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Outline
• Higgs physics in diboson final states 

•  Overview of the (so far) ATLAS Run-2 measurements in WW*/ZZ*/γγ 
decay channels 

• Higgs boson cross-sections, which?  
• Fiducial inclusive and Differential 
• Total (full phase-space) 
• Production-mode cross-section 

• Other properties measurements: 
• Couplings 
• Mass 
• Width and Spin/Parity 

• Remarks and Conclusions
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Higgs boson measurements in diboson final states
• Despite the low branching fraction of H → WW*(→lvlv)/ZZ*/γγ, 

these decays channels have a clean signature and constitute a 
powerful tool for many Higgs boson properties measurements 

Plenty of new ATLAS results already published: 

Fully reconstructed mass - clean peak Larger BR ~ 1.5%
Clean signature

High background

mH = 125.09 GeV

@13TeV σH,8TeV x 2.3 
36.1 fb-1 (2015+2016) analysed

H→WW*

Cross-sections

Combined(*)

Couplings 

Mass

H→γγH→ZZ*→4

(*) currently combining only 4l and γγ channels 

JHEP10(2017)132
ATLAS-CONF-2017-047

arXiv:1802.04146
ATLAS-CONF-2018-002

ATLAS-CONF-2018-004

ATLAS-CONF-2017-047———

ATLAS-CONF-2017-046

arXiv:1802.04146JHEP03(2018)095

—————————

If more than one quadruplet passes all requirements, e.g. for VH or tt̄H, the channel with the highest
expected signal rate after reconstruction and event selection is selected, in the order: 4µ, 2e2µ, 2µ2e and
4e. In order to improve the four-lepton mass reconstruction, the reconstructed final-state radiation (FSR)
photons in Z boson decays are accounted for using the same strategy as in the Run-1 data analysis [111].
The invariant mass distribution of the four leptons of the selected events is shown in Figure 1. Only events
with a four-lepton invariant mass in the range 115�130 GeV are used in the extraction of the signal.
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Figure 1: Four-lepton invariant mass distribution of the selected events before the m4` requirement, corrected for
final-state radiation (FSR). The error bars on the data points indicate the statistical uncertainty. The SM Higgs
boson signal prediction is obtained from the samples discussed in Section 3. The backgrounds are determined
following the description in Section 6. The uncertainty in the prediction is shown by the hatched band, calculated
as described in Section 9.

The selected events are divided into bins of the variables of interest. The bin boundaries are chosen such
that each bin has an expected signal significance greater than 2� (where the significance is calculated
from the number of signal events S and the number of background events B as S/

p
S + B) and that

there are minimal migrations between bins, which reduces the model dependence of the correction for the
detector response.

5 Fiducial phase space

The fiducial cross sections are defined at particle level using the selection requirements outlined in
Table 1, which are chosen to closely match those in the detector-level analysis in order to minimize
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H → ZZ* → 4l
S/B > 2
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Figure 9: Weighted diphoton invariant mass spectrum observed in the 2015 and 2016 data at 13 TeV. Each
event is weighted by the ln(1 + S90/B90) ratio of the expected signal (S90) and background (B90) of the 90%
signal quantile in the category to which it belongs to. The error bars represent 68% confidence intervals of the
weighted sums. The solid red curve shows the fitted signal-plus-background model when the Higgs boson mass
is constrained to be 125.09 ± 0.24 GeV. The background component of the fit is shown with the dotted blue
curve. The signal component of the fit is shown with the solid black curve. Both the signal-plus-background
and background-only curves reported here are obtained from the sum of the individual curves in each category
weighted by the logarithm of unity plus the signal-to-background ratio. The bottom plot shows the residuals
between the data and the background component of the fitted model.

the NNLO SM prediction for ggH production [17, 110], which is about 10% lower than the N3LO
calculation used here (see Section 4). section [17, 110] that is about 10% lower than the state-of-
the-art �ggH. The impact of the main sources of systematic uncertainty (presented in Table 3 and
Section 7) in the measured global signal strength is summarized in Table 6. The distinction between
yield and migration uncertainties adopted in Table 3 is used and the uncertainties are grouped into
theory uncertainties, experimental uncertainties, mass resolution and scale, background shape, and
luminosity.

In addition to the global signal strength, the signal strengths of the primary production processes are
evaluated by exploiting the sensitivities of the analysis categories of Table 4 to specific production
processes. The measured signal strengths are shown together with the global signal strengths discussed
above in Figure 12 and found to be:
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H →γγ
S/B ~ 4%
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Higgs boson cross-section measurements
In Run-2 different Higgs boson cross-section measurements considered: 

•  Inclusive fiducial and differential cross-section  

• Measured in fiducial volume  
-  Avoid model-dependent extrapolations → only correct for inefficiencies & reconstruction effects 

-  Preserve measured results over years to allow comparison to future new theories 

• Inclusive: No attempt to separate Higgs production/decay modes → compare with best available 
predictions in the detector phase space 

• Differential: test Higgs boson kinematics and modelling with pTH, |yH|, pTj1, Njet,… 

• Total cross-section: extrapolate to full phase space and combine channels to improve precision 

• Production mode cross-section (Simplified Template cross section framework* (STXS)): 

- simple fiducial region definitions matching specific experimental categories (ggF 0jets, etc..)  
-  reduce theoretical uncertainties 

σ i, fid =
Ni, fit

L ×Ci

,Ci =
Ni,reco

Ni,part
Ci = 50%(75%) for H4l(Hγγ)

also sensitive to BSM physics

(*) LHC Higgs X-Sec WG: : 4 [arXiv:1610.07922]
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H→WW*→evμv - Analysis ATLAS-CONF-2018-004
Most recent result!

