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The LHCP2024 conference is hosted and supported by: 

Higgs property measurements (mass, width, CP) 
with the ATLAS detector 

Sébastien Rettie, on behalf of the ATLAS collaboration 

12th Edition of the Large Hadron Collider Physics Conference, 4 June 2024

https://indico.cern.ch/event/1253590/overview
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Introduction & motivation
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Experimentally 
accessible 
since 2012

• So far, measurements are consistent 
with the SM Higgs boson 

• Next steps: increase precision, 
combinations, differential 
measurements
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Nature 607, 52 (2022)

• Rich Higgs boson phenomenology probed by LHC experiments 

• Many opportunities to test the validity of Standard Model (SM) 
predictions and look for new physics 

• Achieved observation of main production modes (WH and ZH 
observed in 2020) and decay modes, and measured several 
properties e.g. coupling to other particles

https://iopscience.iop.org/article/10.1088/1361-6552/aa5b25
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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The LHCP2024 conference is hosted and supported by: 

• Mass: free parameter that needs to be measured and 
depends on the Higgs potential parameters 

• PLB 843 (2023) 137880:  

• PLB 847 (2023) 138315:  

• PRL 131 (2023) 251802: Combination 

• Width: predicted SM width is 4.1 MeV and accessible with 
off-shell production 

• PLB 846 (2023) 138223:  off-shell production 

• CP: Higgs sector CP violation could help explain observed 
baryon asymmetry in our Universe 

• JHEP 05 (2024) 105: 

H → ZZ* → 4ℓ

H → γγ

H* → ZZ

H → ZZ* → 4ℓ

https://indico.cern.ch/event/1253590/overview
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-30/
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Mass:  analysisH → ZZ* → 4ℓ

5
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• All production modes considered, major 
background is non-resonant  

• Improved muon momentum-scale calibration 
(20% w.r.t. last Run 2 measurement) 

• Deep neural network used to discriminate 
signal from background events 

• Inputs: 
 and 

four-lepton system kinematics (  and ) 

• Per-event  resolution obtained using 
dedicated neural network

ZZ*

DZZ* = ln ( |ℳHZZ* |2 / |ℳZZ* |2 )
pT η

m4ℓ
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Mass:  resultsH → ZZ* → 4ℓ

Systematic Uncertainty Contribution [MeV]

Muon momentum scale ±28
Electron energy scale ±19
Signal-process theory ±14

• Results are 
statistically 
limited  

• Mass extracted 
from 
simultaneous 
unbinned 
maximum-
likelihood fit to 
the four 
subchannels in 
the mass range 
between 105 
and 160 GeV: 
(4μ, 2e2μ, 2μ2e, 4e)
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Mass:  analysisH → γγ
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• Background fit model (exponential, power-law, or 
exponentiated second-order polynomial) chosen 
empirically for each category based on goodness 
of the fit on background MC templates

• Exploiting new photon reconstruction with 
improved energy resolution and calibration 

• Signal fit model uses a double-sided 
Crystal Ball function 

• Fit uses 14 mutually exclusive categories 
optimized on photon phase space to 
reduce total uncertainty
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• Statistical uncertainty 
approaching level of 
systematic uncertainty; 
large improvements 
from refined calibration 
model 

• 4x reduction of 
dominant systematic 
uncertainty (photon 
energy scale and 
resolution): 
320 MeV → 80 MeV

Mass:  
results

H → γγ
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Mass:  and  combinationH → ZZ* → 4ℓ H → γγ

9

Source Systematic uncertainty on <� [MeV ]
4/W ⇢T-independent / ! 44 calibration 44
4/W ⇢T-dependent electron energy scale 28
� ! WW interference bias 17
4/W photon lateral shower shape 16
4/W photon conversion reconstruction 15
4/W energy resolution 11
� ! WW background modelling 10
Muon momentum scale 8
All other systematic uncertainties 7

• Both 
channels 
perform 
statistical 
combination 
with Run 1 
with 
simultaneous 
fit on mH

• 0.09% precision on the Higgs mass 
when combining both channels!
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Width:  off-shell 
production analysis

