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Breakdown of perturbation theory

At high temperature:   two relevant scales 
hard ~

soft ~

 One-loop thermal corrections hard thermal loops (HTLs)
as relevant as the tree amplitudes  for soft momenta

and have to be resummed into effective vertices and 
propagators

(and they arise from hard loop momenta)
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Hot QCD plasmas
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How to improve the previous picture? 
let us start with QED

Perturbative corrections  ( two-loop diagrams)

Power corrections (POW)

From one-loop diagrams: expanding (soft/hard)          arXiv:1712.07949

From transport theory: pushing the gradient expansion, keeping  quantum 

corrections     arXiv:2107.03655

• OSEFT : rather than expanding diagrams … do it in the Lagrangian
(I am ignoring possible effects of P and CP violation in this talk!) 

Using effective field theory methods (OSEFT): expansion done at the
 Lagrangian level  arXiv:1603.05514



Power corrections to the HTL photon polarization tensor

We use the RTF in the Keldysh representation
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Expanding the integrand: use dimensional regularization!

This is the HTL
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First power correction 

Higher order power corrections
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which are increasingly every time more IR problematic!

d = 3 + 2✏

<latexit sha1_base64="o2cyRHmowh/TWrv6wCOnw9EAPVQ=">AAAB9HicdVDLSgNBEJyNrxhfiR69DAZBEMJODCY5CEEvHiOYByRLmJ30JkNmH8zMRsKSP9GTqDe/xB/wb5yNEVS0TtVV1dBdbiS40rb9bmVWVtfWN7Kbua3tnd29fGG/rcJYMmixUISy61IFggfQ0lwL6EYSqO8K6LiTq9TvTEEqHga3ehaB49NRwD3OqDbSIF8YXuAzfIrLuA+R4iLVinbJtm1CCE4JqZ7bhtTrtTKpYZJaBkW0RHOQf+sPQxb7EGgmqFI9YkfaSajUnAmY5/qxgoiyCR1Bz9CA+qCcZHH6HB97ocR6DHgxf88m1Fdq5rsm41M9Vr+9VPzL68XaqzkJD6JYQ8BMxHheLLAOcdoAHnIJTIuZIZRJbq7EbEwlZdr0lDPvf/2I/yftcolUStWbSrFxuSwiiw7RETpBBFVRA12jJmohhu7QA3pGL9bUurcerafPaMZa7hygH7BePwDfDZAx</latexit>



First power correction (POW)

Note that if  we keep only the thermal contribution, the integral is IR divergent in d=3

The IR divergence of the thermal part is cancelled with the IR divergence of the 
vacuum!
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POW is IR finite!
But it contains the UV divergence of the vacuum, which is cured

adding counterterms, as expected 
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Including chemical potential ; change

nF (q) !
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For T=0, the POW at finite chemical potential is obtained by 
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Results have also been obtained by  Gorda et al, 2022



Effective Lagrangian
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Power corrections = gradient expansion in transport theory

Transport equations can be derived from quantum field theory

typically, a gradient expansion is carried out

The leading term corresponds to classical physics

Subleading terms corresponds to pure quantum corrections,
 and we see those give the POW!

(and recall classical physics ~ HTL)



ZB oscillations might become problematic when deriving 
quantum corrections to classical transport equations! 

Introduce a coarse graining that eliminates these 
oscillations Rafelski, Shin 93 

(for example, with a Gaussian … but this introduces one scale in the problem)

Quantum corrections to classical transport

A Dirac particle does not move along a straight line with constant velocity, but 
carries out a dancing motion (Zitterbewegung) with the speed of light centered 
on a point that does move uniformly 

Or alternatively …. diagonalize the dynamics, separating particles 
and antiparticles degrees of freedom (use OSEFT = on-shell effective field theory)   



Wigner function: quantum analogue of the classical distribution function
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Carry out the Wigner transformation and the gradient expansion in
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(in principle you can keep all terms …

Vasak, Gyulassy and Elze, 1987
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<latexit sha1_base64="7eVe2ScoFhxU/MqxiIAa+rW0e04="></latexit>
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<latexit sha1_base64="/JkZ5OT52fP565RXzPh8pwL9l8Q="></latexit>

+O(@3)

