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Dear Marcela and Carlos, my dear, old friends! We know each other for thirty years. 

We have aged a bit since then... more me than you :-). We haven't seen each other 

very often for some time (too bad!) but you are always very close to my heart. 

I was just looking at our photos from the conference in Kazimierz in 1998 and  2002. 

It is really hard to believe that another twenty years have gone by... 

But on the other hand, it was a time of your wonderful careers, which I sincerely congratulate you.

There is still a lot of exciting times ahead of you. 

I wish you many great moments for many more years. 



Planck conference 1998



Planck conference 2002



Planck conference 2002



GOLDSTONE BOSON  COUPLINGS AND CHIRAL ANOMALIES

(A TEXTBOOK TOPIC, RECENTLY AGAIN OF  INTEREST)
J. QUEVILLON&CH.SMITH,1903.12559;  Q. BONNEFOY et al, 2011.10025

HISTORICALLY: PION DECAY INTO TWO PHOTONS

1949- STEINBERGER DIRECT  1-LOOP  CALCULATION IN THE  PION- NUCLEON  MODEL 
GIVES THE  GAUGE AND LORENTZ  INVARIANT  EFFECTIVE LAGRANGIAN
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THIS RESULT GIVES 
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AND AGREES WITH EXP NUMBER.

1967: VELTMAN AND SUTHERLAND (INDEPENDENTLY) POINT OUT THAT  
THIS RESULT IS INCONSISTENT WITH THE CONCEPT OF THE PION AS A 
PSEUDO-NAMBU GOLDSTONE BOSON OF THE SPONTANEOUSLY BROKEN  
GLOBAL                             SYMMETRY OF   THE PION-NUCLEON THEORYSU(2)L ⇥ SU(2)R

<latexit sha1_base64="FT/zXfst1Bmsb17gwG14nac0uUA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEuilJFXRZdOPCRX2kLbQhTKaTdujkwcyNUELBX3HjQhG3foc7/8Zpm4W2Hhg495x7uXeOnwiuwLK+jcLS8srqWnG9tLG5tb1j7u41VZxKyhwai1i2faKY4BFzgINg7UQyEvqCtfzh1cRvPTKpeBw9wChhbkj6EQ84JaAlzzy4dyq1E++mCzxkCs+qO88sW1VrCrxI7JyUUY6GZ351ezFNQxYBFUSpjm0l4GZEAqeCjUvdVLGE0CHps46mEdHL3Gx6/hgfa6WHg1jqFwGeqr8nMhIqNQp93RkSGKh5byL+53VSCC7cjEdJCiyis0VBKjDEeJIF7nHJKIiRJoRKrm/FdEAkoaATK+kQ7PkvL5JmrWqfVmu3Z+X6ZR5HER2iI1RBNjpHdXSNGshBFGXoGb2iN+PJeDHejY9Za8HIZ/bRHxifP18Dk9E=</latexit>
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<latexit sha1_base64="HxhuhfnsS7NpAaPXcrgcmqzgbOc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSS303Fo9srV9yqOwdZJV5OKpCj0St/dfsJy2KukElqTMdzUwwmVKNgkk9L3czwlLIRHfCOpYrG3AST+bFTcmaVPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBhdBxOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynZELzll1dJs1b1Lqq1+8tK/SaPowgncArn4MEV1OEOGuADAwHP8ApvjnJenHfnY9FacPKZY/gD5/MHdOyOcw==</latexit>

IS THE NGB CORRESPONDING TO THE AXIAL ELEMENT OF THE U(1)xU(1) ELECTRICALLY NEUTRAL  
SUBGROUP (LEFT EXPLICTLY UNBROKEN BY ELECTROMAGNETIC INTERACTIONS)

 ! ei✓⌧3�5 
<latexit sha1_base64="/oWj3TpYYHfK1TBpELbmK7qp5c8=">AAACF3icdVDLSgNBEJz1GeMr6tHLYBA8hY0P9Bj04jGCiYFsXHonnWRwZneZ6VXCkr/w4q948aCIV735N25ihPgqaCiqqpnpCmIlLbnuuzM1PTM7N59byC8uLa+sFtbW6zZKjMCaiFRkGgFYVDLEGklS2IgNgg4UXgRXJ0P/4hqNlVF4Tv0YWxq6oexIAZRJfqHkVa30jOz2CIyJbjheptKjHhJwjyDx97wuaA3+wWCY9AvFcskdgbu/yJdVZGNU/cKb145EojEkocDaZtmNqZWCISkUDvJeYjEGcQVdbGY0BI22lY7uGvDtTGnzTmSyCYmP1MmNFLS1fR1kSQ3Usz+9ofiX10yoc9RKZRgnhKH4fKiTKE4RH5bE29KgINXPCAgjs79y0QMDgrIq85Ml/E/qu6XyXmn3bL9YOR7XkWObbIvtsDI7ZBV2yqqsxgS7ZffskT05d86D8+y8fEannPHOBvsG5/UDoHegMg==</latexit>

(SYMMETRY IN THE LIMIT OF MASSLESS NUCLEONS)



FOR A GOLDSTONE BOSON, ONLY DERIVATIVE COUPLINGS ARE 
ALLOWED (CHIRAL AND GAUGE INVARIANT)

