13],
µ = 1.55 +0.33

�0.28, is investigated using a jackknife resam-
pling technique [111, 112] in which variances and covari-
ances of observables are estimated with a series of sub-

TABLE XIV. Main systematic uncertainties �syst.
µ on the

combined signal strength parameter µ. The values for each
group of uncertainties are determined by subtracting in
quadrature from the total uncertainty the change in the 68%
CL range on µ when the corresponding nuisance parameters
are fixed to their best fit values. The experimental uncer-
tainty on the yield does not include the luminosity contribu-
tion, which is accounted for separately.

Uncertainty group �syst.
µ

Theory (yield) 0.09
Experimental (yield) 0.02
Luminosity 0.03
MC statistics < 0.01
Theory (migrations) 0.03
Experimental (migrations) 0.02
Resolution 0.07
Mass scale 0.02
Background shape 0.02

samples of the observations. The datasets used in the
two analyses are highly correlated: 142681 events are
selected in Ref. [13], 111791 events are selected in the
current analysis, and 104407 events are selected in both
analyses. The significance of the 0.4 di↵erence between
the combined signal strengths, including the e↵ect of the
74% correlation between the two measurements, is cal-
culated by applying the jackknife technique to the union
of the two datasets and is found to be 2.3�. An un-
certainty of 0.1� on the compatibility between the two
measurements is estimated by varying the size of the jack-
knife sub-samples. The decrease in the observed signal
significance (5.2�) with respect to the one published in
Ref. [13] (7.4�) is related to the reduction of the mea-
sured signal strength according to the asymptotic for-
mula Z = µ/�stat

µ , where �stat

µ is the statistical compo-
nent of the uncertainty on µ. In other words, the ob-
served reductions of the significance and signal strength
are consistent with each other and consistent with a sta-
tistical fluctuation at the level of ⇠ 2.3�.

As can be seen in Figs. 17 and 18, the observed sig-
nal strengths of the tagged categories, which are domi-
nated by production processes other than ggF, tend to
be lower than the signal strengths measured with the
untagged categories, which are dominated by ggF pro-
duction. This tendency, combined with the optimized
sensitivity of this analysis to production processes other
than ggF, results in a lower combined signal strength
than those measured using alternative analyses of the
same dataset (or where the datasets are largely over-
lapping) that are inclusive with respect to the produc-
tion process. The compatibility of the combined signal
strength obtained in this analysis with the signal strength
µ = 1.29± 0.30 obtained in the mass measurement anal-
ysis quoted in Ref. [9] for the diphoton channel (where
the diphoton events are sorted into categories that de-

Theory uncertainties: 
• QCD scale (ggF: ±7%) 
• PDF (ggF: ±7%) 
• BR(H to γγ) (±5%) 
• Leading uncertainty 

despite NNLO+NNLL 
QCD computation

Energy resolution: 
• Determined in Z to ee + MC 

extrapolation 
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Fig. 21. The result for µ
VBF

/µ
ggF

is consistent
with µ

VBF+V H/µ
ggF+t¯tH = 1.1+0.9

�0.5 reported by ATLAS
with the same data in Ref. [13], although they are not
directly comparable.

ggFµ / 
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FIG. 21. Measurements of the µ
VBF

/µ
ggF

, µV H/µ
ggF

and
µt¯tH/µ

ggF

ratios and their total errors for a Higgs boson mass
mH = 125.4 GeV. For a more complete illustration, the log-
likelihood curves from which the total uncertainties are ex-
tracted are also shown: the best fit values are represented
by the solid vertical lines, with the total ±1� and ±2� un-
certainties indicated by the dark- and light-shaded band, re-
spectively. The likelihood curve and uncertainty bands for
µV H/µ

ggF

stop at zero because below this the hypothesized
signal plus background mass distribution in the V H dilepton
channel becomes negative (unphysical) for some mass in the
fit range.

XI. CONCLUSION

A refined measurement of Higgs boson signal strengths
in the H ! �� decay channel is performed using the
proton-proton collision data recorded by the ATLAS ex-
periment at the CERN Large Hadron Collider at center-
of-mass energies of

p
s = 7 TeV and

p
s = 8 TeV corre-

sponding to a total integrated luminosity of 25 fb�1(the

LHC Run 1 dataset). The results are based on improved
calibrations for photons, electrons and muons and on
improved analysis techniques with respect to the pre-
viously published analysis of the same dataset. The
strength of the signal relative to the SM expectation,
measured at the combined ATLAS Higgs boson mass
mH = 125.4 GeV is found to be

µ = 1.17± 0.27.

The compatibility with the SM prediction of µ = 1 cor-
responds to 0.7�. Signal strengths of the main produc-
tion modes are measured separately by exploiting event
categories that are designed to be sensitive to particular
production modes. They are found to be

µ
ggF

= 1.32± 0.38,

µ
VBF

= 0.8± 0.7,

µWH = 1.0± 1.6,

µZH = 0.1 +3.7
�0.1,

µt¯tH = 1.6 +2.7
�1.8,

where the statistical, systematic and theoretical uncer-
tainties are combined. The total uncertainty of both the
combined and the five individual signal strength param-
eters presented above is dominated by the statistical un-
certainty. These are the first results obtained by ATLAS
in the diphoton final state for these five production mech-
anisms simultaneously. No significant deviations from
the SM expectations are observed. More data are needed
to establish evidence for Higgs boson production in the
H ! �� decay channel via the VBF, WH, ZH, and tt̄H
production mechanisms individually. These results su-
persede the previous ones and represent the new refer-
ence for the signal strengths of Higgs boson production
in the H ! �� decay channel measured by ATLAS with
the LHC Run 1 data.
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Table 11: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states in a
window of 120 < m4` < 130 GeV. The second column shows the number of expected signal events for the full mass range,
without a selection on m4`. The other columns show for the 120–130 GeV mass range the number of expected signal events,
the number of expected ZZ⇤ and reducible background events, and the signal-to-background ratio (S/B), together with the
number of observed events, for 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV as well as for the combined sample.

Final state Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range p

s = 7 TeV

4µ 1.00 ± 0.10 0.91 ± 0.09 0.46 ± 0.02 0.10 ± 0.04 1.7 1.47 ± 0.10 2
2e2µ 0.66 ± 0.06 0.58 ± 0.06 0.32 ± 0.02 0.09 ± 0.03 1.5 0.99 ± 0.07 2
2µ2e 0.50 ± 0.05 0.44 ± 0.04 0.21 ± 0.01 0.36 ± 0.08 0.8 1.01 ± 0.09 1
4e 0.46 ± 0.05 0.39 ± 0.04 0.19 ± 0.01 0.40 ± 0.09 0.7 0.98 ± 0.10 1

Total 2.62 ± 0.26 2.32 ± 0.23 1.17 ± 0.06 0.96 ± 0.18 1.1 4.45 ± 0.30 6p
s = 8 TeV

4µ 5.80 ± 0.57 5.28 ± 0.52 2.36 ± 0.12 0.69 ± 0.13 1.7 8.33 ± 0.6 12
2e2µ 3.92 ± 0.39 3.45 ± 0.34 1.67 ± 0.08 0.60 ± 0.10 1.5 5.72 ± 0.37 7
2µ2e 3.06 ± 0.31 2.71 ± 0.28 1.17 ± 0.07 0.36 ± 0.08 1.8 4.23 ± 0.30 5
4e 2.79 ± 0.29 2.38 ± 0.25 1.03 ± 0.07 0.35 ± 0.07 1.7 3.77 ± 0.27 7

Total 15.6 ± 1.6 13.8 ± 1.4 6.24 ± 0.34 2.00 ± 0.28 1.7 22.1 ± 1.5 31p
s = 7 TeV and

p
s = 8 TeV

4µ 6.80 ± 0.67 6.20 ± 0.61 2.82 ± 0.14 0.79 ± 0.13 1.7 9.81 ± 0.64 14
2e2µ 4.58 ± 0.45 4.04 ± 0.40 1.99 ± 0.10 0.69 ± 0.11 1.5 6.72 ± 0.42 9
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Figure 13: The distribution of the four-lepton invariant mass, m4`, for the selected candidates (filled circles) compared to the
expected signal and background contributions (filled histograms) for the combined

p
s = 7 TeV and

p
s = 8 TeV data for the

mass ranges: (a) 80–170 GeV, and (b) 80–600 GeV. The signal expectation shown is for a mass hypothesis of mH = 125 GeV
and normalized to µ = 1.51 (see text). The expected backgrounds are shown separately for the ZZ⇤ (red histogram), and
the reducible Z + jets and tt̄ backgrounds (violet histogram); the systematic uncertainty associated to the total background
contribution is represented by the hatched areas.
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Figure 2: Schematic view of the event categorization. Events are required to pass the four-lepton selection, and then they are
assigned to one of four categories which are tested sequentially: VBF enriched, VH-hadronic enriched, VH-leptonic enriched,
or ggF enriched.

To measure the rates for the ggF, VBF, and VH production mechanisms, discussed in Sec. 3, eachH ! 4`
candidate selected by the criteria described above is assigned to one of four categories (VBF enriched, VH-
hadronic enriched, VH-leptonic enriched, or ggF enriched), depending on other event characteristics. A
schematic view of the event categorization is shown in Fig. 2.

The VBF enriched category is defined by events with two high-pT jets. The kinematic requirements for
jets are pT > 25 (30)GeV for |⌘| < 2.5 (2.5 < |⌘| < 4.5). If more than two jets fulfill these requirements,
the two highest-pT jets are selected as VBF jets. The event is assigned to the VBF enriched category
if the invariant mass of the dijet system, mjj , is greater than 130 GeV, leading to a signal e�ciency of
approximately 55%. This category has a considerable contamination from ggF events, with 54% of the
expected events in this category arising from production via gluon fusion.

Events that do not satisfy the VBF enriched criteria are considered for the VH-hadronic enriched cat-
egory. The same jet-related requirements are applied but with 40 < mjj < 130 GeV, as presented in Fig.
3. Moreover, the candidate has to fulfill a requirement on the output weight of a specific multivariate dis-
criminant, presented in Sec. 7.2. The signal e�ciency for requiring two jets is 48% for VH and applying the
multivariate discriminant brings the overall signal e�ciency to 25%.

Events failing to satisfy the above criteria are next considered for the VH-leptonic enriched category.
Events are assigned to this category if there is an extra lepton (e or µ), in addition to the four leptons
forming the Higgs boson candidate, with pT > 8GeV and satisfying the same lepton requirements. The
signal e�ciency for the extra vector boson for the VH-leptonic enriched category is around 90% (100%) for
the W (Z), where the Z has two leptons which can pass the extra lepton selection.

Finally, events that are not assigned to any of the above categories categories are associated with the
ggF enriched category. Table 2 shows the expected yields for Higgs boson production and ZZ⇤ background
events in each category from each of the production mechanisms, for mH = 125 GeV and 4.5 fb�1 at

p
s = 7

TeV and 20.3 fb�1 at
p
s = 8 TeV.
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µggF+tt̄H+bb̄H is assigned to gluon fusion, tt̄H and bb̄H production. This simplification is also justified by
the fact that in the SM the two production modes scale with the qq̄H (q = b, t) coupling. Similarly, a
common signal strength µVBF+VH is assigned to the VBF and VH production modes since in the SM they
scale with the WH/ZH gauge couplings.

For the categorized analysis, all of the candidates are grouped into four separate categories to have
better sensitivity to the di↵erent production mechanisms, as described in Sec. 5. In the VBF enriched
category, where the BDTVBF discriminant is introduced to separate the ggF-like events from VBF-like
events, the two-dimensional probability density P(m4`,BDTVBF) is constructed by factorizing the BDTVBF

and m4` distributions. This factorization is justified by the negligible dependence of the BDTVBF on m4`

for both signal and background. The BDTVBF dependence on the Higgs boson mass is negligible and is
neglected in the probability density. Adding the BDTVBF in the VBF enriched category reduces the expected
uncertainty on the signal strength of the VBF and VH production mechanisms µVBF+VH by about 25%. The
improvement in the expected uncertainty on µVBF+VH reaches approximately 35% after adding the leptonic
and hadronic VH categories to the model. In these two VH categories, a simple one-dimensional fit to the
m4` observable is performed, since for the VH-hadronic enriched category, a selection on the BDTVH output
is included in the event selection, while for the VH-leptonic enriched category, no BDT is used. Finally,
in the ggF enriched category, the 2D model defined in Eq. (2), including the BDTZZ⇤ trained as specified
in Sec. 7.1, is used. These procedures allow a further reduction of the expected uncertainty on µVBF+VH

(µggF+tt̄H+bb̄H) by 6% (8%).

9. Systematic Uncertainties

The uncertainties on the lepton reconstruction and identification e�ciency, and on the lepton energy or
momentum resolution and scale, are determined using samples of W , Z and J/ decays. The description of
these systematic uncertainties, as well as of the uncertainties associated with the event categorizations, is
separated into three parts. A brief overview of the systematic uncertainties that a↵ect the mass measurement
is given in Sec. 9.1. The description of the systematic uncertainties related to the measurement of the signal
rate and event categorizations is provided in Secs. 9.2 and 9.3, respectively.

9.1. Systematic uncertainties in the mass measurement

For the H ! ZZ⇤ ! 4` decay modes involving electrons, the electron energy scale uncertainty, de-
termined from Z ! ee and J/ ! ee decays, is propagated as a function of the pseudorapidity and the
transverse energy of the electrons. The precision of the energy scale is better than 0.1% for |⌘| < 1.2 and
1.8 < |⌘| < 2.47, and a few per mille for 1.2 < |⌘| < 1.8 [76]. The uncertainties on the measured Higgs boson
mass due to the electron energy scale uncertainties are ±0.04%, ±0.025% and ±0.04% for the 4e, 2e2µ and
2µ2e final states, respectively.

Similarly, for theH ! ZZ⇤ ! 4` decay modes involving muons, the various components of the systematic
uncertainty on the muon momentum scale are determined using large samples of J/ ! µµ and Z ! µµ
decays and validated using ⌥ ! µµ, J/ ! µµ and Z ! µµ decays. In the muon transverse momentum
range of 6–100 GeV, the systematic uncertainties on the scales are about ±0.04% in the barrel region and
reach ±0.2% in the region |⌘| > 2 [81]. The uncertainties on the measured Higgs boson mass due to the
muon energy scale uncertainties are estimated to be ±0.04%, ±0.015% and ±0.02% for the 4µ, 2e2µ and
2µ2e final states, respectively.

Uncertainties on the measured Higgs boson mass related to the background contamination and final-state
QED radiation modeling are negligible compared to the other sources described above.

The weighted contributions to the uncertainty in the mass measurement, when all the final states are
combined, are ±0.01% for the electron energy scale uncertainty and ±0.03% for the muon momentum scale
uncertainty. The larger impact of the muon momentum scale uncertainty is due to the fact that the muon
final states have a greater weight in the combined mass fit.

9.2. Systematic uncertainties in the inclusive signal strength measurement

The e�ciencies to trigger, reconstruct and identify electrons and muons are studied using Z ! `` and
J/ ! `` decays [78–81]. The expected impact from simulation of the associated systematic uncertainties
on the signal yield is presented in Table 9. The impact is presented for the individual final states and for
all channels combined.

The level of agreement between data and simulation for the e�ciency of the isolation and impact param-
eter requirements of the analysis is studied using a tag-and-probe method. As a result, a small additional
uncertainty on the isolation and impact parameter selection e�ciency is applied for electrons with ET below
15 GeV. The e↵ect of the isolation and impact parameter uncertainties on the signal strength is given in
Table 9. The corresponding uncertainty for muons is found to be negligible.
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variables entering the BDTVH discriminant, the invariant mass of the dijet system, which peaks at the Z
mass, exhibits the most important di↵erence between ggF and VH production modes. The other variables
have less separation power. The corresponding separation for BDTVH is shown in Fig. 10. As described in
Sec. 5.2, the VH-hadronic enriched category applies a selection on the BDTVH discriminant (< �0.4) which
optimizes the signal significance.

8. Signal and Background Modeling

8.1. Signal and background modeling for the inclusive analysis

For the measurements of the Higgs boson mass, of its natural width and of the inclusive production rate
relative to the SM expectation (the signal strength denoted as µ) in the H ! ZZ⇤ ! 4` channel, three
di↵erent parametrizations of the signal and background were developed as described in Ref. [9], where the
Higgs boson mass measurement is reported. The baseline method is a two-dimensional (2D) fit to m4` and
the BDTZZ⇤ output (OBDTZZ⇤ ). This method provides the smallest expected uncertainties for both the
mass and inclusive signal strength measurements. The one-dimensional (1D) fit to the m4` distribution that
was used in the previous measurements [4, 6] is used as a cross-check. A third method, using per-event
resolution, is discussed after a description of the 1D and 2D models. The m4` range used in the fit for all of
the methods is 110–140 GeV. A kernel density estimation method [97] uses fully simulated events to obtain
smooth distributions for both the 1D and 2D signal models. These templates are produced using samples
generated at 15 di↵erent mH values in the range 115–130 GeV and parametrized as functions of mH using
B-spline interpolation [98]. These simulation samples at di↵erent masses are normalized to the expected
SM � ⇥B [24] to derive the expected signal yields after acceptance and selection. The probability density
function for the signal in the 2D fit is:

P(m4`, OBDTZZ⇤ | mH) = P(m4` | OBDTZZ⇤ , mH) P(OBDTZZ⇤ | mH)

'
 

4X

n=1

Pn(m4` | mH)✓n(OBDTZZ⇤ )

!
P(OBDTZZ⇤ | mH)

(2)

where ✓n defines four equal-sized bins for the value of the BDTZZ⇤ output, and Pn represents the 1D
probability density function of the signal in the corresponding BDTZZ⇤ bin. The variation of the m4`

shape is negligible within a single BDTZZ⇤ bin, so no bias is introduced in the mass measurement. The
background model, Pbkg(m4`, OBDTZZ⇤ ), is described using a two-dimensional probability density. For the
ZZ⇤ and reducible `` + µµ backgrounds, the two-dimensional probability density distributions are derived
from simulation, where the `` + µµ simulation was shown to agree well with data in the control region.
For the `` + ee background model, the two-dimensional probability density can only be obtained from
data, which is done using the 3` + X data control region weighted with the transfer factor to match the
kinematics of the signal region. Figure 11 shows the probability density in the BDTZZ⇤– m4` plane, for
the signal with mH = 125 GeV, the ZZ⇤ background from simulation and the reducible background from
the data control region. The visible separation between the signal and the background using the BDTZZ⇤

discriminant is exploited in the fit. With respect to the 1D approach, there is an expected reduction of
the statistical uncertainty for the mass and inclusive signal strength measurements, which is estimated from
simulation to be approximately 8% for both measurements. Both the 1D and the 2D models are built using
m4` after applying a Z-mass constraint to m12 during the fit, as described in Sec. 5.1. Figure 12 shows
the m4` distribution for a simulated signal sample with mH = 125 GeV, after applying the correction for
final-state radiation and the Z-mass constraint for the 4µ, 4e and 2e2µ/2µ2e final states. The width of the
reconstructed Higgs boson mass for mH = 125 GeV ranges between 1.6 GeV (4µ final state) and 2.2 GeV
(4e final state) and is expected to be dominated by the experimental resolution since, for mH of about 125
GeV, the natural width in the Standard Model is approximately 4 MeV.

In addition to the 1D and 2D fit methods described above, the signal probability density for m4` is
also modeled on a per-event basis using both the BDTZZ⇤ information and the energy resolution of the
individual leptons. This method is referred to as the per-event-resolution model and is used both as a cross-
check for the mass measurement and as the baseline method to set an upper limit on the Higgs boson total
width �H , which is discussed elsewhere [9]. The detector-level m4` distribution for the signal is obtained
for each event through the convolution of an analytic description of the single-lepton detector response with
a Breit-Wigner function that describes the Higgs boson mass line shape. The Z-mass constraint is not
applied in this fit because this introduces a correlation between the two leptons of the leading Z which must
be included in their detector response functions. The parametrization of the muon and electron response
function is performed in bins of ⌘ and pT of the leptons and consists of the sum of two or three normal
distributions. This parametrization takes into account the tails of the single-lepton responses. A broad
range of cross-checks were performed to validate all the models described above [9].
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10.2. Coupling studies

The numbers of expected and observed events in each of the categories described in Sec. 5.2 are summa-
rized in Table 12. The expected yield in each enriched category is given for each of the production modes,
where the ggF, bb̄H and tt̄H yields are combined. The expected and observed numbers of events are given
for two m4` mass ranges: 120–130 GeV and above 110 GeV. Three of the VBF candidates are found in
the mass region 120–130 GeV with invariant masses of 123.2 GeV, 123.4 GeV and 125.7 GeV. Only one
VBF candidate has a BDTVBF output above zero: m4` =123.4 GeV and a BDTVBF output value of 0.7.
In this mass window, the expected number of VBF candidates with BDTVBF output above zero is 1.26 ±
0.15, where half of this is expected to be from a true VBF signal, about 35% from ggF production and the
rest is mostly from ZZ⇤ and reducible backgrounds. The distributions of m4` and the BDTVBF output for
the VBF enriched category in the full mass range and in the fit range of 110–140 GeV are shown in Fig.
18. The signal purity, defined as S/(S + B), as a function of the BDTVBF output is shown in Fig. 19 for
Higgs events relative to the backgrounds and for VBF events relative to the other Higgs boson production
mechanisms for 110 < m4` < 140 GeV. There is no VH candidate in the 120–130 GeV mass range for either
the hadronic or leptonic categories. For the full mass range above 110 GeV all categories are dominated
by ZZ⇤ background, and the observed number of events agrees well with the expectation as can be seen in
Table 12.

Table 12: Expected and observed yields in the VBF enriched, VH-hadronic enriched, VH-leptonic enriched and ggF enriched
categories. The yields are given for the di↵erent production modes and the ZZ⇤ and reducible background for 4.6 fb�1 atp
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV. The estimates are given for both the m4` mass range 120–130 GeV and the mass

range above 110 GeV.

Enriched Signal Background Total Observed
category ggF + bb̄H + tt̄H VBF VH-hadronic VH-leptonic ZZ⇤ Z + jets, tt̄ expected

120 < m4` < 130 GeV

VBF 1.18 ± 0.37 0.75 ± 0.04 0.083 ± 0.006 0.013 ± 0.001 0.17 ± 0.03 0.25 ± 0.14 2.4 ± 0.4 3
(BDTVBF > 0) 0.48 ± 0.15 0.62 ± 0.04 0.023 ± 0.002 0.004 ± 0.001 0.06 ± 0.01 0.10 ± 0.05 1.26 ± 0.15 1

VH-hadronic 0.40 ± 0.12 0.034 ± 0.004 0.20 ± 0.01 0.009 ± 0.001 0.09 ± 0.01 0.09 ± 0.04 0.80 ± 0.12 0
VH-leptonic 0.013 ± 0.002 < 0.001 < 0.001 0.069 ± 0.004 0.015 ± 0.002 0.016 ± 0.019 0.11 ± 0.02 0

ggF 12.8 ± 1.3 0.57 ± 0.02 0.24 ± 0.01 0.11 ± 0.01 7.1 ± 0.2 2.7 ± 0.4 23.5 ± 1.4 34

m4` > 110 GeV

VBF 1.4 ± 0.4 0.82 ± 0.05 0.092 ± 0.007 0.022 ± 0.002 20 ± 4 1.6 ± 0.9 24. ± 4. 32
(BDTVBF > 0) 0.54 ± 0.17 0.68 ± 0.04 0.025 ± 0.002 0.007 ± 0.001 8.2 ± 1.6 0.6 ± 0.3 10.0 ± 1.6 12

VH-hadronic 0.46 ± 0.14 0.038 ± 0.004 0.23 ± 0.01 0.015 ± 0.001 9.0 ± 1.2 0.6 ± 0.2 10.3 ± 1.2 13
VH-leptonic 0.026 ± 0.004 < 0.002 < 0.002 0.15 ± 0.01 0.63 ± 0.04 0.11 ± 0.14 0.92 ± 0.16 1

ggF 14.1 ± 1.5 0.63 ± 0.02 0.27 ± 0.01 0.17 ± 0.01 351. ± 20 16.6 ± 2.2 383. ± 20 420

In the following, measurements of the production strengths and couplings are discussed. They are all
evaluated assuming the ATLAS combined mass mH = 125.36 GeV. The measurement of a global signal
strength factor, discussed in Sec. 10.1, can be extended to a measurement of the signal strength factors for
specific production modes.

The production mechanisms are grouped into the “fermionic” and the “bosonic” ones. The former
consists of ggF, bb̄H and tt̄H, while the latter includes the VBF and VH modes. In Fig. 20(a) the best fit
value for µggF+bb̄H+tt̄H⇥B/BSM versus µVBF+VH⇥B/BSM is presented. The factor B/BSM, the scale factor
of the branching ratio with respect to the SM value, is included since with a single channel analysis the
source of potential deviations from the SM expectation cannot be resolved between production and decay.
The profile likelihood ratio contours that correspond to the 68% and 95% confidence levels are also shown.
The measured values for µggF+bb̄H+tt̄H ⇥B/BSM and µVBF+VH ⇥B/BSM are respectively:

µggF+bb̄H+tt̄H ⇥B/BSM = 1.66 +0.45
�0.41 (stat) +0.25

�0.15 (syst)

µVBF+VH ⇥B/BSM = 0.26 +1.60
�0.91 (stat) +0.36

�0.23 (syst).
(6)

The rounded results, with statistical and systematic uncertainties combined, are: µggF+bb̄H+tt̄H⇥B/BSM =1.7
+0.5
�0.4 and µVBF+VH ⇥B/BSM =0.3 +1.6

�0.9.
The fit to the categories can be constrained to extract a single overall signal strength for the H !

ZZ⇤ ! 4` final state. This combined µ ⇥ B/BSM is 1.44 +0.34
�0.31 (stat) +0.21

�0.11 (syst). The ambiguity between
production and decay is removed in Fig. 20(b), where the ratio µVBF+VH/µggF+bb̄H+tt̄H is presented. The

measured value of this ratio is 0.2+1.2
�0.5.

Following the approach and benchmarks recommended by the LHC Higgs Cross SectionWorking Group [103],
measurements of couplings are implemented using a leading-order tree-level-motivated framework. This
framework is based on the following assumptions: a) the central value of the ATLAS combined mass mea-
surement of mH = 125.36 GeV is assumed; b) the width of the Higgs boson is narrow, justifying the use of
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10.2. Coupling studies
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rized in Table 12. The expected yield in each enriched category is given for each of the production modes,
where the ggF, bb̄H and tt̄H yields are combined. The expected and observed numbers of events are given
for two m4` mass ranges: 120–130 GeV and above 110 GeV. Three of the VBF candidates are found in
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mechanisms for 110 < m4` < 140 GeV. There is no VH candidate in the 120–130 GeV mass range for either
the hadronic or leptonic categories. For the full mass range above 110 GeV all categories are dominated
by ZZ⇤ background, and the observed number of events agrees well with the expectation as can be seen in
Table 12.

