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Excellent understanding of 
the detector performance!

Excellent LHC/ATLAS operations
Overall efficiency 90%

The wealth of high quality data allows detailed studies of 
the properties of the Higgs boson!
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SM Higgs boson production at the LHC
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Production cross section 
(mH=125 GeV)

17.5 pb @ 7 TeV
22.3 pb @ 8 TeV

50.9 pb @ 13 TeV
57.4 pb @ 14 TeV

87% 
mH = 125 GeV

7%
mH = 125 GeV

5%
mH = 125 GeV

~1%
mH = 125 GeV

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ !" V + H (3.1)

vector boson fusion : qq !" V !V ! !" qq + H (3.2)

gluon ! gluon fusion : gg !" H (3.3)

associated production with heavy quarks : gg, qq̄ !" QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp !" HH + X (3.5)

and the relevant sub–processes are the gg " HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ " HHV , and the vector boson fusion mechanisms qq " V !V ! "
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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SM Higgs boson decays
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mH~125 GeV gives access to several decay channels
Gauge bosons: γγ, ΖΖ*, WW*, Zγ

Fermions: bb, ττ, µµ

This talk will focus 
on bosonic decays 

H→γγ
H→ZZ→4l

H→WW→lvlv
H→Zγ→llγ
with emphasis on 

most recent results
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H→γγ
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Mass Measurement: arXiv:1406.3827 accepted by PRD
Couplings: Phys. Lett. B726 (2013) 88/ATLAS-CONF-2013-012 
Differential Cross-Sections: arXiv:1407.4222 submitted to JHEP
Spin/CP: Phys. Lett. B726 (2013) 120
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Η→γγ: Updated mH Analysis
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• Narrow peak in mγγ spectrum
- inclusive S/B ~ 3-4%

• Main Backgrounds: 
~80% di-photon → mγγ resolution [~1.7 GeV]
~20% γj and jj → photon-ID

• Background directly from data side-bands
• Event Selection:

→ Two isolated photons (|η|<2.47) with ET>0.35(0.25)*mγγ

• mH optimized categories [min expected δmH for SM Higgs inc. systematics]
→ New e/γ calibration (~10% resolution imrpovement)
→ Photon quality, detector region and pΤt

→ 10 exclusive categories

Updated 
coupling analysis 

to appear

mH=125.98 ± 0.42(stat) ± 0.28(syst) GeV
µ = 1.29 ± 0.30

NEW!

See Cyril’s talk
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H→γγ: Fiducial/Differential cross sections
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NEW!

5  measurements + 2 upper limits 
on fiducial cross sections

12 differential cross sections
a) kinematics (pTγγ,|yγγ|)
b) associated jet activity (Nj, |yj|, ...)
c) spin-CP-sensitive (|cosθ*|, ...)
d) VBF-sensitive (|Δyjj|,...)

Procedure:
- mγγ ML fit simultaneously in bins of variable of interest
- bin-by-bin unfolding (A, ε, resolution)

mjj>400GeV,|Δyjj|>2.8, |Δφγγ,jj|>2.6

95%CLs

95%CLs
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H→γγ: Fiducial/Differential cross sections
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Overall good data/
theory agreement 

Somewhat higher jet 
activity data

NEW!

Η→γγ a swiss army knife for 
Higgs boson studies:

- Search for associated top-H(→γγ) production. 
- Search for FCNC Higgs boson decays.

See talk by Austin Basye
- Search for additional γγ resonances.

See talk by Ilya Tsukerman

Variable Powheg Minlo HJ Minlo HJJ Hres

p��
T

0.12 0.10 0.09 0.12
|y�� | 0.81 0.83 0.83 0.80
|cos ✓⇤| 0.59 0.57 0.58 0.56
N

jets

0.42 0.36 0.30 -
N50 GeV

jets

0.33 0.33 0.30 -
H

T

0.43 0.39 0.34 -

pj1
T

0.84 0.82 0.79 -
|yj1 | 0.64 0.58 0.51 -

pj2
T

0.34 0.29 0.23 -
|��jj | 0.21 0.28 0.24 -
|�yjj | 0.64 0.58 0.49 -

|����,jj | 0.45 0.46 0.42 -

Table 5. Probabilities from �2 tests for the agreement between the di↵erential cross section
measurements and the theoretical predictions. Each prediction is normalised to the LHC-XS cross
section before selection.
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H→ZZ→4l
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Mass Measurement: arXiv:1406.3827 accepted by PRD
Couplings: to be submitted to PRD
Differential Cross-Sections: ATLAS-CONF-2014-044
Spin/CP: Phys. Lett. B726 (2013) 120
Indirect ΓH measurement: ATLAS-CONF-2014-042
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Η→ZZ(*)→4l: Updated Analysis

10

Signal ZZ(*) Other BKG Observed S/B

4µ 6.20±0.61 2.82±0.14 0.79±0.13 14 ~1.7
2µ2e 3.15±0.32 1.38±0.08 0.72±0.12 6 ~1.5
2e2µ 4.04±0.40 1.99±0.10 0.69±0.11 9 ~1.5

4e 2.77±0.29 1.22±0.08 0.76±0.11 8 ~1.4
120-130 GeV

Search for peak in m4l spectrum:
• S/B~1.4 - 1.7 @ mH=125 GeV
• Mass resolution ~1.6-2.2 GeV

Backgrounds: ZZ(*)→4l, Z+jets and ttbar
Event Selection
• Same-flavor opposite-sign isolated di-leptons (e/µ)
• Requirements on lepton pT, vertexing and mll

New improved (MVA) electron identification!
New improved muon/electron calibration!

See Christopher’s talk

NEW!

See Cyril’s talk
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Η→ZZ(*)→4l: ZZ* suppression
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Introduced BDT discriminant to suppress ZZ* contribution
using Matrix Element Kinematic Discriminant, pT4l, η4l

NEW!
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Η→ZZ(*)→4l: Inclusive Results
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Maximum local significance: 8.2σ (5.8σ)@ mH=124.5GeV
For mH = 125.36GeV

 local significance: 8.1σ (6.2σ)
and inclusive rate with respect to SM: 1.5 ± 0.4

NEW!

mH =124.51±0.52 (stat)±0.06(syst) GeV



NEW!
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Η→ZZ(*)→4l: Event Categorization
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Event Categorization
-> probe production mechanisms

110 < m4l < 140 GeV 
event yields

VBF-enriched: 5
VH-hadronic: 0
VH-leptonic: 0

2D fit: (m4l,BDTVBF)

1D fit: m4l 
[selection using BDTVH ]

1D fit: m4l 

2D fit: (m4l,BDTZZ)
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Η→ZZ(*)→4l: Coupling Results
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µggF+bbH+ttH = 1.66+0.45-0.41(stat)+0.25-0.15(syst)
µVBF+VH = 0.26+1.60-0.91(stat)+0.36-0.23(syst)

µVBF+VH/µggF+bbH+ttH = 0.2+1.2-0.5

NEW!
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H→ZZ(*)→4l: Fiducial/Differential cross sections
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p-values
Variable Powheg Minlo HRes2
pT,H 0.30 0.23 0.16
|yH | 0.37 0.45 0.36
m34 0.48 0.60 -
| cos ✓⇤| 0.35 0.45 -
njets 0.37 0.28 -
pjet

T 0.33 0.26 -

Table 2: Compatibility tests of data with Powheg, Minlo and HRes2 ggF calculations of SM Higgs boson
production. The compatibility p-values are obtained, as explained in the text, from the di↵erence between
the �2 ln⇤ at its best-fit value and the value with the cross sections fixed to the theory computations.

9 Conclusion

A measurement of di↵erential and inclusive fiducial cross sections in the H ! ZZ⇤ ! 4` decay channel
is presented. It is based on 20.3 fb�1 of pp collision data, produced at

p
s = 8 TeV centre-of-mass

energy at the LHC and recorded by the ATLAS detector. The cross sections are corrected for detector
e↵ects and compared to several SM-based theoretical calculations. No significant deviations from the
theoretical predictions are observed for any of the studied variables.
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the estimated unfolded signal yield into a fiducial cross section. This uncertainty is derived following
the same methodology as that detailed in Ref. [59] from a preliminary calibration of the luminosity scale
derived from beam-separation scans performed in November 2012.

Systematic uncertainties on the data-driven estimate of the reducible backgrounds are assigned both
to the normalization and the shapes of the distributions by varying the estimation methods [14].

The systematic uncertainties on the lepton trigger, reconstruction and identification e�ciencies [60,
61] are fully correlated between and propagated to the signal correction factors and the ZZ⇤ background.
For the correction factors, systematic uncertainties are assigned due to di↵erences in the jet resolution and
energy scales between simulation and data. The largest systematic uncertainty is due to the uncertainty
in the jet flavour composition [56, 62, 63]. Systematic uncertainties due to the modelling of QED final
state radiation are found to be negligible with respect to the total uncertainty.

The uncertainties on the correction factors due to PDF choice as well as QCD renormalization and
factorization scale variations are evaluated with Powheg signal samples using the procedure described
in Ref. [14]. A similar procedure is followed for most variables for the irreducible ZZ background.
For the jet-related observables an uncertainty is derived instead by comparing data and predicted ZZ
distributions for m4` > 190 GeV, after normalizing the MC estimate to the observed data yield: The
systematic uncertainty is evaluated as the larger of the data-MC di↵erence and the statistical uncertainty
on the data. This systematic uncertainty accounts for both theory and experimental uncertainties in the
modelling of the ZZ jet distributions.

The correction factors Ci are calculated assuming the predicted relative cross sections of the di↵erent
Higgs production modes. The corresponding systematic uncertainty is evaluated by varying these pre-
dictions within the current experimental bounds [13]: The VBF and VH fractions are varied by factors
of 0.5 and 2 with respect to the SM prediction, the tt̄H fraction is varied by factors of 0 and 5.

The experimental uncertainty on mH [10] has been propagated to the correction factors by studying
their dependence on the Higgs boson mass.

The systematic uncertainties on the theoretical predictions include the PDF and QCD scale choices
as well as the uncertainty on the H ! ZZ branching fraction [54]. The procedure described in Ref. [64]
is used to evaluate the scale uncertainties in the njets distribution.

