
E	
  dopo	
  l’Higgs?	
  	
  

Antonio	
  Masiero	
  
INFN	
  and	
  Univ.	
  of	
  Padova	
  

	
  IFAE	
  2015,	
  ROMA	
  TOR	
  VERGATA,	
  8-­‐10	
  aprile	
  2015	
  



• By the end of the 20th century … we have 
a comprehensive, fundamental theory 
of all observed forces of nature which 
has been tested and might be valid 
from the Planck length scale [10-33 cm.] 
to the edge of the universe [10+28 cm.] 	



    D. Gross 2007	





WHY	
  BSM	
  
“OBSERVATIONAL”	
  REASONS:	
  
•  Dark	
  MaMer	
  
•  Neutrino	
  Masses	
  
•  Cosmic	
  MaMer-­‐AnRmaMer	
  Asymmetry	
  (twofold	
  
problem:	
  disappearance	
  of	
  primordial	
  an<ma=er	
  
and	
  extreme	
  reduc<on	
  of	
  	
  the	
  number	
  of	
  baryons	
  
w.r.t	
  the	
  number	
  of	
  photons	
  –	
  ini<ally	
  ~	
  equal,	
  
today	
  nbaryons/nphotons	
  ~	
  10-­‐9	
  

•  Primordial	
  InflaRon	
  
•  Dark	
  Energy	
  



TheoreRcal	
  reasons	
  (of	
  dissa<sfac<on	
  towards	
  the	
  SM	
  as	
  
a	
  “final”	
  theory	
  rather	
  than	
  actual	
  problems	
  for	
  the	
  SM)	
  
	
  
•  Lack	
  of	
  the	
  theory	
  of	
  Flavor	
  (	
  why	
  three	
  fermion	
  
families,	
  why	
  hierarchical	
  mass	
  spectrum,	
  why	
  mixing	
  
angles	
  so	
  different)	
  

•  CPV	
  in	
  strong	
  interacRons,	
  i.e.	
  the	
  θ-­‐problem	
  
•  UnificaRon	
  of	
  the	
  fundamental	
  interac<ons	
  (	
  running	
  
the	
  SM	
  gauge	
  couplings	
  à	
  “vurria,	
  ma	
  non	
  posso…”)	
  

•  Gauge	
  hierarchy	
  –	
  twofold	
  puzzle:	
  why	
  MGUT	
  or	
  Mplanck	
  
>>>	
  MW;	
  stabiliza<on	
  of	
  the	
  higgs	
  mass	
  at	
  MW	
  at	
  any	
  
order	
  in	
  perturba<on	
  theory	
  *	
  

WHY	
  BSM	
  



Is	
  gauge	
  hierarchy	
  a	
  “ficRRous”	
  problem?	
  

•  *	
  No<ce:	
  gauge	
  hierarchy	
  is	
  not	
  a	
  problem	
  of	
  the	
  
SM	
  in	
  itself;	
  indeed,	
  it	
  arises	
  when	
  the	
  SM	
  
parRcles	
  come	
  in	
  touch	
  with	
  much	
  more	
  
massive	
  parRcles	
  probably	
  related	
  to	
  a	
  new,	
  
large	
  energy	
  scale	
  in	
  physics	
  

•  But,	
  how	
  about	
  having	
  the	
  SM	
  as	
  the	
  final	
  theory	
  
(“forever”)	
  of	
  all	
  the	
  interac<ons,	
  but	
  for	
  gravity	
  
whose	
  quan<za<on	
  has	
  its	
  own	
  story	
  
independently	
  from	
  the	
  SM	
  of	
  electroweak+	
  
strong	
  interac<ons?	
  –	
  so[ened	
  gravity	
  (Giudice,	
  
Isidori,	
  Salvio,	
  Strumia	
  2014)	
  



2012:	
  the	
  conquest	
  of	
  	
  	
  
a	
  new	
  energy	
  scale	
  in	
  physics	
  

•  ~1900	
  	
  	
  ATOMIC	
  SCALE	
  	
  	
  10	
  -­‐8	
  	
  cm.	
  	