SO ADDITIONAL SUPPRESSION BY
m2

⇡

m2
N

<latexit sha1_base64="4wboqK8/6Olyk91kBWnGxOcMqnU=">AAAB/nicdVDLSsNAFL2pr1pfUXHlJlgEVyWpgi6LblxJBfuAJobJdNIOnZmEmYlQQsFfceNCEbd+hzv/xulDqK8Dl3s4517u5UQpo0q77odVWFhcWl4prpbW1jc2t+ztnaZKMolJAycske0IKcKoIA1NNSPtVBLEI0Za0eBi7LfuiFQ0ETd6mJKAo56gMcVIGym09/xYIpzz0E/pbXVkyJVpoV32Ku4EjvuLfFllmKEe2u9+N8EZJ0JjhpTqeG6qgxxJTTEjo5KfKZIiPEA90jFUIE5UkE/eHzmHRuk6cSJNCe1M1PmNHHGlhjwykxzpvvrpjcW/vE6m47MgpyLNNBF4eijOmKMTZ5yF06WSYM2GhiAsqfnVwX1k8tAmsdJ8CP+TZrXiHVeq1yfl2vksjiLswwEcgQenUINLqEMDMOTwAE/wbN1bj9aL9TodLViznV34BuvtEzgdlaU=</latexit>

� ⇠ m7
⇡
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THEN

SOLUTION: BELL-JACKIW ANOMALY  (AN ANOMALY OF THE AXIAL 
GLOBAL SYMMETRY CURRENT IN THE PRESENCE OF ELECTROMAGNETIC 
INTERACTIONS) 

(PION IS A PSEUDO-GOLDSTONE)
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(.                                                                        is not gauge invariant)



A TOY MODEL WITH “UNBROKEN”  VECTOR-LIKE U(1) GAUGE SYMMETRY (MIMICING
THE PION DECAY INTO PHOTONS AND KSVZ QCD AXION MODEL)

Dµ = @µ � iqgAµ
<latexit sha1_base64="6Y/eqb3DVl9h4Tq7gYk7OoMoAdA=">AAACBXicdVDLSgMxFM3UV62vUZe6CBbBjWVaBd0I9bFwWcE+oDMMmTTThiaZMckIZejGjb/ixoUibv0Hd/6NmbZCfR0InJxzb+7NCWJGlXacDys3Mzs3v5BfLCwtr6yu2esbDRUlEpM6jlgkWwFShFFB6ppqRlqxJIgHjDSD/nnmN2+JVDQS13oQE4+jrqAhxUgbybe3L3yXJydujKSmiGUXuE9vuqcZ8+1iueSMAJ1f5Msqgglqvv3udiKccCI0ZkipdtmJtZdmb2NGhgU3USRGuI+6pG2oQJwoLx39Ygh3jdKBYSTNERqO1OmOFHGlBjwwlRzpnvrpZeJfXjvR4bGXUhEnmgg8HhQmDOoIZpHADpUEazYwBGFJza4Q95BEWJvgCtMh/E8alVL5oFS5OixWzyZx5MEW2AF7oAyOQBVcghqoAwzuwAN4As/WvfVovViv49KcNenZBN9gvX0C8wSYOA==</latexit>
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<latexit sha1_base64="V8DHeToo022Qeeu+bbnAVumTmyY=">AAAB8HicdVDJSgNBEK2JW4xb1KOXxiB4CjNR0IsQ9OLBQxSzSDKEnk5P0qS7Z9LdI4QhX+HFgyJe/Rxv/o2dRYjbg4LHe1VU1QtizrRx3Q8ns7C4tLySXc2trW9sbuW3d2o6ShShVRLxSDUCrClnklYNM5w2YkWxCDitB/2LsV+/p0qzSN6aYUx9gbuShYxgY6W7QfvqbNC+sZUveEV3AuT+Il9WAWaotPPvrU5EEkGlIRxr3fTc2PgpVoYRTke5VqJpjEkfd2nTUokF1X46OXiEDqzSQWGkbEmDJur8RIqF1kMR2E6BTU//9MbiX14zMeGpnzIZJ4ZKMl0UJhyZCI2/Rx2mKDF8aAkmitlbEelhhYmxGeXmQ/if1EpF76hYuj4ulM9ncWRhD/bhEDw4gTJcQgWqQEDAAzzBs6OcR+fFeZ22ZpzZzC58g/P2CTHZkAI=</latexit>
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<latexit sha1_base64="gbKbMM/OPWyAEEY7k9GeEcSrvg8="></latexit>
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<latexit sha1_base64="8X33FhIkBKZloD2apRKTKZLROD4=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPYSYKehGCXjxGMAskQ+jp1CRNenom3T1CGPITXjwo4tXf8ebf2FmEuD0oeLxXRVW9IBFcG9f9cJaWV1bX1nMb+c2t7Z3dwt5+XcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbASD64nfuEeleSzvzChBP6I9yUPOqLFSc9hpV/v80u0Uil7JnYK4v8iXVYQ5qp3Ce7sbszRCaZigWrc8NzF+RpXhTOA43041JpQNaA9blkoaofaz6b1jcmyVLgljZUsaMlUXJzIaaT2KAtsZUdPXP72J+JfXSk144WdcJqlByWaLwlQQE5PJ86TLFTIjRpZQpri9lbA+VZQZG1F+MYT/Sb1c8k5L5duzYuVqHkcODuEITsCDc6jADVShBgwEPMATPDtD59F5cV5nrUvOfOYAvsF5+wRiZI+J</latexit>
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<latexit sha1_base64="HD0UxZyW+Saoo7vUyZ2CAoMviec=">AAACEnicdVDLSsNAFJ3UV62vqEs3g0VIENqkCroRim5cVrAPaEKZTCft0JkkzkykJeQb3Pgrblwo4taVO//G9CHU14ELh3Pu5d57vIhRqSzrQ8stLC4tr+RXC2vrG5tb+vZOQ4axwKSOQxaKlockYTQgdUUVI61IEMQ9Rpre4GLsN2+JkDQMrtUoIi5HvYD6FCOVSR3ddGp9Cs8MR9IeR/DQLzvyRqikkpoOGUZGQpExNMt+anb0ol2yJoDWL/JlFcEMtY7+7nRDHHMSKMyQlG3bipSbIKEoZiQtOLEkEcID1CPtjAaIE+kmk5dSeJApXeiHIqtAwYk6P5EgLuWIe1knR6ovf3pj8S+vHSv/1E1oEMWKBHi6yI8ZVCEc5wO7VBCs2CgjCAua3QpxHwmEVZZiYT6E/0mjUrKPSpWr42L1fBZHHuyBfWAAG5yAKrgENVAHGNyBB/AEnrV77VF70V6nrTltNrMLvkF7+wSYm5ws</latexit>