Table 12: Expected and observed yields in the VBF enriched, VH-hadronic enriched, VH-leptonic enriched and ggF enriched
categories. The yields are given for the di↵erent production modes and the ZZ⇤ and reducible background for 4.6 fb�1 atp
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s = 8 TeV. The estimates are given for both the m4` mass range 120–130 GeV and the mass

range above 110 GeV.
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In the following, measurements of the production strengths and couplings are discussed. They are all
evaluated assuming the ATLAS combined mass mH = 125.36 GeV. The measurement of a global signal
strength factor, discussed in Sec. 10.1, can be extended to a measurement of the signal strength factors for
specific production modes.

The production mechanisms are grouped into the “fermionic” and the “bosonic” ones. The former
consists of ggF, bb̄H and tt̄H, while the latter includes the VBF and VH modes. In Fig. 20(a) the best fit
value for µggF+bb̄H+tt̄H⇥B/BSM versus µVBF+VH⇥B/BSM is presented. The factor B/BSM, the scale factor
of the branching ratio with respect to the SM value, is included since with a single channel analysis the
source of potential deviations from the SM expectation cannot be resolved between production and decay.
The profile likelihood ratio contours that correspond to the 68% and 95% confidence levels are also shown.
The measured values for µggF+bb̄H+tt̄H ⇥B/BSM and µVBF+VH ⇥B/BSM are respectively:

µggF+bb̄H+tt̄H ⇥B/BSM = 1.66 +0.45
�0.41 (stat) +0.25

�0.15 (syst)

µVBF+VH ⇥B/BSM = 0.26 +1.60
�0.91 (stat) +0.36

�0.23 (syst).
(6)

The rounded results, with statistical and systematic uncertainties combined, are: µggF+bb̄H+tt̄H⇥B/BSM =1.7
+0.5
�0.4 and µVBF+VH ⇥B/BSM =0.3 +1.6

�0.9.
The fit to the categories can be constrained to extract a single overall signal strength for the H !

ZZ⇤ ! 4` final state. This combined µ ⇥ B/BSM is 1.44 +0.34
�0.31 (stat) +0.21

�0.11 (syst). The ambiguity between
production and decay is removed in Fig. 20(b), where the ratio µVBF+VH/µggF+bb̄H+tt̄H is presented. The

measured value of this ratio is 0.2+1.2
�0.5.

Following the approach and benchmarks recommended by the LHC Higgs Cross SectionWorking Group [103],
measurements of couplings are implemented using a leading-order tree-level-motivated framework. This
framework is based on the following assumptions: a) the central value of the ATLAS combined mass mea-
surement of mH = 125.36 GeV is assumed; b) the width of the Higgs boson is narrow, justifying the use of
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Combined:

The uncertainties on the data-driven estimates of the background yields are are discussed in Sec. 6 and
are summarized in Tables 5 and 7, and their impact on the signal strength is given in Table 9.

The overall uncertainty on the integrated luminosity for the complete 2011 data set is ±1.8% [101]. The
uncertainty on the integrated luminosity for the 2012 data set is ±2.8%; this uncertainty is derived following
the methodology used for the 2011 data set, from a preliminary calibration of the luminosity scale with
beam-separation scans performed in November 2012.

The theory-related systematic uncertainty for both the signal and the ZZ⇤ background is discussed in
Sec. 3. The three most important theoretical uncertainties, which dominate the signal strength uncertainty,
are given in Table 9. Uncertainties on the predicted Higgs boson pT spectrum due to those on the PDFs
and higher-order corrections are estimated to a↵ect the signal strength by less than ±1%. The systematic
uncertainty of the ZZ⇤ background rate is around ±4% for m4` = 125 GeV and increases for higher mass,
averaging to around ±6% for the ZZ⇤ production above 110 GeV.

Table 9: The expected impact of the systematic uncertainties on the signal yield, derived from simulation, for mH = 125 GeV,
are summarized for each of the four final states for the combined 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV. The

symbol “–” signifies that the systematic uncertainty does not contribute to a particular final state. The last three systematic
uncertainties apply equally to all final states. All uncertainties have been symmetrized.

Source of uncertainty 4µ 2e2µ 2µ2e 4e combined

Electron reconstruction and identification e�ciencies – 1.7% 3.3% 4.4% 1.6%
Electron isolation and impact parameter selection – 0.07% 1.1% 1.2% 0.5%
Electron trigger e�ciency – 0.21% 0.05% 0.21% <0.2%
``+ ee backgrounds – – 3.4% 3.4% 1.3%

Muon reconstruction and identification e�ciencies 1.9% 1.1% 0.8% – 1.5%
Muon trigger e�ciency 0.6% 0.03% 0.6% – 0.2%
``+ µµ backgrounds 1.6% 1.6% – – 1.2%

QCD scale uncertainty 6.5%
PDF, ↵s uncertainty 6.0%
H ! ZZ⇤ branching ratio uncertainty 4.0%

9.3. Systematic uncertainties in the event categorization

The systematic uncertainties on the expected yields (as in Table 2) from di↵erent processes contributing
to the VBF enriched, VH-hadronic enriched, VH-leptonic enriched and ggF enriched categories are reported
in Table 10, expressed as the fractional uncertainties on the yields. The uncertainties on the theoretical
predictions for the cross sections for the di↵erent processes arise mainly from the requirement on the jet
multiplicity used in the event categorization [102, 103]. Because of event migrations, this also a↵ects the
VH-leptonic enriched and ggF enriched categories, where no explicit requirement on jets is applied. The
uncertainty accounting for a potential mismodeling of the underlying event is conservatively estimated with
Z ! µµ simulated events by applying the selection for the VBF enriched (or VH-hadronic enriched) category
and taking the di↵erence of the e�ciencies with and without multiparton interactions.

The main experimental uncertainty is related to the jet energy scale determination, including the uncer-
tainties associated with the modeling of the absolute and relative in situ jet calibrations, as well as the flavor
composition of the jet sample. The impact on the yields of the various categories is anticorrelated because
a variation of the jet energy scale results primarily in the migration of events among the categories. The
impact of the jet energy scale uncertainty results in an uncertainty of about ±10% for the VBF enriched
category, ±8% for the VH-hadronic enriched category, ±1.5% for the VH-leptonic enriched category and
±1.5% for the ggF enriched category.

The uncertainty on the jet energy resolution is also taken into account, even though its impact is small
compared to that of the jet energy scale uncertainty, as reported in Table 10. Finally, the uncertainties
associated with the additional leptons in the VH-leptonic enriched category are the same as already described
in Sec. 9.2 for the four leptons of the Higgs boson decay.
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The uncertainties on the data-driven estimates of the background yields are are discussed in Sec. 6 and
are summarized in Tables 5 and 7, and their impact on the signal strength is given in Table 9.

The overall uncertainty on the integrated luminosity for the complete 2011 data set is ±1.8% [101]. The
uncertainty on the integrated luminosity for the 2012 data set is ±2.8%; this uncertainty is derived following
the methodology used for the 2011 data set, from a preliminary calibration of the luminosity scale with
beam-separation scans performed in November 2012.

The theory-related systematic uncertainty for both the signal and the ZZ⇤ background is discussed in
Sec. 3. The three most important theoretical uncertainties, which dominate the signal strength uncertainty,
are given in Table 9. Uncertainties on the predicted Higgs boson pT spectrum due to those on the PDFs
and higher-order corrections are estimated to a↵ect the signal strength by less than ±1%. The systematic
uncertainty of the ZZ⇤ background rate is around ±4% for m4` = 125 GeV and increases for higher mass,
averaging to around ±6% for the ZZ⇤ production above 110 GeV.

Table 9: The expected impact of the systematic uncertainties on the signal yield, derived from simulation, for mH = 125 GeV,
are summarized for each of the four final states for the combined 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV. The

symbol “–” signifies that the systematic uncertainty does not contribute to a particular final state. The last three systematic
uncertainties apply equally to all final states. All uncertainties have been symmetrized.

Source of uncertainty 4µ 2e2µ 2µ2e 4e combined

Electron reconstruction and identification e�ciencies – 1.7% 3.3% 4.4% 1.6%
Electron isolation and impact parameter selection – 0.07% 1.1% 1.2% 0.5%
Electron trigger e�ciency – 0.21% 0.05% 0.21% <0.2%
``+ ee backgrounds – – 3.4% 3.4% 1.3%

Muon reconstruction and identification e�ciencies 1.9% 1.1% 0.8% – 1.5%
Muon trigger e�ciency 0.6% 0.03% 0.6% – 0.2%
``+ µµ backgrounds 1.6% 1.6% – – 1.2%

QCD scale uncertainty 6.5%
PDF, ↵s uncertainty 6.0%
H ! ZZ⇤ branching ratio uncertainty 4.0%

9.3. Systematic uncertainties in the event categorization

The systematic uncertainties on the expected yields (as in Table 2) from di↵erent processes contributing
to the VBF enriched, VH-hadronic enriched, VH-leptonic enriched and ggF enriched categories are reported
in Table 10, expressed as the fractional uncertainties on the yields. The uncertainties on the theoretical
predictions for the cross sections for the di↵erent processes arise mainly from the requirement on the jet
multiplicity used in the event categorization [102, 103]. Because of event migrations, this also a↵ects the
VH-leptonic enriched and ggF enriched categories, where no explicit requirement on jets is applied. The
uncertainty accounting for a potential mismodeling of the underlying event is conservatively estimated with
Z ! µµ simulated events by applying the selection for the VBF enriched (or VH-hadronic enriched) category
and taking the di↵erence of the e�ciencies with and without multiparton interactions.

The main experimental uncertainty is related to the jet energy scale determination, including the uncer-
tainties associated with the modeling of the absolute and relative in situ jet calibrations, as well as the flavor
composition of the jet sample. The impact on the yields of the various categories is anticorrelated because
a variation of the jet energy scale results primarily in the migration of events among the categories. The
impact of the jet energy scale uncertainty results in an uncertainty of about ±10% for the VBF enriched
category, ±8% for the VH-hadronic enriched category, ±1.5% for the VH-leptonic enriched category and
±1.5% for the ggF enriched category.

The uncertainty on the jet energy resolution is also taken into account, even though its impact is small
compared to that of the jet energy scale uncertainty, as reported in Table 10. Finally, the uncertainties
associated with the additional leptons in the VH-leptonic enriched category are the same as already described
in Sec. 9.2 for the four leptons of the Higgs boson decay.
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• Theory uncertainty again dominant systematics 
• Even higher for VBF (~20%), similar for VH 

(~10%) 
• Jet energy scale systematics important for VBF 

and VH  categories (~10%)
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Table 1: Summary of the expected number of signal events in the 105–160 GeV mass range nsig, the FWHM of mass resolution, �e↵ (half of the
smallest range containing 68% of the signal events), number of background events b in the smallest mass window containing 90% of the signal
(�e↵90), and the ratio s/b and s/

p
b with s the expected number of signal events in the window containing 90% of signal events, for the H ! ��

channel. b is derived from the fit of the data in the 105–160 GeV mass range. The value of mH is taken to be 126 GeV and the signal yield is
assumed to be the expected Standard Model value. The estimates are shown separately for the 7 TeV and 8 TeV datasets and for the inclusive
sample as well as for each of the categories used in the analysis.

Category nsig FWHM [GeV] �e↵ [GeV] b in ±�e↵90 s/b [%] s/
p

bp
s=8 TeV

Inclusive 402. 3.69 1.67 10670 3.39 3.50
Unconv. central low pTt 59.3 3.13 1.35 801 6.66 1.88
Unconv. central high pTt 7.1 2.81 1.21 26.0 24.6 1.26
Unconv. rest low pTt 96.2 3.49 1.53 2624 3.30 1.69
Unconv. rest high pTt 10.4 3.11 1.36 93.9 9.95 0.96
Unconv. transition 26.0 4.24 1.86 910 2.57 0.78
Conv. central low pTt 37.2 3.47 1.52 589 5.69 1.38
Conv. central high pTt 4.5 3.07 1.35 20.9 19.4 0.88
Conv. rest low pTt 107.2 4.23 1.88 3834 2.52 1.56
Conv. rest high pTt 11.9 3.71 1.64 144.2 7.44 0.89
Conv. transition 42.1 5.31 2.41 1977 1.92 0.85p

s=7 TeV
Inclusive 73.9 3.38 1.54 1752 3.80 1.59
Unconv. central low pTt 10.8 2.89 1.24 128 7.55 0.85
Unconv. central high pTt 1.2 2.59 1.11 3.7 30.0 0.58
Unconv. rest low pTt 16.5 3.09 1.35 363 4.08 0.78
Unconv. rest high pTt 1.8 2.78 1.21 13.6 11.6 0.43
Unconv. transition 4.5 3.65 1.61 125 3.21 0.36
Conv. central low pTt 7.1 3.28 1.44 105 6.06 0.62
Conv. central high pTt 0.8 2.87 1.25 3.5 21.6 0.40
Conv. rest low pTt 21.0 3.93 1.75 695 2.72 0.72
Conv. rest high pTt 2.2 3.43 1.51 24.7 7.98 0.40
Conv. transition 8.1 4.81 2.23 365 2.00 0.38

describe the background shape in the fit of the data. In the four high pTt categories, an exponential function in mass is
used. In the six other categories, the exponential of a second-order polynomial in mass is used.

Table 1 summarizes the expected signal rate, mass resolution and background in the ten categories for the 7 TeV
and 8 TeV data samples. Small di↵erences in mass resolution arise from the di↵erences in the e↵ective constant term
measured with Z! e+e� events and from the lower pile-up level in the 7 TeV data.

4.5. Mass measurement method
The mass spectra for the ten data categories and the two center-of-mass energies are fitted simultaneously assum-

ing the signal-plus-background hypothesis, using an unbinned maximum likelihood fit with background and signal
parameterization described in the previous sections. The fitted parameters of interest for the signal are the Higgs
boson mass and the signal strength, defined as the yield normalized to the SM prediction. The parameters describing
the background mass distributions for each category and center-of-mass energy are also free in the fit. The systematic
uncertainties are described by a set of nuisance parameters in the likelihood. They include uncertainties a↵ecting the
signal mass peak position, modeled as Gaussian constraints, uncertainties a↵ecting the signal mass resolution and
uncertainties a↵ecting the signal yield.

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.

4.6. Systematic uncertainties
The dominant systematic uncertainties on the mass measurement arise from uncertainties on the photon energy

scale. These uncertainties, discussed in Sec. 2, are propagated to the diphoton mass measurement in each of the ten
categories. The total uncertainty on the mass measurement from the photon energy scale uncertainties ranges from
0.17% to 0.57% depending on the category. The category with the lowest systematic uncertainty is the low pTt central
converted category, for which the energy scale extrapolation from Z! e+e� events is the smallest.

Systematic uncertainties related to the reconstruction of the diphoton primary vertex are investigated using Z! e+e�
events reweighted to match the transverse momentum distribution of the Higgs boson and the ⌘ distribution of the de-
cay 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. The dielectron invariant mass is then com-
puted 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.
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b with s the expected number of signal events in the window containing 90% of signal events, for the H ! ��

channel. b is derived from the fit of the data in the 105–160 GeV mass range. The value of mH is taken to be 126 GeV and the signal yield is
assumed to be the expected Standard Model value. The estimates are shown separately for the 7 TeV and 8 TeV datasets and for the inclusive
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Unconv. central high pTt 1.2 2.59 1.11 3.7 30.0 0.58
Unconv. rest low pTt 16.5 3.09 1.35 363 4.08 0.78
Unconv. rest high pTt 1.8 2.78 1.21 13.6 11.6 0.43
Unconv. transition 4.5 3.65 1.61 125 3.21 0.36
Conv. central low pTt 7.1 3.28 1.44 105 6.06 0.62
Conv. central high pTt 0.8 2.87 1.25 3.5 21.6 0.40
Conv. rest low pTt 21.0 3.93 1.75 695 2.72 0.72
Conv. rest high pTt 2.2 3.43 1.51 24.7 7.98 0.40
Conv. transition 8.1 4.81 2.23 365 2.00 0.38

describe the background shape in the fit of the data. In the four high pTt categories, an exponential function in mass is
used. In the six other categories, the exponential of a second-order polynomial in mass is used.

Table 1 summarizes the expected signal rate, mass resolution and background in the ten categories for the 7 TeV
and 8 TeV data samples. Small di↵erences in mass resolution arise from the di↵erences in the e↵ective constant term
measured with Z! e+e� events and from the lower pile-up level in the 7 TeV data.

4.5. Mass measurement method
The mass spectra for the ten data categories and the two center-of-mass energies are fitted simultaneously assum-

ing the signal-plus-background hypothesis, using an unbinned maximum likelihood fit with background and signal
parameterization described in the previous sections. The fitted parameters of interest for the signal are the Higgs
boson mass and the signal strength, defined as the yield normalized to the SM prediction. The parameters describing
the background mass distributions for each category and center-of-mass energy are also free in the fit. The systematic
uncertainties are described by a set of nuisance parameters in the likelihood. They include uncertainties a↵ecting the
signal mass peak position, modeled as Gaussian constraints, uncertainties a↵ecting the signal mass resolution and
uncertainties a↵ecting the signal yield.

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.

4.6. Systematic uncertainties
The dominant systematic uncertainties on the mass measurement arise from uncertainties on the photon energy

scale. These uncertainties, discussed in Sec. 2, are propagated to the diphoton mass measurement in each of the ten
categories. The total uncertainty on the mass measurement from the photon energy scale uncertainties ranges from
0.17% to 0.57% depending on the category. The category with the lowest systematic uncertainty is the low pTt central
converted category, for which the energy scale extrapolation from Z! e+e� events is the smallest.

Systematic uncertainties related to the reconstruction of the diphoton primary vertex are investigated using Z! e+e�
events reweighted to match the transverse momentum distribution of the Higgs boson and the ⌘ distribution of the de-
cay 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. The dielectron invariant mass is then com-
puted 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.
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Figure 4: Invariant mass distribution in the H ! �� analysis for data (7 TeV and 8 TeV samples combined), showing weighted data points
with errors, and the result of the simultaneous fit to all categories. The fitted signal plus background is shown, along with the background-only
component of this fit. The di↵erent categories are summed together with a weight given by the s/b ratio in each category. The bottom plot shows
the di↵erence between the summed weights and the background component of the fit.
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H→γγ

H→4l

Photon Energy Scale σ:  0.2 ÷ 0.9%

4.7. Result
The measured Higgs boson mass in the H ! �� decay channel is:

mH = 125.98 ± 0.42(stat) ± 0.28(syst) GeV
= 125.98 ± 0.50 GeV

(1)

where the first error represents the statistical uncertainty and the second the systematic uncertainty. The change in
central value compared to the previous result in Ref. [15] of 126.8 ± 0.2(stat) ± 0.7(syst) GeV is consistent with
the expected change resulting from the updated photon energy scale calibration and its much smaller systematic
uncertainty. From the changes in the calibration procedure an average shift of about �0.45 GeV in the measured
Higgs boson mass is expected, with an expected statistical spread of about 0.35 GeV from fluctuations in the measured
masses of individual events. The average shift between the old and new calibrations is estimated from the distribution
of the mass di↵erence of the common events in the mass sidebands outside the signal region.

The mass measurement is performed leaving the overall signal strength free in the fit. The measured signal
strength, µ, normalized to the Standard Model expectation is found to be µ = 1.29± 0.30. The most precise results for
µ from this data are based on an analysis optimized to measure the signal strength [17]. The statistical uncertainties
on the mass and signal yield obtained from the data fit are consistent with the expected statistical accuracy in pseudo-
experiments generated with this measured signal yield. The average expected statistical uncertainty on the mass for
µ = 1.3 is 0.35 GeV and the fraction of pseudo-experiments with a statistical error larger than the one observed
in data (0.42 GeV) is about 16%. From these pseudo-experiments, the distribution of fitted masses is compared
to the input mass value to verify that the average statistical uncertainty provides 68% coverage. In the previous
measurement, the expected statistical uncertainty was about 0.33 GeV for µ = 1.55 and the observed statistical
uncertainty (0.24 GeV) was better than expected. The change in expected statistical uncertainty mostly comes from
the change in the fitted signal strength, which was slightly larger in the previous measurement, as the statistical
uncertainty on the mass measurement is inversely proportional to the signal strength. Changes in the mass resolution
and the event categorization also contribute to the change in the expected statistical uncertainty. The increase in
the statistical uncertainty between the previous result and this result is consistent with a statistical fluctuation from
changes in the measured masses of individual events. Assuming the SM signal yield (µ = 1), the statistical uncertainty
on the mass measurement is expected to be 0.45 GeV.

No significant shift in the values of the nuisance parameters associated with the systematic uncertainties is ob-
served in the fit to the data. The result is also stable if a di↵erent mass range, 115 GeV to 135 GeV, is used in the
fit.

Several cross-checks of the mass measurement are performed, dividing the data into subsamples with di↵erent
sensitivities to systematic uncertainties. To evaluate the compatibility between the mass measured in a subsample and
the combined mass from all other subsamples, a procedure similar to the one used to evaluate the mass compatibility
between di↵erent channels, described in Sec. 6, is applied. The mass di↵erence �i between the subsample i under
test and the combined mass is added as a parameter in the likelihood, and the value of �i with its uncertainty is
extracted from the fit to the data, leaving the combined Higgs boson mass as a free parameter. With this procedure, the
uncertainty on �i correctly accounts for the correlation in systematic uncertainties between the subsample under test
and the rest of the dataset. The values of �i with their uncertainties are shown in Fig. 5 for three di↵erent alternative
event categorizations, with three subsamples each: as a function of the conversion status of the two photons, as a
function of the number of primary vertices reconstructed in the event and as a function of the photon impact point
in the calorimeter (barrel vs end-cap). No value of �i inconsistent with zero is found in these checks, or in other
categorizations related to the conversion topology, the instantaneous luminosity, the photon isolation and the data
taking periods. A similar procedure, fitting simultaneously one �i per subsample, is performed to assess the global
consistency of all the di↵erent subsamples with a common combined mass. In nine di↵erent categorizations, no global
inconsistency larger than 1.5� is observed.

A direct limit on the decay width of the Higgs boson is set from the observed width of the invariant mass peak,
under the assumption that there is no interference with background processes. The signal model is extended by con-
volving the detector resolution with a non relativistic Breit–Wigner distribution to model a non-zero decay width.
The test statistic used to obtain the limit on the width is a profile likelihood estimator with the width as main param-
eter of interest, where also the mass and the signal strength of the observed particle are treated as free parameters.
Pseudo-experiments with di↵erent assumed widths are performed to estimate the distribution of the test statistic,
which does not perfectly follow a �2 distribution, and to compute the exclusion level. The observed (expected for
µ = 1) 95% confidence level (CL) upper limit on the width is 5.0 (6.2) GeV. These limits, properly calibrated with
pseudo-experiments, are about 15% di↵erent from estimates based on a �2 distribution of the test statistics.
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Table 1: Summary of the expected number of signal events in the 105–160 GeV mass range nsig, the FWHM of mass resolution, �e↵ (half of the
smallest range containing 68% of the signal events), number of background events b in the smallest mass window containing 90% of the signal
(�e↵90), and the ratio s/b and s/

p
b with s the expected number of signal events in the window containing 90% of signal events, for the H ! ��

channel. b is derived from the fit of the data in the 105–160 GeV mass range. The value of mH is taken to be 126 GeV and the signal yield is
assumed to be the expected Standard Model value. The estimates are shown separately for the 7 TeV and 8 TeV datasets and for the inclusive
sample as well as for each of the categories used in the analysis.

Category nsig FWHM [GeV] �e↵ [GeV] b in ±�e↵90 s/b [%] s/
p

bp
s=8 TeV

Inclusive 402. 3.69 1.67 10670 3.39 3.50
Unconv. central low pTt 59.3 3.13 1.35 801 6.66 1.88
Unconv. central high pTt 7.1 2.81 1.21 26.0 24.6 1.26
Unconv. rest low pTt 96.2 3.49 1.53 2624 3.30 1.69
Unconv. rest high pTt 10.4 3.11 1.36 93.9 9.95 0.96
Unconv. transition 26.0 4.24 1.86 910 2.57 0.78
Conv. central low pTt 37.2 3.47 1.52 589 5.69 1.38
Conv. central high pTt 4.5 3.07 1.35 20.9 19.4 0.88
Conv. rest low pTt 107.2 4.23 1.88 3834 2.52 1.56
Conv. rest high pTt 11.9 3.71 1.64 144.2 7.44 0.89
Conv. transition 42.1 5.31 2.41 1977 1.92 0.85p

s=7 TeV
Inclusive 73.9 3.38 1.54 1752 3.80 1.59
Unconv. central low pTt 10.8 2.89 1.24 128 7.55 0.85
Unconv. central high pTt 1.2 2.59 1.11 3.7 30.0 0.58
Unconv. rest low pTt 16.5 3.09 1.35 363 4.08 0.78
Unconv. rest high pTt 1.8 2.78 1.21 13.6 11.6 0.43
Unconv. transition 4.5 3.65 1.61 125 3.21 0.36
Conv. central low pTt 7.1 3.28 1.44 105 6.06 0.62
Conv. central high pTt 0.8 2.87 1.25 3.5 21.6 0.40
Conv. rest low pTt 21.0 3.93 1.75 695 2.72 0.72
Conv. rest high pTt 2.2 3.43 1.51 24.7 7.98 0.40
Conv. transition 8.1 4.81 2.23 365 2.00 0.38

describe the background shape in the fit of the data. In the four high pTt categories, an exponential function in mass is
used. In the six other categories, the exponential of a second-order polynomial in mass is used.

Table 1 summarizes the expected signal rate, mass resolution and background in the ten categories for the 7 TeV
and 8 TeV data samples. Small di↵erences in mass resolution arise from the di↵erences in the e↵ective constant term
measured with Z! e+e� events and from the lower pile-up level in the 7 TeV data.

4.5. Mass measurement method
The mass spectra for the ten data categories and the two center-of-mass energies are fitted simultaneously assum-

ing the signal-plus-background hypothesis, using an unbinned maximum likelihood fit with background and signal
parameterization described in the previous sections. The fitted parameters of interest for the signal are the Higgs
boson mass and the signal strength, defined as the yield normalized to the SM prediction. The parameters describing
the background mass distributions for each category and center-of-mass energy are also free in the fit. The systematic
uncertainties are described by a set of nuisance parameters in the likelihood. They include uncertainties a↵ecting the
signal mass peak position, modeled as Gaussian constraints, uncertainties a↵ecting the signal mass resolution and
uncertainties a↵ecting the signal yield.

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.

4.6. Systematic uncertainties
The dominant systematic uncertainties on the mass measurement arise from uncertainties on the photon energy

scale. These uncertainties, discussed in Sec. 2, are propagated to the diphoton mass measurement in each of the ten
categories. The total uncertainty on the mass measurement from the photon energy scale uncertainties ranges from
0.17% to 0.57% depending on the category. The category with the lowest systematic uncertainty is the low pTt central
converted category, for which the energy scale extrapolation from Z! e+e� events is the smallest.

