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𝞼 = 19.5 pb (87%)
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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
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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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Associated prod. tt/bb

𝞼 = 0.34 pb (1%)

Numbers for: 
mH = 125 GeV

 √s = 8 TeV
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Many decay channels accessible 
@ mH = 125 GeV!

In this talk focus on bosonic final states:

H→ZZ→4ℓ
H→𝜸𝜸

H→WW→ℓℓ𝝂𝝂
H→Z𝜸→ℓℓ𝜸

with emphasis on most recent results

SM Higgs boson decay channels



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

            E. Benhar Noccioli                                          ATLAS measurements of Higgs boson properties in bosonic decay channels             

H→ZZ→4ℓ

4
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S/B ~ 2 in mass window 120–130 GeV

Excellent mass resolution:                              
1.6 (2.2) GeV for 4μ (4e) final state 

Very low  𝜎⋅BR ~ 2.9 fb                              
for mH=125.5 GeV @ 8 TeV 

Mass: arXiv 1406.3827 accepted by PRD 

Couplings: to be submitted to PRD

Differential Cross-Sections: ATLAS-CONF-2014-044 / 
paper to be submitted to PRD

Indirect ΓH : ATLAS-CONF-2014-042

Spin/CP: Phys. Lett. B726 (2013) 120

Highlights

Latest public results
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H→ZZ→4ℓ  analysis
Search for peak in m4ℓ spectrum over smooth background

Main backgrounds: ZZ(*), Z+jets, ttbar

Event selection:

2 same flavor, opposite-sign lepton pairs

pT>7(6) GeV for muons (electrons)

isolated leptons from same vertex

leading mℓℓ (+FSR) constrained to mZ

5       Eleonora Benhar Noccioli                                                                          SPS Meeting 2014 - Fribourg      

The Golden Channel
S/B ~ 2 in mass window 120–130 GeV

Excellent mass resolution: 1.6 (2.2) GeV 4μ (4e) final state 

Very low  "⋅BR ~ 2.9 fb  for mH=125.5 GeV @ 8 TeV 

Recent improvements in analysis

likelihood method for electron identification

MVA-based electromagnetic calibration

E/p combination

BDT for ZZ* discrimation
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Table 3: The number of events expected and observed for a mH=125 GeV hypothesis for the four lepton final states. The second column shows the
number of expected signal events for the full mass range. The other columns show the number of expected signal events, the number of ZZ⇤ and
reducible background events, the signal-to-background ratio (s/b), together with the numbers of observed events, in a window of 120 < m4` < 130
GeV 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
2µ2e 3.56 ± 0.36 3.15 ± 0.32 1.38 ± 0.08 0.72 ± 0.12 1.5 5.24 ± 0.35 6

4e 3.25 ± 0.34 2.77 ± 0.29 1.22 ± 0.08 0.76 ± 0.11 1.4 4.75 ± 0.32 8
Total 18.2 ± 1.8 16.2 ± 1.6 7.41 ± 0.40 2.95 ± 0.33 1.6 26.5 ± 1.7 37

Figure 7 shows the scan of the profile likelihood, �2 ln⇤(mH), for the 2D model as a function of the mass of
the Higgs boson for the four final states, as well as for all of the channels combined. The signal strength and all
the nuisance parameters are profiled (allowed to float to the values that maximize the likelihood) in the scan. The
compatibility among the mass measurements from the four final states is estimated to be about 20% using a �2 test.

Using the per-event-error method a direct limit on the total width of the Higgs boson of �H < 2.6 GeV at 95%
CL is obtained. The expected limit is �H < 6.2 GeV at 95% CL for a signal at the SM rate and �H < 3.5 GeV at
95% CL for the observed signal rate. The di↵erence between the observed and expected results arises from the higher
signal strength observed in the data, as well as from the measured m4`, OBDTZZ⇤ and mass resolution values for the
selected candidate events. These limits are estimated under the asymptotic assumption, described in Section 6, and
a cross-check with Monte Carlo ensemble tests provides consistent results. The limit on the total width was cross-
checked with a 2D fit using signal templates parameterized as a function of the Higgs boson width and found to be in
agreement.

6. Statistical procedure and treatment of systematic uncertainties

The statistical treatment of the data is described in Refs. [40–44]. Confidence intervals are based on the profile
likelihood ratio ⇤(↵) [45]. The latter depends on one or more parameters of interest ↵, such as the Higgs boson mass
mH or production yields normalized to the SM expectation µ, as well as on the nuisance parameters ✓:

⇤(↵) =
L
�
↵ , ˆ̂✓(↵)

�

L(↵̂, ✓̂)
(5)