GAUGE CHARGES



CLASSICAL INVARIANCE UNDER GLOBAL AXIAL SMMETRY DEFINED BY THE TRANSFORMATIONS

 L ! eiQL✓ L
<latexit sha1_base64="Aob/7PHBZqgGWo7PcF+szIxq6Gs=">AAACD3icdZA7SwNBFIVnfcb4WrW0GQyKVdhEQcugjYVFAuYBSVxmJzfZIbMPZu4qYck/sPGv2FgoYmtr579x8hDi68DA4Xz3MjPHi6XQ6Dgf1tz8wuLScmYlu7q2vrFpb23XdJQoDlUeyUg1PKZBihCqKFBCI1bAAk9C3eufj3j9BpQWUXiFgxjaAeuFois4QxO59kGrrIV72VKi5yNTKrqlcJ2KionQB2TDCXftXCHvjEWdX+YL5chUZdd+b3UingQQIpdM62bBibGdMoWCSxhmW4mGmPE+60HT2JAFoNvp+D9Dum+SDu1GypwQ6Tid3UhZoPUg8MxkwNDXP9ko/Is1E+yetlMRxglCyCcXdRNJMaKjcmhHKOAoB8YwroR5K+U+U4yjqTA7W8L/plbMF47yxcpxrnQ2rSNDdskeOSQFckJK5IKUSZVwckceyBN5tu6tR+vFep2MzlnTnR3yTdbbJ3DenOk=</latexit>

 R ! eiQR✓ R
<latexit sha1_base64="7epMiSrLgZMyqN9g/IAiECCYzlU=">AAACD3icdZBLSwMxFIUzPmt9jbp0EyyKqzKtgi6Lbly2Yh/QqSWT3mlDMw+SO0oZ+g/c+FfcuFDErVt3/hvTh1BfBwKH891LkuPFUmh0nA9rbn5hcWk5s5JdXVvf2LS3tms6ShSHKo9kpBoe0yBFCFUUKKERK2CBJ6Hu9c9HvH4DSosovMJBDK2AdUPhC87QRG37wC1r0b50lej2kCkV3VK4TkXFRNgDZMMJb9u5Qt4Zizq/zBfKkanKbfvd7UQ8CSBELpnWzYITYytlCgWXMMy6iYaY8T7rQtPYkAWgW+n4P0O6b5IO9SNlToh0nM5upCzQehB4ZjJg2NM/2Sj8izUT9E9bqQjjBCHkk4v8RFKM6Kgc2hEKOMqBMYwrYd5KeY8pxtFUmJ0t4X9TK+YLR/li5ThXOpvWkSG7ZI8ckgI5ISVyQcqkSji5Iw/kiTxb99aj9WK9TkbnrOnODvkm6+0TjTSc+w==</latexit>

GLOBAL AXIAL SYMMETRY IS SPONTANEOUSLY BROKEN

THERE REMAINS SHIFT SYMMETRY ON THE AXION FIELD
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<latexit sha1_base64="7A19kikmehgkrepV4rikWHEmNVM=">AAACDnicdZDLSgMxGIUz9VbrbdSlm2Ap1E2dqYJuhKIblxXsBTrjkEkzbWjmYpIRS5gncOOruHGhiFvX7nwb04tQbwcCh3P+nySfnzAqpGV9GLm5+YXFpfxyYWV1bX3D3NxqijjlmDRwzGLe9pEgjEakIalkpJ1wgkKfkZY/OBv1rRvCBY2jSzlMiBuiXkQDipHUkWeWnHqfetaJE3CElZ0pR1xzqapZFpArRVH5dm8/yDyzaFessaD1y3xVRTBV3TPfnW6M05BEEjMkRMe2EukqxCXFjGQFJxUkQXiAeqSjbYRCIlw1/k4GSzrpwiDm+kQSjtPZDYVCIYahrydDJPviZzcK/+o6qQyOXUWjJJUkwpOLgpRBGcMRG9ilnGDJhtogzKl+K8R9pMFITbAwC+F/06xW7INK9eKwWDud4siDHbALysAGR6AGzkEdNAAGd+ABPIFn4954NF6M18lozpjubINvMt4+AQ+tnB0=</latexit>

a(x) ! a(x) + f✓
<latexit sha1_base64="yx4b3VOeudZkHL/t+QYc+SMh6I4=">AAACBnicdVDLSgNBEJz1bXytehRhMAiKEHajaHILevEYwaiQDaF3MpsMmX0w06uGkJMXf8WLB0W8+g3e/BtnkwgqWtBQU9XNdJefSKHRcT6sicmp6ZnZufncwuLS8oq9unah41QxXmOxjNWVD5pLEfEaCpT8KlEcQl/yS797kvmX11xpEUfn2Et4I4R2JALBAI3UtDdh53bXU6LdQVAqvqHZe48GHnY4QtPOOwXH4PCQZsQtOa4h5XKpWCxTd2g5Tp6MUW3a714rZmnII2QStK67ToKNPigUTPJBzks1T4B1oc3rhkYQct3oD88Y0G2jtGgQK1MR0qH6faIPoda90DedIWBH//Yy8S+vnmJQavRFlKTIIzb6KEglxZhmmdCWUJyh7BkCTAmzK2UdUMDQJJczIXxdSv8nF8WCu18onh3kK8fjOObIBtkiO8QlR6RCTkmV1Agjd+SBPJFn6956tF6s11HrhDWeWSc/YL19AiG0mEo=</latexit>