  	
  	
  	
  	
  	
  1/(αme)	
  
•  ~1970	
  	
  	
  STRONG	
  SCALE	
  	
  	
  10	
  -­‐13	
  cm.	
  	
  	
  	
  Me	
  -­‐2Π/αsb	
  

• ~2010	
  	
  	
  WEAK	
  SCALE	
  	
  10	
  -­‐17	
  cm.	
  TeV-­‐1	
  
FUNDAMENTAL	
  OR	
  DERIVED	
  SCALE?	
  

EX.	
  	
  EXTRA-­‐DIMENSIONS	
  
or	
  
TeV	
  STRING	
  THEORY	
  

EX.:	
  TECHNICOLOR	
  or	
  
	
  SUSY	
  with	
  ELW	
  RAD.	
  BREAKING	
  	
  

NEW	
  PARTICLES	
  AT	
  THE	
  TEV	
  SCALE?	
  



MICRO MACRO 
GWS STANDARD MODEL    HOT BIG BANG 

STANDARD MODEL 

NUCLEOYINTHESIS 

BUT ALSO FRICTION POINTS 

- COSMIC MATTER-ANTIMATTER ASYMMETRY 
- INFLATION ??? 
- DARK MATTER + DARK ENERGY 

OBSERVATIONAL EVIDENCE OF NEW PHYSICS 

                BEYOND THE STANDARD  

UNIVERSE	
  EXPANSION	
  +	
  
WEAK	
  INTERACTIONS	
  
	
  	
  1	
  sec.	
  a[er	
  BB	
  

NUMBER	
  OF	
  BARYONS	
  and	
  OF	
  
NEUTRINO	
  SPECIES	
  à	
  
CONFIRMED	
  FROM	
  CMB	
  350000	
  
YEARS	
  AFTER	
  BB	
  



The	
  extracted	
  value	
  of	
  Neff	
  depends	
  whether	
  one	
  
makes	
  use	
  of	
  the	
  value	
  of	
  the	
  Hubble	
  parametr	
  
from	
  the	
  Planck	
  data	
  or	
  from	
  independent	
  
observa<ons	
  

Recent	
  (and	
  controversial!)	
  BICEP2	
  results	
  :	
  	
  
from	
  the	
  measurement	
  of	
  the	
  B-­‐mode	
  polariza<on	
  of	
  the	
  CMB	
  photons	
  
à	
  ini<al	
  inflaRonary	
  epoch	
  at	
  energies	
  ~	
  V1/4	
  =	
  1.94	
  x	
  1016	
  	
  
GeV	
  (r/0.12)1/4	
  ;	
  r=	
  ra<o	
  of	
  the	
  CMB	
  tensorial/scalar	
  components	
  –	
  
from	
  BICEP2	
  r	
  ~0.2	
  ,	
  r≠0	
  at	
  ~6	
  σ	
  	
  
INFLATON	
  at	
  ~	
  1016	
  	
  GeV,	
  	
  not	
  standard	
  Higgs	
  infla<on	
  	
  (see,	
  
however,	
  Bezrukov	
  and	
  Shaposhnikov)	
  	
  
	
  
	
  	
  

A.M.	
  	
  IPA	
  Sept.	
  2014	
  



Subtrac<ng	
  PLANCK	
  “dust”	
  from	
  
BICEP2	
  results	
  



THE	
  INFLATON	
  SCALAR	
  POTENTIAL	
  	
  



Info	
  from	
  Planck:	
  Neutrino	
  #	
  and	
  mass	
  

Planck	
  +	
  Lyman	
  alpha	
  

Prospects	
  for	
  PLANCK	
  +	
  EUCLID	
  



What	
  the	
  combined	
  BICEP2	
  +PLANCK	
  
analysis	
  is	
  telling	
  us	
  

•  Only	
  upper	
  limit	
  on	
  r	
  à	
  no	
  hint	
  for	
  the	
  presence	
  of	
  
a	
  large	
  energy	
  scale	
  (related	
  to	
  primordial	
  
inflaRon)	
  

