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Chiral Symmetry in Large Magnetic Fields

Motivation:

• Record-breaking surface magnetic field of magnetar                                                                                                                
Fields of neutron star interiors conjectured >> surface                           

• Non-central heavy ion collisions produce magnetic fields                      RHIC                          LHC

[ Kong, et al., Astrophys. J. Lett. 933 (2022) ]
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[ Skokov, Illarionov, Toneev, Int. J. Mod. Phys. A 24 (2009) ]

… Experiments starting to probe imprints of EM-fields on charged particles emitted in HICs 
[ STAR Collab., Phys. Rev. X 14 (2024) ]

QGP
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Strong interaction modified

<latexit sha1_base64="ooHNcO7iD+v7fsWCpzMEvrC7rOg=">AAACHHicbVDLSgNBEJz1GeMr6tHLYBA8yLKbSPQYUNCLoGCikF3D7KRjhsw+mOmVhCUf4sVf8eJBES8eBP/G2ZiDr4KGoqqb7q4gkUKj43xYU9Mzs3PzhYXi4tLyymppbb2p41RxaPBYxuoqYBqkiKCBAiVcJQpYGEi4DPqHuX95C0qLOLrAYQJ+yG4i0RWcoZHapapr16iHIgRNXec6c6sj6u3SY+qxJFHxgDp2NRc8hAFmp9AcXVfapbJjO2PQv8SdkDKZ4KxdevM6MU9DiJBLpnXLdRL0M6ZQcAmjopdqSBjvsxtoGRoxc42fjZ8b0W2jdGg3VqYipGP1+0TGQq2HYWA6Q4Y9/dvLxf+8VordAz8TUZIiRPxrUTeVFGOaJ0U7QgFHOTSEcSXMrZT3mGIcTZ5FE4L7++W/pFmx3ZpdO98r148mcRTIJtkiO8Ql+6ROTsgZaRBO7sgDeSLP1r31aL1Yr1+tU9ZkZoP8gPX+CUJmnnM=</latexit>

1.6⇥ 1013 G ⇡ 0.3MeV2



Chiral Symmetry and Large Magnetic Fields

Overview

QCD + B:  Models (NJL, …) useful for intuition, 
but lattice QCD can address: spectrum, phases 

Chiral Perturbation Theory                        
provides constraints (low-energy theorems)

• Systematic inclusion of external magnetic fields 

• Magnetic masses (confront NJL model) 

• Pion axial and vector transitions (confront models & lattice) 

• Finite-volume effects (confront lattice artifacts) 
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Chiral Perturbation Theory and Large Magnetic Fields

• Pattern of spontaneous and explicit chiral symmetry breaking modified:
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<latexit sha1_base64="vBEsO/LXY5uzuR8VGlwKMaKwjIw=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU8kWqe1BKOrBYwW3LbRLyabZNjSbXZKsUJb+Bi8eFPHqD/LmvzH9EFT0wcDjvRlm5gWJ4Npg/OHkVlbX1jfym4Wt7Z3dveL+QUvHqaLMo7GIVScgmgkumWe4EayTKEaiQLB2ML6a+e17pjSP5Z2ZJMyPyFDykFNirORdoguE+8USLmOLahXNiFvDriX1eq1SqSN3bmFcgiWa/eJ7bxDTNGLSUEG07ro4MX5GlOFUsGmhl2qWEDomQ9a1VJKIaT+bHztFJ1YZoDBWtqRBc/X7REYirSdRYDsjYkb6tzcT//K6qQlrfsZlkhom6WJRmApkYjT7HA24YtSIiSWEKm5vRXREFKHG5lOwIXx9iv4nrUrZrZart2elxvUyjjwcwTGcggvn0IAbaIIHFDg8wBM8O9J5dF6c10VrzlnOHMIPOG+fi8KN5Q==</latexit>

B = 0

<latexit sha1_base64="vyxB328MHcxvapNkfpsWr4GTZR0=">AAAB73icdVBNSwMxEM36WetX1aOXYBE8lWyRtb0V9eCxgv2AdinZdLYNzWa3SVYopX/CiwdFvPp3vPlvzLYVVPTBwOO9GWbmBYng2hDy4aysrq1vbOa28ts7u3v7hYPDpo5TxaDBYhGrdkA1CC6hYbgR0E4U0CgQ0ApGV5nfugeleSzvzCQBP6IDyUPOqLFS+xJ3JYwx6RWKpEQsPA9nxK0Q15JqtVIuV7E7twgpoiXqvcJ7tx+zNAJpmKBad1ySGH9KleFMwCzfTTUklI3oADqWShqB9qfze2f41Cp9HMbKljR4rn6fmNJI60kU2M6ImqH+7WXiX14nNWHFn3KZpAYkWywKU4FNjLPncZ8rYEZMLKFMcXsrZkOqKDM2orwN4etT/D9plkuuV/Juz4u162UcOXSMTtAZctEFqqEbVEcNxJBAD+gJPTtj59F5cV4XrSvOcuYI/YDz9gkbBo9m</latexit>