The upper edges of the uncertainty ranges in Table 1 are in most cases due to the highest bins in
the njets and pjet

T distributions. For all variables and bins the resulting cross section measurements are
dominated by statistical uncertainties.

8 Results

The inclusive cross section in the fiducial region described above is

�fid
tot = 2.11+0.53

�0.47(stat)+0.08
�0.08(syst) fb.

The SM-based theoretical prediction from Ref. [54] for a Higgs boson mass of 125.4 GeV is 1.30±0.13 fb.
The di↵erential cross sections for pT,H , yH , m34, | cos ✓⇤|, njets, and pjet

T are shown in Fig. 2. The results
are dominated by statistical uncertainties. Powheg, Minlo and HRes2 calculations of ggF, added to VBF,
ZH/WH and tt̄H (see Sec. 2), are overlaid. The HRes2 calculation was developed for modelling the
Higgs kinematic variables and is only used for pT,H and yH . The theoretical calculations are normalized
to the most precise SM inclusive cross section predictions currently available [54].

The p-values quantifying the compatibility between data and predictions, computed with the method
described in Sec. 6, are shown in Table 2. No significant discrepancy with any of the SM-based theoret-
ical predictions is observed.

7
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state radiation are found to be negligible with respect to the total uncertainty.

The uncertainties on the correction factors due to PDF choice as well as QCD renormalization and
factorization scale variations are evaluated with Powheg signal samples using the procedure described
in Ref. [14]. A similar procedure is followed for most variables for the irreducible ZZ background.
For the jet-related observables an uncertainty is derived instead by comparing data and predicted ZZ
distributions for m4` > 190 GeV, after normalizing the MC estimate to the observed data yield: The
systematic uncertainty is evaluated as the larger of the data-MC di↵erence and the statistical uncertainty
on the data. This systematic uncertainty accounts for both theory and experimental uncertainties in the
modelling of the ZZ jet distributions.

The correction factors Ci are calculated assuming the predicted relative cross sections of the di↵erent
Higgs production modes. The corresponding systematic uncertainty is evaluated by varying these pre-
dictions within the current experimental bounds [13]: The VBF and VH fractions are varied by factors
of 0.5 and 2 with respect to the SM prediction, the tt̄H fraction is varied by factors of 0 and 5.

The experimental uncertainty on mH [10] has been propagated to the correction factors by studying
their dependence on the Higgs boson mass.

The systematic uncertainties on the theoretical predictions include the PDF and QCD scale choices
as well as the uncertainty on the H ! ZZ branching fraction [54]. The procedure described in Ref. [64]
is used to evaluate the scale uncertainties in the njets distribution.

The upper edges of the uncertainty ranges in Table 1 are in most cases due to the highest bins in
the njets and pjet

T distributions. For all variables and bins the resulting cross section measurements are
dominated by statistical uncertainties.

8 Results

The inclusive cross section in the fiducial region described above is

�fid
tot = 2.11+0.53

�0.47(stat)+0.08
�0.08(syst) fb.

The SM-based theoretical prediction from Ref. [54] for a Higgs boson mass of 125.4 GeV is 1.30±0.13 fb.
The di↵erential cross sections for pT,H , yH , m34, | cos ✓⇤|, njets, and pjet

T are shown in Fig. 2. The results
are dominated by statistical uncertainties. Powheg, Minlo and HRes2 calculations of ggF, added to VBF,
ZH/WH and tt̄H (see Sec. 2), are overlaid. The HRes2 calculation was developed for modelling the
Higgs kinematic variables and is only used for pT,H and yH . The theoretical calculations are normalized
to the most precise SM inclusive cross section predictions currently available [54].

The p-values quantifying the compatibility between data and predictions, computed with the method
described in Sec. 6, are shown in Table 2. No significant discrepancy with any of the SM-based theoret-
ical predictions is observed.

7

NEW!

First result/statistics limited →No large surprise

fiducial cross-section

6 differential cross sections

Procedure (120<m4l<130 GeV):
- expected background subtracted from 
observed events in bins of interesting 
variable
- bin-by-bin unfolding 

pTH |yH|

njets pTjets
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H→4l/H→γγ compatibility: 1.97σ
• fixing rates to SM expectation →1.6σ
• γ systematics as box →1.8σ

Table 4: Principal systematic uncertainties on the combined mass. Each uncertainty is determined from the change in the 68% CL range for mH
when the corresponding nuisance parameter is removed (fixed to its best fit value), and is calculated by subtracting this reduced uncertainty from
the original uncertainty in quadrature.

Systematic Uncertainty on mH [MeV]
LAr syst on material before presampler (barrel) 70
LAr syst on material after presampler (barrel) 20
LAr cell non-linearity (layer 2) 60
LAr cell non-linearity (layer 1) 30
LAr layer calibration (barrel) 50
Lateral shower shape (conv) 50
Lateral shower shape (unconv) 40
Presampler energy scale (barrel) 20
ID material model (|⌘| < 1.1) 50
H ! �� background model (unconv rest low pTt) 40
Z ! ee calibration 50
Primary vertex e↵ect on mass scale 20
Muon momentum scale 10
Remaining systematic uncertainties 70
Total 180

In order to assess the compatibility of the mass measurements from the two channels a dedicated test statistic that
takes into account correlations between the two measurements is used, as described in Sec. 6. A value of

�mH = 1.47 ± 0.67 (stat) ± 0.28 (syst) GeV
= 1.47 ± 0.72 GeV

(8)

is derived. From the value of �2 ln⇤ at �mH = 0, a compatibility of 4.8%, equivalent to 1.98�, is estimated under the
asymptotic assumption. This probability was cross-checked using Monte Carlo ensemble tests. With this approach a
compatibility of 4.9% is obtained, corresponding to 1.97�.

As an additional cross-check, some of the systematic uncertainties related to the photon energy scale, namely the
inner detector material uncertainty and the uncertainty in the modeling of the photon lateral leakage, were modeled
using a “box-like” PDF defined as a double Fermi–Dirac function. This choice is compatible with the fact that for
these uncertainties the data does not suggest a preferred value within the systematic error range. In this case the
compatibility between the two masses increases to 7.5%, equivalent to 1.8�. The compatibility between the two
measurements increases to 11% (1.6�) if the two signal strengths are set to the SM value of one, instead of being
treated as free parameters.

With respect to the value published in Ref. [15], the compatibility between the measurements from the individual
channels has changed from 2.5� to 2.0�.

8. Conclusions

An improved measurement of the mass of the Higgs boson has been derived from a combined fit to the invariant
mass spectra of the decay channels H ! �� and H!ZZ⇤! 4`. These measurements are based on the pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at center-of-mass energies ofp

s=7 TeV and
p

s=8 TeV, corresponding to an integrated luminosity of 25 fb�1. As shown in Table 5, the measured
values of the Higgs boson mass for the H ! �� and H!ZZ⇤! 4` channels are 125.98± 0.42 (stat)± 0.28 (syst) GeV
and 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV respectively. The compatibility between the mass measurements from the
two individual channels is at the level of 2.0� corresponding to a probability of 4.8%.

From the combination of these two channels, the value of mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV is ob-
tained. These results are based on improved calibrations for photons, electrons and muons and on improved analysis
techniques with respect to Ref. [15], and supersede the previous results.

Table 5: Summary of Higgs boson mass measurements.

Channel Mass measurement [GeV]

H ! �� 125.98 ± 0.42 (stat) ± 0.28 (syst) = 125.98 ± 0.50

H!ZZ⇤! 4` 124.51 ± 0.52 (stat) ± 0.06 (syst) = 124.51 ± 0.52

Combined 125.36 ± 0.37 (stat) ± 0.18 (syst) = 125.36 ± 0.41

23

See Francisca’s talk

H→ZZ→4l
• Event-by-event (detector response)⨂(H line-shape)
• ΓΗ<2.6 (6.2@SM rate) GeV @ 95% CLs

H→γγ
• Non-relativistic Breit-Wigner ⨂ detector resolution
• ΓΗ<5.0 (6.2@SM rate) GeV @ 95% CLs

NEW!
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Off-shell production of Higgs boson 
provides indirect constraint to ΓHIn contrast, the on-shell process gg! H ! ZZ allows a measurement of the ratio:

!gg!H!ZZ
on-shell

!gg!H!ZZ
on-shell, SM

= µon-shell =
"2g,on-shell · "2V,on-shell

!H/!SM
H

, (2)

where the total width !H appears in the denominator. The combination of both on- and o"-shell measure-
ments promises a significantly higher sensitivity to the total width !H than previously believed possible
at the LHC through direct measurements of the on-shell line shape.

Several theory considerations have to be taken into account for this analysis:

• The determination of µo"-shell is valid under the assumption that any new physics which modifies
the o"-shell couplings "2i,o"-shell does not modify the expectation for the SM backgrounds (includ-
ing higher-order QCD and electroweak (EW) corrections to the SM signal and background predic-
tions) nor does it produce other sizeable signals in the search region of this analysis unrelated to
an enhanced o"-shell signal strength. This assumption is similar in structure to the assumptions
needed for the Higgs boson coupling scale factor framework in Ref. [16] and a µo"-shell measure-
ment should be regarded as a search for a deviation from the SM expectation. The observation
of a deviation is independent of any assumptions, but the interpretation of the deviation as a non-
standard Higgs boson o"-shell coupling relies on the assumption above.

• The interpretation of µo"-shell as a measurement of !H requires a combination with the on-shell
signal strength measurements from the "125.5 GeV Higgs boson peak. This interpretation is valid
under the assumption "i,on-shell = "i,o"-shell. This assumption is particularly relevant to the running
of the e"ective coupling "g for the loop induced gg ! H production process, as it is sensitive to
new physics that enters at higher mass scales and could be probed in the high-mass mZZ signal
region of this analysis. More details are given in Refs. [12–15].

• While higher-order QCD and EW corrections are known for the o"-shell signal process [17] in the
form of a next-to-next-to-leading-order (NNLO) K-factor KH#(mZZ) = !NNLO

gg!H#!ZZ/!
LO
gg!H#!ZZ ,

no higher-order QCD calculations are available for the leading-order (LO) gg ! ZZ background
process. In Ref. [18] a soft-collinear approximation is used to estimate the next-to-leading-order
(NLO) and NNLO corrections to the gg ! WW background process, indicating that the signal
K-factor may also be applied to the signal-background interference term at the cost of adding an
additional uncertainty of "30%. Details can be found in Section 6.