Not yet combined with othersAnalysis strategy in brief
• Signature: two prompt isolated leptons and missing momentum 

• Events split in 3 major Signal Regions on Njets(*): 
- Njet = 0 and Njet = 1 (ggF dominated)

- mT used as discriminant 
- Njet ≥ 2 (VBF dominated)

- BDT used as discriminant 

• Irreducible backgrounds normalised to data via CRs 
•  non-resonant WW, ttbar and Z→ττ 

• Mis-identified leptons (~10% of total bkg) fully data-driven 

Signal fraction at best 14%

(*) complete event selection table in backup 50 100 150 200 250
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WW  
0jet CR

ttbar  
0jet CR

b-jet veto in all categories  
to reduce ttbar (σ13 TeV/σ8 TeV ≈ 3.3)}

• Simultaneous SRs and CR max likelihood fit 
• 16 fits regions defined for Njet ≤ 1:

- Different  bkg composition 
- Enhance sensitivity 

•  4 BDT bins for VBF enriched category 
• S(VBF)/B ~0.6 in the last bin 

⇒ extract both ggF and VBF cross-sections 
• Other production/decays modes fixed to SM 

[2 ×mℓℓ ] i [2 × pT
sub−leading ] i [eµ / µe]

VBF: 1.9σ (exp. 2.7σ)ggF: 6.3σ (exp. 5.2σ)
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H→WW*→evμv - Results
Signal strength and cross-section results: 68% and 95% CL contours 

Run-2 Run-1

Significant uncertainties from Theory: 
• ~5% on σ(ggF) due to WW background modelling 
• 15% on σ(VBF) due to QCD scale on ggF in VBF phase space 

   
   Limited MC statistics important especially in VBF  
   σ(ggF) dominated by systematics (exp~theo)

Source
��ggF

�ggF
[%] ��VBF

�VBF
[%]

Data statistics ±8 ±46
CR statistics ±8 ±9
MC statistics ±5 ±23
Theoretical uncertainties ±8 ±21

ggF signal ±5 ±15
VBF signal <1 ±15
WW ±5 ±12
Top-quark ±4 ±4

Experimental uncertainties ±9 ±8
b-tagging ±5 ±6
Pile-up ±5 ±2
Jet ±3 ±4
Electron ±3 <1
Misidentified leptons ±5 ±9

Luminosity ±2 ±3
TOTAL ±17 ±59

Uncertainties on the cross-sections measurement:

µggF = 1.02−0.26
+0.29

µVBF = 1.27−0.45
+0.53

ggF: Precision improved by 36%
VBF: Limited due higher pile-up ⇒ higher bkg

1σ compatible  
with SM 

predictions

precision of the measurements
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H→ZZ*→4  inclusive and differential cross-section
JHEP10(2017)132
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Overall good theoretical description of data. Precision statistically limited

pTH—> test perturbative QCD |y4 |—> test gluon PDFs
Njets—> test modelling of radiations at high pT,

sensitive to prod modes

If more than one quadruplet passes all requirements, e.g. for VH or tt̄H, the channel with the highest
expected signal rate after reconstruction and event selection is selected, in the order: 4µ, 2e2µ, 2µ2e and
4e. In order to improve the four-lepton mass reconstruction, the reconstructed final-state radiation (FSR)
photons in Z boson decays are accounted for using the same strategy as in the Run-1 data analysis [111].
The invariant mass distribution of the four leptons of the selected events is shown in Figure 1. Only events
with a four-lepton invariant mass in the range 115�130 GeV are used in the extraction of the signal.
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Figure 1: Four-lepton invariant mass distribution of the selected events before the m4` requirement, corrected for
final-state radiation (FSR). The error bars on the data points indicate the statistical uncertainty. The SM Higgs
boson signal prediction is obtained from the samples discussed in Section 3. The backgrounds are determined
following the description in Section 6. The uncertainty in the prediction is shown by the hatched band, calculated
as described in Section 9.

The selected events are divided into bins of the variables of interest. The bin boundaries are chosen such
that each bin has an expected signal significance greater than 2� (where the significance is calculated
from the number of signal events S and the number of background events B as S/

p
S + B) and that

there are minimal migrations between bins, which reduces the model dependence of the correction for the
detector response.

5 Fiducial phase space

The fiducial cross sections are defined at particle level using the selection requirements outlined in
Table 1, which are chosen to closely match those in the detector-level analysis in order to minimize
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Figure 8: Di↵erential fiducial cross sections, for (a) the transverse momentum pT,4` of the Higgs boson, (b) the
absolute value of the rapidity |y4` | of the Higgs boson, (c) the invariant mass of the subleading lepton pair m34,
(d) the magnitude of the cosine of the decay angle of the leading lepton pair in the four-lepton rest frame with
respect to the beam axis |cos ✓⇤|. The measured cross sections are compared to ggF predictions by NNLOPS,
MG5_aMC@NLO_FxFx, and, for pT,4` and |y4` |, by HRes, all normalized to the N3LO cross section with the listed
K-factors. Predictions for all other Higgs boson production modes XH are added. The error bars on the data points
show the total uncertainties, while the systematic uncertainties are indicated by the boxes. The shaded bands on
the expected cross sections indicate the PDF and scale uncertainties. The p-values indicating the compatibility of
the measurement and the SM prediction are shown as well. They do not include the systematic uncertainty in the
theoretical predictions.
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Good agreement with  
LHCXSWG prediction 

 (1.3σ difference in mixed channels)

Total xsec

Fiducial

~15% precision
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H→γγ inclusive and differential cross-section
Fit to mγγ distribution to extract NSignal: 1) inclusively in production mode 2) in each production mode-enhanced 
region or differential distribution

arXiv:1802.04146

Inclusive fiducial xsec:
σ fid ,comb = 55 ± 9(stat)± 4(exp)± 0.1(theo) fb
σ fid ,SM = 64 ± 2 fb

Fraction of Signal Process / Fiducial Region (particle level)
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Total Higgs boson cross-section: H4l, H𝛾𝛾 combination
• Combining H→4ℓ and H→γγ measurements to improve precision on Higgs boson cross-section(*) 
• Combination is done in total phase space 

• more model-dependent   

• assumed SM branching fractions: BF(H→γγ) = 0.23% , BF(H→ZZ*→4ℓ) = 0.013%

Acceptance correction 
fiducial total phase space from MC:
A(H→𝛾𝛾) ~ 50%, A(H→4l) ~ 42%σ i =

Ni
sig

LBFAiCi

(*)H→WW will be added in a later step

ATLAS-CONF-2017-047

Combined measurement in agreement with SM prediction 

µ = σ × B
(σ × B)SM

Single signal strength fit 
for all the production  
and decay modes

µ = 1.09 ± 0.09(stat.)−0.05
+0.06 (exp.)−0.05

+0.06 (th.)[TeV] s
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Figure 1: Total pp ! H + X cross sections measured at centre-of-mass energies of 7, 8, and 13 TeV, compared
to Standard Model predictions at up to N3LO in QCD. Shown are the measurements in the H ! �� channel (red
triangles), the H ! Z Z⇤ ! 4` channel (green rectangles), and the combinations of these two channels (black dots).
The individual channel results are o�set along the x-axis for display purposes. The grey bands on the combined
measurements represent the systematic uncertainty, while the error bars show the total uncertainty. The light (dark)
blue band shows the estimated uncertainty due to missing higher-order corrections (the total theoretical uncertainty).
The total theoretical uncertainty corresponds to the higher-order-correction uncertainty summed in quadrature with
the sum of the PDF and ↵S uncertainties, and is partially correlated across values of the centre-of-mass energy.

