
LHC restart: Run 3
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Run	3
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We are here J

~85 fb-1

𝒔 = 13.6 TeV e/o 14 TeV

~40 fb-1 ~85 fb-1

Run 3 End: probably 
extended up to 2025Run 3 Start



Going	beyond	√n:	lessons	from	Run-2
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Ø Quality AND Quantity: Run-2 allowed to really push
the envelope of the analysis techniques.

• Lesson 1: Often allow opening up of new
channels, higher regimes

• Lesson 2: Validation in data is crucial --> more
statistics is always needed also to improve
beyond √n!

Ø New analysis preparation: more data means one can
get creative with analysis strategies and triggers.

• Lesson 3: we need to try new things early in the
run to profit of full statistics and HL-LHC!
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New Small Wheel

GEM

Long shutdown 2 activities/upgrades

https://agenda.infn.it/event/29181/timetable/
https://agenda.infn.it/event/29181/timetable/


Run	3:	Luminosity	&	Triggers
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Run 3 brings 160fb-1 ~ Doubles our integrated luminosity
à Only stats improved sensitivity over Run 2 searches.

à But also...Opportunity to explore new trigger strategies and collect different data!

The Challengeè We see more than we can record!

ü To control trigger rates, we mainly raise thresholds è
leaving softer signals behind.

ü And we can’t record all, because of limitations in
bandwidth, processing and storage.

How to record more data è Circumvent some limitations:
(1) Trigger Machine performance & storage -> Upgraded/more

(2) Bandwidth limitation to TIER0 -> Bandwidth = Event Rate x Event Size
(3) High Level Trigger CPU processing limitations -> Make algorithms faster, 

or don’t use CPU at all

we decreaseIf want more 
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Ø Trigger(-object) Level Analysis (TLA) - Data scouting: Reduce event size 100x by recording only HLT reconstructed objects - take
advantage of offline-like reco algorithms at HLT (↓Bandwidth = ↑Rate x ↓↓Size). Advantage: Trigger thresholds no longer
limited by HLT thresholds. Examples: Di-muon Searches (Dark matter searches); Dijet bump-hunt in Run 2 à Great Proof-of-Concept for TLA;
Multi-jet searches (R-Parity Violating SUSY offers signatures with many jets...); Multi-jet searches with b-jets (opens up low-mass searches with
heavy flavour coupling preference or increase S/B with QCD light jet rejection)

Ø Partial Event Building (PEB): Reduce event size by recording only raw detector data in Regions Of Interest (↓Bandwidth = ↑Rate x
↓↓Size, ↓↓↓CPU). Advantage: CPU limitations lifted. Examples: invisible particle searches.

Several recording strategies to circumvent
limitations:

Ø New Trigger: Develop new trigger logic to enhance
selection of your signatures, sufficiently selective for
minimal background (↓Bandwidth = ↓Rate x Size).
Advantage: Full detector information, unique data.
Examples: Special, Anomalous (Long Lived Particles), specific
topological cuts, low-mass diphoton trigger.

Ø Delayed Stream Strategy: Store full event data on
Storage at the detector to reduce TIER0 bottleneck.
Advantage: Full detector information. Examples:
VBF(+MET/bb), HHà4b, Bphysics,…).
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We look forward to making the most out of 

ATLAS/CMS Run 3 data!

ü Several trigger strategies
targeting low-mass signals:
• Delayed Stream
• More selective triggering
• Trigger(-object) Level Analysis
• Partial Event Building
To search for axion-like particles, low
mass RPV SUSY, dark photons, Z’,
new scalar particles in Run 3.

üNew trigger strategies come with 
many benefits for trigger:
• Analysers become trigger

developers: Enhances expertise in
trigger technical development, and
interest in better or faster online
algorithms and lean data.

• Developing Proof-Of-Concepts for
Run 4: Many challenges for Run 3,
enhanced in Run 4 (higher pile-up,
early selections, limitations of
online tracking)-laying groundwork
for high threshold mitigation
options.



The	LHC	three-way	paradigm
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1 - Standard Model:
Improving the known to
constrain the unknown

2 - Non-resonant BSM (EFT):
Smooth deviations can give
indications beyond the LHC
energy regime

3 - Resonant BSM:
Multiple challenges:
High energy, low energy, challenging
signatures...unexpected signatures!

