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I.1) Once upon a time … (around the 90´s) 

• The SM, which had started as a “model 
for leptons”, was becoming more than 
that,


• Early success included predictions of:


 - Neutral Currents, Charm, W,Z, etc. 


• SM gauge sector was completed and 
tested (W & Z, LEP, EWPT),


• In the fermion sector, only the top quark 
was missing, but Tevatron was looking 
for it!



I.2)  The SM Higgs sector … hmm
• The minimal Higgs sector was able to 

respond Pauli question to C.N. Yang (i.e. 
to generate SM masses),


• But some doubted the Higgs existence: 
too simple, too arbitrary & moreover it 
has Quadratic Divergences!


• The SM was considered a provisional 
step, some great theory was waiting just 
around the corner (LEP, SSC),


• Many models of new physics appeared, 
e.g. New forces, extra fermions, more 
Scalars, SUSY, GUTs, composite Higgs, 
more dimensions, etc, etc.


• Some models (SUSY, TC) were motivated 
as solutions to the Naturalness Problem,



2.1) But then nature spoke …  A SM-like Higgs was 
found at LHC, with mh=125 GeV 

• Other experiments  
verified several SM 
predictions, e.g. 
FCNC B decays 
(more recently: K -> 
pi nunu)



LHC LIMITS FOR NEW PHSICS: Beyond O(1) TeV 



LHC SEARCH FOR SUSY:  nothing new!

• Thus, limits on the scale new physics are getting larger & larger [beyond 
O(1) TeV],


• So, where is BSM Physics? Or is the SM valid up to vary high energies?



• Hierarchy problem: Why are there two very different scales in 
SM (M_w) & GR (M_pl)?  (both break the conformal symmetry)

V = �µ2�†�+ �(�†�)2

• An 80’s tale: Scalars suffer Quadratic 
Divergences, i.e. its mass is sensitive  
to UV thresholds (corrections of order 
of heavy particles mass M_np), 


• But we know that the Higgs mass is 
light (mh=125 GeV), despite having  
M_np > O(3-4) TeV, so large corrections 
somehow should disappear, or … ?


• But is the SM really in trouble?


•  Are Quadratic divergences real?

3.1 The Naturalness problem



3.2) Corrections to the Higgs mass
• The effect of heavy particles on the Higgs mass can be calculated, 

ex. One-loop diagrams,

• To evaluate them, one needs first to 
regularize the loop-integrals (Dim. Reg.),


• One then identifies the counter-terms &  
absorbe the infinities,


• Finally, one chooses a Renorm. Scheme 
(e.g. MS-bar),
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 (Old view) Corrections to scalar mass contains  “Quadratic divergences”



• When Lambda is identified as the 
UV cutoff, it seems that a very large 
correction to the Higgs mass is 
induced (Old Naturalness problem), 

⇤ ! 1

• SUSY: A relation among parameters, 
(bosons & fermions) such that C_1= 0,


• Veltman Condition); A relation among 
SM masses such that C_1=0, but this 
gives  -> m_h = O(300) GeV


• Conformal symmetry: Higgs mass 
vanishes at tree level.

 Known solutions tried to make  C_1=0:

C1 = Cb + Cf = 0

� = C(g2 + g02)

m2
h = 4m2

t � 2m2
W �m2

Z

�m2
h ' m2logM/m



�m2
h =

g2xM
2
x

16⇡2

• Modern view: when Lambda goes to infinity, one just has to renormalize 
the Higgs mass, such that no large effect on the Higgs mass is left,


• Real problem: when Lambda represents effect of heavy particle (mass 
M_x and coupling g_x), it leaves a correction to Higgs mass of order:

• But, did we built lots and lots of 
models based on the “believe” that 
Quadratic divergences were so 
dangerous?  

But, how did the fire about quadratic divergences started in the first place?

There is now a better  understanding of 
these questions (like what is  QFT & 
renormalization, integration out of heavy 
particles & Effective QFT (K. Wilson, 
1970-80´s)

• Naturalness Problem should be associated with 
existence of heavy particles interacting with the SM 
Higgs boson, not with an infinite momentum cut-off,


• Within the SM, largest mass is from the top quark,



Historical remarks on Quad. Divs. & Naturalness (1)

• First paper on 
problems of 
Higgs mass & 
Quad. Divs. 

• Veltman (Acta 
Phys. Pol. 80´s ) 
identified Quad. 
Divs in Dim. 
Reg. (poles in 
D=2), & a 
condition for its 
cancellation, 

But this paper did not include a  proper QFT calculation, with renormalization of the Higgs 
mass, just used an order of magnitude estimate,



• However, later on Veltman claimed that quadratic divergences 
do not exist in the SM 



 Is the SM a Natural  Theory?

• Previous  thoughts on 
natural vs-unnatural 
physics:


• Since no PBSM showed 
up, with M=O(1) TeV,         
the SM could be valid 
up to:  E >> O(1TeV),


•  Is the SM still a Natural 
theory?