The likelihood functions in the numerator and denominator of the above equation are built using sums of signal and
background PDFs in the discriminating variables, such as the ��mass spectra for the H ! �� channel and the m4` and
BDTZZ⇤ output distributions for the H!ZZ⇤! 4` channel. The PDFs are derived from simulation for the signal and
from both data and simulation for the background, as described in Secs. 4 and 5. Likelihood fits to the observed data
are carried out for the parameters of interest. The vector ✓̂ denotes the unconditional maximum likelihood estimate
of the parameter values and ˆ̂✓ denotes the conditional maximum likelihood estimate for given fixed values of the
parameters of interest ↵. Systematic uncertainties and their correlations [40] are modeled by introducing nuisance
parameters ✓ described by likelihood functions associated with the estimate of the corresponding e↵ect. The choice of
the parameters of interest depends on the test under consideration, with the remaining parameters treated as nuisance
parameters, i.e. set to the values that maximize the likelihood function (“profiled”) for the given fixed values of the
parameters of interest.
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NEW

events 120 < m4l < 130 GeV

110 < m4l < 140 GeV
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Recent improvements in analysis:

Likelihood based electron identification

Electron/muon calibration

BDT for ZZ(*) suppression: matrix element kinematic discriminant + p4l + η4l

6

H→ZZ→4ℓ  analysis NEW
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            E. Benhar Noccioli                                          ATLAS measurements of Higgs boson properties in bosonic decay channels             7

Mass and signal strength measurement performed with 2D fit to m4ℓ and BDTZZ                                                              
(8% improvement over simple 1D fit to m4ℓ)

Maximum local significance (at mH=124.51):  expected: 5.8𝜎 / observed: 8.2𝜎

H→ZZ→4ℓ : mass measurement

mH = 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV µ = 1.66           (at mH = 124.51)
+0.45
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NEW
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H→ZZ→4ℓ : event categories NEW

Events categorized according to production mechanism

VBF : nJets≥2, mJJ>130 GeV                                                                                     
(2D fit to m4ℓ and BDTVBF)

VH hadronic : nJets≥2, mJJ<130 GeV and selected                                             
by BDTVH  (1D fit to m4ℓ)

VH leptonic : additional lepton in event                                                          
(1D fit to m4ℓ)

ggF : all other events                                                                                               
(2D fit to m4ℓ and BDTZZ)

Event yields for m4ℓ in 110-140 GeV range:

no events in VH categories

5 events in VBF enriched category ( 1 with BDT > 0 )

Signal Composition (%)
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µ ggF+bbH+ttH = 1.66 +0.45 (stat) +0.25 (syst)µ ggF+bbH+ttH = 1.66 -0.41 (stat) -0.15 (syst)

µ VBF+VH = 0.26 +1.60 (stat) +0.36 (syst)µ VBF+VH = 0.26 -0.91 (stat) -0.23 (syst)

µ VBF+VH / µ ggF+bbH+ttH = 0.2 +1.2µ VBF+VH / µ ggF+bbH+ttH = 0.2 -0.5

H→ZZ→4ℓ : couplings measurement NEW
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H→ZZ→4ℓ : fiducial cross section
Inclusive measurement with m4ℓ fit

6 differential measurements

Higgs pT and |y|, cos(θ*),                          
M34, Njets, leading jet pT

cut and count method,                        
with bin-by-bin unfolding

10

𝜎totfid = 2.11             (stat)             (syst) fb
+0.53
- 0.47

+0.08
- 0.08

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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High-mass off-peak region of H→ZZ (above 2mZ) sensitive to Higgs production                                                                 
through signal (off-shell) and background interference effects

Required assumptions:

SM backgrounds not sensitive to new physics                                                                                                                                                                        
modifying off-shell couplings

 𝜅ion-shell = 𝜅ioff-shell

gg→ZZ K-factors not known in off-shell region                                                                                                                                                                        
(for signal available at NNLO)

11
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H→ZZ: indirect ΓH measurement
ZZ
→

4l off-peak region: 220 GeV-1 TeV
Matrix element kinematic discriminant used to set limit

ZZ
→

2l
2𝝂 ETmiss >150 GeV, 76<mℓℓ<106 GeV

off-peak region mT >350 GeV
off-shell rate limit based on event counting

NEW

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 off-peak regions of the H → ZZ and
H → WW channels above the 2mV (V = W,Z) threshold have sensitivity to Higgs boson production
through off-shell and background interference effects, which presents a novel way of characterising the
properties of the Higgs boson in terms of the off-shell signal strength and the associated off-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 off-shell signal strength in the ZZ → 4ℓ and ZZ → 2ℓ2ν final
states (ℓ = 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 → 4ℓ and ZZ → 2ℓ2ν
final states, respectively. The dominant systematic uncertainties are discussed in Section 6. Finally the
results of the ZZ → 4ℓ and ZZ → 2ℓ2ν 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 Off-shell signal and theoretical considerations

The recent interest in the cross section for the off-shell Higgs boson production gg → (H∗ →)VV1,
σgg→(H∗→)VV

off-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 off-shell signal strength σgg→H∗→ZZ
off-shell is proportional to the Higgs boson

couplings for production and decay. However, unlike the on-shell Higgs boson production, σgg→H∗→ZZ
off-shell

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

σgg→H∗→ZZ
off-shell

σgg→H∗→ZZ
off-shell, SM

= µoff-shell = κ
2
g,off-shell · κ2V,off-shell , (1)

where µoff-shell is the off-shell signal strength in the high-mass region above the 2mZ threshold and
κg,off-shell and κV,off-shell are the off-shell coupling scale factors associated with the gg → H∗ production
and the H∗ → ZZ decay, respectively. The off-shell Higgs boson signal cannot be treated independently
from the gg → ZZ background, as sizeable negative interference effects appear [6]. The interference
term is proportional to √µoff-shell = κg,off-shell · κV,off-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