(1) (2) (3)



Precision	measurements	of	EW	parameters

Ø In the recent past, the global electroweak fit was able
to predict the masses of new particles before their
discovery

Ø Nowadays, all the free parameters of the Standard
Model are known, and relations between electroweak
observables can be predicted at 2-loop level

Ø Precise measurements of the electroweak
parameters allow:
ü Stringent test of the self consistency of the SM
ü Looking for hints of physics beyond the SM
ü Exclusion of a large range of BSM models

Ø With the large statistics available in Run 2, significant
improvements in precision are achieved through efforts
and new methodologies in performance and physics
modelling è Run 3 statistic allows even
more stringent precision limits
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Eur. Phys. J. C78, 675 (2018)

𝜶𝒔

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-6131-3
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Precision	measurements	of	EW	parameters

Higgs
Top

ATLAS/CMS Naples 
Activities in SM 
Physics: 
ü Top Physics 
ü Higgs Physics:

ü Discovery
ü Properties 

measurements (mass, 
spin/CP,…)

ü Production Mechanisms
ü W/Z:

ü cross section 
measurement 

ü Vector Boson Scattering 
(VBS): 
ü cross section 

measurement 
(anomalous coupling 
constant)

W/Z



Effective	Field	Theory	(EFT)
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Why EFT?
In the absence of a direct evidence for BSM physics
so far, the SM could be viewed as a low-energy
approximation to a more fundamental theory.

Effective Field Theory (EFT) Lagrangian:

Deviations from SM described by higher-dim. operators
𝑂!
(#), suppressed by powers of Λ. 𝐶!

(#) Wilson coefficients
can be constrained from data.

Interpreting the measured (differential) 
cross sections ( x BR x efficiency) in 

terms of EFT:

Most commonly used: SMEFT framework with Warsaw basis operators.

https://arxiv.org/abs/1008.4884


[1810.05149] Diboson at the LHC vs LEP - arXiv

EFT	Challenge:	LHC	vs	LEP

HL-LHC
expectations

Current CMS and ATLAS 
data for the leptonic 

pp→WW,WZ channels

https://arxiv.org/abs/1810.05149


Dark	sector	searches	in	ATLAS/CMS
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Dark Matter at LHC:
• Potential to search in regions unexplored by DS!
• Vast possible phenomnenology



B-onus	round:	B-Anomalies
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B-onus	round:	B-Anomalies
ü Long-standing tension wrt SM in rare 𝑏-hadron decays

esp. in FCNC 𝑏→𝑠ℓℓ transitions
ü Observables: branching ratios, angular decay distributions,

lifetimes, lepton flavour universality tests,...
ü Commonly interpreted in Effective Field Theories → Largest

deviations for coefficients 𝐶9 and 𝐶10 of the semileptonic operators

Talk by Capdevila, Fedele, Neshatpour, 
Stangl in Flavour Anomalies Workshop

More news in next GR1 meeting!

https://indico.cern.ch/event/1055780/contributions/4454282/attachments/2331140/3972619/b2sll_EFT.pdf
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B-Anomalies	@LHC:	direct	searches
Many composite models can explain b-anomalies and

ü Leptoquarks

ü Multiple possible signals including new bosons or fermions

ü New resonances coupling to third generation quarks

g/g'/Z'/W'

Depending on the model!



Early	run	3	physics	and	longer	term	views

Early run 3 physics plans:
• New triggers
• Improved analysis technique

• Offline reconstruction improvement
• Improved background estimation
• Improvement with Machine Learning extension

• New measurements with new sqrt(s) of 13.6 TeV
• W/Z, top, Higg
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Sharing common ideas and learning
new system from experience of early
Run3 analyses for future full Run3
projects is important outcome of the
Early Run3 physics projects



Early	run	3	physics	and	longer	term	views
Longer term plans:
• Significant improvement expected for many
measurements by controlling systematic
uncertainties
• Jet / Lepton / Photon Calibration
• Backgrounds / Control Regions
• MonteCarlo Generators
• Examples: VBS/VBF and Polarization; W/Z Couplings

• The additional statistics of Run-3 helps for
some processes, e.g. first observation of H →
μμ or H → Zγ
• H→μμ is, to date, the most sensitive channel to study Higgs boson

couplings to the 2nd generation fermions
• Studying Higgs boson to muon coupling has important implication for

muon collider
• Challenge: small branching ratio BR(H→μμ): 0.02%, large background

S/B: 1~2%
• New approaches for the Top-quark mass
measurement
• Direct measurements of mtop have reached an uncertainty of 0.5
GeV è theoretical issues in the interpretation of the measured
mtop call for alternative precise measurements
• Measurements of mtop from cross sections with uncertainty close
to or below 0.5-1 GeV are possible
• Alternative measurements exploiting leptons originating from b
or J/psi decays are likely to become competitive with large Run
2+3 statistics, and with an improved understanding of the b-
fragmentation function
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Run 2: Papers submitted as of 10/12/2021
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RUN I  606

RUN II  301+107

CMS:
1089 Papers

ATLAS:
1035 Papers

CMS:
1086 Papers



https://iml.web.cern.ch/public-datasets

ATLAS/CMS	Open	Data	and	Machine	Learning	papers



Events@Naples
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...And most importantly

COMPOSE IT-II
Aimed at discussing EFT and
direct searches in Run III

...Coming Fall 2022!



