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Origin of Quantum Anomalies 
 
• The Neutral Pion Lifetime 
   - H. Fukuda and Y. Miyamoto, Prog.Theor.Phys. IV-3,347(1949) 
   - J. Steinberger, Phys.Rev. 76-8,1180(1949) 
   - J. Schwinger, Phys.Rev. 82, 664 (1951) 
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Foundations in Quantum Field Theory  
 
• Axial-Vector anomalies in quantum electrodynamics, nonrenormalization 
   - S.L. Adler, Phys.Rev. 177,2426(1969) 
   - S.L. Adler, W. Bardeen, Phys.Rev. 182,1517(1969) 



William A. Bardeen, Fermilab! Zumino Memorial, CERN, April 27-28, 2015 
 
 

6!

Foundations in Quantum Field Theory  
 
• Chiral symmetry and pion decay in the sigma model 
  - J.S. Bell and R. Jackiw, IL Nuovo Cimento, LX-1, 47(1969) 
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Fundamental Structure of Chiral Anomalies 
 
• General form of nonabelian anomalies. 
   - W. Bardeen, Phys.Rev. 184,1848(1969) 
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Fundamental Structure of Chiral Anomalies 
 
Consistency conditions, Wess-Zumino terms 
- J. Wess and B. Zumino, Phys.Lett. 37B-1, 95(1971) 
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Wess-Zumino Consistency Conditions 
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Wess-Zumino Nonlinear Chiral Lagrangian 

Wess-Zumino Term 
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Instantons and Anomalies 
   - A.M. Polyakov, Phys.Lett. 59B, 82 (1975) 
   - A.A. Belavin, et al, Phys.Lett. 59B, 85 (1975) 
   - G. ‘t Hooft, Phys.Rev. D14, 3432 (1976) 

• Nonperturbative quantum chromodynamics 
• Zero modes and anomaly structure 
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Wess-Zumino Nonlinear Chiral Lagrangian 
   - E. Witten, Nucl.Phys. 223,422, (1983) 

 

• Topology in five dimensional space-time  
• Topological index in quantum chromodynamics: n=N_colors  
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Wess-Zumino Nonlinear Chiral Lagrangian 
   - J. Maldacena, Adv.Theor.Math.Phys. 2, 231 (1998) 

 

• AdS Dual representation of conformal field theories 
• Full five dimensional representation of Wess-Zumino action. 
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Physical Implications of Anomaly Structure 
• Neutral pion decay – anomalous currents 
 
• Evidence for quarks with color and the origins of QCD 
 
• U(1) Problem in QCD  

 - the eta’ mass 
 - accidental symmetries 

 
• Nontrivial anomaly cancelation in the Standard Model 
 
• Model building constraints – anomaly cancelation conditions 
 
• Baryon asymmetries  

 - anomalous baryon number current 
 - leptogensis 

 
• Axions and the strong CP problem 
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Mathematical Implications of Anomaly Structure 
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Mathematical Implications of Anomaly Structure 
• Index theorems, gravitational anomalies 
  - L. Alvarez-Gaumé and E. Witten, Nucl.Phys. B234, 269(1983) 
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Mathematical Implications of Anomaly Structure 
• Index theorems, gravitational anomalies 
  - O. Alvarez, I.M. Singer and B. Zumino, Comm.Math.Phys. 96,409 (1984) 
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Mathematical Implications of Anomaly Structure 
• Structure of gauge and gravitational anomalies 
  - W. Bardeen and B. Zumino, Nucl.Phys. B244, 421 (1984) 
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Mathematical Implications of Anomaly Structure 
• Algebraic Structure. 
  - J. Mañes, R. Stora and B. Zumino, Comm.Math.Phys. 102, 157 (1985) 
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Birth of Consistent String Theories 
 
• Anomalies and String Theory 
  - M. Green and J. Schwarz, Phys.Lett. 149B, 117 (1984) 
  - M. Green and J. Schwarz, Phys.Lett. 151B, 21 (1985) 
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Birth of Consistent String Theories 
 
• Summer at the Aspen Center for Physics. 
  - M. Green and J. Schwarz, ” Aspen and String Theory” 

 - ACP Science History Project 
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Conclusions 

• Anomalies – a curious inconsistency? 
 
• Anomalous currents, nonrenormalization theorem. 
 
• Wess-Zumino Consistency conditions.  
 
• Nonlinear realizations and Wess-Zumino terms. 
 
• The many roles of anomalies in the Standard Model. 
 
• Instantons and topological structure. 
 
• Index theorems and geometry of gauge fields theories 
 
* String theory and the fundamental nature of space and time. 
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!Thank you! 
 

Bruno 
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Addendum 
 
• The Neutral Pion lifetime 
 
Prediction from the proton loop (Steinberger): 
 
   Γ= 7.6 ev,  τ= 0.86 10^-16 sec  
 
   - same result for three color quark theory 
 
Experiment 
 
G. Belletitini, et al, NuovoCim XL, A-4, 1139(1965) 
“Primakoff Effect and the Neutral Pion Lifetime 

 τ= 0.73(0.105) 10^-16 sec  
 
PDG  τ= 0.84(0.5) 10^-16 sec  