•  Most	
  inflaRonary	
  scalar	
  potenRals	
  s<ll	
  allowed	
  
•  Strong	
  constraints	
  on	
  the	
  number	
  of	
  neutrino-­‐like	
  
parRcles	
  present	
  at	
  the	
  photon	
  decoupling	
  and	
  on	
  
the	
  sum	
  of	
  the	
  neutrino	
  masses	
  



Cosmology,	
  single	
  and	
  double	
  β	
  decay	
  measure	
  different	
  combina<ons	
  
of	
  the	
  neutrino	
  mass	
  eigenvalues,	
  constraining	
  the	
  neutrino	
  mass	
  scale	
  

In	
  a	
  standard	
  three	
  ac<ve	
  neutrino	
  scenario:	
  

Σ	
  Mi
	
  

i=1	
  

3	
  

Σ    ≡   	


cosmology	
  
simple	
  sum	
  

pure	
  kinema<cal	
  effect	
  

Σ	
  Mi
2	
  |Uei|2	
  i=1	
  

3	
   1/2	
  

〈Mβ〉	
  	
  ≡	
  	
  
β	
  decay	
  

incoherent	
  sum	
  
real	
  neutrino	
  	
  

|Σ	
  Mi
	
  |Uei|2	
  eiα  |	
  i	
  

i=1	
  

3	
  

〈Mββ〉	
  ≡	
  
double	
  β	
  decay	
  
coherent	
  sum	
  
virtual	
  neutrino	
  
Majorana	
  phases	
  

Going	
  beyond	
  the	
  SM:	
  	
  
the	
  NEUTRINO	
  MASS	
  

A. GIULIANI, SAC APPEC 2013 



Three challenges for 0ν-DBD 
search 〈Mββ〉  [eV] 

Klapdor’s claim 
100-1000 counts/y/ton 

0.5-5 counts/y/ton 
20 meV 

0.1-1 counts/y/(100 ton) 
1 meV 

Klapdor Krivosheina Modern Physics Letters A 21, No. 20 (2006) 1547 



LOW-ENERGY SUSY AND 
UNIFICATION  

SUSY PARTICLES AT  
THE TEV SCALE ! 



THE	
  “COMPREHENSION”	
  OF	
  THE	
  ELECTROWEAK	
  SCALE	
  

μ	
  ~	
  102	
  GeV	
  	
  

To	
  comprehend	
  (i.e.	
  stabilize)	
  the	
  elw.	
  scale	
  need	
  
NEW	
  PHYSICS	
  (NP)	
  to	
  be	
  operaRve	
  at	
  a	
  scale	
  	
  	
  	
  	
  

ONLY	
  FOR	
  SCALARS;	
  SM	
  FERMIONS	
  AND	
  
GAUGE	
  BOSON	
  MASSES	
  ARE	
  PROTECTED	
  BY	
  
THE	
  SU(2)	
  ×	
  U(1)	
  SYMMETRY	
  !	
  



3	
  comments	
  on	
  mNP	
  
•  Any	
  upper	
  bound	
  on	
  mNP	
  is	
  subjec<ve:	
  any	
  value	
  of	
  	
  
mNP	
  acceptable	
  provided	
  one	
  accepts	
  a	
  
cancella<on	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  
	
  
•  The	
  bound	
  on	
  Δ	
  is	
  model-­‐dependent:	
  
	
  

ROMANINO	
  at	
  WHAT	
  NEXT	
  2014	
  



•  The	
  argument	
  assumes	
  that	
  the	
  electroweak	
  scale	
  
can	
  be	
  understood	
  in	
  terms	
  of	
  physics	
  at	
  a	
  scale	
  ~	
  

	
  
