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Introduction

Another productive year for the SM group
● 14 new results since last ATLAS-D (excluding CONF conversions) 

covering a wide range of physics:

➞ Electroweak precision: W boson mass and width, Z→llγ 8 TeV, W/Z run-3

➞ Hard QCD: MET+jets, Z+HF, Z+jets multifold, R3/2

➞ Jet substructure: Lund multiplicities, Track functions, Lund plane in ttbar

➞ Soft-QCD: Strangeness of the underlying event

➞ Multiboson: WZ polarisation high pT, VBS Wγ, VBS WZ

● + 9 CONF notes converted to paper

The first half of 2024 saw one of 
the highest paper submission 

rates in STDM history

List of all published and 
ongoing SM analyses here

mailto:savannah.clawson@cern.ch
https://docs.google.com/spreadsheets/d/e/2PACX-1vQf1fS1VWhVFTmiQLqHHBj6bP6WeJbbFDDW_WwV9HYqt8aA_1Eqwex5eq16hOXyom_Bv4-pFTl9x-pp/pubhtml?gid=762007302&single=true
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Introduction atlas.cern/Updates/Briefing

mailto:savannah.clawson@cern.ch
https://atlas.cern/Updates/Briefing
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Group interests:
● Non-perturbative QCD
● Final state correlations
● Fragmentation and 

hadronisation
● Underlying event and 

event shape variables
● Diffractive processes
● Overlap with 

cosmic-ray physics
● Forward detectors

SMSoftQcdWorkingGroup

mailto:savannah.clawson@cern.ch
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/SMSoftQcd
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A “typical” LHC collision

● We’re usually interested in hard-scatter (HS) interactions between two partons within 
the protons

mailto:savannah.clawson@cern.ch
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A “typical” LHC collision

● We’re usually interested in hard-scatter (HS) interactions between two partons within 
the protons

● Add in hard ISR and 
FSR 

● Followed by parton 
shower and 
hadronisation 

mailto:savannah.clawson@cern.ch
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A “typical” LHC collision

➞ Due to secondary interactions of other constituent partons in the proton → 
Multi-parton Interactions (MPI)

➞ MPI interactions are not independent →  Colour interaction between UE and HS

● We’re usually interested in hard-scatter (HS) interactions between two partons within 
the protons

● Add in hard ISR and 
FSR 

● Followed by parton 
shower and 
hadronisation 

● Underlying event 
(UE): particle 
production not 
associated with 
hard-scatter

mailto:savannah.clawson@cern.ch
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Strangeness of the underlying event

Analysis motivation
● Measure production of strange hadrons in the 

underlying event

● Typical hadronisation models have parameters that 
are tuned using collider data of charged hadrons
➔ Should also consider neutral hadrons for full 

picture of hadronisation in precision measurements

● The mass of the strange quark is close to ΛQCD
➔ Probe interplay between “soft” and “hard” QCD 

interactions

● Comparing yields of mesons to baryons allows us   
to study colour reconnection effects

● ALICE Collaboration observed an enhancement of 
strange to non-strange hadron production with 
increasing particle multiplicity in pp collisions 
[arXiv:1606.07424]

arXiv:2405.05048
Submitted to EPJC

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/1606.07424
https://arxiv.org/pdf/2405.05048
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Strangeness of the underlying event arXiv:2405.05048
Submitted to EPJC

Region most 
sensitive to MPI

highest-𝑝T anti-𝑘𝑡 jet with 𝑅 = 0.4 and |η| < 2.1
Region most 
sensitive to hard 
scatter and 
hadronisation

Region most 
sensitive to 
hadronic recoil

Measure number of 
strange baryons 
and mesons in 
various regions:

Measurement performed in 
minimum-bias very low-pileup data 
at √𝑠 = 13 TeV, recorded in 2015

Data are unfolded to particle-level

mailto:savannah.clawson@cern.ch
https://arxiv.org/pdf/2405.05048
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Strangeness of the underlying event arXiv:2405.05048
Submitted to EPJC