• Suppose a QFT has a 
heavy and a light fields:


  (With masses: M & m) 


• For E> M, the theory is 
described by:


• For E<M, QFT only 
includes light fields, and 
it is described by:


• The parameters (H&L) 
are different in general,

�H and �L

LH = LH(�H ,�L;~gH)

LL = LL(�L;~gL)

~gH 6= ~gL

When the heavy field is integrated out  the 
parameters change with Energy (Scale, RGE): gi = gi(M)

 Fine-Running & Integrating-out of Heavy 
Particles (J. Wells, arXiv: 2107.06082)



Def. max. degree of fine-tuning:

• Within SM, max. fine-tuning, to the Higgs mass, is due to the top mass:

• This fine-tuning is only of Level- 0.3, 


• But this is because mh=125 GeV, 


• Thus, there is no problem in the SM!



• Known solutions assume: g_x = g_sm = O(1),


• But, what about the case  g_x << 1?


    (Feeble Coupled Sector = FECOS) 

Are there other solutions to the naturalness 
problem?

•Within FECOS it is possible to keep Mh = O(EW) scale with large M_x,


• Is it useful for model building? Yes, as we will see next ..

• Actually the nuSM (See-saw) is 
one example of FECOS, i.e. 
Correction from RH neutrinos is:

�m2
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4. Dark Matter: From WIMPS to FIMPS 

• Given the stronger limits on WIMPS, 
its existence seems less motivated,


• Feeble Interacting Massive Particle 
(FIMPS) are another viable DM 
candidate,



Could Higgs, Naturalness and DM be related? 

• Since i) Higgs is light, ii) no 
PBSM has been found, & iii) DM 
wimps have not been detected, 
new particles should interact very 
weakly with SM (FECOS type),


• In fact, FIMP DM models are 
precisely a FECOS dark sector,


• DM models of  FECOS type  it 
seems as candidates for natural 
models, i.e. which keep Mh = 
O(EW),


•Other known applications: 
Axions & Strong CP Problem 
(Volkas et al)

• At the moment we are studying 
effects of extra Higgs singlets & 
doublets on the SM Higgs mass, 
and this will be published soon,



5.1) Conclusions
• The SM is not a theory of everything, but it 

could be more fundamental than we thought, 


• Building SM extensions could be more 
subtle, we have to think more about 
naturalness …


• LHC has provided valuable data, in particular 
the existence of a Higgs with mh=125 GeV,


• So far, no signal of BSM at LHC, neither of 
direct DM …


• A new solution to naturalness is FECOS 
models, motivated by both of these facts,


• FECOS models include a FIMP DM 
candidate, with specific signatures …


• Keep searching … Energy, Precision, 
Cosmological frontiers



• Why there is something 
rather than nothing?  
(Leibnitz)

• Why are there two scales in the SM & GR that break the 
conformal symmetry?

V = �µ2�†�+ �(�†�)2

5.2 Conclusions: In addition to Higgs mass, there 
are more Naturalness Problems (CC, Strong CP)



SM Higgs Physics

• The SM contains one Higgs 
doublet, after SSB a physical scalar 
remains (=The Higgs boson aka 
God´s Particle),


• The essential feature of the SM 
Higgs is that it couples to the mass, 
which determines its decay modes 
and production mechanisms,


• Within the SM, the Higgs mass is 
not predicted, i.e.                         
mh = lambda*v/sqrt(2),


• So, despite some early doubts, 
HEP community started the Higgs 
Hunting .. But where? how? when?



2. Higgs hunting: from early days to LHC
• Key params. for Higgs search: m_higgs & 

m_top


• In the early 80´s: mt > 60-75 GeV,


• Unitarity and Pert.  ->  mh < O(1) TeV,


• Thus, Higgs mass range was divided 
into: 


- light: mh<mZ, 


- intermediate: mZ < mh < 2mt,


- Heavy/Obese: 2mt < mh < 600 GeV- O(1) 
TeV



SM Higgs & LHC
• Relevant couplings (Tree-level): htt, hbb, hll, hWW, hZZ,


• Relevant couplings (Loop-level): hAA, hgg, hAZ, …



Lessons from LHC: Confirmation of the SM (& The Higgs)



4. The SM structure: what if the 
SM is the Fundamental Theory?

• Out of the largest possible 
symmetry group SU(16x3), only 
an small subgroup is “gauged”: 
SU(3)xSU(2)xU(1)! … Why?            


• Before the LHC, it was thought 
that the  SM was a theory for 
the poor man, that would be 
substituted by something 
better …


• But after the LHC, without 
signals os new physics beyond 
the SM, may be we should 
consider the SM as something 
more fundamental …



The Standard Model  is a great Theory
• It started as a “model for 

leptons”, now it is a 
Superb theory,


• Success includes 
predictions/discovery of:


 - Neutral Currents, Charm, 
W,Z, 3rd family, Higgs, etc. 

Quarks, Leptons & Gauge bosons were detected 
in XX century, only missing element: Higgs boson



What defines the SM?
• Only small SM representations: singlets or  

doublets of SU(2), singlets or triplets of 
SU(3), such that SM is anomaly-free,


• Where have all the large reprs. Gone?


