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Introduction: The Chiral Magnetic Effect
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CP violation and QCD

• Baryon asymmetry originated in early CP-violating fluctuations 
• The search for CP violation signals: an ongoing concern of physics 
• Heavy-Ion Collisions generate physical conditions of temperature and 

density comparable to those of the Big Bang 
• In this context, we must focus on mechanisms of CP violation within 

Quantum Chromodynamics
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The chiral symmetry
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• We consider only the light quarks:  
• Also, we neglect the mass term:
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• Symmetric under chiral transformations, or, equivalently, vector and 
axial transformations:
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Spontaneous breaking and restoration of chiral symmetry
• AXIAL symmetry (             ) is spontaneously broken:SU(3)A
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• Lattice simulations show that at large temperatures the chiral condensate   
jjjjjjjjjjj vanishes:

Figure extracted from T. Hell, K. Kashiwa and W. Weise, Phys. Rev. D 83 (Jun, 2011) 114008.

Which signals the onset of a new phase of matter: the Quark-Gluon 
Plasma.

CHIRAL SYMMETRY 
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The chiral anomaly
• However, chiral symmetry is only conserved at classical level:
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• The chiral anomaly induces a transformation of left- into right-handed 
quarks:
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• Axial charge production directly related to structure of gauge fields 
through chiral anomaly. 

• We focus on contributions stemming from topological structure of gluon 
fields.
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2
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CP violation and the topological structure of QCD
• Gauge field configurations can be classified in distinct classes labeled 

by their winding number: 
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<latexit sha1_base64="HGWaPE2czdWoOTF040JSI1i0ZIo=">AAAB4nicbZDLTgIxFIZP8YZ4Q126aSQmrsgMmuiS6MYlJNwSmJBOOQMNnUvajgmZ8AK6MurOR/IFfBsLzkLBf/X1/H+T8x8/kUIbx/kihY3Nre2d4m5pb//g8Kh8fNLRcao4tnksY9XzmUYpImwbYST2EoUs9CV2/en9wu8+otIijlpmlqAXsnEkAsGZsaNma1iuOFVnKboObg4VyNUYlj8Ho5inIUaGS6Z133US42VMGcElzkuDVGPC+JSNsW8xYiFqL1suOqcXQayomSBdvn9nMxZqPQt9mwmZmehVbzH8z+unJrj1MhElqcGI24j1glRSE9NFXzoSCrmRMwuMK2G3pHzCFOPGXqVk67urZdehU6u6V9Va87pSv8sPUYQzOIdLcOEG6vAADWgDB4RneIN3MiJP5IW8/kQLJP9zCn9EPr4Bps+KcQ==</latexit>

Qw
<latexit sha1_base64="hhPKxX99X+smyfwEcUliErAt+sg=">AAAB7XicbZDLTsMwEEUdnqW8CizZWFRIrKqkIMGygg3LVqIPqYkqx520Vp2H7AlQRfkMWCFgx8/wA/wNbskCWu7qeO61NHf8RAqNtv1lrayurW9slrbK2zu7e/uVg8OOjlPFoc1jGauezzRIEUEbBUroJQpY6Evo+pObmd+9B6VFHN3hNAEvZKNIBIIzNCO3NchchEfMHvJ8UKnaNXsuugxOAVVSqDmofLrDmKchRMgl07rv2Al6GVMouIS87KYaEsYnbAR9gxELQXvZfOecngaxojgGOn//zmYs1Hoa+iYTMhzrRW82/M/rpxhceZmIkhQh4iZivCCVFGM6q06HQgFHOTXAuBJmS8rHTDGO5kBlU99ZLLsMnXrNOa/VWxfVxnVxiBI5JifkjDjkkjTILWmSNuEkIc/kjbxbsfVkvVivP9EVq/hzRP7I+vgGpHiPww==</latexit>

⇤QCD
<latexit sha1_base64="u988+Otr/IaycAYFlrjQygYiX24=">AAAB93icbZC7TgJBFIZn8YZ4w0tnM5GYWJFdNNGSiIWFBSQCJrDZzA4HmDB7ycxZI272WbQyaud7+AK+jQNSKPhX35z/n+Sc34+l0GjbX1ZuaXlldS2/XtjY3NreKe7utXSUKA5NHslI3flMgxQhNFGghLtYAQt8CW1/VJv47XtQWkThLY5jcAM2CEVfcIZm5BUPujcm3GNe2kV4wLRRu8oyr1iyy/ZUdBGcGZTITHWv+NntRTwJIEQumdYdx47RTZlCwSVkhW6iIWZ8xAbQMRiyALSbTrfP6HE/UhSHQKfv39mUBVqPA99kAoZDPe9Nhv95nQT7F24qwjhBCLmJGK+fSIoRnZRAe0IBRzk2wLgSZkvKh0wxjqaqgjnfmT92EVqVsnNarjTOStXLWRF5ckiOyAlxyDmpkmtSJ03CySN5Jm/k3RpbT9aL9foTzVmzP/vkj6yPb3EOkvE=</latexit>
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•  NOTATION: Chern-Simons current

G9

CP violation and the topological structure of QCD
• Gauge field configurations can be classified in distinct classes labeled 

by their winding number: 

Qw =
g

2

16⇡2

Z

d

4
xTr

n

Fµ⌫(x)F̃
µ⌫(x)

o

<latexit sha1_base64="tO08t4STOVlxcYkyAf3YYOPKxeM="></latexit>

dN5

dt
= �2Nf

dQw

dt
<latexit sha1_base64="AicgufXTNuEPXC+mHYfXK5qTe6c=">AAACEHicbVDNSsNAGNz4b/2LevQSLIKXlqQqehGKXjyJgtVCG8Jm88Uubn7Y/aKWkJfQl9GTqDfxBXwbtzUHbZ3T7MwsfDN+KrhC2/4yJianpmdm5+YrC4tLyyvm6tqlSjLJoMUSkci2TxUIHkMLOQpopxJo5Au48m+OB/7VLUjFk/gC+ym4Eb2OecgZRS15Zq0bSsry4NTbK/IAi8Na49QLS/Hcy7sI95jfFcXQ9cyqXbeHsMaJU5IqKXHmmZ/dIGFZBDEyQZXqOHaKbk4lciagqHQzBSllN/QaOprGNALl5sNahbUVJtLCHljD9+9sTiOl+pGvMxHFnhr1BuJ/XifD8MDNeZxmCDHTEe2FmbAwsQbrWAGXwFD0NaFMcn2lxXpUj4F6w4qu74yWHSeXjbqzU2+c71abR+UQc2SDbJJt4pB90iQn5Iy0CCOP5Jm8kXfjwXgyXozXn+iEUf5ZJ39gfHwDdPGeFw==</latexit>

Kµ = ✏µ⌫⇢�Aa
⌫
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⌘

<latexit sha1_base64="P9+anQQJxNNLfSo7fr6WZxlal9Y="></latexit>
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<latexit sha1_base64="ZclWgiaMm9ct2mdjBQuklJtF190="></latexit>

dN5

dt

=
g

2
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2⇡2

Z
d

3
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<latexit sha1_base64="jsLjydVj0C44Wtrg70DnDJRtCHY="></latexit>

