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Standard Model Total Production Cross Section Measurements

SM Public (link)

Measuring deviations in rare SM processes

Measuring rare SM backgrounds for searches 

EWK

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-032/


ATLAS detector 
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Tracker

EM calo

Had. calo

Muon 
chambers

e µ ɣ τ q/g b νBeam PipeATLAS

coarse calorimeter and muon to L1

full calorimeter and muon data to HLT

Hardware trigger (L1):

select in 2.2 µs

Software trigger (HLT)

select in  ~0.1 s

100 kHz 

~1 kHz Save to permanent 
storage

40 MHz



Outline

5

1. Motivation & ATLAS

• Why rare EW processes 

• ATLAS detector 


2. EW 𝛾Z➝ℓℓ

• Analysis strategy 

• Separating strong & EW 

• Results


3. EW 𝛾Z➝𝜈𝜈

• Invisible final state

• Selections & background 

• Interplay with searches 


4. WWW

5. Effective theory interpretation 




Electroweak processes
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Electroweak diagrams are O(𝛼EW4)

Vector boson scattering non-VBS

Z𝛾 probes the neutral gauge coupling with a 
larger cross section than ZZ



𝛾Z➝ℓℓ
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Phys. Lett. B 809 (2020) 135754 

Spectacular signature in dilepton (ee,µµ) + 𝛾 final state 

Muon

VBF jets

Photon

https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub


Selecting Z bosons
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Trigger on electrons or muons (~1/3 of recorded events)

• Single lepton trigger pT > 26 GeV 

• Two electron triggers: pT > 24GeV 

• Asymmetric two muon triggers: 22 (sub-leading 8) GeV 

Offline requirements: opposite sign leptons & a photon  

• Offline isolated electron muon with pT > 30 (20) GeV 

• Isolated photon with pT > 25 GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/


mjj	 ≈ √ PT1 ⋅PT2 ⋅eΔy 


	 ~〈PT, jet〉eΔy / 2


•Example: 100 • e5 / 2 =1.2 TeV

Electroweak selections
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Δyjj jet

jet

Large difference in dijet rapidity & dijet invariant mass mjj

ATLAS-CONF-2021-038

mjj [GeV]|Δyjj|

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/


Centrality
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Electroweak process tends to be more central 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/


Background & results
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Dominant background from QCD 𝛾Z

QCD 𝛾Z estimated from simultaneous fit of control samples 
with 𝜁 > 0.4

Measurement in agreement with prediction

Uncertainty of 13% 

ATLAS-CONF-2021-038

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/
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EW 𝛾Z➝𝜈𝜈
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Eur. Phys. J. C 82 (2022) 105 

VBF jets

Photon

Missing transverse momentum (MET) to reconstruct Z➝𝜈𝜈

Br(Z➝𝜈𝜈) = 20%  
Br(ℓℓ) = 6%

https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z


𝛾Z➝𝜈𝜈 Trigger
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JHEP 2020 80 (2020)

Trigger on MET, with offline threshold of 150 GeV 

• Useable with data/MC corrections at 150 GeV 

• Compare to Z➝ℓℓ with lower pT lepton triggers


https://link.springer.com/article/10.1007/JHEP08(2020)080


Backgrounds
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+ many more diagrams and interference 
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signal

https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z


Separating strong EWK
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Selections
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MET & Photon
MET > 150 GeV

HTmiss > 130 GeV


Photon pT: 15-115 GeV

Dijet event
Jet pT > 60, 50 GeV (VBF jets)


Njet = 2,3 pT > 25 GeV

Centrality > 0.4 

mjj, Δϕjj,Δηjj
Δηjj > 3 & ηj1·ηj2 < 0


mjj > 500 GeV (binned)

Lepton veto No electron (muon) with 
 pT > 4 GeV

QCD 
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Observation of EW Z𝛾
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Eur. Phys. J. C 82 (2022) 105 
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Synergy with searches
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14.5% observed, 10.3% expected

mT [GeV]

https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z
https://arxiv.org/abs/2202.07953
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WWW 
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Quartic VHTriple 

arXiv: 2201.13045

WWW process is sensitive to triple and quartic gauge boson 
self-interactions 

Two final state categories with 2-3 leptonic W decays: 