Buon Natale
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Backup	



Selected	Run	2	“spicy”	analyses	to	be	further	investigated

Selected Excesses observed in Run-2 and should be followed up:
• Vector Like Quarks: 

• T/Y → Wb è 3.7σ (local) at mVLQ of 1.8 TeV,
• T → tH => 3.0σ (local) at mVLQ of 0.68 TeV,

• Heavy WR, Leptons and Vector Like Leptons
• CMS Excess in dielectron 2.95/2.78σ local/global
• ATLAS boosted analysis 2.4σ in dielectrons

• DiPhoton resonances
• CMS sees small excess near 95 GeV
• Followed up by ATLAS HIGG-2020-09

• Dilepton searches: μμ/ee mass ratio, discrepancy from 1, p-value 0.012 (2.3σ)
• Further Excesses in Higgs Processes

• H → aa → bbμμ (ma = 52 GeV 3.3/1.7σ local/global)
• Search for S → XX → 4ℓ: Excess at mS ≃ 110 GeV, mX ≃ 30 GeV under investigation, 3.8σ local, 2.8σ 

global
• Resonant HH:

• bbττ: 3/2σ local/global at mX ~ 1 TeV
• bbbb: 2.3/0.4σ local/global at mX = 1.1 TeV

Hints for Lepton Flavour Universality Violation in the b-Sector motivates 
additional efforts in Semi-leptonic B and Tau decay and Leptoquark 
Searches è One specific idea: Use the LHC as proton-lepton collider

• Utilize lepton content of proton originating from quantum fluctuations
• → lepton + (small-R) jet final state not well covered until now
• Sensitive to both mass and coupling parameters
• Invariant mass mlq as key observable
• Analysis effort just started
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https://link.springer.com/article/10.1007/JHEP05(2019)164
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-18-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-019/


Precision	measurements	of	EW	parameters

Ø In the recent past, the global electroweak fit was able to
predict the masses of new particles before their discovery

Ø Nowadays, all the free parameters of the Standard Model
are known, and relations between electroweak observables
can be predicted at 2-loop level

Ø Precise measurements of the electroweak
parameters allow:
ü Stringent test of the self consistency of the SM
ü Looking for hints of physics beyond the SM
ü Exclusion of a large range of BSM models

Ø With the large statistics available in Run 2, significant
improvements in precision are achieved through efforts and
new methodologies in performance and physics modelling
è Run 3 statistic allows even more stringent precision
limits
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• mH à Higgs
• mW and mZ à QCD
• mt à Electroweak
• 𝜶𝒔

Eur. Phys. J. C78, 675 (2018)

(1)

𝜶𝒔

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-6131-3


Run	3:	Luminosity	&	Triggers
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High profile, orthogonal, 
non-urgent 

e.g. VBF(+MET/bb),
HHà4b, Bphysics,…)

PEB: CPU limited 
(Dark sector

signature in jets,
searches with AFP

high-𝜇 data)

TLA: bandwidth 
limited  (Low-mass 
resonances in (b-

)jets & muons

Special, Anomalous (Long 
Lived Particles), specific 

topological cuts, low-mass 
diphoton trigger



EFT	Challange
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Very large number of correlated Wilson coefficients to be fitted (dim-6: ~2500). 
Ultimate goal: global fit of all Wilson coefficients (within a certain flavour symmetry scenario). 

Strong interplay of constraints from the top quark, EW and Higgs measurements.

J. Ellis et al, JHEP 04 (2021) 279

https://arxiv.org/abs/2012.02779


Measurements	of	fundamental	SM	parameters
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In ATLAS/CMS we can measure various SM parameters, in many cases with
best precision or with a precision competitive with previous determinations

Many ongoing efforts to reach the ultimate precision on fundamental SM parameters used in the 
EW fit. With the large statistics available in Run 2, significant improvements in precision are 

achieved through efforts and new methodologies in performance and physics modelling



EFT	Challenge	:	comparison	with	flavor

See also EPS book

Indirect flavor facilities searches 
have higher reach, although do 
rely on several assumptions:

Current bounds of MFV make 
predictions comparable with the 
ones from collider physics!

https://indico.cern.ch/event/867138/attachments/1954116/3245302/European_Strategy_Briefing_Book.pdf