•        fluctuations contribute to the generation of axial charge:Qw
<latexit sha1_base64="hhPKxX99X+smyfwEcUliErAt+sg=">AAAB7XicbZDLTsMwEEUdnqW8CizZWFRIrKqkIMGygg3LVqIPqYkqx520Vp2H7AlQRfkMWCFgx8/wA/wNbskCWu7qeO61NHf8RAqNtv1lrayurW9slrbK2zu7e/uVg8OOjlPFoc1jGauezzRIEUEbBUroJQpY6Evo+pObmd+9B6VFHN3hNAEvZKNIBIIzNCO3NchchEfMHvJ8UKnaNXsuugxOAVVSqDmofLrDmKchRMgl07rv2Al6GVMouIS87KYaEsYnbAR9gxELQXvZfOecngaxojgGOn//zmYs1Hoa+iYTMhzrRW82/M/rpxhceZmIkhQh4iZivCCVFGM6q06HQgFHOTXAuBJmS8rHTDGO5kBlU99ZLLsMnXrNOa/VWxfVxnVxiBI5JifkjDjkkjTILWmSNuEkIc/kjbxbsfVkvVivP9EVq/hzRP7I+vgGpHiPww==</latexit>

Divergence of the Chern-Simons current:
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~B

+_
~B

CP violation in the Quark Gluon Plasma: the Chiral Magnetic Effect

• Off-central HICs give rise to large background electromagnetic fields.
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~B

+_
~B

CP violation in the Quark Gluon Plasma: the Chiral Magnetic Effect

b)
<latexit sha1_base64="ekZQxqBJg3WnxJFg+DqUS85f3Y4=">AAAB43icbZDNTgIxFIXv4B/iH+rSTSMx0Q2ZQRNdEt24RCM/CUxIp9yBhs500nZMyIQn0JVRd76RL+DbWHAWCp7V13tOk3tukAiujet+OYWV1bX1jeJmaWt7Z3evvH/Q0jJVDJtMCqk6AdUoeIxNw43ATqKQRoHAdjC+mfntR1Say/jBTBL0IzqMecgZNXZ0H5z1yxW36s5FlsHLoQK5Gv3yZ28gWRphbJigWnc9NzF+RpXhTOC01Es1JpSN6RC7FmMaofaz+aZTchJKRcwIyfz9O5vRSOtJFNhMRM1IL3qz4X9eNzXhlZ/xOEkNxsxGrBemghhJZoXJgCtkRkwsUKa43ZKwEVWUGXuWkq3vLZZdhlat6p1Xa3cXlfp1fogiHMExnIIHl1CHW2hAExiE8Axv8O6g8+S8OK8/0YKT/zmEP3I+vgEeMIqy</latexit>

Qw 6= 0
<latexit sha1_base64="Ut0X1QeOdHYUbx+MNAv0EMDgzdE=">AAAB9HicbZDNTsJAFIWn/iL+FV26aSQmrkiLJrokunEJifwklJDpcAsTptM6cwuShjfRlVF3Pokv4Ns4IAsFz+qbe84k954gEVyj635Za+sbm1vbuZ387t7+waFdOGroOFUM6iwWsWoFVIPgEurIUUArUUCjQEAzGN7O/OYIlOaxvMdJAp2I9iUPOaNoRl27UOtmPsIjZuPp1Jfw4Hbtolty53JWwVtAkSxU7dqffi9maQQSmaBatz03wU5GFXImYJr3Uw0JZUPah7ZBSSPQnWy++tQ5C2Pl4ACc+ft3NqOR1pMoMJmI4kAve7Phf147xfC6k3GZpAiSmYjxwlQ4GDuzBpweV8BQTAxQprjZ0mEDqihD01PenO8tH7sKjXLJuyiVa5fFys2iiBw5IafknHjkilTIHamSOmFkTJ7JG3m3RtaT9WK9/kTXrMWfY/JH1sc3pzKR9g==</latexit>

uL
<latexit sha1_base64="Ys2bWX1nxq3sphbAQhA05ne4Xgc=">AAAB5nicbZDNTsJAFIVv8Q/xD3XpZiIxcUVaJNEl0Y0LF5hYIIGGTIdbOmH6k5mpCWl4BV0ZdecD+QK+jQN2oeBZfXPPmeSe66eCK23bX1ZpbX1jc6u8XdnZ3ds/qB4edVSSSYYuS0Qiez5VKHiMruZaYC+VSCNfYNef3Mz97iNKxZP4QU9T9CI6jnnAGdVm5GbD/G42rNbsur0QWQWngBoUag+rn4NRwrIIY80EVarv2Kn2cio1ZwJnlUGmMKVsQsfYNxjTCJWXL5adkbMgkUSHSBbv39mcRkpNI99kIqpDtezNh/95/UwHV17O4zTTGDMTMV6QCaITMu9MRlwi02JqgDLJzZaEhVRSps1lKqa+s1x2FTqNunNRb9w3a63r4hBlOIFTOAcHLqEFt9AGFxhweIY3eLdC68l6sV5/oiWr+HMMf2R9fAPhK4xd</latexit>

dR
<latexit sha1_base64="5HH+G4YYkwBhRySAOrxk954yhME=">AAAB5nicbZDNTsJAFIVv8Q/xD3XpZiIxcUVaJNEl0Y1LNBZIoCHT4ZZOmP5kZmpCGl5BV0bd+UC+gG/jgF0oeFbf3HMmuef6qeBK2/aXVVpb39jcKm9Xdnb39g+qh0cdlWSSocsSkcieTxUKHqOruRbYSyXSyBfY9Sc3c7/7iFLxJH7Q0xS9iI5jHnBGtRm5o2F+PxtWa3bdXoisglNADQq1h9XPwShhWYSxZoIq1XfsVHs5lZozgbPKIFOYUjahY+wbjGmEyssXy87IWZBIokMki/fvbE4jpaaRbzIR1aFa9ubD/7x+poMrL+dxmmmMmYkYL8gE0QmZdyYjLpFpMTVAmeRmS8JCKinT5jIVU99ZLrsKnUbduag37pq11nVxiDKcwCmcgwOX0IJbaIMLDDg8wxu8W6H1ZL1Yrz/RklX8OYY/sj6+AdCDjFI=</latexit>

uR
<latexit sha1_base64="Z7DvOIPXaspD5MstMP/B9/ma+QE=">AAAB5nicbZDNTsJAFIVv8Q/xD3XpZiIxcUVaJNEl0Y1LNBZIoCHT4ZZOmP5kZmpCGl5BV0bd+UC+gG/jgF0oeFbf3HMmuef6qeBK2/aXVVpb39jcKm9Xdnb39g+qh0cdlWSSocsSkcieTxUKHqOruRbYSyXSyBfY9Sc3c7/7iFLxJH7Q0xS9iI5jHnBGtRm52TC/nw2rNbtuL0RWwSmgBoXaw+rnYJSwLMJYM0GV6jt2qr2cSs2ZwFllkClMKZvQMfYNxjRC5eWLZWfkLEgk0SGSxft3NqeRUtPIN5mI6lAte/Phf14/08GVl/M4zTTGzESMF2SC6ITMO5MRl8i0mBqgTHKzJWEhlZRpc5mKqe8sl12FTqPuXNQbd81a67o4RBlO4BTOwYFLaMEttMEFBhye4Q3erdB6sl6s159oySr+HMMfWR/f6iWMYw==</latexit>