• SM particle content just enough to allow 
for CPV,


• SM includes a Higgs doublet, such that 
correct SSB is induced (rho=1),


• SM is a chiral theory, such that M_SM=0 & 
extra vector-like particles should have  
M=Planck,


• EWSB does not induce a photon mass, 
which only happens for the SM!

• SM gauge group: 


SU(3)_c x SU(2)_LxU(1)_Y


• Fermions Reprs.:


 - Q (3, 2,Y_q)


 - U ( 3, 1,Y_u),   D (3, 1,Y_d)


 - L (1, 2,Y_l),    E (1, 1,Y_e)


• Higgs:  H (1,2, Y_h) 


• Renormalizability,



Lsm = Lfg + LV + LH + LY + Lghost

The Standard  Model Lagrangian
• SM Group: 


SU(3)_c x SU(2)_LxU(1)_Y


• Fermions:


 - Q (3, 2,Y_q)


 - U ( 3, 1,Y_u),   D (3, 1,Y_d)


 - L (1, 2,Y_l),    E (1, 1,Y_e)


• Higgs:  H (1,2, Y_h) 

Qem = T3 +
Y

2



• Why to expect some deviations from SM Fermion-Higgs Couplings?

• In the SM we do not know the origin of the 
Yukawa parameters, 


• Are there patterns & relations between the  
fermion masses and CKM values?


• Is the hierarchical pattern of fermion 
masses & CKM due to some symmetry?


• Is the Higgs mechanism the only source of 
fermion masses?



Probing LFV Higgs decays

• Muon number could be violated by 
scalar interactions first suggested by 
Bjorken and Weinberg (PRL38, 1977 ),


• Then,  in 2HDM, Weinberg-Glashow 
theorem was used to avoid FCNC 
Higgs couplings,


• But it is possible to build 2HDMs with 
acceptable FCNC Higgs couplings, 
e.g. Cheng-Sher ansazt 
(PRD35,1987):


• Possibility of LFV Higgs decays at 
detectable levels found by us (DC & 
JJT, PRD62,2000) ⌘ij = �ij

p
mimj

v
B.R.(h ! ⌧µ) ' 10�1 � 10�2



3.0 Beyond the SM - New Physics
• The SM is great, but there are open issues: 


- Why19 SM parameters?, why 3 families?, 


  - Strong CPV? How to include gravity?


• Higgs mass & Hierarchy Problem


• Hints of New Physics: Neutrino masses and 
mixing, DM, DE, BAU, Bigbang,


• Many BSM extensions: NHDM, extra forces, more 
fermions, extra dims (RS, XL,Q), etc


• SUSY, GUT´s and String theory,



4. Dark matter: from WIMPS to FIMPS
• Dynamics of the galaxy (and galactic 

systems) indicate that some form of  
Dark matter should exists,

•  We do not know what is the 
nature of dark matter, it could be 
a particle (beyond the SM)  or a 
modification of gravity, or …



It could be possible that physics BSM can explain DM

• WIMP  (Weakly interacting 
massive Particle) miracle, 


•  WIMP candidates; scalars 
(IDM), Fermions (Leptons, RH 
Neutrinos), Vectors (Dark 
photons, forces), Composite 
states (strange cookies, DDM),


• WIMPS in Supergravity: 
neutralinos,  gravitinos, 
exotics,


• New possibility: FIMPS 
(Feeble interacting massive 
particles)



Search for DM- Direct & indirect

Results: No direct evidence of DM (WIMPS) 



My life with the Higgs boson



My life with the Higgs boson (Thanks to MAPA, Gordy Kane & Tiny 
Veltman, my collaborators and my students, we have had a great time!)



What could come after the SM? (DiazCruz)

• Is the New Physics still 
consistent with QM & Relativity   Holy ghost! We are in trouble …

No

Yes

  Is it a consistente QFT?  Try String Theory or LQG or …
No

Yes

Yes

  Is there a new gauge boson?  Try extra U(1) or LR or GUTs …

  Is the same Repr. as in the SM?
No

  It is still Rock & Roll to me … keep calling it the SM-X

Yes

No
 Try extra U(1) or LR or SUSY 
or GUTs …



The DC extension of the SMEFT

• One assumes that naturalness problem is solved with heavy 
particles of FECOS type,


• FECOS particles are included to explain the dark cosmos (DC),


• The SM is treated  as an effective lagrangian, which results from the 
interaction out of the FECOS particles,


• Many possibilities exist for the DC sector, which is also treated as an 
effective lagrangian; interesting case includes 3 RH neutrinos & an 
scalar singlet,

• Predictions: small corrections to Higgs observables (ex. Self-
coupling), pattern of neutrino masses, decaying dark matter,  etc.



•Higgs boson discovery and absence of BSM 
physics at O(1) TeV  ->  new paradigm,

•SM masses & couplings show amazingly 
deep conspiracy -> SM vacuum stable up to 
the Planck scale,

•At higher energy (below Planck scale), 
there is a phase transition from Higgs phase 
(SSB) to symmetric one, 

• In the disordered phase, four physical Higgs 
scalars are very heavy -> provide enormous 
Dark Energy (DE). 

• C1 has a zero, at about 
E=10^(17) GeV, for 
mh=125 GeV.



Gracias!  