Table 3 and Figure 1. The measurements at 7 and 8 TeV are taken from Ref. [67]. For comparison,
the SM predictions for the total cross section at the three centre-of-mass energies are given [8, 22–25].
The systematic uncertainties are smaller than the statistical uncertainties for the measurements at all three
center-of-mass energies. The results of the individual decay channels are compatible with a p-value of
29%, and no deviation from the SM predictions is observed (pSM = 84%).

Table 3: Total pp ! H + X cross sections measured using H ! �� and H ! Z Z⇤ ! 4` decays, and their
combination, for centre-of-mass energies of 7, 8 and 13 TeV. The SM predictions [8] are computed for a Higgs
boson mass of 125.09 GeV [10]. The uncertainties in the individual channels are dominantly statistical.

Decay channel Total cross section (pp ! H + X)
p

s =7 TeV
p

s =8 TeV
p

s =13 TeV

H ! �� 35+13
�12 pb 30.5+7.5

�7.4 pb 47.9+9.1
�8.6 pb

H ! Z Z⇤ ! 4` 33+21
�16 pb 37+9

�8 pb 68.0+11.4
�10.4 pb

Combination 34 ± 10 (stat.) +4
�2 (syst.) pb 33.3+5.5

�5.3 (stat.) +1.7
�1.3 (syst.) pb 57.0+6.0

�5.9 (stat.) +4.0
�3.3 (syst.) pb

SM prediction [8] 19.2 ± 0.9 pb 24.5 ± 1.1 pb 55.6+2.4
�3.4 pb
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Figure 2: The negative-log-likelihood scan for the combined measurement of the Higgs boson signal strength.
Shown are the observed combined (black) and individual H ! �� (red) and H ! Z Z⇤ ! 4` (blue) curves, where
the individual channel curves are based only on the data from the measured channel.

5.2 Global signal strength

The global signal strength µ is determined following the procedures used for the measurements performed
at

p
s = 7 and 8 TeV [3]. The fit is to a single parameter defined as the ratio of the observed yield to its

SM expectation
µ =

� ⇥ B
(� ⇥ B)SM

, (2)

which is applied as a single scaling factor to all production processes and decay modes. It depends on the
SM predictions for each production mode cross section and decay branching ratio, and the uncertainties
on these predictions are included as nuisance parameters as described in Section 4.

The global signal strength is measured to be

µ = 1.09 ± 0.12 = 1.09 ± 0.09 (stat.) +0.06
�0.05 (exp.) +0.06

�0.05 (th.).

The event categorization reduces the statistical uncertainty relative to the total cross section measurement.
The measurement is consistent with the SM prediction with a p-value of pSM = 47%. The negative log
likelihood curves from the individual channels and the combination are shown in Figure 2, where the
individual channel curves are based only on the data from the measured channel. The leading uncertainties
and the impact of the fit on the nuisance parameters are shown in Table 4.

10
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Total Higgs boson cross-section: H4l, H𝛾𝛾 combination
ATLAS-CONF-2018-002
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Differential distributions: Higgs observables

Differential distributions: Jets observables
p-values [%] pHT |yH| Njets pj1T
NNLOPS (@N3LO) 29 92 45 5
HRes 5 – – –
RaDISH + NNLOJET 29 – – –
SCETlib – 91 – 21
Madgraph5 aMC@NLO (@N3LO) – – 57 –

Statistical precision: 20-30% (improved combining)
Systematics uncertainties: ~10% (larger for Njets ≥ 2)

Single channel and combination compared with 
several theory predictions(*):

|yH|

Njets
PTj1

-NNLOPS normalised to N3LO cross 
  section, nominal sample 
- HRes (NNLO+NNLL) 
- RaDISH (NNLL)+NNLOJET 
- SCETlib+MCMF8 (NNLO+NNLL’) 
- MG5_aMC@NLO (@N3LO), NLO for 
  0,1,2 additional jets

(*)

Total and differential measurements limited by statistics
More data and channels will further improve!
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Figure 2: Di�erential cross sections in the full phase space measured in the H ! �� (red upward triangle) and
H ! Z Z⇤ ! 4` (blue downward triangle) decay channels, as well as the combined measurement (black circle) for
Higgs boson transverse momentum pH

T (a), Higgs boson rapidity |yH | (b), number of jets Njets with pT > 30 GeV
(c), and the transverse momentum of the leading jet pj1

T (d). The first bin in the pj1
T distribution corresponds to the

0-jet bin in the Njets distribution, as indicated by the black vertical line. Di�erent SM predictions are overlayed,
their bands indicating the PDF uncertainties as well as uncertainties due to missing higher order corrections. The
dotted red line corresponds to the central value of the NNLOPS ggF prediction, scaled to the N3LO cross section.
The uncertainties due to higher order on the NNLOPS prediction are obtained as in Refs. [10, 11, 75]. For (c),
the M�������5_�MC@NLO prediction is scaled to the N3LO cross section. Predictions for the other production
processes XH are added to the ggF predictions, and also shown separately as a shaded area. For better visibility, all
bins are presented in the same size, independent of their numerical width.
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Production mode cross-sections in kinematic bins
1. Combined H→4l and H→γγ for |y(H)| < 2.5 in Higgs boson production  

categories: ggF, VBF, VH and ttH. bbH included in ggF while tHX in ttH 

2. Provided cross-sections and BF ratios 
=> common systematic uncertainties cancel 

3. Reduce model dependance by defining exclusive 
 kinematic regions targeting specific production modes: 

• categories based on Higgs and associated particles  
kinematic (bins of Njets, pTH/jet,..) 
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Figure 7: The fraction of signal events assigned to each reconstructed category (x axis and listed in Table 4) and
originating from a given region (listed in Table 1) of the stage-1 simplified template cross section framework
(y axis). The black lines separate the tt̄H and tH, VH leptonic, VH hadronic and VBF enriched, and untagged
categories, along with the simplified template cross-section regions they are most sensitive to. The color shows
the purity of the region per category.
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Figure 3: Cross sections for ggF, VBF, VH, and ttH normalized to the SM predictions and measured with the
assumption of SM branching fractions. The black error bars and pink and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The blue bands indicate the theoretical uncertainties
in the predictions.
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Higgs boson couplings measurement 
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Figure 11: Contours at 68% and 95% CL in the (F, V) plane.
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Figure 12: Contours at 68% and 95% CL in the (�, g) plane.