<latexit sha1_base64="boBYqqi5485aXrHURqAsvxHTN+4=">AAAB+nicdVDLSgMxFM3UV62vURcu3ASLUBHKpBbb7opu3FnBPqAzlkyaaUMzD5KMUMb5GV2JuvMz/AH/xkytoKJnde4954ac40acSWVZ70ZuYXFpeSW/Wlhb39jcMrd3OjKMBaFtEvJQ9FwsKWcBbSumOO1FgmLf5bTrTs4zvXtLhWRhcK2mEXV8PAqYxwhWejUw945hYhPM4WVasiMsFMP85uSoMDCLVtmyLIQQzAiqnVqaNBr1CqpDlEkaRTBHa2C+2cOQxD4NFOFYyj6yIuUk2YuE07Rgx5JGmEzwiPY1DbBPpZPMAqTw0AsFVGMKZ/N3b4J9Kae+qz0+VmP5W8uWf2n9WHl1J2FBFCsaEG3RmhdzqEKY9QCHTFCi+FQTTATTv4RkjAUmSreVxf/KCP8nnUoZVcu1q2qxeTYvIg/2wQEoAQRqoAkuQAu0AQEpeADP4MW4M+6NR+Pp05oz5je74AeM1w+N6JLZ</latexit>

� ⌘ @ · @q

<latexit sha1_base64="T/esM2jcO9cpV2uYCrcfHCXGdF4=">AAACCnicdVDLTgIxFO3gC/GFunTTSIyuyJQYwR1RFy4xETRhCOmUizR2HrZ3TMiEP9Cf0ZVRdy79Af/GDqJRo2d17j2nNz3Hj5U06LpvTm5qemZ2Lj9fWFhcWl4prq61TJRoAU0RqUif+9yAkiE0UaKC81gDD3wFZ/7lYaafXYM2MgpPcRhDJ+AXoexLwdGuusVt7wgUcurBVSKvqRdzjZIr6olehF9j96pbLLll13UZYzQjrLrnWrK/X6uwGmWZZFEiEzS6xVevF4kkgBCF4sa0mRtjJ83uCQWjgpcYiLm45BfQtjTkAZhOOg40olv9SFMcAB3P370pD4wZBr71BBwH5reWLf/S2gn2a51UhnGCEAprsVo/URQjmvVCe1KDQDW0hAst7S+pGHDNBdr2Cjb+Z0b6P2lVymy3XD3ZLdUPJkXkyQbZJDuEkSqpk2PSIE0iyC25J0/k2blx7pwH5/HDmnMmb9bJDzgv73Oymro=</latexit>

Spatial derivatives only act on F

Note: if you restore dimensions - this carries an ~

<latexit sha1_base64="tliEaxNOtwmq/sxm0IZZYuZJqwc=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJGWEIEd0Y1LTBwggQnplDtMQ+cnbceEEF5BV0bd+UC+gG9jBzFRo2d1er/T5J7rp1JoQ8i7U1hb39jcKm6Xdnb39g/Kh0ddnWSKg8sTmai+zzRIEYNrhJHQTxWwyJfQ86dXOe/dgdIiiW/NLAUvYpNYBIIzY0fuMPSZGpUrpEoIoZTi3NDGBbGm1WrWaBPTHFlV0EqdUfltOE54FkFsuGRaDyhJjTdnygguYVEaZhpSxqdsAgNrYxaB9ubLZRf4LEgUNiHg5ft7ds4irWeRbzMRM6H+zfLhX2yQmaDpzUWcZgZibiOWBZnEJsF5ZzwWCriRM2sYV8JuiXnIFOPGXqZk6391xP+bbq1K69XGTb3SvlwdoohO0Ck6RxQ1UBtdow5yEUcCPaBn9OKEzr3z6Dx9RgvO6s8x+iHn9QMAMox6</latexit>

