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Organization of the talk  
 
1) ABC of chiral gauge anomalies and the structure of the correlators 
 
 2)   Stuckelberg fields and the Stuckelberg Mechanism  
 
 3) Extracting the physical component of the Stuckelberg field: the Gauged  
      Axion (Higgs-Axion Mixing)  
 
4) Realistic Models: MLSOM (minimal low-scale orientifold model)  
     and the USSM-A (supersymmetric version).  
 
5) Relic densities of axions (MLSOM) and of axions/neutralinos in the  
    USSM-A 
 
6) Implications at the LHC for anomalous extra Z prime’s 
 



One	
  important	
  feature	
  of	
  all	
  anomalies	
  	
  
	
  
Anomalies	
  are	
  associated	
  to	
  massless	
  (scalar	
  or	
  pseudoscalar	
  	
  
degrees	
  of	
  freedom)	
  which	
  are	
  affect	
  both	
  the	
  infrared	
  (light	
  cone	
  region)	
  	
  
of	
  a	
  certain	
  theory	
  and	
  the	
  UV)	
  	
  
	
  
(R.	
  Armillis,	
  Delle	
  Rose,	
  C.C.)	
  	
  
	
  

They	
  can	
  be	
  “captured”	
  in	
  perturba7on	
  theory,	
  as	
  I	
  am	
  going	
  to	
  show	
  next.	
  	
  
	
  
This	
  feature	
  appears	
  both	
  in	
  all	
  the	
  types	
  of	
  anomalies	
  that	
  we	
  have	
  	
  
studied	
  so	
  far.	
  	
  Axions	
  are	
  a	
  manifesta7on	
  of	
  this	
  mechanism.	
  	
  	
  



Anomalies	
  are	
  related	
  to	
  some	
  piTalls	
  of	
  a	
  given	
  quantum	
  	
  
field	
  theory	
  in	
  the	
  presence	
  of	
  a	
  chiral	
  fermion	
  spectrum.	
  	
  
The	
  Standard	
  Model	
  is	
  a	
  chiral	
  theory.	
  	
  
The	
  resolu7on	
  of	
  chirality	
  may	
  have	
  enormous	
  consequences	
  	
  
at	
  phenomenological	
  level	
  but	
  we	
  may	
  have	
  overlooked	
  at	
  	
  
the	
  way	
  it	
  appears.	
  	
  
Some	
  of	
  the	
  implica7ons	
  of	
  the	
  anomalies	
  at	
  low	
  energy,	
  	
  
even	
  within	
  the	
  “most	
  tradi7onal”	
  phenomenology	
  are	
  s7ll	
  	
  
only	
  par7ally	
  understood,	
  and	
  some	
  finer	
  details	
  may	
  soon	
  or	
  	
  
later	
  going	
  to	
  appear	
  in	
  some	
  experiment.	
  
	
  
The	
  models	
  that	
  we	
  analyze	
  have	
  gauge	
  anomalies	
  and	
  these	
  	
  
have	
  to	
  cancel.	
  	
  
There	
  are	
  various	
  possibili7es	
  to	
  enforce	
  this	
  cancella7on.	
  	
  
One	
  of	
  them	
  requires	
  an	
  axion.	
  	
  



Anomalies	
  in	
  the	
  Standard	
  Model	
  cancel	
  by	
  charge	
  assignment.	
  
	
  
However,	
  this	
  is	
  not	
  the	
  only	
  way	
  in	
  which	
  one	
  can	
  cancel	
  the	
  anomaly	
  
Once	
  we	
  allow	
  strings/branes,	
  new	
  mechanism	
  may	
  appear	
  
	
  
For	
  gauge	
  anomalies	
  
A	
  Green-­‐Schwarz	
  mechanism	
  involving	
  an	
  axion	
  	
  
Anomaly	
  inflow	
  
	
  
	
  
Other	
  anomalies	
  (global)	
  	
  
	
  
Anomalies	
  related	
  to	
  global	
  currents	
  (the	
  “U(1)”	
  anomaly)	
  	
  
Conformal	
  anomaly	
  (breaking	
  of	
  scale	
  invariance)	
  	
  
Are	
  not	
  subject	
  to	
  cancella7on	
  in	
  a	
  4	
  D	
  theory.	
  They	
  are	
  genuine	
  	
  
predic7ons	
  of	
  the	
  theory.	
  