Systematic uncertainties related to the reconstruction of the diphoton primary vertex are investigated using Z! e+e�
events reweighted to match the transverse momentum distribution of the Higgs boson and the ⌘ distribution of the de-
cay 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. The dielectron invariant mass is then com-
puted 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.
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5.4. Signal and background model
Several methods are used to measure the Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel. The two-

dimensional (2D) fit to the m4` and BDTZZ⇤ output (OBDTZZ⇤ ) is chosen as the baseline because it has the smallest
expected uncertainty among the di↵erent methods. The one-dimensional (1D) fit to the m4` spectra used for the
previous measurement [15] serves as a cross-check. For both the 1D and 2D fits, the signal model is based on
simulation distributions that are smoothed using a kernel density estimation method [37]. These distributions are
generated at 15 di↵erent mH values in the range 115 < mH < 130 GeV and form templates that are parameterized
as a function of mH using B-spline interpolation [38]. These simulation samples at di↵erent masses are normalized
to the expected SM cross-section times branching ratio [10] to derive the expected signal yields after acceptance and
selection. For all of the methods, the m4` range used for the fit is 110 GeV to 140 GeV.

The signal probability density function (PDF) in the 2D fit is modeled as:

P(m4`,OBDTZZ⇤ | mH) = P(m4` | OBDTZZ⇤ , mH) P(OBDTZZ⇤ | mH)

'
0
BBBBBB@

4X

n=1

Pn(m4` | mH)✓n(OBDTZZ⇤ )

1
CCCCCCAP(OBDTZZ⇤ | mH)

(3)

where ✓n defines four equal-sized bins for the value of the BDTZZ⇤ output, and Pn represents the 1D PDF for m4` for
the signal in the corresponding OBDTZZ⇤ bin. The variation of the m4` shape within a single OBDTZZ⇤ bin is found to be
negligible and studies indicate that the binning approximation does not bias the mass measurement. The background
model, Pbkg(m4`,OBDTZZ⇤ ), is described using a full 2D PDF that is derived from simulation for the ZZ⇤ background,
and by using data-driven techniques for the reducible background. The 2D template fit method reduces the expected
statistical error on the measured mass with respect to the simple fit to the m4` spectra (1D method) by about 8%.

Extensive studies were performed in order to validate the signal and background PDFs using a 2D fit to fully
simulated signal and background events normalized to the SM expectation. No bias was found between the input and
resulting 2D fit values for the Higgs mass and signal strength, tested for di↵erent mH values in the range 120 GeV
to 130 GeV. Di↵erent values for the parameter used to control the amount of smoothing for both the signal and
background PDFs were tested and no biases on the fitted mH and signal strength were found. An additional check for
a possible bias due to a small dependence of the BDTZZ⇤ output on mH for the signal, included in Eq. (3), is performed
by fitting a sample of background-only simulated data. No dependence of the likelihood scan on mH was observed.

In addition to the 2D fit method, described above, and the 1D fit method used in Ref. [15], a third approach is
used. This approach combines an analytic description of the signal mass spectra with the BDTZZ⇤ output and can be
used both for the mass measurement and to provide a direct limit on the width of the Higgs boson. In this method, the
signal m4` PDF is computed event-by-event by convolving the estimated detector response for each of the four leptons
with the non relativistic Breit–Wigner function describing the generated Higgs mass line-shape. The advantage of
this method is that the typical detector response for each data candidate is taken into account in the signal modeling.
This is referred to as the per-event-error method. In this fit the Z mass constraint is not applied. The muon and
electron response functions are modeled by the sum of two or three Gaussian distributions, respectively, to provide a
better description of the responses. This parameterization is performed in bins of ⌘ and pT. These response functions
are validated with several simulation samples and with data. One validation consists of comparing the Z boson mass
distribution measured in collision data with the convolution of the generator-level Z boson resonance with the detector
response, constructed using the single-lepton response. The ratio of the two distributions agrees to better than 2% for
Z ! µµ and 5% for Z ! ee. In addition, the per-event-error model is checked by fitting the four-lepton invariant
mass from the Z decay in the Z ! 4` process. The fit results are in agreement with the world average values of the Z
boson mass and width [39]. The per-event-error fit is used both as a cross-check for the mass measurement and as the
baseline method to set an upper limit on the Higgs boson total width �H .

For the mass measurement, the m4` (and OBDTZZ⇤ ) data distributions for eight sets of events, one for each final
state for the 7 TeV and 8 TeV data, are simultaneously fitted using an unbinned maximum likelihood assuming the
signal and background models described above. The backgrounds are set in the fit to their estimated values and the
associated normalization and shape uncertainties are treated as nuisance parameters, as discussed in Sec. 6.

5.5. Systematic uncertainties
The main sources of systematic uncertainties on the mass measurement are the electron energy scale and the muon

momentum scale. The expected impact of these uncertainties on the mass measurement corresponds to about 60 MeV
for both the 4e and the 4µ channels, obtained from the 2D fit to simulation. When all the final states are combined
together this translates to an observed ±0.03% uncertainty on mH for each of the electron energy scale and the muon
momentum scale.

Systematic uncertainties on the measurement of the inclusive signal rate are also included in the model. The
uncertainty on the inclusive signal strength due to the identification and reconstruction e�ciency for muons and
electrons is ±2%. The dominant theory systematic uncertainties arise from QCD scale variations of the gg ! H
process (±7%), parton distribution function variations (±6%) and the decay branching ratio (±4%). The uncertainty
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on the Higgs boson transverse momentum, evaluated as described in Sec. 4.6, has a negligible impact on the mass and
the inclusive signal rate measurements. The uncertainty on the integrated luminosity is given in Sec. 4.6, and has a
negligible impact on the mass measurement.

5.6. Results
Figure 6(a) shows the m4` distribution of the selected candidates for 7 TeV and 8 TeV collision data along with the

expected distributions for a signal with a mass of 124.5 GeV and the ZZ⇤ and reducible backgrounds. The expected
signal is normalized to the measured signal strength, given below. Figure 6(b) shows the BDTZZ⇤ output versus
m4` for the selected candidates in the m4` range 110–140 GeV. The compatibility of the data with the expectations
shown in Fig. 6(b) has been checked using pseudo-experiments generated according to the expected two-dimensional
distributions and good agreement has been found. Table 3 presents the observed and expected number of events forp

s = 7 TeV and
p

s = 8 TeV, in a mass window of 120–130 GeV, corresponding to about ±2�m4` .
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Figure 6: (a) Distribution of the four-lepton invariant mass for the selected candidates in the m4` range 80–170 GeV for the combined 7 TeV and
8 TeV data samples. Superimposed are the expected distributions of a SM Higgs boson signal for mH=124.5 GeV normalized to the measured signal
strength, as well as the expected ZZ⇤ and reducible backgrounds. (b) Distribution of the BDTZZ⇤ output, versus m4` for the selected candidates in
the 110–140 GeV m4` range for the combined 7 TeV and 8 TeV data samples. The expected distribution for a SM Higgs with mH = 124.5 GeV is
indicated by the size of the blue boxes, and the total background is indicated by the intensity of the red shading.

The measured Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel obtained with the baseline 2D method is:

mH = 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV
= 124.51 ± 0.52 GeV

(4)

where the first error represents the statistical uncertainty and the second the systematic uncertainty. The systematic
uncertainty is obtained from the quadrature subtraction of the fit uncertainty evaluated with and without the systematic
uncertainties fixed at their best fit values. Due to the large di↵erence between the magnitude of the statistical and sys-
tematic uncertainties, the numerical precision on the quadrature subtraction is estimated to be of the order of 10 MeV.
The measured signal strength for this inclusive selection is µ = 1.66+0.45

�0.38, consistent with the SM expectation of one.
The most precise results for µ from this data are based on an analysis optimized to measure the signal strength [18].
The expected statistical uncertainty for the 2D fit with the observed µ value of 1.66 is 0.49 GeV, consistent with the
observed statistical uncertainty. With the improved uncertainties on the electron and muon energy scales, the mass un-
certainty given above is predominantly statistical with a nearly negligible contribution from systematic uncertainties.
The mass measurement performed with the 1D model gives mH = 124.63 ± 0.54 GeV, consistent with the 2D result
where the expected di↵erence has an RMS of 250 MeV estimated from Monte Carlo pseudo-experiments. These
measurements can be compared to the previously reported result [15] of 124.3+0.6

�0.5 (stat) +0.5
�0.3 (syst) GeV, which was

obtained using the 1D model. The di↵erence between the measured values arises primarily from the changes to the
channels with electrons – the new calibration and resolution model, the introduction of the combined track momentum
and cluster energy fit, and the improved identification, as well as the recovery of non-collinear FSR photons, which
a↵ects all channels. In the 120–130 GeV mass window, there are four new events and one missing event as compared
to Ref. [15]. Finally as a third cross-check, the measured mass obtained with the per-event-error method is within 60
MeV of the value found with the 2D method.
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Figure 6: (a) Distribution of the four-lepton invariant mass for the selected candidates in the m4` range 80–170 GeV for the combined 7 TeV and
8 TeV data samples. Superimposed are the expected distributions of a SM Higgs boson signal for mH=124.5 GeV normalized to the measured signal
strength, as well as the expected ZZ⇤ and reducible backgrounds. (b) Distribution of the BDTZZ⇤ output, versus m4` for the selected candidates in
the 110–140 GeV m4` range for the combined 7 TeV and 8 TeV data samples. The expected distribution for a SM Higgs with mH = 124.5 GeV is
indicated by the size of the blue boxes, and the total background is indicated by the intensity of the red shading.

The measured Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel obtained with the baseline 2D method is:

mH = 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV
= 124.51 ± 0.52 GeV

(4)

where the first error represents the statistical uncertainty and the second the systematic uncertainty. The systematic
uncertainty is obtained from the quadrature subtraction of the fit uncertainty evaluated with and without the systematic
uncertainties fixed at their best fit values. Due to the large di↵erence between the magnitude of the statistical and sys-
tematic uncertainties, the numerical precision on the quadrature subtraction is estimated to be of the order of 10 MeV.
The measured signal strength for this inclusive selection is µ = 1.66+0.45

�0.38, consistent with the SM expectation of one.
The most precise results for µ from this data are based on an analysis optimized to measure the signal strength [18].
The expected statistical uncertainty for the 2D fit with the observed µ value of 1.66 is 0.49 GeV, consistent with the
observed statistical uncertainty. With the improved uncertainties on the electron and muon energy scales, the mass un-
certainty given above is predominantly statistical with a nearly negligible contribution from systematic uncertainties.
The mass measurement performed with the 1D model gives mH = 124.63 ± 0.54 GeV, consistent with the 2D result
where the expected di↵erence has an RMS of 250 MeV estimated from Monte Carlo pseudo-experiments. These
measurements can be compared to the previously reported result [15] of 124.3+0.6

�0.5 (stat) +0.5
�0.3 (syst) GeV, which was

obtained using the 1D model. The di↵erence between the measured values arises primarily from the changes to the
channels with electrons – the new calibration and resolution model, the introduction of the combined track momentum
and cluster energy fit, and the improved identification, as well as the recovery of non-collinear FSR photons, which
a↵ects all channels. In the 120–130 GeV mass window, there are four new events and one missing event as compared
to Ref. [15]. Finally as a third cross-check, the measured mass obtained with the per-event-error method is within 60
MeV of the value found with the 2D method.
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H to WW (ggF/VBF)
• Categories in n. jets, Diff.Flav/SameFlav leptons, 

VFB/ggF enriched, pT of the sub-leading lepton 
and m(ll). 

• Fit to mT (BDT) discriminant for ggF (VBF) mode 

• One normalization factor per control region (CR)
• Avoids risk of “overprofiling”.
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tor and data, and the event reconstruction. The selection69

of events in the di↵erent final states is given in Sec. IV.70

Sections V and VI discuss the modeling of the signal and71

the background processes, respectively. The signal yield72

extraction and the experimental systematic uncertainties73

are described in Section VII. Section VIII provides the74

event yields and the distributions of the final discrimi-75

nating variables. The results are presented in Sec. IX,76

and the conclusions given in Sec. X.77

II. ANALYSIS OVERVIEW ****78

The purest H ! WW final state is the fully leptonic
final
states

7980

decay of the W bosons, since hadronic final states are81

overwhelmed by background from W+jets and multijet82

processes. The analysis therefore selects events with final83

states of neutrinos and either an electron and a muon or84

two electrons or two muons. The relevant backgrounds85

to these final states are shown in Table I. To separate86

the final states by purity, the samples are further divided87

into subsamples based on lepton flavor, jet multiplicity,88

and lepton kinematics. A profile likelihood fit is simul-89

taneously performed on all subsamples to measure the90

signal yield in the data.91

The Z-boson resonance is the dominant source of
SF vs DF

9293

dilepton events. This background is dramatically reduced94

in events with di↵erent-flavor leptons (eµ), as these arise95

primarily through decays of tau-lepton pairs. The anal-96

ysis thus separates events with eµ from those with same-97

flavor leptons (ee/µµ) in the event selection and the like-98

lihood fit.99

TABLE I. The backgrounds to the signal processes and their
distinguishing features.

Name Process Feature(s)

Diboson
WW WW Signal final state8

><

>:

W� Misidentified photon

V V
W�⇤, WZ, ZZ! `` `` Unidentified lepton(s)
ZZ! `` ⌫⌫ Signal final state
Z� Misidentified photon

and unidentified lepton

Top quarks
tt̄ tt̄!WbWb̄ Two b quarks

t

⇢
tW One b quark
tb̄, tqb̄ Misidentified hadron

and b quark(s)

Misid.
Wj W+jet(s) Misidentified hadron
jj Multijet production Misidentified hadrons

Drell-Yan
ee/µµ Z/�⇤ ! ee, µµ No neutrinos
⌧⌧ Z/�⇤ ! ⌧⌧ ! `⌫⌫ `⌫⌫ Signal final state

Pairs of top quarks are the most prolific source of lep-
jet bins

100101

ton pairs with jets. Events are removed if they contain a102

jet identified as originating from a b-quark (b-jet), though103

the tt̄ background remains large due to ine�ciencies in104

the b-jet identification algorithm. A zero-jet category is105

therefore defined, in which only about 5% of the events106

result from the tt̄ process (after all selection). A sepa-107

rate one-jet category also has a suppressed tt̄ background,108

with only 25% of the sample resulting from this process.109

In events with two or more jets, the sample is sep-
ggf vs
vbf

110111

arated by signal process (“VBF-enriched” and “ggF-112

enriched”). The VBF process is characterized by two113

scattered quarks with a large separation in pseudorapid-114

ity [12] and a corresponding large invariant mass. These115

and other event properties are input to a boosted de-116

cision tree (BDT) algorithm that yields a single-valued117

discriminant to isolate the VBF process. A separate VBF118

selection without the use of a BDT provides a cross-check119

analysis. The ggF-enriched sample contains all events120

with two or more jets that do not pass either VBF selec-121

tion. The separation of samples by the number of jets nj122

and lepton flavor is depicted in Fig. 2.123

Due to the large Drell-Yan (DY) and top-quark back-
mll bins

124125

grounds in events with same-flavor leptons or with jets,126

the most sensitive signal region is in the eµ 0-jet final127

state. The primary background to this sample is WW128

production, which is e↵ectively suppressed by exploiting129

the spin-0 nature of the Higgs boson (Fig. 3). This prop-130

erty generally leads to a lepton pair with a small opening131

angle and a corresponding low value of its invariant mass132

(m``), broadly distributed in the range belowmH/2. The133

nj =0 nj =1 nj � 2

enriched

VBF-ggF-

enriched

ee/µµ

ee/µµ

ee/µµ eµ

VBF-enrichedggF-enriched samples

eµ

eµ (8TeV) eµ

samples

selection

Pre-

FIG. 2. Analysis divisions in samples based on jet multi-
plicity (nj) and lepton-flavor categories (eµ and ee/µµ). The
most signal-sensitive categories are labeled in bold.
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selection-based approach, is used for the VBF category.
This improves the sensitivity of the expected VBF results
by 60% relative to the previously published analysis. The
ggF-enriched category is a new subcategory that targets
ggF signal production in this sample.

In summary, the analysis presented in this paper brings
a gain of 50% in the expected significance relative to the
previous published analysis [5].
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selection-based approach, is used for the VBF category.
This improves the sensitivity of the expected VBF results
by 60% relative to the previously published analysis. The
ggF-enriched category is a new subcategory that targets
ggF signal production in this sample.
In summary, the analysis presented in this paper brings

a gain of 50% in the expected significance relative to the
previous published analysis [5].
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lie mostly at low values of m`
t, and the other background

processes. Thus, both the DY and multijet processes are
substantially reduced with a requirement of m`

t> 50GeV
in the eµ sample.

The requirement of a jet allows for improved rejection
of the Z/�⇤ ! ⌧⌧ background. Using the direction of
the measured missing transverse momentum, the mass
of the ⌧ -lepton pair can be reconstructed using the so-
called collinear approximation [58]. A requirement of
m⌧⌧ <mZ � 25GeV significantly reduces the remaining
DY contribution in the eµ sample, as can be seen in
Fig. 8(b).

The remaining selection criteria (pmiss (trk)

t,rel , f
recoil

, m``,
��``) are the same as in the nj =0 category, except that

p ``
t is replaced with the magnitude of p ``j

t =p ``
t +p j

t in

the calculation of f
recoil

, and the pmiss (trk)

t,rel threshold is
reduced to 35GeV. The m`` and ��`` distributions are
shown in Figs. 8(c) and 8(d), respectively. Di↵erences
between the shapes of the signal or WW processes and
the Z/�⇤ background processes are more apparent in the
��`` distribution of the eµ+ ee/µµ events than of the
eµ events.

C. VBF-enriched nj � 2 category

The nj � 2 sample contains signal events produced by
both the VBF and ggF production mechanisms. This
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lie mostly at low values of m`
t, and the other background

processes. Thus, both the DY and multijet processes are
substantially reduced with a requirement of m`

t> 50GeV
in the eµ sample.

The requirement of a jet allows for improved rejection
of the Z/�⇤ ! ⌧⌧ background. Using the direction of
the measured missing transverse momentum, the mass
of the ⌧ -lepton pair can be reconstructed using the so-
called collinear approximation [58]. A requirement of
m⌧⌧ <mZ � 25GeV significantly reduces the remaining
DY contribution in the eµ sample, as can be seen in
Fig. 8(b).

The remaining selection criteria (pmiss (trk)

t,rel , f
recoil

, m``,
��``) are the same as in the nj =0 category, except that

p ``
t is replaced with the magnitude of p ``j

t =p ``
t +p j

t in

the calculation of f
recoil

, and the pmiss (trk)

t,rel threshold is
reduced to 35GeV. The m`` and ��`` distributions are
shown in Figs. 8(c) and 8(d), respectively. Di↵erences
between the shapes of the signal or WW processes and
the Z/�⇤ background processes are more apparent in the
��`` distribution of the eµ+ ee/µµ events than of the
eµ events.

C. VBF-enriched nj � 2 category

The nj � 2 sample contains signal events produced by
both the VBF and ggF production mechanisms. This
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standard deviations. The inner (middle) [outer] band shaded
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dard deviation uncertainty around the central value repre-
sented by the vertical line.

contours of (mH , µ), shown in Fig. 38. The value (µ=1,
mH =125.36GeV) lies well within the 68% C.L. contour,
showing that the signal observed is compatible with those
in the high-resolution channels.

B. Evidence for VBF production

The nj � 2 VBF-enriched signal region was optimized
for its specific sensitivity to the VBF production process,

as described in particular in Sec. IV. Nevertheless, as can
be seen in Table XXV, the ggF contribution to this signal
region is large, approximately 30%, so it has to be pro-
filed by the global fit together with the extraction of the
significance of the signal strength of the VBF production
process.

The global likelihood can be evaluated as a function
of the ratio µvbf/µggf, with both signal strengths varied
independently. The result is illustrated in Fig. 39, which
has a best-fit value for the ratio of

µvbf

µ
ggf

= 1.26+0.61
�0.45 (stat.)

+0.50
�0.26 (syst.) = 1.26+0.79

�0.53. (14)

The value of the likelihood at µvbf/µggf =0 can be
interpreted as the observed significance of the VBF pro-
duction process formH =125.36GeV, and corresponds to
3.2 standard deviations; the expected significance is 2.7
standard deviations. This establishes the evidence for
the VBF production mode in the H!WW ⇤ ! `⌫`⌫ fi-
nal state. The significance derived from testing the ratio
µvbf/µggf =0 is equivalent to the significance of testing
µvbf =0, though testing the ratio is conceptually advan-
tageous since the branching fraction cancels in this pa-
rameter, while it is implicit in µvbf.
This result was verified with the cross-check analysis

described in Sec. IVC, in which the multivariate discrim-
inant is replaced with a series of event selection require-
ments motivated by the VBF topology. The expected
and observed significances at mH =125.36GeV are 2.1
and 3.0 standard deviations, respectively. The compati-
bility of the 8TeV results from the cross-check and O

BDT

analyses was checked with pseudo-experiments, consid-
ering the statistical uncertainties only and fixing µ

ggf to
1.0. With those caveats, the probability that the di↵er-
ence in Z

0

values is larger than the one observed is 79%,
reflecting good agreement.

C. Signal strength µ

The parameter µ is used to characterize the inclusive
Higgs boson signal strength as well as subsets of the sig-
nal regions or individual production modes. First, the
ggF and VBF processes can be distinguished by using the
normalization parameter µ

ggf for the signal predicted for
the ggF signal process, and µvbf for the signal predicted
for the VBF signal process. This can be done for a fit to
any set of the signal regions in the various categories. In
addition, to check that the measured value is consistent
among categories, di↵erent subsets of the signal regions
can be fit. For example, the nj =0 and nj =1 categories
can be compared, or the eµ and ee/µµ categories. To de-
rive these results, only the signal regions are separated;
the control region definitions do not change. In particu-
lar, the control regions defined using only eµ events are
used, even when only ee/µµ signal regions are considered.
The combined Higgs signal strength µ, including 7 and

8TeV data and all signal region categories, is:

60

µ = 1.09 +0.16
�0.15 (stat.)

+0.08
�0.07

⇣
expt.
syst.

⌘
+0.15
�0.12

⇣
theo.
syst.

⌘
± 0.03

⇣
lumi.
syst.

⌘

= 1.09 +0.16
�0.15 (stat.)

+0.17
�0.14 (syst.)

= 1.09 +0.23
�0.21.

(15)

The uncertainties are divided according to their source.
The statistical uncertainty accounts for the number of
observed events in the signal regions and profiled con-
trol regions. The statistical uncertainties from Monte
Carlo simulated samples, from nonprofiled control re-
gions, and from the extrapolation factors used in the
W+jets background estimate are all included in the ex-
perimental uncertainties here and for all results in this
section. The theoretical uncertainty includes uncertain-
ties on the signal acceptance and cross section as well
as theoretical uncertainties on the background extrapo-
lation factors and normalizations. The expected value of
µ is 1+0.16

�0.15 (stat.)
+0.17
�0.13 (syst.).

In order to check the compatibility with the SM predic-
tions of the ggF and VBF production processes, µ

ggf and
µvbf can be simultaneously determined through a fit to
all categories because of the di↵erent sensitivity to these
processes in the various categories. In this fit, the VH
contribution is included although there is no dedicated
category for it, and the SM value for the ratio �vbf/�vh

is assumed. Technically, the signal strength µvbf+vh is
measured, but because the contribution from VH is neg-
ligible, the notation µvbf is used. The corresponding two-
dimensional likelihood contours as a function of µ

ggf and
µvbf are shown in Fig. 40. Using the same treatment, the
separate signal strengths can be measured. The results
are:

µ
ggf = 1.02 ± 0.19 +0.22

�0.18 = 1.02 +0.29
�0.26

µvbf = 1.27 +0.44
�0.40

+0.30
�0.21 = 1.27 +0.53

�0.45.

(stat.) (syst.)

(16)

The details of the uncertainties on µ, µ
ggf, and µvbf

are shown in Table XXVI. The statistical uncertainty
is the largest single source of uncertainty on the signal
strength results, although theoretical uncertainties also
play a substantial role, especially for µ

ggf.
The signal strength results are shown in Table XXVII

formH =125.36GeV. The table includes inclusive results
as well as results for individual categories and produc-
tion modes. The expected and observed significance for
each category and production mode is also shown. The
µ values are consistent with each other and with unity
within the assigned uncertainties. In addition to serving
as a consistency check, these results illustrate the sensi-
tivity of the di↵erent categories. For the overall signal
strength, the contribution from the nj � 2 VBF category
is second only to the nj =0 ggF category, and the nj � 2
ggF category contribution is comparable to those in the
nj =0 and nj =1 ee/µµ categories.

For all of these results, the signal acceptance for all pro-
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FIG. 40. Likelihood scan as a function of µggf and µvbf. The
best-fit observed (expected SM) value is represented by the
cross symbol (open circle) and its one, two, and three standard
deviation contours are shown by solid lines surrounding the
filled areas (dotted lines). The x- and y-axis scales are the
same to visually highlight the relative sensitivity.

duction modes is evaluated assuming a SM Higgs boson.
The VH production process contributes a small number
of events, amounting to about 1% of the expected signal
from the VBF process. It is included in the predicted sig-
nal yield, and where relevant, is grouped with the VBF
signal assuming the SM value of the ratio �vbf/�vh. The
small (< 1%) contribution ofH! ⌧⌧ to the signal regions
is treated as signal, assuming the branching fractions as
predicted by the SM.

D. Higgs couplings to fermions and vector bosons

The values of µ
ggf and µvbf can be used to test the

compatibility of the fermionic and bosonic couplings of
the Higgs boson with the SM prediction using a frame-
work motivated by the leading-order interactions [62].
The parametrization uses the scale factors F , applied
to all fermionic couplings, and V , applied to all bosonic
couplings; these parameters are unity for the SM.
In particular, the ggF production cross section is pro-

portional to 2

F through the top-quark or bottom-quark
loops at the production vertex, and the VBF produc-
tion cross section is proportional to 2

V . The branching
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The uncertainties are divided according to their source.
The statistical uncertainty accounts for the number of
observed events in the signal regions and profiled con-
trol regions. The statistical uncertainties from Monte
Carlo simulated samples, from nonprofiled control re-
gions, and from the extrapolation factors used in the
W+jets background estimate are all included in the ex-
perimental uncertainties here and for all results in this
section. The theoretical uncertainty includes uncertain-
ties on the signal acceptance and cross section as well
as theoretical uncertainties on the background extrapo-
lation factors and normalizations. The expected value of
µ is 1+0.16

�0.15 (stat.)
+0.17
�0.13 (syst.).

