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Predictable future of fundamental physics can come from: 


1) New physics required for solving the problems of old physics (such as consistency 
issues or naturalness puzzles); 


2) Observational evidence of new physics (e.g.  Dark Matter, Dark Energy, ...);


3) Discovery of new phenomena in old physics.   

In this talk we show that the above strategy leads to the existence of axions for each 
gauge sector of the Standard Model:   QCD, Electroweak and Gravity 
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    We start by discussing the beautiful physics of the QCD vacuum (our vacuum). 


  QCD is a SU(N) gauge theory with N=3 colors.   The mediators are 8 gluons, which carry 

both color and anti-color.  They mediate interactions among themselves as well as among 
quarks. 


At distances larger than the QCD length-scale,          ,  QCD  confines and the right degrees 
of freedom  are the ``composites": glueballs, mesons, baryons. 

 Locally, these configurations look pure-gauge (no field strengths) but cannot be removed 
by vacuum field deformations. 

Classically, it is described by configurations 
with integer winding number n: 

However, in quantum theory there are transitions generated by instantons, 

that change n. 
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The vacuum of QCD, as usual, corresponds to a state with no particles. 

However, this vacuum is topologically non-trivial:
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Instantons: Euclidean configurations describing a process that change winding number n  
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 Their classical Euclidean action is scale invariant, i.e., 
independent of size. E.g., for
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Correspondingly,  the transition rate is: 

(Belavin, Polyakov, Schwarz and Tyupkin) 
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Thus, the topology of the QCD vacuum

Instanton transitions with the rate 

-vacua:

The choice of the vacuum is described by the 

 are not vacua. 

Instead, the right vacua are the 
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  This leads to the strong-CP problem.  In the standard discussion (which ignores gravity) the strong-CP puzzle 
is formulated as the following  naturalness problem. 

 QCD has a continuum of vacua   conventionally labelled  by the CP-violating vacuum angle 

(Callan, Dashen, Gross '76;  Jackiw, Rebbi '76).
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These vacua belong to different superselection sectors. In fact, in theory with massive 
quarks, the physically measurable parameter is  the quantity
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which induces the electric dipole moment of neutron (EDMN)  (Baluni, '79, Crewther et al '79, erratum 
'80).  The comparison of the resulting theoretical value with the current experimental   limit  

(Baker et al '06), 
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gives the bound: 
<latexit sha1_base64="zwzXrUeEI+DvlfpHaZSkxhCeE58=">AAACDXicbVDJSgNBEO2JW4xb1KOXxih40DAjrregF48RzAKZGHo6laRJz0J3jRAm+QEv/ooXD4p49e7Nv7GzHDTxQcHjvSqq6nmRFBpt+9tKzc0vLC6llzMrq2vrG9nNrbIOY8WhxEMZqqrHNEgRQAkFSqhGCpjvSah43euhX3kApUUY3GEvgrrP2oFoCc7QSI3sXob2XY+pxMUOIBv0KXUlaK2FTx37Pjm6HLiHjWzOztsj0FniTEiOTFBsZL/cZshjHwLkkmldc+wI6wlTKLiEQcaNNUSMd1kbaoYGzAddT0bfDOi+UZq0FSpTAdKR+nsiYb7WPd8znT7Djp72huJ/Xi3G1kU9EUEUIwR8vKgVS4ohHUZDm0IBR9kzhHElzK2Ud5hiHE2AGROCM/3yLCkf552z/OntSa5wNYkjTXbILjkgDjknBXJDiqREOHkkz+SVvFlP1ov1bn2MW1PWZGab/IH1+QONlpqb</latexit>

|✓̄| . 10�9



7

Thus, the observations indicate that we live in  a sector with a minuscule or zero  
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This is puzzling.

Notice that there exists an additional contribution to EDMN, coming from the breaking of CP-symmetry by 
the weak interaction   (Ellis, Gaillard and Nanopoulos '76;  Shabalin '79; Ellis and Gaillard '79). 

However, this correction is too small for affecting the current bound.
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Peccei-Quinn solution:  Removing        by anomalous chiral  symmetry 
<latexit sha1_base64="1GCnCKEbQzApYjDGCpXZlt0SNgA=">AAAB9XicbVDJSgNBEO1xjeMW9eilMQiewoy4HYNePEYwC2TG0NOpSZr0LHTXKGHIf3jxoIhX/8Wbf2MnmYMmPih4vFdFVb0glUKj43xbS8srq2vrpQ17c2t7Z7e8t9/USaY4NHgiE9UOmAYpYmigQAntVAGLAgmtYHgz8VuPoLRI4nscpeBHrB+LUHCGRnqwqRcwlXs4AGTjbrniVJ0p6CJxC1IhBerd8pfXS3gWQYxcMq07rpOinzOFgksY216mIWV8yPrQMTRmEWg/n149psdG6dEwUaZipFP190TOIq1HUWA6I4YDPe9NxP+8TobhlZ+LOM0QYj5bFGaSYkInEdCeUMBRjgxhXAlzK+UDphhHE5RtQnDnX14kzdOqe1E9vzur1K6LOErkkByRE+KSS1Ijt6ROGoQTRZ7JK3mznqwX6936mLUuWcXMAfkD6/MH/QiSNQ==</latexit>

✓̄
<latexit sha1_base64="CDjtkauezAHUeegYsgU9yX3kxBI=">AAAB8XicbVBNT8JAEJ3iF9Yv1KOXjcQEL6Q1+HEkevEIiQUiNGS7bGHDdtvsbk1Iw7/w4kFjvPpvvPlvXKAHBV8yyct7M5mZFyScKe0431ZhbX1jc6u4be/s7u0flA6PWipOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8d3Mbz9RqVgsHvQkoX6Eh4KFjGBtpEfbq7jn/azRnPZLZafqzIFWiZuTMuRo9EtfvUFM0ogKTThWqus6ifYzLDUjnE7tXqpogskYD2nXUIEjqvxsfvEUnRllgMJYmhIazdXfExmOlJpEgemMsB6pZW8m/ud1Ux3e+BkTSaqpIItFYcqRjtHsfTRgkhLNJ4ZgIpm5FZERlphoE5JtQnCXX14lrYuqe1W9bNbK9ds8jiKcwClUwIVrqMM9NMADAgKe4RXeLGW9WO/Wx6K1YOUzx/AH1ucP2v+PwQ==</latexit>

U(1)PQ
<latexit sha1_base64="joMMaG3nALV7tv0KVd5abIxEKNk="></latexit>

 ! e�i 1
2↵�5 

Anomalous non-conservation of the current 

<latexit sha1_base64="BLcUHxLQDw5fBHhWzYaiwwzlUQU="></latexit>

@µ( ̄�µ�5 ) = GG̃

and Lagragian shifts 
<latexit sha1_base64="pcsQV6rqvYcOCbMOUG+KkRmV3Ps=">AAACE3icbZDJSgNBEIZ73I1b1KOXxiCISJgRt4sgetCDBwWzQCaEmp5K0tiz0F0jhCHv4MVX8eJBEa9evPk2dmIObgXdfPx/Fd31B6mShlz3wxkbn5icmp6ZLczNLywuFZdXqibJtMCKSFSi6wEYVDLGCklSWE81QhQorAU3pwO/dovayCS+pl6KzQg6sWxLAWSlVnGrwP0QFQG/4P42Pxpc3AeVdmGIZ9wnqULMz/qtYsktu8Pif8EbQYmN6rJVfPfDRGQRxiQUGNPw3JSaOWiSQmG/4GcGUxA30MGGxRgiNM18uFOfb1gl5O1E2xMTH6rfJ3KIjOlFge2MgLrmtzcQ//MaGbUPm7mM04wwFl8PtTPFKeGDgHgoNQpSPQsgtLR/5aILGgTZGAs2BO/3yn+hulP29st7V7ul45NRHDNsja2zTeaxA3bMztklqzDB7tgDe2LPzr3z6Lw4r1+tY85oZpX9KOftEyRNmqA=</latexit>

�L = ↵GG̃

Thus,        -term can be shifted away
<latexit sha1_base64="clVCOo2gFZVJJ1sEwh65sxP/f/U=">AAACHHicbVDJSgNBEO1xjXEb9eilMQiCEGbcj0EvHiOYBTIh1HQ6mSY9C901ShjyIV78FS8eFPHiQfBv7CwHk/ig4PFeFVX1/EQKjY7zYy0sLi2vrObW8usbm1vb9s5uVcepYrzCYhmrug+aSxHxCgqUvJ4oDqEvec3v3Qz92gNXWsTRPfYT3gyhG4mOYIBGatmneer5oDIPA44woNRTohsgKBU/0mnrmHogkwBoyy44RWcEOk/cCSmQCcot+8trxywNeYRMgtYN10mwmYFCwSQf5L1U8wRYD7q8YWgEIdfNbPTcgB4apU07sTIVIR2pfycyCLXuh77pDAEDPesNxf+8Roqdq2YmoiRFHrHxok4qKcZ0mBRtC8UZyr4hwJQwt1IWgAKGJs+8CcGdfXmeVE+K7kXx/O6sULqexJEj++SAHBGXXJISuSVlUiGMPJEX8kberWfr1fqwPsetC9ZkZo9Mwfr+BUtGoOU=</latexit>

✓̄ ! ✓̄ + ↵

Thus,        is unphysical!

<latexit sha1_base64="1GCnCKEbQzApYjDGCpXZlt0SNgA=">AAAB9XicbVDJSgNBEO1xjeMW9eilMQiewoy4HYNePEYwC2TG0NOpSZr0LHTXKGHIf3jxoIhX/8Wbf2MnmYMmPih4vFdFVb0glUKj43xbS8srq2vrpQ17c2t7Z7e8t9/USaY4NHgiE9UOmAYpYmigQAntVAGLAgmtYHgz8VuPoLRI4nscpeBHrB+LUHCGRnqwqRcwlXs4AGTjbrniVJ0p6CJxC1IhBerd8pfXS3gWQYxcMq07rpOinzOFgksY216mIWV8yPrQMTRmEWg/n149psdG6dEwUaZipFP190TOIq1HUWA6I4YDPe9NxP+8TobhlZ+LOM0QYj5bFGaSYkInEdCeUMBRjgxhXAlzK+UDphhHE5RtQnDnX14kzdOqe1E9vzur1K6LOErkkByRE+KSS1Ijt6ROGoQTRZ7JK3mznqwX6936mLUuWcXMAfkD6/MH/QiSNQ==</latexit>

✓̄

<latexit sha1_base64="1GCnCKEbQzApYjDGCpXZlt0SNgA=">AAAB9XicbVDJSgNBEO1xjeMW9eilMQiewoy4HYNePEYwC2TG0NOpSZr0LHTXKGHIf3jxoIhX/8Wbf2MnmYMmPih4vFdFVb0glUKj43xbS8srq2vrpQ17c2t7Z7e8t9/USaY4NHgiE9UOmAYpYmigQAntVAGLAgmtYHgz8VuPoLRI4nscpeBHrB+LUHCGRnqwqRcwlXs4AGTjbrniVJ0p6CJxC1IhBerd8pfXS3gWQYxcMq07rpOinzOFgksY216mIWV8yPrQMTRmEWg/n149psdG6dEwUaZipFP190TOIq1HUWA6I4YDPe9NxP+8TobhlZ+LOM0QYj5bFGaSYkInEdCeUMBRjgxhXAlzK+UDphhHE5RtQnDnX14kzdOqe1E9vzur1K6LOErkkByRE+KSS1Ijt6ROGoQTRZ7JK3mznqwX6936mLUuWcXMAfkD6/MH/QiSNQ==</latexit>

✓̄
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This matches the knowledge from index theorem:    According to index theorem  each 
spin-1/2 quark deposits  a chiral zero mode in the instanton background.  That is, a zero 
action  mode that solves  the Dirac equation in instanton background: 

this suppresses the transitions,  since  
the vacuum cannot support the chiral 
charge. 

<latexit sha1_base64="hMQ+OHIk2eC3ZcK2dsBLtk8LirQ=">AAACEXicbVC7TsMwFHV4lvAqMLJYVEhlqRLEa0GqgIGxSPQhNWnkuG5r1XYi20Gqov4CC7/CwgBCrGxs/A1umgFajnR1j865V/Y9Ycyo0o7zbS0sLi2vrBbW7PWNza3t4s5uQ0WJxKSOIxbJVogUYVSQuqaakVYsCeIhI81weD3xmw9EKhqJez2Kic9RX9AexUgbKSiWba+POEed1OPJGN4EWe+kZSqUPhpDL1YUwksHBsWSU3EywHni5qQEctSC4pfXjXDCidCYIaXarhNrP0VSU8zI2PYSRWKEh6hP2oYKxIny0+yiMTw0Shf2ImlKaJipvzdSxJUa8dBMcqQHatabiP957UT3LvyUijjRRODpQ72EQR3BSTywSyXBmo0MQVhS81eIB0girE2ItgnBnT15njSOK+5Z5fTupFS9yuMogH1wAMrABeegCm5BDdQBBo/gGbyCN+vJerHerY/p6IKV7+yBP7A+fwCTa5w1</latexit>

�µD(inst)
µ  = 0
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However, in nature there are no massless quarks.  So the                 - symmetry must be spontaneously 

  broken by the VEV of  a complex scalar field 

<latexit sha1_base64="vxWhL/JItSb1uBbbTkNinQcaJpc=">AAACFXicbVDLSsNAFJ34rPEVdelmsAgVpCTiayMU3bisYB/QxDCZTtqhkwczE7EM+Qk3/oobF4q4Fdz5N07bLLT1wIXDOfdy7z1ByqiQtv1tzM0vLC4tl1bM1bX1jU1ra7spkoxj0sAJS3g7QIIwGpOGpJKRdsoJigJGWsHgauS37gkXNIlv5TAlXoR6MQ0pRlJLvnVoQrfep/ACuryfVB4OoHJ5BEl+p6gbcoQV0mKuQh/luW+V7ao9BpwlTkHKoEDdt77cboKziMQSMyREx7FT6SnEJcWM5KabCZIiPEA90tE0RhERnhp/lcN9rXRhmHBdsYRj9feEQpEQwyjQnRGSfTHtjcT/vE4mw3NP0TjNJInxZFGYMSgTOIoIdiknWLKhJghzqm+FuI90FlIHaeoQnOmXZ0nzqOqcVk9ujsu1yyKOEtgFe6ACHHAGauAa1EEDYPAInsEreDOejBfj3fiYtM4ZxcwO+APj8wdlMJ3O</latexit>

� = ⇢(x)ei
a(x)
fa

which under                 transforms as
<latexit sha1_base64="CUN8AaWttvvNMx4Yaj4f40O+izM=">AAACE3icbVC7TsMwFHXKq5RXgZHFokJCDFWCeI0VLIxFog+pKdWN6zRWHSeyHVAV9R9Y+BUWBhBiZWHjb3DTDNByJEtH55yr63u8mDOlbfvbKiwsLi2vFFdLa+sbm1vl7Z2mihJJaINEPJJtDxTlTNCGZprTdiwphB6nLW94NfFb91QqFolbPYppN4SBYD4joI3UKx+VsFsPGHYlGwQapIwecOrKENPxXcpc4HEA4yzi9soVu2pnwPPEyUkF5aj3yl9uPyJJSIUmHJTqOHasuylIzQin45KbKBoDGcKAdgwVEFLVTbObxvjAKH3sR9I8oXGm/p5IIVRqFHomGYIO1Kw3Ef/zOon2L7opE3GiqSDTRX7CsY7wpCDcZ5ISzUeGAJHM/BWTACQQbWosmRKc2ZPnSfO46pxVT29OKrXLvI4i2kP76BA56BzV0DWqowYi6BE9o1f0Zj1ZL9a79TGNFqx8Zhf9gfX5AxiCnbc=</latexit>

� ! ei↵�
 With the Mexican-hat (Goldstone) potential  

<latexit sha1_base64="rZlWP/2bwZTChUpooVyzdUxs2xk=">AAACG3icbVDNS8MwHE39nPNr6tFLcAjbwdEWvy7C0IvHCe4D1m6kabqFpWlJUmGU/R9e/Fe8eFDEk+DB/8a020E3HwRe3vs9kt/zYkalMs1vY2l5ZXVtvbBR3Nza3tkt7e23ZJQITJo4YpHoeEgSRjlpKqoY6cSCoNBjpO2NbjK//UCEpBG/V+OYuCEacBpQjJSW+iW72Ko4jSGtwivoMJ3zUc+GudRLHR8NBkRMshs8Cfraqvbsfqls1swccJFYM1IGMzT6pU/Hj3ASEq4wQ1J2LTNWboqEopiRSdFJJIkRHqEB6WrKUUikm+a7TeCxVnwYREIfrmCu/k6kKJRyHHp6MkRqKOe9TPzP6yYquHRTyuNEEY6nDwUJgyqCWVHQp4JgxcaaICyo/ivEQyQQVrrOoi7Bml95kbTsmnVeO7s7LdevZ3UUwCE4AhVggQtQB7egAZoAg0fwDF7Bm/FkvBjvxsd0dMmYZQ7AHxhfP6Lnnrs=</latexit>

V (�) = �2(�†�� f2
a )

2

Nambu-Goldstone phase is the axion  (Weinberg '78;  Wilczek '78). 