B 6= 0

<latexit sha1_base64="8wIl0AWXIn6Zl5twfiWEZrxhGCg="></latexit>

SO(3, 1) �! SO(2)⇥ SO(1, 1)
<latexit sha1_base64="/IOS9WqCfIXeZUVAoQkJBcrVQIY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WNBDx4rmLbQhrLZTtqlm82yuxFK6G/w4kERr/4gb/4bt20OWn0w8Hhvhpl5keRMG8/7ckpr6xubW+Xtys7u3v5B9fCordNMUQxoylPVjYhGzgQGhhmOXamQJBHHTjS5mfudR1SapeLBTCWGCRkJFjNKjJWCvkQlB9WaV/cWcP8SvyA1KNAaVD/7w5RmCQpDOdG653vShDlRhlGOs0o/0ygJnZAR9iwVJEEd5otjZ+6ZVYZunCpbwrgL9edEThKtp0lkOxNixnrVm4v/eb3MxNdhzoTMDAq6XBRn3DWpO//cHTKF1PCpJYQqZm916ZgoQo3Np2JD8Fdf/kvaF3W/UW/cX9aat0UcZTiBUzgHH66gCXfQggAoMHiCF3h1hPPsvDnvy9aSU8wcwy84H9/xFo7M</latexit>?

<latexit sha1_base64="OEEdGh+Xbr9xe6WcZHNydzaZyN4=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCHjxWsB/ShrLZTtqlu0nY3Qgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBY+wabgR2EkUUhkIbAfjm5nffkKleRw9mEmCvqTDiIecUWOlx15CFRUCRb9ccavuHGSVeDmpQI5Gv/zVG8QslRgZJqjWXc9NjJ9RZTgTOC31Uo0JZWM6xK6lEZWo/Wx+8JScWWVAwljZigyZq78nMiq1nsjAdkpqRnrZm4n/ed3UhNd+xqMkNRixxaIwFcTEZPY9GXCFzIiJJZQpbm8lbGQjYMZmVLIheMsvr5LWRdWrVWv3l5X6bR5HEU7gFM7Bgyuowx00oAkMJDzDK7w5ynlx3p2PRWvByWeO4Q+czx/20JCK</latexit>

k

<latexit sha1_base64="hcJsrgFmoAVVkhC+9PbO/2KcCpY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiHjxWsLbQhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjJx2nimGTxSJW7YBqFFxi03AjsJ0opFEgsBWMbmd+a4xK81g+mkmCfkQHkoecUWOlVneMLLuZ9soVt+rOQVaJl5MK5Gj0yl/dfszSCKVhgmrd8dzE+BlVhjOB01I31ZhQNqID7FgqaYTaz+bnTsmZVfokjJUtachc/T2R0UjrSRTYzoiaoV72ZuJ/Xic14bWfcZmkBiVbLApTQUxMZr+TPlfIjJhYQpni9lbChlRRZmxCJRuCt/zyKnm6qHq1au3hslK/y+Mowgmcwjl4cAV1uIcGNIHBCJ7hFd6cxHlx3p2PRWvByWeO4Q+czx9kAY+h</latexit>

~B

• Effective theory of low-energy QCD

• Power counting needed for renormalization

• Allows for magnetic fields
<latexit sha1_base64="aaRTr5Mx4MHbndGfkgTpxM6Dz7o=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5oUqS6LunBZwT6giWEynbRDZyZhZiLUUPwVNy4Ucet/uPNvnLZZaOuBC4dz7uXee8KEUaUd59sqLC2vrK4V10sbm1vbO/buXkvFqcSkiWMWy06IFGFUkKammpFOIgniISPtcHg18dsPRCoaizs9SojPUV/QiGKkjRTYBwRewlPIAy+h91XoKcqhG9hlp+JMAReJm5MyyNEI7C+vF+OUE6ExQ0p1XSfRfoakppiRcclLFUkQHqI+6RoqECfKz6bXj+GxUXowiqUpoeFU/T2RIa7UiIemkyM9UPPeRPzP66Y6uvAzKpJUE4Fni6KUQR3DSRSwRyXBmo0MQVhScyvEAyQR1iawkgnBnX95kbSqFbdWqd2elevXeRxFcAiOwAlwwTmogxvQAE2AwSN4Bq/gzXqyXqx362PWWrDymX3wB9bnD4Q+k10=</latexit>

eB/m2
⇡ ⇠ 1

• Leading-order charged pion propagator…

… can be solved in closed form for uniform B, e.g.

<latexit sha1_base64="MUBGjUESz7co0Y0Eib9chu0XOvc="></latexit>

p2 ⇠ m2
⇡ ⇠ eB ⌧ (4⇡F )2 ⇡ 1.1GeV2



Magnetic Masses of Pions in Chiral Perturbation Theory

• Neutral pion magnetic mass [ Tiburzi, Nucl. Phys. A 814 (2008) ]