In order to check the compatibility with the SM predic-
tions of the ggF and VBF production processes, µ

ggf and
µvbf can be simultaneously determined through a fit to
all categories because of the di↵erent sensitivity to these
processes in the various categories. In this fit, the VH
contribution is included although there is no dedicated
category for it, and the SM value for the ratio �vbf/�vh

is assumed. Technically, the signal strength µvbf+vh is
measured, but because the contribution from VH is neg-
ligible, the notation µvbf is used. The corresponding two-
dimensional likelihood contours as a function of µ

ggf and
µvbf are shown in Fig. 40. Using the same treatment, the
separate signal strengths can be measured. The results
are:

µ
ggf = 1.02 ± 0.19 +0.22

�0.18 = 1.02 +0.29
�0.26
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The details of the uncertainties on µ, µ
ggf, and µvbf

are shown in Table XXVI. The statistical uncertainty
is the largest single source of uncertainty on the signal
strength results, although theoretical uncertainties also
play a substantial role, especially for µ

ggf.
The signal strength results are shown in Table XXVII

formH =125.36GeV. The table includes inclusive results
as well as results for individual categories and produc-
tion modes. The expected and observed significance for
each category and production mode is also shown. The
µ values are consistent with each other and with unity
within the assigned uncertainties. In addition to serving
as a consistency check, these results illustrate the sensi-
tivity of the di↵erent categories. For the overall signal
strength, the contribution from the nj � 2 VBF category
is second only to the nj =0 ggF category, and the nj � 2
ggF category contribution is comparable to those in the
nj =0 and nj =1 ee/µµ categories.

For all of these results, the signal acceptance for all pro-
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FIG. 40. Likelihood scan as a function of µggf and µvbf. The
best-fit observed (expected SM) value is represented by the
cross symbol (open circle) and its one, two, and three standard
deviation contours are shown by solid lines surrounding the
filled areas (dotted lines). The x- and y-axis scales are the
same to visually highlight the relative sensitivity.
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of events, amounting to about 1% of the expected signal
from the VBF process. It is included in the predicted sig-
nal yield, and where relevant, is grouped with the VBF
signal assuming the SM value of the ratio �vbf/�vh. The
small (< 1%) contribution ofH! ⌧⌧ to the signal regions
is treated as signal, assuming the branching fractions as
predicted by the SM.
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duction modes is evaluated assuming a SM Higgs boson.
The VH production process contributes a small number
of events, amounting to about 1% of the expected signal
from the VBF process. It is included in the predicted sig-
nal yield, and where relevant, is grouped with the VBF
signal assuming the SM value of the ratio �vbf/�vh. The
small (< 1%) contribution ofH! ⌧⌧ to the signal regions
is treated as signal, assuming the branching fractions as
predicted by the SM.

D. Higgs couplings to fermions and vector bosons

The values of µ
ggf and µvbf can be used to test the

compatibility of the fermionic and bosonic couplings of
the Higgs boson with the SM prediction using a frame-
work motivated by the leading-order interactions [62].
The parametrization uses the scale factors F , applied
to all fermionic couplings, and V , applied to all bosonic
couplings; these parameters are unity for the SM.
In particular, the ggF production cross section is pro-

portional to 2

F through the top-quark or bottom-quark
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tion cross section is proportional to 2
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TABLE XXVI. Summary of uncertainties on the signal strength µ. The table gives the relative uncertainties for inclusive Higgs
production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the first
line gives the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal yield
to the µvbf measurement and vice versa. The “misid. factor” is the systematic uncertainty related to the W+jets background
estimation. The “Z/�⇤ ! ee, µµ” entry corresponds to uncertainties on the frecoil selection e�ciency for the nj  1 ee/µµ
category. The “muons and electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections,
lepton trigger e�ciencies, and lepton isolation e�ciencies. The “jets” uncertainties include the jet energy scale, jet energy
resolution, and the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The plot for VBF (third column) has a
di↵erent scale than the the other columns to show the relative uncertainties per column. The entries marked with a dash are
smaller than 0.01 or do not apply.
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Signal ggF cross section 0.09 0.07
Signal ggF acceptance 0.05 0.04
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Background WW 0.06 0.06
Background top quark 0.03 0.03
Background misid. factor 0.05 0.05
Others 0.02 0.02
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Background misid. factor 0.03 0.03
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fraction BH !WW⇤ is proportional to 2

V and inversely
proportional to a linear combination of 2

F and 2

V . This
model assumes that there are no non-SM decay modes,
so the denominator corresponds to the total decay width
in terms of the fermionic and bosonic decay amplitudes.
The formulae, following Ref. [62], are

µ
ggf / 2

F · 2

V

(BH ! f ¯f + BH ! gg)2

F + (BH !V V )2

V

µvbf / 4

V

(BH ! f ¯f + BH ! gg)2

F + (BH !V V )2

V

.

(17)

The small contribution from BH ! �� depends on both F

and V and is not explicitly shown. Because (BH ! f ¯f +
BH ! gg)⇡ 0.75, 2

F is the dominant component of the de-

nominator for 2

F
<⇠ 32

V . As a result, the 2

F dependence
for the ggF process approximately cancels, but the rate
remains sensitive to V . Similarly, the VBF rate scales
approximately with 4

V /
2

F and the VBF channel pro-
vides more sensitivity to F than the ggF channel does
in this model. Because Eq. (17) contains only 2

F and 2

V ,
this channel is not sensitive to the sign of F or V .

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

ggf · B does not depend on F in the limit where
F � V , so the sensitivity at high F values is driven
by the value of µvbf. The VBF process rapidly vanishes
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category. The “muons and electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections,
lepton trigger e�ciencies, and lepton isolation e�ciencies. The “jets” uncertainties include the jet energy scale, jet energy
resolution, and the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The plot for VBF (third column) has a
di↵erent scale than the the other columns to show the relative uncertainties per column. The entries marked with a dash are
smaller than 0.01 or do not apply.
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TABLE XXVI. Summary of uncertainties on the signal strength µ. The table gives the relative uncertainties for inclusive Higgs
production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the first
line gives the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal yield
to the µvbf measurement and vice versa. The “misid. factor” is the systematic uncertainty related to the W+jets background
estimation. The “Z/�⇤ ! ee, µµ” entry corresponds to uncertainties on the frecoil selection e�ciency for the nj  1 ee/µµ
category. The “muons and electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections,
lepton trigger e�ciencies, and lepton isolation e�ciencies. The “jets” uncertainties include the jet energy scale, jet energy
resolution, and the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The plot for VBF (third column) has a
di↵erent scale than the the other columns to show the relative uncertainties per column. The entries marked with a dash are
smaller than 0.01 or do not apply.
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di↵erent scale than the the other columns to show the relative uncertainties per column. The entries marked with a dash are
smaller than 0.01 or do not apply.
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fraction BH !WW⇤ is proportional to 2

V and inversely
proportional to a linear combination of 2

F and 2

V . This
model assumes that there are no non-SM decay modes,
so the denominator corresponds to the total decay width
in terms of the fermionic and bosonic decay amplitudes.
The formulae, following Ref. [62], are

µ
ggf / 2

F · 2

V

(BH ! f ¯f + BH ! gg)2

F + (BH !V V )2

V

µvbf / 4

V

(BH ! f ¯f + BH ! gg)2

F + (BH !V V )2

V

.

(17)

The small contribution from BH ! �� depends on both F

and V and is not explicitly shown. Because (BH ! f ¯f +
BH ! gg)⇡ 0.75, 2

F is the dominant component of the de-

nominator for 2

F
<⇠ 32

V . As a result, the 2

F dependence
for the ggF process approximately cancels, but the rate
remains sensitive to V . Similarly, the VBF rate scales
approximately with 4

V /
2

F and the VBF channel pro-
vides more sensitivity to F than the ggF channel does
in this model. Because Eq. (17) contains only 2

F and 2

V ,
this channel is not sensitive to the sign of F or V .

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

ggf · B does not depend on F in the limit where
F � V , so the sensitivity at high F values is driven
by the value of µvbf. The VBF process rapidly vanishes
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TABLE XXVI. Summary of uncertainties on the signal strength µ. The table gives the relative uncertainties for inclusive Higgs
production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the first
line gives the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal yield
to the µvbf measurement and vice versa. The “misid. factor” is the systematic uncertainty related to the W+jets background
estimation. The “Z/�⇤ ! ee, µµ” entry corresponds to uncertainties on the frecoil selection e�ciency for the nj  1 ee/µµ
category. The “muons and electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections,
lepton trigger e�ciencies, and lepton isolation e�ciencies. The “jets” uncertainties include the jet energy scale, jet energy
resolution, and the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The plot for VBF (third column) has a
di↵erent scale than the the other columns to show the relative uncertainties per column. The entries marked with a dash are
smaller than 0.01 or do not apply.
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The small contribution from BH ! �� depends on both F

and V and is not explicitly shown. Because (BH ! f ¯f +
BH ! gg)⇡ 0.75, 2

F is the dominant component of the de-

nominator for 2
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V . As a result, the 2

F dependence
for the ggF process approximately cancels, but the rate
remains sensitive to V . Similarly, the VBF rate scales
approximately with 4
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F and the VBF channel pro-
vides more sensitivity to F than the ggF channel does
in this model. Because Eq. (17) contains only 2
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V ,
this channel is not sensitive to the sign of F or V .

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

ggf · B does not depend on F in the limit where
F � V , so the sensitivity at high F values is driven
by the value of µvbf. The VBF process rapidly vanishes

• Leading experimental 
uncertainties lepton 
efficiency and misid. rate 
(and jet energy scale for 
VBF)

[arXiv:1412.2641]



VH to WW (multi-lepton)
• Categories depending on number of 

leptons and jets 

• Sub-categories depending on 
number of same flavor opposite 
sign leptons 

• VV, VVV (V=W,Z,γ) are the main 
backgrounds, in add. top and Z/W
+jets in the 2 lepton channels 

• Results: 
 

• Combined with the ggF and VBF 
channels, helps constraining the 
fermionic coupling.
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2 Analysis Overview88

The Higgs boson V H production, followed by the H!WW ⇤ decay, is searched for using89

events with four, three or two electrons or muons in the final state. Leptonic decays of90

tau leptons from H!WW ⇤! ⌧⌫⌧⌫ are included in the analysed sample and they are91

considered as signal, but no specific selection is considered for events with hadronically92

decaying tau leptons in the final state. The analysis selection is designed to select events93

whose kinematics is consistent with the V H signal for each final state, in order to enhance94

the signal to background ratio. Figure 1 illustrates tree-level diagrams of the studied95

processes, in which a Higgs boson is produced in association with a gauge boson (W or Z).96
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Figure 1. Feynman diagrams at tree-level of the V H topologies studied in the present analysis:
(a) 4` channel (b) 3` channel (c) opposite-sign 2` channel and (d) same-sign 2` channel.

97

Each analysed channel is summarised in the following:98

(a) 4` channel (Figure 1a): The leading contribution consists of a process in which a99

virtual Z boson radiates a Higgs boson, which in turn decays to a W boson pair.100

The decays of the gauge bosons produce four charged leptons and two neutrinos in101

the final state. The lepton pair with an invariant mass closest to the Z-boson mass102

is labelled as (`2, `3), while the remaining leptons are labelled as `0 and `1 and are103

– 3 –
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125.36GeV [61], corresponding to the average of the masses measured in the H ! �� and671

H ! 4` decay channels by ATLAS.672

In order to evaluate the impact of the H ! ⌧⌧ contamination, data have been anal-673

ysed following two di↵erent approaches. In the first case the H ! ⌧⌧ is included in the674

background yield and it is normalised using the SM expectation for the V H production675

cross section (�VH) and the H ! ⌧⌧ branching fraction (Br(H ! ⌧⌧)). In the second case676

the H ! ⌧⌧ is included in the signal, the SM value of Br(H ! ⌧⌧) and Br(H ! WW ⇤) is677

assumed and the WH and ZH production cross sections are extracted from the fit. The678

assumption of the SM branching ratios in the second case is consistent with the observation679

of the H!WW ⇤ decay mode [18] and the reported evidences of the H ! ⌧⌧ decay mode680

[62, 63] which are compatible with their SM expectation.681

9.1 Search for the V H production mode682

The search for the V H production mode is performed using the statistics qµ shown in683

eq. 9.1. The signal strength of the V H production mode (µVH) is used as parameter of684

interest while the signal strengths of the ggF and VBF production modes are left free in685

the fit and treated as nuisance parameters. Uncertainties on theoretical predictions are686

used as the width of nuisance parameters on ggF and VBF. The sensitivity to the V H687

production mode is given by the V H signal regions divided in the 4`, 3` and 2` categories.688

The 3`-2SFOS category is further split according to the value of the BDT score, while689

the categories 3`-1SFOS and 3`-0SFOS are split in intervals of �R`0,`1 , as discussed in690

section 5.2.2. The intervals are shown in Figure 6(c) and 6(d) respectively. The BDT is691

divided in the intervals [-1., 0], (0, 0.4], (0.4, 0.6], (0.6, 0.8] and (0.8,1] while �R`0,`1 is692

divided in [0,0.5], (0.5, 1], (1, 1.5], (1.5, 5]. Each of the 2`-SS2jet and 2`-SS1jet category is693

further split in four sub-categories according to the flavour of the leading and sub-leading694

leptons.695

Table 12 shows the expected sensitivity to a SM Higgs boson with mass mH =696

125.36GeV, the observed significance and the measured µ value for each category. All697

production mechanisms and decay channels are treated as signal. The superscript WW
698

is added to the µ symbols when only the H!WW ⇤ component is extracted from the699

fit, treating the H ! ⌧⌧ contribution as part of the background and assuming for that700

component SM production cross section and decay branching fraction.701

The fit results for the WH, ZH and V H production processes with H ! ⌧⌧ treated as702

background are:703

µWW
WH = 2.1+1.5

�1.3 (stat.)
+1.0
�0.9 (sys.), µWW

ZH = 4.9+3.7
�2.9 (stat.)

+1.7
�1.0 (sys.),

µWW
VH = 2.9+1.2

�1.1 (stat.)
+0.8
�0.6 (sys.)

while treating H ! ⌧⌧ as signal the following values are obtained:704

µWH = 2.0+1.4
�1.2 (stat.)

+1.0
�0.7 (sys.), µZH = 4.7+3.6

�2.7 (stat.)
+1.6
�0.7 (sys.),

µVH = 2.7+1.2
�1.1 (stat.)

+0.8
�0.6 (sys.).
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y-, and z-components of the momentum carried by the undetected neutrinos for each of the376

two ⌧ leptons in the event, and the invariant mass of the two neutrinos from any leptonic377

⌧ decays. This is done by using the constraints from the measured x- and y-components378

of Emiss
T and the visible masses of both ⌧ candidates. A scan is then performed over the379

two components of the Emiss
T vector and the yet undetermined variables. Each scan point380

is weighted by its probability according to the Emiss
T resolution and the ⌧ decay topologies.381

The estimator for the ⌧⌧ mass is defined as the most probable value of the scan points.382

The MMC algorithm provides a solution for ⇠99% of the H ! ⌧⌧ and Z ! ⌧⌧383

events. This is a distinct advantage compared to the mass calculation using the collinear384

approximation where the failure rate is higher due to the implicit collinearity assumptions.385

The small loss rate of about 1% for signal events is due to large fluctuations of the Emiss
T386

measurement or other scan variables. In figure 1 reconstructed mMMC
⌧⌧ mass distributions are387

shown for ⌧lep⌧had signal events with a mass of 125 GeV in the V BF and boosted categories.388

The mass resolution is found to be ±XX% and ±ZZ% for the VBF and Boosted categories,389

respectively. Superimposed are the corresponding mass resolutions for Z ! ⌧⌧ background390

events. It should be noted that the central values of the reconstructed masses are shifted391

by about 5 GeV to the lower side. This shift is accounted for in the final fit when extracting392

the signal and background events.393
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Figure 1. The reconstructed mMMC
⌧⌧ mass distributions for H ! ⌧⌧ and Z ! ⌧⌧ events in MC
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Figure 26: Some kinematic distributions at preselection level (cut 1-6), in the τℓτℓ channel.
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Figure 29: Some kinematic distributions at preselection level, in the τℓτhad channel.
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(a) 7 TeV (b) 8 TeV

(c) 7 TeV (d) 8 TeV

Figure 31: Kinematic distributions in the Rest control region, in the τhadτhad channel. (top) missing
transverse energy (bottom) visible mass of the di-tau system.

1 July 2014

Reminder: preselection
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Figure 26: Some kinematic distributions at preselection level (cut 1-6), in the τℓτℓ channel.
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Figure 29: Some kinematic distributions at preselection level, in the τℓτhad channel.
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(a) 7 TeV (b) 8 TeV

(c) 7 TeV (d) 8 TeV

Figure 31: Kinematic distributions in the Rest control region, in the τhadτhad channel. (top) missing
transverse energy (bottom) visible mass of the di-tau system.

1 July 2014

Reminder: preselection
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Figure 26: Some kinematic distributions at preselection level (cut 1-6), in the τℓτℓ channel.
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Figure 29: Some kinematic distributions at preselection level, in the τℓτhad channel.
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(a) 7 TeV (b) 8 TeV

(c) 7 TeV (d) 8 TeV

Figure 31: Kinematic distributions in the Rest control region, in the τhadτhad channel. (top) missing
transverse energy (bottom) visible mass of the di-tau system.

1 July 2014

Reminder: preselection
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• Exactly 1 e/μ
• Exactly 1 hadronic tau 
• Single lepton trigger 

• Exactly 2 hadronic taus
• At least one of them passing a 
tighter ID criteria (~40% signal eff.)

• Di-tau trigger 

• Exactly 2 light leptons 
• 30 GeV < mll < 75 GeV (same flavour)
• 30 GeV < mll < 100 GeV (diff. flavour)

• No hadronic taus
• Single electron trigger 
•  Di-lepton trigger

Lep/Had Had/Had Lep/LepH to ττ
• Direct probe of fermionic couplings (as H to bb) 

• Three  channels, two main categories: 

• VBF, Boosted (~ggF with pT(H)>100 GeV) 

• BDT with main discriminant: m(ττ) mass

10
10

9 Results

As explained in the previous section, the observed signal strength is determined from a
global maximum likelihood fit to the BDT output distributions in data, with nuisance
parameters that are either free or constrained. The results are extracted for each channel
and for each category individually as well as for combinations of categories and for the
overall combination.

At the value of the Higgs boson mass obtained from the combination of the ATLAS
H ! �� and H ! ZZ⇤ measurements [116], mH = 125.36 GeV, the signal strength obtained
from the combined H ! ⌧⌧ analysis is:

µ = 1.43 +0.27
�0.26(stat.)

+0.32
�0.25(syst.) ± 0.09(theory syst.).

The systematic uncertainties are split into two groups: systematic uncertainties (syst.)
including all experimental effects as well as theoretical uncertainties on the signal region
acceptance, such as those due to the QCD scales, the PDF choice, and the underlying
event and parton shower; and, separately, theoretical uncertainties on the inclusive Higgs
boson production cross section and H ! ⌧⌧ branching ratio (theory syst.). The results for
each individual channel and for each category as well as for their combination are shown in
figure 9. They are based on the full dataset, however, separate combined results are given
for the two centre-of-mass energies.

The probability p0 of obtaining a result at least as signal-like as observed in the data

if no signal were present is calculated using the test statistic qµ=0 = �2 ln(L(0, ˆˆ~✓)/L(µ̂, ˆ~✓))
in the asymptotic approximation [117]. For mH = 125.36 GeV, the observed p0 value is
2.7⇥ 10

�6, which corresponds to a deviation from the background-only hypothesis of 4.5�.
This can be compared to an expected significance of 3.4�. This provides evidence at the
level of 4.5� for the decay of the Higgs boson into tau leptons. Table 12 shows the expected
and observed significances for the signal strength measured in each channel separately.

Figure 10 shows the expected and observed number of events, in bins of log10(S/B),
for all signal region bins. Here, S/B is the signal-to-background ratio calculated assuming
µ = 1.4 for each BDT bin in the signal regions. The expected signal yield for both µ = 1

and the best-fit value µ = 1.4 for mH = 125 GeV is shown on top of the background
prediction from the best-fit values. The background expectation where the signal-strength
parameter is fixed to µ = 0 is also shown for comparison.

To visualise the compatibility of this excess of events above background predictions
with the SM Higgs boson at mH = 125 GeV, a weighted distribution of events as a function
of mMMC

⌧⌧ is shown in figure 11. The events are weighted by a factor of ln(1 + S/B),
which enhances the events compatible with the signal hypothesis. The excess of events in
this mass distribution is consistent with the expectation for a Standard Model Higgs boson
with mH = 125 GeV. The distributions for the predicted excess in data over the background
are also shown for alternative SM Higgs boson mass hypotheses of mH = 110 GeV and
mH = 150 GeV. The data favour a Higgs boson mass of mH = 125 GeV and are less
consistent with the other masses considered.
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Figure 10. Event yields as a function of log10(S/B), where S (signal yield) and B (background
yield) are taken from the BDT output bin of each event, assuming a signal strength µ = 1.4.
Events in all categories are included. The predicted background is obtained from the global fit
(with µ = 1.4), and signal yields are shown for mH = 125 GeV at µ = 1 and µ = 1.4 (the best-fit
value). The background-only distribution (dashed line) is obtained from the global fit, with µ fixed
at zero.

are
µ⌧⌧
ggF = 2.0 ± 0.8(stat.) +1.2

�0.8(syst.) ± 0.3(theory syst.)

and
µ⌧⌧

VBF+VH = 1.24 +0.49
�0.45(stat.)

+0.31
�0.29(syst.) ± 0.08(theory syst.),

in agreement with the predictions from the Standard Model. The two results are strongly
anti-correlated (correlation coefficient of �48%). The observed (expected) significances of
the µ⌧⌧

ggF and µ⌧⌧
VBF+VH signal strengths are 1.74� (0.95�) and 2.25� (1.72�) respectively.

A total cross section times branching ratio for H ! ⌧⌧ with mH = 125 GeV can
also be measured. The central value is obtained from the product of the measured µ

and the predicted cross section used to define it. The uncertainties are similarly obtained
by scaling the uncertainties on µ by the predicted cross section, noting that theoretical
uncertainties on the inclusive cross section cancel between µ and the predicted cross section
and thus are not included for the production processes under consideration. These include
the uncertainties on the inclusive cross section due to the QCD scale and the PDF choice as
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Combined:

• 4.5σ evidence for  
tau Yukawa coupling!  
(3.4σ expected)

Channel and Category Expected Significance (�) Observed Significance (�)
⌧lep⌧lep VBF 1.15 1.88
⌧lep⌧lep Boosted 0.57 1.72
⌧lep⌧lep Total 1.25 2.40
⌧lep⌧had VBF 2.11 2.23
⌧lep⌧had Boosted 1.11 1.01
⌧lep⌧had Total 2.33 2.33
⌧had⌧had VBF 1.70 2.23
⌧had⌧had Boosted 0.82 2.56
⌧had⌧had Total 1.99 3.25
Combined 3.43 4.54

Table 12. The expected and observed significances of the signal in each channel and category for
the combined 7 and 8 TeV datasets.

Source of Uncertainty Uncertainty on µ

Signal region statistics (data) +0.27
�0.26

Jet energy scale ± 0.13
Tau energy scale ± 0.07
Tau identification ± 0.06
Background normalisation ± 0.12
Background estimate stat. ± 0.10
BR (H ! ⌧⌧) ± 0.08
Parton shower/Underlying event ± 0.04
PDF ± 0.03

Total sys. +0.33
�0.26

Total +0.43
�0.37

Table 13. Important sources of uncertainty on the measured signal-strength parameter µ. The
contributions are given as absolute uncertainties on the best-fit value of µ = 1.43. Various sub-
components are combined assuming no correlations.

As discussed in section 8, the dominant uncertainties on the measurement of the signal-
strength parameters include statistical uncertainties on the data from the signal regions,
uncertainties on the jet and tau energy scales, uncertainties on the normalisation of the
Z ! ⌧⌧ and t¯t background components as well as theoretical uncertainties. The contribu-
tions of each of these significant sources to the uncertainty of the measured signal strength
are summarised in table 13.

The normalisation uncertainties on the Z ! ⌧⌧ embedded sample are correlated across
the categories in each respective channel. The global fit also constrains the normalisation
for Z ! ⌧⌧ more strongly than for the Z ! `` and top-quark background components, as
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• Background 
normalization (esp.  
Z to ττ and top)

• Jet energy scale: 
especially forward/
central eta inter-
calibration

[arXiv:1501.04943]
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Introduction
The VH(bb) analysis is a complex one (V=W/Z):

3 channels: 0 lepton Z(vv)H(bb),
1 lepton W(lv)H(bb), 2 lepton Z(ll)H(bb)

Many large backgrounds:
Z+jets, W+jets, tt̄ , single top, diboson, multijets

Huge phase space:
0,1,2 lepton x 2,3 jets x 1,2 b-tags x pVT regions

Summer 2013 result: ATLAS-CONF-2013-079
Expected significance = 1.65 @ mH = 125GeV
Many improvements since then:
E.g. increased phase space, MVA, continuous b-tagging, ...

Past status reports:
Paolo Francavilla 16.4.2014 https://indico.cern.ch/event/289241/contribution/103/material/slides/0.pdf
Nicolas Morange 27.3.2014 https://indico.cern.ch/event/309979/contribution/5/material/slides/0.pdf
Paul Thompson 11.3.2014 https://indico.cern.ch/event/306862/contribution/5/material/slides/1.pdf
Song-Ming Wang 5.2.2014 https://indico.cern.ch/event/298807/contribution/1/material/slides/0.pdf
Remi Zaidan 13.12.2013 https://indico.cern.ch/event/287726/contribution/1/material/slides/0.pdf

Daniel Büscher (Freiburg) VH(bb) status report June 19, 2014 2 / 55

0-lepton 1-lepton 2-lepton

VH to Vbb
• BR(H to bb) ~60%:  

leading contribution  
to Higgs width 
 
 

11

• Categorization
• Two pT(W/Z) regions (<120, >120 GeV)  
• Four b-tag regions (1-tag + 3 x 2-tag) 
• Two jet bins (2 and 3 jets) 

• Use b-tagging discriminant (MV1c)  [GeV]bbm
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Figure 1. Dijet-invariant-mass distribution for the decay products of a Higgs boson with mH =

125 GeV in the 2-lepton MVA selection. The distributions are shown (a) using jets after global
sequential calibration (GSC, solid), and after adding muons inside jets (dotted) and after correcting
for resolution effects specific to the kinematics of the decay of a Higgs boson with mH = 125 GeV
(dash-dotted); (b) using jets after global sequential calibration (GSC, solid), and after adding
muons inside jets and applying the kinematic fit (dash-dotted). The distributions are fit to the
Bukin function [68] and the parameter representing the width of the core of the distribution is
shown in the figures, as well as the relative improvement in the resolution with respect to jets after
the global sequential calibration.

typically 11% (figure 1(a)). In the 2-lepton channel, wherein there is no true Emiss
T involved

except possibly from semileptonic heavy-flavour decays, the energy calibration of the jets
is further improved by a kinematic likelihood fit, which includes a Breit–Wigner constraint
on the dilepton mass, Gaussian constraints on each of the transverse components of the
``bb system momentum (with a width of 9 GeV, as determined from ZH simulated events),
dedicated transfer functions relating the true jet transverse momenta to their reconstructed
values (after the muon-in-jet correction, but without the resolution correction) as well as
a prior built from the expected true jet pT spectrum in ZH events (playing a role similar
to the resolution correction). Overall, the bb mass resolution is improved by 30% in the
2-lepton channel (figure 1(b)).