<latexit sha1_base64="CDjtkauezAHUeegYsgU9yX3kxBI=">AAAB8XicbVBNT8JAEJ3iF9Yv1KOXjcQEL6Q1+HEkevEIiQUiNGS7bGHDdtvsbk1Iw7/w4kFjvPpvvPlvXKAHBV8yyct7M5mZFyScKe0431ZhbX1jc6u4be/s7u0flA6PWipOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8d3Mbz9RqVgsHvQkoX6Eh4KFjGBtpEfbq7jn/azRnPZLZafqzIFWiZuTMuRo9EtfvUFM0ogKTThWqus6ifYzLDUjnE7tXqpogskYD2nXUIEjqvxsfvEUnRllgMJYmhIazdXfExmOlJpEgemMsB6pZW8m/ud1Ux3e+BkTSaqpIItFYcqRjtHsfTRgkhLNJ4ZgIpm5FZERlphoE5JtQnCXX14lrYuqe1W9bNbK9ds8jiKcwClUwIVrqMM9NMADAgKe4RXeLGW9WO/Wx6K1YOUzx/AH1ucP2v+PwQ==</latexit>

U(1)PQ

<latexit sha1_base64="CDjtkauezAHUeegYsgU9yX3kxBI=">AAAB8XicbVBNT8JAEJ3iF9Yv1KOXjcQEL6Q1+HEkevEIiQUiNGS7bGHDdtvsbk1Iw7/w4kFjvPpvvPlvXKAHBV8yyct7M5mZFyScKe0431ZhbX1jc6u4be/s7u0flA6PWipOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8d3Mbz9RqVgsHvQkoX6Eh4KFjGBtpEfbq7jn/azRnPZLZafqzIFWiZuTMuRo9EtfvUFM0ogKTThWqus6ifYzLDUjnE7tXqpogskYD2nXUIEjqvxsfvEUnRllgMJYmhIazdXfExmOlJpEgemMsB6pZW8m/ud1Ux3e+BkTSaqpIItFYcqRjtHsfTRgkhLNJ4ZgIpm5FZERlphoE5JtQnCXX14lrYuqe1W9bNbK9ds8jiKcwClUwIVrqMM9NMADAgKe4RXeLGW9WO/Wx6K1YOUzx/AH1ucP2v+PwQ==</latexit>

U(1)PQ
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The fermions (for simplicity take one) get mass from
<latexit sha1_base64="bi5Omnln6vXPf9rODleGKYquEiU="></latexit>

L = i ̄�µDµ � ��  ̄ 

 Taking into account anomaly, the effective theory is:
<latexit sha1_base64="hDlWYH5FApLbpevjaljOACSD6g0="></latexit>

La =
1

2
(@µa)

2 �
✓

a

fa
� ✓̄

◆
GG̃

<latexit sha1_base64="MBvI08gtBipMp1Mm83F8/yQWZWQ=">AAACG3icbVA7SwNBEN7zbXxFLW0Wg2BjuBNfjRC0sVQwKuRCmNvMmcW922N3TgjH/Q8b/4qNhSJWgoX/xk1M4Wuqj+/BzHxRpqQl3//wxsYnJqemZ2Yrc/MLi0vV5ZULq3MjsCm00uYqAotKptgkSQqvMoOQRAovo5vjgX55i8ZKnZ5TP8N2AtepjKUAclSnuh1GYIqQekhQdgqM45LzQ14AD7XL8bgDJd/iP1zVml/3h8P/gmAEamw0p53qW9jVIk8wJaHA2lbgZ9QuwJAUCstKmFvMQNzANbYcTCFB2y6Gv5V8wzFdHmt3ik6JD9nviQISa/tJ5JwJUM/+1gbkf1orp/igXcg0ywlT8bUozhUnzQdF8a40KEj1HQBhpLuVix4YEOTqrLgSgt8v/wUX2/Vgr757tlNrHI3qmGFrbJ1tsoDtswY7YaesyQS7Yw/siT17996j9+K9flnHvFFmlf0Y7/0TaOWhCA==</latexit>

✓̄eff =
a

fa
� ✓̄

<latexit sha1_base64="w092URQbaw4lPDakfkPwJl8vbdI=">AAACAHicbVDJSgNBEO2JW4zbqAcPXhqD4CnMiNtFCHrxGMEskAmhp1OTNOlZ6K4RwjAXf8WLB0W8+hne/Bs7y0ETHxQ83quiqp6fSKHRcb6twtLyyupacb20sbm1vWPv7jV0nCoOdR7LWLV8pkGKCOooUEIrUcBCX0LTH96O/eYjKC3i6AFHCXRC1o9EIDhDI3XtA89nKvNwAMjybgZBkFN6TZ2uXXYqzgR0kbgzUiYz1Lr2l9eLeRpChFwyrduuk2AnYwoFl5CXvFRDwviQ9aFtaMRC0J1s8kBOj43So0GsTEVIJ+rviYyFWo9C33SGDAd63huL/3ntFIOrTiaiJEWI+HRRkEqKMR2nQXtCAUc5MoRxJcytlA+YYhxNZiUTgjv/8iJpnFbci8r5/Vm5ejOLo0gOyRE5IS65JFVyR2qkTjjJyTN5JW/Wk/VivVsf09aCNZvZJ39gff4A2ZGV6w==</latexit>

✓̄eff = 0

Thus, became a dynamical variable. 

The global minimum is at  (Vafa, Witten '84)

And the axion relaxes there dynamically.
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Indeed, the non-perturbative effects (instantons) generate the potential for the 
axion.  In dilute instanton gas approximation,

<latexit sha1_base64="Q2kYc8NbaTNq6i5Rs8gcgTt3FaA="></latexit>

V (a) = �⇤4 cos

✓
a

fa
� ✓̄

◆

which indeed forces 
<latexit sha1_base64="w092URQbaw4lPDakfkPwJl8vbdI=">AAACAHicbVDJSgNBEO2JW4zbqAcPXhqD4CnMiNtFCHrxGMEskAmhp1OTNOlZ6K4RwjAXf8WLB0W8+hne/Bs7y0ETHxQ83quiqp6fSKHRcb6twtLyyupacb20sbm1vWPv7jV0nCoOdR7LWLV8pkGKCOooUEIrUcBCX0LTH96O/eYjKC3i6AFHCXRC1o9EIDhDI3XtA89nKvNwAMjybgZBkFN6TZ2uXXYqzgR0kbgzUiYz1Lr2l9eLeRpChFwyrduuk2AnYwoFl5CXvFRDwviQ9aFtaMRC0J1s8kBOj43So0GsTEVIJ+rviYyFWo9C33SGDAd63huL/3ntFIOrTiaiJEWI+HRRkEqKMR2nQXtCAUc5MoRxJcytlA+YYhxNZiUTgjv/8iJpnFbci8r5/Vm5ejOLo0gOyRE5IS65JFVyR2qkTjjJyTN5JW/Wk/VivVsf09aCNZvZJ39gff4A2ZGV6w==</latexit>

✓̄eff = 0
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Anomalous symmetry Fermionic zero mode on instanton 

Dynamical relaxation by axion 

<latexit sha1_base64="TGN/8696O8izUFE85MkIy751WFk=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiTiayMU3bisYB/QhDKZTtqhk0mYuRFLyK+4caGIW3/EnX/jtM1CWw9cOJxzL/feEySCa3Ccb6u0srq2vlHerGxt7+zu2fvVto5TRVmLxiJW3YBoJrhkLeAgWDdRjESBYJ1gfDv1O49MaR7LB5gkzI/IUPKQUwJG6ttV7AVEZR6MGJAcX2MH9+2aU3dmwMvELUgNFWj27S9vENM0YhKoIFr3XCcBPyMKOBUsr3ipZgmhYzJkPUMliZj2s9ntOT42ygCHsTIlAc/U3xMZibSeRIHpjAiM9KI3Ff/zeimEV37GZZICk3S+KEwFhhhPg8ADrhgFMTGEUMXNrZiOiCIUTFwVE4K7+PIyaZ/W3Yv6+f1ZrXFTxFFGh+gInSAXXaIGukNN1EIUPaFn9IrerNx6sd6tj3lrySpmDtAfWJ8/S4OTUQ==</latexit>

✓̄ = 0
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 Axion skeptics: 

        Is strong-CP even a problem?  Let me simply tune                . 

     

     OK, let us accept the problem.  But  in axion solution you rely on an (approximate) global 
symmetry  which must be explicitly broken, exclusively,  by the QCD anomaly. 

    What kind of a deal is this?  

    Why should this symmetry be respected by other forces of nature (e.g., by gravity) or simply 

even be  there to start with?

<latexit sha1_base64="rpr8jqQ5eCjOoCDAE5I05j4Vz38=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxgnlgsoTZyWwyZHZ2mekVwpK/8OJBEa/+jTf/xkmyB40WNBRV3XR3BYkUBl33yyksLa+srhXXSxubW9s75d29polTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDP1W49cGxGrexwn3I/oQIlQMIpWeujikCMl5MrtlStu1Z2B/CVeTiqQo94rf3b7MUsjrpBJakzHcxP0M6pRMMknpW5qeELZiA54x1JFI278bHbxhBxZpU/CWNtSSGbqz4mMRsaMo8B2RhSHZtGbiv95nRTDSz8TKkmRKzZfFKaSYEym75O+0JyhHFtCmRb2VsKGVFOGNqSSDcFbfPkvaZ5UvfPq2d1ppXadx1GEAziEY/DgAmpwC3VoAAMFT/ACr45xnp03533eWnDymX34BefjG0vykAc=</latexit>

✓ = 0

The  PQ solution is unstable with respect to an arbitrary continuous  deformation of the 
theory that breaks the PQ symmetry explicitly.  e.g.,  

<latexit sha1_base64="Z9/vFhdJ/q0Bcvp5rjI4mdjx2xg="></latexit>

(�†)n(�)m ! �V (a) / cos

✓
(m� n)

a

fa
� (?)

◆

These competing terms induce
<latexit sha1_base64="A8HfG48yGVRkOi7BQKyO2F3kTaM=">AAACAnicbVDJSgNBEO1xjXGLehIvjUHwFGbE7Rj04jGCWSATQk+nJmnS0zN21whhCF78FS8eFPHqV3jzb+wsB018UPB4r4qqekEihUHX/XYWFpeWV1Zza/n1jc2t7cLObs3EqeZQ5bGMdSNgBqRQUEWBEhqJBhYFEupB/3rk1x9AGxGrOxwk0IpYV4lQcIZWahf2/YDpzMceIBu2MwjDIfUV3FO3XSi6JXcMOk+8KSmSKSrtwpffiXkagUIumTFNz02wlTGNgksY5v3UQMJ4n3WhaaliEZhWNn5hSI+s0qFhrG0ppGP190TGImMGUWA7I4Y9M+uNxP+8ZorhZSsTKkkRFJ8sClNJMaajPGhHaOAoB5YwroW9lfIe04yjTS1vQ/BmX54ntZOSd146uz0tlq+mceTIATkkx8QjF6RMbkiFVAknj+SZvJI358l5cd6dj0nrgjOd2SN/4Hz+ACGrl0I=</latexit>

✓̄eff 6= 0

 This is the axion quality problem.

Other questions: What about beyond the dilute instanton gas approximation? 

    What if  there exist local minima with                   ?  

<latexit sha1_base64="A8HfG48yGVRkOi7BQKyO2F3kTaM=">AAACAnicbVDJSgNBEO1xjXGLehIvjUHwFGbE7Rj04jGCWSATQk+nJmnS0zN21whhCF78FS8eFPHqV3jzb+wsB018UPB4r4qqekEihUHX/XYWFpeWV1Zza/n1jc2t7cLObs3EqeZQ5bGMdSNgBqRQUEWBEhqJBhYFEupB/3rk1x9AGxGrOxwk0IpYV4lQcIZWahf2/YDpzMceIBu2MwjDIfUV3FO3XSi6JXcMOk+8KSmSKSrtwpffiXkagUIumTFNz02wlTGNgksY5v3UQMJ4n3WhaaliEZhWNn5hSI+s0qFhrG0ppGP190TGImMGUWA7I4Y9M+uNxP+8ZorhZSsTKkkRFJ8sClNJMaajPGhHaOAoB5YwroW9lfIe04yjTS1vQ/BmX54ntZOSd146uz0tlq+mceTIATkkx8QjF6RMbkiFVAknj+SZvJI358l5cd6dj0nrgjOd2SN/4Hz+ACGrl0I=</latexit>

✓̄eff 6= 0
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In order to  address these questions and understand how  deep and profound the story is,  let us 
start by showing that  QCD already contains an axion, albeit of poor quality. 

This axion is the       -meson.

<latexit sha1_base64="7Y6C2l1ye4bcthAe1itDCDmefY4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0nEr2PRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO2joabdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqveVfXy4aJSu83jKMIRHMMZeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBbb6Ocw==</latexit>

⌘0

 Consider QCD with massless (or light) quarks. It exhibits axial symmetry 
<latexit sha1_base64="UGCJNbkpqmQ1mw70qKaU/lqytOM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HWsevFYwW0L7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPpg4PHeDDPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWObqZ+65EqzaS4N+OEBjEeCBYxgo2Vmn7VO+5d9coVt+bOgP4SLycVyNHolT+7fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6skofRVLZEgbN1J8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZf/kuaJzXvvHZ2d1qpX+dxFOEADqEKHlxAHW6hAT4QeIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENKDeONw==</latexit>

U(1)A
<latexit sha1_base64="zIIEuYUEFfdEWL6BR3M5COXXvlg="></latexit>

 i ! e�i 1
2↵�5 i i = 1, 2, ...Nf .