• Although the NNLO/LO K-factor KH#(mZZ) is known for the signal [17] as a function of mZZ , it
is calculated inclusively, meaning that it is integrated over all jet multiplicities or non-zero pT (ZZ)
values that are induced by the higher order QCD corrections, and may no longer be accurate
if event selections which bias the jet multiplicity or transverse momentum pT (ZZ) are applied.
Consequently, the impact of any direct or indirect selections in jet multiplicity or pT (ZZ), must
be assessed by simulating the additional QCD activity with a parton shower MC to approximate
the missing higher order matrix element contributions. This will lead to correspondingly larger
acceptance uncertainties.

As a consequence of these considerations, the primary goal of this analysis is to provide a limit on the
o"-shell signal strength µo"-shell. The experimental analysis was designed to be as inclusive as possible
with respect to additional QCD activitity, to minimize additional acceptance-related uncertainties on the
gg ! (H# !)ZZ process. Finally, results will be given as a function of the K-factor ratio K(gg !
ZZ)/K(gg ! H# ! ZZ) to make their dependence on this unknown K-factor explicit. Following
Ref. [18], the central value is obtained with the background K-factor taken from the Higgs boson signal
calculation.

2

1 Introduction

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC,
reported by the ATLAS [1] and CMS [2] Collaborations, is a milestone in the quest to understand elec-
troweak symmetry breaking. Precision measurements of the properties of the new boson are of critical
importance. Among its key properties are the couplings to each of the SM fermions and bosons, for
which ATLAS presented results in Refs. [3, 4] and spin/CP properties, for which ATLAS presented re-
sults in Ref. [5].

The studies in Refs. [6–9] have shown that the high-mass o!-peak regions of the H ! ZZ and
H ! WW channels above the 2mV (V = W,Z) threshold have sensitivity to Higgs boson production
through o!-shell and background interference e!ects, which presents a novel way of characterising the
properties of the Higgs boson in terms of the o!-shell signal strength and the associated o!-shell Higgs
boson couplings. This approach was used by the CMS collaboration [10] to set an indirect limit on the
total width.

This note presents an analysis of the o!-shell signal strength in the ZZ ! 4! and ZZ ! 2!2" final
states (! = e, µ). It is structured as follows: Section 2 presents the analysis concept and some key
theoretical considerations for this analysis. Section 3 discusses the simulation of the main signal and
background processes. Sections 4 and 5 give details for the analysis in the ZZ ! 4! and ZZ ! 2!2"
final states, respectively. The dominant systematic uncertainties are discussed in Section 6. Finally the
results of the ZZ ! 4! and ZZ ! 2!2" analysis and their combination are presented in Section 7.

The ATLAS detector is described in Ref. [11]. The present analysis is performed on data correspond-
ing to an integrated luminosity of 20.3 fb-1 at a collision energy of

"
s = 8 TeV.

2 O!-shell signal and theoretical considerations

The recent interest in the cross section for the o!-shell Higgs boson production gg ! (H# !)VV1,
#gg!(H#!)VV

o!-shell for high-mass WW and ZZ final states was sparked by the novel approach to Higgs boson
couplings measurements possible in this region. This could provide sensitivity to new physics that alters
the interactions between the Higgs boson and other fundamental particles in the high-mass region [12–
15].

The cross section for the o!-shell signal strength #gg!H#!ZZ
o!-shell is proportional to the Higgs boson

couplings for production and decay. However, unlike the on-shell Higgs boson production, #gg!H#!ZZ
o!-shell

is independent of the total Higgs boson decay width "H [6, 7]. Using the framework of Higgs boson
coupling deviations as in Ref. [16] this proportionality can be expressed as:

#gg!H#!ZZ
o!-shell

#gg!H#!ZZ
o!-shell, SM

= µo!-shell = $
2
g,o!-shell · $2V,o!-shell , (1)

where µo!-shell is the o!-shell signal strength in the high-mass region above the 2mZ threshold and
$g,o!-shell and $V,o!-shell are the o!-shell coupling scale factors associated with the gg ! H# production
and the H# ! ZZ decay, respectively. The o!-shell Higgs boson signal cannot be treated independently
from the gg ! ZZ background, as sizeable negative interference e!ects appear [6]. The interference
term is proportional to "µo!-shell = $g,o!-shell · $V,o!-shell.

1In the following the notation gg! (H# !)ZZ is used for the full signal+background process for ZZ production, including
the Higgs boson signal gg! H# ! ZZ process, the continuum background gg! ZZ process and their interference. For Vector
Boson Fusion (VBF) production, the analogous notation VBF (H# !)ZZ is used for the full signal plus background process,
with VBF H# ! ZZ representing the Higgs boson signal and VBF ZZ for the background.

1

Implemented with H→ZZ with the following assumptions:
→ Backgrounds insensitive to new physics modifying off-shell couplings
→ Running of couplings similar for on-shell/off-shell region 
→ Use inclusive selections [where HO corrections available]
→ gg→ZZ K-factors in off-shell region unknown 

[ for signal known to NNLO, gg→WW at NLO indicates that K-factors 
may be of similar magnitude, see later]

NEW!

Similar assumptions to the one used for the 
coupling studies with the κ-factor framework
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ZZ→4l
• Off-peak region [220 GeV, 1TeV]
• Matrix Element Kinematic 
Discriminant to separate 
gg→H*→ZZ→4l from qq→ZZ→4l/
gg→(H*)→ZZ→4l
• Limit on off-shell rate based on 
fit on MEKD shape

NEW!

ZZ→llvv
• ETmiss>150 GeV and 76 
GeV<mll<106
• Main backgrounds: qq→ZZ and 
WZ/WW, Z+jets and top
• Off-peak region mTZZ>350 GeV
• Limit on off-shell rate based on 
event counting



Results are expressed as a function of the unknown K-factor for the gg→ZZ background.
Assuming background K-factors same as for signal:
• ΓΗ/ΓSM < 4.8 (5.8) at 95% CLs with alternative hypothesis RBH*=1, ΓH/ΓSM=1 and µon-shell=1.51
• ΓΗ/ΓSM < 5.7 (8.5) at 95% CLs with alternative hypothesis RBH*=1, ΓH/ΓSM=1 and µon-shell=1.00

K. Nikolopoulos Aug 1st, 2014ATLAS Higgs boson properties using decays in bosons

Indirect ΓH measurement: Results

19

NEW!
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Couplings: Phys. Lett. B726 (2013) 88/ATLAS-CONF-2013-030
Spin/CP: Phys. Lett. B726 (2013) 120
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• Complex final state without mass peak
• Signature: l+l- + MET 
• Observable:

 

• Backgrounds: WW, top, W/Z+jets
• Categories:  mll, di-lepton flavor, Njet

H�WW*�l
l
 

•  Signature: 
•  2 isolated opposite-sign leptons & large ETmiss    

•  Sensitive channel in wide mass range ~ 
125-180 GeV  (� ~ 200 fb) 
•  Challenging: two missing 
 � no mass 

reconstruction/peak 

•   Observable: mT 

•  Main backgrounds: WW, top, Z+jets, W+jets 
•  Excellent understanding of background in signal 

region ! use signal-free control regions in data to 
constrain MC ! use MC to extrapolate to the 
signal region 

•  Further categorization to improve sensitivity: 
•  Range dilepton mass: mll 

•  lepton flavors: 	e, e	, 		, ee  
•  jet multiplicities: 0, 1, ≥2  
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Local significance: 3.8σ (3.7σ)
µ=1.01 ± 0.31 @ mH=125 GeV

Analysis designed to select VH(→WW)
3-lepton final state

• WH→WWW→lvlvlv
• 3 leptons, |ΣQ|=1, 0 b-tags, mll,MET, Δφll

4-lepton final state
• ZH→ZWW→lllvlv
• 4 leptons, MET, 0 b-tags, mll

• Remove overlap with H→WW→lvlv analysis
• 95% CL upper limit on ttH production @mH=125 
GeV: 7.2 (3.6)xSM

Towards more exclusive final states...
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>99.9% for all fqq99.7%97.8% >99.9%
0+ vs 0- 0+ vs 1+ 0+ vs 1- 0+ vs 2+

All studied alternative hypotheses are strongly disfavored with respect to the 0+ hypothesis 

Brief Article

The Author

September 17, 2013

H ! ZZ(⇤) ! 4` H ! WW (⇤) ! `⌫`⌫ H ! ��

0� X - -
1+ X X -
1� X X -
2+ X X X

1

See talk by: 
Petar Kevin Rados
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Loop mediated Higgs decay 
→ BR~10-4(125GeV) 
→ sensitive to new physics 
(additional singlets, compositeness, etc)
Signature: e+e-/µ+µ-+γ 
→ signal efficiency eeγ (µµγ):27% (33%)
Background
→ Z→llγFSR an Z+γ continuum (82%)
→ Ζ+jets (17%)
→ ttbar, WZ (~1%)
Event categories
→ ΔηγΖ,pTt
→ S/B~3-13%

and lepton e!ciencies and energy or momentum resolution.
The acceptance of the kinematic requirements for simulated
H ! Z! ! ""! signal events at mH = 125.5 GeV is 54%
for " = e and 57% for " = µ, due to the larger acceptance in
muon pseudorapidity. The average photon reconstruction and
selection e!ciency is 68% (61%) while the Z ! "" reconstruc-
tion and selection e!ciency is 74% (67%) and 88% (88%) for
" = e and " = µ, respectively, at

"
s = 8 (7) TeV. The larger

photon and electron e!ciencies in 8 TeV data are due to a re-
optimisation of the photon and electron identification criteria
prior to the 8 TeV data taking. Including the acceptance and
the reconstruction, selection and trigger e!ciencies, the overall
signal e!ciency for H ! Z!! ""! events at mH = 125.5 GeV
is 27% (22%) for " = e and 33% (27%) for " = µ at

"
s = 8

(7) TeV. The relative e!ciency is about 5% higher in the VBF
process and 5–10% lower in the W, Z, t  t-associated production
modes, compared to signal events produced in the dominant
gluon-fusion process. For mH increasing between 120 and 150
GeV the overall signal e!ciency varies from 0.87 to 1.25 times
the e!ciency at mH = 125.5 GeV.