	
  
	
  	
  



Goal:   to study the effective field theory of  
a class of models containing a gauge structure  
of the form  
                 
                       SM x U(1) x U(1) x U(1) 
                  
                    SU(3) x SU(2) x U(1)Y x U(1)….. 
from which the hypercharge is assigned in a given string  
construction, corresponding to a certain class of vacua  
in string theory (Minimal Low Scale orientifold Models).  
 
       These models are the object of an intense scrutiny by  
         many groups working on intersecting branes, from where they originally emerged 
        Antoniadis, Kiritsis, Rizos, Tomaras 

Antoniadis, Leontaris, Rizos 
Ibanez, Marchesano, Rabadan, 
Ghilencea, Ibanez, Irges, Quevedo 

  
first studied by us in 2006 (Irges, Kiritsis, CC). Since then we have realized the these extensions can be  
Justified also within anomaly free model when a part of the fermion spectrum is decoupled  
from the low energy theory  (Armillis, Guzzi, C.C.) 
 

  







From	
  Samtleben	
  review	
  on	
  gauged	
  supergravi7es	
  
See	
  also	
  a	
  recent	
  thesis	
  by	
  J.	
  De	
  Rydt	
  (Lovain)	
  

Main	
  lessons:	
  the	
  gauging	
  of	
  global	
  symmetries	
  brings	
  in	
  anomalies.	
  	
  
One	
  needs	
  to	
  compensate	
  with	
  counterterms	
  the	
  effec7ve	
  ac7on	
  to	
  restore	
  	
  
gauge	
  invariance.	
  	
  



Interac7ons	
  such	
  as	
  	
  Re	
  N	
  FF	
  are	
  typical	
  of	
  the	
  supersymmetric	
  version	
  of	
  the	
  	
  
Low	
  energy	
  models	
  that	
  we	
  will	
  present.	
  



Global	
  U(1)	
  Anomalies	
  









A	
  periodic	
  poten7al	
  is	
  generated	
  at	
  the	
  QCD	
  hadron	
  transi7on	
  









Axion	
  Condensates:	
  rota7on	
  of	
  the	
  light	
  polariza7on	
  plane	
  





If	
  we	
  had	
  an	
  axion	
  sensi7ve	
  both	
  to	
  the	
  QCD	
  and	
  EW	
  vacuum	
  the	
  physics	
  	
  
	
  would	
  change	
  



Mariano,	
  Guzzi,	
  C.C.	
  



The SU(3)xSU(2)xU(1)xU(1)   Model kinetic 

L/R fermion 

Stueckelberg 

CS 

Higgs-axion 
mixing 

GS 

Higgs doublets 

Irges, Kiritsis, C. 

Anomalous	
  U(1)	
  extensions	
  of	
  the	
  Standard	
  Model	
  (MLSOM)	
  





The neutral sector shows a mixing between W3, hypercharge and the anomalous 
gauge boson, B    

The Higgs covariant derivatives responsible for the gauge boson mixing together  
with the Stueckelberg terms  

 V/M drives the breaking 

vu, vd << M 



CP 
even 

CP odd  



GS Axions  

1 physical axion,  
The Axi-Higgs 

N Nambu-Goldstone modes    

Independently	
  of	
  the	
  number	
  of	
  the	
  anomalous	
  U(1)’s	
  one	
  gets	
  	
  
only	
  1	
  physical	
  axion	
  	
  



Decay	
  rates	
  of	
  the	
  axi-­‐Higgs	
  



Relic	
  Densi7es	
  	
  

The	
  physical	
  axion	
  expanded	
  	
  
in	
  the	
  CP-­‐odd	
  sector	
  





The	
  axion,	
  in	
  this	
  extension,	
  feels	
  both	
  the	
  electroweak	
  and	
  the	
  QCD	
  phase	
  transi7ons:	
  	
  
	
  
SEQUENTIAL	
  MISALIGNMENT.	
  The	
  size	
  of	
  the	
  two	
  poten7als	
  are	
  different,	
  with	
  the	
  	
  
QCD	
  poten7al	
  being	
  the	
  one	
  of	
  largest	
  effect.	
  

