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Not To Scale Birds Eye View

*Personal bias will probably be towards ATLAS
Selection of results will not cover everything!

The General Purpose Detectors

This talk will focus on the results from ATLAS* and CMS

3 / 64 Alex Martyniuk Recent results from the LHC



The General Purpose Detectors

Differences
Detector technology choices

B-field configuration: Solenoid vs
Solenoid+Toroid

Size/weight (though both are colossal!)

Similarities
Cylindrical detectors: barrel &
end-caps

Concentric detectors: Tracking,
EM→had-calorimetry, muon chambers

Close to 4π solid angle coverage

Hardware/software combined trigger
systems
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Run 2 Summary: Integrated Luminosity

The LHC had an excellent Run 2, delivering ≈ 160 fb−1 to both experiments!

Both experiments recorded data with superb overall Run 2 data taking
efficiency: ATLAS 94.2%, CMS 92.3%

This was achieved despite challenging pile-up conditions with < µ > 35: i.e. on
average 35 simultaneous p − p collisions per bunch crossing!

The LHC is very versatile machine, delivering in special runs throughout Run 2:
Pb − Pb, p − Pb, Xe − Xe and low pileup p − p data to both experiments
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2#Multiple_Year_Collision_Plots
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults#Multi_year_plots


Run 2 Summary: Pileup

The LHC had an excellent Run 2, delivering ≈ 160 fb−1 to both experiments!

Both experiments recorded data with superb overall Run 2 data taking
efficiency: ATLAS 94.2%, CMS 92.3%

This was achieved despite challenging pile-up conditions with < µ > 35: i.e. on
average 35 simultaneous p − p collisions per bunch crossing!

The LHC is very versatile machine, delivering in special runs throughout Run 2:
Pb − Pb, p − Pb, Xe − Xe and low pileup p − p data to both experiments
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Run 2 Summary: Versatility

The LHC had an excellent Run 2, delivering ≈ 160 fb−1 to both experiments!

Both experiments recorded data with superb overall Run 2 data taking
efficiency: ATLAS 94.2%, CMS 92.3%

This was achieved despite challenging pile-up conditions with < µ > 35: i.e. on
average 35 simultaneous p − p collisions per bunch crossing!

The LHC is very versatile machine, delivering in special runs throughout Run 2:
Pb − Pb, p − Pb, Xe − Xe and low pileup p − p data to both experiments
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2#Luminosity_summary_plots_for_AN1
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults#2018_lead_lead_collisions


Reconstruction and Calibration
Both experiments have excellent reconstruction and calibration performance,
even in the harsh pileup conditions of Run 2
Continuous improvements seen in the calibrations, understandings of
efficiencies, systematic uncertainties etc. over a wide pT range

A better understanding of the detectors along with data-driven and machine
learning techniques mean that object calibrations and efficiencies are often now
better even in the harsher environment of Run 2

8 / 64 Alex Martyniuk Recent results from the LHC

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2018-006/
http://cms-results.web.cern.ch/cms-results/public-results/publications/MUO-17-001/index.html


What is in this data?

The LHC is an EVERYTHING factory
(with additional background collisions)

Assuming 140 fb−1 at
√

s =13 TeV
both detectors have seen...

Particle # produced

H boson ≈ 8 million
t quark ≈ 280million
Z boson ≈ 8 billion
W boson ≈ 26 billion
b quark ≈ 160 trillion
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These datasets give both experiments broad physics programme potential
High-precision SM measurements, including Higgs properties
Detection of extremely rare processes
Exploration of new kinematic regimes for potential new physics signals!
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http://www.hep.ph.ic.ac.uk/~wstirlin/plots/crosssections2012_v5.pdf


What is in this data?

The LHC is an EVERYTHING factory
(with additional background collisions)

Assuming 140 fb−1 at
√

s =13 TeV
both detectors have seen...

