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Standard Model measurements
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üStandard Model (SM) is extremely predictive theory since its inception, which successfully resists its 
falsification for about 50 years.

üOne of the principles of scientific method is: άNever stop verification and falsification of existing 
theoriesέ (Galileo).
SM measurements fully follow this principle and their two main goals are the following:
Á validate SM in new energy regime and improve precision of known SM parameters
Á test SM for new physics contributions (indirect search: anomalous couplings, etc), provide information about 

SM processes ςbackgrounds to direct new physics searches

Almost 200 SM papers were published by ATLAS since the start of LHC. Only few latest analyses are presented in these 
slides, more available:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

Selection of presented results, based on categories:
Á Electroweak Physics: W and Z bosons, VBF/VBS, Dibosons/¢ǊƛōƻǎƻƴǎΧ
Á Direct photons
Á Jet Physics
Á Soft QCD, Diffraction and Forward Physics

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
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LHC and ATLAS dataset
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Run1: 
2011:  ̄ s = 7 TeVς4.6 fb-1

2012:  ̄ s = 8 TeVς20.3 fb-1

Run2:
2015-2018:  ̄ s =13 TeVς139 fb-1
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ATLAS detector and data
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ALFA: elastic protons 
measurement
(forward physics)

AFP: diffractive 
protons 
measurement
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SM cross-sections summary
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SM test measurements reached the range of about 14 orders of magnitude: 
from pp and jets down to rare triboson and VBS processes.
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Electroweak physics: Single boson production
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Electroweak physics: Single boson production
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üBenchmarkprocess for fixed-ordercalculationsandpredictionsMC simulationsof 
perturbative QCD (pQCD)

üPrecision allows to study PDFs
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Z(ee) + jets @ 8 TeV
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Accepted byEPJC
Data: L=19.9 fb-1ҕ1.9%
MC signal: Sherpa NLO; Main bkgs: multijet, W+jet,    EWK+top.

ü MeasurementƻŦ ŘƻǳōƭŜ ŘƛŦŦŜǊŜƴǘƛŀƭ ˋΤ ŎƻƴǎǘǊŀƛƴǎ ƻƴ t5CǎΦ

Main systematicsare from signal modelling and JER+JES.

Data-driven           from MC sim.

NLO predictions are lower than data, but
NNLO calculations compensate differences in most of bins

Check of the PDF sets: all deviations (in NNLO case) covered 
by theoretical uncertainties.

https://arxiv.org/abs/1907.06728
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W/Z + jets @ 2.76 TeV
Submittedto EPJC

Data: L=4.0pb-1ҕоΦм҈ όƭƻǿ ҡύ[ŜǇǘƻƴƛŎ ŘŜŎŀȅ ƳƻŘŜǎ ǳǎŜŘΣ ǿƘŜǊŜ ƭŜǇǘƻƴҐŜκҡ
MC signal: Powheg-Box+Pythia8 NLO; Main bkgs: EWK+top,  multijet (for Wjets)

ü Measurement of fiducial and total cross-
sections at new collision energy point

üMeasurementof cross-sections ratios and 
constrains on PDFs

Main uncertaintiesare from statistics, lepton reco+IDand multijet bkg(for Wjets).

MC sim.        Data-driven(template fit)

Agreement within errors with NNLO QCD calculations.

All PDFsare in agreementwith data
within errors.

Thereisa slighttensionbetween
the dataandthe predictionusingthe ABMP16 PDF set.

https://arxiv.org/abs/1907.03567
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Electroweak physics: VBF/VBS production
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VBF/VBS production
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Why to measure?
üThe rarest available SM processes: extremely sensitive tool to test SM predictions and 

search for the anomalous couplings
üVBS processes are irreducible backgrounds for the VBF Higgs boson production