In contrast, the on-shell process gg→ H → ZZ allows a measurement of the ratio:

σgg→H→ZZ
on-shell

σgg→H→ZZ
on-shell, SM

= µon-shell =
κ2g,on-shell · κ2V,on-shell

ΓH/ΓSM
H

, (2)

where the total width ΓH appears in the denominator. The combination of both on- and off-shell measure-
ments promises a significantly higher sensitivity to the total width ΓH 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 µoff-shell is valid under the assumption that any new physics which modifies
the off-shell couplings κ2i,off-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 off-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 µoff-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 off-shell coupling relies on the assumption above.

• The interpretation of µoff-shell as a measurement of ΓH 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 κi,on-shell = κi,off-shell. This assumption is particularly relevant to the running
of the effective coupling κg 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 off-shell signal process [17] in the
form of a next-to-next-to-leading-order (NNLO) K-factor KH∗(mZZ) = σNNLO

gg→H∗→ZZ/σ
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
off-shell signal strength µoff-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
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Alternative hypothesis:
 = 1on-shellµ = H

SMK/HK

-1Ldt = 20.3 fb0 = 8 TeV: s

Source of systematic uncertainties 95% CL on µoff−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 efficiency 7.1

Muon reconstruction efficiency 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 µoff-shell in the 2ℓ2ν 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

µoff-shell 5.6 6.7 9.0 6.6 7.9 10.7 RB
H∗ = 1, µoff-shell = 1

ΓH/ΓSM
H 4.1 4.8 6.0 5.0 5.8 7.2 RB

H∗ = 1, ΓH/ΓSM
H = 1, µon-shell = 1.51

ΓH/ΓSM
H 4.8 5.7 7.7 7.0 8.5 12.0 RB

H∗ = 1, ΓH/ΓSM
H = 1, µon-shell = 1

Table 7: The observed and expected 95% CL upper limit on µoff-shell and ΓH/ΓSM
H within the range of

0.5 < RB
H∗ < 2, combining the ZZ → 4ℓ and ZZ → 2ℓ2ν 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 ΓH/ΓSM

H differ 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

H→ZZ: indirect ΓH measurement NEW
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H→𝜸𝜸

13
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H→𝜸𝜸: analysis
Event selection:

two isolated photons, pT/m𝛾𝛾>0.35,0.25

Excellent 𝛾  ID: 75% 𝛾𝛾 after cuts

photon pair vertex from tracks and calorimeter 
segmentation

10 categories based on: (un)converted photons,  
detector region and pTt*

New e/𝛾 calibration: 10% improvement in resolution

Main backgrounds:

di-photon production (~80%)

𝛾j and jj (~20%)

modeled with analytical functions and fit in the       
105-160 GeV range

14

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

NEW

required to be ET > 0.35 ⇥ m�� for the photon with highest ET and ET > 0.25 ⇥ m�� for the photon with second
highest ET. This selection leads to a smoother background distribution in each of the event categories compared to
using fixed cuts on ET. The combined signal reconstruction and selection e�ciency for the Higgs boson signal at an
assumed mass of 125 GeV is around 40%. In total 94627 (17225) events are selected in the 8 TeV (7 TeV) dataset
with 105 < m�� < 160 GeV.

4.2. Event Categorization
To improve the accuracy of the mass measurement, the selected events are separated into ten mutually exclusive

categories that have di↵erent signal-to-background ratios, di↵erent diphoton invariant mass resolutions and di↵erent
systematic uncertainties. To keep the analysis simple, the categorization is based only on the two photon candidates.
The categorization, which is di↵erent from the one used in Ref. [17], is optimized to minimize the expected uncer-
tainty on the mass measurement, assuming a Higgs boson signal produced with the predicted SM yield, while also
accounting for systematic uncertainties. Events are first separated into two groups, one where both photons are uncon-
verted and the other where at least one photon is converted. The energy resolution for unconverted photons is better
than the one for converted photons, and energy scale systematic uncertainties are di↵erent for converted and uncon-
verted photons. The events are then classified according to the ⌘ of the two photons: the central category corresponds
to events where both photons are within |⌘| < 0.75, the transition category corresponds to events with at least one
photon with 1.3 < |⌘| < 1.75, and the rest category corresponds to all other diphoton events. The central category has
the best mass resolution and signal-to-background ratio, as well as smallest energy scale uncertainties. The transition
category su↵ers from worse energy resolution, due to the larger amount of material in front of the calorimeter, and also
from larger systematic uncertainties. Finally, the central and rest categories are each split into a low pTt (< 70 GeV)
and a high pTt (> 70 GeV) category, where pTt is the component of the diphoton transverse momentum orthogonal
to the diphoton thrust axis in the transverse plane.4 The high pTt categories have better signal-to-background ratios
and mass resolution, but have smaller yield. This categorization provides a 20% reduction of the expected statistical
uncertainty compared to an inclusive measurement.