 ! ei✓�5 
<latexit sha1_base64="GV4YEdtu59T6e6siMFgXH+JCRlc=">AAACEHicdVDLSgNBEJyNrxhfUY9eBoPoKWyiosegF48RTBSyMfROOsngzO4y06uEJZ/gxV/x4kERrx69+TduHoLPgoaiqpqZLj9S0pLrvjuZqemZ2bnsfG5hcWl5Jb+6VrdhbATWRKhCc+GDRSUDrJEkhReRQdC+wnP/6njon1+jsTIMzqgfYVNDN5AdKYBSqZXf9qpWekZ2ewTGhDccLxPpUQ8JvC5oDa39wTDSyhdKRXcE7v4in1aBTVBt5d+8dihijQEJBdY2Sm5EzQQMSaFwkPNiixGIK+hiI6UBaLTNZHTQgG+lSpt3QpNOQHykft1IQFvb136a1EA9+9Mbin95jZg6h81EBlFMGIjxQ51YcQr5sB3elgYFqX5KQBiZ/pWLHhgQlHaY+1rC/6ReLpZ2i+XTvULlaFJHlm2wTbbDSuyAVdgJq7IaE+yW3bNH9uTcOQ/Os/Myjmacyc46+wbn9QOfb52U</latexit>

� ! eiQ�✓
<latexit sha1_base64="HsRiHkJ55W9Bh+qkYV66AGDOgMc=">AAACCnicdVDJSgNBEO1xjXGLevTSGgRPYSZKTG5BLx4TMAskMfR0KpkmPQvdNUoYcvbir3jxoIhXv8Cbf2NnEVT0QcHjvSqq6rmRFBpt+8NaWFxaXllNraXXNza3tjM7u3UdxopDjYcyVE2XaZAigBoKlNCMFDDfldBwhxcTv3EDSoswuMJRBB2fDQLRF5yhkbqZg3bFE20lBh4ypcJbCteJqHanKnqAbNzNZO2cbVAo0AlxirZjSKlUzOdL1Jlatp0lc1S6mfd2L+SxDwFyybRuOXaEnYQpFFzCON2ONUSMD9kAWoYGzAfdSaavjOmRUXq0HypTAdKp+n0iYb7WI981nT5DT//2JuJfXivGfrGTiCCKEQI+W9SPJcWQTnKhPaGAoxwZwrgS5lbKPaYYR5Ne2oTw9Sn9n9TzOeckl6+eZsvn8zhSZJ8ckmPikDNSJpekQmqEkzvyQJ7Is3VvPVov1uusdcGaz+yRH7DePgEuqZs7</latexit>

QR = �QL = Q/2, Q� = �Q
<latexit sha1_base64="LcDkdflV39Av5QdOThO9xeqZLto="></latexit>

AXIAL CHARGES



�5
<latexit sha1_base64="fdUmPeA1mEBBeJCV20ILhd4KBqM=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4CjNR0WPQi8cIZoFkCDWdnqRJ98zY3SOEIT/hxYMiXv0db/6NnUWI24OCx3tVVNULEsG1cd0PJ7e0vLK6ll8vbGxube8Ud/caOk4VZXUai1i1AtRM8IjVDTeCtRLFUAaCNYPh1cRv3jOleRzdmlHCfIn9iIecorFSq9NHKbF71i2WvLI7BXF/kS+rBHPUusX3Ti+mqWSRoQK1bntuYvwMleFUsHGhk2qWIB1in7UtjVAy7WfTe8fkyCo9EsbKVmTIVF2cyFBqPZKB7ZRoBvqnNxH/8tqpCS/8jEdJalhEZ4vCVBATk8nzpMcVo0aMLEGquL2V0AEqpMZGVFgM4X/SqJS9k3Ll5rRUvZzHkYcDOIRj8OAcqnANNagDBQEP8ATPzp3z6Lw4r7PWnDOf2YdvcN4+AbkTj8I=</latexit>

AXION DECAY AMPLITUDE DETERMINED BY THE YUKAWA TERM

y� ̄L R + h.c. = M ̄ + a(x) ̄�5 + ......
<latexit sha1_base64="5x6uGNs9KOboCED1sG5dQLXr9tE="></latexit>

M = yf
<latexit sha1_base64="UQltAA9UcNurxUdEs9eYJUQ3lrU=">AAAB63icdVDLSgMxFM34rPVVdekmWARXJTNKbRdC0Y0boYJ9QDuUTJppQ5PMkGSEYegvuHGhiFt/yJ1/Y6atoKIHLhzOuZd77wlizrRB6MNZWl5ZXVsvbBQ3t7Z3dkt7+20dJYrQFol4pLoB1pQzSVuGGU67saJYBJx2gslV7nfuqdIskncmjakv8EiykBFscunmIg0HpTKqIItqFebErSHXknq95nl16M4shMpggeag9N4fRiQRVBrCsdY9F8XGz7AyjHA6LfYTTWNMJnhEe5ZKLKj2s9mtU3hslSEMI2VLGjhTv09kWGidisB2CmzG+reXi395vcSENT9jMk4MlWS+KEw4NBHMH4dDpigxPLUEE8XsrZCMscLE2HiKNoSvT+H/pO1V3NOKd3tWblwu4iiAQ3AEToALzkEDXIMmaAECxuABPIFnRziPzovzOm9dchYzB+AHnLdPHMmOTA==</latexit>

