
September 2011

Francesco Sannino

Beyond QCD

CP3-DESY-Goettingen School 11-14 October 2011QCD @ Work 2012



Riddles



Atoms
4%

Dark Matter
22%

Dark Energy
74%

Riddles



Atoms
4%

Dark Matter
22%

Dark Energy
74%

Riddles



Atoms
4%

Dark Matter
22%

Dark Energy
74%

Riddles



Atoms
4%

Dark Matter
22%

Dark Energy
74%

?

Riddles



Atoms
4%

Dark Matter
22%

Dark Energy
74%

??

Riddles



Beyond QCD @ Work



Beyond QCD @ Work



Beyond QCD @ Work

๏ New weak & strong forces



Beyond QCD @ Work

๏ New weak & strong forces

๏ Composite Higgs/SM



Beyond QCD @ Work

๏ New weak & strong forces

๏ Composite Higgs/SM

๏ Composite dark matter



Beyond QCD @ Work

๏ New weak & strong forces

๏ Composite Higgs/SM

๏ Composite dark matter

๏ Composite inflaton



Beyond QCD @ Work

๏ New weak & strong forces

๏ Composite Higgs/SM

๏ Composite dark matter

๏ Composite inflaton

๏ ....



Fermi Scale



M2
H = 2� v2

Fermi Scale



Natural SM mass spectrum



Natural SM mass spectrum

MW = g
v

2
⇡ g 123 GeV



Natural SM mass spectrum

MH = �
p
2 v ⇡ � 345 GeV

MW = g
v

2
⇡ g 123 GeV



Natural SM mass spectrum

MH = �
p
2 v ⇡ � 345 GeV

mf = �f
vp
2
⇡ �f 174 GeV

MW = g
v

2
⇡ g 123 GeV



Natural SM mass spectrum

MH = �
p
2 v ⇡ � 345 GeV

mf = �f
vp
2
⇡ �f 174 GeV

MW = g
v

2
⇡ g 123 GeV

Top has the right energy scale! 



Natural SM mass spectrum

MH = �
p
2 v ⇡ � 345 GeV

mf = �f
vp
2
⇡ �f 174 GeV

MW = g
v

2
⇡ g 123 GeV

Top has the right energy scale! 

or zero



Natural SM mass spectrum

MH = �
p
2 v ⇡ � 345 GeV

mf = �f
vp
2
⇡ �f 174 GeV

MW = g
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2
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Top has the right energy scale! 

 Light quarks and leptons are also natural! 

or zero



O’ Higgs, where art thou!



Excluded @ 95% CL

112.7 < MH < 115.5 GeV

131 < MH < 453 GeV 237� 251 GeV Excluded @ 99% CLexcept
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Conformal Goldstone 
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Near Conformal Models

critical exponent⌫

N c
f critical number of techniflavors for conformality

๏ Explicit examples?
Calculable perturbative examples

Antipin, Mojaza, Sannino 1107.2932

๏ Conformal technicolor models (Light Composite Higgs)

MH

v
' (N c

f �Nf )
⌫ Dietrich, Sannino, Tuominen  hep-ph/0510217

Dietrich, Sannino hep-ph/0611341

Grinstein, Uttayarat 1105.2370
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Compositeness

๏ Only Higgs sector is composite [Technicolor]

๏ Standard Model Fermions are composite [Preons]

๏ Partial compositeness: Bosonic/SUSY Technicolor ...

๏ X compositeness [Magnetic Standard Model] Sannino 11
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What LHC has not seen, yet!

๏ Extra large, small or medium dimensions [kk states,..]

๏ Any sign of supersymmetry [gluino,...]

๏ Mini, large, big Black-Holes [low scale gravity]

๏ Higgs... ? Maybe

✴ In line with Technicolor ?



Technicolor

Francesco Sannino
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µ⇥ + i Q̄�µDµQ + · · ·

· · · ⇥ L(New SM Fermions)
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๏ Technicolor  = massless SM fermions

๏ Extend TC works if flavor decouples from the EW scale
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IR Conformal behavior

Holdom, 
Appelquist, Miranski, Yamawaki, Wijewardhana...
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Condensate Enhancement

h ¯QQiµ = exp
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๏ Do we know any 4D walking gauge theory? 

๏ What is the size of the walking window?

๏ What is the anomalous dimension?



Walking 4D Gauge theory
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Conformal Window and Walking
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Perturbative Walking
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(Next) Minimal Walking Technicolor

๏ Next to minimal is just outside the conformal window
Fodor, Holland, Kuti, Nogradi, Schroeder, Wong

๏ Minimal Walking TC is ideal for iWalk
Catterall & Sannino; 
Del Debbio, Lucini Patella, Pica, Rago 
Hietanen, Rummukainen, Tuominen
Catterall, Giedt, Sannino
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Extra 
Electron SU(3)
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t-down
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U and D: Adj of  SU(2)

F.S. + Tuominen 04
Dietrich, F.S., Tuominen 05
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New Leptons & Precision Data

1 TeV

117 GeV

300 GeV

Exotic Leptonic hypercharge Y=-3/2 Standard Model Leptonic hypercharge
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What you see is “not” what LHC will see

MWT Lagrangian



L(Composites) + L(Mixing with SM) + L(New Leptons) + L(SM�Higgs)

MWT Effective Lagrangian

Foadi, Frandsen, Ryttov & F.S. 07



 Composite Higgs                                         H

 Composite Axial - Vector States           

L(Composites) + L(Mixing with SM) + L(New Leptons) + L(SM�Higgs)

R1,2

MWT Effective Lagrangian

Foadi, Frandsen, Ryttov & F.S. 07



 Composite Higgs                                         H

 Composite Axial - Vector States           

L(Composites) + L(Mixing with SM) + L(New Leptons) + L(SM�Higgs)

R1,2

MWT Effective Lagrangian

Heavy Electron                                 

2 Heavy Majoranas N1 N2

⇣

Frandsen, Masina, Sannino 09

Hapola, Masina, Sannino 11 Foadi, Frandsen, Ryttov & F.S. 07
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Belyaev, Foad, Frandsen, Jarvinen, Pukhov, Sannino 08



Conclusions



Conclusions

๏ New interactions ready to be discovered



Conclusions

๏ New interactions ready to be discovered

๏ Example: Technicolor



Conclusions

๏ New interactions ready to be discovered

๏ Example: Technicolor

๏ New phase diagrams



Conclusions

๏ New interactions ready to be discovered

๏ Example: Technicolor

๏ New phase diagrams

๏ Walking & jumping



Conclusions

๏ New interactions ready to be discovered

๏ Example: Technicolor

๏ New phase diagrams

๏ Walking & jumping

๏ Minimal TC models



Conclusions

๏ New interactions ready to be discovered

๏ Example: Technicolor

๏ New phase diagrams

๏ Walking & jumping

๏ Minimal TC models

๏ New era for strong dynamics


