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ATLAS Experiment
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– ATLAS Detector collected ~ 140 fb-1 good for physics data during Run II 
working very successfully in a high pile-up environment  
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Higgs Boson Production-Decays-Bkgs

The decay 𝑯 → 𝒁𝒁(∗) → 𝟒ℓ (ℓ: e or μ) is the “golden” channel 
for Higgs boson studies, due to:

High signal-to-background ratio 
Ability to completely reconstruct the final state

Higgs Boson production
Gluon fusion
Vector boson fusion
Associated production W/𝑍
Associated production  𝑡 ҧ𝑡

Higgs Boson Decays
𝛾𝛾
𝑊+𝑊− / 𝑍𝑍
𝑓 ҧ𝑓

𝑯 → 𝟒ℓ
Non-resonant ZZ bkgs
qq → 𝑍𝑍
𝑔𝑔 → 𝑍𝑍
𝑉𝑉𝑉
𝑡 ҧ𝑡 + 𝑉

𝑯 → 𝟒ℓ
Reducible bkgs
𝑍 + 𝐽𝑒𝑡𝑠
𝑡 ҧ𝑡
𝑊𝑍



𝟒l Event Selection
Event Selection Summary
- 2 pairs of leptons (dileptons) with invariant masses, flavor and 

charge compatible with the decayed ZZ* assumption
- Isolated (to reject leptons inside Jets)
- Small impact parameter significance
- Coming from the same vertex (to reject leptons from heavy 

flavor Jets)
- Best quadruplet according to Matrix Element 
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‒ Leptons are crucial to some of the most important 
physics analyses

‒ Very high efficiency for both e and μ

‒ 3 different working points (loose, medium, tight)

‒ Use loose identification criteria for the leptons of 
our analysis e ( ~ 90%) and μ (~ 99%) efficiencies

arXiv:1908.00005v1 ATL-COM-PHYS-2018-1624 

A
TL

A
S-

C
O

N
F-

2
0

1
9

-0
2

5



Background Data Driven Estimation
‒ The bkg is estimated in a Data Driven way in order to avoid the theoretical and simulation uncertainties.

‒ The properties of the reducible bkg are determined mainly by the subleading dilepton.

‒ So it is separated to :
- ll μμ, mostly Heavy Flavor jets produced in association with a Z boson or in 𝒕 ҧ𝒕 decays. Minor Z+LF jets contribution.
- ll ee, mainly coming from light-flavor jets mis-identified as electrons (f) and Photon conversions or FSR (γ). Lower

contribution from HF jets.

‒ Inverting/changing some selection criteria, special Control Regions (CRs) with high bkg purity are constructed, suitable for
the bkg estimation.

‒ CRs are fitted and the yields are extrapolated to the Signal Region (SR).

‒ The irreducible bkg (ZZ*) is also estimated in a data driven way.

‒ Consists of mainly of qq->ZZ and minor contributions from gg->ZZ, qq->ZZjj.

‒ Estimated in the final fit including both the Signal Region and the side bands
6



2 types of Cross Sections Measurements

𝝈𝒇𝒊𝒅 = 𝝈 ∙ 𝑨 ∙ 𝑩𝑹(𝑯 → 𝟒𝒍) =
𝜨𝒔

𝑪 ∙ 𝑳𝒊𝒏𝒕

𝑁𝑠 ∶ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑔𝑛𝑎𝑙 𝑒𝑣𝑒𝑛𝑡𝑠

𝐴 =
𝑁𝑓𝑖𝑑

𝑁𝑡𝑟𝑢𝑡ℎ
∶ 𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 𝐴𝑐𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒

𝐶 =
𝑁𝑟𝑒𝑐

𝑁𝑓𝑖𝑑
∶ Detector Efficiency 

𝐵𝑅 ∶ 𝐵𝑟𝑎𝑛𝑐ℎ𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜

𝐿𝑖𝑛𝑡 ∶ 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐿𝑢𝑚𝑖𝑛𝑜𝑠𝑖𝑡𝑦

– Cross Sections are measured in the fiducial phase space which closely 
follow the kinematic and event selection criteria

– No assumption is made for production mode (model independent)

– Results are extrapolated to the full phase space to be combined with the 
rest the Higgs boson decay channels

– Differential distributions are also measured
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– Cross sections are also measured according to the production modes within the theory defined phase-space

– Measurements are performed using a simplified template (STXS), targeting sensitivity to the different couplings.

𝝈𝒑𝒎 = 𝝈 ∙ 𝑩𝑹(𝑯 → 𝒁𝒁) =
𝜨𝒔

𝑨 ∙ 𝑪 ∙ 𝑳𝒊𝒏𝒕 ∙ 𝑩𝑹(𝒁𝒁 → 𝟒𝒍)

The Cross Sections can be used to test SM predictions and constrain beyond SM effects 
(Yukawa couplings, Higher Order QCD corrections sensitivity, new physics via EFT, etc)
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Systematic Uncertainties
Experimental uncertainties 
– Luminosity
– Electron/muon reconstruction and 

identification efficiencies and pile-up 
modelling

– Jet energy scale/resolution and b-tagging 
efficiencies 

– Uncertainties on reducible background

Theoretical uncertainties 
– Theoretical uncertainties on ZZ and 

tXX background 
– Theoretical uncertainties on signal : 

Parton Density Function  
QCD scale 
Showering algorithm

– Uncertainties on Signal composition

The uncertainties affect 
– Signal acceptance
– Physics object reconstruction 

and identification efficiency
– Selection efficiency
– Response matrices
– NN discriminant distributions
– Background estimates

8



Fiducial and Total Cross Sections

– The cross sections are measured using a binned profile 
likelihood- ratio fit on m4l