Chiral correction treated to all orders
<latexit sha1_base64="CVqGPDCBvDj9EOA4RWFwehZwHy4=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZOqte6KunBZwT4gjWUynbRDZzJhZiKU0M9w40IRt36NO//GaRpBRQ9cOJxzL/feE8SMKu04H1ZhYXFpeaW4Wlpb39jcKm/vtJVIJCYtLJiQ3QApwmhEWppqRrqxJIgHjHSC8eXM79wTqaiIbvUkJj5Hw4iGFCNtJI/AiyPe78X0rtovVxz71HHPa8fQsZ0MGam71Tp0c6UCcjT75ffeQOCEk0hjhpTyXCfWfoqkppiRaamXKBIjPEZD4hkaIU6Un2YnT+GBUQYwFNJUpGGmfp9IEVdqwgPTyZEeqd/eTPzL8xId1v2URnGiSYTni8KEQS3g7H84oJJgzSaGICypuRXiEZIIa5NSyYTw9Sn8n7SrtluzazcnlcZVHkcR7IF9cAhccAYa4Bo0QQtgIMADeALPlrYerRfrdd5asPKZXfAD1tsnTd2Qpw==</latexit>

eB/m2
⇡

• Small-field limit
<latexit sha1_base64="4M8hBLYl8Ocbm+yAAjGYG/F9Oc4="></latexit>

m⇡0(B) = m⇡ � 1

2
�MB2 + · · ·

• NJL Model implies [ Coppola, Gómez Dumm, Scoccola, Phys, Lett. B 782 (2018) ]

magnetic polarizability

<latexit sha1_base64="2ojSkex/7/3U1Az9d1sC5h+4Sjg=">AAACEnicbVC7SgNBFJ2Nrxhfq5Y2g0FImrAbQrQRAorYCBHMA7JxmZ3cTYbMPpiZFcKSb7DxV2wsFLG1svNvnDwKTTxwuYdz7mXmHi/mTCrL+jYyK6tr6xvZzdzW9s7unrl/0JRRIig0aMQj0faIBM5CaCimOLRjASTwOLS84cXEbz2AkCwK79Qohm5A+iHzGSVKS65ZdDxQxL3B59jxBaEp3JfHaRUHrhMzXKjgSbsqatE181bJmgIvE3tO8miOumt+Ob2IJgGEinIiZce2YtVNiVCMchjnnERCTOiQ9KGjaUgCkN10etIYn2ilh/1I6AoVnqq/N1ISSDkKPD0ZEDWQi95E/M/rJMo/66YsjBMFIZ095CccqwhP8sE9JoAqPtKEUMH0XzEdEJ2M0inmdAj24snLpFku2dVS9baSr13O48iiI3SMCshGp6iGrlEdNRBFj+gZvaI348l4Md6Nj9loxpjvHKI/MD5/AKwom5c=</latexit>

�M =
e2

6m⇡(4⇡F )2

<latexit sha1_base64="TW5NOlqcdeyayXzh8HxZ9Y9GLWU="></latexit>

(�M )NJL/�M = (F/M)2
20/9

�I2(⇤,M)
⇡ 1

3

<latexit sha1_base64="lPOqX2A/RO7PLHfiUqytciC2YCs="></latexit>

m2
⇡0(B) = m2

⇡


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2eB

(4⇡F )2
log�

✓
1

2
+

m2
⇡

2eB

◆
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Magnetic Masses of Pions in Chiral Perturbation Theory

• Neutral pion magnetic mass [ Tiburzi, Nucl. Phys. A 814 (2008) ]

Chiral correction treated to all orders
<latexit sha1_base64="CVqGPDCBvDj9EOA4RWFwehZwHy4=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZOqte6KunBZwT4gjWUynbRDZzJhZiKU0M9w40IRt36NO//GaRpBRQ9cOJxzL/feE8SMKu04H1ZhYXFpeaW4Wlpb39jcKm/vtJVIJCYtLJiQ3QApwmhEWppqRrqxJIgHjHSC8eXM79wTqaiIbvUkJj5Hw4iGFCNtJI/AiyPe78X0rtovVxz71HHPa8fQsZ0MGam71Tp0c6UCcjT75ffeQOCEk0hjhpTyXCfWfoqkppiRaamXKBIjPEZD4hkaIU6Un2YnT+GBUQYwFNJUpGGmfp9IEVdqwgPTyZEeqd/eTPzL8xId1v2URnGiSYTni8KEQS3g7H84oJJgzSaGICypuRXiEZIIa5NSyYTw9Sn8n7SrtluzazcnlcZVHkcR7IF9cAhccAYa4Bo0QQtgIMADeALPlrYerRfrdd5asPKZXfAD1tsnTd2Qpw==</latexit>

eB/m2
⇡

• Small-field limit
<latexit sha1_base64="4M8hBLYl8Ocbm+yAAjGYG/F9Oc4="></latexit>

m⇡0(B) = m⇡ � 1

2
�MB2 + · · ·

<latexit sha1_base64="2ojSkex/7/3U1Az9d1sC5h+4Sjg=">AAACEnicbVC7SgNBFJ2Nrxhfq5Y2g0FImrAbQrQRAorYCBHMA7JxmZ3cTYbMPpiZFcKSb7DxV2wsFLG1svNvnDwKTTxwuYdz7mXmHi/mTCrL+jYyK6tr6xvZzdzW9s7unrl/0JRRIig0aMQj0faIBM5CaCimOLRjASTwOLS84cXEbz2AkCwK79Qohm5A+iHzGSVKS65ZdDxQxL3B59jxBaEp3JfHaRUHrhMzXKjgSbsqatE181bJmgIvE3tO8miOumt+Ob2IJgGEinIiZce2YtVNiVCMchjnnERCTOiQ9KGjaUgCkN10etIYn2ilh/1I6AoVnqq/N1ISSDkKPD0ZEDWQi95E/M/rJMo/66YsjBMFIZ095CccqwhP8sE9JoAqPtKEUMH0XzEdEJ2M0inmdAj24snLpFku2dVS9baSr13O48iiI3SMCshGp6iGrlEdNRBFj+gZvaI348l4Md6Nj9loxpjvHKI/MD5/AKwom5c=</latexit>