Particle # produced

H boson ≈ 8 million
t quark ≈ 280million
Z boson ≈ 8 billion
W boson ≈ 26 billion
b quark ≈ 160 trillion

These datasets give both experiments broad physics programme potential
High-precision SM measurements, including Higgs properties
Detection of extremely rare processes
Exploration of new kinematic regimes for potential new physics signals!
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun2Physics#candidate_event_with_65_addition
https://cds.cern.ch/record/2241144


The Standard Model

Image from Symmetry Magazine
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https://www.symmetrymagazine.org/standard-model/
https://www.symmetrymagazine.org/standard-model/


Remarkable agreement
The amazing
predictive power
of the Standard
Model is
confirmed by
both experiments
(CMS versions)
Agreement spans
over 14 orders of
magnitude, with
measure-
ments/evidence of
diverse and
extremely rare
SM processes
Improvements in
theoretical
calculations to
NNLO level
complement
these results
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-024/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined


Remarkable agreement

theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminaryMarch 2019

All results at:
http://cern.ch/go/pNj7

γγ  0.12± 0.01 ±1.06 -15.0 fb
(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb

(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
(NLO th.), γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
WW  0.09± 0.04 ±1.07 -14.9 fb
WW  0.08± 0.02 ±1.00 -119.4 fb
WW  0.08± 0.05 ±0.96 -12.3 fb
WZ  0.06± 0.07 ±1.05 -14.9 fb
WZ  0.07± 0.04 ±1.02 -119.6 fb
WZ  0.05± 0.02 ±0.96 -135.9 fb
ZZ  0.07± 0.13 ±0.97 -14.9 fb
ZZ  0.08± 0.06 ±0.97 -119.6 fb
ZZ  0.04± 0.02 ±1.06 -1137 fb

7 TeV CMS measurement (stat,stat+sys) 

8 TeV CMS measurement (stat,stat+sys) 

13 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NLO)vs. NNLO 

The amazing
predictive power
of the Standard
Model is
confirmed by
both experiments
(CMS versions)
Agreement spans
over 14 orders of
magnitude, with
measure-
ments/evidence of
diverse and
extremely rare
SM processes
Improvements in
theoretical
calculations to
NNLO level
complement
these results

13 / 64 Alex Martyniuk Recent results from the LHC

https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsCombined/SigmaR_v5.pdf
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined


Remarkable agreement
The amazing
predictive power
of the Standard
Model is
confirmed by
both experiments
(CMS versions)
Agreement spans
over 14 orders of
magnitude, with
measure-
ments/evidence of
diverse and
extremely rare
SM processes
Improvements in
theoretical
calculations to
NNLO level
complement
these results
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-024/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined


Let’s focus first on the new kid...

Image from Symmetry Magazine
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https://www.symmetrymagazine.org/standard-model/
https://www.symmetrymagazine.org/standard-model/


The Higgs boson

The discovery of the Higgs boson (mH = 125.10 GeV) in 2012 by ATLAS and CMS
together fulfilled one of the main aims of the LHC: Identifying a mass generation
mechanism for the SM

Its discovery showed us that some form
of the Brout-Englert-Higgs*
mechanism is realised in nature!

It has given us access to a new sector
of the SM Lagrangian with new lines of
enquiry to follow:

Yukawa couplings, a new type of
interaction to investigate
Gauge–scalar boson interactions
The parameters of the Higgs potential,
and its self coupling

*Please insert your own preferred naming convention for the mechanism
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The Higgs Production/Decay

In Run 1 ATLAS and CMS observed the gg
fusion and VBF production modes

In Run 2 we now have observed the
Higgs-strahlung and ttH productions modes!