Features:
üDue to backgrounds difficult to model, specific background enriched control regions (CRs) 

are used as a constraint
ü Instead of a simple counting experiment to determine the signal cross section, a 

simultaneous fit is performed in bins of SR(s) and CR(s)
üMachine learning techniques are used to combine the sensitivity of many observables, 

sensitive to the difference between VBF/VBS signal and QCD background (+other 
backgrounds)

üVBF processes are sensitive to triple and VBS ςto quartic 
anomalous gauge boson couplings (aTGCs/aQGCs), which are 
realized by EFT formalism:

where Oi and Oj are dimension-6 or dimension-8 operators, ciςŎƻŜŦŦƛŎƛŜƴǘǎΣ ɽ ƛǎ ǘƘŜ ƴŜǿ ǇƘȅǎƛŎǎ ǎŎŀƭŜΦ
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Observation of EWK ZZ@ 13 TeV
ATLAS-CONF-2019-033

Data: L=139 fb-1ҕ1.7% 4l and 2l2˄ ƳƻŘŜǎ ǿŜǊŜ ǳǎŜŘΣ ǿƘŜǊŜ ƭŜǇǘƻƴҐŜκҡ
MC signal: MG5+Pythia8 LO;  Main bkgs: QCD ZZjj, WZjj(for 2l2˄ ), WZjj(for 2l2˄ ),   Zjets

ü Measurementof integrated QCD+EWK and EWK-only cross-section 

Main uncertaintiesare from statistics, 
luminosity, the momentum scale and 
resolution of leptons and jets.

From MC, normalization from the fit to data in CR      data-driven

EWK process:

ˋόobs) = 0.82ҕ0.21 fbόҡ Ґ мΦорҕ0.34)

Obs.(exp.) significance = рΦрόпΦоύˋ
First observation of EWK ZZ!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-033
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Evidence of EWK ½ @ɹ 13 TeV
Data: L=36.1 fb-1ҕ2.1% ƻƴƭȅ ƭŜǇǘƻƴ ŘŜŎŀȅ ƳƻŘŜǎ ǿŜǊŜ ǳǎŜŘΣ ǿƘŜǊŜ ƭŜǇǘƻƴҐŜκҡ
MC signal: MG5+Pythia8 LO;  Main bkgs: QCD Zɹjj, tt ,ɹ    Zjets

From MC, 
normalization from the fit

ATLAS-CONF-2019-039

ü Measurementof integrated QCD+EWK and EWK-only cross-section 
QCD+EWK:

EWK process:

Obs.(exp.) significance = пΦмόоΦуύˋ
ATLASevidence of EWK Zɹ!

data-driven

Main uncertaintiesare from statistics, 
JES, HF tagging efficiency.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-039
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Observation of EWK WZ@ 13 TeV
Data: L=36.1 fb-1ҕ2.1% ƻƴƭȅ ƭŜǇǘƻƴ ŘŜŎŀȅ ƳƻŘŜǎ ǿŜǊŜ ǳǎŜŘΣ ǿƘŜǊŜ ƭŜǇǘƻƴҐŜκҡ
MC signal: Sherpa LO;   Main bkgs: QCD WZjj, ZZ, ttV,    misIDleptons

From MC, 
normalization from the fit

Phys. Lett. B 793 (2019) 469

ü Measurementof integrated QCD+EWK and EWK-only cross-section

ü Measurementof differential QCD+EWK cross-sections (vs. mjj, ɲyjj, Njets, mT[WZ], etc)

QCD+EWK:

EWK process:

Obs.(exp.) significance = рΦоόоΦнύˋ
First observation of EWK WZ!

data-driven

Main uncertaintiesare from statistics, 
MC modelling, JES.

https://www.sciencedirect.com/science/article/pii/S0370269319303211
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Observation of EWK ssWW@ 13 TeV
Data: L=36.1 fb-1ҕ2.1% ƻƴƭȅ ƭŜǇǘƻƴ ƳƻŘŜǎ ǿŜǊŜ ǳǎŜŘΣ ǿƘŜǊŜ ƭŜǇǘƻƴҐŜκҡ
MC signal: Sherpa LO; Main bkgs: QCD ssWWjj, WZjj, Vɹ ,   misIDleptons bkg

From MC, 
normalization from the fit

Accepted by PRL

EWK process:

Obs.(exp.) significance = сΦрόпΦпύˋ
ATLAS observation of EWK ssWW!

data-driven

Main uncertaintiesare from statistics, 
MC modelling, misIDlepton bkg.