dL
<latexit sha1_base64="voSyydqwBVPxOYesYAQvXW03NEg=">AAAB5nicbZDNTsJAFIVv8Q/xD3XpZiIxcUVaJNEl0Y0LF5hYIIGGTIdbOmH6k5mpCWl4BV0ZdecD+QK+jQN2oeBZfXPPmeSe66eCK23bX1ZpbX1jc6u8XdnZ3ds/qB4edVSSSYYuS0Qiez5VKHiMruZaYC+VSCNfYNef3Mz97iNKxZP4QU9T9CI6jnnAGdVm5I6G+d1sWK3ZdXshsgpOATUo1B5WPwejhGURxpoJqlTfsVPt5VRqzgTOKoNMYUrZhI6xbzCmESovXyw7I2dBIokOkSzev7M5jZSaRr7JRFSHatmbD//z+pkOrrycx2mmMWYmYrwgE0QnZN6ZjLhEpsXUAGWSmy0JC6mkTJvLVEx9Z7nsKnQadeei3rhv1lrXxSHKcAKncA4OXEILbqENLjDg8Axv8G6F1pP1Yr3+REtW8ecY/sj6+AbHiYxM</latexit>

a)
<latexit sha1_base64="LYQd4SibS/csRXXTiIweIvLBIM0=">AAAB43icbZDNTgIxFIXv4B/iH+rSTSMx0Q2ZQRNdEt24RCM/CUxIp9yBhs500nZMyIQn0JVRd76RL+DbWHAWCp7V13tOk3tukAiujet+OYWV1bX1jeJmaWt7Z3evvH/Q0jJVDJtMCqk6AdUoeIxNw43ATqKQRoHAdjC+mfntR1Say/jBTBL0IzqMecgZNXZ0T8/65Ypbdeciy+DlUIFcjX75szeQLI0wNkxQrbuemxg/o8pwJnBa6qUaE8rGdIhdizGNUPvZfNMpOQmlImaEZP7+nc1opPUkCmwmomakF73Z8D+vm5rwys94nKQGY2Yj1gtTQYwks8JkwBUyIyYWKFPcbknYiCrKjD1Lydb3FssuQ6tW9c6rtbuLSv06P0QRjuAYTsGDS6jDLTSgCQxCeIY3eHfQeXJenNefaMHJ/xzCHzkf3xyxirE=</latexit> uL

<latexit sha1_base64="Ys2bWX1nxq3sphbAQhA05ne4Xgc=">AAAB5nicbZDNTsJAFIVv8Q/xD3XpZiIxcUVaJNEl0Y0LF5hYIIGGTIdbOmH6k5mpCWl4BV0ZdecD+QK+jQN2oeBZfXPPmeSe66eCK23bX1ZpbX1jc6u8XdnZ3ds/qB4edVSSSYYuS0Qiez5VKHiMruZaYC+VSCNfYNef3Mz97iNKxZP4QU9T9CI6jnnAGdVm5GbD/G42rNbsur0QWQWngBoUag+rn4NRwrIIY80EVarv2Kn2cio1ZwJnlUGmMKVsQsfYNxjTCJWXL5adkbMgkUSHSBbv39mcRkpNI99kIqpDtezNh/95/UwHV17O4zTTGDMTMV6QCaITMu9MRlwi02JqgDLJzZaEhVRSps1lKqa+s1x2FTqNunNRb9w3a63r4hBlOIFTOAcHLqEFt9AGFxhweIY3eLdC68l6sV5/oiWr+HMMf2R9fAPhK4xd</latexit>

dR
<latexit sha1_base64="5HH+G4YYkwBhRySAOrxk954yhME=">AAAB5nicbZDNTsJAFIVv8Q/xD3XpZiIxcUVaJNEl0Y1LNBZIoCHT4ZZOmP5kZmpCGl5BV0bd+UC+gG/jgF0oeFbf3HMmuef6qeBK2/aXVVpb39jcKm9Xdnb39g+qh0cdlWSSocsSkcieTxUKHqOruRbYSyXSyBfY9Sc3c7/7iFLxJH7Q0xS9iI5jHnBGtRm5o2F+PxtWa3bdXoisglNADQq1h9XPwShhWYSxZoIq1XfsVHs5lZozgbPKIFOYUjahY+wbjGmEyssXy87IWZBIokMki/fvbE4jpaaRbzIR1aFa9ubD/7x+poMrL+dxmmmMmYkYL8gE0QmZdyYjLpFpMTVAmeRmS8JCKinT5jIVU99ZLrsKnUbduag37pq11nVxiDKcwCmcgwOX0IJbaIMLDDg8wxu8W6H1ZL1Yrz/RklX8OYY/sj6+AdCDjFI=</latexit>

uR
<latexit sha1_base64="Z7DvOIPXaspD5MstMP/B9/ma+QE=">AAAB5nicbZDNTsJAFIVv8Q/xD3XpZiIxcUVaJNEl0Y1LNBZIoCHT4ZZOmP5kZmpCGl5BV0bd+UC+gG/jgF0oeFbf3HMmuef6qeBK2/aXVVpb39jcKm9Xdnb39g+qh0cdlWSSocsSkcieTxUKHqOruRbYSyXSyBfY9Sc3c7/7iFLxJH7Q0xS9iI5jHnBGtRm52TC/nw2rNbtuL0RWwSmgBoXaw+rnYJSwLMJYM0GV6jt2qr2cSs2ZwFllkClMKZvQMfYNxjRC5eWLZWfkLEgk0SGSxft3NqeRUtPIN5mI6lAte/Phf14/08GVl/M4zTTGzESMF2SC6ITMO5MRl8i0mBqgTHKzJWEhlZRpc5mKqe8sl12FTqPuXNQbd81a67o4RBlO4BTOwYFLaMEttMEFBhye4Q3erdB6sl6s159oySr+HMMfWR/f6iWMYw==</latexit>

dL
<latexit sha1_base64="voSyydqwBVPxOYesYAQvXW03NEg=">AAAB5nicbZDNTsJAFIVv8Q/xD3XpZiIxcUVaJNEl0Y0LF5hYIIGGTIdbOmH6k5mpCWl4BV0ZdecD+QK+jQN2oeBZfXPPmeSe66eCK23bX1ZpbX1jc6u8XdnZ3ds/qB4edVSSSYYuS0Qiez5VKHiMruZaYC+VSCNfYNef3Mz97iNKxZP4QU9T9CI6jnnAGdVm5I6G+d1sWK3ZdXshsgpOATUo1B5WPwejhGURxpoJqlTfsVPt5VRqzgTOKoNMYUrZhI6xbzCmESovXyw7I2dBIokOkSzev7M5jZSaRr7JRFSHatmbD//z+pkOrrycx2mmMWYmYrwgE0QnZN6ZjLhEpsXUAGWSmy0JC6mkTJvLVEx9Z7nsKnQadeei3rhv1lrXxSHKcAKncA4OXEILbqENLjDg8Axv8G6F1pP1Yr3+REtW8ecY/sj6+AbHiYxM</latexit>