• 2ℓ same sign (SS), suppresses W, Z, top

• 3ℓ suppresses W, Z, top 

Train BDT using 11 input variables for each category 

• Example: |mjj-mℓℓ| to identify hadronic W 

Separate from VBS WW 
using mjj < 160 GeV


& |Δηjj| < 1.5

https://arxiv.org/abs/2201.13045


Observation of WWW
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e±e± 1.54 ± 0.76 2.2 (1.4) �
e±µ± 1.44 ± 0.39 4.1 (3.0) �
µ±µ± 2.23 ± 0.46 5.6 (2.7) �
2` 1.75 ± 0.30 6.6 (4.0) �
3` 1.32 ± 0.37 4.8 (3.8) �

Combined 1.61 ± 0.25 8.0 (5.4) �

First ATLAS observation of  WWW with 8.0σ observed (5.4σ exp.) 

Sensitive to Non-SM physics in MET distribution arXiv: 2011.09551 

arXiv: 2201.13045

https://arxiv.org/abs/2011.09551
https://arxiv.org/abs/2201.13045
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Effective theory 
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Interpret measurements from WW, WZ, 4ℓ and VBF Z

Impact of Wilson coefficients C on observables  

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-022/
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ATL-PHYS-PUB-2021-022
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[1]c' Vff

[2]c' [0]
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 PreliminaryATLAS -1 = 13 TeV, 36-139 fbs

 = 1 TeVΛ

Lin, individual

Lin, profiled

Lin+quad, indiv

Lin+quad, prof

68% CL

95% CL

(1)
Hq 0.12c+ (1)

ll 0.14c− (3)
Hl 0.37c+ (1)

Hl 0.13c+ HD 0.38c+ HWB 0.81c≈ [0]
Vffc'

(1)
Hq 0.13c+ (1)

ll 0.38c+ He 0.48c− (3)
Hl 0.28c− (1)

Hl 0.73c≈ [1]
Vffc'

(1)
Hq 0.21c− (1)

ll 0.59c+ He 0.25c+ (3)
Hl 0.53c− (1)

Hl 0.31c− HD 0.17c+ HWB 0.37c≈ [2]
Vffc'

qe 0.13c− eu 0.21c− lu 0.11c− (3)
lq 0.89c+ (1)

lq 0.37c− ≈ [0]
2q2lc'

(38)
qq 0.2c− (31)

qq 0.95c+ (18)
qq 0.22c+ (11)

qq 0.11c≈ [0]
4qc'

Example of 1D profiles of Wilson coefficients 

• Parameter value of 0 corresponds to SM

One parameter scan, 
others fixed to 0

Combined fit

Modified basis, described in ATL-PHYS-PUB-2019-042

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-022/
https://cds.cern.ch/record/2694284
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1. EW 𝛾Z➝ℓℓ


2. EW 𝛾Z➝𝜈𝜈: observation!


3. WWW: observation!


Why measure EW processes 

• Window into rare SM couplings

• Important for backgrounds in searches

• Synergy with searches for non-SM physics

Effective theory: general method to interpret ATLAS data 
to identify hints of non-SM operators
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Trigger: HLT

28

Single lepton triggers use approximately 1/4th the HLT rate

• Thresholds at ~27 GeV offline (though not 100% efficient, see backup) 

• General purpose trigger for all kinds of physics (W, Z, H, exotics…)

• Offline thresholds for other objects differ on rate and use case 

Trigger Operations public (link)

Run 2 menu: ATL-COM-DAQ-2019-071

*Total rate does not add equal to sum of contributions, because of overlaps 

Algorithm Offline thr.
µ 27

e 27

Jet 420

4 Jet 125

4 Jets, 2 b-tags 65

MET ~150

𝜏 170

𝜏𝜏 + ΔR < 2.5 40 (30)

𝛾 140

𝛾𝛾 25

*

decreasing luminosity

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults#Trigger_rates_and_bandwidth
https://cds.cern.ch/record/2672932
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Lepton p`T > 20, 30(leading) GeV, |⌘`| < 2.47
N` � 2

