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Lorentz – The theory of electrons (1916) – classical E&M 

Electron self-energy (a is the radius of the electron): 
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Naturalness would require E<me, that is, a>2x10-12 cm 
and Λ< 10 MeV. 
However, at LEP a limit from contact interactions gives 
Λ>10 TeV (a < 2 x 10-18 cm)!       What is the solution? 
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Solution is related to a symmetry: chiral symmetry 
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Mass terms for fermions explicitly break chiral symmetry. 

In QFT the correction to the electron mass is given by 

�me / ↵ me ln(me/⇤)
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Electron mass is “protected” by chiral symmetry: 
the correction to the electron mass is proportional to the 
mass itself and vanishes in the chiral symmetric limit.  
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‘t Hooft (1980) 
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‘t Hooft (1980) 

Even ‘t Hooft can be wrong! 

Naturalness dogma: Higgs mass must be protected by a  
symmetry. 
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In an effective theory there is a physical cut-off Λ.	



If SM is an effective theory, it is not natural to have 
MH << Λ because of quadratic divergencies. 

Veltman (81): radiative corrections are supposed to be  
of the same order (or much smaller) than the actually  
observed values. 
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SM is natural only if Λ<600 GeV- “Veltman’s throat”: 

But LHC has ruled out New Physics at this scale. 

LHC has shown that SM is not natural. 
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This is the “naturalness”motivation to go BSM – find a 
mechanism that can explain why MH << Λ for large  
values of the cut-off representing a physical scale where 
New Physics should show up.  
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Supersymmetry (SUSY) in 1 slide 
•  New symmetry of Nature: relates bosons and fermions 
•  For each SM particle it associates a SUSY partner 
W-> wino, gluon-> gluino, top-> stop, ... 
•  Protects Higgs mass from quadratic divergences 
•  The Higgs mass at tree level must be lighter than the Z 
tension with measurements – difference must come from loops 
•  Must have a second Higgs doublet: 5 physical Higgses 
•  Has a natural dark matter candidate – the LSP  
requires R-parity; WIMP miracle 
•  Necessary ingredient in Superstring Theory 
•  Unification of coupling constants (gs,g,g’) 
•  SUSY is broken in Nature! 
Introduces several parameters to describe “soft” breaking 
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New symmetry of Nature with generators that carry spin : 

QSUSY|Bi ! |F i

QSUSYH|Bi = QSUSYEB |Bi =) H|F i = EB |F i

Symmetry: commutes with H 
Degenerate states: if  

[QSUSY, H] = 0
H|Bi = EB |Bi

At zero momenta, SUSY implies mB=mF 
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C. Wagner 
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Particle content in the Minimal Supersymmetric Standard Model   

Masses are not predicted 

Building blocks are so-called superfields:  
chiral multiplets (fermions and sfermions, Higgs and higgsinos)  
vector multiplets (gauge bosons and gauginos). 
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Discrete symmetry must be imposed to avoid terms that violate  
B and L: R-parity. 

All SM particles are even and all the SUSY partners are odd under 
R-parity. 

Lightest SUSY particle (LSP) is stable. 

Natural DM candidate (neutralino) 

Collider signatures of SUSY involve missing energy!  
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Higgs sector of MSSM contains 2 Higgs doublets (required by  
anomaly cancellation). 

5 physical particles: 2 scalars (h, H), 1 pseudoscalar (A),  
2 charged Higgs (H±) 

Lightest scalar (h) is identified with the 125 GeV scalar 

Free parameter given by the ratio of the vev’s of the 2 doublets: 

tan� =
v2
v1
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SUSY is a beautiful theory. But we know SUSY must be broken 
if it has anything with the real world.  

This is where complications arise. 

There are a few models that describe SUSY breaking (e.g.,  
gravity-mediated, gauge-mediated and anomaly-mediated). 
The breaking must be “soft” (preserve cancellation of quadratic  
divergences) 

Pragmatic approach: parametrize soft-SUSY breaking.  
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Many “MSSM” models: 

Full unconstrained MSSM – all possible soft-SUSY breaking terms 
105 new parameters! 

Phenomenological MSSM (pMSSM) – no new source of CP, no  
FCNC, universality in the 1st and 2nd generations:  
19 new parameters 

Constrained MSSM (cMSSM) or mSUGRA – universal gaugino  
masses, scalar masses and trilinear couplings. 
5 parameters: tan β, m1/2, m0, A0, sign(µ)  



CLASHEP 19 

Magic of SUSY I – relation among couplings (Yukawa and quartic)  
that results in the cancellation of quadratic divergences for  
the Higgs mass (only log-divergence remains):  

C. Wagner 
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Magic of SUSY II – relation among couplings (gauge and Higgs  
quartic coupling) results in an upper bound at tree-level for the 
mass of the lightest Higgs scalar: 

SUSY favors a light Higgs boson. 

Since we now know that mh > 125 GeV, large radiative corrections 
are necessary – problems with naturalness!  

m2
h = M2

Z cos

2
2� =) mh < 91GeV
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Naturalness and SUSY: 

 M2
Z (86 GeV)2

Same order as tree level! 

�

SUSY scale: m̃ ⇡ 20⇥mt ⇡ 3.5 TeV
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SUSY corrections to the Higgs mass is a bit more complicated: 

M. Carena 
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arXiv:1211.2794 

Not easy to have a heavy higgs in SUSY   

SUSY breaking scale (too large for naturalness) 

There are different SUSY models 

SUSY is becoming unnatural! 
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Smoking gun at the LHC: production of new colored particles 
squarks and gluinos   

arXiv:1303.1142 
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mg̃ � 1.3 TeV
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Light SUSYparticles are higgsinos and gauginos. All other states 
(sfermions, A, H±) are heavy (scale     ). Give up on hierarchy. 

Giudice and Romanino (2004) 

m̃
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Composite models 
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SU(2)L ⇥ SU(2)R ! SU(2)V

hq̄qi = f3
⇡
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SU(2)L ⇥ SU(2)R ! SU(2)V

hq̄T qT i = v3



CLASHEP 32 

Pomarol – ICHEP 2012 
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SO(5) ! SO(4)

Resonances (techni-rho) are 
 a smoking gun for this model 

SO(N) :

N(N � 1)

2

generators

Higgs potential generated 
radiatively 

Composite Higgs models 



as a pseudo-              boson     

Kind of a historical irony: 
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1303.1812 



What is the Composite Higgs made of? 
Gersdorff, Pontón and RR (1502.07340) 

L = Lkin +G( ̄ )( ̄ )

G 

Cut-off  
scale 
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What is the Composite Higgs made of? 

L = Lkin + g( ̄ H + h.c.)�m2H†H

... = 
H 
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What is the Composite Higgs made of? 

SU(2)L ⇥ SU(2)R ! SU(2)V
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What is the Composite Higgs made of? 

SO(5) ! SO(4)
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What is the Composite Higgs made of? 

h�i = f̂

SO(5) ! SO(4)
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What is the Composite Higgs made of? 
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What is the Composite Higgs made of? 
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Extra dimensions 
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Basic idea 
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Different models with extra dimensions 
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Signals @ LHC 
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CMS results on searches for new particles 
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“What has the LHC done to theory?” 
               Dimopoulos 2012 

Wait for LHC14 

           OR 

LHC has shown that SM is not 
natural. 
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