~B
<latexit sha1_base64="z/+HwkGZKCJcbhBiV1jo31+JD8w=">AAAB6HicdZDLTgIxFIbP4A3xhrp000hMXJFhlMCS4MYlJnJJYEI65QCVziVth4RMeAddGXXn8/gCvo1lHBM1+q++nv9vcv7jRYIrbdvvVm5tfWNzK79d2Nnd2z8oHh51VBhLhm0WilD2PKpQ8ADbmmuBvUgi9T2BXW92tfK7c5SKh8GtXkTo+nQS8DFnVJtRdzBHljSXw2LJLldrjlOzSQoX9QycqkMqZTtVCTK1hsW3wShksY+BZoIq1a/YkXYTKjVnApeFQawwomxGJ9g3GFAflZuk6y7J2TiURE+RpO/v2YT6Si18z2R8qqfqt7ca/uX1Yz2uuwkPolhjwEzEeONYEB2SVWsy4hKZFgsDlElutiRsSiVl2tymYOp/dST/Q8cpVy7Kzs1lqdHMDpGHEziFc6hADRpwDS1oA4MZPMAzvFh31r31aD19RnNW9ucYfsh6/QCtEI10</latexit>

c)
<latexit sha1_base64="B0tUVPaObS9Lr2fRUsPrGZzE0hg=">AAAB43icbZDNTgIxFIXv4B/iH+rSTSMx0Q2ZQRNdEt24RCM/CUxIp9yBhs500nZMyIQn0JVRd76RL+DbWHAWCp7V13tOk3tukAiujet+OYWV1bX1jeJmaWt7Z3evvH/Q0jJVDJtMCqk6AdUoeIxNw43ATqKQRoHAdjC+mfntR1Say/jBTBL0IzqMecgZNXZ0z8765Ypbdeciy+DlUIFcjX75szeQLI0wNkxQrbuemxg/o8pwJnBa6qUaE8rGdIhdizGNUPvZfNMpOQmlImaEZP7+nc1opPUkCmwmomakF73Z8D+vm5rwys94nKQGY2Yj1gtTQYwks8JkwBUyIyYWKFPcbknYiCrKjD1Lydb3FssuQ6tW9c6rtbuLSv06P0QRjuAYTsGDS6jDLTSgCQxCeIY3eHfQeXJenNefaMHJ/xzCHzkf3x+virM=</latexit>

dR
<latexit sha1_base64="5HH+G4YYkwBhRySAOrxk954yhME=">AAAB5nicbZDNTsJAFIVv8Q/xD3XpZiIxcUVaJNEl0Y1LNBZIoCHT4ZZOmP5kZmpCGl5BV0bd+UC+gG/jgF0oeFbf3HMmuef6qeBK2/aXVVpb39jcKm9Xdnb39g+qh0cdlWSSocsSkcieTxUKHqOruRbYSyXSyBfY9Sc3c7/7iFLxJH7Q0xS9iI5jHnBGtRm5o2F+PxtWa3bdXoisglNADQq1h9XPwShhWYSxZoIq1XfsVHs5lZozgbPKIFOYUjahY+wbjGmEyssXy87IWZBIokMki/fvbE4jpaaRbzIR1aFa9ubD/7x+poMrL+dxmmmMmYkYL8gE0QmZdyYjLpFpMTVAmeRmS8JCKinT5jIVU99ZLrsKnUbduag37pq11nVxiDKcwCmcgwOX0IJbaIMLDDg8wxu8W6H1ZL1Yrz/RklX8OYY/sj6+AdCDjFI=</latexit>

uR
<latexit sha1_base64="Z7DvOIPXaspD5MstMP/B9/ma+QE=">AAAB5nicbZDNTsJAFIVv8Q/xD3XpZiIxcUVaJNEl0Y1LNBZIoCHT4ZZOmP5kZmpCGl5BV0bd+UC+gG/jgF0oeFbf3HMmuef6qeBK2/aXVVpb39jcKm9Xdnb39g+qh0cdlWSSocsSkcieTxUKHqOruRbYSyXSyBfY9Sc3c7/7iFLxJH7Q0xS9iI5jHnBGtRm52TC/nw2rNbtuL0RWwSmgBoXaw+rnYJSwLMJYM0GV6jt2qr2cSs2ZwFllkClMKZvQMfYNxjRC5eWLZWfkLEgk0SGSxft3NqeRUtPIN5mI6lAte/Phf14/08GVl/M4zTTGzESMF2SC6ITMO5MRl8i0mBqgTHKzJWEhlZRpc5mKqe8sl12FTqPuXNQbd81a67o4RBlO4BTOwYFLaMEttMEFBhye4Q3erdB6sl6s159oySr+HMMfWR/f6iWMYw==</latexit>

uR
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• Chirally-imbalanced matter in the presence of a background magnetic field 
will induce a separation of positive and negative charges (Chiral Magnetic 
Effect).
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• Off-central HICs give rise to large background electromagnetic fields. 
• Parity and Charge-Parity violating fluctuations are expected to happen with 

relatively high probability in the QGP. 
• Chirally-imbalanced matter in the presence of a background magnetic field 

will induce a separation of positive and negative charges (Chiral Magnetic 
Effect). 

• The search for signatures of this and other anomalous transport effects is 
affected by the presence of large background effects.

CP violation in the Quark Gluon Plasma: the Chiral Magnetic Effect
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CP violation in the Quark Gluon Plasma: the Chiral Magnetic Effect

THIS TALK

• In order to better pinpoint the CME we need a good theoretical description 
of axial charge production at early times. 

• No theoretical agreement on the description of this region 
• Large degree of phenomenological modeling 
• Source of uncertainty for parameters used in Hydro models

⌧= 0+
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CP violation in the Quark Gluon Plasma: the Chiral Magnetic Effect

THIS TALK

• In order to better pinpoint the CME we need a good theoretical description 
of axial charge production at early times. 

• No theoretical agreement on the description of this region 
• Large degree of phenomenological modeling 
• Source of uncertainty for parameters used in Hydro models 
• We provide first-principles analytical calculations of:

⌧= 0+

h⌫̇(x?)i
h⌫̇(x?)⌫̇(y?)i
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The Color Glass Condensate
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• We use an approximation of QCD for high gluon densities where we 
replace the gluons with a classical field generated by the valence quarks
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Fig. 5. Parton distributions in a proton, measured in Deep Inelastic Scattering at HERA.2

parton distributions at high energy/small x is that the gluons are outnumbering
all the other parton species – the valence quarks are completely negligible in this
kinematical region, and the sea quarks are suppressed by one power of the coupling
↵

s

, since they are produced from the gluons by the splitting g ! qq.

Fig. 6. Left: typical process in a hadronic collision in the dilute regime. Right: typical process in
the dense regime.

This increase of the gluon distribution at small x leads to a major complication
when applying QCD to compute processes in this regime. Indeed, the usual tools of
perturbation theory are well adapted to the situation where the parton distributions
are small (see the left figure 6) and where a fairly small number of graphs contribute
at each order. On the contrary, when the parton distributions increase, processes
involving many partons become more and more important, as illustrated in the
right panel of the figure 6. The extreme situation arises when the gluon occupation
number is of order 1/↵

s

: in this case, an infinite number of graphs contribute at each
order. This regime of high parton densities is non-perturbative, even if the coupling
constant is weak – the non-perturbative features arise from the fact that the large

A

µ(x)

• Dynamics of the field described by Yang-Mills classical equations:

[Dµ, F
µ⌫ ] = J

⌫ / ⇢(x)

Fµ⌫ = @µA⌫ � @⌫Aµ � ig [Aµ, A⌫ ]

J

⌫,a = �

⌫+
⇢

a(x�
, x?)

⇢

a(x)ta

Color Glass Condensate: McLerran-Venugopalan model
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Color Glass Condensate: McLerran-Venugopalan model
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Fig. 5. Parton distributions in a proton, measured in Deep Inelastic Scattering at HERA.2

parton distributions at high energy/small x is that the gluons are outnumbering
all the other parton species – the valence quarks are completely negligible in this
kinematical region, and the sea quarks are suppressed by one power of the coupling
↵

s

, since they are produced from the gluons by the splitting g ! qq.

Fig. 6. Left: typical process in a hadronic collision in the dilute regime. Right: typical process in
the dense regime.