Event normalised distributions

mailto:savannah.clawson@cern.ch
https://arxiv.org/pdf/2405.05048
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Strangeness of the underlying event arXiv:2405.05048
Submitted to EPJC

Proxy for MPI in transverse 
region, i.e. amount of 

underlying event activity

Restricted jet-pT range of 10–40 GeV 
= “hard regime”

Now normalised to total number of
charged particles in the event

Event normalised distributions

mailto:savannah.clawson@cern.ch
https://arxiv.org/pdf/2405.05048
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Strangeness of the underlying event arXiv:2405.05048
Submitted to EPJC

Event normalised distributions

Proxy for MPI in transverse 
region, i.e. amount of 

underlying event activity

Ratio of strange 
mesons to 
baryons largely 
insensitive to 
the amount of 
MPI activity 

All plots in all regions at atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-60/

Restricted jet-pT range of 10–40 GeV 

mailto:savannah.clawson@cern.ch
https://arxiv.org/pdf/2405.05048
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-60/
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ATLAS SM 
Group

Group interests:
● Jet and prompt 

photon processes
● Understanding pQCD
● Providing input for 

PDF fits
● Understanding 

backgrounds to new 
physics

SMJetPhotonWorkingGroup

mailto:savannah.clawson@cern.ch
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/SMJetPhotonPhysics


DESY. | Savannah Clawson | savannah.clawson@desy.de | SM Highlights, ATLAS-D 2024 15

Multifold Z+jets

Analysis motivation
● Provide precise unfolded measurement of 

Z(→μμ)+jet process to test perturbative 
QCD and improve MC predictions

● Common process with low backgrounds 
that can be measured very precisely

➔ Precision probe of the Standard Model

● Full Run 2 analysis at 13 TeV, 139 fb-1

arXiV:2405.20041
Submitted to PRL

Analysis strategy
● Standard Z+jets selection in boosted regime: pT(μμ) > 200 GeV

● Simultaneous measurement of 24 observables related to the dimuon and muon 
kinematics, track jet kinematics and track jet substructure

● Unfolding performed via Machine Learning (ML) method “OmniFold”
➔ Unlike any previous fiducial differential cross-section measurement, this result is 

presented as an unbinned dataset of particle-level events

The Drell-Yan process is the standard 
candle for precision measurements 
and theory at the LHC

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2405.20041
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Multifold Z+jets

● Traditional unfolding techniques work with 1D binned data

● Several potential downfalls:
➔ Target observables must be specified prior to unfolding
➔ The binning is fixed
➔ Can only unfold a small number of observables simultaneously
➔ Does not consider full phase space and may miss hidden dependencies

arXiV:2405.20041
Submitted to PRL

True physics 
distribution Folding

Unfolding

Folding

Unfolding

Unfolding in a “typical” analysis

Measured 
data

The principle of unfolding:

● Unfolding aims to remove detector effects from data

➔ Our best idea of what the true underlying physics looks like

● Necessary for comparing to other experimental results and theoretical models

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2405.20041
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Multifold Z+jets

New ML methods aim to address these issues

arXiV:2405.20041
Submitted to PRL

Multi-stage and iterative process

Series of neural networks are trained to learn a 
reweighting function that maps particle-level MC 
distributions to particle-level data distributions

More details on methods in OmniFold talk from SM 
workshop 24 by Mariel Pettee

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2405.20041
https://indico.cern.ch/event/1397505/contributions/6101022/
https://indico.cern.ch/event/1397505/contributions/6101022/
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Multifold Z+jets

Result
● Proof-of-principle application of the 

OmniFold method to provide an 
unbinned, highly-dimensional 
measurement with full covariance for 
public use

● Allowing significant increased utility 
such as adjusting binning and 
constructing new observables

● Entering a new era of reproducible 
and re-interpretable results

arXiV:2405.20041
Submitted to PRL

Datasets and code publicly available
gitlab.cern.ch/atlas-physics/public/sm-z-jets-
omnifold-2024

