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Symmetries in Particle Physics 

• Spacetime symmetries and internal symmetries 

• Local and global symmetries 

• Exact and spontaneously broken symmetries 

 

The Lorentz symmetry and supersymmetry are both spacetime 

symmetries.  

1) Supersymmetry is experimentally determined to be a broken 

symmetry.  

2) Could the Lorentz symmetry also be broken at some level? 



Uses of spacetime symmetries 

Why study spacetime symmetries? 

-- historical significance, unification 

-- physical insight, simplifies calculations  (conservation laws) 

Why study breaking of spacetime symmetries? 

Cornerstone of modern theory 

   -- must be tested 

   -- valuable to have theoretical framework allowing violations 

“Planck-scale” physics = quantum gravity/string theory/etc.:  

               effects at scale MP ~ NG/1

Probe of Planck-scale physics 

   -- Lorentz violation, SUSY breaking 



Evolution of the Knowledge of 

Spacetime Symmetries 

• Stern and Gerlach: Intrinsic spin, properties with respect to the 

rotation operator J doubles the number of electron states 

 

• Dirac: particle/antiparticle, properties with respect to the Lorentz 

boost generator, K, doubling the number of electron states: electron-

positron 

 

• Supersymmetry: introduces a new generator Q doubling the number 

of states once again: electron and scalar electron (selectron) 

Difference: Lorentz symmetry is exact as far as we know; 

supersymmetry must be broken. 

If we lived at the Planck scale, we might be surprised to learn from our 

experiments that supersymmetry is a broken spacetime symmetry.   

MLV << MSUSY << MPl 

 



Symmetries and Divergences 

• Gauge symmetry: Gauge boson is massless and the symmetry protects the 

mass to all orders in pertubation theory (no quadratic divergences) 

 

 

• Chiral symmetry: An exact chiral symmetry for a fermion implies its mass term. 

Even a massive fermion, say the electron, has an approximate symmetry and 

radiative corrections to the mass must be proportional to the electron mass 

itself (no linear divergence) 

 

 

• Supersymmetry: Exact supersymmetry relates the masses and couplings of 

fermions and scalars so that the scalar self-energy has only a logarithmic 

divergence (no quadratic divergence to m2) 

 

 

 

• Question: Why does one naively expect a quadratic divergence for gauge bosons and 

scalars, but a linear divergence for fermions? 

 



Supersymmetry 

• Relates fermions to scalars 

• Implies relationships between their 

masses and couplings 

• Can stabilize the electroweak scale 

 

 

• Possible origin of the dark matter particle 

• Gauge coupling unification 

 

 

 



Spacetime symmetry violation:  

A version of the twin paradox 

• Inertial frame change at turnaround point 

• Earth Twin ages more than Space Twin  

• Clearly asymmetrical as one twin has a frame change, and the 

other does not 
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Twin paradox on a cylinder 

• No frame changes (as in the conventional twin paradox) 

• Earth Twin ages more than Space Twin 

•  Breaking of Lorentz and rotational symmetry by a global 

feature of spacetime, R4 
 R3 x S1 

 

 

 

 

 

 

 

 

 

 

 

• Question: Which twin (if any) ages more than the other? 
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Properties of spacetime 

Supersymmetry is a broken spacetime symmetry (assuming 

supersymmetry is a symmetry at all), and there is no experimental 

evidence the other spacetime symmetries (Lorentz, Poincare) are 

broken.  

 

Could there be some connection between the breaking of 

supersymmetry and a possible breaking of the Lorentz symmetry. 

 

Spacetime compactification leads to  

1. Nontrivial spacetime topology. 

2. Violation of Lorentz and rotational invariance 

3. Supersymmetry breaking, e.g. Scherk-Schwarz 

 

 

 



Scale of Symmetry Breaking 

• There is circumstantial evidence for weak-scale supersymmetry: dark 

matter, hierarchy problem, absence of substantial radiative corrections to 

precision electroweak measurements. 

 

• Electroweak-scale supersymmetry is broken to accommodate the lack of 

observation of superpartners. 

 

• Compared to the fundamental Planck scale, this symmetry breaking is a 

small effect (like Lorentz violation?), and supersymmetry is an approximate 

symmetry. 

 

• Supersymmetry breaking can be incorporated into a supersymmetric 

Standard Model in  the context of field theory (adding all possible soft 

supersymmetry breaking terms). 

 

• The remaining spacetime symmetries such as the Lorentz symmetry could 

possibly have even more suppressed violations (enforced by 

supersymmetry?). 



Supersymmetry and Lorentz violation 

Question: Supersymmetry and relativity are both parts of  

overall spacetime symmetries. It is well-known that one  

can explicitly break supersymmetry (MSSM) without Lorentz 

violation. Can one break the selectively break the Lorentz  

symmetry? 

    supersymmetry       Lorentz symmetry 

 

exact 

Fundamental Lagrangian 

has exact supersymmetry 

 Experiment 

 

broken 

 MSSM, Experiment 

Question: Is SUSY breaking 

at the EW scale? Soft 

breaking 

Question: Why is Lorentz 

breaking so much smaller than 

the EW scale?  

  



Standard Model Extension 

Add terms to the Standard Model that are gauge invariant,  

but whose coefficients do not transform according under  

Lorentz transformations. 

Field redefinitions: 

Modified fermion propagator: 

Discussion: Show how to derive this propagator. 



Standard Model Extension - 2 

1. Add all possible Lorentz-violating terms to the Standard 

Model Lagrangian that are gauge-invariant, etc. 