This increase of the gluon distribution at small x leads to a major complication
when applying QCD to compute processes in this regime. Indeed, the usual tools of
perturbation theory are well adapted to the situation where the parton distributions
are small (see the left figure 6) and where a fairly small number of graphs contribute
at each order. On the contrary, when the parton distributions increase, processes
involving many partons become more and more important, as illustrated in the
right panel of the figure 6. The extreme situation arises when the gluon occupation
number is of order 1/↵

s

: in this case, an infinite number of graphs contribute at each
order. This regime of high parton densities is non-perturbative, even if the coupling
constant is weak – the non-perturbative features arise from the fact that the large

A

µ(x)

• Calculation of observables: average over background classical fields

[Dµ, F
µ⌫ ] = J

⌫ / ⇢(x)

hO [⇢]i =
Z

[d⇢] exp

⇢
�
Z

dxTr

⇥
⇢

2
⇤�O [⇢]

• Dynamics of the field described by Yang-Mills classical equations:

• We use an approximation of QCD for high gluon densities where we 
replace the gluons with a classical field generated by the valence quarks

⇢

a(x)ta
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Fig. 5. Parton distributions in a proton, measured in Deep Inelastic Scattering at HERA.2

parton distributions at high energy/small x is that the gluons are outnumbering
all the other parton species – the valence quarks are completely negligible in this
kinematical region, and the sea quarks are suppressed by one power of the coupling
↵

s

, since they are produced from the gluons by the splitting g ! qq.

Fig. 6. Left: typical process in a hadronic collision in the dilute regime. Right: typical process in
the dense regime.

This increase of the gluon distribution at small x leads to a major complication
when applying QCD to compute processes in this regime. Indeed, the usual tools of
perturbation theory are well adapted to the situation where the parton distributions
are small (see the left figure 6) and where a fairly small number of graphs contribute
at each order. On the contrary, when the parton distributions increase, processes
involving many partons become more and more important, as illustrated in the
right panel of the figure 6. The extreme situation arises when the gluon occupation
number is of order 1/↵

s

: in this case, an infinite number of graphs contribute at each
order. This regime of high parton densities is non-perturbative, even if the coupling
constant is weak – the non-perturbative features arise from the fact that the large

A

µ(x)

[Dµ, F
µ⌫ ] = J

⌫ / ⇢(x)

• Basic building block: 2-point correlator (McLerran-Venugopalan)

h⇢a(x�
, x?)⇢

b(y�, y?)i = µ

2(x�)�ab�(x� � y

�)�(2)(x? � y?)

• Calculation of observables: average over background classical fields

• Dynamics of the field described by Yang-Mills classical equations:

• We use an approximation of QCD for high gluon densities where we 
replace the gluons with a classical field generated by the valence quarks

⇢

a(x)ta

Color Glass Condensate: McLerran-Venugopalan model
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Fig. 5. Parton distributions in a proton, measured in Deep Inelastic Scattering at HERA.2

parton distributions at high energy/small x is that the gluons are outnumbering
all the other parton species – the valence quarks are completely negligible in this
kinematical region, and the sea quarks are suppressed by one power of the coupling
↵

s

, since they are produced from the gluons by the splitting g ! qq.

Fig. 6. Left: typical process in a hadronic collision in the dilute regime. Right: typical process in
the dense regime.

This increase of the gluon distribution at small x leads to a major complication
when applying QCD to compute processes in this regime. Indeed, the usual tools of
perturbation theory are well adapted to the situation where the parton distributions
are small (see the left figure 6) and where a fairly small number of graphs contribute
at each order. On the contrary, when the parton distributions increase, processes
involving many partons become more and more important, as illustrated in the
right panel of the figure 6. The extreme situation arises when the gluon occupation
number is of order 1/↵

s

: in this case, an infinite number of graphs contribute at each
order. This regime of high parton densities is non-perturbative, even if the coupling
constant is weak – the non-perturbative features arise from the fact that the large

A

µ(x)

[Dµ, F
µ⌫ ] = J

⌫ / ⇢(x)

• Basic building block: (generalized) 2-point correlator

• Calculation of observables: average over background classical fields

• Dynamics of the field described by Yang-Mills classical equations:

• We use an approximation of QCD for high gluon densities where we 
replace the gluons with a classical field generated by the valence quarks

h⇢a(x�
, x?)⇢

b(y�, y?)i = µ

2(x�)h(b?)�
ab
�(x� � y

�)f(x? � y?)

⇢

a(x)ta

Color Glass Condensate: McLerran-Venugopalan model
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1) Calculate the gluon fields at early times in a HIC

2) Build the divergence of the Chern-Simons current

3) Compute Glasma properties

A

µ
0 (x

�
, x?)

⌧

=

p 2x
+ x

� =
0
+

Steps for the calculation

⌫̇(x?) = �1

8
✏

µ⌫⇢�Tr {Fµ⌫F⇢�}
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h⌫̇0(x?)i =
Z

[d⇢1]W1[⇢1][d⇢2]W2[⇢2]⌫̇0(x?)[⇢1, ⇢2]
<latexit sha1_base64="X/J2bNHcsxD1ES3LajFvV1h4Dxg="></latexit>

h⌫̇0(x?)⌫̇0(y?)i =
Z

[d⇢1]W1[⇢1][d⇢2]W2[⇢2]⌫̇0(x?)⌫̇0(y?)[⇢1, ⇢2]
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Calculation of the Gluon fields
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Javier Albacete June 28, 2018Initial correlations of the EMT of Glasma 9

1. The gluon field at τ = 0+ in HIC   [Kovner, McLerran, Weigert 1998]

[1, 2] Single nucleus solution  

[3] Forward light-cone τ = 0+   

t

x3

x+x�

1 2

0

3

Figure 1. Space-time diagram of the collision of two relativistic heavy ion nuclei. The two diagonal
lines represent the trajectory of the nuclei. The points below them (quadrant 0) represent a region
where the projectiles have not yet arrived. By choosing the gauge fields to vanish in the remote
past, in this region we have Aµ

= 0. As the quadrants 1 and 2 represent regions where only one
of the nuclei has arrived, the gauge fields there are described by the Yang-Mills equations with a
single source. However, in the quadrant 3 we need to take into account the two sources.

inner surface of the light-cone, ⌧ = 0

+ (this is, at some infinitesimal positive proper time
after the collision), as in this region it is possible to find an analytical expression of the
gauge fields. In order to do so, it is useful to divide the space-time into four quadrants
as indicated in Fig. 1. The MV model provides the appropriate framework to calculate
the gauge fields characterizing each nuclei before the collision (quadrants 1 and 2). These
fields define the boundary conditions for the solution in the future light-cone (quadrant 3).
Taking into account that for ⌧ < 0 the nuclei are located in causally disconnected regions
of space-time, we can compute each gauge field independently. Let’s take, for instance, a
nucleus moving in the positive x3 direction (which we indicate with the label 1). By solving
Eq. (2.1) in the light-cone gauge (see [6] for a detailed resolution), we obtain:

A±
1

= 0

Ai

1

= ✓(x�
)

Z 1

�1
dz�U †

1

(z�, x?)

@i⇢̃
1

(z�, x?)
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U
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(z�, x?) ⌘ ✓(x�
)↵i

1

(x?), (2.7)

which is a non-abelian Weizsäcker-Williams field. Here ⇢̃(x�, x?) is the color charge density
in the covariant gauge4 and U(x�, x?) is the Wilson line: a SU(N

c

) element that represents
the effect of the classical gluon field over the fast valence partons in the eikonal approxima-
tion, i.e. a rotation in color space. U(x�, x?) is defined as a path-ordered exponential:

U
1

(x�, x?) = P�
exp

(

�ig

Z

x

�

x

�
0

dz�
1

r2

⇢̃
1

(z�, x?)