�M =
e2

6m⇡(4⇡F )2

• NJL Model implies [ Coppola, Gómez Dumm, Scoccola, Phys, Lett. B 782 (2018) ]
<latexit sha1_base64="TW5NOlqcdeyayXzh8HxZ9Y9GLWU="></latexit>

(�M )NJL/�M = (F/M)2
20/9

�I2(⇤,M)
⇡ 1

3

• Charged pion magnetic mass @NLO

In net, only neutral pion loops contribute

<latexit sha1_base64="5uiAZ5r9laGUO+o2PMkOpFSoz6M=">AAACBnicbVDLSgMxFM34rPU16lKEYBFcDTMi1Y1Q0IXLCvYBnaFk0rQNzWNIMkIZunLjr7hxoYhbv8Gdf2OmnYW2HggczrmHm3vihFFtfP/bWVpeWV1bL22UN7e2d3bdvf2mlqnCpIElk6odI00YFaRhqGGknSiCeMxIKx5d537rgShNpbg344REHA0E7VOMjJW67lEorZ2ns5AwNoFXMPB8GCYc+l7QdSu+508BF0lQkAooUO+6X2FP4pQTYTBDWncCPzFRhpShmJFJOUw1SRAeoQHpWCoQJzrKpmdM4IlVerAvlX3CwKn6O5EhrvWYx3aSIzPU814u/ud1UtO/jDIqktQQgWeL+imDRsK8E9ijimDDxpYgrKj9K8RDpBA2trmyLSGYP3mRNM+8oOpV784rtZuijhI4BMfgFATgAtTALaiDBsDgETyDV/DmPDkvzrvzMRtdcorMAfgD5/MHjumXPw==</latexit>

` = 1.0± 0.1

<latexit sha1_base64="g4AiSAN/Atba3+8eXQZHtTXspUA="></latexit>

L4 � hU †Fµ⌫UFµ⌫i

<latexit sha1_base64="lPOqX2A/RO7PLHfiUqytciC2YCs="></latexit>

m2
⇡0(B) = m2

⇡


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2eB

(4⇡F )2
log�
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�

<latexit sha1_base64="QaalTJ/fIa5Vd7KSKz6rXp6TMZg="></latexit>

�M = � e2 `

m⇡(4⇡F )2

<latexit sha1_base64="+DYY45CS9X0SsT4OLfarLkQZWfE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCHjxWsB/QhrLZTtqlm03Y3Ygl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkSleSwfzCRBP6JDyUPOqLFSu4dPdofulytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzc+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjMficDrpAZMbGEMsXtrYSNqKLM2IRKNgRv+eVV0rqoerVq7f6yUr/N4yjCCZzCOXhwBXW4gwY0gcEYnuEV3pzEeXHenY9Fa8HJZ47hD5zPH6DMj8k=</latexit>

9 local operators @NLO, e.g.

magnetic polarizability

<latexit sha1_base64="lLxMRqhyvHh7diIBrnXI3aJqdu0=">AAACIXicbZDLSgMxFIYz9V5vVZdugkWoiGWmSHUjlKrgUsHWQi9DJj1tQzOZkGSEMvRV3Pgqblwo4k58GdMLqNUfAl/+cw7J+QPJmTau++Gk5uYXFpeWV9Kra+sbm5mt7aqOYkWhQiMeqVpANHAmoGKY4VCTCkgYcLgL+uej+t09KM0icWsGEpoh6QrWYZQYa/mZ00s/aUjWOhq2CvgMh9+3XPkAH+JcQRx6BxjKlmWr4DckUYRz4H4m6+bdsfBf8KaQRVNd+5n3RjuicQjCUE60rnuuNM2EKMMoh2G6EWuQhPZJF+oWBQlBN5PxhkO8b5027kTKHmHw2P05kZBQ60EY2M6QmJ6erY3M/2r12HROmwkTMjYg6OShTsyxifAoLtxmCqjhAwuEKmb/imnPRkCNDTVtQ/BmV/4L1ULeK+aLN8fZ0sU0jmW0i/ZQDnnoBJXQFbpGFUTRA3pCL+jVeXSenTfnfdKacqYzO+iXnM8vSMmf6g==</latexit>

E2
⇡� = m2

⇡�(B) + (2n+ 1)eB + p2k

<latexit sha1_base64="N0BNgpj4gZKN6+2DncHOD9a1g2A="></latexit>

m2
⇡� = m2

⇡ + `

✓
eB

4⇡F

◆2

<latexit sha1_base64="z+HWw4OzF6JmjueaplOP9FSKRVw="></latexit>

(�NJL) /�M = (F/M)2
17/27

�I2(⇤,M)
⇡ � 1

10



Axial-Vector and Vector Pion Transition Matrix Elements
• Motivated by pioneering lattice QCD study of weak pion decay in B

[ Bali, et al., Phys. Rev. Lett. 121 (2018) ]

• General parameterization of transition matrix elements
[ Coppola, et al., Phys. Rev. D 99 (2019) ] 