όҡ Ґ                                       ύ

ü Measurementof integrated EWK cross-section 

https://arxiv.org/abs/1906.03203
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VBF/VBS summary

Final state of EWK production Status

ZZ Observed

WZ Observed

ssWW Observed

Zɹ Evidence (4.7̀ςCMS; 4.1̀ - ATLAS) 

Wʴ No evidence (2.7̀- CMS)

Z Observed

W Observed

ü These rare processes become available for measurements just on LHC experiments.

Amazing progress during last years!
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Electroweak physics: QCD multibosonproduction
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½ @ɹ 13 TeV
üPrecision measurement, which checks NNLO theory predictions.
Data: L=139 fb-1ҕ1.7% ƻƴƭȅ ƭŜǇǘƻƴ ŘŜŎŀȅ ƳƻŘŜǎ ǿŜǊŜ ǳǎŜŘΣ ǿƘŜǊŜ ƭŜǇǘƻƴҐŜκҡ
MC signal: Sherpa; Main bkgs: Zjets,    tt ,ɹ WZ 

from MC

ATLAS-CONF-2019-034

ü Measurementof differential cross-sections (vs. ET[ ]ɹ, ́ [ ]ɹ, mll ,ɹ pT[ll ]ɹ)

data-driven

The MATRIX prediction agrees well with the data at NNLO, while the NLO - underestimates the cross-section.
Main uncertaintiesare from Zjetsbkg, photon efficiency, statistics.
¢ƘŜǊŜ ƛǎ ŀ Ǉƻǎǎƛōƛƭƛǘȅ ǘƻ ƎŜǘ ½ ŀƴŘ ʴ ŦǊƻƳ ŘƛŦŦŜǊŜƴǘ ǇǊƛƳŀǊȅ ǾŜǊǘƛŎŜǎΣ ǿƘƛŎƘ ƭŜŀŘǎ ǘƻ ǎƻ-called pile-up bkg(up to 5%)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-034
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Z(˄ ύ˄@ɹ 13 TeV
Data: L=36.1 fb-1ҕ2.1% neutrino decay mode was used
MC signal: Sherpa NLO; Main bkgs: W ,ɹ ɹ ƧŜǘΣ   ŜҦmɹisIDΣ ƧŜǘҦmɹisID

from MC with
normalization from data CRs

JHEP 12 (2018) 010

ü Measurementof integrated and differential cross-sections (vs. ET[ ]ɹ, pT[miss], Njets)

ü Setting limits on anomalous TGC
in hi(V) vertex functions and EFT formalisms

data-driven

Good agreement!

Dim-8 EFT formalism:

2D limits:

Best limits on nTGC! Main uncertaintiesare from statistics, 
MC modelling, data-driven bkgs.

https://link.springer.com/article/10.1007/JHEP12(2018)010
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W+W- @ 13 TeV
Data: L=36.1 fb-1ҕ2.1% ƻƴƭȅ ƭŜǇǘƻƴ ŘŜŎŀȅ ƳƻŘŜǎ ǿŜǊŜ ǳǎŜŘΣ ǿƘŜǊŜ ƭŜǇǘƻƴҐŜκҡ
MC signal: Powheg-Box+Pythia8 NLO; Main bkgs:    top bkg,   DY,     Wjets

from 
MC

Submitted to EPJC

data-driven

ü Measurementof integrated and differential cross-sections (vs. pT[lead l], mŜҡ, ɲ Ŝҡ, etc)

ü Setting limits on anomalous TGC

from MC with 
norm from data CR

Main uncertaintiesare from b-tagging, MC modelling, JES.

