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Acronyms

SM: Standard Model of Particle Physics
BSM: Beyond the SM

EWK: Electroweak (electromagnetic and weak forces)
QFT: Quantum Field Theory
FCNC: Flavor Changing Neutral Current
GIM: Glashow-Iliopoulos-Maiani mechanism to suppress FCNCs by

degeneracy
LHC: Large Hadron Collider
CKM: Cabibbo-Kobayashi-Maskawa quark mixing matrix
BEH: Brout-Englert-Higgs mechanism of spontaneous breaking of

EWK symmetry
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The Standard Model of Particle Physics

renormalizable QFT in 3+1 Minkowski space w. local symmetry

SU(3)C� �� �
strong interaction

× SU(2)L × U(1)Y� �� �
EWK interaction

fundamental degrees of freedom:
ψ: fermions (quarks and leptons)
Fµν : gauge bosons ga, a = 1, ..8 plus 4 EWK ones

LSM = −
1
4F

2 + ψ̄i�Dψ 3 coupling constants

Known fundamental matter comes in generations ψ → ψi, i = 1, 2, 3,
subject to identical gauge transformations, e.g. for e−, µ−, τ−.

The fundamental degrees of freedom are massless in this model.
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The Standard Model of Particle Physics

renormalizable QFT in 3+1 Minkowski space w. local symmetry

which spontaneously gets broken to QCD × QED

SU(3)C × SU(2)L × U(1)Y → SU(3)C × U(1)em

LSM = −
1
4F

2 + ψ̄i�Dψ +
1

2
(DΦ)2

− ψ̄Y Φψ� �� �
F lavor physics

+µ2Φ†Φ− λ(Φ†Φ)2

� �� �
Higgs physics

ψ: fermions (quarks and leptons)
Fµν : gauge bosons ga, γ, Z0, W±

Φ: Higgs doublet (observation of h 2012 at LHC consistent with SM)

Φ(x) = 1/
√

2



 0

v + h(x)





BCD 2014 Slide 4



The Standard Model of Particle Physics

renormalizable QFT in 3+1 Minkowski space w. local symmetry

which spontaneously gets broken to QCD × QED

SU(3)C × SU(2)L × U(1)Y → SU(3)C × U(1)em

LSM = −
1
4F

2 + ψ̄i�Dψ + 1
2(DΦ)2 − ψ̄Y Φψ + µ2Φ†Φ− λ(Φ†Φ)2

A fundamental description of microscopic processes based on 3
coupling constants, αs, αe, sin

2 ϑW , mW = 80.4 GeV, mh = 125 GeV
and O(10) masses and mixings from the flavor sector (generational
structure ψ → ψi, i = 1, 2, 3).

1. Experimental support of SM
2. Given the short-comings of the SM, whats next?
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Exploring Fundamental Physics
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• Letʼs have an overview on the Conference contents.  

 The Moriond Conference:  counting experiment - P1
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• Letʼs have an overview on the Conference contents.  

 The Moriond Conference:  counting experiment - P1

Part I
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Motivations

The detailed outline
1. Gauge bosons, Standard Model (SM) tests and beyond: 
     Shaking the first pillar of the SM.   

•  Introduction to the LHC Physics Case from previous machines. 
•  The top quark properties. 
•  The  126 GeV boson particle and its properties. 
•  The searches for New Physics.  

2. Quark Flavour Physics: 
    Shaking the second pillar of the SM. 

•  State of the art of the CKM matrix consistency checks.  
•  Searches for rare and less rare processes.    

3. The other frontiers:  neutrinos, cosmology etc...  
   What if the quake comes from them?   



Motivation for Part I 

• Any HEP physics summary talk contains the following figures:

• Weʼll try to undress these plots. 
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Recent results in High Energy Physics and beyond 
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• The former main machines in question here are the TeVatron (Fermilab,  US, 
2011), SLC (SLAC, US, 1998) and LEP (CERN, EU, 2001), the B-factories KEKB 
(KEK, JP, 2011)  and PEPII (SLAC, US, 2008),  and the experiments are ALEPH, 
DELPHI, L3 and OPAL (LEP), SLD (SLC), CDF, D0 (TeVatron) and BaBar and Belle 
(B-factories). The results of this continuum of experiments drive the LHC (CERN, 
EU) Physics Case, explored by the experiments LHCb, ATLAS and CMS. This 
machine is currently unique (Very)HEP machine to be operated world-wide.

