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H → ZZ∗ → 4` channel
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 4l→ ZZ* →H 
­113 TeV, 79.8 fb

Higgs boson decay under consideration

H → ZZ∗ → `+`−`′+`′− (`, `′ = e, µ).

σ(pp→ H → ZZ∗ → 4`)=1.33 pb.

Experimental signature

Two pairs of oppositely charged isolated

electrons or muons from a common vertex.

Mass of one lepton pair close to mZ .

Measurement of the Higgs boson mass

123 124 125 126 127 128
 [GeV]

H
m

Total Stat. onlyATLAS
        Total      (Stat. only)

 Run 1ATLAS + CMS  0.21) GeV± 0.24 ( ±125.09 

 CombinedRun 1+2  0.16) GeV± 0.24 ( ±124.97 

 CombinedRun 2  0.18) GeV± 0.27 ( ±124.86 

 CombinedRun 1  0.37) GeV± 0.41 ( ±125.38 

γγ→H Run 1+2  0.19) GeV± 0.35 ( ±125.32 

l4→H Run 1+2  0.30) GeV± 0.30 ( ±124.71 

γγ→H Run 2  0.21) GeV± 0.40 ( ±124.93 

l4→H Run 2  0.36) GeV± 0.37 ( ±124.79 

γγ→H Run 1  0.43) GeV± 0.51 ( ±126.02 

l4→H Run 1  0.52) GeV± 0.52 ( ±124.51 

­1 = 13 TeV, 36.1 fbs: Run 2, ­1 = 7­8 TeV, 25 fbs: Run 1

Most precise Higgs boson mass

measurement from H → 4`
channel.

Small error on mH totally

dominated thanks to excellent

lepton energy and momentum

calibration.
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Quantities for the study of Higgs boson properties

Higgs boson production modes

Gluon gluon fusion
“ggF”

(49 pb)

Vector boson fusion
“VBF”

(3.8 pb)

W/Z associate production
“VH”

(2.2 pb)

ttH production
“ttH”

(0.5 pb)

Transverse momentum of the Higgs boson pT,4`

Test perturbative QCD calculations like ISR in ggF.

Sensitivity to Langrangian structure of the Higgs boson interactions.

Number of jets in the final state Njets provide sensitivity to

theoretical modelling of gluon emission,

the fractions of the different production modes.

Analysis based on LHC run-II data from 2015-2017: (ATLAS-CONF-2018-018)∫
Ldt=79.8 fb−1,

√
s=13 TeV.
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Number of observed events grouped by final state

Final Signal ZZ∗ Other Total Observed
state background backgrounds expected
4µ 40.5± 1.7 19.0± 1.1 1.71± 0.10 61.2± 2.0 64

2e2µ 28.2± 1.2 13.3± 0.8 1.38± 0.10 42.8± 1.4 64
2µ2e 22.1± 1.4 9.2± 0.9 2.99± 0.09 34.3± 1.7 39
4e 21.1± 1.4 8.6± 0.8 2.90± 0.09 32.5± 1.6 28

Total 112± 5 50± 4 8.96± 0.12 171± 6 195
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µ 2e2→ ZZ* →H 
­113 TeV, 79.8 fb

Good agreement between the number of

expected and observed events.

Overall 14% excess of observed events

due to an upward fluctuations of

H → 2e2µ events.
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Fiducial cross sections

Cross section [fb] Data (± (stat.) ± (syst.) ) Standard Model prediction
σ4µ 0.97 ±0.17 ±0.05 0.886 ± 0.039
σ4e 0.61 ±0.21 ±0.07 0.886 ± 0.039
σ2µ2e 0.88 ±0.21 ±0.08 0.786 ± 0.035
σ2e2µ 1.37 ±0.22 ±0.07 0.786 ± 0.035

1.58 0 27 0 10 1.77 0.07
± ± ±

σtot [pb] 67.2 ±6.8 ±4.1 55.7 ± 2.5
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µ 2e2→ ZZ* →H 
­113 TeV, 79.8 fb

Good agreement between the number of

expected and observed events.