<latexit sha1_base64="AqWOYMKZ+bVtSCgQpctTMNQanxY=">AAACEXicbVDLSgMxFM3UV62vUZdugkWooGVGpLosKOiygn1Ap5ZMetuGJpkhyQhl6C+48VfcuFDErTt3/o3pY6HVA4HDufckOSeMOdPG876czMLi0vJKdjW3tr6xueVu79R0lCgKVRrxSDVCooEzCVXDDIdGrICIkEM9HFyM5/V7UJpF8tYMY2gJ0pOsyygxVmq7heCKCEEKQczujnFgIgw4OMJBZE3jO9NAJqM24MO2m/eK3gT4L/FnJI9mqLTdz6AT0USANJQTrZu+F5tWSpRhlMMoFyQaYkIHpAdNSyURoFvpJNEIH1ilg7uRskcaPFF/OlIitB6K0G4KYvp6fjYW/5s1E9M9b6VMxokBSacPdROObfBxPbjDFFDDh5YQqpj9K6Z9ogg1tsScLcGfj/yX1E6KfqlYujnNly9ndWTRHtpHBeSjM1RG16iCqoiiB/SEXtCr8+g8O2/O+3Q148w8u+gXnI9vWEucHw==</latexit>

�(⇡� ! e ⌫e)

<latexit sha1_base64="XmUdZmY8zq/Ei0Gw7HRnqOccQZQ=">AAACFXicbVBLSwMxGMzWV62vVY9egkWoUMuuSPVYUNBjBfuAppZsmrahSXZJskJZ+ie8+Fe8eFDEq+DNf2O27UFbBwLDfN8kmQkizrTxvG8ns7S8srqWXc9tbG5t77i7e3UdxorQGgl5qJoB1pQzSWuGGU6bkaJYBJw2guFlOm88UKVZKO/MKKJtgfuS9RjBxkodt4iusRC4gCJ2fwKRCSESMURFiEJrS29NkIzHnVQ97rh5r+RNABeJPyN5MEO1436hbkhiQaUhHGvd8r3ItBOsDCOcjnMo1jTCZIj7tGWpxILqdjJJNYZHVunCXqjskQZO1N+OBAutRyKwmwKbgZ6fpeJ/s1ZsehfthMkoNlSS6UO9mEMbPq0IdpmixPCRJZgoZv8KyQArTIwtMmdL8OcjL5L6ackvl8q3Z/nK1ayOLDgAh6AAfHAOKuAGVEENEPAInsEreHOenBfn3fmYrmacmWcf/IHz+QO9gp35</latexit>

�(⇡� ! µ ⌫µ) = larger that B=0 width, due to available energy
= now same order of magnitude, due to overcoming helicity suppression

[ Adhikari & Tiburzi, arXiv:2406.00818 ]

Qualitative agreement 

<latexit sha1_base64="iyCnw37W1wwKQYXOUplbOH01XTg="></latexit>

Jµ�
A = �

h
F (A1)
⇡� Dµ + ieF (A2)

⇡� Fµ⌫D⌫ + e2F (A3)
⇡� Fµ⌫F⌫↵D

↵
i
⇡�

In chiral perturbation theory

survives B=0 requires NNLO

<latexit sha1_base64="vY5/cemigaOQONlMwXxWnV5qIuk="></latexit>

Jµ�
A = �F⇡ @

µ⇡�

Compare with B=0

local operators @NLO 
same as mass due to chiral symmetry  

<latexit sha1_base64="5uiAZ5r9laGUO+o2PMkOpFSoz6M=">AAACBnicbVDLSgMxFM34rPU16lKEYBFcDTMi1Y1Q0IXLCvYBnaFk0rQNzWNIMkIZunLjr7hxoYhbv8Gdf2OmnYW2HggczrmHm3vihFFtfP/bWVpeWV1bL22UN7e2d3bdvf2mlqnCpIElk6odI00YFaRhqGGknSiCeMxIKx5d537rgShNpbg344REHA0E7VOMjJW67lEorZ2ns5AwNoFXMPB8GCYc+l7QdSu+508BF0lQkAooUO+6X2FP4pQTYTBDWncCPzFRhpShmJFJOUw1SRAeoQHpWCoQJzrKpmdM4IlVerAvlX3CwKn6O5EhrvWYx3aSIzPU814u/ud1UtO/jDIqktQQgWeL+imDRsK8E9ijimDDxpYgrKj9K8RDpBA2trmyLSGYP3mRNM+8oOpV784rtZuijhI4BMfgFATgAtTALaiDBsDgETyDV/DmPDkvzrvzMRtdcorMAfgD5/MHjumXPw==</latexit>

` = 1.0± 0.1

[ Coppola, et al., Phys. Rev. D 100 (2019) ] 

NJL Model Study

<latexit sha1_base64="bYjYKpfFnCErVyVgahOIddsn/G4="></latexit>⇣
F (A2)
⇡�

⌘

NJL

.
F (A2)
⇡� ⇡ 2

Inconsistent with pion mass!