DESY. | Savannah Clawson | savannah.clawson@desy.de | SM Highlights, ATLAS-D 2024

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2405.20041
https://gitlab.cern.ch/atlas-physics/public/sm-z-jets-omnifold-2024
https://gitlab.cern.ch/atlas-physics/public/sm-z-jets-omnifold-2024
mailto:savannah.clawson@cern.ch
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Multifold Z+jets

Make your own measurement

arXiV:2405.20041
Submitted to PRL

zenodo.org/records/11507450

DESY. | Savannah Clawson | savannah.clawson@desy.de | SM Highlights, ATLAS-D 2024

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2405.20041
https://zenodo.org/records/11507450
mailto:savannah.clawson@cern.ch
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SMWZSignaturesWorkingGroup Group interests:
● W and Z production
● Off-peak Drell-Yan 

(also in association 
with light and heavy 
flavour jets)

● Inclusive lepton 
production at low pT

● Precision 
measurements of 
SM parameters

mailto:savannah.clawson@cern.ch
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/SMWZSignatures
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W mass and width

● Parameters of SM electroweak sector tightly 
linked to other fundamental parameters

Radiative corrections Δr with largest 
contributions from mt

2 and log(mH)

● New physics can alter mW through loop 
corrections

Hot topic due to surprise CDF 2022 result

arXiv:2403.15085
Submitted to EPJC

● Re-analysis of 7 TeV data from Run 1, using improved analysis techniques

● Also benefit from progress in global PDF fits and theoretical calculations

● W-width, ΓW, never measured before at the LHC
➔ Value precisely predicted by the SM
➔ Light new physics (mass < mW) that couples to the W-boson would alter ΓW from SM value

Analysis motivation

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2403.15085
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W mass and width

Analysis strategy
● Kinematic distributions sensitive to changes in 

W-mass and width

● Previous analysis 𝜒2 fit with stat. uncertainties only
➔ systematic uncertainties added afterwards

● Updated analysis uses profile likelihood fitting
➔ systematic uncertainties included as nuisance 

parameters

arXiv:2403.15085
Submitted to EPJC

● Updated QCD 
background 
estimation

● Analysis thoroughly 
investigated impact of 
PDF choice and 
uncertainty on the 
result Targeting 

leptonic 
W-decays arXiv:0901.0512

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2403.15085
https://arxiv.org/pdf/0901.0512
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W mass and width arXiv:2403.15085
Submitted to EPJC

Results
● Separate fits are performed to the 𝑝T(ℓ) and 𝑚T distributions

● mW: Systematic uncertainties dominated by PDF uncertainties, missing higher-order EW corrections, 
and lepton calibration uncertainties

● ΓW: Dominant systematic uncertainties are due to the parton shower modelling for 𝑝T(ℓ), and lepton 
and recoil performance for 𝑚T, respectively

● Currently most precise single measurement of Γ𝑊

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2403.15085
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W mass and width arXiv:2403.15085
Submitted to EPJC

Combined fit
● Individual fits of mW and ΓW assume the other 

value is fixed to global EW fit result

● Observed dependence of the two observables:

➔ ΔmW = -0.06 ΔΓW

➔ ΔΓW  = -1.25 ΔmW

● Further test interdependence with simultaneous fit 
of both observables:

➔ mW = 80354.8 ± 16.1 MeV

➔ ΓW = 2198 ± 49 MeV

➔ -30% correlation

Next week: LHC Seminar - High-precision measurement of the W boson mass at CMS indico.cern.ch/event/1441575/

Also this year: Precise measurements of W- and Z-boson transverse momentum spectra in special low pileup runs at 
√s = 5.02 TeV and 13 TeV [arXiv:2404.06204] (submitted to EPJC)

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2403.15085
https://indico.cern.ch/event/1441575/
https://arxiv.org/abs/2404.06204
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BONUS: Not another W mass talk! ANA-STDM-2018-41

Differential W cross section at 
high transverse mass
● Charged current Drell-Yan process