The cross sections times branching ratios for (W/Z)H with W ! `⌫, Z ! ``, Z ! ⌫⌫,
and H ! bb, as well as the acceptances in the three channels after full selection are given in
table 3 for the MVA and the dijet-mass analysis. The acceptance for other production and
decay modes of the Higgs boson is negligible. The 0-lepton channel adds 7% in acceptance
for the W ! `⌫ process with respect to the 1-lepton channel. Similarly, the 1-lepton channel
adds 10% in acceptance for the Z ! `` process with respect to the 2-lepton channel.
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mass(bb)

• Fit variables: 
• 1-tag: MV1c 
• 2-tag: BDT 

(esp. mass(bb),  
pT(V), MV1c)

• 1.4σ excess (2.5σ exp.),  
excluded 1.2xSM

• Theory modeling  
of backgrounds 
dominant (esp.  
W+bb, W+bl)

• Jet energy scale 
and b-tagging
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Figure 21. The fitted values of the Higgs boson signal-strength parameter µ for mH = 125 GeV
for the WH and ZH processes and the combination of the WH and ZH processes, with the 7
and 8 TeV datasets combined. The individual µ values for the (W/Z)H processes are obtained
from a simultaneous fit with the signal strength for each of the WH and ZH processes floating
independently.
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Figure 22. The fitted values of the Higgs boson signal-strength parameter µ for mH = 125 GeV
for the 0-, 1- and 2-lepton channels and the combination of the three channels, with the 7 and 8 TeV
datasets combined.The individual µ values for the lepton channels are obtained from a simultaneous
fit with the signal strength for each of the lepton channels floating independently.
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Figure 23. Event yields as a function of log(S/B) for data, background and Higgs boson signal
with mH = 125 GeV for the (a) 8 TeV data and (b) 7 TeV data. Final-discriminant bins in all signal
regions are combined into bins of log(S/B). The signal S and background B yields are expected
and fitted, respectively. The Higgs boson signal contribution is shown as expected for the SM cross
section (indicated as µ = 1.0). The pull of the data with respect to the background-only prediction
is also shown with statistical uncertainties only. The full line indicates the pull of the prediction
for signal (µ = 1.0) and background with respect to the background-only prediction.

Figure 23 shows the data, background and signal yields, where final-discriminant bins
in all signal regions are combined into bins of log(S/B), separately for the 7 and 8 TeV
datasets. Here, S is the expected signal yield and B is the fitted background yield. Details
of the fitted values of the signal and of the various background components are provided in
table 8.

11.2 Cross-check with the dijet-mass analysis

The distributions of mbb in the dijet-mass analysis, with background normalisations and
nuisance parameters adjusted by the global fit to the 8 TeV data were already presented
in section 7.3. Agreement between data and estimated background is observed within the
uncertainties shown by the hatched bands.

In the dijet-mass analysis, a µ value of 1.23 ± 0.44(stat.) ± 0.41(syst.) is obtained for
the 8 TeV dataset. The consistency of the results of the three lepton channels is at the level
of 8%. Using the “bootstrap” method mentioned in section 9.2, the results for the 8 TeV
data with the dijet-mass analysis and with the MVA are expected to be 67% correlated,
and the observed results are found to be statistically consistent at the level of 8%. The
observed significance in the dijet-mass analysis is 2.2�. The expected significance is 1.9�,
to be compared to 2.5� for the MVA, which is the reason for choosing the MVA for the
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Source of uncertainty �µ

Total 0.41

Statistical 0.32

Systematic 0.26

Experimental uncertainties

Jets 0.08

Emiss
T 0.03

Leptons 0.01

b-tagging(⇤)
b-jets 0.07

c-jets 0.04

light jets 0.04

Luminosity 0.03

Theoretical and modelling uncertainties

Signal 0.07

Floating normalisations

W+jets 0.06

Z-jets 0.03

tt 0.04

Background modelling

W+jets 0.11

Z-jets 0.08

tt 0.05

Single-top 0.04

Diboson 0.02

Multijet 0.06

Three channels 

[JHEP 01(2015) 069]



• Measure the Higgs boson signal  
strength for m(ZZ/WW) >> 2 mZ/W 

• Can look for coupling deviation  
from SM at high energies   ! 

• Three channels considered: 
 
 
 
 
 
 
 
 
 
 
 

• pT(VV) distribution for signal only known to ~LO 

• Reduce pT(VV) dependence: ME method (no BDT), no jet binning, R8 variable

Off-shell coupling analysis
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DRAFT

The analysis is split into four lepton channels (2µ2e, 2e2µ, 4e, 4µ) as in Ref. [51]. Each electron (muon)200

must satisfy ET > 7 GeV (pT > 6 GeV) and be measured in the pseudorapidity range |⌘| < 2.47 (|⌘| < 2.7).201

The highest-pT lepton in the quadruplet must satisfy pT > 20 GeV, and the second (third) lepton in pT202

order must satisfy pT > 15 GeV (pT > 10 GeV). For each channel, the lepton pair with the mass closest203

to the Z boson mass is referred to as the leading di-lepton pair and its invariant mass, m12, is required to be204

between 50 GeV and 106 GeV. The second (subleading) pair is chosen from the remaining leptons (more205

than four leptons are allowed per event) as the pair closest in mass to the Z boson and in the range of 50 <206

m34 < 115 GeV. The o↵-peak region is defined to include the range from 220 GeV< m4` < 1000 GeV.207

Figure 3(a) shows the observed and expected distributions of m4` combining all lepton channels in the208

full o↵-peak region. The data are in agreement with the SM predictions, with a small deficit of the209

order of 1�. Table 1 shows the expected and observed number of events in the signal enriched region,210

400 < m4` < 1000 GeV, combining all lepton channels. This mass region has been chosen since it is211

optimal for a m4` cut-based analysis.212

3.2. Matrix element based kinematic discriminant213

The matrix element kinematic discriminant fully exploits the event kinematics in the centre-of-mass214

frame of the 4` system, based on eight observables: {m4`,m12,m34, cos ✓1, cos ✓2, �, cos ✓⇤, �1}, defined215

in Refs. [5, 51]. These observables are used to create the four-momenta of the leptons and incom-216

ing partons, which are then used to calculate matrix elements for di↵erent processes, provided by the217

MCFM program [9]. The following matrix elements are calculated for each event in the mass range218

220 GeV< m4` < 1000 GeV:219

• Pqq̄: matrix element for the qq̄! ZZ ! 4` process,220

• Pgg: matrix element for the gg! (H⇤ !)ZZ ! 4` process including the Higgs boson (mH = 125.5221

GeV) with SM couplings, continuum background and their interference,222

• PH: matrix element for the gg! H⇤ ! ZZ ! 4` process (mH = 125.5 GeV).223

The kinematic discriminant is defined as in Ref. [9]:224

ME = log10

 
PH

Pgg + c · Pqq̄

!
, (7)

where c = 0.1 is an empirical constant, to approximately balance the overall cross-sections of the qq̄ !225

ZZ and gg ! (H⇤ !)ZZ processes. The value of c has a very small e↵ect on the analysis sensitivity.226

Figure 3(b) shows the observed and expected distributions of the ME-based discriminant combining all227

lepton final states. Events with the ME-based discriminant value between �4.5 and 0.5 are selected.228

In addition, an alternative multivariate discriminant based on boosted decision trees (BDT) has been229

studied to further separate the gg ! H⇤ ! ZZ signal and the main qq̄ ! ZZ background, by exploiting230

additional kinematic information (pT and ⌘) of the ZZ system. The analysis sensitivity improves very231

little (⇠2%) compared to the ME-based discriminant alone. Due to the dependence on the pT of the ZZ232

system, the BDT-based discriminant introduces additional systematic uncertainties from the higher order233

QCD corrections. For these reasons, the BDT-based discriminant is not used for the final result.234
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2.3. Simulation of qq̄ ! ZZ, WW and WZ backgrounds169

The qq̄! ZZ, qq̄! WW, and qq̄! WZ backgrounds are simulated at NLO in QCD using Powheg [42]170

with dynamic QCD renormalisation and factorisation scales of mVV (0) and the CT10 NLO PDF set. In ad-171

dition Sherpa is used as a cross-check for the qq̄! WZ background. Parton showering and hadronisation172

are done with Pythia8 for qq̄! VZ and Pythia6 for qq̄! WW. The interference between the qq̄! WW173

and qq̄! ZZ processes for the 2`2⌫ final state is negligible [42] and thus not considered.174

The cross sections for the qq̄ ! ZZ and qq̄ ! WW processes are calculated in Ref. [43] and Ref. [44],175

respectively, for two on-shell Z or W bosons in the final state at NNLO QCD accuracy. As these calcu-176

lations include the gg ! VV processes as part of the NNLO calculation, a di↵erent K-factor is provided177

by the authors of the Refs. [43,44] excluding the gg! VV component and using a QCD renormalisation178

and factorisation scale of mVV/2 in order to consistently match the simulation of the gg ! (H⇤ !)VV179

process:180

Kqq̄(mVV ) =
�NNLO

qq̄!VV (mVV , µ = mVV/2) � �LO
gg!VV (mVV , µ = mVV/2)

�NLO
qq̄!VV (mVV , µ = mVV )

. (6)

Electroweak higher-order corrections are not included in Powheg. These corrections are calculated in181

Refs. [45, 46] for on-shell outgoing vector bosons and found to be about �10% in the high-mass ZZ182

region of this analysis. To account for these corrections, the Powheg events are re-weighted using a183

comparable procedure to the one described in Ref. [47], based on the kinematics of the di-boson system184

and the initial state quarks.185

2.4. Simulation of top quark backgrounds186

In the WW ! e⌫ µ⌫ channel, the tt̄ and single-top (s-channel and Wt) backgrounds are simulated with187

Powheg [48, 49] with parton showering and hadronization done with Pythia6, using the CT10 NLO188

PDF set. The t-channel single-top background is simulated using AcerMC [50]+Pythia6 and uses the189

CTEQ6LI PDF set.190

3. Analysis of the ZZ ! 4` final state191

The analysis for the ZZ ! 4` final state closely follows the Higgs boson measurements in the same192

final state described in Ref. [51], with the same physics object definitions, trigger and event selections193

and background estimation methods. A matrix element based discriminant (ME-based discriminant) is194

constructed to enhance the separation between the gg! H⇤ ! ZZ signal and the gg! ZZ and qq̄! ZZ195

backgrounds, which is then used in a binned maximum likelihood fit for the final result.196

3.1. Event selection and background estimations197

To minimise the dependence of the gg ! ZZ kinematics on higher-order QCD e↵ects, the analysis is198

performed inclusively, ignoring the number of jets in the events.199
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Figure 1: The leading order Feynman diagrams for the gg ! H⇤ ! VV signal (a), the continuum gg ! VV
background (b) and the qq̄! VV background (c).

increased o↵-shell signal with µo↵-shell = 10. For low masses mZZ < 2mZ the o↵-shell signal is negligible,98

while it becomes comparable to the continuum gg! ZZ background for masses above the 2mt threshold.99

The interference between the gg ! H⇤ ! ZZ signal and the gg ! ZZ background is negative over100

the whole mass range. A very similar relation between the gg ! H⇤ ! VV signal and the gg ! VV101

background is also seen for the gg! (H⇤ !)ZZ ! 2`2⌫ and gg! (H⇤ !)WW ! e⌫ µ⌫ processes.102
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Figure 2: (a) Di↵erential cross-sections as a function of m4` in the range of 100 GeV < m4` < 1000 GeV for the
gg ! (H⇤ !)ZZ ! 2e2µ channel at the parton level, for the gg ! H⇤ ! ZZ signal (red solid line), gg ! ZZ
continuum background (thick brown dotted line), gg! (H⇤ !)ZZ with SM Higgs coupling (magenta long dashed
line, including signal plus background plus interference) and gg ! (H⇤ !)ZZ with µo↵-shell = 10 (blue long
dashed line). (b) Di↵erential cross-section as a function of m4` in the range of 130 GeV < m4` < 1000 GeV for
the gg ! H⇤ ! ZZ ! 2e2µ signal (solid red line) and its interference with the gg ! ZZ ! 2e2µ continuum
background (black dashed line).

The detector simulation for most generated Monte Carlo (MC) event samples is performed using Geant4 [26,103

27]. Some background MC samples in the WW ! e⌫ µ⌫ analysis for processes with large cross sections104
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The detector simulation for most generated Monte Carlo (MC) event samples is performed using Geant4 [26,103

27]. Some background MC samples in the WW ! e⌫ µ⌫ analysis for processes with large cross sections104
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The analysis is split into four lepton channels (2µ2e, 2e2µ, 4e, 4µ) as in Ref. [51]. Each electron (muon)200

must satisfy ET > 7 GeV (pT > 6 GeV) and be measured in the pseudorapidity range |⌘| < 2.47 (|⌘| < 2.7).201

The highest-pT lepton in the quadruplet must satisfy pT > 20 GeV, and the second (third) lepton in pT202

order must satisfy pT > 15 GeV (pT > 10 GeV). For each channel, the lepton pair with the mass closest203

to the Z boson mass is referred to as the leading di-lepton pair and its invariant mass, m12, is required to be204

between 50 GeV and 106 GeV. The second (subleading) pair is chosen from the remaining leptons (more205

than four leptons are allowed per event) as the pair closest in mass to the Z boson and in the range of 50 <206

m34 < 115 GeV. The o↵-peak region is defined to include the range from 220 GeV< m4` < 1000 GeV.207

Figure 3(a) shows the observed and expected distributions of m4` combining all lepton channels in the208

full o↵-peak region. The data are in agreement with the SM predictions, with a small deficit of the209

order of 1�. Table 1 shows the expected and observed number of events in the signal enriched region,210

400 < m4` < 1000 GeV, combining all lepton channels. This mass region has been chosen since it is211

optimal for a m4` cut-based analysis.212

3.2. Matrix element based kinematic discriminant213

The matrix element kinematic discriminant fully exploits the event kinematics in the centre-of-mass214

frame of the 4` system, based on eight observables: {m4`,m12,m34, cos ✓1, cos ✓2, �, cos ✓⇤, �1}, defined215

in Refs. [5, 51]. These observables are used to create the four-momenta of the leptons and incom-216

ing partons, which are then used to calculate matrix elements for di↵erent processes, provided by the217

MCFM program [9]. The following matrix elements are calculated for each event in the mass range218

220 GeV< m4` < 1000 GeV:219

• Pqq̄: matrix element for the qq̄! ZZ ! 4` process,220

• Pgg: matrix element for the gg! (H⇤ !)ZZ ! 4` process including the Higgs boson (mH = 125.5221

GeV) with SM couplings, continuum background and their interference,222

• PH: matrix element for the gg! H⇤ ! ZZ ! 4` process (mH = 125.5 GeV).223

The kinematic discriminant is defined as in Ref. [9]:224

ME = log10

 
PH

Pgg + c · Pqq̄

!
, (7)

where c = 0.1 is an empirical constant, to approximately balance the overall cross-sections of the qq̄ !225

ZZ and gg ! (H⇤ !)ZZ processes. The value of c has a very small e↵ect on the analysis sensitivity.226

Figure 3(b) shows the observed and expected distributions of the ME-based discriminant combining all227

lepton final states. Events with the ME-based discriminant value between �4.5 and 0.5 are selected.228

In addition, an alternative multivariate discriminant based on boosted decision trees (BDT) has been229

studied to further separate the gg ! H⇤ ! ZZ signal and the main qq̄ ! ZZ background, by exploiting230

additional kinematic information (pT and ⌘) of the ZZ system. The analysis sensitivity improves very231

little (⇠2%) compared to the ME-based discriminant alone. Due to the dependence on the pT of the ZZ232

system, the BDT-based discriminant introduces additional systematic uncertainties from the higher order233

QCD corrections. For these reasons, the BDT-based discriminant is not used for the final result.234
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4. Analysis of the ZZ ! 2` 2⌫ final state235

The analysis of the ZZ ! 2`2⌫ channel follows similar strategies to those used in the invisible Higgs236

boson search in the ZH channel [20]. The definitions of the reconstructed physics objects (electrons,237

muons, jets, and missing transverse momentum) are identical, but some of the kinematic cuts have been238

optimised for the current analysis.239

4.1. Event selection240

As the neutrinos in the final state do not allow for a kinematic reconstruction of mZZ , the transverse mass241

(mZZ
T ) reconstructed from the momentum of the di-lepton system (p``T ) and the magnitude of the missing242

transverse momentum (Emiss
T ):243

mZZ
T ⌘

s q
m2

Z +
���p``T

���2 +
q

m2
Z +

���Emiss
T

���2
!2

� ���p``T + Emiss
T

���2 , (8)

is chosen as the discriminating variable to enhance sensitivity to the gg! H⇤ ! ZZ signal.244

The selection criteria are optimised to maximise the signal significance with respect to the main back-245

grounds that are ZZ, WZ, WW, top-quark, and W/Z+jets events, as described in Section 4.2. The impact246

of the background uncertainty is considered in the significance calculation.247

First, events with two oppositely charged electron or muon candidates in the Z mass window 76 < m`` <248

106 GeV are selected. Events with a third lepton (e or µ) identified using looser identification criteria249

for the electrons and a lower pT threshold of 7 GeV are rejected. A series of selection requirements,250

including Emiss
T > 180 GeV, 380 GeV < mZZ

T < 1000 GeV, as well as ��(p``T ,Emiss
T ) > 2.5 and251 ����

���Emiss
T +

P
jet pjet

T

����p``T
����/p``T < 0.3 are necessary to suppress the Drell-Yan background. Events with a b-jet252

with pT > 20 GeV and |⌘| < 2.5, identified with the MV1 algorithm [52, 53] at the tagging e�ciency of253

70% are rejected to suppress the top-quark background. Finally, ��(`, `) < 1.4 is applied to select events254

with boosted Z bosons to further discriminate the signal from the background.255

4.2. Background estimation256

The dominant background is qq̄ ! ZZ production, followed by qq̄ ! WZ production. Background257

contributions from events with a genuine isolated lepton pair, not originating from a Z ! ee or Z ! µµ258

decay, arise from the WW, tt̄, Wt, and Z ! ⌧⌧ processes. The remaining backgrounds are from Z ! ee259

or Z ! µµ decays with poorly reconstructed Emiss
T , and from events with at least one fake electron or260

muon coming from W+jets, semi-leptonic top decays (tt̄ and single top), and multi-jet events.261

The qq̄ ! ZZ background is estimated in the same way as for the ZZ ! 4` analysis using the Powheg262

simulation as described in Section 3. The WZ background is also estimated with the simulation (described263

in Section 2.3) and validated with data in a three-lepton control region. The observed number of events264

in the control region is 30 (3) for Emiss
T > 180 GeV (300 GeV), whereas the predicted yield is 22.9 ± 0.8265

(3.4 ± 0.3). No significant di↵erence is observed between the data and simulation.266
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The WW, tt̄, Wt, and Z ! ⌧⌧ backgrounds are inclusively estimated with data assuming lepton flavour267

symmetry in an eµ control region using a relaxed selection. The following equations show how these268

backgrounds in the signal region can be estimated with eµ events:269

Nbkg
ee =

1
2
⇥ Ndata,sub

eµ ⇥ ↵,

Nbkg
µµ =

1
2
⇥ Ndata,sub

eµ ⇥ 1
↵
,

(9)

where Nbkg
ee and Nbkg

µµ are the number of di-electron and di-muon events in the signal region. Ndata,sub
eµ is270

the number of events in the eµ control region with WZ, ZZ, and other small backgrounds (W+jets, tt̄V ,271

and tri-boson) subtracted using simulation. The di↵erent e and µ e�ciencies are taken into account using272

the ↵ variable, which is an e�ciency correction factor extracted from the ratio of di-electron and di-muon273

event yields after the inclusive Z mass requirement (76 < m`` < 106 GeV). The measured value of ↵ is274

0.942 with a systematic uncertainty of 0.004 and a negligible statistical uncertainty. This scale factor is275

applied to the MC predictions. The other source of systematic uncertainty comes from the subtraction of276

WZ, ZZ, and other small backgrounds in the eµ control region using the simulation. As no data event277

remains after applying the full selection, a scale factor of 1.4 ± 0.3 is extracted by comparing the yields278

from the data-driven and MC predictions with relaxed selection applying the Emiss
T and mT selection but279

no further cuts. Experimental systematic uncertainties are considered for the MC predictions.280

Imperfect modeling of detector non-uniformities and Emiss
T response could lead to an incorrect estimate281

of the Z boson background in the signal region. The Z boson background is estimated with data using282

the two-dimensional sideband regions constructed by reversing one or both of the ��(p``T ,Emiss
T ) and283

��(`, `) selections [20]. The main uncertainty on the mis-measured Z boson background arises from the284

di↵erences in shape of the Emiss
T and mZZ

T distributions in the signal and sideband regions and the small285

correlation between the above two variables. Other systematic uncertainties originate from the subtraction286

of the non-Z boson backgrounds in the sideband regions.287

The W+jets and multi-jet backgrounds are estimated from data using the fake-factor method [20]. The288

predicted background with a looser Emiss
T selection applied at 100 GeV, and without the mZZ

T selection,289

is 0.04 ± 0.01 events. No event remains after applying the full event selection for both the data-driven290

method and MC samples, and hence this background is estimated to be negligible.291

The predicted signals and backgrounds with statistical and systematic uncertainties are summarised in292

Table 1. The observed event yields agree with the total predicted ones from the SM within the uncertain-293

ties. Figure 4 shows the distributions of mZZ
T for the ee and µµ channels in the signal region, compared to294

the predicted contributions from the SM as well as to a Higgs boson with µo↵-shell = 10.295

5. Analysis of the WW ! e⌫ µ⌫ final state296

The analysis of the WW ! e⌫ µ⌫ channel closely follows the Higgs boson measurements in the oppositely297

charged electron-muon pair final state in Ref. [54]. This selection ensures orthogonality with the ZZ !298

2` 2⌫ final state. The same object identification and selection as in Ref. [54] are used in this analysis.299

Additionally, an event selection identical to that used for the gluon-gluon fusion initial states in H !300

WW ! e⌫ µ⌫ is used, up to and including a requirement on missing transverse momentum: (sub-) leading301

lepton pT > (10)22 GeV, m`` > 10 GeV, and pmiss,track
T > 20 GeV, the magnitude of the missing transverse302
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The analysis of the ZZ ! 2`2⌫ channel follows similar strategies to those used in the invisible Higgs236

boson search in the ZH channel [20]. The definitions of the reconstructed physics objects (electrons,237

muons, jets, and missing transverse momentum) are identical, but some of the kinematic cuts have been238

optimised for the current analysis.239

4.1. Event selection240

As the neutrinos in the final state do not allow for a kinematic reconstruction of mZZ , the transverse mass241

(mZZ
T ) reconstructed from the momentum of the di-lepton system (p``T ) and the magnitude of the missing242

transverse momentum (Emiss
T ):243

mZZ
T ⌘

s q
m2

Z +
���p``T

���2 +
q

m2
Z +

���Emiss
T

���2
!2

� ���p``T + Emiss
T

���2 , (8)

is chosen as the discriminating variable to enhance sensitivity to the gg! H⇤ ! ZZ signal.244

The selection criteria are optimised to maximise the signal significance with respect to the main back-245

grounds that are ZZ, WZ, WW, top-quark, and W/Z+jets events, as described in Section 4.2. The impact246

of the background uncertainty is considered in the significance calculation.247

First, events with two oppositely charged electron or muon candidates in the Z mass window 76 < m`` <248

106 GeV are selected. Events with a third lepton (e or µ) identified using looser identification criteria249

for the electrons and a lower pT threshold of 7 GeV are rejected. A series of selection requirements,250

including Emiss
T > 180 GeV, 380 GeV < mZZ

T < 1000 GeV, as well as ��(p``T ,Emiss
T ) > 2.5 and251 ����

���Emiss
T +

P
jet pjet

T

����p``T
����/p``T < 0.3 are necessary to suppress the Drell-Yan background. Events with a b-jet252

with pT > 20 GeV and |⌘| < 2.5, identified with the MV1 algorithm [52, 53] at the tagging e�ciency of253

70% are rejected to suppress the top-quark background. Finally, ��(`, `) < 1.4 is applied to select events254

with boosted Z bosons to further discriminate the signal from the background.255

4.2. Background estimation256

The dominant background is qq̄ ! ZZ production, followed by qq̄ ! WZ production. Background257

contributions from events with a genuine isolated lepton pair, not originating from a Z ! ee or Z ! µµ258

decay, arise from the WW, tt̄, Wt, and Z ! ⌧⌧ processes. The remaining backgrounds are from Z ! ee259

or Z ! µµ decays with poorly reconstructed Emiss
T , and from events with at least one fake electron or260

muon coming from W+jets, semi-leptonic top decays (tt̄ and single top), and multi-jet events.261

The qq̄ ! ZZ background is estimated in the same way as for the ZZ ! 4` analysis using the Powheg262

simulation as described in Section 3. The WZ background is also estimated with the simulation (described263

in Section 2.3) and validated with data in a three-lepton control region. The observed number of events264

in the control region is 30 (3) for Emiss
T > 180 GeV (300 GeV), whereas the predicted yield is 22.9 ± 0.8265

(3.4 ± 0.3). No significant di↵erence is observed between the data and simulation.266
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Figure 4: Observed distribution of mZZ
T in the range 350GeV < mZZ

T < 1000GeV combining the 2e2⌫ and 2µ2⌫
channels, compared to the expected contributions from the SM including the Higgs boson (stack). The hatched
area shows the combined statistical and systematic uncertainties. The dashed line corresponds to the total expected
yield, including all backgrounds and the Higgs boson with µo↵-shell = 10. A relative gg! ZZ background K-factor
of RB

H⇤=1 is assumed.

momentum, with a track-based soft term. The signal region (SR) and background estimations have been303

revised for the high-mass region used in this analysis. Contrary to the base analysis [54], events are not304

binned by the number of jets. Top-quark events and SM WW production remain the largest expected305

backgrounds.306

5.1. Event selection307

As for the ZZ ! 2` 2⌫ channel, the neutrinos in the final state do not allow for a kinematic reconstruction308

of mVV . Thus a transverse mass (mWW
T ) is calculated from the di-lepton system transverse energy (E``T ),309

the vector sum of lepton transverse momenta (p``T ), and the vector sum of neutrino transverse momenta310

(p⌫⌫T ), measured with pmiss,track
T :311

mWW
T =

r
⇣
E``T + p⌫⌫T

⌘2 � ���p``T + p⌫⌫T
���2, where E``T =

q�
p``T
�2
+
�
m``
�2. (10)

The transverse mass is modified compared to the definition in Equation 8 as the neutrinos do not come312

from the same parent particle, and there is no mZ constraint.313

In order to isolate the o↵-shell Higgs boson production while minimising the impact of higher-order QCD314

e↵ects on gg! WW kinematics, a new variable, R8, is introduced:315

R8 =

r
m2
`` +
⇣
a · mWW

T

⌘2
. (11)
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Both the coe�cient a = 0.8 and the R8 > 450 GeV requirement are optimised for o↵-shell signal sensit-316

ivity while also rejecting on-shell Higgs boson events, which have relatively low values for m`` and mWW
T .317