• KEKB: e-/e+  asymmetric circular collider at ~10 GeV. 2 rings yet.  
• PEPII: e-/e+ asymmetric circular collider at ~10 GeV. 2 rings yet.
• SLC: e-/e+ linear collider at ~ 90 GeV.
• LEP: e-/e+ circular collider at 90-210 GeV.
• TeVatron: p+/p- circular collider at a center-of-mass energy of 2 TeV. 
•  LHC: - p/p circular collider at ~7-8 TeV. 
           - To be upgraded to 13 TeV in 2015. 
           - Two rings. 
           - A high luminosity program is considered at the horizon of 2022.   

 Introductory words on machines and experiments 
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 Introductory words on machines and experiments 

• If you want to introduce color to your friends, pick up this plot:  



• SU(2)L⊗U(1)Y unification: the coupling constants GF /gW and αEM.

• Spontaneous breaking of the symmetry: fermions masses mf , electroweak 
gauge bosons mZ and mW  (also θW), and the scalar sector parameters, v 
(the v.e.v) and mH.

• CKM matrix elements: 3x3 complex and unitary matrix, 4 independent 
parameters. As fermion masses, decoupled from the rest of the theory. 

• If you like QCD in (and you do), just add αS  (and θSCP ). 

• Neutrino oscillations are implying neutrinos to be massive and to mix → 7 more 
parameters [This is SM as far as they are Dirac neutrinos].  

• The number of parameters amounts to 20 (28 w/ neutrinos and strong CP). Not 
all of them are independent though... How do we know what we know then? At 
the Z energy the non-decoupled free parameters can be seen through loop 
processes.     
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The free parameters of the Standard Model (SM):
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Universal corrections to propagators (self energy) 

Top dominates. 
Mostly sensitive to 
m2t

Non abelian 
structure of the 
EW theory. TGC. 

Scalar sector. 
Contains Higgs 
mass info. 

The form of the self-energy correction,  when mH (>)> mW  :

 The EWK SM Consistency Check
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2.1 universal corrections to propagators (self energy) : 

• They do not depend on the final state. But sensitivity 
depends upon observables. 

• Basically all Z pole observables are sensitive to these self-
energy corrections. Parity-violating observables at first. 

• Yet, they are suppressed in ratio of widths such as: 

• The mass of the W boson is a good laboratory too.

• Homework 1: Draw the one loop self-energy of the W boson.     

 The EWK SM Consistency Check
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2.2 Corrections at the Z vertex (flavour dependent). 

Again top quark  
dominates.Mostly 
sensitive to m2t

• In the SM, these corrections are proportional to the CKM matrix 
elements Vtq.

• The current experimental determination of these elements presents 
the following hierarchy (within the SM):

• Vertex corrections are only relevant for b quarks:

• A unique observable of interest there: Rb . 

 The EWK SM Consistency Check
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2.5 Summary for the radiative corrections at Z energy :

• In addition to the tree-level process:

• And beyond the standard QED and QCD 
radiative corrections, one must consider the 
electroweak radiative correction to the Z 
propagator: 

• And last but not least the electroweak 
radiative corrections at the Zbb vertex: 

 The EWK SM Consistency Check
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2.5 Summary for the radiative corrections with LEP/SLC at Z energy :

• The different games we can play:

• Rb → testing the vertex corrections.  

• Rl  → testing lepton universality. 

• All Z pole observables treated globally. If the agreement is 
good, perform the metrology of the free parameters:
• The ρ parameter to measure genuine weak corrections
• Predicting mtop

• Predicting mW 

• Add up the direct measurements:  mtop (TeVatron) and mW  
(LEP/TeVatron) → Predict the Higgs mass. 