Photon E�
T > 25 GeV, |⌘� | < 2.37

Econe20
T < 0.07E�

T
�R(`, �) > 0.4

Jet pjetT > 50 GeV, |yjet| < 4.4
|�y| > 1.0

mjj > 150 GeV
remove jets if �R(�, j) < 0.4 or if �R(`, j) < 0.3

Event m`` > 40 GeV
m`` +m``� > 182 GeV

⇣(``�) < 0.4
Ngap

jets = 0
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Selections 
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Variable SR W�
µ⌫ CR W�

e⌫ CR Z�
Rev.Cen. CR Fake-e CR Low-Emiss

T VR
pT( j1) [GeV] > 60
pT( j2) [GeV] > 50
pT( j>2) [GeV] > 25
Njet 2,3
Nb-jet < 2
��jj < 2.5 [2.0]
|�⌘jj | > 3.0
⌘( j1) ⇥ ⌘( j2) < 0
C3 < 0.7
mjj [TeV] > 0.25 0.25–1.0
Emiss

T [GeV] > 150 – > 80 > 150 < 80 110–150
Emiss,lep-rm

T [GeV] – > 150 > 150 – > 150 110–150
Ejets,no-jvt

T [GeV] > 130 > 100
��( ji, ~E

miss,lep-rm
T ) > 1.0

N� 1
pT(�) [GeV] > 15, < 110 [> 15, < max(110, 0.733 ⇥ mT)]
C� > 0.4 > 0.4 > 0.4 < 0.4 > 0.4 > 0.4
��(�, ~Emiss,lep-rm

T ) > 1.8 [–]
N` 0 1 µ 1 e 0 1 e 0
pT(`) [GeV] – > 30 > 30 – > 30 –



Estimating W&Z
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W→𝓁ν
found lepton

Control sample Signal sample

W→𝓁ν
lost lepton

Z →νν

Centrality > 0.4

Determine background normalization from simultaneous fit of CR

Z →νν

Centrality < 0.4

Eur. Phys. J. C 82 (2022) 105 

https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z


Features of VBF
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Jets

Jets widely 
separated (η)

& large mjj

Jets not as 
separated

Energy deposits

Invisible decay

Hadronic activity

(addition jets)

Eur. Phys. J. C 82 (2022) 105  
Elboli, Zeppenfeld Phys. Lett. B  495 
147-154 (2000)

Δϕjj

Signal

Bkg

Jets recoil 
against Higgs  
(small Δϕ)

Jets back to 
back (ϕ)

Z
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Post-fit
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Higgs

https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z
https://www.sciencedirect.com/science/article/abs/pii/S0370269300012132?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0370269300012132?via=ihub
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Data =1.61)µWWW(
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 conv.γ Charge-flip

Other Uncertainty

arXiv: 2201.13045

2` 3`

|mjj �mW | Emiss
T significance ⇥10/Emiss

T

pT(forward jet) pT(`2)
Emiss

T significance N(jets)
pT(j2) same flavor m``

minimum m(`, j) mT(```, E
miss
T )

m(`2, j1) m(`2, `3)
N(jets) ��(```, Emiss

T )
pT (`2) minimum �R(`, `)
|⌘(`1)| pT(`3)

N(leptons in jets) mT(`2, E
miss
T )

m(`1, j1) Emiss
T significance

https://arxiv.org/abs/2201.13045
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arXiv: 2201.13045

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

SM
WWWσ/WWWσ = µ

Combined

ℓ
±
νℓ
±
νℓ

∓
ν

ℓ
±
νℓ
±
νjj

 = 1.61µ 0.25±( 0.19± )

 = 1.32µ 0.37±( 0.35± )

 = 1.75µ 0.30±( 0.22± )

ATLAS
-1 = 13 TeV, 139 fbs

Total Stat.

Total Stat.

https://arxiv.org/abs/2201.13045


New physics in WWW 
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2ℓ 3ℓ

arXiv: 2011.09551

https://arxiv.org/abs/2011.09551