The discovery channels (γγ, ZZ ,
WW ) dominated Run 1 results

In Run 2 both experiments are
digging into the more challenging
decay modes
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http://cds.cern.ch/record/2236645/files/arXiv%3A1611.07864.pdf


Higgs Progress: Discovery→Measurement
Run 1: ATLAS & CMS

H → γγ

Significant progress has
been made in the discovery
channels since 2012

We have collected
thousands of Higgs
bosons candidate events
with which to perform
differential measurements

Can really start to dig down
into the properties and
couplings of this new
scalar boson

Run 2: ATLAS & CMS
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https://www.sciencedirect.com/science/article/pii/S037026931200857X
https://www.sciencedirect.com/science/article/pii/S0370269312008581
https://www.sciencedirect.com/science/article/pii/S037026931200857X
https://www.sciencedirect.com/science/article/pii/S0370269312008581
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-004/index.html


Higgs Progress: Discovery→Measurement
Run 1: ATLAS & CMS

H →WW

Significant progress has
been made in the discovery
channels since 2012

We have collected
thousands of Higgs
bosons candidate events
with which to perform
differential measurements

Can really start to dig down
into the properties and
couplings of this new
scalar boson

Run 2: ATLAS & CMS
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https://www.sciencedirect.com/science/article/pii/S037026931200857X
https://www.sciencedirect.com/science/article/pii/S0370269312008581
https://www.sciencedirect.com/science/article/pii/S037026931200857X
https://www.sciencedirect.com/science/article/pii/S0370269312008581
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-002/index.html


Higgs Progress: Discovery→Measurement
Run 1: ATLAS & CMS

H → ZZ

Significant progress has
been made in the discovery
channels since 2012

We have collected
thousands of Higgs
bosons candidate events
with which to perform
differential measurements

Can really start to dig down
into the properties and
couplings of this new
scalar boson

Run 2: ATLAS & CMS
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https://www.sciencedirect.com/science/article/pii/S037026931200857X
https://www.sciencedirect.com/science/article/pii/S0370269312008581
https://www.sciencedirect.com/science/article/pii/S037026931200857X
https://www.sciencedirect.com/science/article/pii/S0370269312008581
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-07/
https://cds.cern.ch/record/2668684
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/
https://cds.cern.ch/record/2668684


Differential Higgs Measurements
ATLAS-CONF-2019-029 & ATLAS-CONF-2019-032 &
HIG-17-028 & HIG-19-002

Statistical combinations of the large Higgs
samples allows both experiments to provide
total and differential cross-section results

Deviations from the SM expectations in
these measurements and in Higgs couplings
could point us towards new physics

Could be subtle,→ needs high precision
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-032/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-002/index.html
https://arxiv.org/abs/1307.1347
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-032/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/index.html
https://cds.cern.ch/record/2691268
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-032/


Differential Higgs Measurements

ATLAS-CONF-2019-029 & ATLAS-CONF-2019-032 &
HIG-17-028 & HIG-19-002

Statistical combinations of the large Higgs
samples allows both experiments to provide
total and differential cross-section results

Deviations from the SM expectations in
these measurements and in Higgs couplings
could point us towards new physics

Could be subtle,→ needs high precision
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-032/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-002/index.html
https://arxiv.org/abs/1307.1347
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-032/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/


Two for one: pp → VH → bb
HIGG-2018-04 & HIG-18-016

Observation of the Higgs production/decay pp → VH → bb directly confirms
both the low cross section Higgs-strahlung production mode and the abundant
H → bb decay mode
Made possible by triggering on "clean" leptonic V decays to reduce the
multi-jet background
An incredible achievement as the H → bb decay channel was considered by
some a lost cause at a hadron collider

Combined Run
1+2 H → bb
significances
–ATLAS–
5.4(5.5)σ
–CMS–
4.8(4.9)σ

Both agree with
the SM signal
strength
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-04/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-016/index.html


The rarest production mode: t t̄H
HIGG-2018-13 & HIG-17-035

Combinations of decay modes from both experiments have previously
confirmed the presence of the pp → t t̄H production channel at,
ATLAS: 6.3(5.1)σ, CMS: 5.2(4.2)σ

A superb confirmation of a rare Higgs production mode, confirming the tree
level coupling of top quarks to the Higgs
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-035/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-035/index.html