Higgs boson, but this parameter is not determined directly. The results are summarized in Table 10 and
shown in Figure 13. The correlations between the fitted coupling modifiers are summarized in Figure 14.
The four-dimensional compatibility with the SM prediction is pSM = 15%.

24

 Cross-sections results can be interpreted in the contest of the couplings framework:

ATLAS-CONF-2017-047

Coupling modifiers 
to vector bosons and fermions (kV, kf) 

or to loop contributions (kg, kγ)

Construct ratios to probe 
simultaneously kV, kf, kg, kγ and 

the Higgs boson width ΓH

example in ggF modekf kf kfkV

σ i ⋅B
f = σ i (

!
k ) ⋅Γ f (

!
k )

ΓH

couplings
 modifiers

 ργg= -64%

No significant deviation 
from SM prediction 

observed kgV = kgkV/kH, λVg = kV/Kg, 
λγV = kγ/kV, λfg = kf/kg  

JHEP03(2018)095
arXiv:1802.04146
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Figure 13: Best-fit values and uncertainties for gV , �Vg, ��V , and � f g. The black, pink, and yellow error bars show
the total, systematic, and statistical uncertainties, respectively.

(X
,Y

)
ρ

1−

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

1

gVκ Vgλ

Vγλ

fgλ

fgλ

Vγλ

Vgλ

gVκ

-0.12

-0.43

-0.48

1.00

0.14

-0.31

1.00

-0.05

1.00

1.00

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs
4l→ZZ*→H and γγ→H

 = 125.09 GeVHm

Figure 14: Correlation matrix for the fitted values of the coupling modifiers (see Table 10).
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Higgs boson mass measurement ATLAS-CONF-2017-046
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• Higgs boson mass measured in H→ZZ*→4ℓ/H→γγ channels, profiting from the fully 
reconstructed narrow peak over a smooth background: 

• H→4  per-event measurement with 
fit in BDT bins to further distinguish signal against ZZ*. 
Statistically limited channel 

• H→γγ fit to mγγ distribution modelled with a double-sided 
Crystal-ball function 

• Same categories as in cross-section measurement 
• Channel dominated by systematic uncertainty on  

photon energy scale
Combined mass result

H4l mass variation per channel

Hγγ mass variation for different categories 
 (barrel/endcap or converted/uncoverted)

In agreement and with a similar precision
to the ATLAS+CMS Run-I combination:

mH = 125.09 ± 0.24 GeV

With such procedure, the measured value of mH is found to be

mZZ⇤
H = 124.88 ± 0.37 (stat) ± 0.05 (syst) GeV = 124.88 ± 0.37 GeV,

as evaluated from the per-event method. The total uncertainty is in agreement with the expectation of
±0.35 GeV and is dominated by the statistical component. The variance of the expected uncertainty was
estimated to be 60 MeV. The total systematic uncertainty is 47 MeV, with the leading sources being
the muon momentum scale (40 MeV), the electron energy scale (20 MeV), the background modelling
(10 MeV) and the simulation statistics (8 MeV), as summarized in Table 3.

Table 3: Leading sources of systematic uncertainty on mH in the H ! Z Z⇤ ! 4` channel.

Systematic e�ect Uncertainty on mZZ⇤
H [MeV]

Muon momentum scale 40
Electron energy scale 20
Background modelling 10
Simulation statistics 8

The combined measured value of mH is found to be compatible with the value measured independently
for each channel with deviations ranging from about 0.6 � for the 4µ channel to about 1.3 � for the 2µ2e
channel, as shown in Figure 6 (b).
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Figure 6: (a) Value of �2 ln⇤ as a function of mH for the combined fit to all H ! Z Z⇤ ! 4` categories. (b)
Observed di�erences between the combined mH value in the H ! Z Z⇤ ! 4` channel from the per-event method
and that of each final state obtained independently. Error bars correspond to the total uncertainties.

15

to derive them. No significant deviations from the pre-fit input values of the most significant nuisance
parameters are observed after the fit.

The di�erence between the masses measured in the H ! Z Z⇤ ! 4` and H ! �� channels, obtained
using a dedicated test statistic and the asymptotic approximation, is measured to be

�mH = 0.23 ± 0.42 (stat) ± 0.36 (syst) GeV = 0.23 ± 0.55 GeV.

The combined mass measured is in excellent agreement with, and has similar precision to, the value that
was measured with a combined fit to the ATLAS and CMS Run 1 data [6]:

mH = 125.09 ± 0.21 (stat) ± 0.11 (syst) GeV = 125.09 ± 0.24 GeV

The results from each of the individual channels and their combination, along with the LHC Run 1 result,
are summarized in Figure 12.

 [GeV]
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Total Stat. Syst.
 PreliminaryATLAS

-1 = 13 TeV, 36.1 fbs

��Total      Stat.   Syst.

Combined  0.21) GeV± 0.19 ± 0.28 ( ±124.98 

γγ→H  0.36) GeV± 0.21 ± 0.42 ( ±125.11 

l4→ZZ*→H  0.05) GeV± 0.37 ± 0.37 ( ±124.88 

LHC Run 1  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

Figure 12: Summary of the Higgs boson mass measurements from the individual and combined analyses performed
here, compared to the combined Run 1 measurement by ATLAS and CMS [6]. The systematic (magenta-shaded
bands), statistical (yellow-shaded bands), and total (black error bars) uncertainties are indicated. The (red) vertical
line and corresponding (gray) shaded column indicate the central value and the total uncertainty of the combined
measurement, respectively.