We assume 

� ⌧ 1

<latexit sha1_base64="8odTzr5WbdBQKQDK5qy6TR9qm9k=">AAAB73icdZDLSgMxFIYzXmu9VV26CRbBVUlKse2uqAuXFewFOmPJpGfa0MzFJCOU0ufQlag738UX8G3M1Aoq+q/+nO8PnP/4iRTaEPLuLC2vrK6t5zbym1vbO7uFvf22jlPFocVjGauuzzRIEUHLCCOhmyhgoS+h44/PM965A6VFHF2bSQJeyIaRCARnxo5u3AuQhmFXSkxxvl8okhIhhFKKM0Orp8Saer1WpjVMM2RVRAs1+4U3dxDzNITIcMm07lGSGG/KlBFcwizvphoSxsdsCD1rIxaC9qbzrWf4OIgVNiPA8/f37JSFWk9C32ZCZkb6N8uGf7FeaoKaNxVRkhqIuI1YFqQSmxhn5fFAKOBGTqxhXAm7JeYjphg39kRZ/a+O+H/TLpdopVS9qhQbZ4tD5NAhOkIniKIqaqBL1EQtxJFCD+gZvTi3zr3z6Dx9RpecxZ8D9EPO6weOBI7w</latexit>
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<latexit sha1_base64="b6LhCeY0BFJxdUDBoXg2hNSWm3w=">AAAB+XicdZDLSgMxFIYzXmu9jQpu3ASL4KpMSrHtrujGZQV7gU4pmfRMG5q5mGSEMs7D6ErUna/hC/g2ZmoFFf1Xf873B875vVhwpR3n3VpaXlldWy9sFDe3tnd27b39jooSyaDNIhHJnkcVCB5CW3MtoBdLoIEnoOtNL3LevQWpeBRe61kMg4COQ+5zRrUZDe1D15eUpS4IkaU3GXaFwAQXh3bJKTuOQwjBuSG1M8eYRqNeIXVMcmRUQgu1hvabO4pYEkComaBK9YkT60FKpeZMQFZ0EwUxZVM6hr6xIQ1ADdL5/hk+8SOJ9QTw/P09m9JAqVngmUxA9UT9ZvnwL9ZPtF8fpDyMEw0hMxHD/ERgHeG8BjziEpgWM2Mok9xsidmEmiq0KSs//+tG/L/pVMqkWq5dVUvN80URBXSEjtEpIqiGmugStVAbMXSHHtAzerFS6956tJ4+o0vW4s8B+iHr9QPl7ZMd</latexit>
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<latexit sha1_base64="TumIO1BFHO8vW3yVeSkmMK7JF2c="></latexit>

Transport equation for the vectorial components
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<latexit sha1_base64="dAJRHgcuRq0HVDD95WdjI3lo3hw="></latexit>

Dispersion relation is also modified
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<latexit sha1_base64="KaHgSYM1xtgJsWMGTP+6BcsKm2A="></latexit>

Q2 = qµq
µ

<latexit sha1_base64="H1rJxVMI+qxJTI6v6E7NVfZdGjY=">AAAB83icdVDLTgIxFO3gC/E16tJNIzFxRaaECCxMiG5cQiJIAsOkUzrQ0M4MbYeETPgSXRl155/4A/6NHcREjZ7Fzbn3nJvce/yYM6Ud593Kra1vbG7ltws7u3v7B/bhUUdFiSS0TSIeya6PFeUspG3NNKfdWFIsfE7v/Ml1pt/NqFQsCm/1PKauwKOQBYxgbUaebbcG5Us49foigdOBqZ5ddEqO4yCEYEZQ9cIxpF6vlVENokwyKIIVmp791h9GJBE01IRjpXrIibWbYqkZ4XRR6CeKxphM8Ij2DA2xoMpNl5cv4FkQSajHFC77794UC6XmwjcegfVY/day4V9aL9FBzU1ZGCeahsRYjBYkHOoIZgHAIZOUaD43BBPJzJWQjLHERJuYCub9rx/h/6RTLqFKqdqqFBtXqyDy4AScgnOAQBU0wA1ogjYgYAYewDN4sRLr3nq0nj6tOWu1cwx+wHr9AGjekJk=</latexit>



HTL and POW from transport theory
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<latexit sha1_base64="Alf+fK0vzlKecYRcqbFMXsW+h7U="></latexit>

V ↵
(0) = q↵ 2⇡ sgn(q0) �(Q2)fF (q

0)