The rarest production mode: t t̄H
HIGG-2018-13 & HIG-17-035 & ATLAS-CONF-2019-004

Combinations of decay modes from both experiments have previously
confirmed the presence of the pp → t t̄H production channel at,
ATLAS: 6.3(5.1)σ, CMS: 5.2(4.2)σ

A superb confirmation of a rare Higgs production mode, confirming the tree
level coupling of top quarks to the Higgs

ATLAS has now followed up
with a single channel
(H → γγ) observation of the
t t̄H process at a significance
of 4.9σ

An exceptionally rare process
with a measured,
σt t̄H × BH→γγ = 1.59+0.43

−0.39 fb
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-035/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-004/


The Rarer Decay Modes: 2nd Gen.
ATLAS-CONF-2019-028 & HIG-18-031

ATLAS and CMS are digging down toward the rare second
generation Higgs decay modes

Using multivariate techniques and new reconstruction techniques

Nothing is seen (or expected to be) seen yet, but these modes are
starting their journeys now ready for Run 3/4

ATLAS H → µµ: µ = 1.7 & CMS H → cc: µ = 70@ 95%CL
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-028/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-031/index.html
http://cms-higgs-results.web.cern.ch/cms-higgs-results/Comb/HIG-14-009-Paper/sqr_m6summary_fitmu.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-028/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-031/index.html


The "Future": Di-Higgs production
HDBS-2018-18 & HDBS-18-33 & ATLAS-CONF-2019-049 & HIG-17-030 & HIG-18-013

HH production can
be searched for
through VBF
production modes

Can be used to explore the Higgs self
coupling λ, probing the Higgs
potential
Also useful to search for new heavy
resonances
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-030/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-013
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/


Run 2 Higgs Overview
HIGG-2018-57 & HIG-19-005

The ATLAS and CMS Higgs programs are switching from discovery to
measurements quickly
Will be able to compare the results to the SM expectations with greater and
greater precision
The Higgs sector touches upon many questions: naturalness, vacuum stability,
flavour...
We will be poking this field for a long time to come
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-57/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-57


The Electroweak sector segue

Image from Symmetry Magazine
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https://www.symmetrymagazine.org/standard-model/
https://www.symmetrymagazine.org/standard-model/


High-statistics probes: Zγ cross section

ATLAS:1911.04813 CMS:1909.04133

NB: FSR & q/g contributions suppressed

High precision (at percent level)
measurements of differential Zγ
cross-sections from both experiments

In general good agreement seen with
NLO/NNLO predictions

Provides high-statistics probes of the
electroweak gauge sector for the
community to use
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https://arxiv.org/abs/1911.04813
https://arxiv.org/abs/1909.04133


Rare processes: EW VBS Zγjj
SMP-18-007 (ATLAS: arXiv:1910.09503)

Evidence of the electroweak vector-boson
scattering process pp → Zγjj directly
probes the EWK SM gauge structure

Selection reduces contribution from strong
production

Signal extracted from 2D fit to mjj and ∆ηjj
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https://cds.cern.ch/record/2682214
https://cds.cern.ch/record/2682214/files/SMP-18-007-pas.pdf
https://arxiv.org/abs/1910.09503


Rare Processes: EW VBS ZZjj
ATLAS-CONF-2019-033

Observation of the electroweak
vector-boson scattering process
pp → ZZjj is a milestone in observing
one of the rarest processes of the EW
sector

Selected from other QCD/EW diboson
processes by a Boosted Decision Tree

Observed at 5.5σ with a
cross-section of 0.82 fb

One of the rarest SM
process observed so
far at the LHC

CMS has plans
(FTR-18-014) to
measure the
longitudinal component
with 3 ab−1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-033/
http://cdsweb.cern.ch/record/2682845/files/ATLAS-CONF-2019-033.pdf
https://cds.cern.ch/record/2650915/files/FTR-18-014-pas.pdf


Double Parton Scattering: WW
arXiv:1909.06265

Evidence of double parton scattering in the pp → W±W± channel
is a first for DPS at the LHC