Small	
  contribu7ons	
  	
  
If	
  M~	
  1TeV	
  





Supersymmetric	
  generaliza7ons	
  	
  

The	
  Stuckelberg	
  mul7plet	
  turns	
  into	
  a	
  supermul7plet:	
  	
  
Axion,	
  Axino,	
  Gaugino	
  (of	
  the	
  anomalous	
  gauge	
  boson)	
  	
  
There	
  is	
  also	
  an	
  extra	
  singlet	
  superfield	
  (NMSSM-­‐type)	
  
	
  
The	
  axion	
  has	
  a	
  real	
  and	
  an	
  imaginary	
  component:	
  Re	
  b	
  and	
  Im	
  b.	
  	
  
The	
  Stuckelberg	
  axion,	
  in	
  this	
  case,	
  is	
  the	
  imaginary	
  part,	
  Im	
  b	
  
The	
  real	
  part	
  is	
  called	
  “the	
  saxion”	
  (Re	
  b)	
  	
  	
  	
  

Several	
  neutralinos	
  in	
  the	
  spectrum.	
  	
  
The	
  neutralino	
  has	
  also	
  an	
  axino	
  component	
  which	
  is	
  absent	
  in	
  the	
  NMSSM.	
  	
  
	
  
The	
  MSSM	
  with	
  an	
  extra	
  anomalous	
  U(1)	
  symmetry	
  does	
  not	
  allow	
  a	
  	
  
Physical	
  axion	
  but	
  only	
  an	
  axino.	
  The	
  Stuckelberg	
  field	
  is	
  a	
  	
  
Nambu-­‐Goldstone	
  mode.	
  	
  
Higgs-­‐axion	
  mixing	
  doe	
  not	
  occur.	
  	
  
	
  



USSM-­‐A	
  

NMSSM	
  	
  +	
  
Extra	
  U(1)	
  	
  
with	
  an	
  anomaly	
  	
  
And	
  	
  
A	
  gauged	
  axion	
  	
  
supermul7plet	
  

Mariano,	
  Guzzi,	
  C.C.	
  



Susy	
  Stuckelberg	
  term	
  and	
  Susy	
  counterterms	
  	
  

Anomalies	
  



Stuckelberg	
  kine7c	
  	
  
Kine7c	
  saxion	
   Axino-­‐gaugino	
  

Peccei	
  Quinn	
   Saxion	
  FF	
  





Poten7al	
  of	
  the	
  Axion-­‐Saxion	
  

An	
  extra	
  U(1)	
  symmetry	
  combined	
  with	
  an	
  extra	
  singlet	
  superpoten7al	
  allows	
  to	
  extract	
  a	
  	
  
physical	
  axion	
  from	
  the	
  spectrum.	
  In	
  this	
  case	
  the	
  poten7al	
  is	
  a	
  combina7on	
  of	
  	
  
The	
  Standard	
  NMSSM-­‐type	
  poten7al	
  plus	
  the	
  extra	
  PQ.breaking	
  poten7al	
  



Ho	
  to	
  iden7fy	
  the	
  axion:	
  analysis	
  of	
  the	
  CP	
  odd	
  sector	
  	
  
	
  
The	
  Stuckelberg	
  field	
  Im	
  b	
  turns	
  developes	
  a	
  physical	
  component	
  
	
  

Misalignment	
  is	
  due	
  to	
  the	
  extra	
  poten7al	
  poten7al	
  	
  
	
  
	
  	
  
	
  





At	
  large	
  tanBeta	
  the	
  neutralino	
  tends	
  to	
  become	
  very	
  light	
  as	
  the	
  Stuckelberg	
  mass	
  
	
  grows.	
  This	
  is	
  respnsible	
  for	
  an	
  overproduc7on	
  of	
  neutralinos	
  and	
  large	
  relic	
  	
  
Densi7es	
  which	
  need	
  to	
  be	
  made	
  compa7ble	
  with	
  WMAP.	
  

Singlino	
  dominance	
  of	
  the	
  neutralino	
  



Axion	
  interac7ons	
  

Neutralino	
  interac7ons	
  	
  



The	
  numerical	
  analysis	
  of	
  these	
  models	
  is	
  very	
  involved	
  and	
  requires	
  	
  
The	
  wri7ng	
  of	
  several	
  interfaces	
  between	
  exis7ng	
  codes.	
  	
