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Outline

Many new Run 2 measurements
released by ATLAS and CMS:
◦ Transverse energy-energy

correlations and αs extraction

◦ Diphoton production

◦ Collinear Z boson emission

◦ Lepton Flavour Universality test

◦ Search for W→ πγ in t t̄ events

◦ Observation of photon-induced WW
and dilepton production

◦ Electroweak Zjj differential cross
sections

◦ Polarization in electroweak W±W± jj
production

◦ Observation of electroweak W γ jj,
WZjj and ZZjj production

◦ Evidence of electroweak Z γ jj
production

◦ Observation of the production of
three massive gauge bosons VVV

◦ Inclusive 4` differential cross sections
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Transverse energy-energy correlations and αααs extraction
ATLAS-CONF-2020-025

◦ Event shape observables can be used to precisely test pQCD calculations and to
extract the value of αs

◦ Transverse energy-energy correlations (TEEC) and their associated azimuthal
asymmetries (ATEEC) used for hadron collider experiments

1 Introduction

The LHC produces a very large number of interactions mediated by Quantum Chromodynamics (QCD),
providing an ideal testing ground for perturbative QCD (pQCD). Event shapes [1, 2] are a class of
observables defined as functions of the final-state particle four-momenta, which characterise the hadronic
energy flow in a collision. They can be used to precisely test pQCD calculations and additionally to extract
the value of the strong coupling constant, ↵s. Event shape variables have been measured in e+e� collision
experiments from PETRA and PEP [3–5] to LEP and SLC [6–10], at the ep collider HERA [11–15] as
well as hadron–hadron collisions at Tevatron [16] and the LHC [17–19].

A particularly interesting, infrared safe, event-shape observable is the Energy-Energy Correlation (EEC)
function, which was originally introduced to provide a quantitative test of QCD in e+e� annihilation
experiments [20, 21]. The EEC function and its associated azimuthal asymmetry (AEEC) can be calculated
in pQCD, and the O(↵2

s ) corrections were found to be modest [22–25]. They were studied also in the
nearly back-to-back limit [26]. The EEC measurements [27–39] have had significant impact on the early
precision tests of QCD and in the determination of the strong coupling constant.

Transverse energy-energy correlations (TEEC) and their associated azimuthal asymmetries (ATEEC) were
proposed as the appropriate generalisation for hadron collider experiments in Ref. [40], where leading order
(LO) predictions were also presented. In experiments with incoming hadrons, longitudinally-invariant
expressions along the direction of the beams are required. The TEEC observable used in this analysis
explicitly makes use of hadronic jets rather than hadrons and, thus, although it is formally related to the
EEC, it is not identical. As jet-based observables, the TEEC and ATEEC make use of the jet transverse
energy ET = E sin ✓, where ✓ is the polar angle of the jet axis and E is the jet energy. Both observables are
sensitive to QCD radiation and present a clear dependence on the strong coupling. Recently, numerical
results at NLO for the jet-based TEEC function were obtained [41] by using the NLOJET++ program [42,
43], which provides the LO and NLO calculations for three-jet production. Furthermore, numerical results
for the hadron-based TEEC function with NLO+NNLL accuracy were computed [44].

The TEEC function is defined as the transverse-energy-weighted distribution of the azimuthal di�erences
between jet pairs in the final state [45], i.e.
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where i and j run over all jets in the event, ET is the sum of transverse energies
of all jets, xi = ETi/ET and φ is the angle between jets in the transverse plane
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Transverse energy-energy correlations and αααs extraction
ATLAS-CONF-2020-025

◦ Data binned in ten intervals of HT2 (scalar pT sum of the two leading jets) to
study the scale dependence of the TEEC and ATEEC observables

◦ αs determined from fits to the TEEC and ATEEC functions
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Measurement of diphoton production cross section
ATLAS-CONF-2020-024

◦ The main challenge and source of uncertainty in the experimental side is the
estimation of the background from non-prompt photons in jet events