 In real world                
<latexit sha1_base64="EiF7jHwzdvQtY9NtViXrjdnDslo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKez6vghBL54kgnlAEsLspDcZMju7zswKYclPePGgiFd/x5t/4yTZg0YLGoqqbrq7/FhwbVz3y8ktLC4tr+RXC2vrG5tbxe2duo4SxbDGIhGppk81Ci6xZrgR2IwV0tAX2PCH1xO/8YhK80jem1GMnZD2JQ84o8ZKTXLbDcglOe4WS27ZnYL8JV5GSpCh2i1+tnsRS0KUhgmqdctzY9NJqTKcCRwX2onGmLIh7WPLUklD1J10eu+YHFilR4JI2ZKGTNWfEykNtR6Fvu0MqRnoeW8i/ue1EhNcdFIu48SgZLNFQSKIicjkedLjCpkRI0soU9zeStiAKsqMjahgQ/DmX/5L6kdl76x8endSqlxlceRhD/bhEDw4hwrcQBVqwEDAE7zAq/PgPDtvzvusNedkM7vwC87HNxlojrc=</latexit>

Nf = 3
<latexit sha1_base64="5H8c1hovCwlMMl3R7G5Vfb4Pa1Q=">AAAB+HicbVDJSgNBEK2JW4xLRj16aQyChxBmxO0iBL14jGAWSIahp6cnadKz0IsQh3yJFw+KePVTvPk3dpaDJj4oeLxXRVW9IONMKsf5tgorq2vrG8XN0tb2zm7Z3ttvyVQLQpsk5anoBFhSzhLaVExx2skExXHAaTsY3k789iMVkqXJgxpl1ItxP2ERI1gZybfLqJdJ5jN0jXQ1rErfrjg1Zwq0TNw5qcAcDd/+6oUp0TFNFOFYyq7rZMrLsVCMcDou9bSkGSZD3KddQxMcU+nl08PH6NgoIYpSYSpRaKr+nshxLOUoDkxnjNVALnoT8T+vq1V05eUsybSiCZktijRHKkWTFFDIBCWKjwzBRDBzKyIDLDBRJquSCcFdfHmZtE5r7kXt/P6sUr+Zx1GEQziCE3DhEupwBw1oAgENz/AKb9aT9WK9Wx+z1oI1nzmAP7A+fwDu15H8</latexit>

 i = u, d, swith 3 light quarks 

However, let us keep the discussion generic with all quarks massless. 

Now, the axial  symmetry is spontaneously broken by the quark condensate 
<latexit sha1_base64="wn979eAMxKL9nfRyG4FkPBfiF6o=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiqhLeC1IFCwNDkehDakJ047qtVceJbAepivoXLPwKCwMIscLG3+C0HaBwJMtH59x77XvChDOlHefLKszNLywuFZdLK6tr6xv25lZDxakktE5iHstWCIpyJmhdM81pK5EUopDTZji4zP3mPZWKxeJWDxPqR9ATrMsIaCMFdsXjIHqcYi8EmXmJYqOA4fwOmCcn1jn2rs3EDtwdBnbZqThj4L/EnZIymqIW2J9eJyZpRIUmHJRqu06i/QykZoTTUclLFU2ADKBH24YKiKjys/FeI7xnlA7uxtIcofFY/dmRQaTUMApNZQS6r2a9XPzPa6e6e+ZnTCSppoJMHuqmHOsY5yHhDpOUaD40BIhk5q+Y9EEC0SbKkgnBnV35L2kcVNyTyvHNUbl6MY2jiHbQLtpHLjpFVXSFaqiOCHpAT+gFvVqP1rP1Zr1PSgvWtGcb/YL18Q13b595</latexit>

h ̄i ii = ⇤3

But, the corresponding massless (light) Nambu-Goldstone boson was nowhere  to be 
found.

This is the famous axial                   -problem. 
<latexit sha1_base64="UGCJNbkpqmQ1mw70qKaU/lqytOM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HWsevFYwW0L7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPpg4PHeDDPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWObqZ+65EqzaS4N+OEBjEeCBYxgo2Vmn7VO+5d9coVt+bOgP4SLycVyNHolT+7fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6skofRVLZEgbN1J8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZf/kuaJzXvvHZ2d1qpX+dxFOEADqEKHlxAHW6hAT4QeIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENKDeONw==</latexit>

U(1)A
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This problem was solved by 't Hooft,  who understood that  the would-be Goldstone boson was 
getting mass from the             -anomaly through the instantons.

The resulting  potential for        (again in dilute instanton gas approximation) is: 

<latexit sha1_base64="7Y6C2l1ye4bcthAe1itDCDmefY4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0nEr2PRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO2joabdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqveVfXy4aJSu83jKMIRHMMZeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBbb6Ocw==</latexit>

⌘0
<latexit sha1_base64="PgpVzPIgx8GOrH+SDzyyje9+v9o="></latexit>

V (⌘0) = �⇤4 cos

✓
⌘0

f⌘
� ✓̄

◆

 which gives mass to  
<latexit sha1_base64="7Y6C2l1ye4bcthAe1itDCDmefY4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0nEr2PRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO2joabdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqveVfXy4aJSu83jKMIRHMMZeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBbb6Ocw==</latexit>

⌘0

 Interestingly, 't Hooft did not point out that simultaneously with 

generating this mass,  the        solves the strong-CP problem:                                                       

<latexit sha1_base64="w092URQbaw4lPDakfkPwJl8vbdI=">AAACAHicbVDJSgNBEO2JW4zbqAcPXhqD4CnMiNtFCHrxGMEskAmhp1OTNOlZ6K4RwjAXf8WLB0W8+hne/Bs7y0ETHxQ83quiqp6fSKHRcb6twtLyyupacb20sbm1vWPv7jV0nCoOdR7LWLV8pkGKCOooUEIrUcBCX0LTH96O/eYjKC3i6AFHCXRC1o9EIDhDI3XtA89nKvNwAMjybgZBkFN6TZ2uXXYqzgR0kbgzUiYz1Lr2l9eLeRpChFwyrduuk2AnYwoFl5CXvFRDwviQ9aFtaMRC0J1s8kBOj43So0GsTEVIJ+rviYyFWo9C33SGDAd63huL/3ntFIOrTiaiJEWI+HRRkEqKMR2nQXtCAUc5MoRxJcytlA+YYhxNZiUTgjv/8iJpnFbci8r5/Vm5ejOLo0gOyRE5IS65JFVyR2qkTjjJyTN5JW/Wk/VivVsf09aCNZvZJ39gff4A2ZGV6w==</latexit>

✓̄eff = 0

In other words, in QCD with massless quarks       is a full-fledged axion (G.D., '05, G.D., 
Jackiw, Pi '06). 

Unfortunately (or fortunately?), in the real world                  is also explicitly broken by 
quark masses.   Therefore,           cannot  enforce               

<latexit sha1_base64="7Y6C2l1ye4bcthAe1itDCDmefY4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0nEr2PRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO2joabdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqveVfXy4aJSu83jKMIRHMMZeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBbb6Ocw==</latexit>

⌘0
<latexit sha1_base64="w092URQbaw4lPDakfkPwJl8vbdI=">AAACAHicbVDJSgNBEO2JW4zbqAcPXhqD4CnMiNtFCHrxGMEskAmhp1OTNOlZ6K4RwjAXf8WLB0W8+hne/Bs7y0ETHxQ83quiqp6fSKHRcb6twtLyyupacb20sbm1vWPv7jV0nCoOdR7LWLV8pkGKCOooUEIrUcBCX0LTH96O/eYjKC3i6AFHCXRC1o9EIDhDI3XtA89nKvNwAMjybgZBkFN6TZ2uXXYqzgR0kbgzUiYz1Lr2l9eLeRpChFwyrduuk2AnYwoFl5CXvFRDwviQ9aFtaMRC0J1s8kBOj43So0GsTEVIJ+rviYyFWo9C33SGDAd63huL/3ntFIOrTiaiJEWI+HRRkEqKMR2nQXtCAUc5MoRxJcytlA+YYhxNZiUTgjv/8iJpnFbci8r5/Vm5ejOLo0gOyRE5IS65JFVyR2qkTjjJyTN5JW/Wk/VivVsf09aCNZvZJ39gff4A2ZGV6w==</latexit>

✓̄eff = 0

Thus, is a poor-quality axion!
<latexit sha1_base64="7Y6C2l1ye4bcthAe1itDCDmefY4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0nEr2PRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO2joabdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqveVfXy4aJSu83jKMIRHMMZeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBbb6Ocw==</latexit>

⌘0

<latexit sha1_base64="UGCJNbkpqmQ1mw70qKaU/lqytOM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HWsevFYwW0L7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPpg4PHeDDPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWObqZ+65EqzaS4N+OEBjEeCBYxgo2Vmn7VO+5d9coVt+bOgP4SLycVyNHolT+7fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6skofRVLZEgbN1J8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZf/kuaJzXvvHZ2d1qpX+dxFOEADqEKHlxAHW6hAT4QeIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENKDeONw==</latexit>

U(1)A

<latexit sha1_base64="7Y6C2l1ye4bcthAe1itDCDmefY4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0nEr2PRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO2joabdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqveVfXy4aJSu83jKMIRHMMZeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBbb6Ocw==</latexit>

⌘0

<latexit sha1_base64="UGCJNbkpqmQ1mw70qKaU/lqytOM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HWsevFYwW0L7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPpg4PHeDDPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWObqZ+65EqzaS4N+OEBjEeCBYxgo2Vmn7VO+5d9coVt+bOgP4SLycVyNHolT+7fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6skofRVLZEgbN1J8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZf/kuaJzXvvHZ2d1qpX+dxFOEADqEKHlxAHW6hAT4QeIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENKDeONw==</latexit>

U(1)A

<latexit sha1_base64="7Y6C2l1ye4bcthAe1itDCDmefY4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0nEr2PRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO2joabdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqveVfXy4aJSu83jKMIRHMMZeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBbb6Ocw==</latexit>

⌘0
the vacuum relaxes to
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            The lessons we learn from   are extremely important: 

   

            The mass of      represents an experimental proof  of the  existence of the 

            -vacuum. 

    

             illustrates the reality of the axion dynamics:       

           would be an exact quality axion, if at least one quark would be massless. 

    

 

           Since quarks are massive, there must exist a good-quality axion. 


<latexit sha1_base64="7Y6C2l1ye4bcthAe1itDCDmefY4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0nEr2PRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO2joabdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqveVfXy4aJSu83jKMIRHMMZeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBbb6Ocw==</latexit>

⌘0

<latexit sha1_base64="7Y6C2l1ye4bcthAe1itDCDmefY4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0nEr2PRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO2joabdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqveVfXy4aJSu83jKMIRHMMZeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBbb6Ocw==</latexit>

⌘0

<latexit sha1_base64="7Y6C2l1ye4bcthAe1itDCDmefY4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0nEr2PRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO2joabdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqveVfXy4aJSu83jKMIRHMMZeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBbb6Ocw==</latexit>

⌘0
<latexit sha1_base64="7Y6C2l1ye4bcthAe1itDCDmefY4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0nEr2PRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO2joabdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqveVfXy4aJSu83jKMIRHMMZeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBbb6Ocw==</latexit>

⌘0

<latexit sha1_base64="q3u8eOnKuaxHNMAazvqBXgKIksc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOepMhsw9meoUQ8hFePCji1e/x5t84SfagiQUNRVU33V1BqqQh1/12Ciura+sbxc3S1vbO7l55/+DRJJkW2BCJSnQr4AaVjLFBkhS2Uo08ChQ2g+Ht1G8+oTYyiR9olKIf8X4sQyk4WanJOjRA4t1yxa26M7Bl4uWkAjnq3fJXp5eILMKYhOLGtD03JX/MNUmhcFLqZAZTLoa8j21LYx6h8cezcyfsxCo9FibaVkxspv6eGPPImFEU2M6I08AselPxP6+dUXjtj2WcZoSxmC8KM8UoYdPfWU9qFKRGlnChpb2ViQHXXJBNqGRD8BZfXiaPZ1Xvsnpxf16p3eRxFOEIjuEUPLiCGtxBHRogYAjP8ApvTuq8OO/Ox7y14OQzh/AHzucP/WWPXA==</latexit>

✓

In order to gain a wider perspective, we shall switch to the description based on 
most fundamental aspects of  QFT. 
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There exist a powerful QFT language for describing  the story.

  Let us ask the following question. QCD is a theory with a mass gap.  How,  in such a 
theory, can the boundary term be locally-observable? 



19

The answer is that there exist a long-range correlator  that brings the message from the boundary. 
This is the so-called topological susceptibility of the vacuum (TSV): 

<latexit sha1_base64="dYhM1BRQ+3pkJEPaZf2RFDpj+6Q="></latexit>

hGG̃,GG̃ip!0 ⌘ lim
p!0

Z
d4x eipx hT [GG̃(x), GG̃(0)]i = const 6= 0,

 The job of the instantons boils down to creating the above correlator. Any other way of 
describing it, e.g., via the glueball tower (Witten '80, Veneziano '80) does the same job.   

This fact liberates us from the need of knowing the details of sub-structure and endows 
us with the full power of EFT.  

In particular, this language allows to  understand the solution of strong-CP  by axion 

(or  by    in case of massless quark)  as well as  the generation of their masses, without relying 
on the accuracy  of the instanton calculus.  


<latexit sha1_base64="7Y6C2l1ye4bcthAe1itDCDmefY4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0nEr2PRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO2joabdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqveVfXy4aJSu83jKMIRHMMZeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBbb6Ocw==</latexit>

⌘0
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<latexit sha1_base64="m+fm6W9bss/GiW57OGphn7cvnp0="></latexit>

hC,Ci = 1

p2
+

X

m 6=0

⇢(m2)

p2 �m2

<latexit sha1_base64="Q6ycNtbjRrtpwztr0Qb15l3jvG8="></latexit>

Cµ⌫↵ ⌘ tr(A[µ@⌫A↵] +
2

3
A[µA⌫A↵])

<latexit sha1_base64="j5EMZG8YU+o6cghsYkTNQz+B0pI="></latexit>

GG̃ = ✏↵�µ⌫@↵C�µ⌫

 -vacuum = non-zero  TSV
<latexit sha1_base64="q3u8eOnKuaxHNMAazvqBXgKIksc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOepMhsw9meoUQ8hFePCji1e/x5t84SfagiQUNRVU33V1BqqQh1/12Ciura+sbxc3S1vbO7l55/+DRJJkW2BCJSnQr4AaVjLFBkhS2Uo08ChQ2g+Ht1G8+oTYyiR9olKIf8X4sQyk4WanJOjRA4t1yxa26M7Bl4uWkAjnq3fJXp5eILMKYhOLGtD03JX/MNUmhcFLqZAZTLoa8j21LYx6h8cezcyfsxCo9FibaVkxspv6eGPPImFEU2M6I08AselPxP6+dUXjtj2WcZoSxmC8KM8UoYdPfWU9qFKRGlnChpb2ViQHXXJBNqGRD8BZfXiaPZ1Xvsnpxf16p3eRxFOEIjuEUPLiCGtxBHRogYAjP8ApvTuq8OO/Ox7y14OQzh/AHzucP/WWPXA==</latexit>

✓

where the Chern-Simons 3-form: 

Thus, the non-zero topological susceptibility =  massless pole in  Kallen-Lehmann spectral 
representation: 

<latexit sha1_base64="P+/vICjULeMVSUNg0CrC9tWWIqk="></latexit>

hGG̃,GG̃ip!0 = const 6= 0,

 We recall that 

Important: 
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<latexit sha1_base64="c4kbv7ZjnW5Idu1BqGsX1dsKVRE="></latexit>

E ⌘ @↵C�µ⌫✏
↵�µ⌫ = arbitrary cont. 6= 0

<latexit sha1_base64="0/AmiksVAxwqnpHzoVwadnHRvR0=">AAACG3icbVDJSgNBFOxxjXGLevTyMAgRYZgJbhchKIKghwhmgSSEN51O0qRnobtHCEPyHV78FS8eFPEkePBvnEly0MSChqLqPV5XOYHgSlvWtzE3v7C4tJxaSa+urW9sZra2y8oPJWUl6gtfVh1UTHCPlTTXglUDydB1BKs4vcvErzwwqbjv3et+wBoudjze5hR1LDUz+TQA3MI5RHUXdZeigJtB7uoADgFQOlxLlH1z2OWdrjlsMWlCupnJWqY1AswSe0KyZIJiM/NZb/k0dJmnqUClarYV6EaEUnMq2CBdDxULkPaww2ox9dBlqhGNsg1gP1Za0PZl/DwNI/X3RoSuUn3XiSeTAGraS8T/vFqo22eNiHtBqJlHx4faoQDtQ1IUtLhkVIt+TJBKHv8VaBclUh3XmZRgT0eeJeW8aZ+Yx3dH2cLFpI4U2SV7JEdsckoK5JoUSYlQ8kieySt5M56MF+Pd+BiPzhmTnR3yB8bXD1EAnfE=</latexit>

L = K(E) + arbitrary. high. der.