H* → ZZ
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1 Introduction

The discovery of the Higgs boson in 2012 by the ATLAS and CMS collaborations at the Large Hadron
Collider (LHC) [1, 2] was a major milestone in particle physics, and since then this particle has been put
under the spotlight for further scrutiny to uncover its fundamental nature. Great progress has been made
in measuring the properties and couplings of the Higgs boson [3, 4], and to date no deviations from the
Standard Model (SM) predictions have been found. The total width of the Higgs boson (��) is a key
prediction of the SM. The expected value in the SM (�SM

�
) for a 125 GeV Higgs boson is only 4.1 MeV [5],

which is inaccessible via any direct measurement of the width in the resonance region due to limited
detector resolution. To probe this parameter, a method relying on both off-shell and on-shell production of
the Higgs boson has been developed, as documented in [6–9]. In this method, the relationship between the
Higgs boson coupling constants in the on-shell and off-shell regimes is assumed to be given by the SM
prediction, assuming that no new particles enter into the Higgs boson production process. On-shell Higgs
boson production (only gluon-gluon fusion (ggF) is considered in the equations below, but the principle is
the same in other production modes) is inversely proportional to the width:

f
on-shell
66!�!//

⇠
6

2
ggF6

2
HZZ

<���

.

However, off-shell Higgs boson production has no width dependence:

f
off-shell
66!�!//

⇠
6

2
ggF6

2
HZZ

<
2
//

.

Therefore, if the HZZ and effective 66� couplings in the two regimes (where the effective coupling is
obtained by treating the quark loop as a single vertex) have a known relationship, �� can be extracted from
the ratio of yields of observed Higgs boson events. Off-shell production is accessible in the // decay
channel because the available phase space for the decay increases rapidly as the off-shell mass approaches
the 2</ threshold, counteracting the expected drop in the production at higher masses [10–22], where </

is the mass of the / boson.

Multiple searches for off-shell Higgs boson production have been carried out by the ATLAS and CMS
collaborations using LHC Run 1 and Run 2 data [23–29]. In practice the signal of off-shell Higgs boson
production is a deficit in 66 ! // or electroweak @@̄ ! // production, due to the negative interference
between the off-shell Higgs boson process and the continuum background. Throughout this Letter, the
notation 66 ! (�⇤ !)// is used to refer to the inclusive process that combines the Higgs boson signal
66 ! �

⇤ ! // , the continuum background process 66 ! // , and their interference. Similarly, the
notation @@̄ ! (�⇤ !)// + 2 9 refers to the inclusive electroweak process that combines the processes
@@̄ ! �

⇤ ! // + 2 9 , @@̄ ! // + 2 9 , and their interference.

The corresponding leading-order Feynman diagrams for the signal and background processes are shown in
Figures 1 and 2. Owing to the clean signature and accessible branching fractions, the four-lepton final
states (4✓ and 2✓2a with ✓ = 4 or `), originating from the decays of a pair of on-shell / bosons induced by
a virtual Higgs boson, offer the main signal sensitivity. The latest CMS search [29], using 138 fb�1 in the
2✓2a channel and 78 fb�1 in the 4✓ channel, led to an observed (expected) detection significance of about
3.6f (2.4) standard deviations (f) for off-shell Higgs boson production and a measured �� of 3.2+2.4

�1.7
MeV. The analysis described in this Letter updates the previous ATLAS result [27] with more data – the
full Run-2 dataset is used in both decay channels – a more powerful discriminant in the 4✓ channel, and a
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• Include ggF and electroweak 
(EW) production  
signals, and their backgrounds 
with destructive interference 

• Higgs boson width inferred by 
measuring ratio of off-shell to 
on-shell cross-sections  

• Targeting two final states:  
and 

H* → ZZ

4ℓ
2ℓ2ν

EW signalggF signal ggF background

�⇤

6

6

/

/

(a)

6

6

/

/

(b)

Figure 1: The leading-order Feynman diagrams for the (a) ggZZ signal and (b) background processes. In the signal
process the quark loop is dominated by top and bottom, while for the continuum background it is mainly light quarks.

data-driven approach to estimating the leading @@̄ ! // background. Additionally, in this analysis for the
first time ggF and EW off-shell production are probed separately as well as together.
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Figure 2: The leading-order Feynman diagrams for (a) the B-channel vector-boson fusion signal, (b) the C-channel
vector-boson fusion signal, (c) the vector-boson associated production signal, and (d) the vector-boson scattering
background.