4.2. Invariant-mass calculation

In order to improve the three-body invariant-mass resolution
of the Higgs boson candidate events and thus improve discrim-
ination against non-resonant background events, three correc-
tions are applied to the three-body mass m""!. First, the photon
pseudorapidity #! and its transverse energy E!T = E!/ cosh #!
are recalculated using the identified primary vertex as the pho-
ton’s origin, rather than the nominal interaction point (which
is used in the standard ATLAS photon reconstruction). Sec-
ond, the muon momenta are corrected for collinear final-state-
radiation (FSR) by including any reconstructed electromag-
netic cluster with ET above 1.5 GeV lying close (typically with
"R < 0.15) to a muon track. Third, the lepton four-momenta
are recomputed by means of a Z-mass-constrained kinematic fit
previously used in the ATLAS H ! 4" search [1]. The photon
direction and FSR corrections improve the invariant-mass reso-
lution by about 1% each, while the Z-mass constraint brings an
improvement of about 15–20%.

Fig. 1 illustrates the distributions of mµµ! and mee! for sim-
ulated signal events from gg ! H at mH = 125 GeV after
all corrections. The mee! resolution is about 8% worse due to
bremsstrahlung. Them""! distribution is modelled with the sum
of a Crystal Ball function (a Gaussian with a power-law tail),
representing the core of well-reconstructed events, and a small,
wider Gaussian component describing the tails of the distribu-
tion. For mH = 125.5 GeV the typical mass resolution $CB of
the core component of the mµµ! distribution is 1.6 GeV.

4.3. Event classification

The selected events are classified into four categories, based
on the pp centre-of-mass energy and the lepton flavour. To en-
hance the sensitivity of the analysis, each event class is further
divided into categories with di#erent signal-to-background ra-
tios and invariant-mass resolutions, based on (i) the pseudora-
pidity di#erence "#Z! between the photon and the Z boson and

(ii) pTt,3 the component of the Higgs boson candidate pT that is
orthogonal to the Z! thrust axis in the transverse plane. Signal
events are typically characterised by a larger pTt and a smaller
"#Z! compared to background events, which are mostly due
to q  q ! Z + ! events in which the Z boson and the photon
are back-to-back in the transverse plane. Signal gluon-fusion
events have on average smaller pTt and larger "#Z! than signal
events in which the Higgs boson is produced either by VBF or
in association with W, Z or t  t and thus is more boosted.

Higgs boson candidates are classified as high- (low-) pTt can-
didates if their pTt is greater (smaller) than 30 GeV. In the anal-
ysis of

"
s = 8 TeV data, low-pTt candidates are further split

into two classes, high- and low-"#Z!, depending on whether
|"#Z!| is greater or less than 2.0, yielding a total of ten event
categories.

As an example, the expected number of signal and back-
ground events in each category with invariant mass within a
±5 GeV window around mH = 125 GeV, the observed number
of events in data in the same region, and the full-width at half-
maximum (FWHM) of the signal invariant-mass distribution,
are summarised in Table 2. Using this classification improves
the signal sensitivity of this analysis by 33% for a Higgs boson
mass of 125.5 GeV compared to a classification based only on
the centre-of-mass energy and lepton flavour categories.

Table 2
Expected signal (NS) and background (NB) yields in a ±5 GeV mass
window around mH = 125 GeV for each of the event categories un-
der study. In addition, the observed number of events in data (ND)
and the FWHM of the signal invariant-mass distribution, modelled as
described in Section 4.2, are given. The signal is assumed to have SM-
like properties, including the production cross section times branch-
ing ratio. The background yield is extrapolated from the selected data
event yield in the invariant-mass region outside the ±5 GeV window
around mH = 125 GeV, using an analytic background model described
in Section 6. The uncertainty on the FWHM from the limited size of
the simulated signal samples is negligible in comparison to the system-
atic uncertainties described in Section 5.

"
s " Category NS NB ND

NS"
NB

FWHM
[TeV] [GeV]
8 µ high pTt 2.3 310 324 0.13 3.8
8 µ low pTt, low "# 3.7 1600 1587 0.09 3.8
8 µ low pTt, high "# 0.8 600 602 0.03 4.1
8 e high pTt 1.9 260 270 0.12 3.9
8 e low pTt, low "# 2.9 1300 1304 0.08 4.2
8 e low pTt, high "# 0.6 430 421 0.03 4.5
7 µ high pTt 0.4 40 40 0.06 3.9
7 µ low pTt 0.6 340 335 0.03 3.9
7 e high pTt 0.3 25 21 0.06 3.9
7 e low pTt 0.5 240 234 0.03 4.0

3pTt = |(%p
!
T + %p

Z
T) # t̂| where t̂ = (%p!T $ %p

Z
T)/|%p!T $ %p

Z
T| denotes the thrust axis

in the transverse plane, and %p!T, %pZT are the transverse momenta of the photon
and the Z boson.

4

For mH=125.5 GeV, 
95% CLs upper limit: 11 (9) x SM

corrections: photon vertex, 
µ-collinear FSR and mZ constraint
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Two years after the observation of the Higgs-like boson, it is by now a SM-like Higgs boson! 
mH=125.36 ± 0.37 (stat) ± 0.18 GeV 

Production rates in γγ, ZZ and WW in agreement with SM expectations,
fiducial and differential cross sections appear, data compatible with the 0+ hypothesis, 

physics reach of LHC extended in the ΓH front following fruitful dialogue with theory community

Summary

mH

σfiducial

ΓH

Final Run 1 results already out for several H→VV 
channels/measurements, remaining analyses 

to follow suit!
Looking forward to x10 more Higgs bosons in Run II

Spin/CP

couplings

width

rare decays
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→ Multi-purpose detector designed for the harsh LHC environment
→ High data-taking efficiency and very good data-quality
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The LHC Run I dataset
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Excellent LHC performance during Run I :
4.8 fb-1 at 7 TeV and 20.7 fb-1 at 8 TeV

Pile-up exceeding detector design specifications
→ Maintain performance through improved algorithms
→ Proper modeling of experimental conditions essential

7.73×10333.65×1033 cm-2s-12.07×1032

“Observation” dataset

Final LHC Run 1 dataset

Peak Luminosity [ cm-2s-1 ]
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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.

10

(90% signal window)

Signal Model: Crystal-Ball + wide Gaussian
Background Model: exponential (high pTt), second order polynomial (others)
mΗ resolution differences: estimate of effective constant term from Z→ee events and from lower pile-up in 7 TeV
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Table 2: Summary of the relative systematic uncertainties (in %) on the H ! �� mass measurement for the di↵erent categories described in the
text. The first seven rows give the impact of the photon energy scale systematic uncertainties, grouped into seven classes.

Unconverted Converted
Central Rest Trans. Central Rest Trans.

Class low pTt high pTt low pTt high pTt low pTt high pTt low pTt high pTt
Z! e+e� calibration 0.02 0.03 0.04 0.04 0.11 0.02 0.02 0.05 0.05 0.11
LAr cell non-linearity 0.12 0.19 0.09 0.16 0.39 0.09 0.19 0.06 0.14 0.29
Layer calibration 0.13 0.16 0.11 0.13 0.13 0.07 0.10 0.05 0.07 0.07
ID material 0.06 0.06 0.08 0.08 0.10 0.05 0.05 0.06 0.06 0.06
Other material 0.07 0.08 0.14 0.15 0.35 0.04 0.04 0.07 0.08 0.20
Conversion reconstruction 0.02 0.02 0.03 0.03 0.05 0.03 0.02 0.05 0.04 0.06
Lateral shower shape 0.04 0.04 0.07 0.07 0.06 0.09 0.09 0.18 0.19 0.16
Background modeling 0.10 0.06 0.05 0.11 0.16 0.13 0.06 0.14 0.18 0.20
Vertex measurement 0.03
Total 0.23 0.28 0.24 0.30 0.59 0.21 0.25 0.27 0.33 0.47

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

Systematic uncertainties on the diphoton mass resolution due to uncertainties on the energy resolution vary be-
tween 9% and 16% depending on the category and have a negligible impact on the mass measurement.

Systematic uncertainties a↵ecting the relative signal yield in each category arise from uncertainties on the photon
conversion rate, uncertainties in the proper classification of converted and unconverted photon candidates and uncer-
tainties in the modeling of the transverse momentum of the Higgs boson. These migration systematic uncertainties
vary between 3% for the low pTt categories, dominated by uncertainties on the e�ciency for reconstructing photon
conversions, and 24% for the gluon fusion production process in the high pTt categories, dominated by the uncertainty
on the transverse momentum of the Higgs boson. The uncertainty on the transverse momentum of the Higgs boson is
estimated by changing the renormalization and factorization scales in the HRes2 [29, 30] computation of the Higgs
boson transverse momentum distribution as well as the resummation scales associated with t- and b-quarks. These
migration uncertainties have a negligible e↵ect on the mass measurement.

Finally, uncertainties on the predicted overall signal yield are estimated as follows [17]. The uncertainty on
the predicted cross-section for Higgs boson production is about 10% for the dominant gluon fusion process. The
uncertainty on the predicted branching ratio to two photons is 5%. The uncertainty from the photon identification
e�ciency is derived from studies using several control samples: a sample of radiative Z decays, a sample of Z! e+e�
events, where the shower shapes of electrons are corrected to resemble the shower shapes of photons, and a sample
of high ET isolated prompt photons. The estimated photon identification uncertainty amounts to 1.0% for the 8 TeV
dataset, after correcting for small residual di↵erences between simulation and data, and 8.4% for the 7 TeV dataset.
The uncertainty is larger for the 7 TeV dataset because of the stronger correlation of the neural network photon
identification with the photon isolation, and because the neural network identification relies more strongly on the
correlations between the individual shower shape variables, complicating the measurement and introducing larger
uncertainties on the estimate of its performance in data. The uncertainty on the integrated luminosity is 2.8% for the
8 TeV dataset and 1.8% for the 7 TeV dataset [31]. The uncertainties on the isolation cut e�ciency and on the trigger
e�ciency are less than 1% for both the 7 TeV and 8 TeV datasets. These uncertainties on the overall signal yield also
have a negligible e↵ect on the mass measurement.

Table 2 gives a summary of the systematic uncertainties on the mass measurement for the di↵erent categories. For
illustration, the 29 sources of uncertainty on the photon energy scale are grouped into seven classes, so the correlations
in the uncertainties per class between categories are not 100%.