Thus,  -vacua  can be described as vacua with arbitrary constant ``electric field":
<latexit sha1_base64="q3u8eOnKuaxHNMAazvqBXgKIksc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOepMhsw9meoUQ8hFePCji1e/x5t84SfagiQUNRVU33V1BqqQh1/12Ciura+sbxc3S1vbO7l55/+DRJJkW2BCJSnQr4AaVjLFBkhS2Uo08ChQ2g+Ht1G8+oTYyiR9olKIf8X4sQyk4WanJOjRA4t1yxa26M7Bl4uWkAjnq3fJXp5eILMKYhOLGtD03JX/MNUmhcFLqZAZTLoa8j21LYx6h8cezcyfsxCo9FibaVkxspv6eGPPImFEU2M6I08AselPxP6+dUXjtj2WcZoSxmC8KM8UoYdPfWU9qFKRGlnChpb2ViQHXXJBNqGRD8BZfXiaPZ1Xvsnpxf16p3eRxFOEIjuEUPLiCGtxBHRogYAjP8ApvTuq8OO/Ox7y14OQzh/AHzucP/WWPXA==</latexit>

✓

Indeed, the EFT of  this field is: 

And the vacuum equations are solved with arbitrary constant value of this field:

which splits the theory in different superselection sectors.  In order to eliminate this field, we 
must Higgs it. This requires a pseudo-scalar  axion (either elementary or the phase of a chiral 
fermion condensate). 

Thus, strong-CP cannot be solved by a symmetry (e.g. CP) that would imply: 
<latexit sha1_base64="xylYX7wbKiNs7avgPilgePw3ylU=">AAAB8XicbVDLSgNBEOyNr7i+oh69DAbBU9gVXxchKILHCOaByRJmJ7PJkJnZZWZWCEv+wosHRbz6N978GyfJHjSxoKGo6qa7K0w408bzvp3C0vLK6lpx3d3Y3NreKe3uNXScKkLrJOaxaoVYU84krRtmOG0limIRctoMhzcTv/lElWaxfDCjhAYC9yWLGMHGSo8uQsjW7ZXXLZW9ijcFWiR+TsqQo9YtfXV6MUkFlYZwrHXb9xITZFgZRjgdu51U0wSTIe7TtqUSC6qDbHrxGB1ZpYeiWNmSBk3V3xMZFlqPRGg7BTYDPe9NxP+8dmqiyyBjMkkNlWS2KEo5MjGavI96TFFi+MgSTBSztyIywAoTY0NybQj+/MuLpHFS8c8rZ/en5ep1HkcRDuAQjsGHC6jCHdSgDgQkPMMrvDnaeXHenY9Za8HJZ/bhD5zPH6N9jk4=</latexit>

E = 0
A solution cannot be eliminated by the symmetry that it breaks!   G.D.,'05,......

<latexit sha1_base64="klFh/OtjH7bFG8f890wnvQhAlag="></latexit>

@µ

✓
@K(E)

@E

◆
= 0 ! vacuum : E = arbitrary const.
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<latexit sha1_base64="m+fm6W9bss/GiW57OGphn7cvnp0="></latexit>

hC,Ci = 1

p2
+

X

m 6=0

⇢(m2)

p2 �m2

Thus, in order to solve strong-CP, the massless pole in the Chern-Simons correlator

must be eliminated. 

By gauge invariance, this requires the existence of a pseudo-scalar that gets 
its mass from topological susceptibility of the vacuum.  

<latexit sha1_base64="oEoIN6JsnrDdj7r85dB+LeBlQDQ="></latexit>

L =
g2

16⇡2

a

fa
GG̃

 This pseudo-scalar is the axion 
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<latexit sha1_base64="vY3+lJHHUyzvPHiRC+alPS0GwLM="></latexit>

FThGG̃(x) GG̃(0)ip!0 / p2

p2 �m2

����
p!0

= 0,

With axion (of exact quality) the massless pole in the topological susceptibility is removed and the 
correlator vanishes

       mass of the axion

In Peccei-Quinn scenario,  axion is an elementary pseudo-scalar. 

<latexit sha1_base64="05LA5lMM+nMzz0giJtRM0UAjI5w=">AAACBHicbVC7TsMwFHXKq4RXgLGLRYVgoUoQrwWpgoWxSPQhtVHluLetVceJbAdRRR1Y+BUWBhBi5SPY+BvcNgO0HMnSuefcq+t7gpgzpV3328otLC4tr+RX7bX1jc0tZ3unpqJEUqjSiEeyERAFnAmoaqY5NGIJJAw41IPB9div34NULBJ3ehiDH5KeYF1GiTZS2ylgbNvYgDyY+hK3QJODoxBUJHDbKboldwI8T7yMFFGGStv5anUimoQgNOVEqabnxtpPidSMchjZrURBTOiA9KBpqCBmj59OjhjhfaN0cDeS5gmNJ+rviZSESg3DwHSGRPfVrDcW//Oaie5e+CkTcaJB0OmibsKxjvA4EdxhEqjmQ0MIlcz8FdM+kYRqk5ttQvBmT54nteOSd1Y6vT0plq+yOPKogPbQIfLQOSqjG1RBVUTRI3pGr+jNerJerHfrY9qas7KZXfQH1ucPF72VPw==</latexit>

axion = ⌘0 �meson

  However, in case of a massless quark: 

(This can be viewed as 3-form Higgs effect: 0+1=1  G.D.'05 )



24

<latexit sha1_base64="vY3+lJHHUyzvPHiRC+alPS0GwLM="></latexit>

FThGG̃(x) GG̃(0)ip!0 / p2

p2 �m2

����
p!0

= 0,

The following is an universal relation between vanishing TSV and the existence of a particle

(G.D., '05; G.D., Jackiw, Pi '05;  G.D., Folkerts, Franca '13,  G.D., '17; ...):

Physics that nullifies the TSV must bring a massive pseudoscalar particle in the spectrum.   

In particular, if TSV is nullified by an anomalous symmetry with fermionic current,  

Massive pseudo-scalar  

<latexit sha1_base64="BLcUHxLQDw5fBHhWzYaiwwzlUQU="></latexit>

@µ( ̄�µ�5 ) = GG̃

the corresponding 't Hooft determinant must condense,

and the massive psedoscalar must emerge  as the pseudo-Goldstone phase of the condensate. 

<latexit sha1_base64="kWl0sjDSendNwWpw1fw5GG8JZYE=">AAACH3icbVDLSgMxFM34rONr1KWbYBHqpsyIVpdFNy4r2Ad0Ssmkt21oJjMmGaEM8ydu/BU3LhQRd/0b004X2nog4XDOuST3BDFnSrvuxFpZXVvf2Cxs2ds7u3v7zsFhQ0WJpFCnEY9kKyAKOBNQ10xzaMUSSBhwaAaj26nffAKpWCQe9DiGTkgGgvUZJdpIXadiY+xzIgYccOrLMMM90LjkB0SmfqxYlt9n2Jd5yBfwiN2uU3TL7gx4mXhzUkRz1LrOt9+LaBKC0JQTpdqeG+tOSqRmlENm+4mCmNARGUDbUEFCUJ10tl+GT43Sw/1ImiM0nqm/J1ISKjUOA5MMiR6qRW8q/ue1E92/7qRMxIkGQfOH+gnHOsLTsnCPSaCajw0hVDLzV0yHRBKqTaW2KcFbXHmZNM7LXqV8eX9RrN7M6yigY3SCSshDV6iK7lAN1RFFz+gVvaMP68V6sz6trzy6Ys1njtAfWJMfMz6h4Q==</latexit>

hdet( ̄ )i 6= 0
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 The axion quality problem justifies an alternative (exact quality) formulation of axion: 

                                         

                           The Gauge Axion   (G.D., '05). (see talk by Otari Sakhelashvili)

In this formulation axion is introduced as intrinsic part of QCD gauge redundancy, without need of any 

global symmetry. 

<latexit sha1_base64="lITiHiELfnxUPFYMnE6yEfV3REY="></latexit>

Aµ ! U(x)AµU
†(x) + U@µU

†
<latexit sha1_base64="QSu6xhkc9wG51ymCr5Zn22MbaJM=">AAACEXicbVC5TsNAEF1zBnMZKGlWRJFCQWQjrjKChjJIuaRcWm8mySrrg911RGTlF2j4FRoKEKKlo+NvWCcuIOFJIz29N6OZeW7ImVS2/W0sLa+srq1nNszNre2dXWtvvyqDSFCo0IAHou4SCZz5UFFMcaiHAojncqi5w5vEr41ASBb4ZTUOoeWRvs96jBKlpY6Vx9g0Ma7kH45xE+4jNsLQjk9YM/CgT7Tadsttd4LNjpW1C/YUeJE4KcmiFKWO9dXsBjTywFeUEykbjh2qVkyEYpTDxGxGEkJCh6QPDU194oFsxdOPJjinlS7uBUKXr/BU/T0RE0/KsacPy3lEDeS8l4j/eY1I9a5aMfPDSIFPZ4t6EccqwEk8uMsEUMXHmhAqmL4V0wERhCodYhKCM//yIqmeFpyLwvndWbZ4ncaRQYfoCOWRgy5REd2iEqogih7RM3pFb8aT8WK8Gx+z1iUjnTlAf2B8/gBHAZo6</latexit>

U(x) ⌘ e�i!(x)bT b

<latexit sha1_base64="VMv9wPv/mex7TE75K89ngYjMscY="></latexit>

Bµ⌫ ! Bµ⌫ +
1

fa
⌦µ⌫ ,

<latexit sha1_base64="8FzKnT+IzCSYCNd0QGrCv5e+/YY="></latexit>

Cµ⌫� ! Cµ⌫� + @[µ⌦⌫�]

Under the QCD gauge redundancy gluons transform as:

The Chern-Simons 3-form shift as:  

<latexit sha1_base64="QbZuCo+gyfNi6kflUdzFilMBKMY=">AAACInicbVDLSsNAFJ34Nr6qLt0MFsGNJRGfO2k3LitYFZoQbqaTduhkEmYmQgn5Fjf+ihsXiroS/BgnbRZqPTBwOOdc7twTppwp7Tif1szs3PzC4tKyvbK6tr5R29y6UUkmCe2QhCfyLgRFORO0o5nm9C6VFOKQ09tw2Cr923sqFUvEtR6l1I+hL1jECGgjBbVzjG0bY9wKci/OPJF5IdVQ4AMcBeClIDUDHuRdYxZNk6kCfmEHtbrTcMbA08StSB1VaAe1d6+XkCymQhMOSnVdJ9V+Xq4gnBa2lymaAhlCn3YNFRBT5efjEwu8Z5QejhJpntB4rP6cyCFWahSHJhmDHqi/Xin+53UzHZ35ORNppqkgk0VRxrFOcNkX7jFJieYjQ4BIZv6KyQAkEG1aLUtw/548TW4OG+5J4/jqqH7RrOpYQjtoF+0jF52iC3SJ2qiDCHpAT+gFvVqP1rP1Zn1MojNWNbONfsH6+gbAkqK1</latexit>

Cµ⌫� � fa@[µB⌫�]

Thus, the axion appears as organic part of QCD, which enters the Lagrangian through the 
following (unique) gauge invariant: 

where

 The axion emerges as a 2-form 
(Stuckelberg) field of this redundancy: 

This guarantees the exact solution of  strong-CP! 
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<latexit sha1_base64="l5IDip0/XE/SYX6nZ33ioCerAWk=">AAACHXicbVDLSsNAFJ3UV42vqEs3g0WooCUp9bERSrtx4aKCfUDTlsl00g6dPJiZCCXkR9z4K25cKOLCjfg3TtostHpgLodz7uXOPU7IqJCm+aXllpZXVtfy6/rG5tb2jrG71xJBxDFp4oAFvOMgQRj1SVNSyUgn5AR5DiNtZ1JP/fY94YIG/p2chqTnoZFPXYqRVNLAqECo61DhBton8CottssRjq0kdgeoX06K9VQ8TYsShrXjfnlgFMySOQP8S6yMFECGxsD4sIcBjjziS8yQEF3LDGUvRlxSzEii25EgIcITNCJdRX3kEdGLZ9cl8EgpQ+gGXD1fwpn6cyJGnhBTz1GdHpJjseil4n9eN5LuZS+mfhhJ4uP5IjdiUAYwjQoOKSdYsqkiCHOq/grxGKlwpApUVyFYiyf/Ja1yyTovnd1WCtVaFkceHIBDUAQWuABVcA0aoAkweABP4AW8ao/as/amvc9bc1o2sw9+Qfv8Bp5znCY=</latexit>

L =
1

f2
a

(C � fadB)2

The lowest order term:

This removes the massless pole in the  3-form propagator and makes the topological 
susceptibility of the vacuum zero, thereby eliminating theta-vacua.

     This is a 3-form version of the Higgs effect:   0 + 1 = 1

<latexit sha1_base64="EljQOWwot5D1x6Imz2OcZkB/pUM=">AAACAHicbVDLSsNAFJ3UV42vqAsXbgaL4Kok4msjFN24rGAf0IQymU7boZNJmLkRSsjGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r0nTATX4LrfVmlpeWV1rbxub2xube84u3tNHaeKsgaNRazaIdFMcMkawEGwdqIYiULBWuHoduK3HpnSPJYPME5YEJGB5H1OCRip6xxgbNsYYz8kKvNhyIDk+Bq7XafiVt0p8CLxClJBBepd58vvxTSNmAQqiNYdz00gyIgCTgXLbT/VLCF0RAasY6gkEdNBNn0gx8dG6eF+rExJwFP190RGIq3HUWg6IwJDPe9NxP+8Tgr9qyDjMkmBSTpb1E8FhhhP0sA9rhgFMTaEUMXNrZgOiSIUTGa2CcGbf3mRNE+r3kX1/P6sUrsp4iijQ3SETpCHLlEN3aE6aiCKcvSMXtGb9WS9WO/Wx6y1ZBUz++gPrM8fuq2T9w==</latexit>

✓̄ = 0

By the power of gauge redundancy, the gauge axion scenario predicts 

 to all orders in operator expansion  (G.D., '05, '22; Sakhelashvili '21)  

Any experimental indication of EDMN will be a signal of new physics 
beyond the Standard Model.
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<latexit sha1_base64="5CJUY4pTDiJEauMrCbz6KFRDMpU="></latexit>

LSM = ✓S
g2S
16⇡2

GG̃ + ✓W
g2W
16⇡2

WW̃ + ...