9 Conclusion

A measurement of the mass of the Higgs boson, improved with respect to the previous one obtained with
ATLAS Run 1 data, has been derived from a combined fit to the invariant mass spectra of the decay channels
H ! Z Z⇤ ! 4` and H ! ��. The results use the pp collision data sample recorded by the ATLAS
experiment at the CERN Large Hadron Collider at a centre-of-mass energy of

p
s=13 TeV, corresponding

to an integrated luminosity of 36.1 fb�1. The measurements are based on the latest calibrations for muons,

28
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Other Higgs boson properties
Width

Spin/CP

• SM predicts ΓH ~ 4 MeV → too low to be measured at LHC  
                                                    (resolution ~1-2 GeV) 

• Indirect constraint on ΓH by studying off-shell Higgs boson production 
in diboson final states: 

- when mVV >> mH, the cross-section doesn’t depend on ΓH 
- by assuming same on-shell and off-shell couplings:

Run-I WW*/ZZ* 
20.3 fb-1 result

Eur. Phys. J. C (2015) 75:335

Run-I: Eur. Phys. J. C75 (2015) 476
Run-II: arXiv:1802.04146, JHEP03(2018)095

• Spin and Parity of the Higgs boson measured in WW*/ZZ* final states using Run-I 7 TeV and 8 
TeV data (~25 fb-1). SM Higgs boson hypothesis, JP = 0+, tested against alternative spin scenarios, 
which were excluded at 99.9% CL. 

• In Run-II Higgs boson spin-CP tested, e.g. in γγ decays, with angle 
distributions of photons and jets sensitive to these properties 

µoff −shell = µon−shell ⋅ΓH /ΓH ,SM

the drop is  
compatible with  
a scalar particle

All measurements compatible with a SM Higgs boson
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Figure 28: The di�erential cross sections for pp ! H ! �� as a function of (a) | cos ✓⇤ | and (b) �� j j are
shown and compared to the SM expectations. The data and theoretical predictions are presented in the same
way as in Figure 26. In addition, the SCET���+MCFM8 prediction and the S����� (M���@N��) and G�S��
predictions, described in the text, are displayed in (a) and (b), respectively.

The di�erential cross sections for pp ! H ! �� as a function of |�yj j |, |����, j j |, and mj j are
shown for events with at least two jets with pT > 30 GeV in Figure 29. These variables are used to
discriminate between gluon–gluon fusion and the VBF production of the Higgs boson and enter the
multivariate classifier introduced in Section 8.1.4 that defines the categories used for the simplified
template cross-section and coupling measurements. The measured distributions are in agreement to
the default MC, S����� (M���@N��), and the G�S�� predictions. The accuracy of the fixed-order
parton-level prediction from G�S�� breaks down in the lowest bin of ⇡ � |����, j j | and the measured
cross section moderately exceeds the SM predictions at high mj j values.

9.5.5 Double-di�erential cross sections

The double-di�erential cross section for pp ! H ! �� as a function of p��T and Njets, for jets with
pT > 30 GeV, and p��T and | cos ✓⇤ | are shown in Figure 30. These cross sections are sensitive to the
modeling of the Higgs boson kinematic, its production mechanisms, and its spin-CP properties. Both
double-di�erential cross sections are in agreement with the Standard Model expectation.

9.5.6 Impact of systematic uncertainties on results

A summary of the uncertainties in the measured cross sections of the fiducial regions are shown in
Table 16. As an example concerning the di�erential measurements, a breakdown of the systematic
uncertainties in the di�erential cross sections as a function of p��T and Njets is shown in Figure 31.
The measurements are dominated by the statistical uncertainties. For the systematic uncertainties,
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Remarks and Conclusions
✦ A summary of the first set of ATLAS Run-II Higgs boson properties measurements 

has been presented  
✦ Precision of cross-section measurements ~2 times better than with Run-I dataset 
✦ Overall, a remarkable good agreement with SM predictions observed 

✦ Most of the measurements limited by statistics: 
✦ So far analysed ~36 fb-1 →~45 fb-1 still in the pipeline ready to be used 
✦ And more data expected in the last year of LHC Run-2 data-taking 

Stay tuned for the sequel  
of the Higgs characterisation saga!
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Backup
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H→WW*→evμv - Analysis ATLAS-CONF-2018-004

Analysis strategy 
• Signature: two prompt isolated leptons and missing momentum 

• Events split in 3 Signal Regions on Njets(*): 

- Njet = 0 and Njet = 1 (ggF dominated)
- Spin 0 Higgs → leptons close together  

         Δφℓℓ < 1.8 and mℓℓ < 55 GeV 
- mT used as discriminant 

- Njet ≥ 2 (VBF dominated)
- BDT used as discriminant 

- mjj and Δyjj highest ranking (2 recoiling, well-separated jets) 

• b-jet veto in all categories to reduce ttbar (σ13 TeV/σ8 TeV ≈ 3.3) 

Signal fraction at best 14%

Backgrounds estimation
• Irreducible background normalised from Data control samples: 

• non-resonant WW  (from Njets <=1 high mℓℓ events) 
• ttbar (b-tag requirement) 
• Z→ττ (mττ or Δφℓℓ inverted) 