Could become a background to new physics with longitudinal
correlations at HL-LHC, as well as other diboson processes

Multivariate classifiers used to discriminate DPS events from
other diboson backgrounds

Evidence at 3.9σ with a cross-section of 1.41 pb−1
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https://cds.cern.ch/record/2668320


The Fermions

Image from Symmetry Magazine
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https://www.symmetrymagazine.org/standard-model/
https://www.symmetrymagazine.org/standard-model/


t t̄ Forward/Backward Asymmetry

TOP-15-018

Top quarks are predominantly
produced in pairs in the SM

Anomalous production modes
can be searched for by
studying the the angular
distribution of the produced t t̄
pairs

I.e. these anomalies would impact,

c∗ = cos θ∗

This can be quantified by using the
forward/backwards asymmetry,

AFB = σ(c∗>0)−σ(c∗<0)
σ(c∗>0)+σ(c∗<0) (ASM

FB = 0.095)

Trickier than at the Tevatron as gg fusion
production is dominant at the LHC which
produces no AFB , need to extract qq̄ contribution

Can also measure the anomalous
chromoelectric (d̂t ) and chromomagnetic (µ̂t )
dipole moments (d̂SM

t = µ̂SM
t = 0)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-15-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/


t t̄ Forward/Backward Asymmetry
TOP-15-018

Record differential cross sections in a
series of channels defined by decay
topology, lepton charge and flavour

A linear combination of 3D MC templates is
fitted to this data to independently extract

A(1)
FB = 0.048+0.095

−0.087(stat)+0.020
−0.029(syst)

µ̂t = −0.024+0.013
−0.009(stat)+0.016

−0.011(syst)

|d̂t | < 0.03 95% CL
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-15-018/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-15-018/


Top Spin Correlations
TOPQ-2016-10 ( TOP-18-006)

Top quarks decay before their spins can be flipped by the strong interaction, passing
this information to their decay products

The initial t t̄ spin states at the LHC depend on the production mode (qq̄
annihilation/gg fusion), ∴ a different measurement at Tevatron c.f. LHC

Measurements by ATLAS and CMS generally agree with fixed order predictions
(ATLAS has some tension with the NNLO prediction)

ATLAS also has some tension with one NLO+PS prediction (POWHEG+PYTHIA8)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/


B0
S → µµ

BPH-16-004

The decay of B0
S → µ+µ− is observed by CMS with a branching fraction of

B(B0
S → µ+µ−) = 2.9+0.7

−0.6 × 10−9 with a significance of 5.6σ

No significant excess is seen for the B0 → µ+µ−, upper limits set at
B(B0 → µ+µ−) = 3.6× 10−10

The results are consistent with the SM expectation, and provide a significant
constraint on BSM models which could enhance this channel
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https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-16-004/
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-16-004/
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-16-004/


Drell-Yan: pp → Z/γ∗ → ll
STDM-2018-14

A precise measurement of transverse momentum
and φ∗η (a measure of the lepton’s scattering angle
w.r.t. the beam) in Drell-Yan events

High statistics measurements of standard candle
processes are important inputs to beyond the
Standard Model searches

Unfolded differential cross section provide information
to improve the modelling of these channels
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-14/


Beyond the Standard Model

Image (kinda) from Symmetry Magazine
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https://www.symmetrymagazine.org/standard-model/
https://www.symmetrymagazine.org/standard-model/


Some of the sticking plasters...

Gravity... It’s just not in there...

Dark Matter... Astronomers/Cosmologists say that it
is everywhere...

The SM looks blankly into the distance...
Neutrino mass not enough, and SM doesn’t even
include them anyway...

Neutrino masses... Also missing...
We know they have mass, the SM says they don’t...
No (observed) νR so no Yukawa coupling...
What is the correct way to stick that in?

A complete list of sticking plasters, things lacking an
explaination and omissions would be quite long...