The  gauge group of the Standard Model gives two physical      -terms: 

<latexit sha1_base64="gUB50+hFwr6ufHnPbaAoy3BjK7k=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZDSpUrKc6xgYSwqaSu1UeS4TmvVcSLbQaqi7iz8CgsDCLHyA2z8DW6bAVqOZOncc+7V9T1BwqhUtv1trKyurW9sFraK2zu7e/vmwWFLxqnAxMUxi0UnQJIwyomrqGKkkwiCooCRdjC6mfrtByIkjfm9GifEi9CA05BipLTkmyUIm9ZpxW/2FI2IhE3XqlX8NsxL13Iqvlm2q/YMcJk4OSmDHA3f/Or1Y5xGhCvMkJRdx06UlyGhKGZkUuylkiQIj9CAdDXlSG/ystktE3iilT4MY6EfV3Cm/p7IUCTlOAp0Z4TUUC56U/E/r5uq8MrLKE9SRTieLwpTBlUMp8HAPhUEKzbWBGFB9V8hHiKBsNLxFXUIzuLJy6RVqzoX1fO7s3L9Oo+jAI5BCVjAAZegDm5BA7gAg0fwDF7Bm/FkvBjvxse8dcXIZ47AHxifPwcpl+Y=</latexit>

S(3)S ⇥ SU(2)W ⇥ U(1)

<latexit sha1_base64="/b38DyOCgmxMvQK9oeCcIbb2GOU=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dl1plcIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rCbQRsXrAcQJ+xAZKhIIztFKb0i4OAVmvXHGr7gx0mXg5qZAc9V75q9uPeRqBQi6ZMR3PTdDPmEbBJUxK3dRAwviIDaBjqWIRGD+b3TuhJ1bp0zDWthTSmfp7ImORMeMosJ0Rw6FZ9Kbif14nxfDaz4RKUgTF54vCVFKM6fR52hcaOMqxJYxrYW+lfMg042gjKtkQvMWXl0nzrOpdVi/uzyu1mzyOIjkix+SUeOSK1MgdqZMG4USSZ/JK3pxH58V5dz7mrQUnnzkkf+B8/gBTxI+G</latexit>

✓

 would be unphysical, and be cancelled  by 
<latexit sha1_base64="Qgzu+8eKmSu2W0kPPQPDo40KWFg=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8eI5oHJEmYnvcmQ2dllplcIS/7CiwdFvPo33vwbJ8keNFrQUFR1090VJFIYdN0vp7C0vLK6VlwvbWxube+Ud/eaJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkbXU7/1CNqIWN3jOAE/YgMlQsEZWumB0i4OAVnvrleuuFV3BvqXeDmpkBz1Xvmz2495GoFCLpkxHc9N0M+YRsElTErd1EDC+IgNoGOpYhEYP5tdPKFHVunTMNa2FNKZ+nMiY5Ex4yiwnRHDoVn0puJ/XifF8NLPhEpSBMXni8JUUozp9H3aFxo4yrEljGthb6V8yDTjaEMq2RC8xZf/kuZJ1Tuvnt2eVmpXeRxFckAOyTHxyAWpkRtSJw3CiSJP5IW8OsZ5dt6c93lrwcln9skvOB/fsUSQTA==</latexit>

✓S
<latexit sha1_base64="MlPNF/LktJGVVTRY3j+wvjULGeM=">AAAB7nicbVDLSgNBEJyNrxhfUY9eBoPoKeyKr2PQi8cI5gHJEmYnvcmQ2dllplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYzupn7rCbQRsXrEcQJ+xAZKhIIztFKL0i4gO+2VK27VnYEuEy8nFZKj3it/dfsxTyNQyCUzpuO5CfoZ0yi4hEmpmxpIGB+xAXQsVSwC42ezcyf0xCp9GsbalkI6U39PZCwyZhwFtjNiODSL3lT8z+ukGN74mVBJiqD4fFGYSooxnf5O+0IDRzm2hHEt7K2UD5lmHG1CJRuCt/jyMmmeV72r6uXDRaV2m8dRJEfkmJwRj1yTGrknddIgnIzIM3klb07ivDjvzse8teDkM4fkD5zPHxoHjsc=</latexit>

⌘0 -meson  (which would be the axion  G.D., '05 ) 
which gets its mass from instantons  via  't Hooft mechanism.   However, since quarks are massive, 
we need an additional axion ( Weinberg '78;  Wilczek '78)  a la Peccei-Quinn.

If one of the quarks were massless, due to anomalous  chiral symmetry,                                    
<latexit sha1_base64="jACJInDNhDWRuWIFYhLrn3susVk=">AAACG3icbVDLSsNAFJ34rPVVdelmsAiuSlKsuiy6cVnBPqCp5WY6SYfOJGFmopSQ/3Djr7hxoYgrwYV/4zTtQlsPDBzOOZc793gxZ0rb9re1tLyyurZe2Chubm3v7Jb29lsqSiShTRLxSHY8UJSzkDY105x2YklBeJy2vdHVxG/fU6lYFN7qcUx7AoKQ+YyANlK/VMVurBh2JQuGGqSMHnDqSoFpdpcaGXg8BOwGIAT0a1ke7pfKdsXOgReJMyNlNEOjX/p0BxFJBA014aBU17Fj3UtBakY4zYpuomgMZAQB7RoagqCql+a3ZfjYKAPsR9K8UONc/T2RglBqLDyTFKCHat6biP953UT7F72UhXGiaUimi/yEYx3hSVF4wCQlmo8NASKZ+SsmQ5BAtKmzaEpw5k9eJK1qxTmr1G5Oy/XLWR0FdIiO0Aly0Dmqo2vUQE1E0CN6Rq/ozXqyXqx362MaXbJmMwfoD6yvH5umoSo=</latexit>

 ! ei↵�5 

What about
<latexit sha1_base64="F1t0RxDCb9LSSsbNwaim8YnirZY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cK1hbSUDbbTbt0swm7E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjLdYIhPdCanhUijeQoGSd1LNaRxK3g5Ht1O//cS1EYl6wHHKg5gOlIgEo2gln3RxyJH22oT0qjW37s5AlolXkBoUaPaqX91+wrKYK2SSGuN7bopBTjUKJvmk0s0MTykb0QH3LVU05ibIZydPyIlV+iRKtC2FZKb+nshpbMw4Dm1nTHFoFr2p+J/nZxhdB7lQaYZcsfmiKJMEEzL9n/SF5gzl2BLKtLC3EjakmjK0KVVsCN7iy8vk8azuXdYv7s9rjZsijjIcwTGcggdX0IA7aEILGCTwDK/w5qDz4rw7H/PWklPMHMIfOJ8/EmmQeg==</latexit>

✓W ?
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 It is  known (Anselm, Johansen ’93,’94) that, unlike QCD, the weak           is unphysical due to 
anomalous  B+L symmetry of quarks and leptons:  

                            Evidence for weak   -meson
<latexit sha1_base64="WD594OkhTbVQ23ihbIAGK30T5OU=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2Z1lplcJSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96BG2Eih9wnIAfsUEsQsEZWqlDLbqArPdEe+WKW3VnoMvEy0mF5Kj3yl/dvuJpBDFyyYzpeG6CfsY0Ci5hUuqmBhLGR2wAHUtjFoHxs9nJE3pilT4NlbYVI52pvycyFhkzjgLbGTEcmkVvKv7ndVIMr/1MxEmKEPP5ojCVFBWd/k/7QgNHObaEcS3srZQPmWYcbUolG4K3+PIyaZ5Vvcvqxf15pXaTx1EkR+SYnBKPXJEauSN10iCcKPJMXsmbg86L8+58zFsLTj5zSP7A+fwBT+6P/g==</latexit>⌘w

(G.D., A. Kobakhidze and O. Sakhelashvili, '24  (2408.07535 [hep-th], 	  2509.22540 [hep-th])

<latexit sha1_base64="H7NM+eo0TA4guQc7/szj/DBan44=">AAACLnicbVDLSgMxFM3UV62vUZdugkVwIWXG97IogssK9gFtLXfSTBuaeTTJKGWY/pAbf0UXgoq49TNM21lo64HA4ZxzubnHCTmTyrLejMzc/MLiUnY5t7K6tr5hbm5VZBAJQssk4IGoOSApZz4tK6Y4rYWCgudwWnV6lyO/ek+FZIF/qwYhbXrQ8ZnLCCgttcwrjhuCdboKhAgeML2LWQN42IUE8wM8HOL+rO8KIHGaio+SBPdbZt4qWGPgWWKnJI9SlFrmS6MdkMijviIcpKzbVqiaMQjFCKdJrhFJGgLpQYfWNfXBo7IZj89N8J5W2tgNhH6+wmP190QMnpQDz9FJD1RXTnsj8T+vHin3vBkzP4wU9clkkRtxrAI86g63maBE8YEmQATTf8WkC7oNpRvO6RLs6ZNnSeWwYJ8WTm6O88WLtI4s2kG7aB/Z6AwV0TUqoTIi6BE9o3f0YTwZr8an8TWJZox0Zhv9gfH9A+6Lqbo=</latexit>

l ! ei↵l, q ! ei
↵
3 q

under which it shifts:

But, where is a particle? 

<latexit sha1_base64="23H4t08dtAjY9tnOFE4sgnWdjF4=">AAACE3icbVDJSgNBEO1xjXEb9eilMQiiEGbE7Rj04jGCWSATQk2nk2nSs9Bdo4SQf/Dir3jxoIhXL978GzvJgJr4oODxXhVV9fxECo2O82XNzS8sLi3nVvKra+sbm/bWdlXHqWK8wmIZq7oPmksR8QoKlLyeKA6hL3nN712N/NodV1rE0S32E94MoRuJjmCARmrZh9TDgCO0atRTohsgKBXf0x/1iHogkwAobdkFp+iMQWeJm5ECyVBu2Z9eO2ZpyCNkErRuuE6CzQEoFEzyYd5LNU+A9aDLG4ZGEHLdHIx/GtJ9o7RpJ1amIqRj9ffEAEKt+6FvOkPAQE97I/E/r5Fi56I5EFGSIo/YZFEnlRRjOgqItoXiDGXfEGBKmFspC0ABQxNj3oTgTr88S6rHRfeseHpzUihdZnHkyC7ZIwfEJeekRK5JmVQIIw/kibyQV+vRerberPdJ65yVzeyQP7A+vgHSZJzb</latexit>

✓W ! ✓W + ↵

<latexit sha1_base64="F1t0RxDCb9LSSsbNwaim8YnirZY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cK1hbSUDbbTbt0swm7E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjLdYIhPdCanhUijeQoGSd1LNaRxK3g5Ht1O//cS1EYl6wHHKg5gOlIgEo2gln3RxyJH22oT0qjW37s5AlolXkBoUaPaqX91+wrKYK2SSGuN7bopBTjUKJvmk0s0MTykb0QH3LVU05ibIZydPyIlV+iRKtC2FZKb+nshpbMw4Dm1nTHFoFr2p+J/nZxhdB7lQaYZcsfmiKJMEEzL9n/SF5gzl2BLKtLC3EjakmjK0KVVsCN7iy8vk8azuXdYv7s9rjZsijjIcwTGcggdX0IA7aEILGCTwDK/w5qDz4rw7H/PWklPMHMIfOJ8/EmmQeg==</latexit>

✓W

https://arxiv.org/abs/2408.07535
https://arxiv.org/abs/2509.22540
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 We calculated the fermion condensate of the 't Hooft determinant triggered by 
the electroweak instantons: 

(G.D., A. Kobakhidze and O. Sakhelashvili, '24  (2408.07535 [hep-th], 	  2509.22540 [hep-th])

<latexit sha1_base64="KWCpVRSNqX9dLcRr1Xfj5macyT0="></latexit>

hdet (lqqqlqqqlqqq)i /
✓

2⇡

↵w(v)

◆4

e
2⇡

↵w(v) v18

 as the phase of the condensate 
<latexit sha1_base64="91aWj1lCfOcJUl2es5xJNy5fpfw=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZwuxkNhkzO7vM9CphyT948aCIV//Hm3/jJNmDJhY0FFXddHcFiRQGXffbWVpeWV1bL2wUN7e2d3ZLe/sNE6ea8TqLZaxbATVcCsXrKFDyVqI5jQLJm8HwZuI3H7k2Ilb3OEq4H9G+EqFgFK3U6HCk3aduqexW3CnIIvFyUoYctW7pq9OLWRpxhUxSY9qem6CfUY2CST4udlLDE8qGtM/blioaceNn02vH5NgqPRLG2pZCMlV/T2Q0MmYUBbYzojgw895E/M9rpxhe+ZlQSYpcsdmiMJUEYzJ5nfSE5gzlyBLKtLC3EjagmjK0ARVtCN78y4ukcVrxLirnd2fl6nUeRwEO4QhOwINLqMIt1KAODB7gGV7hzYmdF+fd+Zi1Ljn5zAH8gfP5A53qjyw=</latexit>⌘w

<latexit sha1_base64="U9/11w9kXCzdKrLIo5SXCwn3rYg="></latexit>

hdet (lqqqlqqqlqqq)i e
⌘w(x)

f⌘

https://arxiv.org/abs/2408.07535
https://arxiv.org/abs/2509.22540
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Anomalous B+L symmetry 
makes Fermionic zero modes on instanton 

B+L killing of electroweak topological susceptibility:  

<latexit sha1_base64="H7NM+eo0TA4guQc7/szj/DBan44=">AAACLnicbVDLSgMxFM3UV62vUZdugkVwIWXG97IogssK9gFtLXfSTBuaeTTJKGWY/pAbf0UXgoq49TNM21lo64HA4ZxzubnHCTmTyrLejMzc/MLiUnY5t7K6tr5hbm5VZBAJQssk4IGoOSApZz4tK6Y4rYWCgudwWnV6lyO/ek+FZIF/qwYhbXrQ8ZnLCCgttcwrjhuCdboKhAgeML2LWQN42IUE8wM8HOL+rO8KIHGaio+SBPdbZt4qWGPgWWKnJI9SlFrmS6MdkMijviIcpKzbVqiaMQjFCKdJrhFJGgLpQYfWNfXBo7IZj89N8J5W2tgNhH6+wmP190QMnpQDz9FJD1RXTnsj8T+vHin3vBkzP4wU9clkkRtxrAI86g63maBE8YEmQATTf8WkC7oNpRvO6RLs6ZNnSeWwYJ8WTm6O88WLtI4s2kG7aB/Z6AwV0TUqoTIi6BE9o3f0YTwZr8an8TWJZox0Zhv9gfH9A+6Lqbo=</latexit>

l ! ei↵l, q ! ei
↵
3 q

<latexit sha1_base64="cV1fxXKMhHjkSvQqMebEkcWqXrU=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRLxtSy6cVnBPqAJZTK9aYdOJsnMRCihH+DGX3HjQhG3foA7/8ZpG0FbD1w4nHMuM/f4MWdK2/aXVVhaXlldK66XNja3tnfKu3tNFaWSQoNGPJJtnyjgTEBDM82hHUsgoc+h5Q+vJ37rHqRikbjToxi8kPQFCxgl2kjdcsXlRPQ54CRJ+M9gV85EV0CCbZOyq/YUeJE4OamgHPVu+dPtRTQNQWjKiVIdx461lxGpGeUwLrmpgpjQIelDx1BBQlBeNj1mjI+M0sNBJM0Ijafq742MhEqNQt8kQ6IHat6biP95nVQHl17GRJxqEHT2UJByrCM8aQb3mASq+cgQQiUzf8V0QCSh2vRXMiU48ycvkuZJ1Tmvnt2eVmpXeR1FdIAO0TFy0AWqoRtURw1E0QN6Qi/o1Xq0nq03630WLVj5zj76A+vjG4Jpm0Q=</latexit>

hqqqlqqqlqqqli 6= 0

Fermion condensate generated by 
the electroweak  instantons: 

<latexit sha1_base64="A0VF0p6vaPIGRJLzflyZmD5nkcg="></latexit>

FThWW̃ (x) WW̃ (0)ip!0 = 0

<latexit sha1_base64="91aWj1lCfOcJUl2es5xJNy5fpfw=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZwuxkNhkzO7vM9CphyT948aCIV//Hm3/jJNmDJhY0FFXddHcFiRQGXffbWVpeWV1bL2wUN7e2d3ZLe/sNE6ea8TqLZaxbATVcCsXrKFDyVqI5jQLJm8HwZuI3H7k2Ilb3OEq4H9G+EqFgFK3U6HCk3aduqexW3CnIIvFyUoYctW7pq9OLWRpxhUxSY9qem6CfUY2CST4udlLDE8qGtM/blioaceNn02vH5NgqPRLG2pZCMlV/T2Q0MmYUBbYzojgw895E/M9rpxhe+ZlQSYpcsdmiMJUEYzJ5nfSE5gzlyBLKtLC3EjagmjK0ARVtCN78y4ukcVrxLirnd2fl6nUeRwEO4QhOwINLqMIt1KAODB7gGV7hzYmdF+fd+Zi1Ljn5zAH8gfP5A53qjyw=</latexit>⌘wExistence of a new particle:  -meson!