• Mis-identified leptons from data
with lepton failing ID/isolation 

• large uncertainties but  
on a ~10% background 

• Other minor backgrounds from simulation

(*) complete event selection table in backup

 [GeV]jjm
0 500 1000 1500 2000 2500 3000 3500 4000

Ev
en

ts
/2

00
 G

eV

1−10

1

10

210

310

410

510
Data VBFH

ggFH /Wttt

WW *γZ/

Mis-Id VV

Uncertainty 30×VBFH

ATLAS Preliminary

 -1 = 13 TeV, 36.1 fbs

 2 VBF≥  jetN, νµνe→WW*→H

50 100 150 200 250
 [GeV]Tm

0

200

400

600

800

1000

1200

1400

Ev
en

ts
 / 

10
 G

eV  Data
 Uncertainty
WW 
VV 

 Mis-Id
*γZ/ 

/Wttt 
 Higgs

ATLAS Preliminary
 = 0jetN, νµνe→WW*→H

-1 = 13 TeV, 36.1 fbs

50 100 150 200 250
 [GeV]Tm

0
50

100
150
200
250
300
350
400
450
500

Ev
en

ts
 / 

15
 G

eV  Data
 Uncertainty
WW 
VV 

 Mis-Id
*γZ/ 

/Wttt 
 Higgs

ATLAS Preliminary
 = 0jetN, νµνe→WW*→H

-1 = 13 TeV, 36.1 fbs

40 60 80 100 120 140 160 180
 [GeV]Tm

0
2000
4000
6000
8000

10000
12000
14000
16000
18000

Ev
en

ts
 / 

10
 G

eV  Data
 Uncertainty
WW 
VV 

 Mis-Id
*γZ/ 

/Wttt 
 Higgs

ATLAS Preliminary
 = 0jetN, νµνe→WW*→H

-1 = 13 TeV, 36.1 fbs
WW  

0jet CR
ttbar  

0jet CR
Z/γ*  

0jet CR



DIS2018,  Kobe 16-20 Apr 2018 M. Trovatelli 18

H→WW*→evμv - Results
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• Simultaneous SRs and CR max likelihood fit 
• 16 fits regions defined for Njets = 0/1: 

•  4 BDT bins for VBF enriched category 
• S(VBF)/B ~0.6 in the last bin 

⇒ extract both ggF and VBF cross-sections 
• Other production/decays modes fixed to SM 

Njets ≤ 1

Njets = 0 Njets = 1
Njets ≥ 2

Data 
residuals

[2 ×mℓℓ ] i [2 × pT
sub−leading ] i [eµ / µe]

(*) all plots are post-fit

(*)

- Different  bkg composition
- Enhance sensitivity

VBF: 1.9σ (exp. 2.7σ)ggF: 6.3σ (exp. 5.2σ)
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H→WW*→evμv - Results
Signal strength and cross-section results: 68% and 95% CL contours 

1σ compatible  
with SM predictions

Run-2 Run-1

Significant uncertainties from Theory: 
• ~5% on σ(ggF) due to WW background modelling 
• 15% on σ(VBF) due to QCD scale on ggF in VBF phase space 

   
   Limited MC statistics important especially in VBF  
   σ(ggF) dominated by systematics (exp~theo)

Source
��ggF

�ggF
[%] ��VBF

�VBF
[%]

Data statistics ±8 ±46
CR statistics ±8 ±9
MC statistics ±5 ±23
Theoretical uncertainties ±8 ±21

ggF signal ±5 ±15
VBF signal <1 ±15
WW ±5 ±12
Top-quark ±4 ±4

Experimental uncertainties ±9 ±8
b-tagging ±5 ±6
Pile-up ±5 ±2
Jet ±3 ±4
Electron ±3 <1
Misidentified leptons ±5 ±9

Luminosity ±2 ±3
TOTAL ±17 ±59

Uncertainties on the cross-sections measurement:

µggF = 1.02−0.26
+0.29

µVBF = 1.27−0.45
+0.53

ggF: Precision improved by 36%
VBF: Limited due higher pile-up ⇒ higher bkg
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Systematic uncertainties on WW*→evμv result
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Run1/Run2 comparison for WW*→evμv result
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Leptons and jets

Muons: pT > 5 GeV, |⌘| < 2.7
Electrons: pT > 7 GeV, |⌘| < 2.47
Jets: pT > 30 GeV, |y| < 4.4
Jet-lepton overlap removal: �R(jet, `) > 0.1 (0.2) for muons (electrons)

Lepton selection and pairing

Lepton kinematics: pT > 20, 15, 10 GeV
Leading pair (m12): SFOS lepton pair with smallest |mZ �m``|
Subleading pair (m34): remaining SFOS lepton pair with smallest |mZ �m``|

Event selection (at most one quadruplet per channel)

Mass requirements: 50 < m12 < 106 GeV and 12 < m34 < 115 GeV
Lepton separation: �R(`i, `j) > 0.1 (0.2) for same- (di↵erent-) flavour leptons
J/ veto: m(`i, `j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 GeV < m4` < 130 GeV

Fiducial phase space definition

H→ZZ*→4  inclusive and differential cross-section

Fiducial xsections  
are defined at the particle level 

==> correct the number of reconstructed events by 
the difference in acceptance between detector-level and particle level

-  Experimental and particle level selection as similar as possible to minimise theory uncertainties 
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H→ZZ*→4  inclusive and differential cross-section

Final state SM Higgs ZZ⇤ Z + jets, tt̄ Expected Observed
WZ, ttV , V V V

4µ 20.1± 2.1 9.8± 0.5 1.3± 0.3 31.2± 2.2 33
4e 10.6± 1.2 4.4± 0.4 1.3± 0.2 16.3± 1.3 16

2e2µ 14.2± 1.4 7.1± 0.4 1.0± 0.2 22.3± 1.5 32
2µ2e 10.8± 1.2 4.6± 0.4 1.4± 0.2 16.8± 1.3 21
Total 56± 6 25.9± 1.5 5.0± 0.6 87± 6 102

SR event yields

Cross section Data (± (stat) ± (sys) ) LHCXSWG prediction p-value [%]
�4µ

[fb] 0.92 +0.25
�0.23

+0.07
�0.05 0.880 ± 0.039 88

�4e

[fb] 0.67 +0.28
�0.23

+0.08
�0.06 0.688 ± 0.031 96

�2µ2e

[fb] 0.84 +0.28
�0.24

+0.09
�0.06 0.625 ± 0.028 39

�2e2µ

[fb] 1.18 +0.30
�0.26

+0.07
�0.05 0.717 ± 0.032 7

�4µ+4e

[fb] 1.59 +0.37
�0.33

+0.12
�0.10 1.57 ± 0.07 65

�2µ2e+2e2µ

[fb] 2.02 +0.40
�0.36

+0.14
�0.11 1.34 ± 0.06 6

�
sum

[fb] 3.61 +0.54
�0.50

+0.26
�0.21 2.91 ± 0.13 19

�
comb

[fb] 3.62 +0.53
�0.50

+0.25
�0.20 2.91 ± 0.13 18

�
tot

[pb] 69 +10
�9 ±5 55.6 ± 2.5 19

Exclusive, Inclusive and Total cross-section

Observable Stat Systematic Dominant systematic components [%]
unc. [%] unc. [%] e jets µ ZZ⇤ theo Model Z + jets + tt̄ Lumi