The total systematic uncertainty on the measured mass is ±0.22%, dominated by the uncertainty on the photon
energy scale.
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mial is used. The parameters of the functional form used to generate these pseudo-experiments are determined from
the data. These pseudo-experiments are then fitted using the nominal background model. This procedure leads to
an uncertainty on the mass measurement between 0.01% and 0.05% depending on the category, and smaller than the
uncertainties derived from the baseline method using the large sample of simulated background events.

Systematic uncertainties on the diphoton mass resolution due to uncertainties on the energy resolution vary be-
tween 9% and 16% depending on the category and have a negligible impact on the mass measurement.
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tainties in the modeling of the transverse momentum of the Higgs boson. These migration systematic uncertainties
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estimated by changing the renormalization and factorization scales in the HRes2 [29, 30] computation of the Higgs
boson transverse momentum distribution as well as the resummation scales associated with t- and b-quarks. These
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Finally, uncertainties on the predicted overall signal yield are estimated as follows [17]. The uncertainty on
the predicted cross-section for Higgs boson production is about 10% for the dominant gluon fusion process. The
uncertainty on the predicted branching ratio to two photons is 5%. The uncertainty from the photon identification
e�ciency is derived from studies using several control samples: a sample of radiative Z decays, a sample of Z! e+e�
events, where the shower shapes of electrons are corrected to resemble the shower shapes of photons, and a sample
of high ET isolated prompt photons. The estimated photon identification uncertainty amounts to 1.0% for the 8 TeV
dataset, after correcting for small residual di↵erences between simulation and data, and 8.4% for the 7 TeV dataset.
The uncertainty is larger for the 7 TeV dataset because of the stronger correlation of the neural network photon
identification with the photon isolation, and because the neural network identification relies more strongly on the
correlations between the individual shower shape variables, complicating the measurement and introducing larger
uncertainties on the estimate of its performance in data. The uncertainty on the integrated luminosity is 2.8% for the
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e�ciency are less than 1% for both the 7 TeV and 8 TeV datasets. These uncertainties on the overall signal yield also
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Fiducial region N
data

N sig

MC

⌫sigi

Baseline 94627 403± 45 570± 130

N
jets

� 1 34293 178+31

�26

308± 79

N
jets

� 2 10699 63± 11 141± 43

N
jets

� 3 2840 17± 4 64± 22

VBF-enhanced 334 13± 2 24± 9

N
leptons

� 1 168 3.5± 0.4 �3± 5

Emiss

T

> 80 GeV 154 2.6± 0.4 �2± 4

Table 1. The total number of events selected in data in each fiducial region, N
data

, the expected
signal yield obtained from the simulation samples discussed in section 4, N sig

MC

, and the fitted yield
obtained from data, ⌫sigi . The uncertainty on the fitted yield is the total uncertainty on the signal
extraction, including the statistical and systematic uncertainties. The uncertainty on the expected
yields include both the theoretical and experimental systematic uncertainties.

defined by

�i =
⌫sigi

ci
R
L dt

, (5.2)

where
R
L dt is the integrated luminosity of the dataset and ci is a correction factor that

accounts for the di↵erence in the event yield at detector level and particle level that arises

from detector ine�ciencies and resolutions. The correction factors are determined using

the simulated Higgs boson event samples discussed in section 4.

The particle-level prediction is defined using particles that have mean lifetimes that

satisfy c⌧ > 10 mm. The selection criteria applied to the particles are chosen to be very

similar to the criteria applied at detector level to ensure minimal model dependence in

the final measurement. The two highest transverse momentum photons with |⌘| < 2.37

that do not originate from the decay of a hadron are required to satisfy p
T

/m�� > 0.35

and p
T

/m�� > 0.25, respectively. Furthermore, the summed transverse momentum of

other particles (excluding muons and neutrinos) within a cone of �R = 0.4 centred on

the photon direction is required to be less than 14 GeV.5 Leptons are required to have

p
T

> 15 GeV, |⌘| < 2.47 and not to originate from the decay of a hadron. The lepton four

momentum is defined as the combination of an electron (or muon) and all nearby photons

with �R < 0.1 that do not originate from the decay of a hadron. Jets are reconstructed

from all particles with c⌧ > 10 mm, excluding muons and neutrinos, using the anti-kt
algorithm with a radius parameter of 0.4. Jets are required to have p

T

> 30 GeV, |y| < 4.4

and be well separated from photons (�R > 0.4) and electrons (�R > 0.2). The missing

transverse momentum is defined as the vector sum of neutrino transverse momenta.
5The particle-level criterion is determined using the simulated Higgs boson event samples, by comparing

the calorimeter isolation energy to the particle-level isolation on an event-by-event basis. An isolation energy

of 14 GeV at particle-level isolation is found to produce a mean calorimeter isolation energy of 6 GeV. The

di↵erence between the values is due to the low response of the calorimeters to soft-energy deposits. An

additional charged-particle isolation (to replicate the track isolation at detector level) is found to not be

necessary. After applying the isolation criterium, the two photons are found to originate from the decay of

the Higgs boson for more than 99.99% of the selected events.

– 10 –
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NNLO+NNLL QCD + NLO EW

NNLO+NNLL QCD [diff. resum.]

NNLO+NNLL QCD

0-jet eff @ NNLO+NNLL QCD 

NNLO+NNLL QCD 0-jet +
NLO + NLL QCD 1-jet
NLO+LL QCD
NLO+LL QCD
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Fiducial region Measured cross section (fb)

Baseline 43.2± 9.4 (stat.)+3.2
�2.9 (syst.)± 1.2 (lumi)

N
jets

� 1 21.5± 5.3 (stat.)+2.4
�2.2 (syst.)± 0.6 (lumi)

N
jets

� 2 9.2± 2.8 (stat.)+1.3
�1.2 (syst.)± 0.3 (lumi)

N
jets

� 3 4.0± 1.3 (stat.) ± 0.7 (syst.)± 0.1 (lumi)

VBF-enhanced 1.68± 0.58 (stat.)+0.24
�0.25 (syst.)± 0.05 (lumi)

N
leptons

� 1 < 0.80

Emiss

T

> 80 GeV < 0.74

Table 3. Measured cross sections in the baseline, N
jets

� 1, N
jets

� 2, N
jets

� 3 and VBF-enhanced
fiducial regions, and cross-section limits at 95% confidence level in the single-lepton and high-Emiss

T

fiducial regions. The seven phase space regions are defined in section 3.

Fiducial region Theoretical prediction (fb) Source

Baseline 30.5± 3.3 LHC-XS [56] + XH

34.1+3.6
�3.5 STWZ [98] + XH

27.2+3.6
�3.2 Hres [102] + XH

N
jets

� 1 13.8± 1.7 BLPTW [105] + XH

11.7+2.0
�2.4 JetVHeto [106]+ XH

9.3+1.8
�1.2 Minlo HJ+ XH

N
jets

� 2 5.65± 0.87 BLPTW + XH

3.99+0.56
�0.59 Minlo HJJ+ XH

N
jets

� 3 0.94± 0.15 Minlo HJJ+ XH

VBF-enhanced 0.87± 0.08 Minlo HJJ+ XH

N
leptons

� 1 0.27± 0.02 XH

Emiss

T

> 80 GeV 0.14± 0.01 XH

Table 4. Theoretical predictions for the cross sections in the baseline, N
jets

� 1, N
jets

� 2,
N

jets

� 3, VBF-enhanced, single-lepton and high-Emiss

T

fiducial regions. The uncertainties on the
cross-section predictions are discussed in detail in Section 8 and include the e↵ect of scale and
PDF variation as well as the uncertainties on the H ! �� branching ratio and non-perturbative
modelling factors. The seven phase space regions are defined in section 3. The ‘XH’ refers to the
theoretical predictions for VBF, V H and tt̄H derived using the Powheg-Pythia, and Pythia8

event generators discussed in section 4.

STWZ or Hres for the gluon fusion contribution is 1.27 ± 0.32 and 1.59 ± 0.42, respec-

tively. The theoretical prediction obtained using Hres for the gluon fusion component

is slightly smaller than the corresponding prediction based on LHC-XS, because of miss-

ing electroweak and threshold resummation corrections (that enhance the gluon fusion

contribution by a few percent [56]) and the use of di↵erent parton distribution functions

(CT10 rather than MSTW2008nlo). Conversely, the theoretical prediction obtained us-

ing STWZ for the gluon fusion component is slightly larger than the prediction based on

LHC-XS, despite the missing electroweak corrections.

The measured cross section for events containing at least one jet is compared to three

– 19 –
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The correction factor (equation (5.2)) is 0.66 in the baseline fiducial region and the

deviation from unity is mostly due to the e↵ect of photon reconstruction and identification

e�ciency, including an extrapolation over the small region in pseudorapidity excluded from

the photon reconstruction. The correction factor also accounts for migrations into and out

of the fiducial volume caused by the finite photon energy resolution.6 The correction factor

in the VBF-enhanced fiducial region is 0.71, which additionally corrects for migration into

the fiducial volume at reconstruction level due to the jet selection requirements and the

finite jet energy resolution.

The binning of the di↵erential variables is determined using two criteria. First, the

purity of all bins is required to be larger than 60%, where the purity of a given bin is defined

using simulation as the fraction of events at detector level that occupy the same bin at

particle level. Second, the value of s/
p
b in each bin is required to be larger than 1.5, where

s is the expected number of signal events in a diphoton mass window of ±4 GeV about the

Higgs boson mass and b is the corresponding number of background events estimated from

the data by linearly extrapolating the number of events observed outside of that window.

In the rare case of the fit to data producing a negative yield in a di↵erential distribution,

the a↵ected bin is merged with a neighbouring bin in order to ensure a positive yield (only

one such case occurs).

6 Systematic uncertainties

The systematic uncertainties can be grouped according to whether they impact the extrac-

tion of the signal yield, the correction factor, or the luminosity, which collectively define

the cross-section measurement as given in equation (5.2).

The impact of the photon energy scale and resolution uncertainties, as well as the

impact of the background modelling on the fitted peak position, are included in the fit

as nuisance parameters as discussed in section 5. The uncertainty on the photon energy

resolution and scale has been determined using Z ! e+e� events [23]. The uncertainty

due to the background modelling on the fitted peak position is estimated through fitting

signal and background simulated samples with the chosen signal and background function.