4.3. Signal modeling
The signal mass spectrum is modeled by the sum of a Crystal Ball function for the bulk of the events, which have

a narrow Gaussian spectrum in the peak and tails toward lower reconstructed mass, and a wide Gaussian distribution
to model the far outliers in the mass resolution. The Crystal Ball function is defined as:

N ·
8>><
>>:

e�t2/2 if t > �↵CB

( nCB
↵CB

)nCB e�↵
2
CB/2( nCB

↵CB
� ↵CB � t)�nCB otherwise

where t = (m�� � µCB)/�CB, N is a normalization parameter, µCB is the peak of the narrow Gaussian distribution, �CB
represents the Gaussian resolution for the core component, and nCB and ↵CB parameterize the non-Gaussian tail.

The �CB parameter varies from 1.2 GeV to 2.1 GeV depending on the category of the event. The overall resolution
can be quantified either through its full width at half maximum (FWHM), which varies from 2.8 GeV to 5.3 GeV or
using �e↵, defined as half of the smallest range containing 68% of the signal events, which varies from 1.2 GeV to
2.4 GeV.

The parameters of the Crystal Ball and Gaussian functions, and their dependence on the Higgs boson mass, are
fixed by fits to simulation samples at discrete mass values to obtain a smooth signal model depending only on the
assumed Higgs boson mass and yield. The accuracy of this procedure is checked by fitting the Higgs boson mass in
simulated samples with this signal model and is found to be better than 0.01% of the Higgs boson mass.

4.4. Background modeling and estimation
The background is obtained directly from a fit to the diphoton mass distribution in the data over the range 105–

160 GeV after final selection. The procedure used to select the analytical form of the function describing the back-
ground shape is explained in more detail in Ref. [17]. Di↵erent analytical forms are evaluated using a large simulated
background sample composed of diphoton events, photon+jet events (with one jet misidentified as photon) and dijet
events (with both jets misidentified as photons). Signal-plus-background fits are performed on this background-only
sample, thus the fitted signal yield should be zero if the functional form used describes the background shape well.
The functional form retained to describe the background is required to have a spurious fitted signal less than 20%
of its uncertainty or less than 10% of the expected Standard Model signal yield over a wide range of Higgs boson
mass hypotheses. The functional form satisfying these criteria with the smallest number of free parameters is used to

4 pTt = |(p�1
T + p�2

T )⇥ t̂|, where t̂ =
p�1T �p�2T
|p�1T �p�2T |

is the thrust axis in the transverse plane, and p�1
T , p�2

T are the transverse momenta of the two photons.

9
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H→𝜸𝜸  : fiducial cross section

15

  [fb]fidσ
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 > 80 GeVmiss
TE

 1≥ leptonsN
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 3≥ jetsN

 2≥ jetsN

 1≥ jetsN

Diphoton baseline ATLAS
 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL
data syst. unc.

Htt + VH  =  VBF + HX
HXLHC-XS + 
HXHRes 2.2 + 

HXSTWZ + 
HXJetVHeto + 
HXBLPTW + 
HXMiNLO HJ + 
HXMiNLO HJJ + 

Figure 3. The measured cross sections and cross-section limits for pp ! H ! �� in the seven
fiducial regions defined in section 3. The intervals on the vertical axis each represent one of these
fiducial regions. The data are shown as filled (black) circles. The error bar on each measured cross
section represents the total uncertainty in the measurement, with the systematic uncertainty shown
as dark grey rectangles. The error bar on each cross-section limit is shown at the 95% confidence
level. The data are compared to state-of-the-art theoretical predictions (see text for details). The
width of each theoretical prediction represents the total uncertainty in that prediction. All regions
include the SM prediction arising from VBF, V H and tt̄H, which are collectively labelled as XH.

9 Fiducial cross section measurements and limits

The measured fiducial cross sections and cross-section limits are compared to a variety

of theoretical predictions for SM Higgs boson production in Figure 3. The measured and

predicted cross sections are also documented in table 3 and table 4, respectively. The SM

predictions are defined at the particle level and, in each fiducial region, are the sum of

cross-section predictions for gluon fusion, VBF, V H and tt̄H, for mH = 125.4 GeV, as

discussed in section 8.

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

�
fid

(pp ! H ! ��) = 43.2± 9.4 (stat.)+3.2
�2.9 (syst.)± 1.2 (lumi) fb.

This can be compared with the Standard Model prediction for inclusive Higgs boson pro-

duction of 30.5 ± 3.3 fb, constructed using the LHC-XS prediction for the gluon fusion

contribution. The ratio of the data to this theoretical prediction is 1.41 ± 0.36, which is

consistent with a dedicated measurement of the Higgs boson signal strength in the dipho-

ton decay channel [107]. The ratio of the data to the theoretical prediction obtained using
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Figure 4. The di↵erential cross section for pp ! H ! �� as a function of (a) the diphoton
transverse momentum, p��

T

, and (b) the absolute rapidity of the diphoton system, |y�� |. The data
are shown as filled (black) circles. The vertical error bar on each data point represents the total
uncertainty in the measured cross section and the shaded (grey) band is the systematic component.
The SM prediction, defined using the Hres prediction for gluon fusion and the default MC samples
for the other production mechanisms, is presented as a hatched (blue) band, with the depth of
the band reflecting the total theoretical uncertainty (see text for details). The small contribution
from VBF, V H and tt̄H is also shown separately as a dashed (green) line and denoted by XH.
The Hres predictions are normalised to the total LHC-XS cross section [56] using a K-factor of
K

ggF

= 1.15.

for gluon fusion. The inclusion of all production mechanisms is expected to reduce the jet

veto e�ciency by approximately 0.06, bringing the theoretical prediction into even better

agreement with the data.