�
comb

14 7 3 < 0.5 3 2 0.8 0.8 4
d�/dpT,4`

30 � 150 3 � 11 1 � 4 < 0.5 1 � 3 0 � 7 0 � 6 1 � 6 3 � 5
@�/@pT,4`

(0j) 31 � 52 10� 18 2 � 5 3 � 16 1 � 4 3 � 8 1 2 � 3 3 � 5
@�/@pT,4`

(1j) 35 � 15 6 � 30 1 � 4 2 � 29 1 � 3 1 � 4 1 � 11 1 � 2 3 � 5
@�/@pT,4`

(2j) 30 � 41 5 � 21 1 � 3 2 � 19 1 � 3 1 � 5 1 � 7 1 � 2 3 � 5
d�/d|y4`

| 29 � 120 5 � 8 2 � 4 < 0.5 2 � 3 1 � 2 0 � 1 1 � 1 3 � 5
d�/d| cos ✓⇤| 31 � 100 5 � 8 2 � 4 < 0.5 2 � 3 1 � 2 0 � 2 1 � 4 3 � 5
d�/dm34 26 � 53 4 � 13 2 � 5 < 0.5 1 � 5 1 � 6 0 � 1 1 � 3 3 � 5
@2�/ @m12 @m34 21 � 40 4 � 12 2 � 4 < 0.5 1 � 4 1 � 6 0 � 1 1 � 4 3 � 5
d�/dNjets 22 � 44 6 � 31 1 � 4 4 � 22 1 � 3 2 � 4 1 � 22 1 � 2 3 � 5

d�/dplead.jet
T 30 � 53 5 � 18 1 � 4 3 � 16 1 � 3 2 � 3 1 � 8 1 � 2 3 � 5

d�/d��jj 29 � 43 9 � 17 1 � 3 8 � 14 1 � 3 3 � 4 1 � 7 1 � 1 3 � 5
d�/dm

jj

23 � 100 9 � 27 1 � 4 8 � 24 1 � 4 3 � 8 1 � 7 0 � 3 3 � 5

Uncertainties breakdown
Higgs boson signal xsections normalised  
at LHCXS WG predictions: 
- for ggF, N3LO in QCD and NLO EW corrections applied 
- VBF is fully NLO (approximate NNLO QCD corrections 
- applied)
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H→ZZ*→4  inclusive and differential cross-section
Bin-by-bin correction factors for detector inefficiencies and reconstruction
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Correction factor

• For ggF,  NNLOPS sample used to derived the correction factor 

• correction factors agree within 15% for all production modes 
   except for ttH, due to the missing isolation requirement needed to identify leptons from 
   hadronic jets at particle level 

• Large uncertainty on the last bin of Njets due to exp jet reconstruction uncertainty mainly
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H→ZZ*→4  inclusive and differential cross-section
More differential distributions…
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XH processes have been added
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H→ZZ*→4  inclusive and differential cross-section

Run-I/Run-II comparison 

Run-I Run-II

More bins at high-pt and gain in statistical precision. 
Not enough sensitivity to different generators (yet)
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H→γγ inclusive and differential cross-section

Measured fiducial cross-sections
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H→γγ inclusive and differential cross-section
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Figure 29: The di�erential cross sections for pp ! H ! �� as a function of (a) |�yj j |, (b) ⇡� |����, j j |, and
(c) mj j are shown and compared to the SM expectations. The data and theoretical predictions are presented in
the same way as in Figure 26. In addition, the S����� (M���@N��) and G�S�� predictions are shown for all
three cross sections.
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More differential distributions…
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Total cross section - Channels combination
Acceptance factors
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Total cross section - Channels combination

Both H->γγ and H->4l observe 
an anti-correlation between  

ggF and VBF measurements
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Total cross section - Channels combination
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Production cross-sections in 4l channel
σ×B measured in several dedicated mutually exclusive regions of the phase space based on the 
production process. Production bins are chosen in such a way that the measurement precision is 
maximised and at the same time possible BSM contributions can be isolated. 
- simple fiducial region definitions for each Higgs production mode based on Higgs kinematics and 

associated particles → match experimental categories 

Advantage: cross-sections can be interpreted in terms of Higgs boson couplings, and theory 
uncertainties enter only at that stage

Two sets 
of production bins considered: 

Stage 0 (more inclusive ==> smaller 
statistical uncertainty)  

and Reduced Stage 1(*) 
(smaller theoretical uncertainties)

- e.g. exclusive jet bins and pTH 

(*) too fine granularity for 
precise measurements in all 
STXS Stage-1 bins =>  
merge some categories 
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H→4l  Stage-0 production  
cross-section measurements

Combination of Stage-0 production  
cross-section measurements: 

Correlation matrix

ggF and VBF anti-correlated since VBF category 
 has large contribution from ggF production
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Towards Stage-1 Template XS measurement:  
9 categories

Stage-1 and bins merging 
 for intermediate Stage-1 ATLAS  

measurements  
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Production cross-sections in γγ channel
The events satisfying the diphoton selection classified into 31 exclusive categories that are optimized 
for the best separation of the Higgs boson production processes and for the maximum sensitivity to 
the phase space regions defined by the stage 1 of the simplified template cross-section framework. A 
combined fit to the event reconstruction categories is then performed to determine nine simplified 
template cross sections (with |yH|< 2.5).

Fraction of Signal Process / Category
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ggH 0J CEN
ggH 0J FWD
ggH 1J LOW
ggH 1J MED
ggH 1J HIGH
ggH 1J BSM
ggH 2J LOW
ggH 2J MED
ggH 2J HIGH
ggH 2J BSM

Hjj
TVBF loose, low p

Hjj
TVBF tight, low p

Hjj
TVBF loose, high p

Hjj
TVBF tight, high p

VH had loose

VH had tight
jet BSM

VH MET LOW
VH MET HIGH

VH lep LOW
VH lep HIGH

VH dilep
tH had 4j2b
tH had 4j1b

ttH had BDT4
ttH had BDT3
ttH had BDT2
ttH had BDT1

ttH lep
tH lep 1fwd
tH lep 0fwd

ATLAS Simulation  GeV = 125.09
H

,  mγγ→H

ggH VBF WH ZH ggZH ttH bbH tHq tHW

Figure 8: The expected composition of the selected Higgs boson events, in terms of the di�erent production
modes, for each reconstructed category.