 The EWK SM Consistency Check
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 Global interpretation of the LEP/TeVatron results

• The SM EW global fit has a remarkable 
χ2min/d.o.f = 1.40 (p-value=15%). 

• The SM hypothesis passes the test. It 
does not mean that SM IS the Nature. In 
Science, one can usually only say NO...   

• 2 observables depart « with some 
significance » from their prediction. It 
happens they are the two most important 
for the constraint on the Higgs boson.  

• One can go one step further and make 
the metrology of the parameters.   

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

Δαhad(mZ)Δα(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2012
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 Global interpretation of the LEP/TeVatron results: top 

• The information on the top quark is basically brought by sin2θeff 
(ALR and AFB – propagator corrections), mW (again propagator 
corrections) and Rb (vertex corrections). 
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 Global interpretation of the LEP/TeVatron results: top 

• The information on the top quark is basically brought by sin2θeff (ALR 
and AFB – propagator corrections), mW (again propagator corrections) 
and Rb (vertex corrections).  

• Putting all these observables together (and some others) yields  a top 
quark mass prediction of :

• basically obtained (w/ three times the current uncertainty) from 1993. 

• Bottomline: if the SM is correct, there should exist an isospin partner to 
the b quark, sitting in the Nature at a mass ~ 175 times the one of the 
proton. The observation of a candidate at TeVatron was a tremendous 
success of the SM. 
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 The top properties as of Moriond 2014. 

• What do we want to know about the top beyond its existence? 

• Production cross-sections.

• Its mass: invaluable input to constrain the free parameters of the SM.  

• Single top productions.   

• And much more as a New Physics laboratory...   

• Brigliadori Castro

A total of more than six thousand scientists from more than 50 countries participate 
in the four experimental collaborations. The CDF and DZero experiments discovered 
the top quark in 1995, and the Tevatron produced about 300,000 top quark events 
during its 25-year lifetime, completed in 2011. Since it started collider physics 
operations in 2009, the LHC has produced close to 18 million events with top quarks, 
making it the world’s leading top quark factory.
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 The top properties as of Moriond 2014. 

•  top pairs production cross-sections:

• Notes: systematics limited. SM prediction (embodied w/ the generators) is 
nice.  

•
Lista

•
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 The top properties as of Moriond 2014. 

•  top mass

•  Notes: dominated by the systematics. Very consistent among machines.  
A concern comes from the top mass definition. Realm of future electron 
machines.     

•

mtop = 173.26± 0.95 GeV/c2, [direct − Moriond2014]

mtop = 172.6+13.2
−10.2 GeV/c2, [indirect − LEP1]
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 The top properties as of Moriond 2014. 

•  Single top production:  

•  Notes: signal established in most channels. Useful for polarization, SM 
tests, NP searches ...  

•
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 Global interp. of the LEP/TeVatron results: the scalar  

• the BEH particle is the only piece of the SM which escaped to experiments prior to 
LHC (Limits on direct searches are the yellow bands (Left  band: LEP; Right band: 
TeVatron, LHC 2010) ) 

• If one adds the top and W mass measurements to the EW precision measurements 
at the Z pole, one is able to get information on H mass. Here, the main actors at the Z 
pole are sin2θeff (ALR and AFB – propagator corrections). 
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 Global interp. of the LEP/TeVatron results: the scalar  

mBEH < 152 GeV/c2 95% CL.

• We can bound the mass of the SM Brout-Englert-Higgs boson. 

• A central part of the physics at the LHC is about the gauge scalar search. 
Was mostly driven by EW precision measurements.

• Bottomline: if the SM is correct, there should 
exist an isospin partner to the b quark, sitting 
in the Nature at a mass ~ 175 times the one of 
the proton and a fundamental scalar boson 
with:   
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 The fundamental (scalar?) boson observation 

• There is very much something around: H → γγ 

• Note: itʼs a boson and itʼs not a spin 1 (Landau theorem).     
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• There is very much something around: H → ZZ. 