The impact of these systematic uncertainties on the extracted signal yield is studied by

constructing an ‘Asimov dataset’ [89], which is the expected diphoton invariant mass spec-

trum constructed from the final form of the background and signal probability distribution

functions after fitting to the data. This Asimov dataset is fit twice, once allowing the

nuisance parameters to float and once with the nuisance parameters fixed to their pro-

filed values. The systematic uncertainty on the extracted yield due to the fit procedure is

defined by subtracting, in quadrature, the uncertainty on the signal yield obtained with

fixed nuisance parameters from the uncertainty on the signal yield obtained with floated

6The correction factor also removes a small fraction of events (0.3%) that originate from H ! ff̄� decays

that satisfy the diphoton analysis selection, where ff̄ refers to a quark–antiquark or lepton–antilepton pair.

No correction is applied to the data for interference between signal and background. Such interference

e↵ects are known to have a 1% e↵ect for events that satisfy the baseline selection, although the e↵ects are

known to have kinematic dependence.

– 11 –
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In all cases, there is an effort to keep the fiducial near the analysis signal region. In the H→γγ case, isolation is 
included in the fiducial region definition, in the H→ZZ(*)→4l case, it is not included.

the combined mH is assumed. in H→γγ [higher statistics] the effect of fixed or floating mH was found to have 
negligible effect.

mation [28]. NLO electroweak (EW) radiative corrections are also applied [29, 30]. These results are
compiled in Refs. [31–33] assuming factorisation between QCD and EW corrections. The cross sec-
tions for the vector-boson fusion (VBF) processes are calculated with full NLO QCD and EW correc-
tions [34–36], and approximate NNLO QCD corrections are included [37]. The cross sections for the
associated WH/ZH production processes (VH) are calculated at NLO [38] and at NNLO [39] in QCD,
and NLO EW radiative corrections [40] are applied. The cross sections for associated Higgs boson
production with a tt̄ pair (tt̄H) are calculated at NLO QCD [41–44].

The Higgs boson branching ratios for decays to the di↵erent four-lepton final states are provided
by Prophecy4f [45, 46], which implements the complete NLO QCD+EW corrections and interference
e↵ects between identical final-state fermions.

The H ! ZZ⇤ ! 4` signal is modelled using the PowhegMonte Carlo (MC) event generator [47,48],
which calculates separately the ggF and VBF production mechanisms with matrix elements up to next-
to-leading order (NLO). The description of the Higgs boson transverse momentum spectrum in the ggF
process follows the calculation of Ref. [18, 19], which includes QCD corrections up to NLO and QCD
soft-gluon resummations up to NNLL. Finite quark masses are taken into account [49] by re-weighting
each event according to the generated Higgs boson transverse momentum. Powheg is interfaced to
Pythia8 [50] for showering and hadronization, which in turn is interfaced to Photos [51, 52] to model
photon radiation in the final state. Pythia8 is used to simulate VH and tt̄H production.

The measured fiducial cross section distributions are compared to three ggF theoretical calculations,
Powheg without the adjustments to the pT,H spectrum described above, Powheg interfaced to Minlo
(Multi-scale improved NLO) [53] and HRes2 (v.2.2) [18, 19]. Powheg with Minlo provides predictions
for jet-related variables at NLO for Higgs boson production in association with one jet. The HRes2 pro-
gram computes fixed-order cross sections for ggF SM Higgs boson production up to NNLO. All-order
resummation of soft-gluon e↵ects at small transverse momenta is consistently included up to NNLL,
using dynamic factorization and resummation scales. The program implements top- and bottom-quark
mass dependence up to NLL+NLO. At NNLL+NNLO level only the top-quark contribution is consid-
ered. HRes2 does not perform showering, therefore no QED final state radiation e↵ects are included.

The contributions from the other production modes are added to the ggF predictions. At a centre-of-
mass energy of 8 TeV and for a Higgs boson mass of 125.4 GeV, their relative contributions to the total
cross section are 87.3% (ggF), 7.1% (VBF), 3.1% (WH), 1.9% (ZH) and 0.6% (tt̄H), respectively.

All theoretical predictions are computed for a SM Higgs boson with mass 125.4 GeV in the fiducial
region defined in Sec. 4. They are normalized to the most precise SM inclusive cross section predictions
currently available [54], corrected for the fiducial acceptance.

The ZZ, WZ, tt̄ and Z + jets background events are modelled using the simulated samples and cross
sections described in Ref. [14].

3 Event selection

The physics object definitions of muons, electrons, and jets, and the event selection applied in this anal-
ysis are the same as in Ref. [14], with the exception of the jet selection and the additional requirement
on the four-lepton invariant mass described below. In the following only a brief overview is given.

Events with at least four leptons are selected with single-lepton and dilepton triggers. The thresholds
for the single-muon and single-electron triggers are 24 GeV. Two dimuon triggers are used, one with
symmetric thresholds at 13 GeV and the other with asymmetric thresholds at 18 and 8 GeV. For the two
dielectron triggers the corresponding thresholds are 13, 13 GeV and 18, 12 GeV. Furthermore there is an
electron-muon trigger with thresholds at 12 GeV (electron) and 8 GeV (muon).

Higgs boson candidates are formed by selecting two same-flavour opposite-sign (SFOS) lepton pairs
(a lepton quadruplet). The leptons must pass identification, impact parameter and track- and calorimeter

2
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Signal ZZ(*) Other
Backgrounds Observed S/B

4µ 6.3±0.8 2.8±0.1 0.55±0.15 13 ~1.9

2µ2e 3.0±0.4 1.4±0.1 1.56±0.33 5 ~1.0

2e2µ 4.0±0.5 2.1±0.1 0.55±0.17 7 ~1.5

4e 2.6±0.4 1.2±0.1 1.11±0.28 6 ~1.1

120-130 GeV

Signal ZZ(*) Other BKG Observed S/B

4µ 6.20±0.61 2.82±0.14 0.79±0.13 14 ~1.7
2µ2e 3.15±0.32 1.38±0.08 0.72±0.12 6 ~1.5
2e2µ 4.04±0.40 1.99±0.10 0.69±0.11 9 ~1.5

4e 2.77±0.29 1.22±0.08 0.76±0.11 8 ~1.4
120-130 GeV
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BDT discriminant introduced to suppress ZZ* contribution
• Inputs: Matrix Element-based Kinematic Discriminant, pT4l, η4l

BDT discriminant introduced to discriminate between VBF signal and other (mainly ggF) contributions
• Inputs: mjj, Δηjj, Leading and Sub-leading jet pT, leading jet η

BDT discriminant introduced to discriminate between VH hadronic signal and other (mainly ggF) signals
• Inputs: mjj, Δηjj, Leading and Sub-leading jet pT, leading jet η

NEW!
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Event Categorization
-> probe production mechanisms

2D fit: (m4l,BDTVBF)

1D fit: m4l 
[selection using BDTVH ]

1D fit: m4l 

2D fit: (m4l,BDTZZ)
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Higgs boson mass measurement using H→γγ:
• OLD : 126.8 ± 0.2 (stat) ± 0.7 (syst) GeV
• NEW: 125.98 ± 0.42(stat) ± 0.28(syst) GeV
• consistent with expected change from updated photon energy scale calibration 
• average shift of -0.45 GeV with stat spread ~0.35 GeV expected 
• estimated from the distribution of the mass difference of the common events in the mass sidebands

• statistical uncertainty compatible with expected for given signal level (p-value 16%)
• larger than in the past: a) lower signal, and b) larger resolution (in the past the observed resolution was 
better than expected for ideal detector)
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Higgs boson mass measurement using H→ZZ→4l:
• OLD : 124.3+0.6-0.5(stat)+0.5-0.3(syst) GeV
• NEW : 124.51 ± 0.52(stat) ± 0.06(syst) GeV
•increases up to 8%
• H→4l consistency leads to -0.8σ adjustment of e/γ energy scale 
• shift -350 MeV for H→γγ mass

• CMS : mH = 125.7 ± 0.3 (stat) ± 0.3 (syst) GeV

OLD
NEW!
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Table 4: Principal systematic uncertainties on the combined mass. Each uncertainty is determined from the change in the 68% CL range for mH
when the corresponding nuisance parameter is removed (fixed to its best fit value), and is calculated by subtracting this reduced uncertainty from
the original uncertainty in quadrature.

Systematic Uncertainty on mH [MeV]
LAr syst on material before presampler (barrel) 70
LAr syst on material after presampler (barrel) 20
LAr cell non-linearity (layer 2) 60
LAr cell non-linearity (layer 1) 30
LAr layer calibration (barrel) 50
Lateral shower shape (conv) 50
Lateral shower shape (unconv) 40
Presampler energy scale (barrel) 20
ID material model (|⌘| < 1.1) 50
H ! �� background model (unconv rest low pTt) 40
Z ! ee calibration 50
Primary vertex e↵ect on mass scale 20
Muon momentum scale 10
Remaining systematic uncertainties 70
Total 180

In order to assess the compatibility of the mass measurements from the two channels a dedicated test statistic that
takes into account correlations between the two measurements is used, as described in Sec. 6. A value of

�mH = 1.47 ± 0.67 (stat) ± 0.28 (syst) GeV
= 1.47 ± 0.72 GeV

(8)

is derived. From the value of �2 ln⇤ at �mH = 0, a compatibility of 4.8%, equivalent to 1.98�, is estimated under the
asymptotic assumption. This probability was cross-checked using Monte Carlo ensemble tests. With this approach a
compatibility of 4.9% is obtained, corresponding to 1.97�.

As an additional cross-check, some of the systematic uncertainties related to the photon energy scale, namely the
inner detector material uncertainty and the uncertainty in the modeling of the photon lateral leakage, were modeled
using a “box-like” PDF defined as a double Fermi–Dirac function. This choice is compatible with the fact that for
these uncertainties the data does not suggest a preferred value within the systematic error range. In this case the
compatibility between the two masses increases to 7.5%, equivalent to 1.8�. The compatibility between the two
measurements increases to 11% (1.6�) if the two signal strengths are set to the SM value of one, instead of being
treated as free parameters.

With respect to the value published in Ref. [15], the compatibility between the measurements from the individual
channels has changed from 2.5� to 2.0�.

