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Theory constraints on new physics 
Csaba Balázs 



outline 
  
 
          unification  
          naturalness 
          constraints 
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theory = model 
 
 

 
SU(3) x SU(2) x U(1) x SO(1,3) 
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theory 
 
 
 

SU(3) x SU(2) x U(1) x SO(1,3) 
 

constraints? 
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theory 
 
 
 

SU(3) x SU(2) x U(1) x SO(1,3) 
 

internal symmetries 
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matter 
 
 
 

ν
𝑒 −1

      𝑢𝑑 1/3
      𝑢�−4/3      �̅�−2/3     �̅�2 

 
multiplets of fundamental representations 
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matter 
 
 
 

ν
𝑒 −1

      𝑢𝑑 1/3
      𝑢�−4/3      �̅�−2/3     �̅�2 

 
quantum numbers make no sense 
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unified matter 
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a generation = two SU(5) multiplets 
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unified matter 
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SU(5) explains fermionic quantum numbers … 
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unified matter 
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… leptons as fourth color … 
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unified forces 
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… the value of the weak mixing angle … 
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unified forces 
 

 
 

 
 
 
 

… and gauge unification 
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unified matter 
 
 
 

SU(5) explains various standard puzzles … 
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unified matter 
 
 
 

SU(5) explains various standard puzzles … 
 

… and constrains new physics 
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unified model 
 
 
 

SU(5) x SO(1,3) 
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unified model 
 
 
 

SU(5) x SO(1,3) 
 

unified model? 
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unified model 
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can we do better? 
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unified model 
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unified matter 
 
 
 

1 generation = fundamental 16-plet of SO(10) 
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unified matter 
 
 
 

1 generation = fundamental 16-plet of SO(10) 
 

SO(10) predicts the right-handed neutrino … 
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unified matter 
 
 
 

1 generation = fundamental 16-plet of SO(10) 
 

… and hints at the see-saw mechanism 
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unified model 
 
 
 

SO(10) x SO(1,3) 
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unified model 
 
 
 

SO(10) x SO(1,3) 
 

unified model? 
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combined internal & gauge symmetry? 
 
 
 

SO(10) x SO(1,3) ⊂ G 
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? 



no-go: Coleman & Mandula 
 
 
 

SO(10) x SO(1,3) ⊄ G 
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go-around: supersymmetry 
 
 
 

SO(10) x SO(3,1) 
 

only way to extend 
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supersymmetry 
 
 
 

SO(1,3) ⊕ S ≈ Sp(4) ⊗ O(1) ≡ Osp(4|1) 
 

S spanned by anti-commuting (fermionic) generators 
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supersymmetry 
 
 
 

SO(10) x Osp(4|1) 
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supersymmetry 
 
 
 

SO(10) x Osp(4|1) 
 

supersymmetry connects matter and forces 
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unified model 
 
 
 

SO(10) x Osp(4|1) 
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unified model 
 
 
 

SO(10) x Osp(4|1) 
 

is that it? 
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Ed Witten, July 2002 
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Ed Witten, Hamburg, July 2002 
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unified matter 
 
 
 

SO(10) ⊂ E(6) 
 

unification of matter and Higgses 

C. Balázs: Theory constraints page 35 of 66 27 Jun 2013 | Cairns 



unified everything 
 
 
 

E(6) ⊂ E(8) 
 

3 generations + forces + Higgses in a SUSY multiplet…  
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unified everything 
 
 
 

E(6) ⊂ E(8) 
 

3 generations + forces + Higgses in a SUSY multiplet… 
… in 10 dimensions 
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unified everything 
 
 

 
E(8) x E(8) x OSp(10|N) 
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naturalness 
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naturalness 
 
 

 
“Everything is natural: if it weren’t, it wouldn’t be.” 