This Letter presents a search for off-shell Higgs boson production in four-lepton final states using the full
Run 2 data at a centre-of-mass energy

p
B = 13 TeV collected by the ATLAS detector. Two decay channels,

4✓ and 2✓2a, are separately analysed and then combined to obtain the final results. Events with a pair of
/ bosons are categorised into several signal regions (SRs) to probe off-shell contributions from the two
leading production modes, ggF and electroweak production (EW), and their respective interference with
the continuum background 66 ! // and electroweak @@̄ ! // + 2 9 processes. Electroweak production
includes the contributions from vector-boson fusion (VBF) and vector-boson associated production (VH),
since these two processes both interfere with the electroweak @@̄ ! // + 2 9 background and hence cannot
be separated. The main irreducible background is / boson pair production via quark–antiquark annihilation
(@@̄ ! //); the interfering backgrounds described above also contribute. In the 4✓ channel, these are the
only significant backgrounds, with sub-percent-level contributions from the production of / bosons with
associated jets and CC̄ production. In the 2✓2a channel, background processes from diboson production
(both ,/ and ,,), CC̄ and single top production, and the production of / bosons with associated jets
constitute roughly half of the total background. Control regions (CRs) are defined to ensure control of the
background modelling. In both channels, the background from the combination of vector-boson associated
production to a top-quark pair (CC̄+V, V=W or Z) and triboson production (ZZZ, WZZ, or WWZ) is at
the percent level. Distributions of discriminating variables are fitted simultaneously in all SRs to extract
the off-shell contribution by measuring the signal strength `off-shell, the off-shell production cross-section
normalised to the SM prediction, with the CRs also included in the fit to constrain the normalisation of the
main background processes. In the 4✓ channel, an observable is constructed from the output of neural
networks (NN) that are trained with kinematic variables and matrix-element discriminants sensitive to the
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This Letter presents a search for off-shell Higgs boson production in four-lepton final states using the full
Run 2 data at a centre-of-mass energy

p
B = 13 TeV collected by the ATLAS detector. Two decay channels,

4✓ and 2✓2a, are separately analysed and then combined to obtain the final results. Events with a pair of
/ bosons are categorised into several signal regions (SRs) to probe off-shell contributions from the two
leading production modes, ggF and electroweak production (EW), and their respective interference with
the continuum background 66 ! // and electroweak @@̄ ! // + 2 9 processes. Electroweak production
includes the contributions from vector-boson fusion (VBF) and vector-boson associated production (VH),
since these two processes both interfere with the electroweak @@̄ ! // + 2 9 background and hence cannot
be separated. The main irreducible background is / boson pair production via quark–antiquark annihilation
(@@̄ ! //); the interfering backgrounds described above also contribute. In the 4✓ channel, these are the
only significant backgrounds, with sub-percent-level contributions from the production of / bosons with
associated jets and CC̄ production. In the 2✓2a channel, background processes from diboson production
(both ,/ and ,,), CC̄ and single top production, and the production of / bosons with associated jets
constitute roughly half of the total background. Control regions (CRs) are defined to ensure control of the
background modelling. In both channels, the background from the combination of vector-boson associated
production to a top-quark pair (CC̄+V, V=W or Z) and triboson production (ZZZ, WZZ, or WWZ) is at
the percent level. Distributions of discriminating variables are fitted simultaneously in all SRs to extract
the off-shell contribution by measuring the signal strength `off-shell, the off-shell production cross-section
normalised to the SM prediction, with the CRs also included in the fit to constrain the normalisation of the
main background processes. In the 4✓ channel, an observable is constructed from the output of neural
networks (NN) that are trained with kinematic variables and matrix-element discriminants sensitive to the
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• Use multi-class neural network (NN) to enhance 
signal sensitivity; 

