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  Nuno’s introduction

• under-graduate: LEFT/IST (1998)

• graduate: MSc Cambridge, PhD MIT
‣ CDF experiment @ Fermilab’s Tevatron                     
➠ the most powerful collider then

‣ discovery of Bs particle-antiparticle oscillations 
(doctoral thesis) 

• post-graduate/researcher: CERN, Purdue, LIP
‣ CMS experiment @ CERN’s LHC                                
➠ the most powerful collider now (and next decades’)

‣ discovery of sequential meson melting in QGP       
discovery of Bs→μμ rare decay

‣ CMS heavy-quarks’ physics group coordinator
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rare processes: what
A physics process may be suppressed in different ways and levels: 

• detection

‣ the underlying process itself may not be uncommon but it may escape 
our detection; e.g. involved objects may have little interaction with matter

‣ example: neutrinos, dark matter

• production

‣ the underlying physics object is scarcely available in nature

‣ example: unstable subatomic particles; Higgs, others so-far undetected

• decay

‣ the underlying object may not be uncommon, but its decay is suppressed

‣ rare decays of SM particles (e.g. Higgs, mediator bosons, hadrons, leptons)
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rare processes: how
Different strategies are followed:

• low detection rates

‣ use large-volume, large-area detectors
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SNO
(detector target 1000 tonnes of heavy water)
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rare processes: how
Different strategies are followed:

• low detection rates

‣ use large-volume, large-area detectors

• low production rates

‣ eg large-exposure detectors; or

‣ carry out particle collisions in the lab, at appropriately high energies, and 
search for the object of interest from the collision debris 
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rare processes: how
Different strategies are followed:

• low detection rates

‣ use large-volume, large-area detectors

• low production rates

‣ eg large-exposure detectors; or

‣ carry out particle collisions in the lab, at appropriately high energies, and 
search for the object of interest from the collision debris 

• low decay rates

‣ produce large quantities of the particle, and search for its rare decay

‣ aka search for needles in the haystack
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rare processes: why
• the Standard Model (SM) of particle physics is a fantastic theory 

that summarizes our current knowledge of the subatomic world

‣ but it falls short of being the complete theory of fundamental interactions

• various competing theoretical ideas have been proposed to 
extend the SM, that attempt to address some of its shortcomings 

‣  but experimental guidance is crucial for development

• phase space available for beyond-Standard-Model (BSM) scenarios 
needs to be systematically probed experimentally, and excluded

‣ until evidence for new phenomena (expected or otherwise) is found

• the search and study of rare processes provide a sensitive means 
to detect physics phenomena beyond the SM
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beyond the SM, how? 
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B

rare production rare decay

New Physics

⎨

l+

l-

BSM particles may be 
directly produced in 

collision

Quantum mechanical
effects of BSM particles

on SM processes 
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CMS

the tools

the LHC & its detectors
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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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X → γγ
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CMS-PHO-EVENTS-2015-007

mɣɣ ~ 750 GeV

di-photons

Hadr-Cal

EM-Cal

tracker
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m?? ~ 800 GeV
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di-jets
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X → j j
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di-muons
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X →μμ
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the di-muon spectrum (X →μμ)
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CμS
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needles on top of the haystack
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CμS
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needles on top of the haystack
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CμS
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naming the needles
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how we see particles
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“the trigger does not 

determine which theory is 

right, only what data is left”
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trigger
= real-time event 

filtering ⎨
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• majority of collisions (hay) is rejected in real-time
• only small fraction is saved for offline analysis
• most interesting phenomena are rare (needles)
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di-muon trigger
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➡ the trigger is the most critical stage in the search for rare phenomena 
➡ the deployed algorithms determine a search’s sensitivity and success
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x →μμdecays: not-so-rare, rare, ultra-rare
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P(X →μμ) = ?

3%

2%

0.01%

0.03%

6%

1%

H➝μμ
0.001%
(expected)

B➝μμ
0.00000001%

(expected)

Note B➝µµ and H➝µµ are similarly rare processes           
when accounting for both production and decay rates
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search for bumps at higher masses
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X → j jX→μμ

X→e e
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110<mɣɣ<150 GeV

di-photon spectrum
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(X → γγ)

80<mɣɣ<110 GeV 150<mɣɣ<850 GeV

 note ‘double-fake’ from Z→ee hint of a bump at m~124GeV?
significance 3.1σ(1.8σ) local (global)

Search for bumps in the di-photon spectrum 

! ? -

➝ɣɣ
 

mɣɣ <1 GeV

P~99%: not rare !

mailto:nuno.leonardo@cern.ch
mailto:nuno.leonardo@cern.ch


nuno@cern.ch          |          Needles in haystack          |            

  the bump at 125GeV, aka Higgs boson
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10 fb-1 (7/8TeV) 20 fb-1 (8TeV) 13 fb-1 (13TeV)
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the non-bump at 750GeV
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20 fb-1 (8TeV) 3 fb-1 (13TeV)
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the non-bump at 750GeV
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20 fb-1 (8TeV) 3 fb-1 (13TeV) 15 fb-1 (13TeV)
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statistical significance of a bump
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@125GeV @750GeV

many (th) citations!