The Higgs mass, mass hierarchies in general, vacuum
stability of the universe, multiple generations of
fermions...

And so we go searching...
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https://neutrinos.fnal.gov/mysteries/mass-ordering/#moreinfo


Exotics & SUSY: Searching high and low
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/


Exotics & SUSY: Searching high and low
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV


Exotics & SUSY: Searching high and low
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/ATLAS_SUSY_Summary/


Exotics & SUSY: Searching high and low
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16
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*Observed limits at 95% C.L. - theory uncertainties not included

More up to date, but separated summaries can be found here
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https://twiki.cern.ch/twiki/pub/CMSPublic/SUSYSummary2017/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Run_2_Summary_plots_13_TeV_2016


Pushing to the edges...

Searches for exotic phenomena and SUSY partners push to extremes of phase space

They also often turn the normal operation of the detectors upside down

These extremes
include...

The highest invariant
mass events

Low mass particles

Compressed spectra

Small couplings

Long-lived particles

Multi-charged particles

Forbidden decays

Complicated decays

A mjj = 9.3 TeV dijet event recorded by ATLAS
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https://twiki.cern.ch/twiki/pub/AtlasPublic/EventDisplayRun2Physics/DijetHighMass9.3TeV-VP1-nocone.png


Dijet resonances

EXOT-2019-03 & EXO-19-012

Dijet resonance searches probe the highest
invariant mass events, mjj = 9.3 TeV now for
ATLAS, mjj = 8.2 TeV in CMS

This iteration from ATLAS is expanding on the
inclusive search by requiring additional
b-tagging selections to probe other models

No excesses are seen in any of the spectra
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-03/
 http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-012/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-03/


Dilepton resonances
EXOT-2018-08 & EXOT-2018-30 & EXO-19-019 & EXO-16-033

Dilepton resonance searches are
complimentary searches to the dijet searches,
exploring a wide range of BSM models

Require careful treatment of SM backgrounds
out to high invariant mass regions

Again no excesses are seen in any of the spectra
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-30/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-019/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-033
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-30
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-019/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-033


"Low" mass resonances
EXO-19-018&EXO-18-012&EXOT-2018-05&EXOT-2016-20

Can access lower mass resonances than
triggers would usually allow by recoiling the
system against ISR, or by running on reduced
size trigger level data

Multiple examples from both experiments,
pushing searches into areas previously thought
inaccessible to the LHC

No excesses seen in any of these searches
either, but they demonstrate the ingenuity of
collaboration members
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-012/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-20/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-012/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-012/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-012/index.html


Strong SUSY
SUS-19-007

A search for gluino pairs with a spectacular fireworks display
of a final state of t t̄ t t̄ + pmiss

T

The variables MJ ,the scalar sum of large-R jets, and MT ,
transverse mass of leading lepton + pmiss

T , offer strong handles
on these busy events

Regions (R1,2,3) dominated by background are used to
estimate the background in the signal region (R4)

Data is able to exclude gluinos with masses below 2.15 TeV
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-007/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-007/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-007/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-007/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-007/index.html


Electroweak SUSY
SUSY-2018-06 & SUSY-2018-16

Searches also ongoing for production of
electroweakinos, close to the EW mass scale,
and in compressed spectra

Push back into regions where the
m(χ̃0

2) ≈ m(χ̃0
1) + m(Z ) or m(χ̃0

1) = m(χ̃0
2)

The "easier" search regions are longer term
statistics driven games now
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-16
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-16/
ttps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-06/
ttps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-06/


Long-Lived Particles

Image courtesy of Heather Russell
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https://hrussell.web.cern.ch/hrussell/graphics.html
https://hrussell.web.cern.ch/hrussell/graphics.html


Long-Lived Particles
EXOT-2018-61

Searches for LLPs require novel trigger and
reconstruction techniques, often a complete re-write

New reconstruction methods developed for displaced
tracks in the ID and MS detectors

Unusual backgrounds from material interactions, fake
vertices or punch through jets

Place limits on the cτ of the long lived particles
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-61/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-61/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-61/


Long-Lived Particles: DNN Jet Tagging
EXO-19-011

CMS has developed a novel tagger to identify jets
originating from LLP events

Uses a Deep Neural Network which achieves a
tagging efficiency of 30-80% for gluinos with
1mm ≤ cτ0 ≤ 10m

Expect an improvement in limits over previous
results by using this novel technique
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-011/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-011/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-011/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-011/index.html


We are not done yet...