)

4
Providing that we average gauge invariant observables, the specific gauge in which we work does not

affect the result of hOi, as both the Gaussian weight W [⇢] and the functional measure [d⇢] are gauge

invariant objects.
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Figure 1. Space-time diagram of the collision of two relativistic heavy ion nuclei. The two diagonal
lines represent the trajectory of the nuclei. The points below them (quadrant 0) represent a region
where the projectiles have not yet arrived. By choosing the gauge fields to vanish in the remote
past, in this region we have Aµ

= 0. As the quadrants 1 and 2 represent regions where only one
of the nuclei has arrived, the gauge fields there are described by the Yang-Mills equations with a
single source. However, in the quadrant 3 we need to take into account the two sources.

inner surface of the light-cone, ⌧ = 0

+ (this is, at some infinitesimal positive proper time
after the collision), as in this region it is possible to find an analytical expression of the
gauge fields. In order to do so, it is useful to divide the space-time into four quadrants
as indicated in Fig. 1. The MV model provides the appropriate framework to calculate
the gauge fields characterizing each nuclei before the collision (quadrants 1 and 2). These
fields define the boundary conditions for the solution in the future light-cone (quadrant 3).
Taking into account that for ⌧ < 0 the nuclei are located in causally disconnected regions
of space-time, we can compute each gauge field independently. Let’s take, for instance, a
nucleus moving in the positive x3 direction (which we indicate with the label 1). By solving
Eq. (2.1) in the light-cone gauge (see [6] for a detailed resolution), we obtain:
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which is a non-abelian Weizsäcker-Williams field. Here ⇢̃(x�, x?) is the color charge density
in the covariant gauge4 and U(x�, x?) is the Wilson line: a SU(N
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) element that represents
the effect of the classical gluon field over the fast valence partons in the eikonal approxima-
tion, i.e. a rotation in color space. U(x�, x?) is defined as a path-ordered exponential:
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= P�
exp

(

ig

Z

x

�

�1
dz�

Z

dz2?G(z? � x?)⇢̃
1

(z�, z?)

)

, (2.8)

where G(z?�x?) is the Green’s function for the 2-dimensional Laplace operator. In the
previous expression we show explicitly the definition of the differential operator 1/r2,
which is the notation we adopt to denote a convolution with G(z?�x?). The choice of
the integration lower limit x�

0

is arbitrary, with different choices giving us solutions Ai

connected by residual, two-dimensional gauge transformations. We shall adopt x�
0

=�1,
which implies that the fields vanish in the remote past (retarded boundary conditions).
Conversely, for the nucleus moving in the opposite direction5 (indicated with the label 2),
we have:

A±
2

= 0

Ai

2

= ✓(x+

)

Z 1

�1
dz+U †

2

(z+, x?)

@i⇢̃
2

(z+, x?)

r2

U
2

(z+, x?) ⌘ ✓(x�
)↵i

2

(x?),

where:

U
2

(x+, x?) = P+

exp

(

ig

Z

x

+

�1
dz+

Z

dz2?G(z? � x?)⇢̃
2

(z+, z?)

)

.

Thus, the total gauge field outside the light-cone reads:

A±
= 0

Ai

= ✓(x�
)✓(�x+

)↵i

1

(x?) + ✓(x+

)✓(�x�
)↵i

2

(x?). (2.9)

The gluon field sources vanish everywhere except at the very light-cone (⌧ =0), and thus at
⌧ =0

+ the Yang-Mills equations become homogeneous. In order to solve them we propose
the following ansatz:

A±
=± x±↵(⌧ = 0

+, x?)

Ai

=↵i

(⌧ = 0

+, x?), (2.10)

where we adopted the comoving coordinate system, defined by proper time ⌧ =

p
2x+x�

and rapidity ⌘ =

1

2

log(x+/x�
). Substituting Eq. (2.10), the separate components of the

homogeneous Yang-Mills equations [D
µ

, Fµ⌫

]=0 take the following form (see [7]):

⌫ = ⌧ �! ig⌧ [↵, @
⌧

↵] � 1

⌧

⇥

Di, @
⌧

↵i

⇤

= 0

⌫ = ⌘ �! 1

⌧
@
⌧

1

⌧
@
⌧

(⌧2↵) � ⇥

Di,
⇥

Di, ↵
⇤⇤

= 0

⌫ = j �! 1

⌧
@
⌧

(⌧@
⌧

↵j

) � ig⌧2

⇥

↵,
⇥

Dj , ↵
⇤⇤ � ⇥

Di, F ij

⇤

= 0. (2.11)

5
We work in a specific gauge that acts as a sort of ‘mix’ of the light-cone gauges of both nuclei: the

Fock-Schwinger gauge, defined by the condition (x+
A

� + x

�
A

+)/⌧ = 0. Note that, as the separate fields

of each nuclei already satisfy this condition, the Fock-Schwinger representation does not introduce any

physical assumption that was not already present in the single nucleus characterization.
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This system provides the initial conditions for the proper time evolution of the gluon field
in the future light-cone, be it computed via analytical or numerical methods. In order
to relate it to the fields prior to the collision (Eq. (2.9)) we invoke a physical ‘matching
condition’ that requires Yang-Mills equations to be regular in the limit ⌧ !0 . In doing so,
the following relations are obtained:

↵i

(⌧ = 0

+, x?) = ↵i

1

(x?) + ↵i

2

(x?)

↵(⌧ = 0

+, x?) =

ig

2

⇥

↵i

1

(x?), ↵i

2

(x?)

⇤

, (2.12)

which act as boundary conditions of the ⌧ -evolution.

3 The EMT correlator in the classical approximation

Using Eq. (2.10) along with the boundary conditions of Eq. (2.12) we obtain the following
expression for the EMT at ⌧ =0

+:

Tµ⌫

0

(x?)=2 Tr
⇢

1

4

gµ⌫F↵�F
↵�

�Fµ↵F ⌫

↵

�

0

+

=�g2(�ij�kl + ✏ij✏kl)Tr
n⇣

[↵i

1

, ↵j

2

][↵k

1

, ↵l

2

]

⌘

0

+

o

⇥tµ⌫

⌘ ✏
0

(x?)⇥tµ⌫ ,

where tµ⌫ ⌘diag(1, 1, 1, �1) and ✏
0

(x?) is the energy density at proper time ⌧ =0

+ in a point
x? of the transverse plane. A remarkable aspect of this tensor is the maximum pressure
anisotropy denoted by the negative longitudinal direction. This makes it very different to
the characteristic EMT of an ideal fluid, where all the components of the pressure would be
equal and positive. The negative pressure leads to the deceleration of colliding nuclei, while
the remaining components force the system to expand in the transverse directions. This
is problematic for a smooth matching to quasi-ideal hydrodynamics, which is the theory
expected to describe the evolution of the fireball after ⌧ ⇠Q�1

s

.
However, prior to the interpretation of this object we must compute its average over

the background fields. We have hTµ⌫

0

(x?)i=h✏
0

(x?)i⇥tµ⌫ , with:

h✏
0

(x?)i=�g2(�ij�kl + ✏ij✏kl)
D

Tr
n

[↵i

1

(x?), ↵j

2

(x?)][↵k

1

(x?), ↵l

2

(x?)]

oE

. (3.1)

As the trace in this expression is performed over color space, in order to compute it we
need to expand the color structure of our fields:

↵i

(x?)=

Z 1

�1
dz�U †

(z�, x?)

@i⇢̃(z�, x?)

r2

U(z�, x?)=

Z 1

�1
dz�

@i⇢̃a

r2

U †taU

=

Z 1

�1
dz�

@i⇢̃a

r2

Uabtb ⌘ ↵i,b

(x?)tb.