Direct photons Single and double fragmentation photons Non-prompt photons

◦ The measured integrated cross section compatible with the NNLO predictions
and multileg-merged calculations
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Comparisons to the MC predictions:
◦ Sherpa [SciPost Phys. 7 (2019) 034]

Comparisons to the fixed-order predictions:
◦ Fixed-order NNLO with NNLOJET

[PoS RADCOR2017 (2018) 074]

◦ Fixed-order NLO with Diphox
[Eur. Phys. J. C16 (2000) 311]
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Measurement of diphoton production cross section
ATLAS-CONF-2020-024

◦ Agreement between measured differential cross sections and the most accurate
predictions is generally good where expected
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Measurement of diphoton production cross section
ATLAS-CONF-2020-024

◦ Agreement between measured differential cross sections and the most accurate
predictions is generally good where expected
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Collinear Z boson emission
CMS-PAS-SMP-19-010

Z boson angular distributions in events where the Z is emitted collinear to a high-pT jet
pT(leading jet) > 300 GeV pT(leading jet) > 500 GeV
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BR(W→→→ τττννν)/BR(W→→→ µµµννν) in e-µµµ t t̄ events
arXiv:2007.14040 [hep-ex]

◦ Testing Lepton-Flavour Universality (LFU)

◦ Probing universality of W coupling to
charged leptons:
R(τ/µ) = BR(W → τντ )/BR(W → µνµ )

◦ Using dileptonic t t̄ events as a sample of
probe W bosons, tag(e,µ)-and-probe(µ)

◦ In agreement with SM expectation:

R(τ/µ) = 0.992 ± 0.013

◦ Flavour anomalies observed at LHCb:
[JHEP 08 (2017) 055]
[PRL 122 (2019) 191801]

◦ Long-standing 2.7σ deviation from LEP
[Phys. Rept. 532 119]:

R(τ/µ) = 1.070 ± 0.026

◦ Factor two in precision compared to LEP,
best precision achieved up to now
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Search for W→→→ πππγγγ in t t̄ events
CMS-PAS-SMP-20-008

◦ First LHC search of the rare exclusive hadronic decay W → πγ: isolated photon
plus isolated track compatible with a pion (dedicated variable developed)

◦ Select tt̄ events with W → `ν (` = µ,e), signal discrimination with a Boosted
Decision Tree (BDT)

◦ Upper limits extracted from a fit to the mπγ distribution:
B(W → πγ) < 1.51×10−5 (theoretical calculations in the range 10−9−10−6)

Pion isolation variable BDT score in electron channel Fitted mπγ distribution
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Observation of photon-induced WW production
ATLAS-CONF-2020-038

◦ Test of the electroweak (EW) sector of the Standard Model
◦ Direct access to triple γWW and quartic γγWW interactions, O(α2

EM)

W

γ

γ

W−

W+

γ

γ

W−

W+

◦ Protons radiate ISR photons and stay intact or dissociate

24% 73% 2%

γ

γ
W−
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p1

p2

p1

p2

γ

γ
W−

W+

p1

p2

X

p2

γ

γ
W−

W+

p1

p2

X

X ′

◦ Run 1 evidence of this process has turned into observation in Run 2:

ATLAS [Phys. Rev. D 94 (2016) 032011] and CMS [JHEP 08 (2016) 119]
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Observation of photon-induced WW production
ATLAS-CONF-2020-038

A γγ →W+W−→ µ+νµe
−νe candidate event recorded in pp collisions in 2018
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Observation of photon-induced WW production
ATLAS-CONF-2020-038

Signal region Control regions
ntrk ntrk = 0 1 ≤ ntrk ≤ 4
peµT > 30 GeV < 30 GeV > 30 GeV < 30 GeV

γγ →WW 174 ± 20 45 ± 6 95 ± 19 24 ± 5
γγ → `` 5.5 ± 0.3 39.6 ± 1.9 5.6 ± 1.2 32 ± 7
Drell-Yan 4.5 ± 0.9 280 ± 40 106 ± 19 4700 ± 400
qq →WW 101 ± 17 55 ± 10 1700 ± 270 970 ± 150
Non-prompt 14 ± 14 36 ± 35 220 ± 220 500 ± 400
Other qq initiated 7.1 ± 1.7 1.9 ± 0.4 311 ± 76 81 ± 15
Total 305 ± 18 459 ± 19 2460 ± 60 6320 ± 130

Data 307 449 2458 6332

Interaction vertex:

in the LAr calorimeter (1.37 < |⌘ | < 1.52). Electron candidates are required to have transverse momenta
pT > 20 GeV.