 

2. The resulting theory is to be viewed as an effective 

theory presumably up to the Planck scale where a more 

fundamental theory takes over curing any problems with 

microcausality, etc. 

 

3. Phenomenological. 

 

 

 Lorentz-violating supersymmetric model: add all 

possible supersymmetric but Lorentz-violating terms to  

a supersymmetric field theory. 
 

 
 

•   
 



Supersymmetry Algebra 

• Poincare algebra (4 generators of translation and the 6 Lorentz 

generators): 

 

 

• 3 generators of the rotation group 

 

• 3 generators of Lorentz boosts 

 

 

• Supersymmetry extends the Poincare algebra to include a 

fermionic generator Q 



Incorporation of symmetry breaking 

effects phenomenologically 

1. Supersymmetry breaking 
 Add fields to Supersymmetrize the Standard Model 

 Add supersymmetry breaking terms to the supersymmetric 
Standard Model. These soft supersymmetry breaking terms can in 
principle be derived from a more fundamental model of 
supersymmetry breaking, but often they are treated in a purely 
phenomenological manner. 

 The result is an effective Field Theory. 

 Supersymmetry breaking is believed to be spontaneous by 
nonperturbative effects (in some scenarios) 

 

2. Lorentz breaking 
 1)   Lorentz violation can be incorporated into the Standard Model 

in a general but phenomenological way: Standard Model 
Extension: Lorentz breaking terms. 

 2)   Presumably the Lorentz symmetry breaking is spontaneous in 
some underlying fundamental theory. 



Supersymmetric Model with Lorentz 

Violation 

MB, Kostelecky, Phys. Rev. D65, 091701 (2002);  

MB, Phys. Rev. D68, 085001 (2003). 

 

Add Lorentz-violating terms to the Wess-Zumino supersymmetric 

model in the spirit of the Standard Model Extension. 

 

Supersymmetry requires terms involving scalars and terms involving 

fermions, with related coefficients (similar to masses and couplings). 

 

Modifications: supersymmetric transformations, supersymmetry 

algebra,  kinetic terms of the supersymmetric Lagrangian. 

 

The requirement of supersymmetry places strong constraints on the 

kinds of Lorentz-violating terms that can be added. 

 

 



Wess-Zumino Model 

Lagrangian 

 

 

Transforms under the supersymmetry transformations 

 

 

 

 

Into a total derivative 



Wess-Zumino Model-2 

Lagrangian 

 

 

where 

 

 

 

 

 



LV Wess-Zumino Model 
Lagrangian 

 

where 

 

 

 

 

Deformed SUSY transformation: 

 

 

 

 

 



LV Wess-Zumino Model - 2 
Commutator of two SUSY transformations 

 

 

Yields a closed superalgebra 

 

 

and 

 

 

 

For one scalar field and its fermionic partner, this transformation 

can be scaled away … but it cannot be removed for two or 

more such fields simultaneously. 

 

 

 

 



Superspace Formulation 

1. Supersymmetry is elegantly formulated as a field theory 

on superspace (x, q). 

 

2. The Wess-Zumino model is the theory of one superfield 

(one fermion and one scalar). The superfield is a chiral 

superfield that contains a complex scalar, a fermion, and 

the auxiliary fields. 

 

3. CPT-violation in a supersymmetric field theory can be 

understood as a CPT-violating transformation of the 

superfields. 

 



Superfield Formulation 

Chiral superfield is a function of four spacetime coordinates and four 

anticommuting coordinates: 

 

 

 

The conjugate of the chiral superfield: 

 

 

 

The Wess-Zumino Lagrangian can be derived from the superspace 

integral: 



The action of the supersymmetry generators on the superfield is 

 

 

 

In components the Lagrangian is  

 

 

 

 

 

 

As is well-known, the chiral superfield can be represented as 

 

 

 

 



Lorentz-violating superfield 

transformations 
 

In an analogous way one can define two Lorentz-violating extensions of 

the Wess-Zumino model. 



CPT-Even Model with Lorentz 

Violation 
Following the SM extension, consider adding Lorentz violating terms to 

the Wess-Zumino model. 

 

Apply the derivative operator effects the substitution 

 

 

 

And give the superfields: 

 

 

 

The Lorentz-violating Lagrangian is then given by 

 

 

 

 

 



CPT-Even Model 
The resulting Lagrangian in components is (as before) 

 

 

 

 

The presence of the terms in the extension forces a relationship on the 

coefficients for Lorentz violation, analogous to the common mass and 

common couplings that are a standard consequence of 

supersymmetric theories. 

 

The fermion propagator can be written as  

 

 

 

The scalar propagator has the same form for  the denominator. 

 

 



CPT-Even model (cont.) 

The modified superfields can be understood by defining left-chiral and 

right-chiral coordinates as 

 

 

The chiral superfield is then simply 

 

 

 

A superfield covariant derivative can also be introduced in analogy with 

the usual case with the substitution 

 

 

The modified superalgebra is 

 

 

 



Summary 

• Explicit Lorentz violation can be added to the Wess-Zumino model. 

 

• By virtue of the Lorentz violation, manifest through the presence of the Lorentz-
violating coefficient, the superalgebra 

 

 

       

      lies outside the usual list of possible supersymmetric extensions of the 
Poincare algebra. 

 

• Superfield description permits one to survey the possible types of Lorentz 
violation permitted by supersymmetry. 

 

• Realistic models should incorporate supersymmetry breaking as well as 
Lorentz violation. Since the source of spacetime symmetry breaking is not 
understood, there may be some relationship between the breaking of 
supersymmetry and possible breaking of the Lorentz symmetry. 

 

 