• NN differentiates among three event classes: 
off-shell Higgs boson signal (S), interfering 
background (B), non-interfering background (NI) 

• Three signal regions (SR) are defined after 
requiring : 

• EW: require two or more jets with 
,  

• Mixed: require exactly one jet with  

• ggF: remaining events

m4ℓ > 220 GeV

pT > 30 GeV |Δηjj | > 4

|ηj | > 2.2

Width:  off-shell production,  channelH* → ZZ 4ℓ

12

The main background in the 4✓ channel is the @@̄ ! // process. The overall normalisation of this
background is constrained by data in three different CRs defined with 180 < <4✓ < 220 GeV and with
zero, one, or � 2 jets. The signal contamination in these CRs is below 2%. The kinematic distributions are
modelled with simulation, described in Section 3. Events in the zero- and one-jet CRs are binned in four
and two intervals of equal width in <4✓ , respectively, to provide further information about event kinematics.
The interfering background processes 66 ! // and EW @@̄ ! // , as well as the small backgrounds from
triboson production and CC̄/ , are estimated from simulation. The contribution of the reducible backgrounds
where hadrons or their decay products are mis-reconstructed as prompt leptons, such as /+jets, ,/ and CC̄

processes, are estimated by using data-driven methods described in Ref. [64] and found to be negligible.

To maximize the signal sensitivity, a multi-class dense NN is employed in the SRs to enhance events with a
Higgs boson candidate. The NN, implemented using Keras [77] with TensorFlow [78] as the backend, is
designed to differentiate among the three event classes: the off-shell Higgs boson signal (S), the interfering
background (B), and the non-interfering (NI) background. The interfering backgrounds to the ggF and EW
signals are the 66 ! // and EW @@̄ ! // + 2 9 processes, respectively. The non-interfering background
is the @@̄ ! // process in both production modes.

The outputs of the NN use a normalized exponential function so that they can be interpreted as probabilities
of an event belonging to a particular class (%S, %B and %NI) and their ratio is used to define the final
observable:

$NN = log10

✓
%S

%B + %NI

◆
.

As the analysis attempts to constrain both the ggF- and EW-induced off-shell signals independently, two
separate NNs are trained, one in the ggF SR and the other in the EW SR. The observable from the first NN
($ggF

NN ) is then used as the discriminating variable in both the ggF and mixed SRs, while that of the second
NN ($EW

NN ) is used in the EW SR.

The first NN is trained to discriminate among the ggF-induced signal, the 66 ! // background, and the
@@̄ ! // process. The features used by this NN include the kinematic information of the four leptons
from MC simulation and also the square of the modulus of the values of the LO matrix element (ME)
for the four leptons. The LO MEs are calculated for the gluon-induced signal and background processes
and the @@̄ ! // process from the final-state variables in the Higgs boson rest frame using the MCFM
program [8, 27]. The kinematic variables are the leading / boson production angle and four decay angles
defined in Ref [79], the three invariant masses <4✓ , <12 and <34. These are used as inputs to the ME
calculation, and, along with the transverse momentum of the four-lepton system, as inputs to the NN as
well.

The second NN is used to separate the EW-induced off-shell signal process from the non-Higgs boson
EW @@̄ ! // 9 9 background and the QCD-induced @@̄ ! // 9 9 process. In addition to the variables
used in the first NN, with matrix elements calculated specifically for the final state with two jets, several
supplementary variables are included to exploit the kinematics of the dĳet system: the invariant mass and
azimuthal separation of the two leading jets, and the two Zeppenfeld angular variables, calculated for each
Z boson as [Zep = [/1 � ([ 91 + [ 92)/2 [80].

The two networks have 7 and 9 hidden layers respectively, with [90, 80, 80, 75, 75, 40, 40] and [60, 65,
70, 85, 90, 80, 75, 50, 30] neurons. The sparse categorical cross-entropy loss was used to optimize the
network structure as well as the learning rate of the Adam optimizer. Input features were chosen to fully
describe the event kinematics. The networks were trained on samples of the signal and the interfering and
non-interfering backgrounds.

