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Implications?	  
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The Standard Model	  

Mads Toudal Frandsen!

•  SM	  Higgs	  does	  not	  explain	  EWSB	  
•  SM	  Higgs	  does	  not	  explain	  fermion	  masses	  
•  SM	  provides	  no	  DM	  candidate	  
•  etc…	  



Two time-honoured extensions	  
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§  New	  Strong	  Dynamics	  	  
•  QCD	  is	  Strongly	  Natural	  -‐	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Naturalness	  in	  Dirac’s	  sense,	  i.e.	  no	  small	  numbers	  
	  
§  Supersymmetry	  	  
•  Susy	  makes	  the	  Higgs	  technically	  natural	  –	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Naturalness	  in	  ’t	  hooV’s	  sense,	  small	  input	  numbers	  symmetry	  protected	  	  
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Naturalness	  in	  ’t	  hooV’s	  sense,	  small	  input	  numbers	  symmetry	  protected	  	  	  	  	  	  
(although	  ’t	  HooV	  had	  QED	  and	  TC	  in	  mind)	  
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Two time-honoured extensions	  

Mads Toudal Frandsen!

§  New	  Strong	  Dynamics	  	  
•  Expect	  new	  states	  at	  4π	  fStrong	  ?	  	  
•  Atleast	  one	  state	  needs	  to	  be	  quite	  a	  bit	  lighter…known	  since	  LEP!	  
•  Finding	  a	  light	  scalar	  did	  not	  change	  established	  picture	  that	  much…	  

	  
	  
§  Supersymmetry	  	  
•  Expect	  new	  states	  below	  vEW?	  	  
•  Nature	  likes	  SUSY	  heavy	  (and	  fine-‐tuned?)	  since	  LEP	  
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New Strong Dynamics	  

Mads Toudal Frandsen!

§  The	  Technicolor	  Composite	  Higgs	  
•  ’Higgs’	  is	  the	  lightest	  scalar	  isospin-‐0	  resonance	  of	  strong	  dynamics	  	  
•  Compare	  with	  the	  f0	  (500)	  in	  QCD	  

	  
	  
§  The	  Composite	  Higgs	  Composite	  Higgs	  
•  The	  Higgs	  doublet	  arises	  as	  goldstone	  bosons	  of	  global	  symmetry	  breaking	  
•  Electroweak	  symmetry	  breaks	  through	  vacuum	  misalignment	  
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New Strong Dynamics	  

Mads Toudal Frandsen!

•  ’Composite	  Higgs	  Models’	  

•  Minimal	  Technicolor	  (one	  weak	  doublet)	  

•  Non	  Minimal	  Technicolor	  
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Decoupling	  

Mads Toudal Frandsen!

•  ’Composite	  Higgs	  Models’	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Decoupling,	  though	  fine	  tuned	  

	  
•  Minimal	  Technicolor	  (one	  weak	  doublet)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

No	  decoupling	  
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Technicolor vs Composite Higgs	  
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	  (Galloway,	  Evans,	  Tacchi	  &	  Luty	  ’10	  
	  	  G.	  Cacciapaglia	  &	  F.	  Sannino	  ’14)	  



Vacuum fixed by ‘external’ effects	  
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New Strong Dynamics	  

Mads Toudal Frandsen!

•  ’Composite	  Higgs	  Models’	  

•  Minimal	  Technicolor	  (one	  weak	  doublet)	  

•  Non	  Minimal	  Technicolor	  

	  

•  Preons	  –	  fermions	  are	  composite	  
•  Duality	  –	  SM	  as	  a	  ’magnebc	  dual’	  
•  …	  
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Asymmetric DM from Strong Dynamics	  

!
Mads Toudal Frandsen - University of Oxford!

The	  asymmetric	  part	  of	  DM	  relic	  density	  is	  simply	  	  
related	  to	  the	  baryon	  asymmetry:	  	  

Does	  DM	  arise	  from	  new	  strong	  dynamics?	  