37

No sensitivity to all the 
31 categories 

==>  
merge categories 

and fit in only 10/31 
final categories
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Production cross-sections in γγ channel

68% and 95% CL  2D counters VBF vs ggF 
top and VH profiled in the fit

bbH merged to ggH

Measurements agree with SM predictions 
within 2σ

In general, all main production modes  
can be probed in diboson decays
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σ (i→ H → f ) = ki
2σ i

SM k f
2Γ f

SM

kH
2 ΓH

SM

Higgs boson couplings
The Higgs boson couplings to heavy SM vector bosons (W and Z) and gluons are studied by measuring the
cross sections for different production modes. The reconstructed Higgs boson candidate events are classified into 
different categories.
The categories are defined to be sensitive to different Higgs boson production modes, which in turn
also provides sensitivity to the BSM contributions
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BMS searches https://arxiv.org/abs/1504.04018

The differential fiducial cross sections can be interpreted in the context of searches for physics beyond the SM. 
Limits are set on modified Higgs boson interactions within the framework of pseudo-observables. 
The couplings related to the contact interaction of the Higgs boson decay are considered, εL, εR, which modify, in 
a flavour-universal way, the contact terms between the Higgs boson, the Z boson, and left- or right-handed 
leptons. 
These contact terms only affect the dilepton invariant mass (not the lepton angular distribution) ==> The 
difference in 𝜒2 between the measured and predicted cross sections in the m12 vs m34 observable plane is 
therefore used to constrain the possible contributions from contact interactions.

modifies the coupling between  
the Higgs boson and the Z boson

no significant deviation is observed

https://arxiv.org/abs/1504.04018
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Higgs boson mass - 4l channel
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Final state Signal (125 GeV ) ZZ⇤ Z + jets, tt̄, WZ, ttV ,V V V Expected Observed
4µ 20.6± 1.7 15.9± 1.2 2.0± 0.4 38.5± 2.1 38
2e2µ 14.6± 1.1 11.2± 0.8 1.6± 0.4 27.5± 1.4 34
2µ2e 11.2± 1.0 7.4± 0.7 2.2± 0.4 20.8± 1.3 26
4e 11.1± 1.1 7.1± 0.7 2.1± 0.4 20.3± 1.3 24

Total 57± 5 41.6± 3.2 8.0± 1.0 107± 6 122

Systematic e↵ect Uncertainty on mZZ⇤

H [MeV]

Muon momentum scale 40

Electron energy scale 20

Background modelling 10

Simulation statistics 8

Measured signal distribution as a convolution 
 of the BW and a response function F

From simulation, using the lepton energy response functions 
 (electron/muon and per detector region)

Depends on the lepton kinematics 
==> the response functions combination for the  

4l mass vary event-by-event

σ(mass) ~ resolution 
==> Z1 (leading pair) mass constraint   

==> +15% improvement on m4l resolution
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Higgs boson mass - γγ channel
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Source Systematic uncertainty on m��
H [MeV]

LAr cell non-linearity ±200

LAr layer calibration ±190

Non-ID material ±120

Lateral shower shape ±110

ID material ±110

Conversion reconstruction ±50

Z ! ee calibration ±50

Background model ±50

Primary vertex e↵ect on mass scale ±40

Resolution

+20
�30

Signal model ±20

Systematic uncertainties breakdown
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Anomalous couplings in EFT approach
The tensor structure of the Higgs boson couplings is studied, probing for admixtures of CP-even and 
CP-odd interactions in theories beyond the SM (BSM). 
Use Effective Field Theory to search for deviations in the Higgs Lagrangian:

reconstructed VBF-enriched event categories, the best-fit values for the coupling parameters Agg, HVV

and AVV di�er from zero and deviate from the SM expectation at the level of 1.8�, 2.3� and 1.4�,
respectively. If the coupling parameter SM of the SM interaction is left free in the fit, the expected limits
on the BSM HVV and AVV couplings decrease by up to 10%. The observed deviation from the SM
hypothesis decreases to below 2� (1�) for the BSM HVV (AVV) coupling, since the observed excess of
events is at least partially absorbed by a 20% increase of the SM coupling parameter SM. The best-fit
HVV and AVV values decrease correspondingly. Due to the mentioned interference e�ects for CP-even
couplings, the expected yields decrease more steeply with decreasing HVV , so that the increasing SM
value cannot fully compensate for the observed excess. The best-fit HVV value therefore decreases less
than the best-fit AVV value compared to the fit configuration with SM = 1.

The CP-even and CP-odd BSM couplings to heavy vector bosons are also probed simultaneously in a
two-dimensional contour analysis of the negative log-likelihood. The results are shown in Figure 10 and
summarized in Table 11.
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Figure 10: Observed (black) and SM expected (blue) contours of the two-dimensional negative log-likelihood at
95% CL for the HVV and AVV coupling parameters with 36.1 fb�1 of data at

p
s = 13 TeV. The coupling Hgg is

fixed to the SM value of one in the fit. The coupling SM is (a) fixed to the SM value of one or (b) left as a free
parameter of the fit (b).

Table 11: The best-fit coupling values and corresponding deviation from the SM expectation, as obtained from the
two-dimensional HVV – AVV negative log-likelihood scans performed with 36.1 fb�1 of data at

p
s = 13 TeV.

Fit configuration Best-fit ̂HVV Best-fit ̂AVV Best-fit ̂SM Deviation from SM
Hgg = 1, SM = 1 2.9 ±0.5 - 1.9�
Hgg = 1, SM free 2.1 ±0.3 1.7 1.2�

The best-fit value ̂HVV obtained from the two-dimensional scan is similar to the one obtained in the

32

LEFT = LSM + fi
Λ2

i
∑ Oi

The CP-even and CP-odd BSM couplings  
to heavy vector bosons are  
also probed simultaneously

EFT assume BSM particles  
above the cut-off Λ (=1TeV). 

Introduce additional operators to the lagrangian
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Spin/CP testing in γγ decays