<latexit sha1_base64="jtcoAV6EDeCyjihcSWb4Y6PS7v8="></latexit>

F (A2)
⇡� =

`
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Axial-Vector and Vector Pion Transition Matrix Elements
[ Adhikari & Tiburzi, arXiv:2406.00818 ]
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In chiral perturbation theory Compare with B=0

[ Bali, et al., Phys. Rev. Lett. 121 (2018) ]
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Axial-Vector and Vector Pion Transition Matrix Elements

[ Bali, et al., Phys. Rev. Lett. 121 (2018) ]

[ Adhikari & Tiburzi, arXiv:2406.00818 ]
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Single-pion vector and axial-vector currents

Lattice Data

Compare with B=0
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Chiral anomaly is the source

[ Coppola, et al., Phys. Rev. D 100 (2019) ] 
Inferred from NJL model

ChPT w/ WZW term
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m⇡ = 415 MeV
: fully dynamical,  

<latexit sha1_base64="Ex03cRmMBfIe0nTERHb9NLtkXD0=">AAACBHicbVDJSgNBEO2JW4xb1GMujUHwIGHGJXoRAnrwIkQwC2RC6OlUkiY9C901Yhhy8OKvePGgiFc/wpt/Y2c5aOKDgsd7VVTV8yIpNNr2t5VaWFxaXkmvZtbWNza3sts7VR3GikOFhzJUdY9pkCKACgqUUI8UMN+TUPP6lyO/dg9KizC4w0EETZ91A9ERnKGRWtmc33IjQS+oc3xK3UPqIjwgYnID1WErm7cL9hh0njhTkidTlFvZL7cd8tiHALlkWjccO8JmwhQKLmGYcWMNEeN91oWGoQHzQTeT8RNDum+UNu2EylSAdKz+nkiYr/XA90ynz7CnZ72R+J/XiLFz3kxEEMUIAZ8s6sSSYkhHidC2UMBRDgxhXAlzK+U9phhHk1vGhODMvjxPqkcFp1go3p7kS1fTONIkR/bIAXHIGSmRa1ImFcLJI3kmr+TNerJerHfrY9KasqYzu+QPrM8fWo6Wrg==</latexit>

m⇡ = 135 MeV



Finite-Volume Effects for Lattice QCD from ChPT
[ Adhikari & Tiburzi, Phys. Rev. D 107 (2023) ]

• Uniform B fields on torus require quantization
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• Charged particles not periodic, but periodic up to gauge

• Infinite degeneracy of Landau levels broken to                                                                                              
remnant translational invariance

<latexit sha1_base64="eXzaAZXr/C7wZCGI4eeNd06uKyE=">AAAB/HicbVDLSsNAFL2pr1pf0S7dBIvgqiQi1WVBFy4r2Ac2IUymk3boZBJmJkII9VfcuFDErR/izr9x0mahrQcGDufcyz1zgoRRqWz726isrW9sblW3azu7e/sH5uFRT8apwKSLYxaLQYAkYZSTrqKKkUEiCIoCRvrB9Lrw+49ESBrze5UlxIvQmNOQYqS05Jt1N0JqEgT5w8zPue92JnTmmw27ac9hrRKnJA0o0fHNL3cU4zQiXGGGpBw6dqK8HAlFMSOzmptKkiA8RWMy1JSjiEgvn4efWadaGVlhLPTjypqrvzdyFEmZRYGeLKLKZa8Q//OGqQqvvJzyJFWE48WhMGWWiq2iCWtEBcGKZZogLKjOauEJEggr3VdNl+Asf3mV9M6bTqvZurtotG/KOqpwDCdwBg5cQhtuoQNdwJDBM7zCm/FkvBjvxsditGKUO3X4A+PzB0anlTM=</latexit>Zn�
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Consequences
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Finite-Volume Effects for Lattice QCD from ChPT
[ Adhikari & Tiburzi, Phys. Rev. D 107 (2023) ]

• Uniform B fields on torus require quantization
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• Charged particles not periodic, but periodic up to gauge

• Infinite degeneracy of Landau levels broken to                                                                                              
remnant translational invariance
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[ Bali, et al., JHEP 04 (2013) ]

Consequences
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Magnetization strictly inaccessible

Ingenious workaround: magnetic pressure at fixed flux
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… but can be subject to large FV correction



Chiral Symmetry and Large Magnetic Fields

Summary

Chiral Perturbation Theory               
Low-energy theorems for QCD + B

• Magnetic polarizabilities of charged and neutral pions predicted 
from QCD by chiral symmetry not reproduced by NJL model 

• Pion vector transition in magnetic field arises due to chiral anomaly: 
captured correctly in NJL model, tension with staggered lattice 
QCD result 

• Pion axial-vector transition: NJL is discrepant, behavior is even 
qualitatively different than in lattice QCD 

Models adaptable, trustworthy? 

Lattice sign problem
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<latexit sha1_base64="s+4S3T9hhtDvvifyLHKdoC4gokA=">AAAB8XicdVBNS8NAEN34WetX1aOXxSJ4KkmR2N4K7cFjC/YD21A22027dLMJuxOxhP4LLx4U8eq/8ea/cdNWUNEHA4/3ZpiZ58eCa7DtD2ttfWNzazu3k9/d2z84LBwdd3SUKMraNBKR6vlEM8ElawMHwXqxYiT0Bev603rmd++Y0jySNzCLmReSseQBpwSMdDsAdg9pq96YDwtFu2QbuC7OiFOxHUOq1Uq5XMXOwrLtIlqhOSy8D0YRTUImgQqidd+xY/BSooBTweb5QaJZTOiUjFnfUElCpr10cfEcnxtlhINImZKAF+r3iZSEWs9C33SGBCb6t5eJf3n9BIKKl3IZJ8AkXS4KEoEhwtn7eMQVoyBmhhCquLkV0wlRhIIJKW9C+PoU/0865ZLjltzWZbHWWMWRQ6foDF0gB12hGrpGTdRGFEn0gJ7Qs6WtR+vFel22rlmrmRP0A9bbJ+QfkRk=</latexit>