THIS RESULT IS GIVEN BY THE EFFECTIVE LAGRANGIAN (AFTER INTEGRATING OUT THE FERMIONS)

A(p, q) = ⌃f (Q
f
Lq

f
Lq

f
L �Qf

Rq
f
Rq

f
R)(

g2

4⇡2f
✏µ⌫⇢�p

⇢q�)✏µ1 ✏
⌫
2

<latexit sha1_base64="tp5V53keKtUyr80Ht6BkEJTt7kU="></latexit>

L ⇠ g2

16⇡2
D��

a(x)

f
F F̃

<latexit sha1_base64="cW2b0x3g4BuR7z4Sma98dQ15aio="></latexit>

D���
<latexit sha1_base64="mTRko5dFTG87nwXTkSYlvuoFHBY=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgxjJTpba7oi5cVrAPaIchk2ba0CQzJBmljP0UNy4UceuXuPNvzLQVVPTAvRzOuZfcnCBmVGnH+bByS8srq2v59cLG5tb2jl3cbasokZi0cMQi2Q2QIowK0tJUM9KNJUE8YKQTjC8yv3NLpKKRuNGTmHgcDQUNKUbaSL5dvPTT/hBxjuZ9euzbJafsGFSrMCNuzXENqddrlUodujPLcUpggaZvv/cHEU44ERozpFTPdWLtpUhqihmZFvqJIjHCYzQkPUMF4kR56ez0KTw0ygCGkTQlNJyp3zdSxJWa8MBMcqRH6reXiX95vUSHNS+lIk40EXj+UJgwqCOY5QAHVBKs2cQQhCU1t0I8QhJhbdIqmBC+fgr/J+1K2T0pV65PS43zRRx5sA8OwBFwwRlogCvQBC2AwR14AE/g2bq3Hq0X63U+mrMWO3vgB6y3T2hMlBw=</latexit>

AXIAL ANOMALY COEFFICIENT



THE REASON:

MASSLESS GAUGE BOSONS AND  VECTOR-LIKE WITH CHARGE q:

THE ONLY GAUGE INVARIANT OPERATOR LEADING TO  AXION COUPLINGS  TO GAUGE 
BOSONS, UNSUPPRESSED BY THE EFFECTS OF EXPLICIT  AXIAL SYMMETRY BREAKING, IS 
THE SHIFT NON-INVARIANT OPERATOR

a

f
F F̃

<latexit sha1_base64="kcNXMrVAxNrS+Rs+VmzZB0x+EYQ=">AAAB/3icdZBLS8NAFIVvfNb6igpu3AwWwVVJqqDLolBcVrAPaEOZTCbt0MkkzEyEErPwr7hxoYhb/4Y7/43Th1BfBwYO59zLXD4/4Uxpx/mwFhaXlldWC2vF9Y3NrW17Z7ep4lQS2iAxj2Xbx4pyJmhDM81pO5EURz6nLX94Oe5bt1QqFosbPUqoF+G+YCEjWJuoZ+93Q4lJhvMszGtZVzMeUFTLe3bJLTsTIeeX+apKMFO9Z793g5ikERWacKxUx3US7WVYakY4zYvdVNEEkyHu046xAkdUednk/hwdmSRAYSzNExpN0vmNDEdKjSLfTEZYD9TPbhz+1XVSHZ57GRNJqqkg04/ClCMdozEMFDBJieYjYzCRzNyKyAAbINogK85D+N80K2X3pFy5Pi1VL2Y4CnAAh3AMLpxBFa6gDg0gcAcP8ATP1r31aL1Yr9PRBWu2swffZL19Alh8lk0=</latexit>

BUT LET’S CONSIDER NOW A CHIRAL GAUGE THEORY, WITH FERMIONS COUPLED CHIRALLY
TO GAUGE BOSONS

a(x) ! a(x) + f✓
<latexit sha1_base64="yx4b3VOeudZkHL/t+QYc+SMh6I4=">AAACBnicdVDLSgNBEJz1bXytehRhMAiKEHajaHILevEYwaiQDaF3MpsMmX0w06uGkJMXf8WLB0W8+g3e/BtnkwgqWtBQU9XNdJefSKHRcT6sicmp6ZnZufncwuLS8oq9unah41QxXmOxjNWVD5pLEfEaCpT8KlEcQl/yS797kvmX11xpEUfn2Et4I4R2JALBAI3UtDdh53bXU6LdQVAqvqHZe48GHnY4QtPOOwXH4PCQZsQtOa4h5XKpWCxTd2g5Tp6MUW3a714rZmnII2QStK67ToKNPigUTPJBzks1T4B1oc3rhkYQct3oD88Y0G2jtGgQK1MR0qH6faIPoda90DedIWBH//Yy8S+vnmJQavRFlKTIIzb6KEglxZhmmdCWUJyh7BkCTAmzK2UdUMDQJJczIXxdSv8nF8WCu18onh3kK8fjOObIBtkiO8QlR6RCTkmV1Agjd+SBPJFn6956tF6s11HrhDWeWSc/YL19AiG0mEo=</latexit>



Chiral couplings of fermions to the gauge bosons (still U(1) gauge theory)