(3.2)

– 7 –

t

x3

x+x�

1 2

0

3

Figure 1. Space-time diagram of the collision of two relativistic heavy ion nuclei. The two diagonal
lines represent the trajectory of the nuclei. The points below them (quadrant 0) represent a region
where the projectiles have not yet arrived. By choosing the gauge fields to vanish in the remote
past, in this region we have Aµ

= 0. As the quadrants 1 and 2 represent regions where only one
of the nuclei has arrived, the gauge fields there are described by the Yang-Mills equations with a
single source. However, in the quadrant 3 we need to take into account the two sources.

inner surface of the light-cone, ⌧ = 0

+ (this is, at some infinitesimal positive proper time
after the collision), as in this region it is possible to find an analytical expression of the
gauge fields. In order to do so, it is useful to divide the space-time into four quadrants
as indicated in Fig. 1. The MV model provides the appropriate framework to calculate
the gauge fields characterizing each nuclei before the collision (quadrants 1 and 2). These
fields define the boundary conditions for the solution in the future light-cone (quadrant 3).
Taking into account that for ⌧ < 0 the nuclei are located in causally disconnected regions
of space-time, we can compute each gauge field independently. Let’s take, for instance, a
nucleus moving in the positive x3 direction (which we indicate with the label 1). By solving
Eq. (2.1) in the light-cone gauge (see [6] for a detailed resolution), we obtain:

A±
1

= 0

Ai

1

= ✓(x�
)

Z 1

�1
dz�U †

1

(z�, x?)

@i⇢̃
1

(z�, x?)

r2

U
1

(z�, x?) ⌘ ✓(x�
)↵i

1

(x?), (2.7)

which is a non-abelian Weizsäcker-Williams field. Here ⇢̃(x�, x?) is the color charge density
in the covariant gauge4 and U(x�, x?) is the Wilson line: a SU(N

c

) element that represents
the effect of the classical gluon field over the fast valence partons in the eikonal approxima-
tion, i.e. a rotation in color space. U(x�, x?) is defined as a path-ordered exponential:

U
1

(x�, x?) = P�
exp

(

�ig

Z

x

�

x

�
0

dz�
1

r2

⇢̃
1

(z�, x?)

)

4
Providing that we average gauge invariant observables, the specific gauge in which we work does not

affect the result of hOi, as both the Gaussian weight W [⇢] and the functional measure [d⇢] are gauge

invariant objects.
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[Dµ,Fµ⇥ ] = J⇥
1 + J⇥

2

J

⌫
1 = ⇢1(x?)�(x

�)�⌫+

J

⌫
2 = ⇢2(x?)�(x

+)�⌫�

nucleus 1 nucleus 2

1 2
3

t

x

3
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+
x

�

0

1 2

3

[Dµ, F
µ⌫ ] = J⌫

1 + J⌫
2 [1, 2] Single nucleus solution

A

±
1 = 0

A

i
1 = ✓(x�)

Z 1

�1
dz

�
U

†
1 (z

�
, x?)

@

i
⇢̃1(z�, x?)

r2
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�
, x?) ⌘ ✓(x�)↵i
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�
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�
exp

(
�ig

Z
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�
0

dz

� 1
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⇢̃1(z

�
, x?)

)

[3] Forward light cone ⌧= 0+
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±
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i =↵
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i
2(x?)

↵(⌧ = 0+, x?) =
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⇥
↵

i
1(x?),↵

i
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⇤

• We can obtain the 
divergence of the Chern-
Simons current as:
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2

A

i
1=✓(x�)

Z 1
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dz

�@
i
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a
1(z

�
, z?)

r2
U
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1 (z�, x?)t
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1 (x?)t

b
,
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↵i
1
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Correlators of the divergence of the 
Chern-Simons current at eeeee⌧= 0+
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In accordance to the fact that there is no global CP violation in the process.
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In accordance to the fact that there is no global CP violation in the process.
• For the 2-point correlator:
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And the saturation scale:                                       .

result of this work:
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where the dependencies have been omitted for readability. The covariance of the full EMT
is simply obtained from the previous expression as
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; x?, y?)⇥tµ⌫t�⇢. (4.37)

The factors A(r?) and B(r?) were introduced in Eq. (4.14). Explicit expressions for them
in the general case are given in Appendix A and in Eqs. (4.42), (4.43) below for the specific
case of the original MV model. Also, to make our final result more compact we have defined:
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For simplicity, in the previous expressions we also defined the following momentum scale:
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Comparison with the ‘Glasma Graph’ approximation 
• Glasma Graph approximation [Lappi & Schlichting 2018, Muller & Schaefer 2012]. Assume 

Gaussian distribution of the produced gluon fields: 

29

of this limit results from a combination of terms included in the first two orders of the
N

c

-expansion presented above, Eq. (4.27) and Eq. (4.28):

lim

r!1
Cov[✏MV](0

+

; x?, y?) =

2

�

N2

c

� 1

� �

4⇡ @2L(0?)

�

2

�

¯Q4

s1

Q2

s2

+

¯Q4

s2

Q2

s1

�

g4N2

c

r2
.

Note that this power-law tail is a non-trivial feature of our general result (shown in appendix
D) that is also displayed in the particular case of the MV model. In the opposite limit,
r!0, the covariance tends to:
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4.2 The glasma graph approximation

An alternative approach to this calculation is proposed in [5], where it is assumed that
the four-point correlation functions of the gluon fields can be factorized into products of
two-point correlation functions such that:
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This Wick theorem-like decomposition is based on the glasma graph approximation, which
combines Gaussian statistics (as featured in the MV model) with the assumption that the
valence quarks interact with the classical field by exchanging only two gluons. This results
in a factorization of double parton distributions into all possible products of single parton
distributions, which yields great simplification in the context of the calculation of di-hadron
correlators [...]. In the same spirit, Eq. (4.29) proposes a similar approach to the calculation
of the EMT two-point correlator, which is expressed in terms of the building block defined
for the single EMT correlator in Eq. (3.5). We compare the normalized covariance from our
result (in the MV model and with Q

s 1

=Q
s 2

=1 GeV) with the one computed according to
the decomposition defined in Eq. (4.29). As can be seen in Fig. 5, although both results agree
exactly in the small dipole size limit r ! 0, in the rest of the spectrum our computation
yields a harder curve. Another remarkable difference is that, while the glasma graph-
inspired result yields a rapidly vanishing exponential tail in the limit r ! 1, we obtain
a much slower power-law convergence. This potentially implies much different results and
physical interpretations for any observable built from this quantity.
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• Agreement with full result in the r->0 limit. Strong discrepancies in the r-> ∞ limit 
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Figure 5. LEFT: Comparison of normalized covariance of energy density ✏0 against r in the MV
model (blue full curve) and the glasma graph-inspired approximation (red dashed curve). Here
we also show the asymptotic behavior in the large dipole limit (green dot-dashed curve). RIGHT:
Ratio of full MV and glasma graph result.