QCD

<latexit sha1_base64="EnIAvjKdgexflGgPIYQxisTqtp8=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXJVNkbHcFXbisYB/QjiWTZtrQJBOSjFCGfoQbF4q49Xvc+Tdm2goqeuDC4Zx7ufeeSHFmLEIf3srq2vrGZmGruL2zu7dfOjhsmyTVhLZIwhPdjbChnEnassxy2lWaYhFx2okml7nfuafasETe2qmiocAjyWJGsHVSRwz6it1VB6UyqiCHIIA58WvId6Rer1WrdejPLYTKYInmoPTeHyYkFVRawrExPR8pG2ZYW0Y4nRX7qaEKkwke0Z6jEgtqwmx+7gyeOmUI40S7khbO1e8TGRbGTEXkOgW2Y/Pby8W/vF5q41qYMalSSyVZLIpTDm0C89/hkGlKLJ86golm7lZIxlhjYl1CRRfC16fwf9KuVvygEtyclxtXyzgK4BicgDPggwvQANegCVqAgAl4AE/g2VPeo/fivS5aV7zlzBH4Ae/tE1Woj5s=</latexit>

m2
⇡

<latexit sha1_base64="S942Ep9imeY4DqBfD3i6H0jCZNA=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwIWUSJLa7gi5cVrAPaGKZTCft0MkkzkwKJfQ73LhQxK0f486/cdJWUNEDFw7n3Mu99wQJZ0oj9GEVVlbX1jeKm6Wt7Z3dvfL+QVvFqSS0RWIey26AFeVM0JZmmtNuIimOAk47wfgy9zsTKhWLxa2eJtSP8FCwkBGsjeTbCHpnMOp7Cbtz+uUKqiID14U5sWvINqRerzlOHdpzC6EKWKLZL797g5ikERWacKxUz0aJ9jMsNSOczkpeqmiCyRgPac9QgSOq/Gx+9AyeGGUAw1iaEhrO1e8TGY6UmkaB6YywHqnfXi7+5fVSHdb8jIkk1VSQxaIw5VDHME8ADpikRPOpIZhIZm6FZIQlJtrkVDIhfH0K/ydtp2q7VffmvNK4WsZRBEfgGJwCG1yABrgGTdACBNyDB/AEnq2J9Wi9WK+L1oK1nDkEP2C9fQIAz5EA</latexit>

10m2
⇡

<latexit sha1_base64="L7kEgP+dtcWCxWWYyqz9oK6Bs4s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVI+Feqi3KvYDtkvJpmkbmk2WZFYsS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZF8aCG3Ddbye3tr6xuZXfLuzs7u0fFA+PWkYlmrImVULpTkgME1yyJnAQrBNrRqJQsHY4rs389iPThiv5AJOYBREZSj7glICV/C6wJ0jv67e1aa9YcsvuHHiVeBkpoQyNXvGr21c0iZgEKogxvufGEKREA6eCTQvdxLCY0DEZMt9SSSJmgnR+8hSfWaWPB0rbkoDn6u+JlETGTKLQdkYERmbZm4n/eX4Cg+sg5TJOgEm6WDRIBAaFZ//jPteMgphYQqjm9lZMR0QTCjalgg3BW355lbQuyl6lXLm7LFVvsjjy6ASdonPkoStURXXUQE1EkULP6BW9OeC8OO/Ox6I152Qzx+gPnM8fK+uRNA==</latexit>

RHIC
<latexit sha1_base64="XTXrh8qtM11uiyDC2s71UgAYcoY=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WOhHnrwUMF+YBvKZjtpl242YXciltB/4cWDIl79N978N27bHLT1wcDjvRlm5vmx4Bod59vKra1vbG7ltws7u3v7B8XDo5aOEsWgySIRqY5PNQguoYkcBXRiBTT0BbT9cW3mtx9BaR7Je5zE4IV0KHnAGUUjPfQQnjC9rdem/WLJKTtz2KvEzUiJZGj0i1+9QcSSECQyQbXuuk6MXkoVciZgWuglGmLKxnQIXUMlDUF76fziqX1mlIEdRMqURHuu/p5Iaaj1JPRNZ0hxpJe9mfif100wuPZSLuMEQbLFoiARNkb27H17wBUwFBNDKFPc3GqzEVWUoQmpYEJwl19eJa2LslspV+4uS9WbLI48OSGn5Jy45IpUSZ00SJMwIskzeSVvlrZerHfrY9Gas7KZY/IH1ucPi1CQ2w==</latexit>

LHC

<latexit sha1_base64="xnGprjPCGA9TKnp+r+WGJCBsXFg=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZKqte4KdeGyQl+QhjKZTtqhkwczN2IJ/Qw3LhRx69e482+cphFU9MCFwzn3cu89Xiy4Asv6MAorq2vrG8XN0tb2zu5eef+gq6JEUtahkYhk3yOKCR6yDnAQrB9LRgJPsJ43bS783h2TikdhG2YxcwMyDrnPKQEtOQNg95A2J632fFiuWOaFZV/VzrBlWhkyUrerdWznSgXlaA3L74NRRJOAhUAFUcqxrRjclEjgVLB5aZAoFhM6JWPmaBqSgCk3zU6e4xOtjLAfSV0h4Ez9PpGSQKlZ4OnOgMBE/fYW4l+ek4Bfd1MexgmwkC4X+YnAEOHF/3jEJaMgZpoQKrm+FdMJkYSCTqmkQ/j6FP9PulXTrpm12/NK4zqPo4iO0DE6RTa6RA10g1qogyiK0AN6Qs8GGI/Gi/G6bC0Y+cwh+gHj7ROon5GI</latexit>