8
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• Use  as discriminating variable 

• Require a pair of isolated leptons and 
, then define three signal 

regions in the same way as for the  channel 

• Dedicated event selection to reduce 
contributions from , , and 
nonresonant dilepton background processes

mZZ
T

Emiss
T > 120 GeV

4ℓ

WZ Z + jets

Width:  off-shell production,  channelH* → ZZ 2ℓ2ν
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signal process (see Ref. [27]). The 2✓2a channel uses the transverse mass of the // system,

<
//

T ⌘

sq
<

2
/
+
�
?
✓✓

T
�2 +

q
<

2
/
+
�
⇢

miss
T

�2 �2
�
��� Æ?T

✓✓ + Æ⇢miss
T

���2, (1)

where </ is the / boson mass [30], Æ?T
✓✓ and Æ⇢miss

T are the transverse momentum vector of the lepton pair
and the missing transverse momentum vector with magnitudes of ?✓✓T and ⇢

miss
T , respectively. Finally, the

constraint on �� is derived by using both the measured `off-shell and the signal strength for on-shell Higgs
boson contributions (`on-shell) in the 4✓ channel obtained from Ref. [31], relying on the equation (valid
under the assumptions discussed above) `off-shell/`on-shell = ��/�SM

�
. Similarly to the previous ATLAS

paper [27], this search also reports the ratio of effective Higgs boson–gluon couplings ('66) and the ratio
of Higgs boson and vector-boson couplings ('++ ) between the off-shell and on-shell regions, assuming
that the Higgs boson total width takes its SM value.

2 ATLAS detector

ATLAS is a multipurpose detector with a forward–backward symmetric cylindrical geometry and a
solid-angle1 coverage of nearly 4c, described in detail in Ref. [32]. The inner tracking detector (ID),
covering the region |[ | < 2.5, consists of a silicon pixel detector, a silicon microstrip detector, and a
transition-radiation tracker. The innermost layer of the pixel detector, the insertable B-layer [33], was
installed between Run 1 and Run 2 of the LHC. The inner detector is surrounded by a thin superconducting
solenoid providing a 2 T magnetic field, and by a finely segmented lead/liquid-argon (LAr) electromagnetic
calorimeter covering the region |[ | < 3.2. A steel/scintillator-tile hadron calorimeter provides coverage
in the central region |[ | < 1.7. The endcap and forward regions, covering the pseudorapidity range 1.5
< |[ | < 4.9, are instrumented with LAr electromagnetic and hadron calorimeters, with steel, copper, or
tungsten as the absorber material. A muon spectrometer (MS) system incorporating large superconducting
toroidal air-core magnets surrounds the calorimeters. Three layers of precision wire chambers provide
muon tracking in the range of |[ | < 2.7, while dedicated fast chambers are used for triggering in the
region |[ | < 2.4. The trigger system, composed of two stages, was upgraded [34] before Run 2. The first
stage, implemented with custom hardware, uses information from the calorimeters and muon chambers
to select events from the 40 MHz bunch crossings at a maximum rate of 100 kHz. The second stage,
called the high-level trigger (HLT), reduces the data acquisition rate to about 1 kHz on average. The HLT
is software-based and runs reconstruction algorithms similar to those used in offline reconstruction. An
extensive software suite [35] is used in data simulation, in reconstruction and analysis of real and simulated
data, in detector operations, and in the trigger and data acquisition systems of the experiment.

3 Data and Monte Carlo simulation

The proton–proton (??) collision data used in this search were collected from 2015 to 2018, corresponding
to an integrated luminosity of 139 fb�1. Events in the 4✓ final state were recorded with a combination of
1 The ATLAS experiment uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre

of the detector and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis
points upward. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2).