Figures 6(a) and 6(b) show the di↵erential cross section as a function of the leading

jet’s transverse momentum and rapidity, respectively. Figure 6(c) shows the di↵erential

cross section as a function ofH
T

. The shape of all these distributions are in good agreement

with the prediction provided by Minlo HJ for gluon fusion and the default MC samples

for the other production mechanisms. Figure 6(d) shows the di↵erential cross section as a

function of the subleading jet transverse momentum, the shape of which is satisfactorily

described by the theoretical predictions provided by Minlo HJJ for gluon fusion and the

default MC samples for the other production mechanisms. The Minlo HJJ prediction is

normalised to the LHC-XS prediction using a K-factor of K
ggF

= 1.10.

The di↵erential cross sections as a function of the dijet rapidity separation, |�yjj |,
and the azimuthal angle between the diphoton and dijet system, |����,jj |, for events

containing two or more jets, are shown in figure 7. These are standard variables used to

discriminate between gluon fusion and vector-boson fusion production of the Higgs boson

– 21 –

Measurement of inclusive fiducial cross sections: 

Baseline: two isolated photons with pT/m𝛾𝛾  > 0.35,0.25        
and with |η| < 2.37

𝜎meas=43.2 ± 9.4 (stat)         (syst) ± 1.2(lumi), @mH=125.4 GeV 

𝜎theory=30.5 ± 3.3  

Jet multiplicity, VBF enhanced, *lepton multiplicity and *high 
ETmiss (*upper limits)

Measurement of differential cross sections in the baseline 
fiducial volume: 

Higgs boson kinematics, jet activity, spin-CP sensitive variables, 
VBF-sensitive variables

Overall agreement in shape between data and Standard 
Model expectations
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H→𝜸𝜸  + H→ZZ→4ℓ combination

16

New mass measurement just made public

Total uncertainty reduced by ~40% 

Systematics reduced by factor ~3

Compatibility between channels: 

1.97𝜎 (was 2.5𝜎)

1.6𝜎 if fixing both signal strengths to 1

1.8𝜎 if using “box-like” systematics for γ energy scale
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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
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NEW

More on O. Kortner’s talk

https://indico.desy.de/contributionDisplay.py?contribId=223&confId=8648
https://indico.desy.de/contributionDisplay.py?contribId=223&confId=8648
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H→WW→ℓℓ𝝂𝝂

17
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S/B ~ 0.3 in most sensitive category

No reconstructed mass peak

𝜎⋅BR ~ 100 fb                                                     
for mH=125.5 GeV @ 8 TeV 

Couplings: Phys. Lett. B726 (2013) 88 -119 /                     
ATLAS-CONF-2013-030 

Spin/CP: Phys. Lett. B726 (2013) 120-144 /           
ATLAS-CONF-2013-031

VH(→WW): ATLAS-CONF-2013-075

Highlights

Latest public results
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H→WW→ℓℓ𝝂𝝂  : analysis
Signature: ℓ+ℓ- + ET miss, no mass peak: observable mT

Large backgrounds:  WW, W+jets, top, Z/𝛾*

Local significance (at mH=125 GeV):  3.8𝜎 observed, 3.7𝜎 expected

Measured signal strength (at mH=125 GeV): 1.01 ± 0.31

18
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Combined Spin/CP results
Compared Standard Model spin-parity JP=0+ hypothesis to alternative hypotheses (0-, 1+, 1-, 2+)

All hypotheses are excluded at confidence levels above 97%

Independent on assumptions on the couplings to SM particles

Independent on the fraction of gluon-gluon or quark-antiquark production (for JP=2+) 

19
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More on P. Kluit’s talk

https://indico.desy.de/contributionDisplay.py?contribId=227&confId=8648
https://indico.desy.de/contributionDisplay.py?contribId=227&confId=8648
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H→Z𝜸→ℓℓ𝜸
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 𝜎⋅BR ~ 2.3 fb                                                         
for mH=125.5 GeV @ 8 TeV

S/B ranging from 0.001 to 0.01 

𝜎(mµµγ) = 1.6 GeV

Sensitive to new physics

Search: Phys. Lett. B 732C (2014), pp. 8-27

Highlights

Latest public results

http://www.sciencedirect.com/science/article/pii/S0370269314001713
http://www.sciencedirect.com/science/article/pii/S0370269314001713
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H→Z𝜸→ℓℓ𝜸

21Bruno Lenzi (CERN) Higgs properties from boson in bosonic decay channels in ATLAS - LHCP 02/06/2014

H → Zγ → ℓℓγ

• Selection:


• Opposite charged leptons (mℓℓ > mZ - 10 GeV) 


• Isolated photon (ET > 15 GeV), ΔR(ℓγ) > 0.3


• Main backgrounds: 


• Z+γ (82%) and Z+jet (17%)


• Modelled by analytical functions


• Categories:


• 7/8 TeV and ee/μμ


• Δη(Zγ) and Ptt → 30% better sensitivity


• 95% CL limit at 125.5 GeV:


• 11 x SM (9 expected)

14

σ X BR ~ 2.3 fb @ 125.5 GeV
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K. Nikolopoulos Aug 1st, 2014ATLAS Higgs boson properties using decays in bosons

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

√
s = 8 (7) TeV. The larger

photon and electron efficiencies 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 efficiencies, the overall
signal efficiency for H → Zγ→ ℓℓγ events at mH = 125.5 GeV
is 27% (22%) for ℓ = e and 33% (27%) for ℓ = µ at

√
s = 8

(7) TeV. The relative efficiency 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 efficiency varies from 0.87 to 1.25 times
the efficiency 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 mℓℓγ. First, the photon
pseudorapidity ηγ and its transverse energy EγT = Eγ/ cosh ηγ
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 → 4ℓ 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 mµµγ and meeγ for sim-
ulated signal events from gg → H at mH = 125 GeV after
all corrections. The meeγ resolution is about 8% worse due to
bremsstrahlung. Themℓℓγ 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 σCB of
the core component of the mµµγ 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 different signal-to-background ra-
tios and invariant-mass resolutions, based on (i) the pseudora-
pidity difference ∆ηZγ between the photon and the Z boson and

(ii) pTt,3 the component of the Higgs boson candidate pT that is
orthogonal to the Zγ thrust axis in the transverse plane. Signal
events are typically characterised by a larger pTt and a smaller
∆ηZγ compared to background events, which are mostly due
to q  q → Z + γ 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 ∆ηZγ 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-∆ηZγ, depending on whether
|∆ηZγ| 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 ℓ 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 ∆η 3.7 1600 1587 0.09 3.8
8 µ low pTt, high ∆η 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 ∆η 2.9 1300 1304 0.08 4.2
8 e low pTt, high ∆η 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 = |(p⃗
γ
T + p⃗

Z
T) × t̂| where t̂ = (p⃗γT − p⃗

Z
T)/|p⃗γT − p⃗

Z
T| denotes the thrust axis

in the transverse plane, and p⃗γT, p⃗ZT 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

Event selection: opposite-sign lepton pair (e/µ)  +  isolated photon 
with ET>15 GeV

Backgrounds: Z + 𝛾  (82%), Z + jets (17%), ttbar (1%): modeled using 
analytical functions

Categories

ee/µµ final states, 7/8 TeV, ΔηγZ, pTt

95% CL limit at mH = 125.5 GeV: obs 11(exp 9) x SM
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Summary

Many new/updated measurements this summer for Higgs decaying into bosonic final states!

More to come in the near future

Presented latest results by ATLAS in this sector :

Combined mass measurement using H→ZZ→4l and H→𝛾𝛾: 125.36 ± 0.37 (stat) ± 0.18 (syst) 

Production rates, inclusive and categorized: all compatible with Standard Model expected values

Indirect measurement of ΓH via high-mass H→ZZ

Evidence for the spin-0 nature of the Higgs boson

Search for rare decay of H→Z𝛾

First differential cross sections in H→ZZ→4l and H→𝛾𝛾

22
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Backup Slides

23
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New electron calibration 

Intercalibration of calorimeter layers using Z →µµ events

1-2% for EM layers 1 & 2

Accurate knowledge of material in front of EM calorimeter

Constrain inactive material (2-5 X0) to ~2-10% X0

EM cluster energy correction via MVA regression

Energy scale and resolution extracted with Z → ee and         
J/ψ → ee

Good data/MC agreement after corrections

Response stable at ~0.05% vs time and pileup

24
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Leptons improvements
New electron likelihood-based identification selection

same signal efficiency as cut-based

improves rejection of light-flavor jets and photon conversions by a 
factor ~2

New electron combined fit of the track momentum and cluster 
energy

for ET < 30 GeV and when track momentum and cluster energy 
are consistent

improves  m4ℓ  resolution in 4e and 2µ2e channels by ~4%

Improved muon momentum scale and resolution corrections

determined using Z→µµ and J/𝜓→µµ, checked with 𝛶→µµ

momentum scale uncertainties: 0.05% in barrel, up to 0.2%         
for |𝜂| > 2

25
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Split decay modes
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H→ZZ→4ℓ: Event Selection (1)

Electrons:

 ET>7 GeV,  |η|<2.47

improved reconstruction algorithm with higher efficiency in 2012

likelihood-based selection (cut-based for 7 TeV)

Muons: 

pT>6 GeV, |η|<2.7

Quality and cleaning cuts; e-e, e-μ, e-jet overlap removal

Quadruplets: 2 SF OS lepton pairs 

pT1>20 GeV, pT2>15 GeV, pT3>10 GeV 

Single- and dilepton trigger object(s) matched to the lepton(s) 