•  AlternaRve	
  1	
  :	
  it	
  could	
  be	
  that	
  there	
  is	
  nothing	
  at	
  
scaleees	
  ~	
  

	
  
•  AlternaRve	
  2:	
  it	
  could	
  be	
  that	
  there	
  is	
  indeed	
  new	
  
physics	
  at	
  M,	
  but	
  	
  “REDUCTIONISM”	
  DOES	
  NOT	
  
HOLD	
  (anthropic	
  selecRon)	
  –	
  i.e.	
  physics	
  at	
  102	
  	
  Gev	
  
depends	
  on	
  specific	
  choices	
  of	
  parameters	
  made	
  at	
  
1016	
  GeV	
  !	
  (unprecedented	
  in	
  physics)	
  	
  	
  	
  	
  

FINITE	
  NATURALNESS	
  



•  UNNATURAL	
  or	
  FINE-­‐TUNING	
  SOLUTION	
  	
  tuning	
  of	
  
parameters	
  at	
  the	
  scale	
  M	
  with	
  precision	
  O(	
  mH/M)2	
  	
  

	
  
•  NATURAL	
  SOLUTION	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Dynamics	
  or	
  symmetries	
  or	
  space-­‐<me	
  	
  	
  	
  	
  	
  
modifica<ons	
  giving	
  rise	
  to	
  a	
  UV	
  cut-­‐off	
  	
  ~	
  (mH)2	
  	
  

• SYMMETRY	
  vs.	
  MULTIVERSE	
  	
  	
  	
  	
  	
  	
  	
  	
  



The	
  BIG	
  and	
  the	
  SMALL-­‐	
  dim[m]	
  ≠	
  0	
  
•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  what	
  is	
  the	
  value	
  of	
  the	
  
energy	
  of	
  its	
  vacuum,	
  i.e.	
  the	
  SM	
  vacuum	
  energy?	
  	
  
à	
  Vo	
  =	
  μ2	
  <H>2	
  +	
  λ	
  <H>4	
  	
  ~	
  (100	
  GeV)2	
  

observed	
  vacuum	
  energy,	
  i.e.	
  dark	
  energy	
  
accelera<ng	
  the	
  expansion	
  of	
  the	
  Universe	
  O(10-­‐3	
  eV)	
  
•  V	
  defined	
  up	
  to	
  a	
  constant	
  à	
  choose	
  such	
  constant	
  
to	
  cancel	
  the	
  O	
  (100	
  GeV)2	
  	
  contribu<on	
  

•  10-­‐3	
  eV	
  	
  	
  	
  	
  102	
  GeV	
  	
  	
  	
  	
  1016	
  GeV	
  	
  	
  	
  1019	
  GeV	
  	
  	
  
-­‐  Why	
  so	
  different	
  mass	
  scales	
  ?	
  	
  	
  
-­‐	
  How	
  to	
  guarantee	
  their	
  separa<on	
  à	
  symmetry	
  vs.	
  
mul<verse	
  	
  
	
  

	
  



The	
  BIG	
  and	
  the	
  SMALL	
  –	
  dim[m]=0	
  
•  ht	
  –	
  he	
  	
  	
  flavour	
  issue	
  
•  LSM	
  no	
  symmetry	
  prevents	
  to	
  add	
  a	
  term	
  viola<ng	
  
CP	
  in	
  the	
  strong	
  interacRons	
  whose	
  size	
  depends	
  
on	
  a	
  dimensionless	
  parameter	
  θ	
  	
  à	
  the	
  bound	
  on	
  
the	
  neutron	
  EDM	
  à	
  θ	
  <10-­‐10	
  

•  The	
  θ	
  –	
  problem	
  :	
  the	
  symmetry	
  solu<on	
  

Ringwald	
  



LOW-­‐ENERGY	
  SIGNATURES	
  OF	
  
UNIFICATION	
  AT	
  1016	
  GeV	
  	
  