4



Sébastien Rettie | LHCP 2024June 4, 2024

0 0.5 1 1.5 2 2.5 3 3.5 4
SM
HΓ/HΓ

0
2
4
6
8

10
12
14
16
18
20

)λ
-2

ln
(

 0.5− 
 0.6+ Obs-Stat. only: 1.1

 0.6− 
 0.7+ Obs-Sys: 1.1

 0.9− 
 0.8+ Exp-Stat. only: 1.0

 0.9− 
 0.9+ Exp-Sys: 1.0

Obs-Stat. only
Obs-Sys
Exp-Stat. only
Exp-Sys

ATLAS
On + Off-shell combined

-113 TeV, 139 fb

σ1

σ2

• Simultaneously fit signal 
strength and background 
normalization factors in all signal 
regions and control regions 

• Direct measurement of off-shell 
signal strength 

• Combined with on-shell 
measurement to measure  
with correlated (uncorrelated) 
experimental (theoretical) 
systematic uncertainties 

• Observed 

ΓH

ΓH = 4.5+3.0
−2.5 MeV

Width:  off-shell production resultsH* → ZZ

14

0 0.5 1 1.5 2 2.5 3 3.5 4
off-shell
µ

0
2
4
6
8

10
12
14
16
18
20

)λ
-2

ln
(

 0.5− 
 0.6+ Obs-Stat. only: 1.1

 0.6− 
 0.7+ Obs-Sys: 1.1

 0.9− 
 0.8+ Exp-Stat. only: 1.0

 0.9− 
 0.9+ Exp-Sys: 1.0

Obs-Stat. only
Obs-Sys
Exp-Stat. only
Exp-Sys

ATLAS
ννll+ 4l→ ZZ →H* 

-113 TeV, 139 fb

σ1

σ2



Sébastien Rettie | LHCP 2024June 4, 2024

CP

15



Sébastien Rettie | LHCP 2024June 4, 2024

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

N
o
rm

a
liz

e
d
 t
o
 u

n
it 

a
re

a

10− 8− 6− 4− 2− 0 2 4 6 8 10
zzc

~

jj
OO

0

10

20

B
S

M
/S

M

 = 5.0zzc~VBF+VH, 

VBF+VH SM

 = -5.0zzc~VBF+VH, 

ATLAS Simulation

4l→ZZ*→H

 = 13 TeVs

 < 130 GeV
4l

115 GeV < m

 > 120 GeV
jj

 2, m≥ jetN

• Goal is to probe the coupling 
strength of CP-odd operators 
(i.e. operators that lead to CP 
violation) and carry out 
differential cross-section 
measurements 

• Build optimal observables (OO) 
for each EFT coupling (three 
for each basis and one for 
common parameterization ), 
depending on fitted variable 

• 4 VBF signal regions based on 
output score of a three-class 
neural network discriminant 
trained to distinguish between 
VBF, VH, and ggF events

d̃

CP:  analysis setupH → ZZ* → 4ℓ
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CP:  analysisH → ZZ* → 4ℓ
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• Maximum-likelihood fit performed for CP-odd 
coupling parameters

• Good agreement between data and SM 
expectation; mean value of observables for 
data are compatible with zero, indicating that 
the data exhibit no measurable asymmetry
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• Constrain coupling parameters by scanning 
individually and in 2D
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• Constraints consistent with 
SM predictions so far
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• Differential cross-section 
measurements are 
performed for both 
production and decay 

• Signal strength extracted 
by fitting the  
spectrum in each bin 
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Summary & outlook
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• Tremendous progress has been 
made in measuring the Higgs 
boson’s properties since its 
discovery 12 years ago 

• Mass measured to precision of 
0.09% 

• Width measurements honing in 
on true value 

• CP structure of Higgs couplings 
increasingly constrained 

• Still only at the early stages of 
exploring the Higgs sector, with 
many more improvements and data 
still to come

Stay tuned for many more exciting results!



Thank you! 
Merci! 

Questions?
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Mass:  analysis categoriesH → γγ
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Mass:  analysis categories (continued)H → γγ

23

primary vertex candidates by a neural-network (NN) algorithm [31]. The NN inputs are the directions of
the two ?T-leading photon candidates in the event, determined only from the conversion vertices and the
longitudinal sampling of the calorimeter, and vertex candidate information such as the transverse momenta
and directions of the associated tracks.