The predicted on-shell signal contamination is 0.04 ± 0.03 (stat.) events. The MV1 algorithm, at 85%318

e�ciency, is used to reject b-jets with pT > 20 GeV and |⌘| < 2.5 in order to reject backgrounds con-319

taining top quarks. A more e�cient working point for b-jet tagging is used compared to the ZZ ! 2` 2⌫320

analysis, because of the need to reject a substantially larger top-quark background. A requirement on the321

separation between leptons, �⌘`` < 1.2, suppresses qq̄-initiated WW production relative to gg-initiated322

production. The b-jet veto and �⌘`` requirement are found to have a minimal impact on the WW-system323

kinematics and jet multiplicity in the gg ! (H⇤ !)WW processes. Table 1 contains the predicted and324

observed yields in the signal region, 90 ± 4 and 82 respectively, in agreement with the SM with a small325

deficit in data. The distribution of the R8 variable in the signal region is shown in Figure 5(c) for the SM326

expectation and for a Higgs boson with µo↵-shell = 10.327

5.2. Background estimation328

The dominant backgrounds arise from processes with real W bosons in the final state. The two back-329

grounds with the largest expected yield are top-quark and qq̄ ! WW production. Dedicated control330

regions (CRs) are constructed to normalise these two backgrounds in the signal region with a simultan-331

eous fit. Uncertainties on the extrapolation from the CRs to the signal region are described in Sections 6.3332

and 6.2 respectively.333

The top quark background predictions in the signal and WW-control region are both normalised with a334

CR. A sample of top quark events is obtained by starting from the signal region and reversing the b-335

jet veto by requiring exactly one b-tagged jet. This is closer in phase space to the b-jet vetoed signal336

region than requiring at least one b-tag and results in a smaller uncertainty. The statistical error on337

the top normalisation is reduced by expanding the top CR down to R8 > 160 GeV and dropping the �⌘``338

requirement. The impact of these changes is discussed in Section 6.3. A yield of 13498 events is observed339

in the top CR (Figure 5(a)) resulting in a fit normalisation factor of 1.03 ± 0.04, where the uncertainty340

includes all systematic sources, including extrapolation uncertainties described in Section 6.3. The CR is341

approximately 96% pure.342

The qq̄ ! WW background is normalised to data using an additional CR. The region 160 < R8 <343

450 GeV without the �⌘`` requirement is used because it has a large WW contribution with negligible344

on-shell Higgs boson contamination and is adjacent to the signal region. A b-jet veto is applied to reject345

part of the substantial top contamination. A yield of 8007 events is observed in the WW CR, Figure 5(b),346

resulting in a fit normalisation factor of 1.03 ± 0.11, including all of the uncertainties as above. This CR347

is approximately 46% pure in qq̄! WW, while the leading background of top events contributes another348

39% to the region. The gg-initiated WW background is estimated from MC simulation, as discussed in349

Section 2.1.350

The remaining background predictions, except for W+jets and multi-jet production, are taken from MC351

simulation, described in Ref. [54]. The predicted fraction of the total background in the signal region352

arising from gg ! WW, W+jets, and W�/W�⇤/WZ/ZZ events is approximately 4% each, while for353

Z+jets it is 2%. The W+jets and multi-jet backgrounds are estimated with a data-driven fake-factor354

and CRs with lepton candidates failing the nominal lepton identification and isolation, while passing a355

loosened requirement [54].356
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Both the coe�cient a = 0.8 and the R8 > 450 GeV requirement are optimised for o↵-shell signal sensit-316

ivity while also rejecting on-shell Higgs boson events, which have relatively low values for m`` and mWW
T .317

The predicted on-shell signal contamination is 0.04 ± 0.03 (stat.) events. The MV1 algorithm, at 85%318

e�ciency, is used to reject b-jets with pT > 20 GeV and |⌘| < 2.5 in order to reject backgrounds con-319

taining top quarks. A more e�cient working point for b-jet tagging is used compared to the ZZ ! 2` 2⌫320

analysis, because of the need to reject a substantially larger top-quark background. A requirement on the321

separation between leptons, �⌘`` < 1.2, suppresses qq̄-initiated WW production relative to gg-initiated322

production. The b-jet veto and �⌘`` requirement are found to have a minimal impact on the WW-system323

kinematics and jet multiplicity in the gg ! (H⇤ !)WW processes. Table 1 contains the predicted and324

observed yields in the signal region, 90 ± 4 and 82 respectively, in agreement with the SM with a small325

deficit in data. The distribution of the R8 variable in the signal region is shown in Figure 5(c) for the SM326

expectation and for a Higgs boson with µo↵-shell = 10.327

5.2. Background estimation328

The dominant backgrounds arise from processes with real W bosons in the final state. The two back-329

grounds with the largest expected yield are top-quark and qq̄ ! WW production. Dedicated control330

regions (CRs) are constructed to normalise these two backgrounds in the signal region with a simultan-331

eous fit. Uncertainties on the extrapolation from the CRs to the signal region are described in Sections 6.3332

and 6.2 respectively.333

The top quark background predictions in the signal and WW-control region are both normalised with a334

CR. A sample of top quark events is obtained by starting from the signal region and reversing the b-335

jet veto by requiring exactly one b-tagged jet. This is closer in phase space to the b-jet vetoed signal336

region than requiring at least one b-tag and results in a smaller uncertainty. The statistical error on337

the top normalisation is reduced by expanding the top CR down to R8 > 160 GeV and dropping the �⌘``338

requirement. The impact of these changes is discussed in Section 6.3. A yield of 13498 events is observed339

in the top CR (Figure 5(a)) resulting in a fit normalisation factor of 1.03 ± 0.04, where the uncertainty340

includes all systematic sources, including extrapolation uncertainties described in Section 6.3. The CR is341

approximately 96% pure.342

The qq̄ ! WW background is normalised to data using an additional CR. The region 160 < R8 <343

450 GeV without the �⌘`` requirement is used because it has a large WW contribution with negligible344

on-shell Higgs boson contamination and is adjacent to the signal region. A b-jet veto is applied to reject345

part of the substantial top contamination. A yield of 8007 events is observed in the WW CR, Figure 5(b),346

resulting in a fit normalisation factor of 1.03 ± 0.11, including all of the uncertainties as above. This CR347

is approximately 46% pure in qq̄! WW, while the leading background of top events contributes another348

39% to the region. The gg-initiated WW background is estimated from MC simulation, as discussed in349

Section 2.1.350

The remaining background predictions, except for W+jets and multi-jet production, are taken from MC351

simulation, described in Ref. [54]. The predicted fraction of the total background in the signal region352

arising from gg ! WW, W+jets, and W�/W�⇤/WZ/ZZ events is approximately 4% each, while for353

Z+jets it is 2%. The W+jets and multi-jet backgrounds are estimated with a data-driven fake-factor354

and CRs with lepton candidates failing the nominal lepton identification and isolation, while passing a355

loosened requirement [54].356
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1. Introduction26

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC,27

reported by the ATLAS [1] and CMS [2] Collaborations, is a milestone in the quest to understand elec-28

troweak symmetry breaking. Precision measurements of the properties of the new boson are of critical29

importance. Among its key properties are the couplings to each of the SM fermions and bosons, for which30

ATLAS and CMS presented results in Refs. [3, 4], and spin/CP properties, studied by ATLAS and CMS31

in Refs. [5, 6].32

The studies in Refs. [7–10] have shown that the high mass o↵-peak regions beyond 2mV (V = Z,W),33

well above the measured resonance mass of about 125 GeV [4, 11], in the H ! ZZ and H ! WW34

channels are sensitive to Higgs boson production through o↵-shell and background interference e↵ects.35

This presents a novel way of characterising the properties of the Higgs boson in terms of the o↵-shell36

yields normalised to the SM prediction (referred to as signal strength µ) and the associated o↵-shell Higgs37

boson couplings. Such studies provide sensitivity to new physics that alters the interactions between the38

Higgs boson and other fundamental particles in the high-mass region [12–18]. This approach was used39

by the CMS collaboration [19] to set an indirect limit on the total width. The analysis presented in this40

paper is complementary to direct searches for Higgs boson to invisible decays [20, 21] and to constraints41

coming from the Higgs boson coupling tests [3, 4].42

This paper presents an analysis of the o↵-shell signal strength in the ZZ ! 4`, ZZ ! 2`2⌫ and43

WW ! e⌫ µ⌫ final states (` = e, µ). It is structured as follows: Section 2 discusses the key theoret-44

ical considerations and the simulation of the main signal and background processes. Sections 3, 4 and45

5 give details for the analysis in the ZZ ! 4`, ZZ ! 2`2⌫ and WW ! e⌫ µ⌫ final states, respectively.46

The dominant systematic uncertainties are discussed in Section 6. Finally the results of the individual47

analyses and their combination are presented in Section 7.48

The ATLAS detector is described in Ref. [22]. The present analysis is performed on pp collision data49

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

s = 8 TeV.50

2. Theoretical predictions and simulated samples51

The production cross section for the o↵-shell Higgs boson with subsequent decay into vector-boson pairs1,52

�gg!H⇤!VV
o↵-shell , is proportional to the product of the Higgs boson couplings squared for production and decay.53

However, unlike the on-shell Higgs boson production, �gg!H⇤!VV
o↵-shell is independent of the total Higgs boson54

decay width �H [7,8]. Using the framework for Higgs boson coupling deviations as described in Ref. [23],55

the o↵-shell signal strength in the high-mass region selected by the analysis described in this paper at an56

energy scale ŝ, µo↵-shell(ŝ), can be expressed as:57

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 for the background.
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The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC,27

reported by the ATLAS [1] and CMS [2] Collaborations, is a milestone in the quest to understand elec-28

troweak symmetry breaking. Precision measurements of the properties of the new boson are of critical29

importance. Among its key properties are the couplings to each of the SM fermions and bosons, for which30

ATLAS and CMS presented results in Refs. [3, 4], and spin/CP properties, studied by ATLAS and CMS31

in Refs. [5, 6].32

The studies in Refs. [7–10] have shown that the high mass o↵-peak regions beyond 2mV (V = Z,W),33

well above the measured resonance mass of about 125 GeV [4, 11], in the H ! ZZ and H ! WW34

channels are sensitive to Higgs boson production through o↵-shell and background interference e↵ects.35

This presents a novel way of characterising the properties of the Higgs boson in terms of the o↵-shell36

yields normalised to the SM prediction (referred to as signal strength µ) and the associated o↵-shell Higgs37

boson couplings. Such studies provide sensitivity to new physics that alters the interactions between the38

Higgs boson and other fundamental particles in the high-mass region [12–18]. This approach was used39

by the CMS collaboration [19] to set an indirect limit on the total width. The analysis presented in this40

paper is complementary to direct searches for Higgs boson to invisible decays [20, 21] and to constraints41

coming from the Higgs boson coupling tests [3, 4].42

This paper presents an analysis of the o↵-shell signal strength in the ZZ ! 4`, ZZ ! 2`2⌫ and43

WW ! e⌫ µ⌫ final states (` = e, µ). It is structured as follows: Section 2 discusses the key theoret-44

ical considerations and the simulation of the main signal and background processes. Sections 3, 4 and45

5 give details for the analysis in the ZZ ! 4`, ZZ ! 2`2⌫ and WW ! e⌫ µ⌫ final states, respectively.46

The dominant systematic uncertainties are discussed in Section 6. Finally the results of the individual47

analyses and their combination are presented in Section 7.48

The ATLAS detector is described in Ref. [22]. The present analysis is performed on pp collision data49

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

s = 8 TeV.50

2. Theoretical predictions and simulated samples51

The production cross section for the o↵-shell Higgs boson with subsequent decay into vector-boson pairs1,52

�gg!H⇤!VV
o↵-shell , is proportional to the product of the Higgs boson couplings squared for production and decay.53

However, unlike the on-shell Higgs boson production, �gg!H⇤!VV
o↵-shell is independent of the total Higgs boson54

decay width �H [7,8]. Using the framework for Higgs boson coupling deviations as described in Ref. [23],55

the o↵-shell signal strength in the high-mass region selected by the analysis described in this paper at an56

energy scale ŝ, µo↵-shell(ŝ), can be expressed as:57

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 for the background.
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are simulated with the fast detector simulation package Atlfast-II [27].105

2.1. Simulation of gg ! (H⇤ !)VV106

To generate the gg ! H⇤ ! VV and gg ! VV processes, including the interference, the LO MC107

generators gg2VV [7,28] and MCFM [9,10] together with Pythia8 [29] and Sherpa+OpenLoops [30–33]108

are used. The QCD renormalisation and factorisation scales are set to mVV/2 [9]. The CT10 next-to-109

next-to-leading-order (NNLO) PDF set [34] is used, as the LO gg ! VV process is part of the NNLO110

calculation for pp! VV . The default parton showering and hadronisation option for the events processed111

with the full detector simulation is Pythia8 with the “power shower” parton shower option.112

For the gg ! H⇤ ! VV signal, a NNLO/LO K-factor2 including the next-to-leading-order (NLO) elec-113

troweak corrections, KH⇤(mVV ) = �NNLO
gg!H⇤!VV/�

LO
gg!H⇤!VV , is applied. The K-factor and associated un-114

certainties are calculated in Ref. [25] as a function of the Higgs boson virtuality mVV for mH ⇠125.5 GeV,115

using the MSTW2008 PDF set [35]. Additional corrections are used to re-weight the predictions to the116

CT10 NNLO PDF set used in the simulation.117

For the gg! VV background and the interference with the gg! H⇤ ! VV signal, no higher-order QCD118

calculations are not available. However, these corrections are studied for the WW final state in Ref. [36]119

in the soft-collinear approximation, which is considered suitable for high-mass Higgs boson production.120

In this approximation, the signal K-factor is found to provide a reliable estimate for the higher-order QCD121

corrections to the signal-background interference term.122

The K-factor for the gg! VV background process, K(gg! VV), remains unknown. Therefore, the res-123

ults in this note are given as a function of the unknown K-factor ratio between the gg! VV background124

and the gg! H⇤ ! VV signal, defined as125

RB
H⇤ =

K(gg! VV)
K(gg! H⇤ ! VV)

=
KB(mVV )
KH⇤
gg (mVV )

, (4)

where KB(mVV ) is the unknown mass-dependent K-factor for the gg ! VV background, and KH⇤
gg (mVV )126

is the gluon-initiated K-factor for the signal3. As the K-factor KH⇤
gg (mVV ) changes by less than 10% as127

a function of mVV in the relevant region of phase space, no mass dependence on RB
H⇤ is assumed. A128

range between 0.5 and 2 is chosen for the variation of the K-factor ratio RB
H⇤ in order to include the129

full correction from the signal K-factor KH⇤
gg (mVV ) ⇠ 2 in the variation range. With respect to the LO130

gg ! VV process, this corresponds to an absolute variation in the approximate range 1 to 4. Using the131

K-factors discussed above, the cross section for the gg ! (H⇤ !)VV process with any o↵-shell Higgs132

boson signal strength µo↵-shell can be parametrised as:133

�gg!(H⇤!)VV (µo↵-shell) = KH⇤(mVV ) · µo↵-shell · �SM
gg!H⇤!VV (5)

+

q
KH⇤
gg (mVV ) · KB(mVV ) · µo↵-shell · �SM

gg!VV, Interference

+ KB(mVV ) · �gg!VV, cont .

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

3 Numerically, KH⇤
gg (mVV ) di↵ers from KH⇤ (mVV ) by ⇠ 2% as the higher-order QCD contribution from qg and qq production is

small. However, KH⇤
gg (mZZ) has substantially larger uncertainties than KH⇤ (mZZ), and therefore KH⇤ (mZZ) is substituted here,

ignoring the 2% shift in central value.
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The typical o↵-shell mass scales tested by the analyses are in the range 400 < mVV < 1000 GeV, with549

a small signal fraction of the expected H⇤ ! WW signal extending to substantially higher mass scales9.550

This is illustrated in Figure 8, which shows the generated mVV mass for the gg! H⇤ ! VV and the VBF551

H⇤ ! VV signal processes weighted by the expected S/B ratio in each bin of the final discriminant for552

the ZZ ! 4` and ZZ ! 2`2⌫ analyses and for all signal events in the signal region for the WW ! e⌫ µ⌫553

analysis.554

Observed Median expected
RB

H⇤ 0.5 1.0 2.0 0.5 1.0 2.0

ZZ ! 4` analysis 6.1 7.3 10.0 9.1 10.6 14.8
ZZ ! 2` 2⌫ analysis 9.9 11.0 12.8 9.1 10.6 13.6

WW ! e⌫ µ⌫ analysis 15.6 17.2 20.3 19.6 21.3 24.7

Table 4: The observed and expected 95% CL upper limits on µo↵-shell within the range of 0.5 < RB
H⇤ < 2. The bold

numbers correspond to the limit assuming RB
H⇤ = 1. The upper limits are evaluated using the CLs method, with the

alternative hypothesis µo↵-shell = 1.

7.2. Combination of the o↵-shell ZZ and WW analyses555

The analyses described in the previous sections are combined to obtain a limit on µo↵-shell. In combining556

the o↵-shell results the main systematic uncertainties related to the theory uncertainties on the gg !557

(H⇤ !)VV (including signal and interference contributions) and qq̄! VV processes have been correlated558

between the di↵erent channels. Where appropriate, also the experimental systematic uncertainties are559

treated as correlated. However, they are found to have a very small impact on the final combined limit.560

The limits on µo↵-shell are obtained under two di↵erent assumptions listed below:561

• Determination of the signal strength µo↵-shell when fixing the ratio of the signal strength in gg! H⇤562

and VBF to the SM prediction, namely µgg!H⇤
o↵-shell/µ

VBF
o↵-shell=1.563

• Determination of the signal strength µgg!H⇤!VV
o↵-shell when fixing the VBF o↵-shell signal strength to564

the SM prediction, i.e. µVBF H⇤!VV
o↵-shell =1.565

The scan of the negative log-likelihood, �2 ln⇤, as a function of µo↵-shell for data and the expected curve566

for a SM Higgs boson for the two cases above are shown in Figure 9.567

The limits on µo↵-shell and µgg!H⇤
o↵-shell are computed with the CLs method, taking as alternative hypothesis568

all the o↵-shell rates assumed to be at their SM predictions. They are derived as a function of the QCD569

background ratio K-factor RB
H⇤ . These results are reported in Table 5 and shown in Figure 10, assuming570

either one common scale factor for both gg ! H⇤ and VBF processes or using a scale factor for the571

gg! H⇤ process and fixing the VBF production to the SM prediction.572

The impact of the various systematic uncertainties on the combined expected limit in the o↵-shell fit are573

listed in Table 6 when fixing the ratio of the signal strength in gg ! H⇤ and VBF to the SM prediction.574

9 While the H⇤ ! ZZ analysis includes a selection cut to limit the mass range to mZZ . 1000 GeV, no such cut can be e�ciently
implemented for the H⇤ ! WW analysis due to the poor mass resolution.
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The typical o↵-shell mass scales tested by the analyses are in the range 400 < mVV < 1000 GeV, with549

a small signal fraction of the expected H⇤ ! WW signal extending to substantially higher mass scales9.550

This is illustrated in Figure 8, which shows the generated mVV mass for the gg! H⇤ ! VV and the VBF551

H⇤ ! VV signal processes weighted by the expected S/B ratio in each bin of the final discriminant for552

the ZZ ! 4` and ZZ ! 2`2⌫ analyses and for all signal events in the signal region for the WW ! e⌫ µ⌫553

analysis.554

Observed Median expected
RB

H⇤ 0.5 1.0 2.0 0.5 1.0 2.0

ZZ ! 4` analysis 6.1 7.3 10.0 9.1 10.6 14.8
ZZ ! 2` 2⌫ analysis 9.9 11.0 12.8 9.1 10.6 13.6

WW ! e⌫ µ⌫ analysis 15.6 17.2 20.3 19.6 21.3 24.7

Table 4: The observed and expected 95% CL upper limits on µo↵-shell within the range of 0.5 < RB
H⇤ < 2. The bold

numbers correspond to the limit assuming RB
H⇤ = 1. The upper limits are evaluated using the CLs method, with the

alternative hypothesis µo↵-shell = 1.

7.2. Combination of the o↵-shell ZZ and WW analyses555

The analyses described in the previous sections are combined to obtain a limit on µo↵-shell. In combining556

the o↵-shell results the main systematic uncertainties related to the theory uncertainties on the gg !557

(H⇤ !)VV (including signal and interference contributions) and qq̄! VV processes have been correlated558

between the di↵erent channels. Where appropriate, also the experimental systematic uncertainties are559

treated as correlated. However, they are found to have a very small impact on the final combined limit.560

The limits on µo↵-shell are obtained under two di↵erent assumptions listed below:561

• Determination of the signal strength µo↵-shell when fixing the ratio of the signal strength in gg! H⇤562

and VBF to the SM prediction, namely µgg!H⇤
o↵-shell/µ

VBF
o↵-shell=1.563

• Determination of the signal strength µgg!H⇤!VV
o↵-shell when fixing the VBF o↵-shell signal strength to564

the SM prediction, i.e. µVBF H⇤!VV
o↵-shell =1.565

The scan of the negative log-likelihood, �2 ln⇤, as a function of µo↵-shell for data and the expected curve566

for a SM Higgs boson for the two cases above are shown in Figure 9.567

The limits on µo↵-shell and µgg!H⇤
o↵-shell are computed with the CLs method, taking as alternative hypothesis568

all the o↵-shell rates assumed to be at their SM predictions. They are derived as a function of the QCD569

background ratio K-factor RB
H⇤ . These results are reported in Table 5 and shown in Figure 10, assuming570

either one common scale factor for both gg ! H⇤ and VBF processes or using a scale factor for the571

gg! H⇤ process and fixing the VBF production to the SM prediction.572

The impact of the various systematic uncertainties on the combined expected limit in the o↵-shell fit are573

listed in Table 6 when fixing the ratio of the signal strength in gg ! H⇤ and VBF to the SM prediction.574

9 While the H⇤ ! ZZ analysis includes a selection cut to limit the mass range to mZZ . 1000 GeV, no such cut can be e�ciently
implemented for the H⇤ ! WW analysis due to the poor mass resolution.
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Figure 8: Normalised distribution of the generated mass mVV for the gg! H⇤ ! VV and the VBF H⇤ ! VV signal
processes weighted by the expected S/B ratio in each bin of the final discriminant for the ZZ ! 4` and ZZ ! 2`2⌫
analyses and for all events in the signal region for the WW ! e⌫ µ⌫ analysis.

Observed Median expected Assumption
RB

H⇤ 0.5 1.0 2.0 0.5 1.0 2.0

µo↵-shell 5.1 6.2 8.6 6.7 8.1 11.0 µgg!H⇤
o↵-shell/µ

VBF
o↵-shell=1

µgg!H⇤!VV
o↵-shell 5.3 6.7 9.8 7.3 9.1 13.0 µVBF H⇤!VV

o↵-shell =1

Table 5: The observed and expected 95% CL upper limits on µo↵-shell and µgg!H⇤!VV
o↵-shell within the range of 0.5 <

RB
H⇤ < 2 for the combined ZZ and WW analyses. Results are shown for two hypotheses, which are defined in the

Assumption column. The bold numbers correspond to the limit assuming RB
H⇤ = 1. The upper limits are evaluated

using the CLs method, with the alternative hypothesis µo↵-shell = 1.
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1. Introduction26

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC,27

reported by the ATLAS [1] and CMS [2] Collaborations, is a milestone in the quest to understand elec-28

troweak symmetry breaking. Precision measurements of the properties of the new boson are of critical29

importance. Among its key properties are the couplings to each of the SM fermions and bosons, for which30

ATLAS and CMS presented results in Refs. [3, 4], and spin/CP properties, studied by ATLAS and CMS31

in Refs. [5, 6].32

The studies in Refs. [7–10] have shown that the high mass o↵-peak regions beyond 2mV (V = Z,W),33

well above the measured resonance mass of about 125 GeV [4, 11], in the H ! ZZ and H ! WW34

channels are sensitive to Higgs boson production through o↵-shell and background interference e↵ects.35

This presents a novel way of characterising the properties of the Higgs boson in terms of the o↵-shell36

yields normalised to the SM prediction (referred to as signal strength µ) and the associated o↵-shell Higgs37

boson couplings. Such studies provide sensitivity to new physics that alters the interactions between the38

Higgs boson and other fundamental particles in the high-mass region [12–18]. This approach was used39

by the CMS collaboration [19] to set an indirect limit on the total width. The analysis presented in this40

paper is complementary to direct searches for Higgs boson to invisible decays [20, 21] and to constraints41

coming from the Higgs boson coupling tests [3, 4].42

This paper presents an analysis of the o↵-shell signal strength in the ZZ ! 4`, ZZ ! 2`2⌫ and43

WW ! e⌫ µ⌫ final states (` = e, µ). It is structured as follows: Section 2 discusses the key theoret-44

ical considerations and the simulation of the main signal and background processes. Sections 3, 4 and45

5 give details for the analysis in the ZZ ! 4`, ZZ ! 2`2⌫ and WW ! e⌫ µ⌫ final states, respectively.46

The dominant systematic uncertainties are discussed in Section 6. Finally the results of the individual47

analyses and their combination are presented in Section 7.48

The ATLAS detector is described in Ref. [22]. The present analysis is performed on pp collision data49

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

s = 8 TeV.50

2. Theoretical predictions and simulated samples51

The production cross section for the o↵-shell Higgs boson with subsequent decay into vector-boson pairs1,52

�gg!H⇤!VV
o↵-shell , is proportional to the product of the Higgs boson couplings squared for production and decay.53

However, unlike the on-shell Higgs boson production, �gg!H⇤!VV
o↵-shell is independent of the total Higgs boson54

decay width �H [7,8]. Using the framework for Higgs boson coupling deviations as described in Ref. [23],55

the o↵-shell signal strength in the high-mass region selected by the analysis described in this paper at an56

energy scale ŝ, µo↵-shell(ŝ), can be expressed as:57

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 for the background.
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The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC,27

reported by the ATLAS [1] and CMS [2] Collaborations, is a milestone in the quest to understand elec-28

troweak symmetry breaking. Precision measurements of the properties of the new boson are of critical29

importance. Among its key properties are the couplings to each of the SM fermions and bosons, for which30

ATLAS and CMS presented results in Refs. [3, 4], and spin/CP properties, studied by ATLAS and CMS31

in Refs. [5, 6].32

The studies in Refs. [7–10] have shown that the high mass o↵-peak regions beyond 2mV (V = Z,W),33

well above the measured resonance mass of about 125 GeV [4, 11], in the H ! ZZ and H ! WW34

channels are sensitive to Higgs boson production through o↵-shell and background interference e↵ects.35

This presents a novel way of characterising the properties of the Higgs boson in terms of the o↵-shell36

yields normalised to the SM prediction (referred to as signal strength µ) and the associated o↵-shell Higgs37

boson couplings. Such studies provide sensitivity to new physics that alters the interactions between the38