  
	
  
1)  Computa7on	
  of	
  the	
  2-­‐to-­‐2	
  scahering	
  amplitudes	
  
2)  Interfacing	
  the	
  model	
  with	
  Micromega’s	
  (Boudjema	
  et	
  al.)	
  	
  
	
  	
  	
  	
  	
  	
  	
  for	
  the	
  computa7on	
  of	
  the	
  corresponding	
  densi7es.	
  	
  
	
  
	
  	
  	
  



Relic	
  Densi7es	
   High	
  tan-­‐beta	
  



Relic	
  densi7es	
  of	
  neutralinos	
  at	
  low	
  tan-­‐beta	
  



The	
  mass	
  of	
  the	
  axion	
  in	
  anomalous	
  abelian	
  models	
  is	
  essen7ally	
  a	
  free	
  parameter,	
  	
  
closely	
  linked	
  to	
  the	
  strength	
  of	
  an	
  “extra	
  poten7al”	
  which	
  can	
  be	
  generated	
  	
  
Non-­‐perturba7vely	
  at	
  the	
  several	
  phase	
  transi7ons	
  of	
  the	
  early	
  universe.	
  	
  
	
  
The	
  mass	
  of	
  the	
  axion	
  is	
  unrelated	
  to	
  the	
  coupling	
  of	
  the	
  axion	
  to	
  the	
  gauge	
  fields	
  	
  
and	
  as	
  such	
  this	
  is	
  an	
  important	
  variant	
  respect	
  to	
  the	
  PQ	
  axion.	
  	
  
Limits	
  on	
  the	
  PQ	
  axion	
  are	
  essen7ally	
  derived	
  form	
  this	
  strong	
  constraint	
  coming	
  	
  
from	
  this	
  special	
  rela7ons	
  	
  
	
  
We	
  can	
  sa7sfy	
  the	
  WMAP	
  constraints	
  in	
  the	
  supersymmetric	
  case	
  both	
  at	
  	
  
High	
  and	
  at	
  low	
  tan-­‐beta,	
  with	
  two	
  intervals	
  on	
  the	
  allowed	
  Stuckelberg	
  mass.	
  	
  
	
  
	
  

SUMMARY	
  

In	
  the	
  non-­‐supersymmetric	
  case	
  there	
  are	
  no	
  bounds	
  emerging	
  for	
  the	
  	
  
Stuckelberg	
  mass	
  since	
  there	
  are	
  no	
  relic	
  densi7es.	
  	
  



CONCLUSIONS	
  	
  
	
  
	
  

The	
  models	
  that	
  we	
  have	
  presented	
  contain	
  the	
  field	
  theory	
  of	
  the	
  	
  
Green-­‐Schwarz	
  mechanism	
  in	
  a	
  simplified	
  non-­‐stringy	
  form.	
  	
  
	
  
We	
  have	
  also	
  pointed	
  out	
  that	
  these	
  models	
  may	
  appear	
  as	
  the	
  low	
  energy	
  	
  
theory	
  of	
  	
  GUT’s	
  when	
  some	
  par7cles	
  of	
  an	
  anomaly-­‐free	
  mul7plet	
  decouple.	
  	
  
The	
  simpleset	
  example	
  being	
  a	
  heavy	
  RH	
  neutrino.	
  	
  
	
  
Theories	
  of	
  axion-­‐like	
  par7cles	
  have	
  necessarily	
  to	
  involve	
  GAUGE	
  ANOMALIES	
  	
  
rather	
  than	
  GLOBAL	
  anomalies.	
  	
  
	
  
It	
  is	
  possible	
  to	
  put	
  significant	
  bounds	
  on	
  these	
  models	
  from	
  numerical	
  	
  
simula7ons	
  of	
  relic	
  densi7es.	
  	
  
Being	
  the	
  phsyical	
  axion	
  charged	
  both	
  under	
  SU(2)	
  and	
  SU(3)	
  the	
  misalignment	
  	
  
of	
  this	
  field	
  can	
  be	
  sequen7al.	
  	
  
	
  
	
  
	
  



THANK	
  YOU	
  for	
  your	
  ATTENTION	
  