– The likelihood function includes the shape and 
normalization uncertainties as nuisance parameters

– The cross sections are extrapolated to the total phase 
space and compared to the predictions of various event 
generators

ATLAS-CONF-2019-025
9

𝝈𝒇𝒊𝒅 = 𝟑. 𝟑𝟓 ± 𝟎. 𝟑𝟎 ± 𝟎. 𝟏𝟐 fb

𝝈𝒕𝒐𝒕 = 𝟓𝟒. 𝟕 ± 𝟒. 𝟗 ± 𝟐. 𝟑 pb



Differential Cross Section 

– Measurement of a quantity by a real detector is effected by 3 
ways
Limited acceptance 
Finite resolution
Transformation (measure pT4l instead pTH)

– An unfolding method is needed to extract the information at 
truth level

– The detector response matrix allows to account for bin-to-bin 
migrations in the unfolding 

– It corresponds to the probability that an event generated within 
the fiducial volume in the observable bin j is reconstructed in 
the bin i.

– The response matrix is included in the likelihood fit in order to 
take into account all the migrations 

– Migrations are small compared to the statistical uncertainty

A
TL

A
S-

C
O

N
F-

2
0

1
9

-0
2

5

10



Differential Cross Sections
ATLAS-CONF-2019-025
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‒ Differential fiducial 
cross sections. 
Transverse 
Momentum and      
Νumber of jets 
produced in 
association with 
the Higgs boson 

‒ Fitted values of the 
ZZ normalization 
factors are also 
shown



– Each of them is sensitive to a different production 
mechanism or kinematic region

‒ The categories are chosen to 
Maximize measurement precision and
Probe possible Beyond Standard Model (BSM)  
contributions 

Production Modes
ATLAS-CONF-2019-025
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– Higgs events are classified into 12 categories using Njet and 
pT of Higgs or jets



– Neural Networks are introduced for the reconstructed categories to increase sensitivity 

– The NNs are trained on simulated SM Higgs boson signal and non-Higgs background or 
the other production processes

– The NNs have two or three output nodes depending on the category

– The NN discriminants are fitted to extract the signal contribution of each category

Production Modes NN

‒ The bin boundaries are chosen to 
maximize the significance of the 
targeted signal in each category
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Production Modes Cross Sections
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The observed and expected SM values of the production cross sections

ZZ and tXX backgrounds are allowed to float and constrained by the sidebands



Summary

‒ The ATLAS experiment collected ~ 140 fb-1 during Run II

‒ Inclusive, differential and production XSs were measured close to the theoretically predicted values

‒ For the inclusive 𝝈𝒇𝒊𝒅 = 𝟑. 𝟑𝟓 ± 𝟎. 𝟑𝟎 ± 𝟎. 𝟏𝟐 fb , 𝑺𝑴 𝒆𝒙𝒑𝒆𝒄𝒕𝒂𝒕𝒊𝒐𝒏 ∶ 𝟑. 𝟒𝟏 ± 𝟎. 𝟏𝟖 fb

– The differential XSs shapes are in agreement with the event generators expectation

– For the significant production modes ggF and VBF
ggF : 𝛔 ∙ 𝚩 𝚮 → 𝚭𝒁∗ = 𝟏. 𝟏𝟓 ± 𝟎. 𝟏𝟑 pb , 𝑺𝑴 𝒆𝒙𝒑𝒆𝒄𝒕𝒂𝒕𝒊𝒐𝒏 ∶ 𝟏. 𝟏𝟕 ± 𝟎. 𝟎𝟖 pb
VBF: 𝛔 ∙ 𝚩 𝚮 → 𝚭𝒁∗ = 𝟎. 𝟏𝟑 ± 𝟎. 𝟎𝟒 pb , 𝑺𝑴 𝒆𝒙𝒑𝒆𝒄𝒕𝒂𝒕𝒊𝒐𝒏 ∶ 𝟎. 𝟎𝟗𝟐𝟎 ± 𝟎. 𝟎𝟎𝟑𝟏 pb

‒ The uncertainties in all measurements are statistically dominated 
So we expect a considerably improved precision in Run III and even more with HL-LHC later on 
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Back up 
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Cross sections



Event Selection & Fiducial Phase Space

18



MC – Data Comparison
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Leptons can be produced by the semileptonic decays of heavy flavor 
hadrons

Muons can be produced by light flavor hadrons (π/Κ) in-flight decays

LF jets and γ can also produce fake electrons



ll μμ strategy 

Com/s : ZHF – ZLF – 𝑡 ҧ𝑡 ( & WZ )  

CRs   : Inverted d0 (HF enriched)
Inverted Iso (ZLF enriched)
Same Sign (ZLF enriched)
eμ (𝑡 ҧ𝑡 enriched)
Relax Iso d0 (intermediate region)

Fit : Simultaneous fit  (4 CRs) of m12

SR : Fractions from CRs to RR & Transfer  
factors. TFs are controlled with Z+μ 
sample

MC : WZ

Background Data Driven Estimation

ll ee strategy 

Com/s : f - γ ( & q )

CRs : 3l  + X 

Fit : Fit of NinnerPix

Template taken from Z+X  γ/f 
enriched samples

SR : Efficiency Scale Factors (function of 
njets and pT).  ESFs controlled with 
Z + X sample 

MC : q – controlled in a HF enriched 3l  
+ X region

ZZ strategy 

Com/s : qqZZ, ggZZ, qqZZjj, (ttV)

CRs : Signal Region Side bands 
(105-115 & 130-160 GeV)

Fit : Fit of m4l 
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tVV is also Data driven estimated 
for production XSs