27
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Figure 29: Measured reconstruction e�ciencies as a function of ET integrated over the full pseudorapid-
ity range (left) and as a function of ⌘ for 15 GeV < ET < 50 GeV (right) for the 2011 (triangles) and the
2012 (circles) datasets. For illustration purposes a finer ⌘ binning is used. The dashed lines in the left
plot indicate the bins in which the e�ciencies are calculated.
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Figure 30: Measured combined reconstruction and identification e�ciency for the various cut-based
and likelihood selections as a function of ET (left) and ⌘ (right) for electrons. The data e�ciency is
derived from the measured data-to-MC e�ciency ratios and the MC prediction from Z ! ee decays.
The uncertainties are statistical (inner error bars) and statistical+systematic (outer error bars). The last
ET bin includes the overflow.

criteria, on ⌘. Calculated with respect to reconstructed electrons passing quality criteria on their tracks,
it averages between 96% (cut-based loose) and 78% (Very Tight LH) for electrons with ET > 15 GeV.
The measured pileup dependence is below 4% for 1�30 reconstructed primary collision vertices per
bunch crossing for all sets of selection criteria. Some di↵erences between the behavior in data and MC
are observed, but understood. The total uncertainties on the identification e�ciency measurements are

43
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H→ZZ→4ℓ: Event Selection (2)
Select lepton pair with the mass closest to the Z boson mass : Z1

Leading pair: 50 < m12 < 106 GeV

 Among remaining pairs, select the next-closest to mZ : Z2 

Subleading pair: mmin < m34 < 115 GeV, mmin = 12 (50) for m4l≤140 (≥190) GeV 

ΔR>0.1 (0.2) between same (opposite) flavour leptons

Relative track isolation in cone ΔR=0.2: Itrack < 0.15 

Relative calorimeter isolation in cone ΔR=0.2: typically Icalo < 0.3 

|d0/σ(d0)| < 3.5 (6.5) for muons (electrons) 

FSR recovery

collinear FSR for leading dimuon pairs (~4% of events)

far FSR with high ET for leading dimuon and dielectrons (~1% of events)

28

Overall accepance  
for mH =125 GeV @ 8 TeV: 

39% 4µ, 27% 2e2µ and 20% 4e
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H→ZZ→4ℓ: Backgrounds (1)
Irreducible background: ZZ*

main source of background

estimated from MC (POWHEG+gg2ZZ+SHERPA) 

normalized to MCFM cross-section 

To reduce impact of the ZZ*background on the fitted mass use 
BDT discriminant

pT of four lepton system

η of four lepton system

matrix element based kinematic discriminant

29

DZZ* = ln(            )|Msig|2

|MZZ|2

Events in 120-130 GeV: 
7.41 ± 0.40
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H→ZZ→4ℓ: Backgrounds (2)
Reducible backgrounds: Z+jets (including Z+bb) and tt

estimated separately for final states with subleading muons and electrons

data-driven methods 

ℓℓ+µµ channels

Four CRs are fitted simultaneously to extract each component of the reducible 
background

Fitted yields extrapolated to signal region using efficiencies from simulation

Small contribution from WZ decays estimated using simulation

ℓℓ+ee channels

3ℓ+X CR - full selection on 3ℓ, relaxed ID on X, SS

fit to hits in B-layer and TRT threshold 

fitted yields extrapolated to the signal region using efficiencies from Z+X 

30

Total estimate in 120-130 
GeV: 2.95 ± 0.33
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H→ZZ→4ℓ: Mass measurement (1)

Kinematic fit used to constrain mZ1 to the Z pole mass within the experimental resolution

improvement on the m4ℓ resolution of ~15%

Two-dimensional fit to m4ℓ and BDTZZ*

~8% improvement over simple m4ℓ fit

Signal model  based on smoothed simulation distributions

templates parameterized as a function of mH 

26.5 events expected, 37 observed

31
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H→ZZ→4ℓ: Mass measurement (2)

32
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H→ZZ: indirect ΓH measurement

33

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 off-peak regions of the H → ZZ and
H → WW channels above the 2mV (V = W,Z) threshold have sensitivity to Higgs boson production
through off-shell and background interference effects, which presents a novel way of characterising the
properties of the Higgs boson in terms of the off-shell signal strength and the associated off-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 off-shell signal strength in the ZZ → 4ℓ and ZZ → 2ℓ2ν final
states (ℓ = 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 → 4ℓ and ZZ → 2ℓ2ν
final states, respectively. The dominant systematic uncertainties are discussed in Section 6. Finally the
results of the ZZ → 4ℓ and ZZ → 2ℓ2ν 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 Off-shell signal and theoretical considerations

The recent interest in the cross section for the off-shell Higgs boson production gg → (H∗ →)VV1,
σgg→(H∗→)VV

off-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 off-shell signal strength σgg→H∗→ZZ
off-shell is proportional to the Higgs boson

couplings for production and decay. However, unlike the on-shell Higgs boson production, σgg→H∗→ZZ
off-shell