Overall 14% excess of observed events

due to an upward fluctuations of

H → 2e2µ events.

Dominant systematic uncertainty from

3% luminosity and ∼4-8% uncertainties

from pile-up (mainly affecting lepton

isolation).
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Differential fiducial cross sections

Transverse Higgs boson momentum Jet multiplicity
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Syst. uncertainties
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l 4→ ZZ* →H 

Data

Syst. uncertainties

 = 1.47, +XHKMG5 FxFx 

 = 1.1, +XHKNNLOPS 

XH = VBF+WH+ZH+ttH+bbH

 syst. uncertainty⊕Total stat. 

­value NNLOPS = 18%p

­value MG5 FxFx = 17%p

Data

Syst. uncertainties

 = 1.47, +XHKMG5 FxFx 
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XH = VBF+WH+ZH+ttH+bbH

 syst. uncertainty⊕Total stat. 
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No statistically significant deviations of the differential distribution

from the Standard Model predictions!
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Event categories

New

New

Cross sections measured in selected particle-level production bins
(simplified template cross section framework).

Bins are chosen to minimized theoretical uncertainty of the measurement
and provide sensitivity to BSM effects.
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Purities of the event categories at reconstruction level

Expected Composition
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ATLAS Simulation Preliminary

 4l→ ZZ* →H 
­113 TeV, 79.8 fb

Event categories not purely from a given production mode, e.g. only

∼30% of the events in the VBF enriched category from VBF events,

dominant contribution from ggF events.

⇒ Boosted decision trees used to improve the discrimination between the

categories.
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Input variables to the boosted decisions trees

Reconstructed event category BDT discriminant Input variables
0j-p4`

T -Low BDTggF p4`
T , η4`, DZZ∗

1j-p4`
T -Low BDT1j-p4`

T -Low
VBF pj

T, ηj , ∆R(j, 4`)

1j-p4`
T -Med BDT1j-p4`

T -Med
VBF pj

T, ηj , ∆R(j, 4`)
VBF-enriched-pj

T-Low BDTVBF mjj , ∆ηjj , pj1
T , pj2

T , η∗4`, ∆Rmin
jZ , p4`jj

T

VH -Had-enriched BDTV H-Had mjj , ∆ηjj , pj1
T , pj2

T , η∗4`, ∆Rmin
jZ , ηj1

ttH -Had-enriched BDTttH-Had
mjj , ∆ηjj , ∆Rmin

jZ , ∆R(j, 4`), η∗4`,

Emiss
T , pjj

T , Njets, Nb−jets, HT,Msig
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Examples of distributions of BDT scores
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 < 130 GeV
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115 < m

Mainly VBF events
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 4l→ ZZ* →H 
­113 TeV, 79.8 fb

 < 130 GeV
l4

115 < m

~50% VH events
ttH­HadBDT
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Mainly ttH events
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Systematic uncertainties on the cross sections

Experimental uncertainties [%] Theory uncertainties [%]
Measurement Lum. e, µ, Jets, flavour Reducible ZZ∗ Signal

[-0.5ex] pile-up tagging backgr. backgr. PDF QCD scale Parton Shower Composition
Fiducial cross section

2.8 4.3 < 0.1 0.3 1.6 0.6 0.5 0.4 0.1
Per decay channel fiducial cross sections

4µ 2.8 3.9 < 0.1 0.3 1.6 0.6 0.4 0.6 0.2
4e 2.8 9.0 < 0.1 1.0 1.6 0.6 0.8 0.5 0.1

2µ2e 2.7 8.6 < 0.1 0.9 1.5 0.6 0.7 0.5 0.1
2e2µ 2.8 3.6 < 0.1 0.4 1.8 0.6 0.7 0.5 0.2

Stage-0 production bin cross sections
ggF 2.9 3.9 1.3 0.7 2.3 0.4 2.1 0.7 -
VBF 1.7 1.5 10.5 0.5 2.3 2.3 9.5 5.1 -
VH 2.0 1.7 7.8 1.8 5.6 2.1 14.9 3.1 -
ttH 2.5 1.9 3.9 1.5 1.9 0.3 8.8 9.6 -

Dominant experimental uncertainties

Luminsosity uncertainty ∼3%.