•  PROTON	
  DECAY	
  mediated	
  by	
  new	
  parRcles	
  (scalars	
  or	
  
gauge	
  bosons)	
  related	
  to	
  the	
  unified	
  physics	
  at	
  1016	
  
GeV	
  which	
  DOES	
  NOT	
  respect	
  the	
  BARYON	
  and	
  
LEPTON	
  	
  NUMBER	
  SYMMETRIES	
  à	
  for	
  a	
  mediator	
  of	
  
mass	
  ~	
  1016	
  GeV	
  we	
  expect	
  a	
  proton	
  lifeRme	
  in	
  the	
  
ballpark	
  of	
  ~	
  1034	
  years	
  à	
  exp.	
  accessible	
  

•  NEUTRON-­‐ANTINEUTRON	
  OSCILLATION	
  if	
  the	
  unified	
  
symmetry	
  (ex.	
  SO(10))	
  breaks	
  down	
  to	
  an	
  
intermediate	
  symmetry	
  subsequently	
  spontaneously	
  
broken	
  at	
  ~	
  106	
  GeV	
  with	
  the	
  breaking	
  of	
  Baryon	
  
number	
  of	
  two	
  units	
  (ex.	
  SO(10)	
  à	
  SU(4)PS	
  ×	
  SU(2)L×	
  
SU(2)R	
  à	
  SU(3)	
  ×	
  SU(2)L	
  ×	
  U(1)Y	
  )	
  à	
  exp.	
  accessible	
  (for	
  
instance	
  ,	
  at	
  the	
  ESS)	
  



STABILITY	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  INSTABILITY	
  	
  	
  

ON	
  THE	
  IMPORTANCE	
  OF	
  PRECISELY	
  
MEASURING	
  	
  HIGGS	
  and	
  TOP	
  MASSES	
  	
  



 THE FLAVOUR  PROBLEMS 

 What is the rationale hiding 
behind the spectrum of fermion 
masses and mixing angles   
(our “Balmer lines” problem) 

 
              LACK OF A 

FLAVOUR “THEORY” 
( new flavour – horizontal  

symmetry, radiatively induced 
lighter fermion masses,  
dynamical or geometrical 
determination of the Yukawa 
couplings, …?) 

 
 
 

    Flavour changing neutral 
current (FCNC) processes are 
suppressed. 

  
     In the SM two nice 

mechanisms are at work: the 
GIM mechanism and the 
structure of the CKM mixing 
matrix. 

 
    How to cope with such delicate 

suppression if the there is new 
physics at the electroweak 
scale?  

 FERMION MASSES FCNC 



D.	
  STRAUB	
  

LHC	
  (real	
  NP	
  parRcles)	
  –	
  FCNC	
  (virtual	
  NP	
  parRcles)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CONSTRANING	
  New	
  Physics	
  



 MATTER-ANTIMATTER ASYMMETRY                 NEUTRINO 
MASSES CONNECTION: BARYOGENESIS THROUGH 

LEPTOGENESIS 

•  Key-ingredient of the SEE-SAW mechanism for neutrino 
masses: large Majorana mass for RIGHT-HANDED 
neutrino  

•  In the early Universe the heavy RH neutrino decays with Lepton 
Number violatiion; if these decays are accompanied by a new 
source of CP violation in the leptonic sector, then 

                     it is possible to create a lepton-antilepton asymmetry 
at the moment RH neutrinos decay. Since SM interactions 
preserve Baryon and Lepton numbers at all orders in 
perturbation theory, but violate them at the quantum level, such 
LEPTON ASYMMETRY can be converted by these purely 
quantum effects into a BARYON-ANTIBARYON ASYMMETRY    
( Fukugita-Yanagida mechanism for leptogenesis ) 

VANILLA LEPTOGENESISIS ! 