Muons are built from tracks reconstructed using MS hits matched to ID tracks. A global fit using the hits
from both subdetectors is performed [60]. Each muon candidate is associated uniquely with exactly one ID
track and is required to satisfy |⌘ | < 2.4 and pT > 20 GeV.

Identification and isolation criteria are applied to electron and muon candidates to suppress non-prompt
leptons from hadron decays. Identification criteria are based on shower shapes and track parameters for the
electrons, and on track parameters for the muons. The isolation criteria use information on ID tracks and
calorimeter deposits in a fixed cone of �R = 0.2 around the leptons. Electrons must satisfy the medium
identification as well as the loose isolation criteria described in Ref. [59]. Muon candidates are required to
satisfy the medium identification and loose isolation criteria introduced in Ref. [60]. The significance of
the transverse impact parameter, defined as the absolute value of d0, divided by its uncertainty, �d0 , must
satisfy |d0 |/�d0 < 3 for muons and |d0 |/�d0 < 5 for electrons.

The decision on whether or not the event is recorded is made using single-electron or single-muon triggers
based on requirements on lepton identification and isolation similar to those applied o�ine. The transverse
momentum thresholds for these triggers were 24 GeV for electrons [61] and 20 GeV for muons [62] in 2015,
whilst during the 2016–2018 data taking period the thresholds were both raised to 26 GeV and requirements
on lepton identification and isolation were tightened. Complementary triggers with higher pT thresholds
and no isolation or looser identification criteria are used to increase the trigger e�ciency.

Events are required to contain exactly two leptons of opposite electric charge with the above criteria. One
of the leptons must have a transverse momentum exceeding pT > 27 GeV and be matched to one of the
triggers used for the readout and storage of the event. The invariant mass of the two selected leptons must
exceed m`` = 20 GeV. Both same-flavour (ee/µµ) and di�erent-flavour (eµ) events are accepted either for
auxiliary measurements or the signal extraction.

The interaction vertex is reconstructed from the leptons as the weighted average z-position of the tracks
extrapolated to the beam line:

z``vtx =
z`1 sin2 ✓`1 + z`2 sin2 ✓`2

sin2 ✓`1 + sin2 ✓`2

, (1)

where sin2 ✓` approximately parametrises the resolution of the z-position [10]. This definition of the
interaction vertex is unbiased by the presence of additional tracks from hadronic activity in association with
the dilepton pair production as well as additional tracks from close-by pileup interactions. It results in an
improved resolution and larger e�ciency than a primary vertex selection based on the sum of squared track
transverse momenta [63]. Requirements are placed on the longitudinal impact parameter |(z` � z``vtx) sin ✓ |
of each lepton such that it lies within 0.5 mm of the z``vtx-position.

A window of �z = ±1 mm around z``vtx defines the region in which ID tracks are associated with the
interaction vertex. The number of tracks in this window, excluding those used in the reconstruction
of leptons, are counted as ntrk. Signal �� ! WW event candidates are selected using the exclusivity
requirement that ntrk = 0. Events with low track multiplicities, 1  ntrk  4, are used to evaluate
backgrounds. The modelling of ntrk is therefore vital to the extraction of the �� ! WW signal and this is
discussed further in the following section.

6

ntrk: number of tracks in a window
∆z =±1 mm around z``vtx
excluding the tracks from leptons
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Observation of photon-induced dilepton production
arXiv:2009.14537 [hep-ex]

◦ 2017 dataset with the ATLAS Forward Proton (AFP) detector inserted, 14.6 fb−1

◦ Observation with significances of 9.7σ (13σ ) for ee (µµ)

◦ The first cross section measurement using proton tagging at the LHC

Feynman diagrams

Lydia Beresford1, ⇤ and Jesse Liu2, †

1Department of Physics, University of Oxford, Oxford OX1 3RH, UK
2Department of Physics, University of Chicago, Chicago, IL 60637, USA

(Dated: July 20, 2019)

Some Feynman diagrams made using feynmp for use.