DL
µ = @µ � iqLgAµ

<latexit sha1_base64="sEA88/mw4RKIzkiYz2ez5om/Wbc=">AAACCXicdVC7TsMwFHXKq5RXgJHFokJioUoKEixI5TEwdCgSfUhNiBzXaa3aTrAdpCrqysKvsDCAECt/wMbfkLRFKq8jWTo+517f6+NHjCptWR9GbmZ2bn4hv1hYWl5ZXTPXNxoqjCUmdRyyULZ8pAijgtQ11Yy0IkkQ9xlp+v2zzG/eEqloKK70ICIuR11BA4qRTiXPhOeew+Pr6rETIakpYtkV7tEbr9o9ybhnFu2SNQK0fpEvqwgmqHnmu9MJccyJ0Jghpdq2FWk3yV7HjAwLTqxIhHAfdUk7pQJxotxk9JMh3EmVDgxCmR6h4Uid7kgQV2rA/bSSI91TP71M/Mtrxzo4chMqolgTgceDgphBHcIsFtihkmDNBilBWNJ0V4h7SCKs0/AK0yH8Txrlkr1fKl8eFCunkzjyYAtsg11gg0NQARegBuoAgzvwAJ7As3FvPBovxuu4NGdMejbBNxhvn7ZmmbU=</latexit>

DR
µ = @µ � iqRgAµ

<latexit sha1_base64="tyGuHbYsnHmtEggqNYcgvSPKpIg=">AAACCXicdVC7TsMwFHXKq5RXgJHFokJioUoKEixI5TEwloo+pCZEjuu0Vu0k2A5SFXVl4VdYGECIlT9g429w2iKV15EsHZ9zr+/18WNGpbKsDyM3Mzs3v5BfLCwtr6yumesbDRklApM6jlgkWj6ShNGQ1BVVjLRiQRD3GWn6/bPMb94SIWkUXqlBTFyOuiENKEZKS54Jzz2HJ9e1YydGQlHEsivcozderXuScc8s2iVrBGj9Il9WEUxQ9cx3pxPhhJNQYYakbNtWrNw0ex0zMiw4iSQxwn3UJW1NQ8SJdNPRT4ZwRysdGERCn1DBkTrdkSIu5YD7upIj1ZM/vUz8y2snKjhyUxrGiSIhHg8KEgZVBLNYYIcKghUbaIKwoHpXiHtIIKx0eIXpEP4njXLJ3i+VLw+KldNJHHmwBbbBLrDBIaiAC1AFdYDBHXgAT+DZuDcejRfjdVyaMyY9m+AbjLdPyVCZwQ==</latexit>

D�1,2
µ = @µ � iq�1,2gAµ

<latexit sha1_base64="K5poMx2tSiW52DT9f48v16oPi7M=">AAACH3icdZDLSsNAFIYn9VbrLerSzWARXGhJqqgboV4WLivYCzQxTKbTdugkGWcmQgl5Eze+ihsXioi7vo2TtkK9HRj4+b9zOGd+nzMqlWUNjdzM7Nz8Qn6xsLS8srpmrm/UZRQLTGo4YpFo+kgSRkNSU1Qx0uSCoMBnpOH3LzLeuCdC0ii8UQNO3AB1Q9qhGClteebRpecE8W3i8B71EnuvnKanDkdCUcQyAvfpnTdNu2eZ7ZlFu2SNClq/xBcqgklVPfPDaUc4DkioMENStmyLKzfJFmFG0oITS8IR7qMuaWkZooBINxn9L4U72mnDTiT0CxUcudMTCQqkHAS+7gyQ6smfLDP/Yq1YdU7chIY8ViTE40WdmEEVwSws2KaCYMUGWiAsqL4V4h4SCCsdaWE6hP9FvVyyD0rl68Ni5XwSRx5sgW2wC2xwDCrgClRBDWDwAJ7AC3g1Ho1n4814H7fmjMnMJvhWxvAT/Fyi7w==</latexit>

L = �1

4
F 2
µ⌫ +  ̄LD

L
µ�µ L +  ̄RD

R
µ �µ R

+|D�1
µ �1|2 + |D�2

µ �2|2 � V (|�1|2, |�2|2)� (y�1 ̄L R + h.c)
<latexit sha1_base64="iOwmcuM8tZvUxi+15vRZTBkN3ME="></latexit>

qR 6= qL, q�1 = qL � qR, q�2 6= q�1
<latexit sha1_base64="jTRrZ5UbgcCLR6SJCuuZm3X1VrA="></latexit>

GAUGE COUPLINGS

THE SCALAR               HAS TO BE CHARGED UNDER THE GAUGE GROUP AND THE GLOBAL AXIAL AND GAUGE
SYMMETRIES  ARE SIMULTANEOUSLY BROKEN. AN ADDITIONAL SCALAR IS NEEDED FOR THE BEH 
MECHANISM + A PHYSICAL AXION

�1
<latexit sha1_base64="vZVoN7qph9+WvqLhJtVJ42kBnco=">AAAB7XicdVBNSwMxEJ2tX7V+VT16CRbBU8lWqe2t6MVjBfsB7VKyabaNzWaXJCuUpf/BiwdFvPp/vPlvzLYVVPTBwOO9GWbm+bHg2mD84eRWVtfWN/Kbha3tnd294v5BW0eJoqxFIxGprk80E1yyluFGsG6sGAl9wTr+5CrzO/dMaR7JWzONmReSkeQBp8RYqd2Px3zgDoolXMYW1SrKiFvDriX1eq1SqSN3bmFcgiWag+J7fxjRJGTSUEG07rk4Nl5KlOFUsFmhn2gWEzohI9azVJKQaS+dXztDJ1YZoiBStqRBc/X7REpCraehbztDYsb6t5eJf3m9xAQ1L+UyTgyTdLEoSAQyEcpeR0OuGDViagmhittbER0TRaixARVsCF+fov9Ju1J2z8qVm/NS43IZRx6O4BhOwYULaMA1NKEFFO7gAZ7g2YmcR+fFeV205pzlzCH8gPP2CZPZjyQ=</latexit>