Hint: the next bump 
(that will stay with us...) 
will be revolutionary!
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statistical significance of a bump
• say we have found an excess in the data

• then need to estimate likelihood that excess is 
due to a statistical fluctuation of the data      
as opposed to a genuine new physics signal

• p-value: probability of obtaining at least as 
extreme a result as observed in data assuming 
the null hypothesis is true
‣ ie probability of background fluctuation     

to mimic the observed excess in data 

• p-value is normally expressed in number of 
standard deviations of a normal distribution
‣ 5σ   ⇔   p-value: 0.0000003

‣ 3σ   ⇔   p-value: 0.0013
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BSM?

SM
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bumps’ p-values
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@125GeV @750GeV
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searching for an ultra-rare decay: B➝μμ

• the decay Bs➝μμ is very suppressed in SM, O (10-9)

• it can be sizably enhanced by various BSM models

• search has been pursued for 3 decades
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searching for an ultra-rare decay: B➝μμ
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1. online selection (trigger)
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searching for an ultra-rare decay: B➝μμ
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analysis procedure and event selection 
developed without inspecting the data 
in region where signal is expected

“box opening” only later, 
at final analysis stages 

signal
region
blinded

1. online selection (trigger)

2. blind the data (avoid bias)
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searching for an ultra-rare decay: B➝μμ
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1. online selection (trigger)

2. blind the data (avoid bias)

3. multivariate selection
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searching for an ultra-rare decay: B➝μμ
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Fit the data accounting for the various 
signal and background components

Signal 1: 
Bs→μμ

Signal 2: 
B0→μμ

semileptonic bkg
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1. online selection (trigger)

2. blind the data (avoid bias)

3. multivariate selection

4. fit the data (likelihood)
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searching for an ultra-rare decay: B➝μμ
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is the observed excess a genuine signal, 
or just a fluctuation of  the background? 

Bs→μμ B0→μμ

1. online selection (trigger)

2. blind the data (avoid bias)

3. multivariate selection

4. fit the data (likelihood)

5. statistical significance 
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searching for an ultra-rare decay: B➝μμ
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Bs→μμ B0→μμ

1. online selection (trigger)

2. blind the data (avoid bias)

3. multivariate selection

4. fit the data (likelihood)

5. statistical significance 

6. extract measurement
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searching for an ultra-rare decay: B➝μμ
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Bs→μμ B0→μμ
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CMS -1=8 TeV, L=20 fbs -1=7 TeV, L=5 fbs

the SM...       and Beyond

1. online selection (trigger)

2. blind the data (avoid bias)

3. multivariate selection

4. fit the data (likelihood)

5. statistical significance 

6. extract measurement

7. Compare to theory
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summary
• LHC is and will continue to be the world’s frontier accelerator  
• many outstanding results during Run1, incl. two major discoveries

‣ observation of the Higgs boson and of the Bs➝μμ rare decay
‣ LIP had direct involvement in both

• rare processes provide a portal to New Physics, beyond the SM
• the search is ongoing!  You’re very much welcome to join!
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Thank You

42

mailto:nuno.leonardo@cern.ch
mailto:nuno.leonardo@cern.ch


nuno@cern.ch          |          Resonances & NP          |            

the Standard Model
• fully consistent and complete 

description of the strong, 
electromagnetic, and weak 
interactions

• LHC’s discovery of the Higgs by  
ATLAS & CMS completes the 
SM’s elementary particle list

• in short

‣ matter built of spin 1/2 particles that 
exchange 3 kinds of spin 1 particles 
corresponding to 3 types of (gauge) 
interactions

‣ matter fermions and weak bosons 
have mass (via Higgs mechanism) 
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‣ there appears to be 3 generations  of 
matter particles; there appears to be 
3 macroscopic space dimensions

‣ (extra) gravitation presumably 
mediated by spin 2 gravitons, and 
extremely weak
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SM’s experimental scrutiny 
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muon g-2
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SM’s shortcomings
• despite its tremendous success, the SM leaves many open questions

• from the cosmological front

‣ dark matter and dark energy (no candidates offered)

‣ abundance of matter over antimatter (not enough CPV in quark sector)

‣ how can gravity fit into the picture; and btw are there other dimensions of space

• from fermionic sector (and it’s structure)

‣ why 3 generations; are there additional quarks or do they have substructure

‣ why not neutral colored fermions; spin, color charge, why are they quantized

‣ why so large hierarchies of fermion masses, and of coupling constants

• from the scalar sector

‣ what stabilizes the Higgs mass -- aka the ‘hierarchy problem‘
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going beyond the SM?
• various New Physics scenarios exist that 

attempt to extend the SM and address 
some of its short comings

• supersymmetry
‣ introduce partners to all SM particles, with 

spin difference 1/2; protects scalar mass
• higgsless / composite higgs / little higgs

‣ H is a bound state (due to some new strong 
interaction) or dynamically gen. condensate 

‣ H is pseudo-Goldstone boson of a 
spontaneously broken symmetry  

• extra dimensions
‣ N-dim space; gravity propagates in more 

dims, SM only in “our” brane;  eg warped 
extra dimensions can explain weakness of G

• many other scenarios possible
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+

≈ 0

‣ including some we did not think about !
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