➔ Benchmark process at the LHC

➔ High statistics available

➔ Measure cross-section differentially in the 
transverse mass mT(W) and 
double-differentially in mT(W) and η(ℓ)

● Applications

➔ Constraints on PDFs

➔ Sensitivity to the running electroweak coupling

➔ Test of lepton universality

➔ EFT interpretation

For many more details, see talk by Tim Beumker

mailto:savannah.clawson@cern.ch
https://atlas-glance.cern.ch/atlas/analysis/analyses/details?ref_code=ANA-STDM-2018-41
https://indico.cern.ch/event/1359096/timetable/#245-measurement-of-the-w-l-cro
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ATLAS SM 
Group

Group interests:
● Diboson production 

and interactions
● Vector-boson 

scattering and fusion 
(VBS and VBF)

● Triboson physics

ElectroweakWorkingGroup

See also: Symposium talk on SM diboson measurements by Frank Siegert

mailto:savannah.clawson@cern.ch
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/SMEW
https://indico.cern.ch/event/1359096/timetable/#194-sm-di-boson-measurements-a
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VVZ

Analysis motivation
● Triboson processes are some of the rarest SM processes accessible at the LHC

➞ Zγγ, Wγ, WZγ and WWW observed by ATLAS so far, evidence for WVZ

● Complement other multiboson probes of anomalous vector boson couplings

● Utilise full Run 2 dataset and improve on previous ATLAS WVZ analysis [PLB 798 (2019) 134913]

ANA-STDM-2020-08

Paper draft

Thanks to Patrick Dougan (Manchester) for input

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/1903.10415
https://atlas-glance.cern.ch/atlas/analysis/analyses/details.php?ref_code=ANA-STDM-2020-08
https://cds.cern.ch/record/2902525/
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VVZ

Analysis strategy
● Targeting a combination of semi- and fully-leptonic final states

● Multivariate analysis (MVA) to enhance signal sensitivity

➞ Profile likelihood fit to BDT distributions in each signal region 

● Signal modelled with Sherpa 2.2.2 at NLO QCD accuracy

● Constrain New Physics with an aQGC SMEFT interpretation (EFT signals modelled with MadGraph)

● Dominant backgrounds from diboson production and ttZ 

Thanks to Patrick Dougan (Manchester) for input

ANA-STDM-2020-08

mailto:savannah.clawson@cern.ch
https://atlas-glance.cern.ch/atlas/analysis/analyses/details.php?ref_code=ANA-STDM-2020-08
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VVZ

Unblinded post-fit event yields

Fit results: 
★ First observation of VVZ: 6.4σ observed (4.7σ expected)

★ First evidence of WWZ: 4.4σ observed (3.6σ expected)

ATLAS is consistently observing divergences from current SM predictions for massive triboson production
➞ WWW observation [PRL 129 (2022) 061803] also measured high signal strengths

Thanks to Patrick Dougan (Manchester) for input

ANA-STDM-2020-08

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2201.13045
https://atlas-glance.cern.ch/atlas/analysis/analyses/details.php?ref_code=ANA-STDM-2020-08
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VVZ

EFT interpretation

Thanks to Patrick Dougan (Manchester) for input

ANA-STDM-2020-08

● Parametrise anomalous vector boson couplings through 
SM Effective Field Theory (SMEFT) framework
➞ Quartic gauge boson couplings sensitive to dim-8 

operators

● EFT model only available at LO
➞ K-factor correction applied to account for large 

NLO enhancements to triboson production

● Retrain BDTs with expanded definitions of “signal” 
now including a range of EFT signal strengths

● Profile likelihood fit it to a BDT output which 
targets EFT like events

● Clipping scans performed to give unitarised 
limits:

mailto:savannah.clawson@cern.ch
https://atlas-glance.cern.ch/atlas/analysis/analyses/details.php?ref_code=ANA-STDM-2020-08
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ATLAS SM Workshop 2024 indico.cern.ch/event/1397505/

DESY. | Savannah Clawson | savannah.clawson@desy.de | SM Highlights, ATLAS-D 2024