(G.D., Kobakhidze, Sakhelashvili + 
Karananas, Wang) 

<latexit sha1_base64="760NqECxmAMzCd3TTZQVSfzC8Os=">AAAB+HicbVDJSgNBEK2JW4xLRj16aQyCpzAjbhch6MVjBLNAMgw9nU7SpGehu0aIQ77EiwdFvPop3vwbO8kcNPFBweO9KqrqBYkUGh3n2yqsrK6tbxQ3S1vbO7tle2+/qeNUMd5gsYxVO6CaSxHxBgqUvJ0oTsNA8lYwup36rUeutIijBxwn3AvpIBJ9wSgaybfLhJAuDjlSv0WuHeLbFafqzECWiZuTCuSo+/ZXtxezNOQRMkm17rhOgl5GFQom+aTUTTVPKBvRAe8YGtGQay+bHT4hx0bpkX6sTEVIZurviYyGWo/DwHSGFId60ZuK/3mdFPtXXiaiJEUesfmifioJxmSaAukJxRnKsSGUKWFuJWxIFWVosiqZENzFl5dJ87TqXlTP788qtZs8jiIcwhGcgAuXUIM7qEMDGKTwDK/wZj1ZL9a79TFvLVj5zAH8gfX5Ay82kYA=</latexit>

✓W = 0
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Notice that the arguments showing the presence of - meson, are not affected by 

a hypothetical explicit breaking of  B+L symmetry by high-dimensional operators, e.g., 

<latexit sha1_base64="94zCJ7pZtqN/7yPFwTSMYF6XfOc=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclaT4WhZd6Eao0LSFNobJdNIOnUzSmYlQQnZu/BU3LhRx6y+482+ctllo64ELh3Pu5d57/JhRqSzr21hYXFpeWS2sFdc3Nre2zZ3dhowSgYmDIxaJlo8kYZQTR1HFSCsWBIU+I01/cDX2mw9ESBrxuhrFxA1Rj9OAYqS05JkHUKMTCIRTO0tvvfTaqWf3lQwOh0MGoWeWrLI1AZwndk5KIEfNM7863QgnIeEKMyRl27Zi5aZIKIoZyYqdRJIY4QHqkbamHIVEuunkjwweaaULg0jo4gpO1N8TKQqlHIW+7gyR6stZbyz+57UTFVy4KeVxogjH00VBwqCK4DgU2KWCYMVGmiAsqL4V4j7SoSgdXVGHYM++PE8albJ9Vj69OylVL/M4CmAfHIJjYINzUAU3oAYcgMEjeAav4M14Ml6Md+Nj2rpg5DN74A+Mzx9aa5e9</latexit>

1

M2
GUT

qqql

 We thus predict that the Standard Model is accompanied by a new pseudo-scalar,         -meson, that is 
sourced by  B+L current and gets its mass from the topological susceptibility of the electroweak 
vacuum.  

This is similar to how an explicit breaking of axial symmetry by small quark 
masses cannot eliminate the       -meson from the spectrum of QCD 

<latexit sha1_base64="bCU0YUcfMQ9cTIqM6s+8l+5Sses=">AAAB8nicbVDLSsNAFJ3UV42vqks3g0V0VRLxtSy6cVnBPiANZTKdtEMnM2HmRiihn+HGhSJu/Rp3/o3TNgttPXDhcM693HtPlApuwPO+ndLK6tr6RnnT3dre2d2r7B+0jMo0ZU2qhNKdiBgmuGRN4CBYJ9WMJJFg7Wh0N/XbT0wbruQjjFMWJmQgecwpASsF2MUWXQbktFepejVvBrxM/IJUUYFGr/LV7SuaJUwCFcSYwPdSCHOigVPBJm43MywldEQGLLBUkoSZMJ+dPMEnVunjWGlbEvBM/T2Rk8SYcRLZzoTA0Cx6U/E/L8ggvglzLtMMmKTzRXEmMCg8/R/3uWYUxNgSQjW3t2I6JJpQsCm5NgR/8eVl0jqv+Ve1y4eLav22iKOMjtAxOkM+ukZ1dI8aqIkoUugZvaI3B5wX5935mLeWnGLmEP2B8/kDUgSPWQ==</latexit>

⌘0

<latexit sha1_base64="0pntuMsUPT+fNlW0uhK8aU5p/YE=">AAAB+3icbVDLSsNAFJ3UV42vWJduBovgqiTia1l047KCfUATwmQ6aYfOTMLMRC0hv+LGhSJu/RF3/o3TNgttPXDhcM693HtPlDKqtOt+W5WV1bX1jeqmvbW9s7vn7Nc6KskkJm2csET2IqQIo4K0NdWM9FJJEI8Y6Ubjm6nffSBS0UTc60lKAo6GgsYUI22k0KlBGxr4RKMw9yWHj0Xo1N2GOwNcJl5J6qBEK3S+/EGCM06Exgwp1ffcVAc5kppiRgrbzxRJER6jIekbKhAnKshntxfw2CgDGCfSlNBwpv6eyBFXasIj08mRHqlFbyr+5/UzHV8FORVpponA80VxxqBO4DQIOKCSYM0mhiAsqbkV4hGSCGsTl21C8BZfXiad04Z30Ti/O6s3r8s4quAQHIET4IFL0AS3oAXaAIMn8AxewZtVWC/Wu/Uxb61Y5cwB+APr8wd3N5LS</latexit>⌘w

<latexit sha1_base64="0pntuMsUPT+fNlW0uhK8aU5p/YE=">AAAB+3icbVDLSsNAFJ3UV42vWJduBovgqiTia1l047KCfUATwmQ6aYfOTMLMRC0hv+LGhSJu/RF3/o3TNgttPXDhcM693HtPlDKqtOt+W5WV1bX1jeqmvbW9s7vn7Nc6KskkJm2csET2IqQIo4K0NdWM9FJJEI8Y6Ubjm6nffSBS0UTc60lKAo6GgsYUI22k0KlBGxr4RKMw9yWHj0Xo1N2GOwNcJl5J6qBEK3S+/EGCM06Exgwp1ffcVAc5kppiRgrbzxRJER6jIekbKhAnKshntxfw2CgDGCfSlNBwpv6eyBFXasIj08mRHqlFbyr+5/UzHV8FORVpponA80VxxqBO4DQIOKCSYM0mhiAsqbkV4hGSCGsTl21C8BZfXiad04Z30Ti/O6s3r8s4quAQHIET4IFL0AS3oAXaAIMn8AxewZtVWC/Wu/Uxb61Y5cwB+APr8wd3N5LS</latexit>⌘w

(G.D., A. Kobakhidze and O. Sakhelashvili,  (2408.07535 [hep-th], 2509.22540 [hep-th])

https://arxiv.org/abs/2408.07535
https://arxiv.org/abs/2509.22540
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Gravity sheds the whole new light at    - vacua 
<latexit sha1_base64="q3u8eOnKuaxHNMAazvqBXgKIksc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOepMhsw9meoUQ8hFePCji1e/x5t84SfagiQUNRVU33V1BqqQh1/12Ciura+sbxc3S1vbO7l55/+DRJJkW2BCJSnQr4AaVjLFBkhS2Uo08ChQ2g+Ht1G8+oTYyiR9olKIf8X4sQyk4WanJOjRA4t1yxa26M7Bl4uWkAjnq3fJXp5eILMKYhOLGtD03JX/MNUmhcFLqZAZTLoa8j21LYx6h8cezcyfsxCo9FibaVkxspv6eGPPImFEU2M6I08AselPxP6+dUXjtj2WcZoSxmC8KM8UoYdPfWU9qFKRGlnChpb2ViQHXXJBNqGRD8BZfXiaPZ1Xvsnpxf16p3eRxFOEIjuEUPLiCGtxBHRogYAjP8ApvTuq8OO/Ox7y14OQzh/AHzucP/WWPXA==</latexit>

✓

(G.D., Gomez, Zell ' 18, G.D., '22,  G.D., Kobakhidze, Sakhelashvili ' 24)

 The reason:  the valid vacuum of gravity is Minkowski. 


 (Or a weaker version:  If there exist other vacua, they must not be  obtainable from 

Minkowski by continuous deformations of parameters.)   

This is justified by number of considerations: 


 1) S-matrix formulation of gravity (G.D., Comez'13, ..., G.D. '20) 

 2) Inconsistencies with de Sitter (G.D., Gomez '13,'14, + Zell '17)  and Minkowski to AdS 
transitions (G.D., '11)

 3) BRTS quantization of gravity  (Berezhiani, G.D., Sakhelashvili '24)

We shall refer to this as Minkowski criterion. 

Gravity 
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<latexit sha1_base64="d1QDQRXR6YswBhdNKBBgYVbXax4=">AAACInicbVDLSgMxFM3UVx1fVZdugkWooGVGfO6KIrisYB/QKSWTpm1oZjIkdwplmG9x46+4caGoK8GPMX0stPVA4HDOvdyc40eCa3CcLyuzsLi0vJJdtdfWNza3cts7VS1jRVmFSiFV3SeaCR6yCnAQrB4pRgJfsJrfvxn5tQFTmsvwAYYRawakG/IOpwSM1MpdYWzbeILbVjIgNMUFD3oMyCH2jrAXKRmBHNFj7FGpk4mZ4lYu7xSdMfA8cackj6Yot3IfXlvSOGAhUEG0brhOBM2EKOBUsNT2Ys0iQvukyxqGhiRgupmMI6b4wCht3JHKvBDwWP29kZBA62Hgm8mAQE/PeiPxP68RQ+eymfAwioGFdHKoEwtsMo/6wm2uGAUxNIRQxc1fMe0RRSiYVm1TgjsbeZ5UT4ruefHs/jRfup7WkUV7aB8VkIsuUAndoTKqIIoe0TN6RW/Wk/VivVufk9GMNd3ZRX9gff8AIQqf5A==</latexit>

Evac(✓) / � cos ✓

 As we already explained in QCD, the vacuum energy is a periodic function of theta, with 
global minimum at (Vafa, Witten '84) 

<latexit sha1_base64="g4VLf9Q365pGD2iARwc5EH6zoqU=">AAAB/HicbVDLSsNAFJ3UV42vaJduBovgqiTiayMU3bisYB/QhjKZTtqhk0mYuRFCqb/ixoUibv0Qd/6NkzYLbT1w4XDOvdx7T5AIrsF1v63Syura+kZ5097a3tndc/YPWjpOFWVNGotYdQKimeCSNYGDYJ1EMRIFgrWD8W3utx+Z0jyWD5AlzI/IUPKQUwJG6jsVjG0b5+jBiAHB19jtO1W35s6Al4lXkCoq0Og7X71BTNOISaCCaN313AT8CVHAqWBTu5dqlhA6JkPWNVSSiGl/Mjt+io+NMsBhrExJwDP198SERFpnUWA6IwIjvejl4n9eN4Xwyp9wmaTAJJ0vClOBIcZ5EnjAFaMgMkMIVdzciumIKELB5GWbELzFl5dJ67TmXdTO78+q9ZsijjI6REfoBHnoEtXRHWqgJqIoQ8/oFb1ZT9aL9W59zFtLVjFTQX9gff4AkEGRhg==</latexit>

✓ = 0
E.g., in dilute instanton gass approximation: 

Since vacua are not degenerate, only one of them can be Minkowski (even at the expense of fine tuning). 

Correspondingly only one of them can satisfy the  Minkowski criterion.   

 We thus arrive to the conclusion that gravity demands theta to be unphysical. 

In summary:  gravity necessitates the existence of exact quality axion per 
each gauge sector with topologically non-trivial vacuum. 

Minkowski criterion is incompatible with the existence of     - vacua in any sector of the theory.  
<latexit sha1_base64="q3u8eOnKuaxHNMAazvqBXgKIksc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOepMhsw9meoUQ8hFePCji1e/x5t84SfagiQUNRVU33V1BqqQh1/12Ciura+sbxc3S1vbO7l55/+DRJJkW2BCJSnQr4AaVjLFBkhS2Uo08ChQ2g+Ht1G8+oTYyiR9olKIf8X4sQyk4WanJOjRA4t1yxa26M7Bl4uWkAjnq3fJXp5eILMKYhOLGtD03JX/MNUmhcFLqZAZTLoa8j21LYx6h8cezcyfsxCo9FibaVkxspv6eGPPImFEU2M6I08AselPxP6+dUXjtj2WcZoSxmC8KM8UoYdPfWU9qFKRGlnChpb2ViQHXXJBNqGRD8BZfXiaPZ1Xvsnpxf16p3eRxFOEIjuEUPLiCGtxBHRogYAjP8ApvTuq8OO/Ox7y14OQzh/AHzucP/WWPXA==</latexit>

✓
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We now apply the same reasoning to the      -vacuum of GR, which originates from 

Eguchi-Hanson instantons with the following metric:  

<latexit sha1_base64="uomkHhwkkqLFjX1UyUOg7/4XlyM="></latexit>
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There are two topological invariants. The Euler characteristics: 
<latexit sha1_base64="kguIPMU4svZFteQ2zTWFT+zw4tw="></latexit>
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<latexit sha1_base64="P8ozz8zRnOTTfqBrD/hjTekF6qk="></latexit>
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<latexit sha1_base64="HaVWtMhLQ9TFOc3KMy+VZpmBWW8="></latexit>
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Z
d4xRR̃ = 1.

and gravitational Pontryagin index: 

<latexit sha1_base64="q3u8eOnKuaxHNMAazvqBXgKIksc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOepMhsw9meoUQ8hFePCji1e/x5t84SfagiQUNRVU33V1BqqQh1/12Ciura+sbxc3S1vbO7l55/+DRJJkW2BCJSnQr4AaVjLFBkhS2Uo08ChQ2g+Ht1G8+oTYyiR9olKIf8X4sQyk4WanJOjRA4t1yxa26M7Bl4uWkAjnq3fJXp5eILMKYhOLGtD03JX/MNUmhcFLqZAZTLoa8j21LYx6h8cezcyfsxCo9FibaVkxspv6eGPPImFEU2M6I08AselPxP6+dUXjtj2WcZoSxmC8KM8UoYdPfWU9qFKRGlnChpb2ViQHXXJBNqGRD8BZfXiaPZ1Xvsnpxf16p3eRxFOEIjuEUPLiCGtxBHRogYAjP8ApvTuq8OO/Ox7y14OQzh/AHzucP/WWPXA==</latexit>

✓

      -vacuum of gravity and evidence for supersymmetry 
<latexit sha1_base64="q3u8eOnKuaxHNMAazvqBXgKIksc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOepMhsw9meoUQ8hFePCji1e/x5t84SfagiQUNRVU33V1BqqQh1/12Ciura+sbxc3S1vbO7l55/+DRJJkW2BCJSnQr4AaVjLFBkhS2Uo08ChQ2g+Ht1G8+oTYyiR9olKIf8X4sQyk4WanJOjRA4t1yxa26M7Bl4uWkAjnq3fJXp5eILMKYhOLGtD03JX/MNUmhcFLqZAZTLoa8j21LYx6h8cezcyfsxCo9FibaVkxspv6eGPPImFEU2M6I08AselPxP6+dUXjtj2WcZoSxmC8KM8UoYdPfWU9qFKRGlnChpb2ViQHXXJBNqGRD8BZfXiaPZ1Xvsnpxf16p3eRxFOEIjuEUPLiCGtxBHRogYAjP8ApvTuq8OO/Ox7y14OQzh/AHzucP/WWPXA==</latexit>

✓
(G.D., Kobakhidze and Sakhelashvili '24) 
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<latexit sha1_base64="r2Kk2SbgF7SXSWeGV7R11Vq82PQ=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAILiQk4msjFEXosqJ9QBvCZDpph04ezEyEEgr+ihsXirj1O9z5N07bLLT1wB0O59zLvXP8hDOpbPvbKCwsLi2vFFdLa+sbm1vm9k5DxqkgtE5iHouWjyXlLKJ1xRSnrURQHPqcNv3BzdhvPlIhWRw9qGFC3RD3IhYwgpWWPHMPoXsvu62OUOcYXenH1mV5Ztm27AnQPHFyUoYcNc/86nRjkoY0UoRjKduOnSg3w0Ixwumo1EklTTAZ4B5taxrhkEo3m5w/Qoda6aIgFroihSbq74kMh1IOQ193hlj15aw3Fv/z2qkKLt2MRUmqaESmi4KUIxWjcRaoywQlig81wUQwfSsifSwwUTqxkg7Bmf3yPGmcWM65dXZ3Wq5c53EUYR8O4AgcuIAKVKEGdSCQwTO8wpvxZLwY78bHtLVg5DO78AfG5w+axpKx</latexit>

SEH = 0 .