⌦
DM

⌦
baryon

=
m

DM

m
baryon

⌘
DM

⌘
baryon

•  Strong	  dynamics	  provides	  global	  stabilizing	  symmetries,	  compare	  baryon	  number	  

•  Provides,	  oVen	  though	  not	  always,	  large	  annihilabon	  cross-‐secbons	  
	  
	  



New Strong Dynamics	  

•  New	  strongly	  interacbng	  gauge	  group	  GTC	  
•  New	  (techni)fermions,	  
•  Vector-‐like	  under	  GTC	  	  
•  Chiral	  under	  GEW	  
•  Fermions	  condense	  and	  break	  GEW	  -‐	  
Technicolor	  

•  Basic	  idea	  modelled	  on	  QCD	  
•  Strongly	  natural	  EWSB	  

Mads Toudal Frandsen!
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(SD=Strong	  Dynamics/Technicolor)	  	  

hŪLUR + D̄LDRi ⇠ F 3
⇧ ! MW =

gF⇡

2



!
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(SD=Strong	  Dynamics/Technicolor)	  	  

Minimal	  fermion	  content:	  	  
2	  Dirac	  technifermions	  in	  	  a	  weak	  doublet,	  	  
TC	  charge	  but	  no	  QCD	  charges	  

hŪLUR + D̄LDRi ⇠ F 3
⇧ ! MW =

gF⇡

2



New Strong Dynamics	  

•  Composite	  Higgs	  has	  decoupling	  limit	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
–	  not	  falsifiable	  without	  new	  discoveries	  	  

•  Technicolor	  has	  no	  decoupling	  limit	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
–	  falsifiable,	  except	  via	  the	  ’Composite	  Higgs	  limit’	  

•  Both	  scenarios	  unified	  if	  underlying	  4d	  theories	  are	  available	  	  

•  Interesbng	  to	  clarify	  if	  TC	  is	  really	  ruled	  out	  by	  Higgs	  discovery	  
–	  If	  TeV	  resonances	  were	  discovered	  would	  point	  to	  TC	  

	  
	   Mads Toudal Frandsen!



Light scalar in QCD	  

Mads Toudal Frandsen!

!
•  Lightest non-GB resonance in QCD is f0(500) (σ)!

!!
mσ=400-550 MeV, !
Γσ=400-700 MeV!
!
mσ=441 MeV, !
Γσ=544 MeV!

!

!

!

p
s� = m� � i��/2

	  (Pelaez	  ’13)	  

	  (Caprini,	  Colangelo	  &	  Leutwyler	  ’06)	  

	  (PDG	  2012)	  
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Geometry:	  Scaling	  up	  from	  QCD	  
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Scalar spectrum in TC 	  

(Sannino	  &	  Tuominen	  ’04;	  Sanino	  &	  Hong	  ’04;	  
Dietrich,	  Sannino	  &	  Tuominen	  ’05	  
Shrock	  &	  Kurachi	  06…Appelquist	  and	  Bai	  ’10…)	  

(Shrock	  &	  Kurachi	  06)	  

•  Trivially	  the	  Techni-‐Higgs	  can	  be	  light	  with	  many	  colors	  –	  but	  conflict	  with	  
EWPT(?)	  

	  
•  Could	  it	  be	  dynamically	  be	  light?	  

Rainbow	  approximabon	  	  
To	  Schwinger-‐Dyson:	  

(MTC
H )2 =

3
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� .

	  (Shrock	  &	  Kurachi	  ’06)	  



-‐>	  Compare	  W/Z	  contribubon	  with	  pion	  charge	  radius	  
	  
-‐>	  In	  TC	  contribubons	  are	  finite	  due	  to	  compositeness	  

	  (Foadi,	  MTF	  &	  Sannino	  ’12)	  
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Example: pion mass difference	  

Mads Toudal Frandsen!