8. Conclusions

An improved measurement of the mass of the Higgs boson has been derived from a combined fit to the invariant
mass spectra of the decay channels H ! �� and H!ZZ⇤! 4`. These measurements are based on the pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at center-of-mass energies ofp

s=7 TeV and
p

s=8 TeV, corresponding to an integrated luminosity of 25 fb�1. As shown in Table 5, the measured
values of the Higgs boson mass for the H ! �� and H!ZZ⇤! 4` channels are 125.98± 0.42 (stat)± 0.28 (syst) GeV
and 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV respectively. The compatibility between the mass measurements from the
two individual channels is at the level of 2.0� corresponding to a probability of 4.8%.

From the combination of these two channels, the value of mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV is ob-
tained. These results are based on improved calibrations for photons, electrons and muons and on improved analysis
techniques with respect to Ref. [15], and supersede the previous results.

Table 5: Summary of Higgs boson mass measurements.

Channel Mass measurement [GeV]

H ! �� 125.98 ± 0.42 (stat) ± 0.28 (syst) = 125.98 ± 0.50

H!ZZ⇤! 4` 124.51 ± 0.52 (stat) ± 0.06 (syst) = 124.51 ± 0.52

Combined 125.36 ± 0.37 (stat) ± 0.18 (syst) = 125.36 ± 0.41

23

H→γγ: 124.70 ± 0.31(stat) ± 0.15(syst) GeV
H→ZZ→4l: 125.6 ± 0.4(stat) ± 0.2(syst) GeV
Combined: 125.03+0.26-0.27(stat)+0.13-0.15(syst) GeV 
individual measurement compatibility: 1.6σ

individual measurement compatibility: 1.97σ
• fixing rates to SM expectation →1.6σ
• γ systematics as box →1.8σ

New e/γ calibration, improved analyses and reduce systematics
[ previous result: 125.5 ± 0.2 (stat)+0.5-0.6 (syst) GeV]
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(a) Cut-based analysis
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(b) ME-based discriminant analysis

Figure 7: The observed and expected 95% CL upper limit on µo!-shell as a function of RB
H! , for the cut-

based (a) and ME-based discriminant (b) analyses in the 4! channel. The upper limits are evaluated using
the CLs method, with the alternative hypothesis RB

H! = 1 and µo!-shell = 1.

comes from the higher-order QCD corrections to the gg" ZZ processes. The impact of the experimental
uncertainties on the expected sensitivity is small.

Source of systematic uncertainties 95% CL on µo!-shell

QCD scale for gg" ZZ 9.5
QCD scale for the gg" (H! ")ZZ interference 9.2

QCD scale for qq̄" ZZ 8.8
PDF for pp" ZZ 8.7
EW for qq̄" ZZ 8.7

Luminosity 8.8
electron e"ciency 8.7
µ e"ciency 8.7

All systematic 10.2
No systematic 8.7

Table 4: The expected 95% CL upper limit on µo!-shell in the ME-based discriminant analysis in the 4!
channel, with a ranked listing of each systematic uncertainty individually, comparing with no system-
atic uncertainty or all systematic uncertainties. The upper limits are evaluated using the CLs method,
assuming RB

H!=1.

7.2 Results for the ZZ " 2!2" analysis

Figure 8 shows the observed distributions of mT for the ee and µµ modes in the signal region, compared
to the expected contributions from the SM as well as to a Higgs boson with µo!-shell = 10.

Figure 9 shows the scan of the negative log-likelihood, #2 ln#, as a function of µo!-shell for data and

20

Observed Median expected
RB

H! 0.5 1.0 2.0 0.5 1.0 2.0

cut-based 10.8 12.2 14.9 13.6 15.6 19.9
ME-based discriminant analysis 6.1 7.2 9.9 8.7 10.2 14.0

Table 3: The observed and expected 95% CL upper limits on µo!-shell in the cut-based and the ME-based
discriminant analyses in the 4! channel, 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 RB

H! = 1 and µo!-shell = 1.

off-shell
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Preliminary ATLAS
l 4→ ZZ → H
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Figure 6: Scan of the negative log-likelihood, "2 ln", as a function of µo!-shell in the ZZ # 4! channel
in the ME-based discriminant analysis. The black solid (dashed) line represents the observed (expected)
value including all systematic uncertainty, while the red dotted line is for the expected value without
systematic uncertainties. A relative gg# ZZ background K-factor of RB

H!=1 is assumed.
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Figure 8: Observed distributions of mT for the ZZ ! 2!2" analysis in the signal region compared to
the expected contributions from gg + VBF ! (H" !)ZZ SM and with µo!-shell = 10 (dashed) in the
2e2" (left) and 2µ2" (right) channels. The last bin in each distribution contains the overflow. A relative
gg! ZZ background K-factor of RB

H"=1 is assumed.

the expectation for a SM Higgs boson with and without systematic uncertainties considered in the fit.
Table 5 and Figure 10 show the observed and expected 95% CLs upper limits on µo!-shell as a function
of RB

H" in the range 0.5 < RB
H" < 2. A small excess (less than 1#) is observed when comparing data

with the expectations from the SM. This leads to a slightly weaker observed limit on µo!-shell compared
to the expectation, but compatible within 1#. The observed 95% CLs upper limits on µo!-shell are almost
independent of RB

H" as discussed in Section 6.1.3, as the RB
H" variations of the background are largely

compensated by the opposite sign variations of the interference component between signal and back-
ground for a limit of µo!-shell # 12. For the expected results a variation with RB

H" is still visible, as the
expected number of events varies with RB

H" , while the observed number of data events is constant.

Observed Median expected
RB

H" 0.5 1.0 2.0 0.5 1.0 2.0

2!2" cut-based 10.4 11.3 12.8 8.6 9.9 12.9

Table 5: The observed and expected 95% CL upper limit on µo!-shell in the 2!2" channel, 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 RB
H" = 1 and µo!-shell = 1.

Table 6 shows the impact of theoretical and experimental uncertainties on the limits of µo!-shell in
the 2!2" channel, where each of the uncertainties is considered one by one as was done in Table 4. The
dominant e!ects come from the theoretical uncertainties, especially the higher-order QCD corrections to
the gg! ZZ processes, as is the case for the 4! channel.
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Source of systematic uncertainties 95% CL on µo!!shell
QCD scale for gg" ZZ 7.9

QCD scale for the gg" (H# ")ZZ interference 7.7
QCD scale for qq̄" ZZ 7.6

PDF for pp" ZZ 7.2
EW for qq̄" ZZ 7.1
Parton showering 7.1
Z BG systematic 7.4

Luminosity 7.3
Electron energy scale 7.1
Electron ID e"ciency 7.1

Muon reconstruction e"ciency 7.1
Jet energy scale 7.1

Sum of remaining systematic uncertainties 7.1
All systematic 9.9
No systematic 7.1

Table 6: The expected 95% CL upper limit on µo!-shell in the 2!2" channel, with a ranked listing of
each systematic uncertainty individually, and comparing to including no systematic uncertainty or all
systematic uncertainties. The upper limits are evaluated using the CLs method, assuming RB

H#=1.

Observed Median expected Alternative hypothesis
RB

H# 0.5 1.0 2.0 0.5 1.0 2.0

µo!-shell 5.6 6.7 9.0 6.6 7.9 10.7 RB
H# = 1, µo!-shell = 1

#H/#SM
H 4.1 4.8 6.0 5.0 5.8 7.2 RB

H# = 1, #H/#SM
H = 1, µon-shell = 1.51

#H/#SM
H 4.8 5.7 7.7 7.0 8.5 12.0 RB

H# = 1, #H/#SM
H = 1, µon-shell = 1

Table 7: The observed and expected 95% CL upper limit on µo!-shell and #H/#SM
H within the range of

0.5 < RB
H# < 2, combining the ZZ " 4! and ZZ " 2!2" channels. The bold numbers correspond to the

limit assuming RB
H# = 1. The upper limits are evaluated using the CLs method, including all systematic

uncertainties, with the alternative hypothesis as indicated in the last column. The two measurements
of #H/#SM

H di!er only in the choice of the alternative hypothesis. In particular, µon-shell is treated as an
auxiliary measurement in both cases in the fit and hence takes a value close to the observed value of
µon-shell $ 1.5.

24
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345 GeV< m4l < 415GeV
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Source of systematic uncertainties 95% CL on µo!!shell
QCD scale for gg" ZZ 7.9

QCD scale for the gg" (H# ")ZZ interference 7.7
QCD scale for qq̄" ZZ 7.6

PDF for pp" ZZ 7.2
EW for qq̄" ZZ 7.1
Parton showering 7.1
Z BG systematic 7.4

Luminosity 7.3
Electron energy scale 7.1
Electron ID e"ciency 7.1

Muon reconstruction e"ciency 7.1
Jet energy scale 7.1

Sum of remaining systematic uncertainties 7.1
All systematic 9.9
No systematic 7.1

Table 6: The expected 95% CL upper limit on µo!-shell in the 2!2" channel, with a ranked listing of
each systematic uncertainty individually, and comparing to including no systematic uncertainty or all
systematic uncertainties. The upper limits are evaluated using the CLs method, assuming RB

H#=1.

Observed Median expected Alternative hypothesis
RB

H# 0.5 1.0 2.0 0.5 1.0 2.0

µo!-shell 5.6 6.7 9.0 6.6 7.9 10.7 RB
H# = 1, µo!-shell = 1

#H/#SM
H 4.1 4.8 6.0 5.0 5.8 7.2 RB

H# = 1, #H/#SM
H = 1, µon-shell = 1.51

#H/#SM
H 4.8 5.7 7.7 7.0 8.5 12.0 RB

H# = 1, #H/#SM
H = 1, µon-shell = 1

Table 7: The observed and expected 95% CL upper limit on µo!-shell and #H/#SM
H within the range of

0.5 < RB
H# < 2, combining the ZZ " 4! and ZZ " 2!2" channels. The bold numbers correspond to the

limit assuming RB
H# = 1. The upper limits are evaluated using the CLs method, including all systematic

uncertainties, with the alternative hypothesis as indicated in the last column. The two measurements
of #H/#SM

H di!er only in the choice of the alternative hypothesis. In particular, µon-shell is treated as an
auxiliary measurement in both cases in the fit and hence takes a value close to the observed value of
µon-shell $ 1.5.
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results on !H/!SM
H : (i) the fitted data µon-shell value under the !H/!SM

H = 1 hypothesis i.e. µon-shell = 1.51
and (ii) µon-shell = 1 as expected in the SM. The alternative hypothesis is only used for the expected
results and the evaluation of the compatibility of the alternative hypothesis with the data used in the p1
calculation. As the ATLAS Higgs boson measurements [3–5] indicate compatibility with the SM, the
more conservative alternative hypothesis with µon-shell = 1 is used as the nominal result.