Higgs boson and other fundamental particles in the high-mass region [12–18]. This approach was used39

by the CMS collaboration [19] to set an indirect limit on the total width. The analysis presented in this40

paper is complementary to direct searches for Higgs boson to invisible decays [20, 21] and to constraints41

coming from the Higgs boson coupling tests [3, 4].42

This paper presents an analysis of the o↵-shell signal strength in the ZZ ! 4`, ZZ ! 2`2⌫ and43

WW ! e⌫ µ⌫ final states (` = e, µ). It is structured as follows: Section 2 discusses the key theoret-44

ical considerations and the simulation of the main signal and background processes. Sections 3, 4 and45

5 give details for the analysis in the ZZ ! 4`, ZZ ! 2`2⌫ and WW ! e⌫ µ⌫ final states, respectively.46

The dominant systematic uncertainties are discussed in Section 6. Finally the results of the individual47

analyses and their combination are presented in Section 7.48

The ATLAS detector is described in Ref. [22]. The present analysis is performed on pp collision data49

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

s = 8 TeV.50

2. Theoretical predictions and simulated samples51

The production cross section for the o↵-shell Higgs boson with subsequent decay into vector-boson pairs1,52

�gg!H⇤!VV
o↵-shell , is proportional to the product of the Higgs boson couplings squared for production and decay.53

However, unlike the on-shell Higgs boson production, �gg!H⇤!VV
o↵-shell is independent of the total Higgs boson54

decay width �H [7,8]. Using the framework for Higgs boson coupling deviations as described in Ref. [23],55

the o↵-shell signal strength in the high-mass region selected by the analysis described in this paper at an56

energy scale ŝ, µo↵-shell(ŝ), can be expressed as:57

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 for 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⇤58

production and the H⇤ ! VV decay. Due to the statistically limited sensitivity of the current analysis,59

the o↵-shell signal strength and coupling scale factors are assumed in the following to be independent60

of ŝ in the high-mass region selected by the analysis. The o↵-shell Higgs boson signal cannot be treated61

independently from the gg ! VV background, as sizeable negative interference e↵ects appear [7]. The62

interference term is proportional to pµo↵-shell = g,o↵-shell · V,o↵-shell.63

In contrast, the cross-section for on-shell Higgs production allows a measurement of the signal strength:64

65

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 ratio66

of µo↵-shell and µon-shell provides a measurement of the total width of the Higgs boson. This assumption is67

particularly relevant to the running of the e↵ective coupling g(ŝ) for the loop-induced gg! H production68

process, as it is sensitive to new physics that enters at higher mass scales and could be probed in the high-69

mass mVV signal region of this analysis. More details are given in Refs. [12–16]. With the current70

sensitivity of the analysis only an upper limit on the total width �H can be determined, for which the71

weaker assumption72

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

that the on-shell couplings are no larger than the o↵-shell couplings, is su�cient. It is also assumed73

that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell couplings74

i,o↵-shell does not modify the predictions for the SM backgrounds. Nor are there either sizeable kinematic75

modifications to the o↵-shell signal or new, sizeable signals in the search region of this analysis unrelated76

to an enhanced o↵-shell signal strength [18, 24].77

While higher-order QCD and EW corrections are known for the o↵-shell signal process [25], no higher-78

order QCD calculations are available for the gg ! VV background process, which is evaluated at the79

Leading-Order (LO). Therefore the results are given as a function of the unknown K-factor for the gg !80

VV background. QCD corrections for the o↵-shell signal processes have only been calculated inclusively81

in the jet multiplicity. The experimental analyses are therefore performed inclusively in jet observables82

and the event selections are designed to minimise the dependence on the boost of the VV system, which83

is sensitive to the jet multiplicity.84

The dominant processes contributing to the high-mass signal region in the ZZ ! 4`, ZZ ! 2`2⌫ and85

WW ! e⌫ µ⌫ final states are: the gg! H⇤ ! VV o↵-shell signal, the gg! VV continuum background,86

the interference between them, VV production through VBF and VH-like production modes pp! VV +87

2 j (s-, t- and u-channel) and the qq̄ ! VV background. The LO Feynman diagrams for the gg ! H⇤ !88

VV signal, the continuum gg! VV background and the dominant irreducible qq̄! VV background are89

depicted in Fig. 1. The WW ! e⌫ µ⌫ channel also receives sizeable background contributions from tt̄90

and single-top production. In the following a Higgs boson mass of mH = 125.5 GeV, close to the ATLAS91

measured Higgs boson mass value of 125.36 GeV [11], is assumed for the signal processes. This small92

di↵erence has a negligible impact on the predicted o↵-shell production yields.93

Figure 2 illustrates the size and kinematic properties of the gluon-induced signal and background pro-94

cesses by showing the four-lepton invariant mass (m4`) distribution for the gg ! (H⇤ !)ZZ ! 2e2µ95

processes after applying the event selections in the ZZ ! 4` channel (see Section 3) on generator-level96

quantities. The process gg ! (H⇤ !)ZZ ! 2e2µ is shown for the SM µo↵-shell = 1 case and for an97
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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⇤58

production and the H⇤ ! VV decay. Due to the statistically limited sensitivity of the current analysis,59

the o↵-shell signal strength and coupling scale factors are assumed in the following to be independent60

of ŝ in the high-mass region selected by the analysis. The o↵-shell Higgs boson signal cannot be treated61

independently from the gg ! VV background, as sizeable negative interference e↵ects appear [7]. The62

interference term is proportional to pµo↵-shell = g,o↵-shell · V,o↵-shell.63

In contrast, the cross-section for on-shell Higgs production allows a measurement of the signal strength:64

65

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 ratio66

of µo↵-shell and µon-shell provides a measurement of the total width of the Higgs boson. This assumption is67

particularly relevant to the running of the e↵ective coupling g(ŝ) for the loop-induced gg! H production68

process, as it is sensitive to new physics that enters at higher mass scales and could be probed in the high-69

mass mVV signal region of this analysis. More details are given in Refs. [12–16]. With the current70

sensitivity of the analysis only an upper limit on the total width �H can be determined, for which the71

weaker assumption72

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

that the on-shell couplings are no larger than the o↵-shell couplings, is su�cient. It is also assumed73

that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell couplings74

i,o↵-shell does not modify the predictions for the SM backgrounds. Nor are there either sizeable kinematic75

modifications to the o↵-shell signal or new, sizeable signals in the search region of this analysis unrelated76

to an enhanced o↵-shell signal strength [18, 24].77

While higher-order QCD and EW corrections are known for the o↵-shell signal process [25], no higher-78

order QCD calculations are available for the gg ! VV background process, which is evaluated at the79

Leading-Order (LO). Therefore the results are given as a function of the unknown K-factor for the gg !80

VV background. QCD corrections for the o↵-shell signal processes have only been calculated inclusively81

in the jet multiplicity. The experimental analyses are therefore performed inclusively in jet observables82

and the event selections are designed to minimise the dependence on the boost of the VV system, which83

is sensitive to the jet multiplicity.84

The dominant processes contributing to the high-mass signal region in the ZZ ! 4`, ZZ ! 2`2⌫ and85

WW ! e⌫ µ⌫ final states are: the gg! H⇤ ! VV o↵-shell signal, the gg! VV continuum background,86

the interference between them, VV production through VBF and VH-like production modes pp! VV +87

2 j (s-, t- and u-channel) and the qq̄ ! VV background. The LO Feynman diagrams for the gg ! H⇤ !88

VV signal, the continuum gg! VV background and the dominant irreducible qq̄! VV background are89

depicted in Fig. 1. The WW ! e⌫ µ⌫ channel also receives sizeable background contributions from tt̄90

and single-top production. In the following a Higgs boson mass of mH = 125.5 GeV, close to the ATLAS91

measured Higgs boson mass value of 125.36 GeV [11], is assumed for the signal processes. This small92

di↵erence has a negligible impact on the predicted o↵-shell production yields.93

Figure 2 illustrates the size and kinematic properties of the gluon-induced signal and background pro-94

cesses by showing the four-lepton invariant mass (m4`) distribution for the gg ! (H⇤ !)ZZ ! 2e2µ95

processes after applying the event selections in the ZZ ! 4` channel (see Section 3) on generator-level96

quantities. The process gg ! (H⇤ !)ZZ ! 2e2µ is shown for the SM µo↵-shell = 1 case and for an97
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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⇤58

production and the H⇤ ! VV decay. Due to the statistically limited sensitivity of the current analysis,59

the o↵-shell signal strength and coupling scale factors are assumed in the following to be independent60

of ŝ in the high-mass region selected by the analysis. The o↵-shell Higgs boson signal cannot be treated61

independently from the gg ! VV background, as sizeable negative interference e↵ects appear [7]. The62

interference term is proportional to pµo↵-shell = g,o↵-shell · V,o↵-shell.63

In contrast, the cross-section for on-shell Higgs production allows a measurement of the signal strength:64

65

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 ratio66

of µo↵-shell and µon-shell provides a measurement of the total width of the Higgs boson. This assumption is67

particularly relevant to the running of the e↵ective coupling g(ŝ) for the loop-induced gg! H production68

process, as it is sensitive to new physics that enters at higher mass scales and could be probed in the high-69

mass mVV signal region of this analysis. More details are given in Refs. [12–16]. With the current70

sensitivity of the analysis only an upper limit on the total width �H can be determined, for which the71

weaker assumption72

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

that the on-shell couplings are no larger than the o↵-shell couplings, is su�cient. It is also assumed73

that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell couplings74

i,o↵-shell does not modify the predictions for the SM backgrounds. Nor are there either sizeable kinematic75

modifications to the o↵-shell signal or new, sizeable signals in the search region of this analysis unrelated76

to an enhanced o↵-shell signal strength [18, 24].77

While higher-order QCD and EW corrections are known for the o↵-shell signal process [25], no higher-78

order QCD calculations are available for the gg ! VV background process, which is evaluated at the79

Leading-Order (LO). Therefore the results are given as a function of the unknown K-factor for the gg !80

VV background. QCD corrections for the o↵-shell signal processes have only been calculated inclusively81

in the jet multiplicity. The experimental analyses are therefore performed inclusively in jet observables82

and the event selections are designed to minimise the dependence on the boost of the VV system, which83

is sensitive to the jet multiplicity.84

The dominant processes contributing to the high-mass signal region in the ZZ ! 4`, ZZ ! 2`2⌫ and85

WW ! e⌫ µ⌫ final states are: the gg! H⇤ ! VV o↵-shell signal, the gg! VV continuum background,86

the interference between them, VV production through VBF and VH-like production modes pp! VV +87

2 j (s-, t- and u-channel) and the qq̄ ! VV background. The LO Feynman diagrams for the gg ! H⇤ !88

VV signal, the continuum gg! VV background and the dominant irreducible qq̄! VV background are89
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and single-top production. In the following a Higgs boson mass of mH = 125.5 GeV, close to the ATLAS91

measured Higgs boson mass value of 125.36 GeV [11], is assumed for the signal processes. This small92

di↵erence has a negligible impact on the predicted o↵-shell production yields.93

Figure 2 illustrates the size and kinematic properties of the gluon-induced signal and background pro-94

cesses by showing the four-lepton invariant mass (m4`) distribution for the gg ! (H⇤ !)ZZ ! 2e2µ95

processes after applying the event selections in the ZZ ! 4` channel (see Section 3) on generator-level96

quantities. The process gg ! (H⇤ !)ZZ ! 2e2µ is shown for the SM µo↵-shell = 1 case and for an97
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This table has been derived by fixing all the nuisance parameters associated with the systematic uncer-575

tainties to the values derived from the SM-conditional fit to the data, with the exception of the one under576

study.577

systematic uncertainty 95% CLs up. lim.
Interference gg! (H⇤ !)VV 7.2
QCD scale KH⇤(mVV ) (correlated component) 7.1
PDF qq̄! VV 6.7
QCD scale qq̄! VV 6.7
Luminosity 6.6
Drell-Yan bkg sys 6.6
QCD scale KH⇤

gg (mVV ) (uncorrelated component) 6.5
remaining systematic uncertainties 6.5
all systematic uncertainties 8.1
no systematic uncertainties 6.5

Table 6: The expected 95% CL upper limit on µo↵-shell for the combined ZZ and WW analyses, with a ranked
listing of each systematic uncertainty individually, comparing with no systematic uncertainty or all systematic
uncertainties. The upper limits are evaluated using the CLs method, assuming RB

H⇤=1. The ratio of the gg ! H⇤
and VBF processes is assumed to be as expected in the SM.

7.3. Combination of the o↵-shell and on-shell ZZ and WW analyses578

In this section, the o↵-shell results reported above are combined with the on-shell H ! ZZ⇤ ! 4` [51]579

and H ! WW⇤ ! `⌫`⌫ [54] analyses based on the 8 TeV data taken in 2012. In these analyses a Higgs580

boson mass value of 125.36 GeV [11] is assumed. For the on-shell ZZ and WW combination the main581

common sources of theoretical and experimental systematic uncertainties have been correlated [3].582

The uncertainties from the impact of higher-order QCD corrections on the gg! H(⇤) and qq! VV pro-583

cesses are considered correlated between the on-shell and o↵-shell measurements. The PDF uncertainties584

have not been correlated between on-shell and o↵-shell analyses. The correlations between the on-shell585

and o↵-shell PDF uncertainties are expected to be small with the exception of the ones for the qq̄ ! VV586

process that have negligible impact on the on-shell results.587

In addition to the main theoretical uncertainties, the common experimental systematic uncertainties have588

been correlated.589

The results reported in the following are based on two di↵erent assumptions:590

• Determination of �H/�SM
H when profiling the coupling scale factors g and V associated with the591

on- and o↵-shell gg ! H(⇤) and VBF production and the H(⇤) ! VV decay, assuming g,on-shell =592

g,o↵-shell and V,on-shell = V,o↵-shell.593

• Determination of Rgg = 2g,o↵-shell/
2
g,on-shell when profiling the coupling scale factor V = V,on-shell =594

V,o↵-shell associated with the VBF production and the H(⇤) ! VV decay. The ratio �H/�SM
H =1 is595

fixed to the SM prediction. The parameter Rgg is sensitive to possible modifications of the gluon596

couplings in the high mass range with respect to the on-shell value.597
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The negative log likelihood scans for the above-defined fitting configurations as well as the combined598

upper limit at 95% CL on �H/�SM
H and Rgg are illustrated in Figures 11 and 12 and the corresponding limits599

are listed in Table 7. The limits are all computed with the CLs method taking as alternative hypothesis600

the SM values.601

The limit on �H/�SM
H can be translated into a limit on the total width of the Higgs boson, assuming the602

value of RB
H⇤=1 and under the assumptions reported above. This translates into an observed (expected)603

95% CL upper limit on the Higgs boson total width of 22.7 (33.0) MeV 10.604
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Figure 11: (a) Scan of the negative log likelihood as a function of �H/�SM
H when profiling the coupling scale factors

g and V associated with the on- and o↵-shell gg ! H(⇤) and VBF production and the H(⇤) ! VV decay. The
black solid (dashed) line represents the observed (expected) value including all systematic uncertainty, while the red
solid (dashed) line is for the observed (expected) value without systematic uncertainties. (b) Observed and expected
combined 95% CL upper limit on �H/�SM

H as a function of RB
H⇤ under the same assumption as (a). The upper limits

are calculated from the CLs method, with the SM values as the alternative hypothesis. The green (yellow) bands
represent the 68% (95%) confidence intervals for the CLs expected limit.

Observed Median expected Assumption
RB

H⇤ 0.5 1.0 2.0 0.5 1.0 2.0

�H/�SM
H 4.5 5.5 7.5 6.5 8.0 11.2 i,on-shell = i,o↵-shell

Rgg = 2g,o↵-shell/
2
g,on-shell 4.7 6.0 8.6 7.1 9.0 13.4 V,on-shell = V,o↵-shell, �H/�SM

H =1

Table 7: Observed and expected 95% CL upper limits on �H/�SM
H and Rgg for the combined on- and o↵-shell ZZ

and WW analyses. Results are shown for two hypotheses, which are defined in the Assumption column. RB
H⇤ is

within the range 0.5< RB
H⇤< 2.

10 The value of the SM Higgs boson width of 4.12 MeV at a mass of 125.4 GeV [23] has been used to convert the limit �H/�SM
H

into the total width limit.
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The negative log likelihood scans for the above-defined fitting configurations as well as the combined598

upper limit at 95% CL on �H/�SM
H and Rgg are illustrated in Figures 11 and 12 and the corresponding limits599

are listed in Table 7. The limits are all computed with the CLs method taking as alternative hypothesis600

the SM values.601
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H can be translated into a limit on the total width of the Higgs boson, assuming the602

value of RB
H⇤=1 and under the assumptions reported above. This translates into an observed (expected)603

95% CL upper limit on the Higgs boson total width of 22.7 (33.0) MeV 10.604
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Figure 11: (a) Scan of the negative log likelihood as a function of �H/�SM
H when profiling the coupling scale factors

g and V associated with the on- and o↵-shell gg ! H(⇤) and VBF production and the H(⇤) ! VV decay. The
black solid (dashed) line represents the observed (expected) value including all systematic uncertainty, while the red
solid (dashed) line is for the observed (expected) value without systematic uncertainties. (b) Observed and expected
combined 95% CL upper limit on �H/�SM

H as a function of RB
H⇤ under the same assumption as (a). The upper limits

are calculated from the CLs method, with the SM values as the alternative hypothesis. The green (yellow) bands
represent the 68% (95%) confidence intervals for the CLs expected limit.
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Table 7: Observed and expected 95% CL upper limits on �H/�SM
H and Rgg for the combined on- and o↵-shell ZZ

and WW analyses. Results are shown for two hypotheses, which are defined in the Assumption column. RB
H⇤ is

within the range 0.5< RB
H⇤< 2.

10 The value of the SM Higgs boson width of 4.12 MeV at a mass of 125.4 GeV [23] has been used to convert the limit �H/�SM
H

into the total width limit.
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The negative log likelihood scans for the above-defined fitting configurations as well as the combined598

upper limit at 95% CL on �H/�SM
H and Rgg are illustrated in Figures 11 and 12 and the corresponding limits599

are listed in Table 7. The limits are all computed with the CLs method taking as alternative hypothesis600

the SM values.601

The limit on �H/�SM
H can be translated into a limit on the total width of the Higgs boson, assuming the602

value of RB
H⇤=1 and under the assumptions reported above. This translates into an observed (expected)603

95% CL upper limit on the Higgs boson total width of 22.7 (33.0) MeV 10.604
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Figure 11: (a) Scan of the negative log likelihood as a function of �H/�SM
H when profiling the coupling scale factors

g and V associated with the on- and o↵-shell gg ! H(⇤) and VBF production and the H(⇤) ! VV decay. The
black solid (dashed) line represents the observed (expected) value including all systematic uncertainty, while the red
solid (dashed) line is for the observed (expected) value without systematic uncertainties. (b) Observed and expected
combined 95% CL upper limit on �H/�SM

H as a function of RB
H⇤ under the same assumption as (a). The upper limits

are calculated from the CLs method, with the SM values as the alternative hypothesis. The green (yellow) bands
represent the 68% (95%) confidence intervals for the CLs expected limit.
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Table 7: Observed and expected 95% CL upper limits on �H/�SM
H and Rgg for the combined on- and o↵-shell ZZ

and WW analyses. Results are shown for two hypotheses, which are defined in the Assumption column. RB
H⇤ is

within the range 0.5< RB
H⇤< 2.

10 The value of the SM Higgs boson width of 4.12 MeV at a mass of 125.4 GeV [23] has been used to convert the limit �H/�SM
H

into the total width limit.
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<6.0 (9.0 exp)
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lines show the observed and expected limits, respectively.

at 95% CL on the branching ratio of the Higgs boson to invisible particles is set. These limits are derived204

assuming SM production and combining contributions from V H and gluon-fusion processes. Without the205

gluon-fusion contribution, the observed (expected) upper limit on BR(H ! inv.) is degraded to 100%206

(102%).207

13

• 2 jets from VBF signature +  
high missing ET (>150 GeV)

Higgs to invisible

14

• Dedicated Z→ll and W→lν control 
regions (CRs), emulating missing ET 
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Process 3-jet Small-�⌘ j j 3-jet Small-�⌘ j j
ggH Signal 6.18 ± 3.11 - -
VBF Signal 19.9 ± 1.4 12.1 ± 1.0 4.73 ± 0.64
Z ! ⌫⌫+jets 97.2 ± 10.0 114 ± 9 111 ± 10
W ! `⌫+jets 78.5 ± 6.5 71.9 ± 12.3 73.2 ± 10.1

Mulijets 19.9 ± 21.8 - -
Other Backgrounds 2.16 ± 0.31 0.05 ± 0.05 0.45 ± 0.13

Total 198 ± 25 186 ± 16 185 ± 14
Data 212 185 195

Table 3: Expected and observed yields for the validation regions in 20.3 fb�1 of data. Contributions from W and
Z are normalized to data-driven estimates based on the W ! `⌫ and Z ! `` control regions analogously to
the signal region method. The W and Z uncertainties include MC statistics from both the selected region and the
corresponding control region, and the number of data events in the control regions. The other numbers are evaluated
using Monte Carlo and their uncertainties indicate only statistical uncertainty.

Process Yield ± Stat ± Syst
ggH Signal 20 ± 5.5 ± 9.7
VBF Signal 286 ± 5 ± 49
Z ! ⌫⌫+jets 339 ± 22 ± 13
W ! `⌫+jets 237 ± 17 ± 18

Multijet 1.9 ± 2.4
Other Backgrounds 0.4 ± 0.2 ± 0.3
Total Background 578 ± 38 ± 30

Data 539

Table 4: Estimates of the expected yields for the signal region in 20.3 fb�1 of 2012 data. The ggH signal, VBF
signal, and other backgrounds are determined from Monte Carlo. The Z ! ⌫⌫+jets, W ! `⌫+jets, and multijet
backgrounds are data-driven estimates. The expected signal yields are shown for a mH = 125 GeV and are normal-
ized to 100% branching fraction. The W and Z statistical uncertainties include MC statistics from both the selected
region and the corresponding control region, and the number of data events in the control regions.

large cancellation in the systematic uncertainties. The weight that the Z ! `` and W ! `⌫ control re-290

gions take in the background estimate is then determined by the minimization of the likelihood combined291

with the input statistical and systematic uncertainties. The background yields shown in Table 4 are the292

expectations after the fit including the e↵ects of systematic uncertainties, MC statistical uncertainties in293

the control and signal regions, and the data statistical uncertainties in the control regions. The data-driven294

estimates shown in Table 4 agree with the corresponding MC-only predictions within uncertainties.295

No excess is observed in data, and the resulting limit on the number of signal events is used to set an upper296

limit on the H ! invisible branching fraction assuming the SM Higgs boson production cross section.297

The resulting expected upper limit on BR(H ! invisible) is 35% at 95% confidence level with a ±1�298

range on the expectation of 25% to 49%. The observed yield of 539 events in the signal region data gives299

a 95% CL observed upper bound of 29% on BR(H ! invisible). The result from this analysis provides300

the most stringent constraint on BR(H ! invisible) of any analysis to date, with an expected sensitivity301

approximately 20% better than the next most sensitive direct search analysis [19] and an observed upper302

bound that is twice as limiting.303
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• Simultaneous fit to yields in signal  
and Z+jets and W+jets control regions.
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Process 3-jet Small-�⌘ j j 3-jet Small-�⌘ j j
ggH Signal 6.18 ± 3.11 - -
VBF Signal 19.9 ± 1.4 12.1 ± 1.0 4.73 ± 0.64
Z ! ⌫⌫+jets 97.2 ± 10.0 114 ± 9 111 ± 10
W ! `⌫+jets 78.5 ± 6.5 71.9 ± 12.3 73.2 ± 10.1

Mulijets 19.9 ± 21.8 - -
Other Backgrounds 2.16 ± 0.31 0.05 ± 0.05 0.45 ± 0.13

Total 198 ± 25 186 ± 16 185 ± 14
Data 212 185 195

Table 3: Expected and observed yields for the validation regions in 20.3 fb�1 of data. Contributions from W and
Z are normalized to data-driven estimates based on the W ! `⌫ and Z ! `` control regions analogously to
the signal region method. The W and Z uncertainties include MC statistics from both the selected region and the
corresponding control region, and the number of data events in the control regions. The other numbers are evaluated
using Monte Carlo and their uncertainties indicate only statistical uncertainty.

Process Yield ± Stat ± Syst
ggH Signal 20 ± 5.5 ± 9.7
VBF Signal 286 ± 5 ± 49
Z ! ⌫⌫+jets 339 ± 22 ± 13
W ! `⌫+jets 237 ± 17 ± 18

Multijet 1.9 ± 2.4
Other Backgrounds 0.4 ± 0.2 ± 0.3
Total Background 578 ± 38 ± 30

Data 539

Table 4: Estimates of the expected yields for the signal region in 20.3 fb�1 of 2012 data. The ggH signal, VBF
signal, and other backgrounds are determined from Monte Carlo. The Z ! ⌫⌫+jets, W ! `⌫+jets, and multijet
backgrounds are data-driven estimates. The expected signal yields are shown for a mH = 125 GeV and are normal-
ized to 100% branching fraction. The W and Z statistical uncertainties include MC statistics from both the selected
region and the corresponding control region, and the number of data events in the control regions.

large cancellation in the systematic uncertainties. The weight that the Z ! `` and W ! `⌫ control re-290

gions take in the background estimate is then determined by the minimization of the likelihood combined291

with the input statistical and systematic uncertainties. The background yields shown in Table 4 are the292

expectations after the fit including the e↵ects of systematic uncertainties, MC statistical uncertainties in293

the control and signal regions, and the data statistical uncertainties in the control regions. The data-driven294

estimates shown in Table 4 agree with the corresponding MC-only predictions within uncertainties.295

No excess is observed in data, and the resulting limit on the number of signal events is used to set an upper296

limit on the H ! invisible branching fraction assuming the SM Higgs boson production cross section.297

The resulting expected upper limit on BR(H ! invisible) is 35% at 95% confidence level with a ±1�298

range on the expectation of 25% to 49%. The observed yield of 539 events in the signal region data gives299

a 95% CL observed upper bound of 29% on BR(H ! invisible). The result from this analysis provides300

the most stringent constraint on BR(H ! invisible) of any analysis to date, with an expected sensitivity301

approximately 20% better than the next most sensitive direct search analysis [19] and an observed upper302

bound that is twice as limiting.303
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< 29% @ 95 CL (35% exp)

VBF VH
• Two signatures: 

• ZH to ll + invisible 
 

• W/ZH to jj + invisible 
• Includes ggF contamination 
 

• Alternatively, set limits on σ x BR:
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Process 3-jet Small-�⌘ j j 3-jet Small-�⌘ j j
ggH Signal 6.18 ± 3.11 - -
VBF Signal 19.9 ± 1.4 12.1 ± 1.0 4.73 ± 0.64
Z ! ⌫⌫+jets 97.2 ± 10.0 114 ± 9 111 ± 10
W ! `⌫+jets 78.5 ± 6.5 71.9 ± 12.3 73.2 ± 10.1

Mulijets 19.9 ± 21.8 - -
Other Backgrounds 2.16 ± 0.31 0.05 ± 0.05 0.45 ± 0.13

Total 198 ± 25 186 ± 16 185 ± 14
Data 212 185 195

Table 3: Expected and observed yields for the validation regions in 20.3 fb�1 of data. Contributions from W and
Z are normalized to data-driven estimates based on the W ! `⌫ and Z ! `` control regions analogously to
the signal region method. The W and Z uncertainties include MC statistics from both the selected region and the
corresponding control region, and the number of data events in the control regions. The other numbers are evaluated
using Monte Carlo and their uncertainties indicate only statistical uncertainty.