5 Discussion and Outlook

A Operations involving the 2-D Laplacian Green’s function

Throughout the computation of the covariance of Tµ⌫

0

we encounter several nontrivial cal-
culations involving the Green’s function for the 2-dimensional Laplace operator G(x?�y?).
For instance, when computing the correlator of two gluon fields (Eq. (3.5)), we find:
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◆
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This expression includes two undetermined functions, h(b?) and f(x?�y?), introduced in
the 2-point correlator (Eq. (2.6)) in order to generalize the MV model. However, we do not
take these functions as completely general. For h(b?), in addition to overall good analytical
properties, we assume a slowly varying behavior in lengths smaller than the inverse of a
mass scale m�1:

|h(b?)| � m�1|@ih(b?)| � m�2|@i@jh(b?)| � ..., (A.2)

where we take m as the infrared regulator of our color glass condensate. We require that:

1

Q
s

⌧ 1

m
⌧ R

A

, (A.3)

where R
A

is the nuclear radius. Thus, the interaction distances of interest in our calculation
obey r = |x?�y?| ⌧ m�1. This requirement, as well as the assumed behavior for h(b?),
yield a significant simplification to Eq. (A.1). To see this, we expand h (b0?) around b? =

(x?+ y?)/2:

h(b0?) = h(b?) + (b0? � b?)

i@ih(b?) + ... (A.4)
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Glasma flux tubes

• The initial chromo-E⃗ and B⃗ fields form longitudinal

“flux tubes” extending between the projectiles:

• Correlation length in the transverse plane: ∆r⊥ ∼ Q
−1
s

• Correlation length in rapidity: ∆η ∼ α−1
s

• The flux tubes fill up the entire volume
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• This slowly decaying behavior 
could potentially have an impact in 
both physical interpretations and 
numerical results for any 
observable built from this quantity.

Comparison with the ‘Glasma Graph’ approximation 
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• The expressions presented in this paper provide analytical insight on the 
early-time local fluctuations of axial charge density in the transverse plane. 

• Our formulas can be directly applied in phenomenological studies of 
anomalous transport phenomena:
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• From this expression one can straightforwardly relate the two-point f to the 
correlation function:

Phenomenology
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which serves as the fundamental input for the Monte-Carlo modelization of 
initial conditions of axial charge density (required by hydro simulations).
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Conclusions
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• We have performed an exact analytical calculation of the covariance of the 
divergence of the Chern-Simons current of the Glasma at             , in the 
framework of the Color Glass Condensate. 

We find remarkably long-range correlations in comparison to naive 
expectations and previous calculations (such as the one performed in the 
Glasma Graph approximation). 
The modifications introduced in the MV model will prove useful in subsequent 
phenomenological applications of our results (not discussed here - see paper). 

• This work presents a wide variety of applications and potential follow-up   
follow-up projects:  

Modelization of initial axial charge transversal distributions for hydro QGP 
simulations that aim at describing anomalous transport phenomena.  

Computation of time evolution of our result towards thermalization time                   
jjjjjjjjjjjjjjjjjjk. 
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Back-up
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Highly Energetic Heavy Ion Collisions

4 François Gelis
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Fig. 5. Parton distributions in a proton, measured in Deep Inelastic Scattering at HERA.2

parton distributions at high energy/small x is that the gluons are outnumbering
all the other parton species – the valence quarks are completely negligible in this
kinematical region, and the sea quarks are suppressed by one power of the coupling
↵

s

, since they are produced from the gluons by the splitting g ! qq.

Fig. 6. Left: typical process in a hadronic collision in the dilute regime. Right: typical process in
the dense regime.

This increase of the gluon distribution at small x leads to a major complication
when applying QCD to compute processes in this regime. Indeed, the usual tools of
perturbation theory are well adapted to the situation where the parton distributions
are small (see the left figure 6) and where a fairly small number of graphs contribute
at each order. On the contrary, when the parton distributions increase, processes
involving many partons become more and more important, as illustrated in the
right panel of the figure 6. The extreme situation arises when the gluon occupation
number is of order 1/↵

s

: in this case, an infinite number of graphs contribute at each
order. This regime of high parton densities is non-perturbative, even if the coupling
constant is weak – the non-perturbative features arise from the fact that the large

• Relativistic kinematics: at high energies, 
the nuclei appear almost two-dimensional 
in the laboratory frame due to Lorentz 
contraction

• QCD becomes non-linear and non-perturbative!
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all the other parton species – the valence quarks are completely negligible in this
kinematical region, and the sea quarks are suppressed by one power of the coupling
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, since they are produced from the gluons by the splitting g ! qq.

Fig. 6. Left: typical process in a hadronic collision in the dilute regime. Right: typical process in
the dense regime.

This increase of the gluon distribution at small x leads to a major complication
when applying QCD to compute processes in this regime. Indeed, the usual tools of
perturbation theory are well adapted to the situation where the parton distributions
are small (see the left figure 6) and where a fairly small number of graphs contribute
at each order. On the contrary, when the parton distributions increase, processes
involving many partons become more and more important, as illustrated in the
right panel of the figure 6. The extreme situation arises when the gluon occupation
number is of order 1/↵

s

: in this case, an infinite number of graphs contribute at each
order. This regime of high parton densities is non-perturbative, even if the coupling
constant is weak – the non-perturbative features arise from the fact that the large

• At high energies (or equivalently, low x) the 
partonic content of nucleons is vastly 
dominated by a high density of gluons
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Luckily, in this case Wilson lines and (external) color source densities factorize

• We momentarily take two different transverse positions:

h↵i,a(x?)↵
j,b(x?)i

<latexit sha1_base64="wzyYX2bFRrhJ8GjvjarnSYFH6Jk=">AAACIHicbVDNSgMxGMz6W+vfqkcvwSJUkLKrgl4E0YvHCrYVurV8G7+2sdndkGTFsvRl9GUUBFFP+jSmtYJV5zSZmQ8yE0rBtfG8d2dicmp6ZjY3l59fWFxadldWqzpJFcMKS0SiLkLQKHiMFcONwAupEKJQYC3sngz82g0qzZP43PQkNiJox7zFGRgrNd3DQEDcFkgDELIDlxnfhn7xtpkFEpXsb33L19vhmKyGV0234JW8Ie hf4o9IgYxQbrpPwVXC0ghjwwRoXfc9aRoZKMOZwH4+SDVKYF1oY93SGCLUjWxYs083W4mipoN0+P6ZzSDSuheFNhOB6ejf3kD8z6unpnXQyHgsU4MxsxHrtVJBTUIHa9ErrpAZ0bMEmOL2l5R1QAEzdtO8re//LvuXVHdK/m5p52yvcHQ8GiJH1skGKRKf7JMjckrKpEIYuSeP5JW8OXfOg/PsvHxFJ5zRzRoZg/PxCTNmpC4=</latexit>

↵

i,b
1 (x?)=

Z 1

�1
dz

�@
i
⇢̃

a
1(z

�
, z?)

r2
U

ab
1 (z�, x?)

REMINDER:



Pablo Guerrero Rodríguez (UGR) Topological Fluctuations of the Glasma August 26, 2019 /32G36

⌦
↵

i,a(x?)↵
j,b(y?)

↵
=

Z 1

�1
dz

�
dz

�0

*
@

i
⇢̃

a0
(z�, x?)

r2
?

@

j
⇢̃

b0(z�0
y?)

r2
?

+D
U

a0a(z�, x?)U
b0b(z�0

, y?)
E

�

a

0
b

0
µ

2(x�)�(x� � y

�)@i

x

@

j

y

L(x? � y?)

L(x? � y?)=

Z
d

2
z?G(x? � z?)G(y? � z?).

Where:

• We momentarily take two different transverse positions:

h↵i,a(x?)↵
j,b(x?)i
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• For the 1-point correlator of        :Tµ⌫
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• We momentarily take two different transverse coordinates:
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hTµ⌫i = h✏0i ⇥ diag {1, 1, 1,�1}
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• We momentarily take two different transverse positions:

h↵i,a(x?)↵
j,b(x?)i
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• For the 1-point correlator of        :Tµ⌫
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• We momentarily take two different transverse coordinates:
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• We finally take the limit:
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Notation:

• In the MV model the factor               
     yields a logarithmic UV divergence:
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