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• Standard Model and New Physics 
• Anomalies! 
• Detectors → Physics 
• Neutrinos@LHC?
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The Standard Model & Beyond

2

The SM Lagrangian

Going Beyond the SM — New Physics!

+ New Physics
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Porque necessitamos Nova Física ?

Dados que decididamente não conseguimos explicar: 
assimetria matéria-antimatéria (CPV?…)  —  matéria escura (WIMPs, ALPs, …?) —  inflação (inflatão?)  

 
• Hierarquia electrofraca 

- Fraca/Gravidade ~1024

- EWK << Planck (Deserto?)

- Instabilidade da massa do Higgs

- Fine tuning

- Naturalness

• Hierarquia de sabor 
- Porquê tantos parâmetros (19+)? 

- Porquê 3 famílias (‘Who ordered that?’)

- Porquê θQCD<10-9 (Strong CP problem)
- Porquê hierarquias enormes nas massas e 

acoplamentos dos fermiões?

mailto:nuno.leonardo@cern.ch


the NP landscape
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LSM-EFT = LSM  
+ ΣiCiOi 

1930 1970 2020 future

a more fundamental 

theory with new 


degrees of freedom 

Standard ModelFermi model

SM field new heavy field

SM field

+

2012

UV theory

a predecessor 

of EWK theory we’re here!

SM-EFT

simple and elegant theory 

describing almost all 


microscopic phenomena

LSM = Lgauge + Lhiggs

energy scale mH mtmZ,W ΛNP

……

GF
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Direct 

‣ searching for the decay products of 
potentially produced NP particles

Indirect

‣ searching for NP particles running 
in quantum loops (virtual)
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SMData
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Indirect searches: fuelled by Quantum Mechanics

Quark Mixing & CP Lepton Flavour EDM Higgs-LFV

direct  
searches

top-FCNC EWK

➡  We can access NP energy scales well beyond the collision energy

C
PV

https://arxiv.org/abs/1910.11775

https://arxiv.org/abs/1910.11775


Rare Decays  
of SM particles, towards NP

beauty 
charm 

strangeness 
top 
W,Z 

Higgs 
leptons (τ,μ) 

SUSY 
extra dimensions 
new bosons Z’,W’ 

leptoquarks 
unexpected  

?
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not-so-rare ➡ precision! 
Medium rare ⬅ EWK Penguins 

Very rare ⬅ FCNC/GIM+helicity 

Ultra rare ⬅ LFV

baryon  
number 
violation

lepton  
flavour 
violation

GIM 
suppressed 

e.g. t→c/u

EW 
penguins 

e.g. b→sll

helicity 
suppressed 

e.g. B→μμ

0 ~10-50 ~10-14 10-9 10-7

CKM  
suppressed 

e.g. b→u

10-5
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rare beauty | Bs→μμ
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  a milestone discovery of the 
LHC physics program 

ra
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ne
ss
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rare top  |   t→u/c
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• FCNC/GIM in top sector lead 
to very rare processes 
‣ BF~10-14

• rates enhanced in NP models
‣ MSSM (10-7), 2HDM (10-6), RS(10-5)

• current limits ~10-4 

1803.09923
CMS-TOP-17-017
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rare Higgs

12

Higgs couplings:

- H to W,Z,t,b,τ: done
- H to ɣ: no mass ↠ no coupling 
- H to μ: clean signature; expect Run2(+Run3)
- H to c: challenging, in reach @HL-LHC
- H to u,d,s,e: almost hopeless @LHC but NP!

μμɣ

 arXiv:

e,μ
,u,d

,s,c

rare!

LHC’2017

LHC’2012
LHC’2018

LHC’2018

LHC’202?
?

• H→qq
‣ overwhelming QCD 

background 

• H→Qɣ
‣ clean but rare
‣ H→Υ/ψ/ɸ/⍴+ɣ

Currently @CMS
μ(H→cc) < 70  |  μ(H→J/ψɣ) < 220
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Flavour Anomalies !

SMData
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statistics! significance of a bump
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BSM?

SM

@125GeV: the Higgs! @750GeV: a fluctuation!

5σ (discovery)
p-val: 0.0000003 

3σ (evidence) 
p-val: 0.0013

X→ɣɣ  
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N. Leonardo flavour physics

Anomalies !
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March’2021 
@CERN

April’2021 
@Fermilab

4.2σ

3.1σ
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http://www.lip.pt/outreach/lipnews/pdfs/issue15_pt.pdf
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SM

NP

LH
C

 D
at

a

[G.Stong]

multi-variate analysis
 a.k.a. multi-messenger … a.k.a. machine learning 
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Perspectives on Flavour & BSM       

b→sμμ  |  global fits 
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SM - Effective Field Theory

⎧ ⎧⧼

LSM-EFT  = LSM + ΣiCiOi 
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b→sμμ | Effective Field Theory
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b→sμμ | global fit

20

LFU
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b→sll  |  LFU  (e vs μ)

21
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Flavour Anomalies
LFUV b→sll

LFUV b→clν

Clarification being actively pursued  
experimentally by LHCb,CMS,ATLAS and BelleII 

+ theory calculations and model building 

HL-LHC

b→sμμ
e vs μ

τ vs μ

22



FIPs, neutrinos, dark matter @ LHC !
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Feebly Interacting Particles

SHiP

Explore the exotic & unconventional 
New trigger strategies

New experimental signatures 

New dedicated detectors

At LHC and beyond 

LHC 
FCC

in
te
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n 
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NP particle mass



https://home.cern/fr/news/news/experiments/cern-approves-new-lhc-experiment
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Neutrinos @ LHC !

The 9th LHC experiment just approved! 
Getting ready to take data at start of Run3! 

SND@LHC

SND@LHC Physics goals 
Detect collider neutrinos for first time  

Energy range so far unexplored (350GeV-10TeV)

Measure HF production in so-far unexplored region

   (not covered by any other LHC experiment)

LFU tests

Search for FIPs and Light Dark Matter



Detector & Event Reconstruction



3.8T Superconducting Solenoid 

Lead tungstate  
E/M Calorimeter (ECAL) 

Redundant Muon System 
(RPCs, Drift Tubes,  

Cathode Strip Chambers) 

Hermetic (|η|<5.2)  
Hadron Calorimeter (HCAL) 

[scintillators & brass] 

All Silicon Tracker  
(Pixels and Microstrips) 

CMS
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particle identification

• objects are finally reconstructed 
using information from different detector subsystems 
combined in a particle flow algorithm
‣ electrons radiate via bremsstrahlung
‣ photons may convert to e+e- pairs in the tracker
‣ jet (q,g) energy is formed of charged/neutral hadrons (65%/10%) 

and photons (25%): calorimeter and tracker info exploited
‣ missing ET requires ‘full event’ reconstruction
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a di-muon event

31

X →μμ

More on this on the Thursday tutorial! 
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CMS-DP-2015-039

Event Display of a 
Candidate Electron-
Positron Pair with an 
Invariant Mass of 2.9 
TeV

https://cds.cern.ch/record/2048626


33
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X → γγ

34

CMS-PHO-EVENTS-2015-007

mɣɣ ~ 750 GeV

di-photons

Hadr-Cal

EM-Cal

tracker

mailto:nuno@cern.ch
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m?? ~ 800 GeV
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a di-jet event

36

X → j j
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