•  EW	  interacbons	  and	  Yukawa	  interacbons	  break	  
the	  custodial	  	  SU(2)V.	  

•  EW	  mass	  contritubon	  to	  π+	  proporbonal	  	  
	  	  	  	  	  	  to	  the	  ’cut-‐off’	  mρ	  



Light TC-Higgs from radiative corrections	  

Effect	  correlated	  with	  the	  next	  TC	  resonance	  mass	  via	  κ	  and	  ETC	  via	  rt	  

	  (Foadi,	  MTF	  &	  Sannino	  ’12)	  
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QCD	  σ-‐pion	  interacbon	  Lagrangian	  	  

From	  pi-‐pi	  scauering	  data:	  cπ~	  1	  

	  (e.g.	  Harada,	  Sannino	  &	  Schechter	  ’95;	  Caprini,	  
Colangelo	  &	  Leutwyler	  ’05;	  Garcia-‐Marbn	  et	  al	  
’11;)	  

The lightest scalar in QCD	  

LSM =
m2

h

2v
h(h2 + w2

Z + 2w+w�)

Compare	  with	  Higgs-‐Goldstone	  boson	  Lagrangian:	  	  

=
h

v
(@µwZ@

µwZ + 2@µw+@
µw�)

	  (Belyaev,	  Brown,	  Foadi,	  MTF	  &	  Sannino	  ’13)	  



Mads Toudal Frandsen!

QCD	  σ-‐photon	  model	  Lagrangian,	  aσγγ	  composite	  fudge-‐factor	  	  

The lightest scalar in QCD	  

Compare	  with	  QCD	  data:	  	  

	  (Belyaev,	  Brown,	  Foadi,	  MTF	  &	  Sannino	  ’13)	  



Mads Toudal Frandsen!

Scaled	  up	  QCD-‐like	  Techni-‐Higgs	  would	  have	  (diboson)	  Higgs-‐like	  couplings	  
	  
Coefficient	  	  	  cπ~	  1	  is	  independent	  of	  number	  of	  colors	  or	  size	  of	  representabon	  
	  
Techni-‐Higgs	  photon	  model	  Lagrangian	  

The Techni-Higgs scalar in QCD	  
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The Techni-Higgs scalar in QCD	  
Example	  fit	  to	  LHC	  Data	  

Fit	  to	  QCD	  data	   Fit	  to	  LHC	  data	  



Phenomenology of a light TC Higgs	  
•  Massive vector and fermion couplings can be SM like!

•  Di-photon decay sensitive to new technifermions!

•  Resonances coupled to the TC-Higgs!
!

(e.g.	  A.	  Belyaev,	  MTF	  et	  al	  ’08,	  
Hapola	  &	  Sannino	  ’11;	  	  
Andersen	  et	  al	  ’11;	  
MTF	  &	  Sannino	  ’12;	  
Belyaev,	  Brown,	  Foadi	  &	  MTF)	  

pp ! HZ ! bb̄ll
pp ! HV ! V V V

	  (Belyaev,	  Foadi,	  MTF,	  Jarvinen,	  Pukhov	  &	  Sannino	  ’08)	  
	  (T.	  Hapola	  preliminary)	  
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Summary: Composite Dynamics	  

•  Technicolor	  and	  Composite	  Higgs	  are	  two	  realizabons	  of	  
Composite	  Higgs!	  Non-‐GB	  vs	  pNGB	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

•  Studied	  in	  a	  unified	  manner	  via	  vacuum	  alignment	  –	  The	  
Composite	  Higgs	  model	  is	  a	  decoupling	  limit	  

	  
•  The	  lightest	  scalar	  in	  TC	  can	  (perhaps)	  be	  SM	  Higgs-‐like	  

•  Crucial	  test	  is	  the	  discovery/non-‐discovery	  of	  new	  
resonances	  at	  the	  (few)	  TeV	  from	  Technicolor	  