The 2024 ATLAS Standard Model workshop took place last week 
at the Jožef Stefan Institute in Ljubljana, Slovenia 

Focus was on the future of SM measurements within ATLAS 
New analyses, unexplored processes, new techniques

Highlighting importance of combined performance (CP) and physics 
modelling (PMG) work in reducing systematic uncertainties

mailto:savannah.clawson@cern.ch
https://indico.cern.ch/event/1397505/
mailto:savannah.clawson@cern.ch
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Summary

● The LHC is competing with previous machines in electroweak 
precision

➔ Facilitated by large datasets, detailed understanding of the 
detectors, dedicated reconstruction techniques and 
state-of-the-art theory predictions

➔ Improved measurements of key electroweak parameters

● SM group also providing precision measurements of both soft 
and hard QCD phenomena

➔ Vital for improvements in modelling

NEW: Comprehensive summary of Electroweak, QCD and 
flavour physics studies with ATLAS data from Run 2 of the LHC 

arXiv:2404.06829 (Submitted to Physics Reports)
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● The LHC has not found a clear signal of BSM physics → new physics will most likely be 
found through deviations in precision measurements

➔ It’s an exciting time to do Standard Model physics!

➔ Lots of room for new innovation and ideas

Latest updates from the PDF Forum in backup

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2404.06829


Backup
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Highlights from the PDF Forum
● Current priority = Identifying ATLAS measurements that could inform update to ATLASpdf21 fit

➔ Most will come from full Run 2 measurements wrapping up
➔ Input requires both experimental data and NNLO predictions (either directly at NNLO or NLO + k-factors)

● JETS: Three measurements: 8 TeV inclusive, 13 TeV inclusive (15+16), 13 dijet 
➔ Systematic correlations between datasets needed to be clarified to use several at once 
➔ Prelim. fits performed for all three simultaneously 
➔ Inclusion of new full Run 2 13 TeV inclusive jet data (replacing 15+16) in progress 

● TTBAR: Full Run 3 TeV ttbar
➔ In progress, team working on systematic uncertainties
➔ Analysers working closely with the PDF forum (encouraged universally for PDF-sensitive 

measurements!), aware of need for full info on systematic correlations and dialogue with theoreticians for 
NNLO predications & interpolation grids

➔ Sensitivity to mtop and ⍺s(MZ) also under investigation
● COMPLETE OR IN THE PIPELINE… but predictions are missing, not available at NNLO or 

insufficiently precise, e.g.:
➔ 13 TeV W±D(*) (arXiv:2302.00336) , 13 TeV W+c
➔ 13 TeV direct photon (arXiv:2302.00510)
➔ 13 TeV W+jets (Glance)

● … or more delicate theoretical treatment required, e.g.:
➔ Low-x resummation for 7 TeV W,Z (e.g. arXiv:2209.13535)

● Requires close collaboration with theorists
Thanks to Eimear Conroy (Oxford) for updates

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2302.00336
https://arxiv.org/abs/2302.00510
https://atlas-glance.cern.ch/atlas/analysis/analyses/details.php?ref_code=ANA-STDM-2018-45
https://arxiv.org/abs/2209.13535
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Strangeness of the underlying event arXiv:2405.05048
Submitted to EPJC

Strange hadron reconstruction

mailto:savannah.clawson@cern.ch
https://arxiv.org/pdf/2405.05048
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Strangeness of the underlying event arXiv:2405.05048
Submitted to EPJC

Systematic uncertainties

mailto:savannah.clawson@cern.ch
https://arxiv.org/pdf/2405.05048
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Multifold Z+jets

Event selection:
● two prompt “dressed” muons with opposite-sign
● Muon 𝑝T > 25 GeV and |𝜂| < 2.5
● 𝑚𝜇𝜇 ∈ (81, 101) GeV, and 𝑝T𝜇𝜇 > 200 GeV
● Jets reconstructed from charged particles 