Uncertainties from pile-up (mainly affecting lepton isolation) ∼4-8%.

Jet reconstruction and flavour tagging ∼5-10% for VBF, VH, ttH.

Dominant theoretical uncertainties

ZZ∗ cross section ∼2%.

QCD scale ∼10% for VBF, VH, ttH.
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Measured production cross sections
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SM
)B⋅σ/(B⋅σ

Inclusive

ttH

VH

VBF

ggF

 [fb]B⋅σ  [fb]
SM

)B⋅σ(

 175±1570  90±1330 

   (95% CL)
    < 70

 1.6− 
 1.1+ 15.4

 50±    50 
 4.7− 

 2.6+ 
52.4

 85±  250  2.8±91.7 

 185±1220  80±1170 

 ZZ*→H 
­1

13 TeV, 79.8 fb

| < 2.5
H

Stage 0 ­ |y

ATLAS Preliminary Expected SM

Observed: Stat + Sys

SM Prediction

Excellent agreement of the

measured cross sections for ggF

and VH production.

Almost 3 times larger measured

VBF cross section than predicted,

but only 1.8σ deviation.

No observed ttH event in the 4`
final state, but 95% CL limits in

agreement with the SM

prediction.
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A more detailed look at the measured cross sections
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   (95% CL)
    < 60
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 25±  20 
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16.5

 100±  20 
 3.3− 

 1.9+ 
35.9

 25±  30  0.2− 

 0.4+ 
  4.1/3
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13 TeV, 79.8 fb

| < 2.5
H

Reduced Stage 1 ­ |y

ATLAS Preliminary Expected SM

Observed: Stat + Sys

SM Prediction
Excellent agreement of the

measured cross sections in all ggF

and VH categories.

Deviation of the measured VBF

cross sections from the SM

prediction

at 1.6σ level for the low jet pT
category,
<1σ level for the high jet pT
category.

No statistically significant deviations from the Standard Model predictions!
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Likelihood contours

ggF vs VBF VBF vs VH
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Agreement between the measured and predicted cross sections at a level of

<2σ due to the observed excess of VBF events.
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Off-shell Higgs boson production

On-shell Higgs boson production: 118 GeV< m4` <129 GeV.

Off-shell Higgs boson production: 220 GeV< m4` <2000 GeV.

Motivation for studying off-shell production

µoff-shell =
σ
gg→H∗→ZZ
off-shell

σ
gg→H∗→ZZ
off-shell,SM

= κ2g,off-shell · κ2Z,off-shell, µon-shell =
σ
gg→H→ZZ
on-shell

σ
gg→H→ZZ
on-shell,SM

=
κ2
g,on-shell · κ2Z,on-shell

ΓH/Γ
SM
H

,

⇒ If κoff−shell = κon−shell then

µon−shell

µoff−shell
=

ΓH

ΓSM
H

.

⇒ Provides sensitivity to ΓH which is only 4.2 MeV in the SM and

inaccessible through the width of the Higgs peak in the m4` distribution.
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Limits on the Higgs boson’s width ΓH NEW!
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No significant excess over the ZZ and WZ background.

⇒ 95% CL limits on signal strength and ΓH :

µoff−shell <3.8 (3.4 expected),

ΓH <14.4 MeV (15.2 MeV expected).
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Summary

The properties of the Higgs boson have been studied with

H → ZZ∗ → 4` events of the run-II ATLAS data.

Accurate measurement of the Higgs boson mass with H → 4` events

with negligible systematic error: mH = (124.71± 0.30) GeV.

No deviations from the Standard Model have been found in the

differential cross sections dσ/dpT,4` and dσ/dNjets.

The measured cross sections for the dominant Higgs boson production

cross section are found to be in agreement with the Standard Model

prediction at a level of better than 2σ.

Maximum deviation: 1.9σ excess of VBF events.

⇒ Excellent overall agreement with the Standard Model predictions.

Constraint from off-shell Higgs boson production: ΓH <14.4 MeV.
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