Good agreement!

Dim-6 EFT 
formalism:

https://arxiv.org/abs/1905.04242
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Evidence of WVV@ 13 TeV
Data: L=79.8 fb-1ҕ2.0% ²²²Ҧƭ˄l q˄q, ²²²Ҧƭ˄l l˄ ,˄ ²²½Ҧƭ˄qqll, 

WWZҦl l˄ l˄l, ²½½ҦǉǉƭƭƭƭΣ   ǿƘŜǊŜ ƭҐŜκҡ

MC signal: Sherpa;  Main bkgs: WZjets, non-prompt lepton bkg
from MC

Accepted by PLB

ü Measurementof integrated cross-sections
data-driven

Combined obs.(exp.) 
significance = пΦмόоΦмύˋ
Evidence oftriboson WVV!

Main uncertaintiesare from statistics, MC modelling, data-driven bkgestimations.

Good agreement!

https://arxiv.org/abs/1903.10415
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Direct photons

22-29 Sep. 2019



E. Soldatov ɳ 23QFTHEPõ19, Moscow, Russia22-29 Sep. 2019

Inclusive photon ratios@ 13 TeV/8 TeV

Data: L=20.2 fb-1 @ 8 TeV &   3.2 fb-1 @ 13 TeV

JHEP 04 (2019) 093

ü Measurementof differential cross-sections ratios

ü Testof pQCDwith hardcolourlessprobe
ü Testgroundfor MC modelsof prompt-photonproduction

Results are in agreement with theory within errors in most of bins.  Photon energy scale syst become comparable with others. 

Photons are isolated, EMC shower shapes ID applied, ET[ ]ɹ>125 GeV

ά5ƛǊŜŎǘέ ǇƘƻǘƻƴǎΥ 
from ǉƎҦǉɹ,
ǉǉҦƎɹ(ME)

https://link.springer.com/article/10.1007/JHEP04(2019)093
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Inclusive photon @ 13 TeV

Data: L=36.1 fb-1ҕ2.1%
MC signal: Pythia and Sherpa; Main bkgsΥ ƧŜǘҦʴ

Submitted to JHEP

ü Measurementof differential cross-sections (vs. ET[ ]ɹ, ́ [ ]ɹ)

data-driven from 2D-
sideband method

Main uncertaintiesare from photon energy scale and photon ID.

NNLO QCD prediction gives an excellent description of the data

Photons are isolated, EMC shower shapes ID applied, ET[ ]ɹ>125 GeV

ü Important test of pQCD

https://arxiv.org/abs/1908.02746
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Jet physics
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Jet physics: Multi-scale dynamics in jet-based observables

ü Study of jets is important testof QCD(strongcouplingΣ t5CΧύ
in hadron collider experiment.

ü It is can be used also to distinguish the origin of jetsbetween 
light quarks, gluons and hadronic decays of heavy particles.

Multiscale dynamics studies provide:
ü Exploring the evolution of high energy quarks and gluons into 

hadrons 
Á Multi-scale problem which straddles perturbative and non-

perturbative effects 
Á Good understanding necessary for precise control over 

observables in many physics analyses 

ü ²ƘŀǘΩǎ Interesting? 
Á Testing showering and hadronization models against event shape 

and individual jet observables 
Á Measuring how these variables evolve in a wide range of phase-

space and with different jet flavors 
Á Probing the structure of hadronic resonances
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Jet shapes @ 13 TeV
Data: L=33 fb-1ҕ2.2% JHEP 08 (2019) 033

ü Measurement of many jet substructure observables for trimmed and Soft Drop jets 

ü Modeling of these observables is important for taggers (e.g. D2 is one of the most common variables to use for tagging W 
bosons)

For each observable, subtract the background, then unfold to particle level

None of the MC generators completely model the data (different MC generators model well different observables)

top

W

dijet

https://link.springer.com/article/10.1007/JHEP08(2019)033