The selection retains events with at least two photon candidates with pseudorapidity in the range |[ | < 1.37
or 1.52 < |[ | < 2.37, meeting tight identification and loose isolation criteria [13], matched to the online
photon candidates that passed the trigger selection. Events are kept if the ?T-leading and ?T-subleading
photon candidates have invariant mass <WW in the range 105–160 GeV and transverse momenta that exceed
0.35 and 0.25 times <WW , respectively. When more than two photon candidates pass those requirements,
only the ?T-leading and ?T-subleading candidates are considered for further analysis.

About 1.2 million events in the data pass the selection. The expected efficiency for the signal for
<� = 125 GeV is close to 36%, leading to an expected signal yield of about 6200 events.

To increase the precision of the mass measurement, the selected events are classified into 14 categories
with different signal-to-background ratios, diphoton invariant mass resolutions and photon energy scale
uncertainties. The observables and the thresholds used to define the categories are optimised by minimising
the expected total Higgs boson mass uncertainty for <� = 125.09 GeV using a simplified version of
the maximum-likelihood fit described in the next section, including the statistical uncertainties and the
dominant systematic uncertainties from the photon energy scale calibration. The final choice of observables
and thresholds for the categories used in the measurement is the following:

• The number of reconstructed converted photon candidates: events with no photon conversion
candidates (‘U’-type events) are considered separately from events with one or two W ! 4

+
4
�

candidates (‘C’-type events).

• The absolute value of the pseudorapidity |[(2 | of each of the two energy clusters reconstructed in the
electromagnetic calorimeter and associated with the photon candidates. The pseudorapidity [(2 is
determined from the position of the barycentre of the cluster in the second sampling layer of the
calorimeter and from the origin of the ATLAS coordinate system. Both the U-type and C-type events
are separated into three subsamples: ‘central barrel’ (both photons have |[(2 | < 0.8), ‘outer-barrel’
(both photons have |[(2 | < 1.37 and at least one of these has |[(2 | � 0.8), and ‘endcap’ (at least one
photon has 1.52  |[(2 | < 2.37).

• The magnitude ?
WW

Tt = | Æ?WWT ⇥ Ĉ | of the component of the diphoton transverse momentum that is
orthogonal to the thrust axis, defined as Ĉ = ( Æ?W1

T � Æ?W2
T )/| Æ?W1

T � Æ?W2
T |. Low (?WWTt < 70 GeV), medium

(70 GeV < ?
WW

Tt < 130 GeV) and high (?WWTt > 130 GeV) ?WWTt categories are defined for U-type and
C-type central-barrel and outer-barrel events.

For each category, the narrowest diphoton invariant mass window, with half-width denoted by f
WW

90 ,
containing 90% of the signal events is listed in Table 1. The expected signal ((90) and background (⌫90)
yields in each category in that interval are also reported, where ⌫90 is determined from the integral of an
exponentiated second-order polynomial function fitted to the data <WW distribution after excluding the range
120 < <WW < 130 GeV from the interval. The table also indicates the expected fraction of signal events
590 = (90/((90 + ⌫90), and the signal significance /90 =

p
2 [((90 + ⌫90) ln (1 + (90/⌫90) � (90] [32].

The invariant mass resolution f
WW

90 for C-type events is 10%–20% worse than for U-type events, due to
asymmetric W ! 4

+
4
� conversions producing a low-energy electron or positron, and to bremsstrahlung

photons emitted by the 4
+
4
� pair. In both cases, such soft electrons, positrons or bremsstrahlung photons

6
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ATLAS
ννll+ 4l→ ZZ →H* 

-113 TeV, 139 fb

σ1

σ2

• Why are the 1σ and 2σ lines 
wavy? 

• Confidence intervals are built 
based on the Neyman 
construction, as opposed to 
using the “usual' asymptotic 
approximation 

• Short answer, “toys”

Width:  off-shell production statisticsH* → ZZ
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• 8 background normalization factors in total: 

• three ZZ CRs in 0, 1, 2+ jets 

• three WZ CRs in 0, 1, 2+ jets 

• one emu CR 

• one Z+jets CR

Width:  off-shell production 
control regions

H* → ZZ
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