Two symmetries

 L ! eiQ/2✓ L  R ! e�iQ/2✓ L �1 ! eiQ✓
<latexit sha1_base64="I57dL3UyliT0iwyMJAA/qyYN+C4=">AAACXXicdVHLSgMxFM2Mz46vqgsXboJFcGOdqYIuRTcuXLRiVejUIZPedkIzD5I7Shnaj3SnG3/F9CH4PBA4nHPuTTgJMyk0uu6rZc/NLywuLZecldW19Y3y5tadTnPFoclTmaqHkGmQIoEmCpTwkClgcSjhPuxfjv37J1BapMktDjJox6yXiK7gDI0UlNGvaxFc+0r0ImRKpc8UHgvROKr5GAGy4dQfjUbOhN38SB7+FTXZLBKB92vrLBiUK17VnYC6v8inVSEz1IPyi99JeR5DglwyrVuem2G7YAoFlzB0/FxDxnif9aBlaMJi0O1i0s6Q7hulQ7upMidBOlG/ThQs1noQhyYZM4z0T28s/uW1cuyetQuRZDlCwqcXdXNJMaXjqmlHKOAoB4YwroR5K+URU4yj+RDnawn/k7ta1Tuu1honlfOLWR3LZJfskQPikVNyTq5InTQJJ28WsUqWY73bC/aqvT6N2tZsZpt8g73zAejitrc=</latexit>

�2 ! eiQ2✓
<latexit sha1_base64="xH6Nsz+jRS6AZR/wbl4BkHMUoMg=">AAACC3icdZBLSwMxFIUzPmt9VV26CS2CqzKtgi6Lbly2YB/QqUMmve2EZh4kd5Qy1LUb/4obF4q49Q+489+YPoT6OhA4fOdekhwvlkKjbX9YC4tLyyurmbXs+sbm1nZuZ7eho0RxqPNIRqrlMQ1ShFBHgRJasQIWeBKa3uB8nDevQWkRhZc4jKETsH4oeoIzNMjN5W+zTuwLt+wo0feRKRXdULhKRc0g9AHZyM0VSkV7Imr/Ml9RgcxUdXPvTjfiSQAhcsm0bpfsGDspUyi4hFHWSTTEjA9YH9rGhiwA3UknfxnRA0O6tBcpc0KkEzq/kbJA62HgmcmAoa9/ZmP4V9ZOsHfaSUUYJwghn17USyTFiI6LoV2hgKMcGsO4EuatlPtMMY6mvux8Cf+bRrlYOiqWa8eFytmsjgzZJ3lySErkhFTIBamSOuHkjjyQJ/Js3VuP1ov1Oh1dsGY7e+SbrLdP5S2a9w==</latexit>

Two Goldstone bosons a1(x) a2(x)
<latexit sha1_base64="YksNgOntP0ABuxDuIfO3JyxfJ4w=">AAAB+nicdZBLS8NAFIUn9VXjK9Wlm2AR6qYkVdBl0Y3LCvYBbQg300k7dDIJMxO11OafuHGhiFt/iTv/jdOHUF8HBj7OuZe5nCBhVCrH+TByS8srq2v5dXNjc2t7xyrsNmScCkzqOGaxaAUgCaOc1BVVjLQSQSAKGGkGg4tJ3rwhQtKYX6thQrwIepyGFIPSlm8VMhN8t3R3lGUZ+BUNvlV0y85UtvMLvqIimqvmW++dbozTiHCFGUjZdp1EeSMQimJGxmYnlSQBPIAeaWvkEBHpjaanj+1D7XTtMBb6cWVP3cWNEURSDqNAT0ag+vJnNjH/ytqpCs+8EeVJqgjHs4/ClNkqtic92F0qCFZsqAGwoPpWG/dBAFa6LXOxhP+hUSm7x+XK1Umxej6vI4/20QEqIRedoiq6RDVURxjdogf0hJ6Ne+PReDFeZ6M5Y76zh77JePsEbxyS0Q==</latexit>

Their orthogonal linear combinations a(x) �(x)
<latexit sha1_base64="ZD+9dLXaSsvUBQNd2Hr2kLIo5rk=">AAACAHicdZBLS8NAFIUnPmt8RV24cBMsQt2UpAq6LLpxWcE+oAnlZjpph04mYWYilpAu/CtuXCji1p/hzn/j9CHU14GBw3fuZWZOkDAqleN8GAuLS8srq4U1c31jc2vb2tltyDgVmNRxzGLRCkASRjmpK6oYaSWCQBQw0gwGl+O8eUuEpDG/UcOE+BH0OA0pBqVRx9ofmVC6Ox5pZR4G5iV9mmvQsYpu2ZnIdn6Zr6iIZqp1rHevG+M0IlxhBlK2XSdRfgZCUcxIbnqpJAngAfRIW1sOEZF+NvlAbh9p0rXDWOjDlT2h8xsZRFIOo0BPRqD68mc2hn9l7VSF535GeZIqwvH0ojBltortcRt2lwqCFRtqA1hQ/VYb90EAVrozc76E/02jUnZPypXr02L1YlZHAR2gQ1RCLjpDVXSFaqiOMMrRA3pCz8a98Wi8GK/T0QVjtrOHvsl4+wQ33pYq</latexit>

�1 =
1p
2
(f1 + �1)e

i
a1(x)
f1 �2 =

1p
2
(f2 + �2)e

i
a2(x)
f2

<latexit sha1_base64="e0k4t4zFxHve9udydyitTO6XF7Y="></latexit>

f =
q
(q�1f1)

2 + (q�2f2)
2)