I. INTRODUCTION

Precision measurements of electromagnetic couplings are fundamental tests of quantum electrodynamics (QED)
and powerful probes of new physics beyond the Standard Model (BSM). The electron anomalous magnetic moment
ae = 1

2 (ge � 2) is among the most precisely measured observables in nature [1, 2]. The muon counterpart aµ is

measured to 1 part in 107 [3] and reports a longstanding 3 � 4� deviation from the SM prediction, which may be a
harbinger of new physics.
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Observation of proton scattering in association with lepton pairs   

•  Forward scattering of incident protons is a hallmark prediction of photon fusion 
 
•  Measured in ATLAS Forward Proton spectrometer (AFP)  

 

σfid (ee+p)  = 11.0 ± 2.6 (stat) ± 1.2 (syst) ± 0.3 (lumi)  fb 
σfid (µµ+p)  =   7.2 ± 1.6 (stat) ± 0.9 (syst) ± 0.2 (lumi)  fb 
 
Obs. significance: well above 5σ for both (ee) and (µµ)  

Good agreement with SM expectations 

ATLAS-CONF-2020-041  AFP data recorded 2017 at high µ  

Fractional proton energy  
loss from scattered proton   

Fractional proton energy  
loss from lepton kinematics  

First cross-section measurement using proton-tagging 
in photon-fusion processes at the LHC 

Fractional proton energy loss
of the scattered proton:
ξAFP = 1−Escattered/Ebeam

Fractional proton energy loss
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Electroweak Zjj differential cross sections
arXiv:2006.15458 [hep-ex]

◦ Sensitive to the Vector Boson Fusion (VBF) production mechanism

◦ Measured data are sufficiently precise to distinguish between different

state-of-the-art theoretical predictions calculated using POWHEG+PYTHIA8,

HERWIG7+VBFNLO and SHERPA 2.2

EW Zjj

Strong Zjj

q q

q q q q
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Electroweak Zjj differential cross sections
arXiv:2006.15458 [hep-ex]

Dressed muons pT > 25 GeV and |η | < 2.4
Dressed electrons pT > 25 GeV and |η | < 2.37 (excluding 1.37 < |η | < 1.52)

Jets pT > 25 GeV and |y | < 4.4
VBF topology N` = 2 (same flavour, opposite charge), m`` ∈ (81, 101) GeV

∆Rmin(`1, j) > 0.4, ∆Rmin(`2, j) > 0.4
Njets ≥ 2, pj1

T > 85 GeV, pj2
T > 80 GeV

pT,`` > 20 GeV, pbal
T < 0.15

m j j > 1000 GeV, |∆yj j | > 2, ξZ < 1
CRa VBF topology ⊕ Ngap

jets ≥ 1 and ξZ < 0.5
CRb VBF topology ⊕ Ngap

jets ≥ 1 and ξZ > 0.5
CRc VBF topology ⊕ Ngap

jets = 0 and ξZ > 0.5
SR VBF topology ⊕ Ngap

jets = 0 and ξZ < 0.5

Z centrality observable:

→ ξZ = |y``−0.5(yj1 +yj2)|/|∆yjj |
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Electroweak Zjj differential cross sections
arXiv:2006.15458 [hep-ex]

Differential cross sections as a function of four observables: mjj , |∆yjj |, pT,`` and ∆φjj

Inclusive Zjj production EW Zjj production
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Electroweak WZjj and W±±±W±±±jj production
Phys. Lett. B 809 (2020) 135710

◦ Vector Boson Scattering (VBS) contributing to the EW-induced production:

W±W± WZ
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◦ QCD-induced production:
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◦ Observation of electroweak production of WZ at 6.8σ (5.3σ exp) significance
◦ Differential cross sections measured as a function of several observables
◦ Constrain anomalous Quartic Gauge Couplings (aQGCs) in the EFT framework
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Electroweak WZjj and W±±±W±±±jj production
Phys. Lett. B 809 (2020) 135710
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Polarization in electroweak W±±±W±±±jj production
arXiv:2009.09429 [hep-ex]

◦ Deviations in VBS production of longitudinally polarized gauge bosons predicted
in many BSM models

◦ First measurements of production cross sections for polarized W±W±

◦ Two different BDTs used to separate either the W±
L W±

L and W±
X W±

T processes
or the W±

L W±
X and W±

T W±
T processes

◦ EW W±W± production with at least one longitudinally polarized W boson
measured at 2.3σ (3.1σ exp) significance
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Evidence/Observation of electroweak ZZjj production
ATLAS: arXiv:2004.10612 [hep-ex], CMS: arXiv:2008.07013 [hep-ex]

Typical diagrams for the production of ZZjj : EW VBS diagrams
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Evidence/Observation of electroweak ZZjj production
ATLAS: arXiv:2004.10612 [hep-ex], CMS: arXiv:2008.07013 [hep-ex]

◦ ZZjj analysis performed exploiting leptonic decays:

◦ ATLAS: ````jj and ``ννjj channels
◦ CMS: ````jj channel

◦ All VVjj channels have been observed now
◦ ATLAS observation: 5.5σ (4.3σ ), CMS evidence: 4.0σ (3.5σ )

ATLAS ````jj ATLAS ``ννjj CMS ````jj
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Observation of electroweak W γγγjj production
arXiv:2008.10521 [hep-ex]

◦ VBS processes comprise an independent and complementary method to study
EW symmetry breaking

VBS EW contribution EW contribution QCD production
triple gauge couplings quartic gauge couplings
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◦ Observed (expected) significance is 4.9σ (4.6σ )

◦ Observed (expected) significance is 5.3σ (4.8σ )
after combining with 8 TeV data
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Evidence of electroweak Z γγγjj production
JHEP 06 (2020) 076

◦ Zγjj measurement with 36 fb−1: 3.9σ (5.2σ exp) significance (4.7σ obtained if
combined with 8 TeV data)

◦ Signal extracted from a mjj and ∆ηjj two-dimensional fit

◦ Fiducial cross-section in agreement with the SM

◦ Constraints on aQGCs
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Observation of the production of three massive gauge bosons
arXiv:2006.11191 [hep-ex]

◦ First observation of the combined production of
three massive gauge bosons VVV with V =W ,Z

◦ Searches for individual WWW, WWZ, WZZ, and
ZZZ production performed in final states with 3,
4, 5, and 6 leptons (e or µ)

◦ Observed (expected) significance of the
combined VVV production is 5.7σ (5.9σ ) 0 1 2 3 4 5 6
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Inclusive four-lepton differential cross sections
ATLAS-CONF-2020-042

◦ The 4` final state has contributions from interesting Standard Model processes:
single Z boson production, Higgs boson production and on-shell ZZ production

◦ Sensitive to New Physics / BSM contributions: modifications to the couplings of
the Higgs or gauge boson, possible four-fermion interactions, models with
leptonic decays of Z bosons or new particles
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Conclusions

◦ Many new results with the latest and greatest Run 2 dataset by ATLAS and CMS,
legacy Run 2 measurements being finalized

◦ Comprehensive tests of the Standard Model over 15 orders of magnitude in
cross section and going more differential, results compared to theory predictions
from state-of-the-art MC and fixed-order calculations.

◦ LFU test in agreement with SM with the best precision achieved up to now

◦ First LHC search of the rare exclusive hadronic decay W → πγ

◦ First measurements of production cross sections for polarized W±W±

◦ Evidence/Observation of rare processes:

◦ Observation of photon-induced processes: γγ →WW and γγ → ``

◦ Observation of electroweak production of W γjj , WZjj and ZZjj
◦ Evidence of electroweak production of Z γjj

◦ Observation of production of VVV (with V = W , Z )

◦ More information:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
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