ChPT
<latexit sha1_base64="u9mCa1HNW3LjxC8+/xAN7nD4tZs=">AAAB+3icdVBLS0JBFJ5rL7OX2bLNkASt5F4rs52gixYtFPIBKjJ3POrg3Acz54Zy8a+0aVFE2/5Iu/5N4yOoqA8OfHzfOTPnfG4ohUbb/rASa+sbm1vJ7dTO7t7+Qfow09BBpDjUeSAD1XKZBil8qKNACa1QAfNcCU13XJ77zXtQWgT+HU5D6Hps6IuB4AyN1EtnOggTjG8ZouBAa+XKrJfO2rlL27kunFM7Zy+wIEUnX6TOSsmSFaq99HunH/DIAx+5ZFq3HTvEbsyUeVLCLNWJNISMj9kQ2ob6zAPdjRe7z+ipUfp0EChTPtKF+n0iZp7WU881nR7Dkf7tzcW/vHaEg2I3Fn4YIfh8+dEgkhQDOg+C9oUCjnJqCONKmF0pHzHFOJq4UiaEr0vp/6SRzzmFXKF2kS1VVnEkyTE5IWfEIVekRG5IldQJJxPyQJ7IszWzHq0X63XZmrBWM0fkB6y3T/tflG4=</latexit>

Lattice QCD

<latexit sha1_base64="5cfB3ZOIlcIbPhwtTWfgQhoEA2U=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgadmNGuPJgB5ERCKYB2yWMDuZJENmH8z0imHJZ3jxoIhXv8abf+Nks4KKFjQUVd10d3mR4Aos68PIzc0vLC7llwsrq2vrG8XNraYKY0lZg4YilG2PKCZ4wBrAQbB2JBnxPcFa3uhs6rfumFQ8DG5hHDHXJ4OA9zkloCWnA+wekuvLq9NJt1iyzCPLPqkcYMu0UqSkaper2M6UEspQ7xbfO72Qxj4LgAqilGNbEbgJkcCpYJNCJ1YsInREBszRNCA+U26SnjzBe1rp4X4odQWAU/X7REJ8pca+pzt9AkP125uKf3lODP2qm/AgioEFdLaoHwsMIZ7+j3tcMgpirAmhkutbMR0SSSjolAo6hK9P8f+kWTbtilm5OSzVzrM48mgH7aJ9ZKNjVEMXqI4aiKIQPaAn9GyA8Wi8GK+z1pyRzWyjHzDePgFlpJFc</latexit>

NJL?
<latexit sha1_base64="jOGeDtzUvujKjpfTQcbi57mh4wQ=">AAAB6nicdVBNSwMxEM3Wr1q/qh69BIvgqWSLrO2toILHivYD2qVk09k2NJtdkqxQSn+CFw+KePUXefPfmG0rqOiDgcd7M8zMCxLBtSHkw8mtrK6tb+Q3C1vbO7t7xf2Dlo5TxaDJYhGrTkA1CC6habgR0EkU0CgQ0A7GF5nfvgeleSzvzCQBP6JDyUPOqLHSLeCrfrFEysTC83BG3CpxLanVqpVKDbtzi5ASWqLRL773BjFLI5CGCap11yWJ8adUGc4EzAq9VENC2ZgOoWuppBFofzo/dYZPrDLAYaxsSYPn6veJKY20nkSB7YyoGenfXib+5XVTE1b9KZdJakCyxaIwFdjEOPsbD7gCZsTEEsoUt7diNqKKMmPTKdgQvj7F/5NWpex6Ze/mrFS/XMaRR0foGJ0iF52jOrpGDdREDA3RA3pCz45wHp0X53XRmnOWM4foB5y3TwjEjaw=</latexit>

eE
<latexit sha1_base64="/WFP2XSqZU5SrLN7nD78yrN21Hc=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KpkiY7sr6MKdFewD2qFk0kwbm8eQZIRS+g9uXCji1v9x59+YaSuo6IELh3Pu5d57ooQzYxH68HIrq2vrG/nNwtb2zu5ecf+gZVSqCW0SxZXuRNhQziRtWmY57SSaYhFx2o7GF5nfvqfaMCVv7SShocBDyWJGsHVSq3ct6BD3iyVURg5BADPiV5HvSK1WrVRq0J9bCJXAEo1+8b03UCQVVFrCsTFdHyU2nGJtGeF0VuilhiaYjPGQdh2VWFATTufXzuCJUwYwVtqVtHCufp+YYmHMRESuU2A7Mr+9TPzL66Y2roZTJpPUUkkWi+KUQ6tg9jocME2J5RNHMNHM3QrJCGtMrAuo4EL4+hT+T1qVsh+Ug5uzUv1yGUceHIFjcAp8cA7q4Ao0QBMQcAcewBN49pT36L14r4vWnLecOQQ/4L19Arqij0U=</latexit>

⌦

Other axesDedicated lattice calculations resolve?