<latexit sha1_base64="RXUT9+RxyVFWlg/byLrCBMzZmMA="></latexit>

Close to thermal equilibrium

Linearize the transport equation around the thermal equilibrium solution
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<latexit sha1_base64="gLfchqt70RdeuK7fm7hSToUveEE="></latexit>
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<latexit sha1_base64="mBnjN2lmplb4ETV2wVPimksWukM="></latexit>

fF = [1 + exp(q0/T )]�1

<latexit sha1_base64="LuSPXu95UgTRWYHqn5GkT/0nRXQ=">AAAB/3icdVDLSgMxFM34rPVVdamLYBEUsSYitl0IoiAuFVoV2rFk4h0bzDxMMmIZutCf0ZWoO//BH/BvzNQKKnpW595zLtxzvFgKbQh5dwYGh4ZHRnNj+fGJyanpwszssY4SxaHOIxmpU49pkCKEuhFGwmmsgAWehBPvci/TT65BaRGFNdOJwQ3YRSh8wZmxq1ZhwW/t423coKu4CTfx8tUZWa+tuGfpGu3mW4UiKRFCKKU4I7S8RSypVisbtIJpJlkUUR+HrcJb8zziSQCh4ZJp3aAkNm7KlBFcQjffTDTEjF+yC2hYGrIAtJv2UnTxkh8pbNqAe/N3b8oCrTuBZz0BM239W8uWf2mNxPgVNxVhnBgIubVYzU8kNhHOysDnQgE3smMJ40rYLzFvM8W4sZVl8b8y4v/J8UaJbpbKR5vFnd1+ETk0jxbRMqKojHbQATpEdcTRHXpAz+jFuXXunUfn6dM64PRv5tAPOK8fIqOTjg==</latexit>
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<latexit sha1_base64="ZBaNY+mo6Zc9weJJByrPrqtQMQM="></latexit>
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<latexit sha1_base64="QmRwzmJNO1dV0qFceyfwZl7h14Q="></latexit>

The electromagnetic current

⇧µ⌫ =
�jµ

�A⌫

<latexit sha1_base64="j54kIoKtpSqYCxNBy3EwCMeAvgw="></latexit>

We reproduce the HTL and POW: 

UV divergence (which is a vacuum effect) is also reproduced!



New pieces:  corrections to the soft propagation.

For soft momentum  (schematically)

The first POW competes with 2-loops coming from hard scales  for soft 
momenta 

Nothing new:  loop expansion =/= perturbative expansion 

⇧(2�loops) ⇠ ↵2T 2

HTL
POW

⇧(1�loop) ⇠ e2T 2(1 +
L2

T 2
+

L4

T 4
+ · · · )

<latexit sha1_base64="nIUlubFyQvT46OFJtm/E+GKU/5k="></latexit><latexit sha1_base64="nIUlubFyQvT46OFJtm/E+GKU/5k="></latexit><latexit sha1_base64="nIUlubFyQvT46OFJtm/E+GKU/5k="></latexit><latexit sha1_base64="nIUlubFyQvT46OFJtm/E+GKU/5k="></latexit>