• Evidence also observed in H → WW   (gauge couplings most likely there) 
but also in heavy fermions  H → bb, ττ.    

 The fundamental (scalar?) boson observation 



Hiller, Monteil BCD 2014 23

• The mass:  

• Notes: the two main modes for Atlas slightly discrepant. Very much OK for 
CMS. Likely that nothing is to be dug further there.    

 The (scalar?) boson properties as of Moriond 2014 
•

Musella
•
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• The spin-parity:  out of angular distributions studies of the final state 
products in H → VV

• Note: the JP= 0+ hypothesis is so far preferred by the data.    

 The (scalar?) boson properties as of Moriond 2014 
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• The couplings:  each of the SM couplings of H to fermions or bosons can be 
quit accurately calculated.  Measuring all (most) of them is the next global 
consistency check in the field.  

 The H boson properties as of Moriond 2014 

•  top quarks dominate ...
[When a guy weighing 100 kg is saying some 
things, the 60 kg guys do listen ... M. Audiard,] 
   
... if you can afford twice its 
mass...Higgstrahlung. 

•  If not, beauty quarks dominate. 

•  The lepton tau is very appealing ...   
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• The couplings:  each of the SM couplings of H to fermions or bosons can be 
quit accurately calculated.  Measuring all (most) of them is the next global 
consistency check in the field.  

 The H boson properties as of Moriond 2014 
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 The H boson properties as of Moriond 2014 

•



Hiller, Monteil BCD 2014 27

• The couplings:  though LHC is at the level of evidence for most of the 
channels (when accessible), significant constraints can be brought. Signal 
strength is defeind as  σobs/σSM

• Note: itʼs amazing that LHC brought so much with Run I.  

 The H boson properties as of Moriond 2014 

•
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 The H boson properties as of Moriond 2014 

•
Gross

•

•
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• The couplings:  a closer look to fermions 

• Note: TeVatron results on bbbar still dominating.  

 The H boson properties as of Moriond 2014 

•
Gross

•

•



•

Le Menedeu
•
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 The H boson properties as of Moriond 2014 



• Outlook:  we know so far that an overall 20% agreement w.r.t. the SM 
expectations is achieved. The LHC Run II will bring these studies at a mature 
stage.  A breakthrough will come from the ttbar coupling, which can be 
accessed from top pair production with a Higgsstrahlung (remember LHC is a 
top factory. . Already a hint for this:   

• Note: To be compared with the H → γγ proceeding with a top loop. 

•

Le Menedeu
•
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 The H boson properties as of Moriond 2014 
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 A provocative transition 



• To my knowledge, the existence of the fundamental scalar particle sitting in 
the Nature at a mass below 130 GeV/c2 is/was the uniquely testable 
prediction of the SuperSymmetry (well, there should as well be a Lightest 
Supersymmetric Particle if R  parity is conserved...)      

• This is met. 

• The consistency with the SM couplings though might be an indication that 
the higher fields are strongly decoupled (hence at much higher masses). 

• Still, the experimentalistʼs honor and duty is to complete the landscape 
understanding. And set a/the (direct searches/ precision measurements) 
scale for New Physics. 

• Letʼs examine in a glance the LHC searches.           
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 A provocative transition 



Hiller, Monteil BCD 2014 31

 Searches tous azimuts at LHC (SuSy for illustration)



•  Note: no note.   
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 Searches tous azimuts at LHC (SuSy for illustration)



Hiller, Monteil BCD 2014 32

 My conclusion for Part I 
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 My conclusion for Part I 

• A continuum of ambitious and beautiful experiments in the past thirty years 
brought the Standard Model to the level of a theory. 

• The observation of a possibly scalar particle at the LHC consecrates a 
daunting (collective) intellectual approach.  

• You are entering the field at a time where we lost the No-Loose theorem: 
Either the BEH or another source of EWK symmetry breaking below the TeV. 

• And these can be fascinating times.  

• Starting by LHC Run II, approaching fast. 

• Letʼs examine now precision physics, in the quark flavours at first.            
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