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

σgg→H∗→ZZ
off-shell

σgg→H∗→ZZ
off-shell, SM

= µoff-shell = κ
2
g,off-shell · κ2V,off-shell , (1)

where µoff-shell is the off-shell signal strength in the high-mass region above the 2mZ threshold and
κg,off-shell and κV,off-shell are the off-shell coupling scale factors associated with the gg → H∗ production
and the H∗ → ZZ decay, respectively. The off-shell Higgs boson signal cannot be treated independently
from the gg → ZZ background, as sizeable negative interference effects appear [6]. The interference
term is proportional to √µoff-shell = κg,off-shell · κV,off-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

In contrast, the on-shell process gg→ H → ZZ allows a measurement of the ratio:

σgg→H→ZZ
on-shell

σgg→H→ZZ
on-shell, SM

= µon-shell =
κ2g,on-shell · κ2V,on-shell

ΓH/ΓSM
H

, (2)

where the total width ΓH appears in the denominator. The combination of both on- and off-shell measure-
ments promises a significantly higher sensitivity to the total width ΓH 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 µoff-shell is valid under the assumption that any new physics which modifies
the off-shell couplings κ2i,off-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 off-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 µoff-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 off-shell coupling relies on the assumption above.

• The interpretation of µoff-shell as a measurement of ΓH 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 κi,on-shell = κi,off-shell. This assumption is particularly relevant to the running
of the effective coupling κg 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 off-shell signal process [17] in the
form of a next-to-next-to-leading-order (NNLO) K-factor KH∗(mZZ) = σNNLO

gg→H∗→ZZ/σ
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
off-shell signal strength µoff-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
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H→𝜸𝜸: Event categorization (1)

34

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
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H→𝜸𝜸: Event categorization (2)
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H→𝜸𝜸: Mass measurement
New result: 125.98 ± 0.42(stat) ± 0.28(syst) GeV

Previous result: 126.8 ± 0.2 (stat) ± 0.7 (syst) GeV                    

Observed shift: 0.8 GeV / Expected change: -0.45 ± 0.35 
GeV                                                                                                         
(consistent with expected change from updated photon 
energy scale calibration)

Statistical error compatible with expected for given signal 
strength (p-value 16%)

Reduced with respect to the past because:

Reduced signal strength

Changes in mass resolution and event categorization

Consistent with a statistical fluctuation from changes in the 
measured masses of individual events
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H→𝜸𝜸: Mass measurement checks
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Mass measurement: systematics

38
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H→ZZ→4ℓ: cross section

Based on the same event selection as used in the H→4l mass and couplings measurements 

Inclusive measurement

simple cut and count measurement using a mass window 

more precise measurement based on a fit of the invariant mass distribution 

Differential measurements

Higgs pT and rapidity, cos(θ*), M34, Njets, leading jet pT

only cut and count measurement using a mass window 

Estimate background yields (as in main analysis) and shapes 

Unfold reconstructed signal to truth distribution in fiducial volume 

Comparisons to different theory calculations

39
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H→𝜸𝜸: cross section

41

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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H→𝜸𝜸: cross section

42

Source Uncertainty on fiducial cross section (%)

Baseline N
jets

� 1 N
jets

� 2 N
jets

� 3 VBF-

enhanced

Signal extraction (stat.) ±22 ±25 ±30 ±33 ±34

Signal extraction (syst.) ±6.5 ±7.4 ±7.1 ±6.5 ±9.0

Photon e�ciency ±1.5 ±2.1 ±3.1 ±4.2 ±2.3

Jet energy scale/resolution - +6.2
�5.8

+11

�10

+15

�13

+12

�11

JVF/pileup-jet - ±1.3 ±2.2 ±3.3 ±0.5

Theoretical modelling +3.3
�1.0

+5.0
�2.6 ±4.1 +6.3

�4.9
+2.2
�3.2

Luminosity ±2.8 ±2.8 ±2.8 ±2.8 ±2.8

Table 2. Uncertainties, expressed as percentages, on the cross sections measured in the baseline,
N

jets

� 1, N
jets

� 2, N
jets

� 3 and VBF-enhanced fiducial regions. The signal extraction system-
atic uncertainty contains the e↵ect of the photon energy scale and resolution, the impact of the
background modelling on the signal yield and the uncertainty in the fitted peak position from the
chosen background parameterisation.
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Figure 2. The e↵ect of systematic uncertainties associated with the signal extraction, the correction
for detector e↵ects (experimental and theoretical modelling) and the luminosity on the di↵erential
cross section as a function of (a) |y�� | and (b) N

jets

. The statistical uncertainty associated with the
signal extraction is also shown as a grey band.

scale and resolution uncertainties become increasingly important for high jet multiplicities

and in the VBF-enhanced phase space.

7 Limit setting in the absence of a signal

The extracted signal yields in the single-lepton and high-Emiss

T

fiducial regions are consistent

with zero and the data are used to place limits on the fiducial cross section in these

regions. For each measurement the data are split into two categories, one of which contains

those events that satisfy the baseline selection and are in the specified fiducial region and

one that contains those events that are not. The diphoton spectrum in both categories

– 14 –
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H→ZZ→4ℓ: Couplings
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H→𝜸𝜸: Couplings
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Couplings combination
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