Process Yield ± Stat ± Syst
ggH Signal 20 ± 5.5 ± 9.7
VBF Signal 286 ± 5 ± 49
Z ! ⌫⌫+jets 339 ± 22 ± 13
W ! `⌫+jets 237 ± 17 ± 18

Multijet 1.9 ± 2.4
Other Backgrounds 0.4 ± 0.2 ± 0.3
Total Background 578 ± 38 ± 30

Data 539

Table 4: Estimates of the expected yields for the signal region in 20.3 fb�1 of 2012 data. The ggH signal, VBF
signal, and other backgrounds are determined from Monte Carlo. The Z ! ⌫⌫+jets, W ! `⌫+jets, and multijet
backgrounds are data-driven estimates. The expected signal yields are shown for a mH = 125 GeV and are normal-
ized to 100% branching fraction. The W and Z statistical uncertainties include MC statistics from both the selected
region and the corresponding control region, and the number of data events in the control regions.

large cancellation in the systematic uncertainties. The weight that the Z ! `` and W ! `⌫ control re-290

gions take in the background estimate is then determined by the minimization of the likelihood combined291

with the input statistical and systematic uncertainties. The background yields shown in Table 4 are the292

expectations after the fit including the e↵ects of systematic uncertainties, MC statistical uncertainties in293

the control and signal regions, and the data statistical uncertainties in the control regions. The data-driven294

estimates shown in Table 4 agree with the corresponding MC-only predictions within uncertainties.295

No excess is observed in data, and the resulting limit on the number of signal events is used to set an upper296

limit on the H ! invisible branching fraction assuming the SM Higgs boson production cross section.297

The resulting expected upper limit on BR(H ! invisible) is 35% at 95% confidence level with a ±1�298

range on the expectation of 25% to 49%. The observed yield of 539 events in the signal region data gives299

a 95% CL observed upper bound of 29% on BR(H ! invisible). The result from this analysis provides300

the most stringent constraint on BR(H ! invisible) of any analysis to date, with an expected sensitivity301

approximately 20% better than the next most sensitive direct search analysis [19] and an observed upper302

bound that is twice as limiting.303
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< 75% @ 95 CL (62% exp)
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Process 3-jet Small-�⌘ j j 3-jet Small-�⌘ j j
ggH Signal 6.18 ± 3.11 - -
VBF Signal 19.9 ± 1.4 12.1 ± 1.0 4.73 ± 0.64
Z ! ⌫⌫+jets 97.2 ± 10.0 114 ± 9 111 ± 10
W ! `⌫+jets 78.5 ± 6.5 71.9 ± 12.3 73.2 ± 10.1

Mulijets 19.9 ± 21.8 - -
Other Backgrounds 2.16 ± 0.31 0.05 ± 0.05 0.45 ± 0.13

Total 198 ± 25 186 ± 16 185 ± 14
Data 212 185 195

Table 3: Expected and observed yields for the validation regions in 20.3 fb�1 of data. Contributions from W and
Z are normalized to data-driven estimates based on the W ! `⌫ and Z ! `` control regions analogously to
the signal region method. The W and Z uncertainties include MC statistics from both the selected region and the
corresponding control region, and the number of data events in the control regions. The other numbers are evaluated
using Monte Carlo and their uncertainties indicate only statistical uncertainty.

Process Yield ± Stat ± Syst
ggH Signal 20 ± 5.5 ± 9.7
VBF Signal 286 ± 5 ± 49
Z ! ⌫⌫+jets 339 ± 22 ± 13
W ! `⌫+jets 237 ± 17 ± 18

Multijet 1.9 ± 2.4
Other Backgrounds 0.4 ± 0.2 ± 0.3
Total Background 578 ± 38 ± 30

Data 539

Table 4: Estimates of the expected yields for the signal region in 20.3 fb�1 of 2012 data. The ggH signal, VBF
signal, and other backgrounds are determined from Monte Carlo. The Z ! ⌫⌫+jets, W ! `⌫+jets, and multijet
backgrounds are data-driven estimates. The expected signal yields are shown for a mH = 125 GeV and are normal-
ized to 100% branching fraction. The W and Z statistical uncertainties include MC statistics from both the selected
region and the corresponding control region, and the number of data events in the control regions.

large cancellation in the systematic uncertainties. The weight that the Z ! `` and W ! `⌫ control re-290

gions take in the background estimate is then determined by the minimization of the likelihood combined291

with the input statistical and systematic uncertainties. The background yields shown in Table 4 are the292

expectations after the fit including the e↵ects of systematic uncertainties, MC statistical uncertainties in293

the control and signal regions, and the data statistical uncertainties in the control regions. The data-driven294

estimates shown in Table 4 agree with the corresponding MC-only predictions within uncertainties.295

No excess is observed in data, and the resulting limit on the number of signal events is used to set an upper296

limit on the H ! invisible branching fraction assuming the SM Higgs boson production cross section.297

The resulting expected upper limit on BR(H ! invisible) is 35% at 95% confidence level with a ±1�298

range on the expectation of 25% to 49%. The observed yield of 539 events in the signal region data gives299

a 95% CL observed upper bound of 29% on BR(H ! invisible). The result from this analysis provides300

the most stringent constraint on BR(H ! invisible) of any analysis to date, with an expected sensitivity301

approximately 20% better than the next most sensitive direct search analysis [19] and an observed upper302

bound that is twice as limiting.303
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< 78% @ 95 CL (86% exp)

(e.g. the Higgs boson might decay into dark matter particles)

[ATLAS-CONF-2015-004] [Phys. Rev. Lett. 112, 201802 (2014)]



Spin/CP: testing spin-2 EFT

15

• PDF(mγγ,pTγγ,cos(θ*))

Graviton-like
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DRAFT

The approach used by this model relies on an EFT, which by definition is only valid up to a certain energy60

scale ⇤. This Higgs characterisation model considers that the resonance structure recently observed61

corresponds to one new boson (X(JP) with J = 0±, 1± or 2+, and with mass of 125 GeV), assuming that62

any other BSM particle exists at an energy scale larger than ⇤. The EFT approach has the advantage of63

being easily and systematically improvable by adding higher dimensional operators in the Lagrangian,64

which e↵ectively corresponds to adding higher-order corrections, following the same approach as that65

used in perturbation theory. The⇤ cuto↵ scale is set to 1 TeV in this paper, to account for the experimental66

results by the LHC and previous collider experiments that show no evidence of new physics at lower67

energy scales. More details can be found in [8]. In the EFT approach adopted, the Higgs-boson couplings68

to particles other than W bosons are ignored as they would impact the signal yield (with no e↵ects to the69

shape of the Higgs decay kinematics), which is not studied in this analysis.70

This section is organised as follows. Higgs-like resonances in the framework of the Higgs characterisation71

model are introduced in Secs. 2.1.1 and 2.2.1, for spin-2 and spin-0 particles, respectively. The specific72

benchmarks under study are then described in Secs. 2.1.2 and 2.2.2 .73

2.1 Spin-2 theoretical model and benchmarks74

2.1.1 Spin-2 theoretical model75

Given the large number of possible spin-2 benchmark models, a specific one is chosen, corresponding76

to a graviton-inspired tensor with minimal couplings to the SM particles [11]. In the spin-2 boson rest77

frame, its polarisation states projected onto the parton collision axis can take only the values of ±2 for the78

gluon-gluon fusion (ggF) process and ±1 for the qq̄ production process. For the spin-2 model studied in79

this analysis, only these two production mechanisms are considered. The Lagrangian for a spin-2 minimal80

coupling model (denoted as Lp
2) is defined as:81

Lp
2 =
X

p=V, f

� 1
⇤
pT p

µ⌫ Xµ⌫2 , (1)

where T p
µ⌫ is the energy-momentum tensor, Xµ⌫2 is the spin-2 particle field and V and f denote vector bo-82

sons (Z, W, � and gluons) and fermions (leptons and quarks), respectively. The p are the couplings of the83

Higgs-like resonance to particles, e.g. q and g label the couplings to quarks and gluons, respectively.84

With respect to the previous publication [3], the spin-2 analysis presented in this paper uses the Mad-85

Graph5_aMC@NLO [5] generator, which includes higher-order tree-level QCD calculations. As dis-86

cussed in the following, these calculations have an important impact on the Higgs-boson pT distribution,87

compared to the studies already performed in [3] using a Monte Carlo (MC) generator at leading or-88

der [6, 7]. In fact, when q is not equal to g (non-universal couplings), due to order ↵3
s terms, a tail in the89

Higgs-boson pT spectrum appears.90

For leading-order (LO) e↵ects, the qq̄ and ggF production processes are completely independent, but the91

beyond-LO processes contain diagrams with extra partons that give rise to a term proportional to (q�g)2,92

which grows with the centre-of-mass energy squared of the hard process s as s3/(m4⇤2) (where m is the93

mass of the spin-2 particle), and leads to a large tail at high values of the Higgs-boson pT. The shape of94

some spin-sensitive observables is a↵ected by this tail (for a more detailed discussion, see Ref. [8]). This95

feature appears in final states with at least one jet, which indeed signals the presence of e↵ects beyond96
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energy momentum tensor

particle field
variable couplings (κg, κq)
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Figure 1: Expected distributions of p��T (left) and | cos ✓⇤ | (right), for a SM Higgs boson (shaded histograms) and
for spin-2 particles, for three di↵erent choices of the QCD couplings.

Name Definition Selected eventsp
s = 7 TeV

p
s = 8 TeV

C1

p��T < 125GeV and

0.0  | cos ✓⇤ | < 0.1 1886 10020
C2 0.1  | cos ✓⇤ | < 0.2 1712 9514
C3 0.2  | cos ✓⇤ | < 0.3 1766 9556
C4 0.3  | cos ✓⇤ | < 0.4 1823 9781
C5 0.4  | cos ✓⇤ | < 0.5 2144 11606
C6 0.5  | cos ✓⇤ | < 0.6 2370 12875
C7 0.6  | cos ✓⇤ | < 0.7 2729 14531
C8 0.7  | cos ✓⇤ | < 0.8 2050 12116
C9 0.8  | cos ✓⇤ | < 0.9 302 1860
C10 0.9  | cos ✓⇤ | < 1.0 179 1185
C11 125 GeV  p��T < 300 GeV 259 1496
Total 17220 94540

Table 3: Definitions of categories in the H ! �� analysis and the number of selected events.
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Figure 1: Expected distributions of p��T (left) and | cos ✓⇤ | (right), for a SM Higgs boson (shaded histograms) and
for spin-2 particles, for three di↵erent choices of the QCD couplings.

Name Definition Selected eventsp
s = 7 TeV

p
s = 8 TeV

C1

p��T < 125GeV and

0.0  | cos ✓⇤ | < 0.1 1886 10020
C2 0.1  | cos ✓⇤ | < 0.2 1712 9514
C3 0.2  | cos ✓⇤ | < 0.3 1766 9556
C4 0.3  | cos ✓⇤ | < 0.4 1823 9781
C5 0.4  | cos ✓⇤ | < 0.5 2144 11606
C6 0.5  | cos ✓⇤ | < 0.6 2370 12875
C7 0.6  | cos ✓⇤ | < 0.7 2729 14531
C8 0.7  | cos ✓⇤ | < 0.8 2050 12116
C9 0.8  | cos ✓⇤ | < 0.9 302 1860
C10 0.9  | cos ✓⇤ | < 1.0 179 1185
C11 125 GeV  p��T < 300 GeV 259 1496
Total 17220 94540

Table 3: Definitions of categories in the H ! �� analysis and the number of selected events.
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The kinematic variables sensitive to the spin of the resonance are the diphoton transverse momentum p��T384

and the production angle of the two photons, measured in the Collins-Soper frame [45]:385

| cos ✓⇤ | = | sinh(�⌘�� ) |
q

1 + (p��T /m�� )2

2p�1
T p�2

T

m2
��

, (7)

where �⌘�� is the separation in pseudo-rapidity of the two photons.386
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Figure 1: Expected distributions of p��T (left) and | cos ✓⇤ | (right), for a SM Higgs boson (shaded histograms) and
for spin-2 particles, for three di↵erent choices of the QCD couplings.

The distributions of these variables, for events passing the selection, are shown in Figure 1, for a SM387

Higgs boson and for a spin-2 particle with di↵erent QCD couplings. For the q , g cases, the enhanced388

high-p��T tail o↵ers the best discrimination, whereas for q = g the sensitive variable is | cos ✓⇤ |.389

To exploit the signal distribution both in p��T and | cos ✓⇤ |, the selected events are divided into 11 categor-390

ies: 10 categories collect events with p��T < 125 GeV, divided in 10 equal bins of | cos ✓⇤ |, while the391

11th category groups all events with p��T � 125 GeV. The numbers of events collected in each category392

are summarised in Table 3. As described in Section 3, for the non-UC spin-2 models the analysis is per-393

formed with two cut-o↵s p��T < 300 GeV and p��T < 125 GeV: the latter case corresponds to dropping394

the 11th category.395

In each category, the numbers of signal events over the continuum background can be probed through a396

fit to the observed m�� distribution. The latter is modelled in each category as a the sum of 1-dimensional397

probability density function (PDF) for signal and background distributions:398

f [c](m�� |J) =
n[c]
B f [c]

B (m�� ) + (n[c]
J + n[c]

bias
) f [c]

S
(m�� )

n[c]
B + n[c]

J + n[c]
bias

, (8)

where J is the spin hypothesis (SM Higgs boson, or any of the spin-2 models), n[c]
B and n[c]

J are the back-399

ground and the signal yield in category c, and f [c]
B (m�� ), f [c]

S
(m�� ) are the m�� PDFs for the background400

and the signal, respectively. The signal PDF f [c]
S

(m�� ) is modeled as a weighted sum of a Crystal-Ball401
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cutoff at pT(Η)=125/300 GeV

PDF(BDT0,BDT2) 
SM vs bkg

WW+0 jet

H to γγ

Spin2 vs bkg2 bins 10 bins

WW+1 jet sensitive to pT(H)
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Signal Z Z⇤ tt̄, Z + jets Observedp
s = 7 TeV

4µ 0.95±0.09 0.65±0.03 0.14±0.06 3
2µ2e 0.47±0.05 0.29±0.02 0.53±0.12 1
2e2µ 0.62±0.06 0.45±0.02 0.13±0.05 2
4e 0.42±0.04 0.26±0.02 0.59±0.12 2
Total 2.46±0.24 1.65±0.09 1.39±0.26 8p

s = 8 TeV
4µ 5.53±0.55 3.36±0.17 0.97±0.18 13
2µ2e 2.89±0.29 1.59±0.10 0.52±0.12 8
2e2µ 3.70±0.37 2.33±0.11 0.84±0.14 9
4e 2.61±0.27 1.44±0.09 0.52±0.11 7
Total 14.72±1.48 8.72±0.47 2.85±0.39 37

Table 4: Expected signal and background yields, and observed events in data, in the 115 < m4l < 130 GeV signal
region.

Figure 3: Definitions of angular observables sensitive to the spin and parity of the decaying resonance in H !
Z Z⇤ ! 4l decay.

The choice of production and decay angles used in this analysis is presented in Figure 3, where the525

following definitions are used:526

• ✓1 and ✓2 are defined as the angles between negative final state leptons and the direction of flight of527

their respective Z-bosons, in the four-lepton rest frame;528

• � is the angle between the decay planes of four final state leptons expressed in the four-lepton rest529

frame;530

• �1 is the angle defined between the decay plane of the leading lepton pair and a plane defined by531

the vector of the Z1 (the Z boson associated to the leading lepton pair decay) in the four-lepton rest532

frame and the positive direction of the collision axis;533

• ✓⇤ is the production angle of the Z1 defined in the four-lepton rest frame.534
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PDF(MELA,BDTZZ) 
• Strongest exclusions of alternative spin-2  

hypotheses (CLs~0.01-1%) from H to 4l
Combination → see Michael’s talk

[arXiv:1503.03643]

[ATLAS-CONF-2015-008]
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Figure 3: Expected normalised Higgs-boson distributions of p``T , m``, ��`` and mT for the eµ+1-jet category. The
distributions are shown for the SM signal hypothesis (solid red line) and for three spin-2 hypotheses, namely
JP = 2+, g = 0.5, q = 1(dashed yellow line), JP = 2+, g = 1, q = 0 (blue dashed line) and JP = 2+, g = q (green
dashed line). The expected shapes for the sum of all backgrounds, including the data-derived W+jets background,
is also shown (solid black line). The last bin in each plot includes the overflow.

• the transverse mass, m`T, chosen to be the largest transverse mass of single leptons defined as353

m`iT =

q
2p`iT pmiss

T (1 � cos��), where �� is the angle between the lepton transverse momentum354

and pmiss
T , is required to satisfy m`T > 50 GeV to reject the W+jets background,355

• the total transverse mass of the dilepton and missing transverse momentum system, mT, is required356

to satisfy mT < 150 GeV.357

For alternative spin-2 benchmarks with non-universal couplings, as listed in Sec. 2.1.2, an additional358

requirement on the reconstructed Higgs-boson pT (labelled as pH
T in the following) is applied in the signal359

and control regions for all MC samples and data. The pH
T variable is reconstructed as the transverse360

component of the vector sum of the 4-momenta of both leptons and the missing transverse energy.361

Table 3 shows the number of events for data, expected SM signal and the various background components362

after event selection. The background estimation methods are described in detail in Sec. 5. A good363

agreement is seen between the observed numbers of events in each of the two categories and the sum of364

the total background and of the expected signal from a SM Higgs boson. The 0-jet category is the most365
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Coupling ratio Best fit value 95% CL Exclusion Regions
H ! WW ⇤ ! e⌫µ⌫ Expected Observed Expected Observed
̃HVV /SM 0.0 �1.3 [�1.2,�0.7] (�1,�2.2]

S
[�1,�0.85]

S
[0.4,1)

( ̃AVV /SM) · tan ↵ 0.0 �0.2 – (�1,�6]
S

[5,1)

Table 8: Fitted values of ̃HVV /SM and ( ̃AVV /SM) · tan ↵ and 95% CL excluded regions obtained in H !
WW ⇤ ! e⌫µ⌫ analysis. The expected values are produced for the signal strength measured in data and assuming
best fit values for all other nuisance parameters. Only data collected at

p
s = 8 TeV are used. The symbol "–"

denotes the absence of 95% CL sensitivity.
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Figure 8: Expected and observed distributions of the test statistic for fits of ̃HVV /SM (left) and ( ̃AVV /SM) ·tan ↵
(right) for the H ! Z Z⇤ ! 4` analysis. The expected curves are calculated assuming the Standard Model JP = 0+
signal and produced with the Standard Model signal strength µ = 1 and with the signal strength fitted to data: µ̂.
The horizontal dotted black lines represent the levels of �2 ln � above which the values of coupling ratios under
study are excluded above 68 and 95% CL, respectively.
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Spin/CP: parity / CP mixing
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0+ vs 0+ BSM

Spin-0 with CP mixing
coupling to  
SM-Higgs

coupling to 
CP-even  

BSM-Higgs

coupling to 
CP-odd  

BSM-Higgs
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sampling calorimeter with accordion geometry. The calorimeter is divided into a barrel section covering98

|⌘ | < 1.475 and two end-cap sections covering 1.375 < |⌘ | < 3.2. For |⌘ | < 2.5 it is divided into three99

layers in depth, which are finely segmented in ⌘ and �. An additional thin presampler layer, covering100

|⌘ | < 1.8, is used to correct for fluctuations in upstream energy losses. Hadronic calorimetry in the region101

|⌘ | < 1.7 uses steel absorbers and scintillator tiles as the active medium. Liquid argon calorimetry with102

copper absorbers is used in the hadronic end-cap calorimeters, which cover the region 1.5 < |⌘ | < 3.2.103

A forward calorimeter using copper or tungsten absorbers with liquid argon completes the calorimeter104

coverage up to |⌘ | = 4.9. The muon spectrometer (MS) measures the deflection of muon tracks with105

|⌘ | < 2.7, using three stations of precision drift tubes, with cathode strip chambers in the innermost layer106

for |⌘ | > 2.0. The deflection is provided by a toroidal magnetic field with an integral of approximately107

3 T-m and 6 T-m in the central and end-cap regions of the ATLAS detector, respectively. The muon108

spectrometer is also instrumented with separate trigger chambers covering |⌘ | < 2.4.109

3 Theoretical models110

In this section, the theoretical framework for measurements of the spin and parity of the resonance is111

discussed. An e↵ective field theory (EFT) approach is adopted in this note in order to describe the HVV112

interaction, following the Higgs boson characterisation model described in Refs. [6] and [5]. Di↵erent113

hypotheses for the Higgs boson spin and parity are studied. Three possible hypotheses for the spin and114

parity of the boson are considered: the hypothesis that the observed resonance is a spin-2 resonance, a115

pure spin-0 CP-even SM or CP-odd BSM Higgs boson, or a mixture of spin-0 CP-even and CP-odd states.116

The latter case would imply new physics with CP-violation in the Higgs sector. In the case of CP mixing,117

the Higgs boson would be a mass eigenstate, but not a CP eigenstate. In all cases, only one resonance118

with a mass of about 125 GeV is considered.119

The approach used by the Higgs boson characterisation model to describe the HVV interaction relies120

on an EFT, which by definition is only valid up to a certain energy scale, ⇤. This model assumes that121

the resonance structure corresponds to one new boson (X (JP ) with J = 0±, 1± or 2+, and with mass122

of 125 GeV), assuming that any other BSM particle exists at an energy scale larger than ⇤. The EFT123

approach has the advantage of being easily improved by adding higher dimensional operators in the124

Lagrangian. This e↵ectively corresponds to adding higher-order corrections following the same approach125

used in perturbation theory. The ⇤ cuto↵ scale is set to 1 TeV in this note to account for the experimental126

results obtained by the LHC and previous collider experiments that show no evidence of new physics at127

lower energy scales. More details can be found in Ref. [6].128

3.1 The spin-0 hypothesis129

In the spin-0 hypothesis, models with fixed spin and parity, and mixed models with BSM spin-0 CP-even130

and CP-odd contributions are considered. In the Higgs boson characterisation model the description of131

the spin-0 particle interaction with pairs of W and Z bosons is given through the following interaction132

Lagrangian:133

LV
0 =

(
c↵ SM

f
1
2gHZZ ZµZ µ + gHWWW+µW�µ

g
�1

4
1
⇤

f
c↵ HZZ Zµ⌫ Z µ⌫ + s↵ AZZ Zµ⌫ Z̃ µ⌫

g
(1)

�1
2

1
⇤

f
c↵ HWWW+µ⌫W�µ⌫ + s↵ AWWW+µ⌫W̃�µ⌫

g)
X0.
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PDF(BDT0,BDTCP) 
SM vs bkg SM vs CP alternative

H to ZZ* to 4l

• Define new observables: 

O1(κHVV)~ 

O2(κHVV)~ 

2R(ME(κHVV)*,ME(SM))
|ME(κHVV)|2

|ME(SM))|2
|ME(κHVV)|2

and similarly for κAVV tan(α)
• Perform CP mixing scan  

fitting 01,02 and BDTZZ 

CP even mixture

1.9σ
CP even mixture

Combination → see Michael’s talk

[arXiv:1503.03643]

[ATLAS-CONF-2015-008]



• Final Run-I Higgs analyses!  

• Improved sensitivity, especially to different 
production modes 

• No significant deviations from SM so far. 

• Signal strength in all production and decay 
modes input to coupling fits (→ Michael’s talk 
later today!)
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Conclusions

• Important lessons for Run-II and beyond

• Despite huge progress, in many cases systematics  
(esp. theory) dominant 

• Theory uncertainty on cross section +  
acceptance of Higgs signal 

• Background modeling (e.g. V+bb, tt+bb for H to bb)  

• Need improved experimental and theory  
techniques to fully profit from improved statistical  
sensitivity.

SM. The cross section measurements of the dominant production mode, gg ! H, reach an ultimate
experimental precision of ⇠4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg! H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ⇠10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H ! bb̄ channel in
this projection). For illustration and in addition to the dominant qq ! ZH process, the precision on the
gg ! ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH ! bb̄ channel.
No special selection is made to enhance this production mode in the H ! bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg ! ZH loop process
at the HL-LHC.
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Figure 1: Relative uncertainty on the signal strength µ for all Higgs final states considered in this note in
the di↵erent experimental categories used in the combination, assuming a SM Higgs boson with a mass
of 125 GeV expected with 300 fb�1 and 3000 fb�1of 14 TeV LHC data. The uncertainty pertains to the
number of events passing the experimental selection, not to the particular Higgs boson process targeted.
The hashed areas indicate the increase of the estimated error due to current theory systematic uncertain-
ties. The abbreviation “(comb.)” indicates that the precision on µ is obtained from the combination of
the measurements from the di↵erent experimental sub-categories for the same final state, while “(incl.)”
indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.

Additional information about the Higgs boson coupling properties can be gained through the search

1A luminosity uncertainty of 3% is assumed for both the 300 fb�1 and 3000 fb�1 scenarios, which has been agreed to by
the ATLAS and CMS experiments for projections.
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ttH, H to bb  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Figure 2: The measured signal strengths for di↵erent Higgs boson decay channels and their combination for
mH = 125.36 GeV. Higgs boson signals of the same decay in all analyses are combined together. The best-fit
values are shown by the solid vertical lines. The total ±1� uncertainties are indicated by green shaded bands, with
the individual contributions from the statistical uncertainty (top), the total (experimental and theoretical) system-
atic uncertainty (middle), and the theory uncertainty (bottom) on the signal strength (from QCD scale, PDF, and
branching ratios) shown as superimposed error bars.

4.2. Boson and fermion-mediated production processes470

The measurements of the signal strengths described above assume the SM predictions of the relative con-471

tributions of di↵erent Higgs boson production processes and/or decay channels. Thus they may conceal472

di↵erences between data and theoretical predictions. Therefore, in addition to the signal strengths of dif-473

ferent decay channels, the signal strengths of di↵erent production modes are determined, exploiting the474

sensitivity o↵ered by the use of event categories in the analyses of all channels.475

The Higgs boson production processes can be categorised into two groups according to the Higgs bo-476

son couplings to fermions (ggF and ttH) or vector bosons (VBF and VH). Potential deviations from477

the SM can be tested with two signal-strength parameters, µ fggF+ttH ⌘ (µ fggF = µ
f

ttH
) and µ fVBF+VH ⌘478

(µ fVBF = µ
f

VH
) for each decay channel f . The 68% and 95% CL two-dimensional contours of µ fggF+ttH479
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Signal strength: grouping by decay
● SM values for ratios between different production cross 
sections are assumed

● Results are consistent with the SM ![ATLAS-CONF-2015-007]

with 
signal theory 
systematics