<latexit sha1_base64="tThFb7RyTYdZztjn9LIKNbhvQxc=">AAACD3icbVDLSsNAFJ34rPUVdelmsCgupCTF10Yo6sJlRfuAJpTJ9KYdOnkwMxFKyB+48VfcuFDErVt3/o2TtgttPTCXwzn3cuceL+ZMKsv6NubmFxaXlgsrxdW19Y1Nc2u7IaNEUKjTiEei5REJnIVQV0xxaMUCSOBxaHqDq9xvPoCQLArv1TAGNyC9kPmMEqWljnmAsXMNXBF85xzhC6wLzYvjC0JTh/ZZllYyp2OWrLI1Ap4l9oSU0AS1jvnldCOaBBAqyomUbduKlZsSoRjlkBWdREJM6ID0oK1pSAKQbjq6J8P7WuliPxL6hQqP1N8TKQmkHAae7gyI6stpLxf/89qJ8s/dlIVxoiCk40V+wrGKcB4O7jIBVPGhJoQKpv+KaZ/oJJSOsKhDsKdPniWNStk+LZ/cHpeql5M4CmgX7aFDZKMzVEU3qIbqiKJH9Ixe0ZvxZLwY78bHuHXOmMzsoD8wPn8AwWGaCA==</latexit>
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<latexit sha1_base64="BTWxoPCkbG9BlPH3b6S4HuYJcV4=">AAACGnicbVDLSsNAFJ34rPVVdelmsAh1U5Lia1l040Khgn1AE8NkMmmHTh7M3Agl5Dvc+CtuXCjiTtz4N04fC209cOFwzr0z9x4vEVyBaX4bC4tLyyurhbXi+sbm1nZpZ7el4lRS1qSxiGXHI4oJHrEmcBCsk0hGQk+wtje4HPntByYVj6M7GCbMCUkv4gGnBLTkliyMqa14aAsWQMUOJKHZjZslIs8z+1q/4xM368k8tyXv9eHovuaWymbVHAPPE2tKymiKhlv6tP2YpiGLgAqiVNcyE3AyIoFTwfKinSqWEDogPdbVNCIhU042Pi3Hh1rxcRBLXRHgsfp7IiOhUsPQ050hgb6a9Ubif143heDcyXiUpMAiOvkoSAWGGI9ywj6XjIIYakKo5HpXTPtExwM6zaIOwZo9eZ60alXrtHpye1yuX0zjKKB9dIAqyEJnqI6uUAM1EUWP6Bm9ojfjyXgx3o2PSeuCMZ3ZQ39gfP0A+wihfg==</latexit>
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✓
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◆2

Notice that in pure GR, the EH instanton  has zero action

The GB-term has to be added to the Euclidean action

The transition rate then becomes 

<latexit sha1_base64="/ukVfvgZ09f5qufla/hZAKNPMsk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cK1hbSUDbbTbp0swm7E6GU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvzKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjTXjLdYKlPdCanhUijeQoGSdzLNaRJK3g6Ht1O//cS1Eal6wFHGg4TGSkSCUbSSTywY6cYx8XrVmlt3ZyDLxCtIDQo0e9Wvbj9lecIVMkmN8T03w2BMNQom+aTSzQ3PKBvSmPuWKppwE4xnJ0/IiVX6JEq1LYVkpv6eGNPEmFES2s6E4sAselPxP8/PMboOxkJlOXLF5ouiXBJMyfR/0heaM5QjSyjTwt5K2IBqytCmVLEheIsvL5PHs7p3Wb+4P681boo4ynAEx3AKHlxBA+6gCS1gkMIzvMKbg86L8+58zFtLTjFzCH/gfP4AduOPcA==</latexit>

c � 1The validity of EFT demands: 

The parameter  c encodes  information about the cutoff scale:
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<latexit sha1_base64="9legHkebZ2jCY+niqjgwmELS2rk="></latexit>

FThR̃R(x) R̃R(0)ip!0 6= 0

<latexit sha1_base64="5H/ARa4xjoKiI3z4PN/Mr9KWACM=">AAACGnicbVDLSgNBEJz1bXxFPXoZDIKnsBvi4yKIXjxqTEwgG8PsbG8yOPtgplcMy36HF3/FiwdFvIkX/8ZJzEGNBQ1FVTfdXV4ihUbb/rSmpmdm5+YXFgtLyyura8X1jSsdp4pDg8cyVi2PaZAiggYKlNBKFLDQk9D0bk6HfvMWlBZxVMdBAp2Q9SIRCM7QSN2iQw0u6ZEbKMYzF/uALM8qVTcR15XcFRFS/7p6R2tuXUgfslreLZbssj0CnSTOmJTIGOfd4rvrxzwNIUIumdZtx06wkzGFgkvIC26qIWH8hvWgbWjEQtCdbPRaTneM4tMgVqbMLSP150TGQq0HoWc6Q4Z9/dcbiv957RSDw04moiRFiPj3oiCVFGM6zIn6QgFHOTCEcSXMrZT3mQkJTZoFE4Lz9+VJclUpO/vlvYtq6fhkHMcC2SLbZJc45IAckzNyThqEk3vySJ7Ji/VgPVmv1tt365Q1ntkkv2B9fAHUkp+T</latexit>

S =
✓

24⇡2

Z
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EH instanton is a fully trustable configuration mediating vacuum transitions and 
generating the topological susceptibility of the gravitational vacuum 

This creates a gravitational analog of theta-vacua

The energy of the ground state depends on theta.  Thus, starting  from a ``naive" semi-
classical Minkowski vacuum, we obtained a landscape of theta-vacua.

 This is incompatible with the Minkowski  criterion.  Thus, gravity requires a mechanism 
that eliminates theta-vacua. 

The physicality of the gravitational theta-term and the necessity to make 
it unphysical constitutes the gravity CP-problem. 
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Elimination of the gravitational theta-vacuum requires a fermion with chiral gravitational anomaly (regardless of 
elementary axion that couples via such a fermion) Delbourgo, Salam ’72  

<latexit sha1_base64="edvd5kEXPHAxeIKX/JrsOrnGkI8=">AAACGXicbVC7TsMwFHXKq5RXgJHFokJiqhJEgbGChbFUfUlNiBzHaQ1OYtkOUhX1N1j4FRYGEGKEib/BaTNAy5EsHZ1zr67P8TmjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29rkxSgUkHJywRfR9JwmhMOooqRvpcEBT5jPT8+6vc7z0QIWkSt9WYEzdCw5iGFCOlJc+0YA6HI6EoYl7mROkE3nn12xlzuEi4SmDLaVMWkKw18cyqVbOmgIvELkgVFGh65qcTJDiNSKwwQ1IObIsrN8sPYkYmFSeVhCN8j4ZkoGmMIiLdbJpsAo+0EsAwEfrFCk7V3xsZiqQcR76ejJAayXkvF//zBqkKL9yMxjxVJMazQ2HKoM6a1wQDKghWbKwJwoLqv0I8QgJhpcus6BLs+ciLpHtSs89q9ZvTauOyqKMMDsAhOAY2OAcNcA2aoAMweATP4BW8GU/Gi/FufMxGS0axsw/+wPj6AUogn+8=</latexit>
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However, this role cannot be assumed by a spin-1/2 fermion.  The general index theorem  (Atiyah '75) 
states the absence of zero modes on the Eguchi-Hanson background for a spin-1/2 fermion.  This is 
confirmed by explicit computation of index in Eguchi-Hanson background which shows (Eguchi, Hanson, '78)

<latexit sha1_base64="EyXJtPRHTatu+8gfU3Ug/m6oVE0=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAIFdoyI1bdFIpuXLZgL9ApJZNm2tBMZkjOCKX0Ndz4Km5cKOJSV76N6QXU1h8CP985h5Pze5HgGmz7y0qsrK6tbyQ3U1vbO7t76f2Dug5jRVmNhiJUTY9oJrhkNeAgWDNSjASeYA1vcDOpN+6Z0jyUdzCMWDsgPcl9TgkY1EnbeKJqp5iFksulD8NTN4fz2M3NWP4Hlgy0C510xi7YU+Fl48xNBs1V6aQ/3G5I44BJoIJo3XLsCNojooBTwcYpN9YsInRAeqxlrCQB0+3R9LIxPjGki/1QmScBT+nviREJtB4GnukMCPT1Ym0C/6u1YvCv2iMuoxiYpLNFfiwwhHgSE+5yxSiIoTGEKm7+immfKELBhJkyITiLJy+b+lnBuSgUq+eZ8vU8jiQ6Qscoixx0icroFlVQDVH0gJ7QC3q1Hq1n6816n7UmrPnMIfoj6/MbeJObpA==</latexit>

Q5(t = 1) � Q5(t = �1) = 0.

The fermion of the lowest spin that is capable of eliminating the gravitational theta-vacua is a chiral 
fermion  with spin=3/2.  Indeed, the index theorem shows a nontrivial index of such a fermion in the 
Eguchi-Hanson background   (Eguchi,Hanson  '78). The chirality of the massless Rarita-Schwinger field in the 
above background is broken by two units 

<latexit sha1_base64="297Wxs/g5+95JSHajMA1SJpZhas=">AAAB+nicbVDJSgNBEK2JW4zbRI9eGoPgxTgT14sQ9KK3CGaBZBh6Op2kSc9Cd48SxnyKFw+KePVLvPk3diZz0MQHBY/3qqiq50WcSWVZ30ZuYXFpeSW/Wlhb39jcMovbDRnGgtA6CXkoWh6WlLOA1hVTnLYiQbHvcdr0htcTv/lAhWRhcK9GEXV83A9YjxGstOSaRZTi1k2Ojyrjy8NKxzVLVtlKgeaJnZESZKi55lenG5LYp4EiHEvZtq1IOQkWihFOx4VOLGmEyRD3aVvTAPtUOkl6+hjta6WLeqHQFSiUqr8nEuxLOfI93eljNZCz3kT8z2vHqnfhJCyIYkUDMl3UizlSIZrkgLpMUKL4SBNMBNO3IjLAAhOl0yroEOzZl+dJo1K2z8qndyel6lUWRx52YQ8OwIZzqMIN1KAOBB7hGV7hzXgyXox342PamjOymR34A+PzBwfMkUs=</latexit>

I3/2 = �2

As it is well known, a theory that includes a fermion spin=3/2 coupled to gravity incorporates   

local supersymmetry, supergravity  (Freedman, Ferrara, Nieuwenhuizen '76) 
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The anomalous U(1)-symmetry that renders the gravitational  theta-vacua unphysical 

 is the R-symmetry under which gravitino transforms as, 

<latexit sha1_base64="rLczlLE4iUNE5cPFpvu4avpxMaM=">AAACK3icbVDJTsMwFHTKVsoW4MjFokLiVCWIAseqXDgWiS5SU6IX122t2klkO6Aqyv9w4Vc4wIFFXPkP3OVQWkayNJp5o+c3QcyZ0o7zaeVWVtfWN/Kbha3tnd09e/+goaJEElonEY9kKwBFOQtpXTPNaSuWFETAaTMYXo/95gOVikXhnR7FtCOgH7IeI6CN5NtVPIEXK+annkgy7EnWH2iQMnrEOPWkwDS7T5kHPB6A1wchwC9ncwnfLjolZwK8TNwZKaIZar796nUjkggaasJBqbbrxLqTgtSMcJoVvETRGMgQ+rRtaAiCqk46uTXDJ0bp4l4kzQs1nqjziRSEUiMRmEkBeqAWvbH4n9dOdO+qk7IwTjQNyXRRL+FYR3hcHO4ySYnmI0OASGb+iskAJBBt6i2YEtzFk5dJ46zkXpTKt+fFSnVWRx4doWN0ilx0iSroBtVQHRH0hF7QO/qwnq0368v6no7mrFnmEP2B9fMLpWOndA==</latexit>

 µ ! ei↵�5 µ

The corresponding shift is  

 where 
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 which shows that theta is unphysical.  However, as in case of QCD, by consistency, there must 
exist a pseudoscalar degree of freedom that eliminates the massive pole in the topological 
susceptibility of gravitational vacuum.


<latexit sha1_base64="m+fm6W9bss/GiW57OGphn7cvnp0="></latexit>
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is the gravitational Chern-Simons 3-form. 
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It has been shown (Hawking '78, Konishi ' 88mb, Konishi '89) that EH instantons form a bilinear 
condensate of gravitino

<latexit sha1_base64="+nawTZaCY12x+h+IXiMMu5OkoT0=">AAACMXicbZBLSwMxFIUzvq2vqks3wSK4KjPiaym6cVnBVqFTy530tgaTzJhkhDLMX3LjPxE3LhRx658wM87C14HAxzm5JPdEieDG+v6zNzE5NT0zOzdfW1hcWl6pr651TJxqhm0Wi1hfRmBQcIVty63Ay0QjyEjgRXRzUuQXd6gNj9W5HSfYkzBSfMgZWGf166e0VChAjQTSMAKdhYnh+VUWyjQPDR9J6BccqjSnReSSEnU1ovCW+rRfb/hNvxT9C0EFDVKp1a8/hoOYpRKVZQKM6QZ+YnsZaMuZwLwWpgYTYDcwwq5DBRJNLys3zumWcwZ0GGt3lKWl+30iA2nMWEbupgR7bX5nhflf1k3t8LCXcZWkFhX7emiYCmpjWtRHB1wjs2LsAJjm7q+UXYMGZl3JNVdC8Hvlv9DZaQb7zb2z3cbRcVXHHNkgm2SbBOSAHJFT0iJtwsg9eSIv5NV78J69N+/96+qEV82skx/yPj4BTE6pvA==</latexit>
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 And indeed, we can identify such a degree of freedom. 

Then, the phase of this condensate is the right candidate for a composite R-axion.  
We shall denote it  by  

<latexit sha1_base64="24ckXuDoMPJ59hYNgQlPEt/Qx7E=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYhA8hV3xdQx68RjFPCBZwuykNxkzO7PMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHeFCWfaeN63s7S8srq2Xtgobm5t7+yW9vYbWqaKYp1KLlUrJBo5E1g3zHBsJQpJHHJshsObid98QqWZFA9mlGAQk75gEaPEWKnRQUO6991S2at4U7iLxM9JGXLUuqWvTk/SNEZhKCdat30vMUFGlGGU47jYSTUmhA5JH9uWChKjDrLptWP32Co9N5LKljDuVP09kZFY61Ec2s6YmIGe9ybif147NdFVkDGRpAYFnS2KUu4a6U5ed3tMITV8ZAmhitlbXTogilBjAyraEPz5lxdJ47TiX1TO787K1es8jgIcwhGcgA+XUIVbqEEdKDzCM7zCmyOdF+fd+Zi1Ljn5zAH8gfP5A2XWjwc=</latexit>⌘R
Indeed, the condensate must be accompanied by the appearance of a  composite multiplet, which 
consists of a pseudoscalar, a dilaton and a dilatino. The above is in agreement with the index.  The 
condensate includes two fermions and violates the R-charge by two units.