...not by a long way
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https://project-hl-lhc-industry.web.cern.ch/content/project-schedule


ATLAS Phase-1 upgrades

Liquid Argon Calorimeter Electronics
Aiming to improve the Level-1 calorimeter
decisions for Run 3 and beyond
Finer segmentation leading to enhanced jet
rejection and pileup subtraction capabilities

TDAQ upgrades
Take advantage of finer segmentation in LAr electronics and
improved muon trigger (NSW)

Muons: New Small Wheel
Replacing the inner muon stations in the endcaps
Reduced muon fake rates, and maintain the same
position resolution/efficiency for HL-LHC
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/Upgrades/CERN-LHCC-2013-017/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/Upgrades/CERN-LHCC-2013-017/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/NSWPublicResults


CMS Phase-1 upgrades

CMS is well advanced on it’s Phase-1 upgrades
Upgrades of the pixels, L1Trigger system and replacement of some HCAL readout have
already occured
Final upgrades ongoing in LS2 including replacing the inner layer of the pixel barrel

Hadronic Calorimeter Electronics
Replace photosensors of hybrid photodetectors
with silicon photomultipliers
Will improve the readout to 5Gbps and increase
the longitudinal segmentation of the detector

Muons: GEM GEI/I detectors
Technically already a Phase-2
upgrade, but going in now in LS2
Installing Gas-Electron-Multiplier
chambers which can operate in
high-rate environments
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https://cds.cern.ch/record/1481837/files/CMS-TDR-010.pdf
http://cds.cern.ch/record/2283189


We are not done yet...

...not by a long way
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https://project-hl-lhc-industry.web.cern.ch/content/project-schedule


We are not done yet...

There is a lot of data incoming... pessimistically 3 ab−1
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https://lhc-commissioning.web.cern.ch/lhc-commissioning/schedule/HL-LHC-plots.htm


We are not done yet...

There is a lot of data incoming... or optimistically 4++ ab−1
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https://lhc-commissioning.web.cern.ch/lhc-commissioning/schedule/HL-LHC-plots.htm


That data will be at < µ >= 200
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https://atlas.cern/updates/atlas-news/scientific-potential-high-luminosity-lhc


ATLAS Phase-2 upgrades
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https://indico.cern.ch/event/688643/contributions/3410186/attachments/1890032/3117006/savard_lp_version_Aug5_v2.pdf


CMS Phase-2 upgrades

Both of the upgrade programs are major undertakings
Equivalent to (re-)building a good fraction of the detectors in each case, but
while the collaboration is still running the existing system and producing
physics results

Very challenging!
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https://indico.cern.ch/event/688643/contributions/3410187/attachments/1890165/3117061/CMS-PLM-LP19-final.pdf


Summary

ATLAS & CMS are ploughing through their ≈ 140fb−1

Run 2 datasets

No new physics seen, but exciting results none the
less

Precision differential Higgs cross section
measurements, progress in rare Higgs decays and
constraints on the VVHH system
Observation of the WWjj,WZjj,ZZjj electroweak
scattering processes
Precision measurements of SM processes, increasing
our understanding and constraining backgrounds to new
physics
Powerful searches continue for new physics exploring
new signatures and new parameter space

Both experiments are preparing for the challenges of
Run 3 and beyond into HL-LHC

We already have a gold mine of experimental data,
soon* we will be spoiled with 10× as much data!

*For a generous definition of soon
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/
https://cds.cern.ch/record/2668684


The General Purpose Diagram
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