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The Standard Model – unanswered questions  

•  Complicated choice of multiplets  

•  Fractional and integral charges? 

•  Neutrino masses? 

•  Only partial unification 

•  The hierarchy problem  

• Dark matter, baryogenesis, inflation….. 

•

•  Many parameters  19 (28)     

•  Strong CP problem 

SM structure 

• SM unknowns 
gi ,mi ,θi ,δ i , MW ,H ,θQCD

   ΩΛ
1/4 ∼10−3eV , mH ∼1011eV ≪ MPlanck ∼1027 eV



SU(3)× SU(2)×U(1)

Unification incomplete:  
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Gravity? 

• SM structure 
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Higgs   5: (1,2)+ (3,1) MT >1012GeV Doublet-triplet splitting problem 



Spontaneous symmetry breaking 

SU(5) MX
Σ24

⎯ →⎯ SU(3)× SU(2)×U(1) MW
H5

⎯ →⎯ SU(3)×U(1)
Σ = v3Diagonal 2,2,2,−3,−3( )



Spontaneous symmetry breaking 

SU(5) MX
Σ24

⎯ →⎯ SU(3)× SU(2)×U(1) MW
H5

⎯ →⎯ SU(3)×U(1)
Σ = v3Diagonal 2,2,2,−3,−3( )

Leptoquark interactions lead to nucleon decay  

  ⇒ M X >1016GeV

…. the hierarchy problem 
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“SM doesn’t have an hierarchy problem” 



The real hierarchy problem 
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SUSY fine tuning 

Analysis of various models : 

CMSSM, NUHM1, NUHM2, NUGM, NUGM2 

  
Δq (NUGMd)

 
mHiggs

  
Δ > 500, mHiggs = 125GeV

  
Δ > 200, mHiggs = 123GeV

Ghilencea, Lee, Park 



The (SUSY) little hierarchy problem	

• Accept some fine tuning   
   
Δ = 100 ⇒ δχ 2 |d . f .∼1( )
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SM unknowns 

		gi ,mi ,θi ,δ i ,MW ,H ,θQCD

19 (28) (>100 MSSM) 	

(+9 in neutrino sector)  

• Unification of gauge couplings : 



I

 
 
 

  sin
2θW = 0.23122 ± 0.00003

  α s = 0.126   α s = 0.118± 0.001 (Expt)

SUSY gauge coupling unification 
	

c.f.	
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  MU = (2.6 ± 2).1016GeV

	
	

Unification with gravity? 

E 10 -60 

MP 

α 3,2,1

GN(Q) Q2 

SUSY gauge coupling unification 
	

  α s = 0.126   α s = 0.118± 0.001 (Expt)c.f.	
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  α s = 0.126   c. f . α s = 0.118± 0.001 (Expt)

  
Mstring = 3.6×1017 GeV   c. f . MU

"expt" = (2.6 ± 2).1016GeV

GUT scale uncertainties? c.f. talk by Kazuki Sakurai  
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Compactification: K = K0 /H

freely acting discrete group 

Wilson line breaking:  

 embedding of H into gauge group G 

W : H ⊂ G

Massless states: H ⊗H singlets
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Higher dimensions (String unification) 

Doublet –triplet splitting 
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• SM unknowns - masses and mixing angles : 

The data for quarks is consistent with a very symmetric structure : 
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q↔ l  symmetry?
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Charged leptons are consistent with a similar form 
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Neutrinos ???  

c.f. Steve King’s talk 
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i= (0,0,1) ???

Can one have a unified description of quark, charged lepton and neutrinos? 

Neutrinos ???  
Tri-bi mmaximal mixing 
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Neutrinos ???  

  Quarks, charged leptons, neutrinos can have similar Dirac mass :

See-Saw 
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Numerical fit:   18 observables well fitted by 9 parameters  

Summary: 
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CP violation 

   
θQCDGG! , θQCD <10−10The strong CP problem 

• Axion solution Make         a dynamical variable with small vev at 
potential minimum  

θQCD

• Symmetry solution … if CP exact at high scale,               
     

θQCD ( M X ) = 0

(e.g. string symmetry-relic of higher 
dimension Lorentz symmetry)  
	
Spontaneous symmetry breaking in the         
flavour changing sector  

  
θQCD ( MZ ) = O(10−16 ) Ellis,	Gaillard	

(also suppresses dangerous CP violating 
gaugino, higgsno and trilinear terms in SUSY) 



Symmetries : GUT, family 
 
 
IR/UV stable fixed points		

		gi ,mi ,θi ,δ i ,MW ,H ,θQCD (+9 in neutrino sector)  

• SM unknowns - masses and mixing angles : 

Anarchy or Order? 