Under the assumption of RB
H! = 1 an observed CLs limit of µo"-shell < 6.7 and !H/!SM

H < 5.7 at 95%
CL (µo"-shell < 7.9 and !H/!SM

H < 8.5 expected) is found. Both limits are slightly better than expected,
but compatible with the expectation within 1!.

To understand the impact of the systematic uncertainties on the combined results for µo"-shell, each
of them is included independently and shown with the corresponding expected upper limits on µo"-shell
in Table 8. The leading systematic impact comes from the missing higher-order uncertainties to the
gg" ZZ and pp" ZZ processes.

Source of systematic uncertainties 95% CL on µo"#shell
QCD scale for gg" ZZ 6.7

QCD scale for the gg" (H! ")ZZ interference 6.7
QCD scale for qq̄" ZZ 6.4

Z BG systematic 6.2
Luminosity 6.2

PDF for pp" ZZ 6.1
Sum of remaining systematic uncertainties 6.2

No systematic 6.0
All systematic 7.9

Table 8: The expected 95% CL upper limit on µo"-shell in the combination of the 4" and 2"2# channels,
with a ranked listing of each systematic uncertainty individually, compared with no systematic uncer-
tainty or all systematic uncertainties. The upper limits are evaluated using the CLs method assuming
RB

H!=1. Only the sources of systematic uncertainty that increase the limit by one significant digit are
shown.

8 Conclusion

A determination of the o"-shell signal strength µo"-shell in the high-mass H! " ZZ " 4" and H! "
ZZ " 2"2# analysis is presented, using pp collision data corresponding to an integrated luminosity of
20.3 fb#1 at

$
s = 8 TeV.

The analysis in the 4" channel uses a likelihood fit to the distribution of a matrix element discriminant,
while the analysis in the 2"2# channel counts events in a H! " ZZ enriched signal region with high
transverse missing momentum and high transverse mass. As no NLO QCD calculation is available for
the gg " ZZ continuum background, the results are presented as a function of the K-factor ratio RB

H!
between the gg" ZZ continuum background and the gg" H! " ZZ signal.

The combination of both analyses leads to a 95% CL limit on µo"-shell in the range 5.6 < µ95%
o"-shell < 9.0

when varying the unknown background K-factor ratio in the range 0.5 < RB
H! < 2. The expected

exclusion range is 6.6 < µ95%
o"-shell < 10.7. Assuming the identical coupling strength for on- and o"-shell

Higgs boson production and decay, the measurement of the on-shell signal strength µon-shell in the low
mass H " ZZ " 4" channel is reinterpreted as a constraint on the total width !H/!SM

H of the observed
Higgs boson. Within the range of 0.5 < RB

H! < 2, the observed (expected) 95% CL limit on !H/!SM
H is

4.8 < !95%
H /!SM

H < 7.7 (7.0 < !95%
H /!SM

H < 12.0).
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3. Statistical method

The analyses described in this Letter rely on discrim-
inant observables chosen to be sensitive to the spin and
parity of the signal while preserving the discrimination
against the various backgrounds, as described in Sec-
tions 4, 5 and 6 for the three final states. A likelihood
function L(JP, µ, ✓) that depends on the spin–parity as-
sumption of the signal is constructed as a product of
conditional probabilities over binned distributions of the
discriminant observables in each channel:

L(JP, µ, ✓) =
Nchann.Y

j

NbinsY

i

P
�
Ni, j | µ j · S (JP)

i, j (✓) + Bi, j(✓)
� ⇥A j(✓) ,

(1)

where µ j represents the nuisance parameter associated
with the signal rate in each channel j. The symbol
✓ represents all other nuisance parameters. The likeli-
hood function is therefore a product of Poisson distribu-
tions P corresponding to the observation of Ni, j events
in each bin i of the discriminant observable(s),1 given
the expectations for the signal, S (JP)

i, j (✓), and for the
background, Bi, j(✓). Some of the nuisance parameters
are constrained by auxiliary measurements through the
functionsA j(✓).

While for the SM Higgs boson the couplings to the
SM particles are predicted, they are not known a priori
for the alternative hypotheses, defined as JP

alt. In order to
be insensitive to such assumptions, the numbers of sig-
nal events in each channel and for each tested hypothe-
sis are treated as an independent nuisance parameters in
the likelihood.

The test statistic q used to distinguish between the
two signal spin–parity hypotheses is based on a ratio of
likelihoods:

q = log
L(JP = 0+, ˆ̂µ0+ ,

ˆ̂✓0+ )

L(JP
alt,

ˆ̂µJP
alt
, ˆ̂✓JP

alt
)
, (2)

where L(JP, ˆ̂µJP , ˆ̂✓JP ) is the maximum likelihood esti-
mator, evaluated under either the 0+ or the JP

alt spin–
parity hypothesis. The ˆ̂µJP , ˆ̂✓JP represent the values
of the signal strength and nuisance parameters fitted

1As explained in the following sections, the sensitivity for spin–
parity separation is improved by a simultaneous fit to two discrim-
inants in the H! �� and H ! WW⇤ decay modes, while in the
H ! ZZ⇤ channel only one discriminant is used.

to the data under each JP hypothesis. The distribu-
tions of the test statistics for each of the two hypothe-
ses are obtained using ensemble tests (Monte Carlo
pseudo-experiments). The generation of the pseudo-
experiments uses the numbers of signal and background
events in each channel obtained from maximum likeli-
hood fits to data. In the fits of each pseudo-experiment,
these and all other nuisance parameters are profiled, i.e.
fitted to the value that maximises the likelihood for each
value of the parameter of interest. When generating the
distributions of the test statistics for a given spin–parity
hypothesis, the signal strength µ is fixed to the value ob-
tained in the fit to the data under the same spin–parity
assumption. The distributions of q are used to deter-
mine the corresponding p0-values p0(0+) and p0(JP

alt).
For a tested hypothesis JP

alt, the observed (expected)
p0-values are obtained by integrating the corresponding
test-statistic distributions above the observed value of q
(above the median of the JP = 0+ q distribution). When
the measured data are in agreement with the tested hy-
pothesis, the observed value of q is expected to be close
to the median, corresponding to a p0-value around 50%.
Very small values of the integral of the JP

alt distribution,
corresponding to large values of q, are interpreted as the
data being in disagreement with the tested hypothesis
in favour of the SM hypothesis. An example of such
distributions is shown in Section 7 for the 0+ and 0�
hypotheses.

The exclusion of the alternative JP
alt hypothesis in

favour of the Standard Model 0+ hypothesis is evaluated
in terms of the corresponding CLs(JP

alt), defined as:

CLs(JP
alt) =

p0(JP
alt)

1 � p0(0+)
. (3)

4. H! �� Analysis

The H! �� decay mode is sensitive to the spin of
the Higgs boson through the measurement of the po-
lar angular distribution of the photons in the resonance
rest frame. For this channel, the SM spin hypothesis
is compared only to the JP = 2+ hypothesis. Spin in-
formation can be extracted from the distribution of the
absolute value of the cosine of the polar angle ✓⇤ of the
photons with respect to the z-axis of the Collins–Soper
frame [27]:

| cos ✓⇤| = | sinh(�⌘��)|
q

1 + (p��T /m��)2

2p�1T p�2T

m2
��

, (4)

where m�� and p��T are the invariant mass and the trans-
verse momentum of the photon pair, �⌘�� is the separa-

3

- Discriminating variable: 
polar angle of γ wrt z-axis of the Collins-Soper frame 
(minimize effect of ISR)
- Analysis similar to “rate/mass” analysis

- pTγ1>0.35 mγγ and pTγ2>0.25 mγγ
[Minimize mγγ and cosθ* correlations for background]

- Η→γγ is a low S/B final state (inclusive ~3%)
- Simultaneous fit 

mγγ and |cosθ*| in signal region
mγγ in side-bands

105 GeV < m4l < 160 GeV
14977 candidates

~14300 background
expect ~370 SM Higgs

0+

2+

The 2+ hypothesis is disfavored with 
respect to the 0+ hypothesis. 
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Ideal channel for spin/CP studies
- High S/B and full event reconstruction
- Spin/CP-sensitive observables:

5 production angles and 
2 di-lepton invariant masses

Two approaches:
- Separate BDT for each hypothesis

- ME corrected for acceptance/pairing effects

97.4%
96.1%
96.5%
96.4%
83.1%

97.8%
94.0%
99.8%

All studied alternative 
hypotheses disfavored 
wrt the 0+ hypothesis. 

0-

1-

1+

2+ 100% qq
2+ 75% qq
2+ 50% qq
2+ 25% qq
2+ 0% qq

CL JCP

Spin-0
Spin-1

Spin-2
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- Restricted to “different flavour” (eµ) events and no jets
- Rate analysis already exploits spin-0 nature of SM Higgs boson

- Relax spin-sensitive requirements, while keeping background under control
- mll, Δφll, pTll, mT sensitive to spin

BDT0+

BDTJP

Background

JP 0+

Two BDT classifiers are used:
  - BDT0+: SM Higgs signal against the sum of all backgrounds
  - BDTJP: JP signal against the sum of all backgrounds
  - Perform 2D-fit in (BDT0+,BDTJP)
pT spectrum uncertainties found to have small effect

All studied alternative 
hypotheses are disfavored with 

respect to the 0+ hypothesis. 



Results are expressed as a function of the unknown K-factor for the gg→ZZ background.
Assuming background K-factors same as for signal:
• ΓΗ/ΓSM < 4.8 (5.8) at 95% CLs with alternative hypothesis RBH*=1, ΓH/ΓSM=1 and µon-shell=1.51
• ΓΗ/ΓSM < 5.7 (8.5) at 95% CLs with alternative hypothesis RBH*=1, ΓH/ΓSM=1 and µon-shell=1.00
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NEW!