(excluding prompt leptons) with 𝑝T > 0.5 GeV and 
|𝜂| < 2.5 using the anti-𝑘𝑡 algorithm with 𝑅 = 0.4

arXiV:2405.20041
Submitted to PRL

24 measured event observables:
● Dimuon system: 𝑝T𝜇𝜇 and 𝑦𝜇𝜇 
● Single muon kinematics: 𝑝T𝜇, 𝜂𝜇, 𝜙𝜇
● Jet kinematics: defined by 𝑝Tj, 𝑦𝑗, 𝜙𝑗, mj
● charged particle multiplicities 𝑛𝑗ch
● Jet substructure probes: 𝑁-subjettiness 

quantities 𝜏𝑗1, tj2, tj3 tj4

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2405.20041
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W mass and width

mW: Comparison of statistical methods

arXiv:2403.15085
Submitted to EPJC

● Compare fit results 
between χ2+offset 
method and PLH fit

● Using CT10nnlo PDF 
set (baseline in previous 
measurement)

● Total uncertainties 
reduced with PLH fit

● Combined lepton pfit: 
central T value shifted 
by 16 MeV

Lepton pT fits mT fits

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2403.15085
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W mass and width

mW: PLH fit checks

arXiv:2403.15085
Submitted to EPJC

● Fit toys with random variations of nuisance parameters

● Central values for lepton pT fit: 16 MeV spread → χ2 and PLH results agree at 1σ

● Distribution of nuisance parameter pulls consistent with normal distribution

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2403.15085


DESY. | Savannah Clawson | savannah.clawson@desy.de | SM Highlights, ATLAS-D 2024 40

W mass and width

PDF set updates

arXiv:2403.15085
Submitted to EPJC

● Kinematic distributions extrapolated from CT10nnlo to more modern PDF sets using reweighting 
derived with POWHEG

● Impact on both shape and normalisation of distributions (esp. NNPDF sets!)
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W mass and width arXiv:2403.15085
Submitted to EPJC

● Results for most PDF sets agree within ~10 MeV (lepton pT) or ~20 MeV (mT)

● NNPDF sets yield significantly lower values than other sets

● Some dependence of total uncertainties on PDF set

mW: PDF dependence
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W mass and width arXiv:2403.15085
Submitted to EPJC

●  Cross-checks done with separate combinations of e/μ or W+/W- channels

● All consistent within 1σ

● No significant dependence on fitting ranges

mW: Fit results with CT18 PDF set
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W mass and width arXiv:2403.15085
Submitted to EPJC

● Fits using lepton pT  and mT not statistically independent → combine with BLUE
● Correlation determined using toy variations of data and NPs
● Lepton pT fits dominate combined results for mW, mT fit dominates for lambda W

Lepton pT-mT combination
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W mass and width arXiv:2403.15085
Submitted to EPJC

Uncertainty breakdown

mW

ΓW
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W mass and width arXiv:2403.15085
Submitted to EPJC

The CL contours of the 𝑚𝑊 and 𝑚𝑡 indirect 
determinations from the global 
electroweak fit, compared to CL contours 
of the present ATLAS measurement of 
𝑚𝑊, the ATLAS measurement of 𝑚𝐻 and 
the LHC measurement of 𝑚𝑡 

mailto:savannah.clawson@cern.ch
https://arxiv.org/abs/2403.15085


DESY. | Savannah Clawson | savannah.clawson@desy.de | SM Highlights, ATLAS-D 2024 46

VVZ

Thanks to Patrick Dougan (Manchester) for input

ANA-STDM-2020-08
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VVZ

Thanks to Patrick Dougan (Manchester) for input

ANA-STDM-2020-08
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VVZ

Thanks to Patrick Dougan (Manchester) for input

ANA-STDM-2020-08
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VVZ

Thanks to Patrick Dougan (Manchester) for input

ANA-STDM-2020-08
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VVZ

Thanks to Patrick Dougan (Manchester) for input

ANA-STDM-2020-08
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VVZ
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ANA-STDM-2020-08
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