<latexit sha1_base64="kXXLqd0YxljdfG3goaZW8K7GwWc="></latexit>
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 which gives mass to   -meson.   Situation is fully analogous   to  QCD 
<latexit sha1_base64="24ckXuDoMPJ59hYNgQlPEt/Qx7E=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYhA8hV3xdQx68RjFPCBZwuykNxkzO7PMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHeFCWfaeN63s7S8srq2Xtgobm5t7+yW9vYbWqaKYp1KLlUrJBo5E1g3zHBsJQpJHHJshsObid98QqWZFA9mlGAQk75gEaPEWKnRQUO6991S2at4U7iLxM9JGXLUuqWvTk/SNEZhKCdat30vMUFGlGGU47jYSTUmhA5JH9uWChKjDrLptWP32Co9N5LKljDuVP09kZFY61Ec2s6YmIGe9ybif147NdFVkDGRpAYFnS2KUu4a6U5ed3tMITV8ZAmhitlbXTogilBjAyraEPz5lxdJ47TiX1TO787K1es8jgIcwhGcgA+XUIVbqEEdKDzCM7zCmyOdF+fd+Zi1Ljn5zAH8gfP5A2XWjwc=</latexit>⌘R

The  existence of zero modes in the Eguchi-Hanson background generates a corresponding 

't Hooft vertex for gravitino,   

<latexit sha1_base64="7Y6C2l1ye4bcthAe1itDCDmefY4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0nEr2PRi8cKpi20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0HGqGPosFrFqhVSj4BJ9w43AVqKQRqHAZji6m/rNJ1Sax/LRjBMMIjqQvM8ZNVbyO2joabdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqveVfXy4aJSu83jKMIRHMMZeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBbb6Ocw==</latexit>
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per se does not break supersymmetry. However, the dynamically generated superpotential would 

lower the vacuum to AdS via the negative cosmological term: 

In order to avoid this, supersymmetry must be broken (super-Higgsed). 

<latexit sha1_base64="kXXLqd0YxljdfG3goaZW8K7GwWc="></latexit>
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 ̄µ�µ⌫ 
⌫The operator

This contribution,  if not balanced,  would violate the criterion of Minkowski. 
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 Thus, we arrive to conclusion that  topological structure of GR vacuum 
demands existence of spontaneously broken supersymmetry: 

                             supergravity in superHiggs phase. 
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 Most elegant scenario would be in which  the composite gravitino multiplet breaks  SUSY 

with no external help (G.D., Kobakhidze, Sakhelashvili, '24). 

Alternatively, we must employ one of the conventional mechanisms of SUSY breaking. 

In order to break supersymmetry and to uplift the vacuum of the theory to Minkowski, it is sufficient to 
add a single chiral superfield X,  that enters linearly in the superpotential,  

<latexit sha1_base64="ulh6KyZtZ/4EZl4AmdIyYWKMOFE=">AAACFnicbVDLSgMxFM3UV62vqks3F4sgqHWmPjdC0Y0LFxXsAzp1yKRpG5p5kGSEMsxXuPFX3LhQxK24829M21lo64GEwzn3kNzjhpxJZZrfRmZmdm5+IbuYW1peWV3Lr2/UZBAJQqsk4IFouFhSznxaVUxx2ggFxZ7Lad3tXw39+gMVkgX+nRqEtOXhrs86jGClJSd/UAd7Hy6GF4DdwypuJPaNzrexo+l9CWAPoO7ER4elBJx8wSyaI8A0sVJSQCkqTv7Lbgck8qivCMdSNi0zVK0YC8UIp0nOjiQNMenjLm1q6mOPylY8WiuBHa20oRMIfXwFI/V3IsaelAPP1ZMeVj056Q3F/7xmpDrnrZj5YaSoT8YPdSIOKoBhR9BmghLFB5pgIpj+K5AeFpgo3WROl2BNrjxNaqWidVo8uT0ulC/TOrJoC22jXWShM1RG16iCqoigR/SMXtGb8WS8GO/Gx3g0Y6SZTfQHxucPM0mbrQ==</latexit>

W = X̂⇤2
X +W3/2

We thus effectively end up with the  Polonyi model,  with the difference that the constant term in the 
superpotential is dynamically generated by EH instantons an in addition there is a composite gravitino 
multiplet.    For 

<latexit sha1_base64="2XnpbkIPIA4/4S3Y0hRHYb/Ob5s=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiuKpJ62tZdONGqGAf0MYwmU7aoZMHMxOhhGz8FTcuFHHrZ7jzb5y2WWjrgQuHc+7l3nu8mDOpLOvbWFhcWl5ZLawV1zc2t7bNnd2mjBJBaINEPBJtD0vKWUgbiilO27GgOPA4bXnD67HfeqRCsii8V6OYOgHuh8xnBCstueY+0mi5afWkkiHU5RzduvWHKnLNklW2JkDzxM5JCXLUXfOr24tIEtBQEY6l7NhWrJwUC8UIp1mxm0gaYzLEfdrRNMQBlU46eSBDR1rpIT8SukKFJurviRQHUo4CT3cGWA3krDcW//M6ifIvnZSFcaJoSKaL/IQjFaFxGqjHBCWKjzTBRDB9KyIDLDBROrOiDsGefXmeNCtl+7x8dndaql3lcRTgAA7hGGy4gBrcQB0aQCCDZ3iFN+PJeDHejY9p64KRz+zBHxifPzUZk54=</latexit>

W3/2 ⌧ M3
P

the Minkowski vacuum is achieved similarly to Polonyi case.   SUSY  is broken by the F-term of X, 

and the R-axion is coming mostly from the phase  of X with small admixture from .


  This is very similar to Peccei-Quiinn in QCD,  where hidden axion has a small admixture from  .
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Some remarks on phenomenology/cosmology: 

The gauge axion UV-completes in gravity.  In this setup, the axion experiments  (MADMAX, IAXO,  
FLASH, ADMX, HAYSTAC, CULTASK, ALPS-II, ...) represent  probes of the scale of QEFT cutoff of 
gravity. 

<latexit sha1_base64="EljQOWwot5D1x6Imz2OcZkB/pUM=">AAACAHicbVDLSsNAFJ3UV42vqAsXbgaL4Kok4msjFN24rGAf0IQymU7boZNJmLkRSsjGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r0nTATX4LrfVmlpeWV1rbxub2xube84u3tNHaeKsgaNRazaIdFMcMkawEGwdqIYiULBWuHoduK3HpnSPJYPME5YEJGB5H1OCRip6xxgbNsYYz8kKvNhyIDk+Bq7XafiVt0p8CLxClJBBepd58vvxTSNmAQqiNYdz00gyIgCTgXLbT/VLCF0RAasY6gkEdNBNn0gx8dG6eF+rExJwFP190RGIq3HUWg6IwJDPe9NxP+8Tgr9qyDjMkmBSTpb1E8FhhhP0sA9rhgFMTaEUMXNrZgOiSIUTGa2CcGbf3mRNE+r3kX1/P6sUrsp4iijQ3SETpCHLlEN3aE6aiCKcvSMXtGb9WS9WO/Wx6y1ZBUz++gPrM8fuq2T9w==</latexit>

✓̄ = 0Prediction of the gauge axion:

Any observation of EDMN will be a signature of BSM physics.

  The QCD axion scale   (and therefore the mass                            )  is unknown.  

 For gauge axion version of QCD axion, we know it is the scale of quantum gravity, but the 
value is unknown.  

 For gravitational axion, we know the scale very well: 

<latexit sha1_base64="Z8lzyFiUma5MP9fCpJVLdp+GAX0=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZPiayMU3bhwUcE+oI3hZjJph04ezEyEGoq/4saFIm79D3f+jdM2C209MHA45x7uneMlnEllWd/G3PzC4tJyYaW4ura+sWlubTdknApC6yTmsWh5IClnEa0rpjhtJYJC6HHa9PpXI7/5QIVkcXSnBgl1QuhGLGAElJZcc7cYuoAvcOdGZ3y4rxwFLrhmySpbY+BZYuekhHLUXPOr48ckDWmkCAcp27aVKCcDoRjhdFjspJImQPrQpW1NIwipdLLx9UN8oBUfB7HQL1J4rP5OZBBKOQg9PRmC6slpbyT+57VTFZw7GYuSVNGITBYFKccqxqMqsM8EJYoPNAEimL4Vkx4IIEoXVtQl2NNfniWNStk+LZ/cHpeql3kdBbSH9tEhstEZqqJrVEN1RNAjekav6M14Ml6Md+NjMjpn5Jkd9AfG5w8L/pOz</latexit>

ma = ⇤2/fa

but not the mass.  However, it is directly linked  with the scale of SUSY-breaking. 

<latexit sha1_base64="pTUD8U0NMUbT13lmB2WHzEFAVj4=">AAAB8XicbVDLSgMxFL1TX3V8VV26CRbBVZkRXxuh6MaNUME+sB1KJs20oUlmSDJCGfoXblwo4ta/ceffmLaz0NYDgcM555J7T5hwpo3nfTuFpeWV1bXiuruxubW9U9rda+g4VYTWScxj1QqxppxJWjfMcNpKFMUi5LQZDm8mfvOJKs1i+WBGCQ0E7ksWMYKNlR7dqIvRFbrr1rqlslfxpkCLxM9JGXLY/FenF5NUUGkIx1q3fS8xQYaVYYTTsdtJNU0wGeI+bVsqsaA6yKYbj9GRVXooipV90qCp+nsiw0LrkQhtUmAz0PPeRPzPa6cmugwyJpPUUElmH0UpRyZGk/NRjylKDB9ZgolidldEBlhhYmxJri3Bnz95kTROKv555ez+tFy9zusowgEcwjH4cAFVuIUa1IGAhGd4hTdHOy/Ou/MxixacfGYf/sD5/AGTqo+R</latexit>
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Axion (both QCD and gravitational R-axion)  is a great candidate for dark matter, since the 
energy density  of its coherent  oscillations redshift as matter. 


Notice that the ``standard"  cosmological constraints on the 

 scale of QCD axion  


 (Preskill, Wise and F. Wilczek '83;  Abbott and P. Sikivie, '83; 

 Dine and W. Fischler '83) are not robust: 


The axion likely has learned about its minimum way before the 

   QCD phase transition. Within the inflationary cosmology (but not only) 

   this is generic. This liberates the QCD axion scale from cosmological 

   constraints.  


 (G.D., '95; for recent review of this mechanism, see  Koutsangelas '22, and references 
therein) 
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fa < 1012GeV

The QCD quark condensate generically winds arounds  axionic domain  walls and strings (G.D., Komisel, 
Stuhlfauth '25).  The  pion and      string-walls of purely QCD condensate can also exist. 

 Defects of QCD quark condensate can entirely dominate the    -vacuum  cosmology in the epoch 

of early strong QCD. 
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⌘0
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Summary: 

   Three different axions exist in nature, one per each gauge sector:

 

    1) the  axion (of exact quality) in QCD; 

  

    2) the         -meson in weak-interaction sector; 


    3) the  spin-3/2 fermion (gravitino) in gravity itself. 


<latexit sha1_base64="0pntuMsUPT+fNlW0uhK8aU5p/YE=">AAAB+3icbVDLSsNAFJ3UV42vWJduBovgqiTia1l047KCfUATwmQ6aYfOTMLMRC0hv+LGhSJu/RF3/o3TNgttPXDhcM693HtPlDKqtOt+W5WV1bX1jeqmvbW9s7vn7Nc6KskkJm2csET2IqQIo4K0NdWM9FJJEI8Y6Ubjm6nffSBS0UTc60lKAo6GgsYUI22k0KlBGxr4RKMw9yWHj0Xo1N2GOwNcJl5J6qBEK3S+/EGCM06Exgwp1ffcVAc5kppiRgrbzxRJER6jIekbKhAnKshntxfw2CgDGCfSlNBwpv6eyBFXasIj08mRHqlFbyr+5/UzHV8FORVpponA80VxxqBO4DQIOKCSYM0mhiAsqbkV4hGSCGsTl21C8BZfXiad04Z30Ti/O6s3r8s4quAQHIET4IFL0AS3oAXaAIMn8AxewZtVWC/Wu/Uxb61Y5cwB+APr8wd3N5LS</latexit>⌘w

All we need is to find them!



45

Minkowski criterion  has far reaching consequences: 

The Dark Energy cannot be a cosmological constant. It must change in time with the equation of 
state:                          

w > -1

 Thus, there must exist new physics at (or beyond) the Hubble scale. 

 

 Minkowski criterion of gravity is incompatible with     -vacua. In each gauge sector there must exist a 
particle that eliminates it: 

  

    1) the axion (of exact quality) in QCD (G.D., Gomez, Zell, '18; G.D., '22); 

  

    2) the         -meson in weak-interaction sector (G.D., Kobakhidze, Sakhelashvili  2408.07535 [hep-th]); 


    3) the  spin-3/2 fermion (gravitino) in gravity itself (G.D., Kobakhidze, Sakhelashvili  2406.18402 [hep-th]). 
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  Summary and Outlook:  


1)      -meson of QCD  is axion, albeit of poor-quality.  Its mass represent the experimental proof of the       
-vacua.        


 2) There exists a pure gauge formulation of axion (without need of global symmetry) which is of exact 
quality.


 3)   Universal  relation:   Vanishing of TSV = existence of a pseudoscalar


 4)  Applied to    -vacuum of  GR generated by Eguchi-Hanson instantons,  the  presence of a spin-3/2 
particle is inevitable. This justifies supersymmetry. Moreover, SUSY must be in the super-Higgs 

phase.  


  5) Analogously, the   topological structure of the electroweak vacuum, demands the existence of a 

new particle, -meson, which gets its mass from the toplogical susceptibility.   
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  Gravity brings a whole new dimension to vacuum physics due to the Minkowski criterion. 
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Minkowski criterion  has far reaching consequences: 

The Dark Energy cannot be a cosmological constant. It must change in time with the equation of 
state:                          

w > -1

 Thus, there must exist new physics at (or beyond) the Hubble scale. 

 

 Minkowski criterion of gravity is incompatible with     -vacua. In each gauge sector there must exist a 
particle that eliminates it: 

  

    1) the axion (of exact quality) in QCD (G.D., Gomez, Zell, '18; G.D., '22); 

  

    2) the         -meson in weak-interaction sector (G.D., Kobakhidze, Sakhelashvili  2408.07535 [hep-th]); 


    3) the  spin-3/2 fermion (gravitino) in gravity itself (G.D., Kobakhidze, Sakhelashvili  2406.18402 [hep-th]). 
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Notice that the arguments showing the presence of 
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a hypothetical explicit breaking of  B+L symmetry by high-dimensional operators, e.g., 

Moreover, completely independently, gravity only strengthens the arguments in favor of 

 Various consistency arguments indicate that the proper formulation of gravity demands the 

absence of       -vacua in each gauge sector (G.D., Gomez, Zell, '18; G.D., '22)


  In particular, this necessitates the existence of the following particles: 

    1) the axion (of exact quality) in QCD;   

    2) the         -meson in weak-interaction sector (G.D., Kobakhidze, Sakhelashvili  2408.07535 [hep-th]); 

    3) the  spin-3/2 fermion (gravitino) in gravity itself  (G.D., Kobakhidze, Sakhelashvili  2406.18402 [hep-th]). 
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 We predict that the Standard Model is accompanied by a new pseudo-scalar,         -meson, that is 
sourced by  B+L current and gets its mass from the topological susceptibility of the electroweak 
vacuum.  
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