   Mary Catherine Bateson 
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gauge 
 
 

gluons 𝑋,𝑌
𝑋,𝑌 𝑊,𝑍  

 
SU(5) force carriers 
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gauge hierarchy 
 
 

gluons 𝑋,𝑌
𝑋,𝑌 𝑊,𝑍  

 
X,Y mediate p+ decay 

so: mW,Z << mX,Y 
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gauge hierarchy problem 
 
 

gluons 𝑋,𝑌
𝑋,𝑌 𝑊,𝑍  

 
X,Y mediate p+ decay 

so: mW,Z << mX,Y 
why? 
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gauge hierarchy problem 
 
 

gluons 𝑋,𝑌
𝑋,𝑌 𝑊,𝑍  

 
X,Y mediate p+ decay 

so: mW,Z << mX,Y 
unbroken SU(2) protects mW,Z until weak scale 
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gauge hierarchy problem 
 
 

gluons 𝑋,𝑌
𝑋,𝑌 𝑊,𝑍  

 
mW = g v/2 = g mH/(2 λ) ≈ mH 

mH ≈ mW << mX,Y 
why? 
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gauge hierarchy problem 
 
 

gluons 𝑋,𝑌
𝑋,𝑌 𝑊,𝑍  

 
mW = g v/2 = g mH/(2 λ) ≈ mH 

mH ≈ mW << mX,Y 
nothing protects mH 
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gauge hierarchy solution 
 
 
 

supersymmetry protects mH 
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little hierarchy problem 
 
 
 

supersymmetry protects mH 
 

if spartners are heavy ⇒ protection is weak 
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little hierarchy problem 
 
 
 
the natural value of mh in a minimal 4D SUSY GUT is  

 

mh ≈ mZ 
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electroweak fine-tuning 
 
 
 

so people measure fine-tuning in terms of 
 

mh/mZ 
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electroweak fine-tuning 
 
 
 

so people measure fine-tuning in terms of 
 

mh/mZ − 1 = (mh− mZ)/mZ ≈ (mh− mZ)/mh = ∆mh/mh 

C. Balázs: Theory constraints page 51 of 66 27 Jun 2013 | Cairns 



electroweak fine-tuning 
 
 
 

if mh = mZ + α µ 
 
 

then mh/mZ − 1 = α µ/mZ ≈ α 
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fine-tuning 
 
 
 

other people measure fine-tuning in terms of 
 

∂mZ/∂µ 
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fine-tuning 
 
 
 

if mh = mZ + α µ 
 
 

then |∂mZ/∂µ| = |∂mh/∂µ| = α 
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chasing naturalness 
 
 
 
 
 
 
 
 

fine-tuning maps in the NMSSM based on ∂mh/∂p 
Peter Athron, Cs.B., Doyoun Kim, Ben Farmer, Elliot Hutchison in preparation 
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chasing naturalness 
 
 
 

is gauge hierarchy the right guiding principle… 
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chasing naturalness 
 
 
 

is gauge hierarchy the right guiding principle… 
… if new physics is not a 4D SUSY GUT? 
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chasing naturalness 
 
 
 

Should we still believe in constrained 
supersymmetry? 

 
 
 
 

Cs.B., Andy Buckley, Daniel Carter, Ben Farmer, Martin White to appear 
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new symmetry new physics predicted 

SU(5) sin2θw, p+ decay 

SO(10) ν mass, Z’ 
E(6) leptoquarks, SM singlets, Z’ 

E(8) 3 generations, extra dimensions 
E(8) x E(8) mirror matter, axions 

SUSY spartners, dark matter 
SUSY GUTs gauge unification, desert 
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new symmetry new physics predicted 

SU(5) sin2θw, p+ decay 

SO(10) ν mass, Z’ 
E(6) leptoquarks, SM singlets, Z’ 

E(8) 3 generations, extra dimensions 
E(8) x E(8) mirror matter, axions 

SUSY spartners, dark matter 
SUSY GUTs gauge unification, desert 

X 
 

X X X 
 X 

? 
? X 

 

? ? 

X 

X 



what’s dark matter? 
   

C. Balázs: Theory constraints page 61 of 66 27 Jun 2013 | Cairns 



what’s dark matter? 
    lightest supersymmetric particle 
    lightest Kaluza-Klein particle 
    standard model singlet 
     inert Higgs 
     Z’, Z’’, … 
     dark photon 
     mirror matter 
     … 
    axion (axino, saxion) 
    primodial black holes 
    … 
    all the above? none of the above? 
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what to expect at the collider? 
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Ed Witten, Hamburg, July 2002 
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Ed Witten, Hamburg, July 2002 
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Ed Witten, Hamburg, July 2002 
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