<latexit sha1_base64="tVxlSjrZq1f1SHGmeAKMSjQhA8I="></latexit>

a(x) ! a(x) + f✓
<latexit sha1_base64="iWJl4bGH10IrByiU5FgXvKtKJFc=">AAACBXicdVDLSgNBEJz1bXytetTDYBAUIexG0eQW9OIxglEhG0LvZDYZMvtgplcNIRcv/ooXD4p49R+8+TfOJhFUtKChpqqb6S4/kUKj43xYE5NT0zOzc/O5hcWl5RV7de1Cx6livMZiGasrHzSXIuI1FCj5VaI4hL7kl373JPMvr7nSIo7OsZfwRgjtSASCARqpaW/Czu2up0S7g6BUfEOz917gYYcjNO28U3AMDg9pRtyS4xpSLpeKxTJ1h5bj5MkY1ab97rViloY8QiZB67rrJNjog0LBJB/kvFTzBFgX2rxuaAQh143+8IoB3TZKiwaxMhUhHarfJ/oQat0LfdMZAnb0by8T//LqKQalRl9ESYo8YqOPglRSjGkWCW0JxRnKniHAlDC7UtYBBQxNcDkTwtel9H9yUSy4+4Xi2UG+cjyOY45skC2yQ1xyRCrklFRJjTByRx7IE3m27q1H68V6HbVOWOOZdfID1tsnw8iYIA==</latexit>



L ⇠ g2

16⇡2
Dgg

a(x)

f
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g2

16⇡2
Eagg@µa(x)(

@⌫�(x)

f
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<latexit sha1_base64="8bBjifUJcWC9UbcM4Wk/eMTT1FQ="></latexit>

EFFECTIVE LAGRANGIAN CONTAINS NOW TWO GAUGE INVARIANT TERMS

SHIFT SYMMETRIC  “STICKELBERG” TERM

Dgg = ⌃f (Q
f
Lq

f
Lq

f
L �Qf

Rq
f
Rq

f
R)

<latexit sha1_base64="3bygC/2IoEVIzpu1qsOJexdyZO4="></latexit>

Eagg = �2
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f
Lq

f
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Rq
f
L)(q

f
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Rq
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<latexit sha1_base64="DSKVRNsPdGFJEj5vjFQHXg3XsQA="></latexit>

Eagg = 0
<latexit sha1_base64="Uk6EUAsClULP6Stlmm8LvbcQOAY=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4KpkqtV0IRRFcVrAPaYeSSTPT0CQzJBmhDP0KNy4UcevnuPNvzLQVVPTAhcM593LvPX7MmTYIfTi5peWV1bX8emFjc2t7p7i719ZRoghtkYhHqutjTTmTtGWY4bQbK4qFz2nHH19mfueeKs0ieWsmMfUEDiULGMHGSndXgxSH4fQcDYolVEYW1SrMiFtDriX1eq1SqUN3ZiFUAgs0B8X3/jAiiaDSEI617rkoNl6KlWGE02mhn2gaYzLGIe1ZKrGg2ktnB0/hkVWGMIiULWngTP0+kWKh9UT4tlNgM9K/vUz8y+slJqh5KZNxYqgk80VBwqGJYPY9HDJFieETSzBRzN4KyQgrTIzNqGBD+PoU/k/albJ7Uq7cnJYaF4s48uAAHIJj4IIz0ADXoAlagAABHsATeHaU8+i8OK/z1pyzmNkHP+C8fQKfDpBN</latexit>

FOR qfL = qfR
<latexit sha1_base64="t2RQvIAethwh6A3e9jZ0crQuB3A=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwVZIotV0IRTcuXFSxD0jTMJlO2qGTTDozEUroZ7hxoYhbv8adf+OkraCiBy4czrmXe+/xY0alMs0PI7e0vLK6ll8vbGxube8Ud/dakicCkybmjIuOjyRhNCJNRRUjnVgQFPqMtP3RZea374mQlEd3ahITN0SDiAYUI6UlZ+xd94LzsXfbC7xiySybGpUKzIhVNS1NarWqbdegNbNMswQWaHjF926f4yQkkcIMSelYZqzcFAlFMSPTQjeRJEZ4hAbE0TRCIZFuOjt5Co+00ocBF7oiBWfq94kUhVJOQl93hkgN5W8vE//ynEQFVTelUZwoEuH5oiBhUHGY/Q/7VBCs2EQThAXVt0I8RAJhpVMq6BC+PoX/k5Zdtk7K9s1pqX6xiCMPDsAhOAYWOAN1cAUaoAkw4OABPIFnQxmPxovxOm/NGYuZffADxtsnI12RLA==</latexit>



@µa(x)

f
✏µ⌫⇢�(A⌫ +

@⌫�

f
)F⇢�

<latexit sha1_base64="/80fD0aqhRMHvMJDwriZnHh6Qh4="></latexit>

=
1

f
✏µ⌫⇢�@µ[a(A⌫ +

@⌫�

f
)F⇢�]�

1

4
aF F̃

<latexit sha1_base64="hYKjaoHRdoyMfjcs7VJtGqu5y10="></latexit>

“STICKELBERG” TERM CONTRIBUTES TO THE AXION COUPLING TO THE TWO GAUGE BOSONS EVEN FOR
ANOMALY FREE SPECTRUM!

AXION EFFECTIVE LAGRANGIAN

L ⇠ g2

16⇡2
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EASY TO FIND ANOMALY-FREE FERMION SPECTRA WHICH
GIVE NON-VANISHING AXION COUPLINGS TO GAUGE BOSONS



MERELY A THEORETICAL CURIOSITY OR SOME  PHENOMENOLOGICAL APPLICATIONS?

EXTENSION TO THE SM GAUGE GROUPS?

RELEVANT FOR UV INTERPRETATION OF EVENTUALLY MEASURED 

AXION COUPLINGS TO E.G.WW BOSONS?
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