L ⇠ eT
<latexit sha1_base64="AF+X/C0FPm+hJhM/DkDGCvPKdig=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXJSli213RjQsXFfrCdiiZNNOGJpkhyQhl6F+4caGIW//GnX9jpq2gogcuHM65l3vvCWLBjUXow1tZXVvf2Mxt5bd3dvf2CweHbRMlmrIWjUSkuwExTHDFWpZbwbqxZkQGgnWCyVXmd+6ZNjxSTTuNmS/JSPGQU2KddHcD+4ZLyGBzUCiiEkIIYwwzgisXyJFarVrGVYgzy6EIlmgMCu/9YUQTyZSlghjTwyi2fkq05VSwWb6fGBYTOiEj1nNUEcmMn84vnsFTpwxhGGlXysK5+n0iJdKYqQxcpyR2bH57mfiX10tsWPVTruLEMkUXi8JEQBvB7H045JpRK6aOEKq5uxXSMdGEWhdS3oXw9Sn8n7TLJYxK+Pa8WL9cxpEDx+AEnAEMKqAOrkEDtAAFCjyAJ/DsGe/Re/FeF60r3nLmCPyA9/YJcwqQHg==</latexit><latexit sha1_base64="AF+X/C0FPm+hJhM/DkDGCvPKdig=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXJSli213RjQsXFfrCdiiZNNOGJpkhyQhl6F+4caGIW//GnX9jpq2gogcuHM65l3vvCWLBjUXow1tZXVvf2Mxt5bd3dvf2CweHbRMlmrIWjUSkuwExTHDFWpZbwbqxZkQGgnWCyVXmd+6ZNjxSTTuNmS/JSPGQU2KddHcD+4ZLyGBzUCiiEkIIYwwzgisXyJFarVrGVYgzy6EIlmgMCu/9YUQTyZSlghjTwyi2fkq05VSwWb6fGBYTOiEj1nNUEcmMn84vnsFTpwxhGGlXysK5+n0iJdKYqQxcpyR2bH57mfiX10tsWPVTruLEMkUXi8JEQBvB7H045JpRK6aOEKq5uxXSMdGEWhdS3oXw9Sn8n7TLJYxK+Pa8WL9cxpEDx+AEnAEMKqAOrkEDtAAFCjyAJ/DsGe/Re/FeF60r3nLmCPyA9/YJcwqQHg==</latexit><latexit sha1_base64="AF+X/C0FPm+hJhM/DkDGCvPKdig=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXJSli213RjQsXFfrCdiiZNNOGJpkhyQhl6F+4caGIW//GnX9jpq2gogcuHM65l3vvCWLBjUXow1tZXVvf2Mxt5bd3dvf2CweHbRMlmrIWjUSkuwExTHDFWpZbwbqxZkQGgnWCyVXmd+6ZNjxSTTuNmS/JSPGQU2KddHcD+4ZLyGBzUCiiEkIIYwwzgisXyJFarVrGVYgzy6EIlmgMCu/9YUQTyZSlghjTwyi2fkq05VSwWb6fGBYTOiEj1nNUEcmMn84vnsFTpwxhGGlXysK5+n0iJdKYqQxcpyR2bH57mfiX10tsWPVTruLEMkUXi8JEQBvB7H045JpRK6aOEKq5uxXSMdGEWhdS3oXw9Sn8n7TLJYxK+Pa8WL9cxpEDx+AEnAEMKqAOrkEDtAAFCjyAJ/DsGe/Re/FeF60r3nLmCPyA9/YJcwqQHg==</latexit><latexit sha1_base64="AF+X/C0FPm+hJhM/DkDGCvPKdig=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXJSli213RjQsXFfrCdiiZNNOGJpkhyQhl6F+4caGIW//GnX9jpq2gogcuHM65l3vvCWLBjUXow1tZXVvf2Mxt5bd3dvf2CweHbRMlmrIWjUSkuwExTHDFWpZbwbqxZkQGgnWCyVXmd+6ZNjxSTTuNmS/JSPGQU2KddHcD+4ZLyGBzUCiiEkIIYwwzgisXyJFarVrGVYgzy6EIlmgMCu/9YUQTyZSlghjTwyi2fkq05VSwWb6fGBYTOiEj1nNUEcmMn84vnsFTpwxhGGlXysK5+n0iJdKYqQxcpyR2bH57mfiX10tsWPVTruLEMkUXi8JEQBvB7H045JpRK6aOEKq5uxXSMdGEWhdS3oXw9Sn8n7TLJYxK+Pa8WL9cxpEDx+AEnAEMKqAOrkEDtAAFCjyAJ/DsGe/Re/FeF60r3nLmCPyA9/YJcwqQHg==</latexit>

But POW are the leading correction to the HTL for eT ⌧ L ⌧ T
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Two-loops corrections have been also computed 
Carignano, Carrington, Soto 2019; Gorda et al 2022
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Taking the renormalization scale as ⌫ = Te��E/2�1p⇡/2
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In Feynman gauge



On-going related work
If the fermions have a mass ~ soft there are corrections that compete 
with the perturbative and  POW

arXiv:2106.08904
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computed with OSEFT and kinetic theory

Intermediate IR divergencies in the computation appear, but they 
finally cancel - 

 use a regulator respectful with gauge symmetry, as DR!
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 Corrections to the photon screening mass



Discussion

I have discussed some of the corrections (POW) to the soft photon 
physics in high T plasmas, and how these can be recovered from 
transport theory

This should open the door to the computation of many properties in 
plasmas, mainly to the dynamics

Results for QCD will soon appear …