LFV IN SUSY SEE-SAW 
 SEE- SAW (type 1) 
New source of 
(leptonic) flavor:  
YUKAWA COUPLINGS OF THE 
NEUTRINO DIRAC MASS 
CONTRIBUTIONS, i.e. THE 
YUKAWAs of the 
HIGGS couplings to 
the LETF- and RIGHT – 
HANDED  NEUTRINOS 

LOW-ENERGY SUSY 

The scalar lepton 
masses through their 
running bring memory of 
those new sources of 
leptonic flavor at the TeV 
scale, i.e. at energies 
much below the  
(Majorana) mass of the 
RH neutrinos   



PMNS	
  case	
  

CKM	
  case	
  

PMNS	
  case	
  
	
  

CKM	
  case	
  
	
  

PMNS	
  case	
  in	
  
mSUGRA	
  with	
  	
  
tanβ	
  =	
  10	
  

Calibbi,	
  Chowdhuri,	
  A.	
  M.,	
  
Patel,	
  VempaR	
  	
  	
  2012	
  



LFV, g – 2, EDM: a promising 
correlation in SUSY SEESAW 

PARADISI 

 



CONNECTION DM – ELW. SCALE 
THE WIMP MIRACLE :STABLE ELW. SCALE WIMPs  

1) ENLARGEMENT 
OF THE SM 

SUSY            EXTRA DIM.           LITTLE HIGGS.
    (xµ, θ)                (xµ, ji)                  SM part + new part 

Anticomm.          New bosonic               to cancel Λ2 
Coord.                      Coord.                   at 1-Loop 

2) SELECTION 
RULE  
DISCRETE SYMM. 

STABLE NEW 
PART. 

R-PARITY LSP       KK-PARITY LKP     T-PARITY LTP 

Neutralino spin 1/2              spin1                    spin0 

3) FIND REGION (S) 
PARAM. SPACE 
WHERE THE “L” NEW 
PART. IS NEUTRAL + 
ΩL h2  OK 

mLSP 

~100 - 200 
GeV  

 mLKP  

~600 - 800 

GeV 

 mLTP  

~400 - 800 

GeV 



Romanino, What Next, LNF 2015 



Hewett, Rizzo et al	


125k models pMSSM  under scrutiny	





DM COMPLEMENTARITY: efficient 
annihilation in the early Universe implies today 

R. Poettgen (ATLAS), E. Torassa (CMS) 



Romanino, What Next, LNF 2015 

Racco, Wulzer, Zwirner  2015; 
De Simone, Giudice, Strumia  2014 



Alessandro	
  De	
  Angelis	
   35	
  HeweM,	
  Rizzo	
  et	
  al.	
  2013	
  

pMSSM	
  models	
  



Relic Stochastic Background 

•  Imprinting of the early expansion of the universe 
•  Correlation of at least two detectors needed 

Relic neutrinos CMBR 
Relic gravitons 



•  By the end of the 20th century … we have a comprehensive, 
fundamental theory of all observed forces of nature which 
has been tested and might be valid from the Planck length 
scale [10-33 cm.] to the edge of the universe [10+28 cm.] –  	



    D. Gross 2007	



•  We know nothing. Right now we are standing in a 
tiny circle of light around our feet, and every 
thousand years we push that circle out just a little 
bit. Every time someone sticks his toe out beyond 
that circle, it opens up whole worlds of inquiry – 	



    J Ellenberg  2010 	
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HIGH	
  ENERGY,	
  HIGH-­‐INTENSITY,	
  
ASTROPARTICLE	
  PHYSICS	
  COMPLEMENTARY	
  	
  
ATTACK	
  TO	
  THE	
  NEW	
  PHYSICS	
  FORTRESS	
  

FERRONI	
  



BACKUP	
  	
  SLIDES	
  

39	
  







Relevant to 
intensify the efforts 
here: ex. 
asymmetric DM 
with DM particles 
of mass~ baryon 
mass given that 
ρDM not much 
different from ρB 

Kolb SUSY2012 



HIGGS	
  MECHANISM	
  

HIGGS	
  MECHANISM?	
  