UV/IR fixed points – Reduction of couplings 

  ⇒ mt = 110GeV( )

  
ln gQCD = −7gQCD

2

  
ln gt =

9
2

gt
2 −8gQCD

2

  
ln

gt

gQCD

⎛

⎝
⎜

⎞

⎠
⎟ =

9
2

gt
2 − gQCD

2 = 0 |IRFP

 D

 D

 D

 D   
= 16π 2 ∂

∂t

  
t = 1

2
ln µ2

µ0
2

  
gt ,IRFP

2 = 2
9

gQCD
2

IR fixed points in the SM : 	



UV/IR fixed points – Reduction of couplings 

⇒

Generalisation to multiple couplings: 

Zimmerman 
Review: 
Heinemeyer, Mondragon, Tracas, Zoupanos 



UV/IR fixed points – Reduction of couplings 

Can solve these equations perturbatively 

⇒

Generalisation to multiple couplings: 

Finite theories:   βa = 0, a = 1..A

c.f. talk by Patellis 



e.g. Finite Unified theory: 

  SUSY SU(5) :  
  
3× 5+10⎡

⎣
⎤
⎦matter

+ 4× (5+5)+ 24⎡
⎣

⎤
⎦Higgs

Reduction of couplings – enhanced symmetry:   Z4 × Z4 × Z4

Top and bottom quark masses: 



Weinberg, 
Reuter 

Inclusion of gravity? 
Asymptotic safety: 

Nonperturbative UV fixed point:  
  

M Planck
2

k 2 → constant 

c.f. talk by Held 



Inclusion of gravity? 
Asymptotic safety: 

Nonperturbative UV fixed point:  
  

M Planck
2

k 2 → constant 

  M P
2 k( ) = M P

2 + 2ξ0k
2

i.e. Gravitational radiative corrections contribute to RG equations  

?

   
⇒ GN k 2( ) |

k2≫MP
2 ∼

1
16πξ0k

2

Regular behaviour of high energy amplitudes 

Ellis, Mavromatis+… 
   

βx j

grav =
aj

8π
k 2

M P
2 (k)

x j , x j = g1,g2,g3,ht ,... Robinson, Wilczek +… 

  
f j x j , k 2 > ktr

2

{	
  0, k 2 < ktr

2 ∼   
f j =

aj

16πξ0



Asymptotic safety - prediction 

• Higgs mass V (H ) = −m2 |φ |2 +λ |φ |4

λ	

  aλ > 0, λ ktr( )→ 0

   ktr ∼1019GeV

“Infra red” fixed point 

Wetterich,	Shaposhnikov	

Buttazzo et al 



Asymptotic safety - postdictions 

U(1)Y : taming the Landau pole •

  
gY ,1

* |UVSFP= 0, gY ,2
* |IRSFP=

6.16π 2 fg

41

  
βgy

k2>ktr
2

= − fg gY +
41
6

gY
2

16π 2 + ...

  
gY ,1

*

  
gY ,2

*

  
fg > 0

  
gY ,1

* ≤ gY (ktr ) ≤ gY ,2
* Test of asymptotic safety? 
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U(1)Y : taming the Landau pole •

  
gY ,1

* |UVSFP= 0, gY ,2
* |IRSFP=

6.16π 2 fg

41

  
βgy

k2>ktr
2

= − fg gY +
41
6

gY
2

16π 2 + ...

  
gY ,1

*

  
gY ,2

*

  
fg > 0

  
gY ,1

* ≤ gY (ktr ) ≤ gY ,2
* Test of asymptotic safety? 

•
+…	



Asymptotic safety - postdictions 

   
fg ∼10−2 , fY ∼10−4

See Eichhorn review 1810.07615 and references therein  

Eichorn,  Held 



Summary 

• Complicated multiplet structure of SM elegantly explained by GUT 

• The “real” hierarchy problem requires SUSY GUT leaving  
a little hierarchy problem…suggesting further structure needed 

• Support for SUSY GUT comes from gauge coupling unification    α s , M X   α s , M X( )

• Anarchy/Order in fermion masses and mixing…it is possible to describe 
all masses and imixings by a very symmetric structure 

• Inclusion of gravity - could it explain outstanding puzzles? 

 Λ,

  
ΩΛ , mHiggs , gi , hi




