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VU la délibération du Conseil régional des 16 et 17 décembre 2021 approuvant le Budget Primitif 2022 

et notamment son programme 547, 
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PRÉAMBULE 
 
« Faire de l'Enseignement Supérieur, de la Recherche et de l'Innovation (ESRI) le socle de l'économie de la 
connaissance en Pays de la Loire » : cette volonté s'est traduite par l'adoption par le Conseil Régional des 16 
et 17 décembre 2020, de la nouvelle stratégie ESRI 2021/2027. Après une large concertation avec 
l'ensemble des acteurs concernés, la Région a posé des lignes directrices fortes pour accroître l'agilité du 
territoire (individuelle et collective), créer de la valeur économique et réussir les transitions sociétales de 
son territoire. 
La stratégie régionale qui sera déployée sur la période 2021/2027 repose sur trois grandes ambitions qui se 
déclinent ensuite en objectifs et mesures opérationnelles : 



• Medium-induced radiation and the asymptotic mass 

• The asymptotic mass, classical modes and convergence

• Interplay of lattice EQCD and pQCD for 

• Based on

• Moore Schlusser PRD102 (2020)

• JG Moore Schicho Schlusser JHEP02 (2021)

• JG Schicho Schlusser Weitz in progress
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In this talk



• Key ingredient 

• in the description of jet modification

• in thermalisation&transport: effective number-violating 1↔2 process, 
efficient chemical equilibration and energy transport, bottom-up 
thermalisation Baier Mueller Schiff Son (2001)
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Fig. 2. Schematic Feynman diagram contributing to the leading order collinear bremsstrahlung
rate. Hard gluon lines are labeled by their three momentum (pz ,p?). The interactions with the
random classical background bath are illustrated by the gluon lines with crosses. Only hard lines
which enter or exit the boxed region are included in an e↵ective Boltzmann description.

locoll

equation as a local rate, it must be understood that the emission process can only
be localized to within a time scale set by the formation time of the radiation. The
inverse formation time will be defined as the energy di↵erence between the initial
and final states

(⌧form)
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Using the dispersion relation for the hard particles this reads
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wherem2
1,p

is the asymptotic mass of the particle with momentum p, as summarized
in Eq. (8). We have further defined

h ⌘ pq? . (34)

As seen from the figure and described below, h/p is a transverse momentum vector
which is conjugate to the (transverse) coordinate separation x? between the initial
and final states.

The bremsstrahlung rate Ccoll is determined by the rate of transverse momen-
tum kicks (of magnitude q?) which a hard particle experiences traversing the soft
classical fields:

CR(q?) ⌘ lim
p!1

(2⇡)2
d�R(p,p+ q?)

d2q?
. (35){defcq}

Here p is the momentum of the hard particle, which is large (p ! 1) relative to
the the typical momentum, ⇠ gT , of the background fields. The collision kernel
CR can be expressed as a Wilson loop in the (x+

, x?) plane evaluated in the clas-
sical background,12,32,33 as sketched in Fig. 3. To motivate the appropriate Wilson
loop we note that the average squared momentum transfer per unit time (i.e. q̂) is
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• Transverse diffusion under this  
Hamiltonian 
 
 
Real part: phase accumulation (with  
in-medium masses) 
Imaginary part: Wilson lines encoding  
scattering kernel with the medium

Medium-induced radiation
• Probability I: vacuum DGLAP x emission vertices x transverse diffusion

t=x0

...

......

t=0 t=0 t=x0

FIG. 17. Two diagrams, time ordered from left to right, whose interference contributes to the rate of
gluon bremsstrahlung. The only difference from the photon emission case of Fig. 7 is that the gluon, as well
as the emitter, can interact with the soft background field.

...

...

...

FIG. 18. A single diagram depicting the interference of the two gluon emission amplitudes of Fig. 17.
The left-hand version depicts the product of amplitudes in a given background field; the right-hand version
shows the result after averaging over random background fields. Individual background field correlators can
connect any two of the three hard lines, and double lines represent the resummed propagators of Fig. 14.

collinear, and consequently the interactions are ordered in the same way as before. The
new complications are, first, that there is a color matrix TA

ab at the hard particle vertex, and
second, that there are now correlations between the soft gauge field felt by the gluon and
either emitter line, not just between the two emitter lines.

Because the interactions are ordered as before, it is still possible to resum the diagrams
by an integral equation similar to Eq. (3.14). The only difference is that there are now three
elements in the collision term, corresponding to the three kinds of correlations between lines
shown in Fig. 18. The group theoretic coefficients are easily found with the help of

T b
R T a

R T b
R =

(
CR − 1

2CA

)
T a
R , T c

R T b
R ifabc = 1

2 CA T a
R , (6.1)

where T a
R denote representation R color generators. Since the soft gluon correlators are

ordered in time, this is sufficient to determine the group factor for the whole diagram; each
line between emitters gives a factor of (CR − 1

2CA) and each line from an emitter to the
emitted gluon gives 1

2CA.
The other complication is that, whereas before a cross-rung always changed p and left

k the same, now it can either change p, change k, or change both. This is a reflection of
the fact that the gluon, unlike the photon, can scatter during the 1/g2T time scale of the
process. In the photon case, we had a natural fixed direction k with respect to which we
defined p⊥ (whose changes we had to keep track of) and p‖ (whose changes we could ignore).

One inelegant but concrete possibility would be to proceed as before but (i) pick by some
convention any direction nearly collinear with k, p and p + k to define the “parallel” (‖)

24
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• The mass shift is then  for a hard quark close to the mass shellm2
∞ = g2T2/3

Hard partons through the medium
• Imagine a hard quark propagating through a medium with 

. Dispersive and dissipative interactionsp+ ≡
p0 + pz

2
≫ T

5
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gA�

<latexit sha1_base64="2a7imVVj5mNptaqrLQ+7wfxjUP4=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBEEIabp013RjcsK9gFNWibTSTt08mBmIoRQf8WNC0Xc+iHu/BsnbQUVPXDhcM693HuPGzEqpGl+aCura+sbm7mt/PbO7t6+fnDYEWHMMWnjkIW85yJBGA1IW1LJSC/iBPkuI113epX53TvCBQ2DW5lExPHROKAexUgqaagXxgPLdhG3I0GzOo8GZ0O9aBoXjZpVtaBpmGbdKtcyYtUrVhmWlJKhCJZoDfV3exTi2CeBxAwJ0S+ZkXRSxCXFjMzydixIhPAUjUlf0QD5RDjp/PgZPFHKCHohVxVIOFe/T6TIFyLxXdXpIzkRv71M/Mvrx9JrOCkNoliSAC8WeTGDMoRZEnBEOcGSJYogzKm6FeIJ4ghLlVdehfD1KfyfdCyjVDOqN5Vi83IZRw4cgWNwCkqgDprgGrRAG2CQgAfwBJ61e+1Re9FeF60r2nKmAH5Ae/sEhNmUtw==</latexit>

g2 ̄ /p+

<latexit sha1_base64="Ede/1EGFMJafIfIsW14YRoJjL34="></latexit>

C(k?) ⇠ g2
Z

Q
G��(Q)�(q�)�(2)(q? � k?) <latexit sha1_base64="1mTfdyKi7BFfXz/Rnp8sF3OKAWw=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiCENP06a7qxmUF+4A2DZPptB06SYaZSaGE/okbF4q49U/c+TdO2goqeuDC4Zx7ufcenzMqlW1/GCura+sbm5mt7PbO7t6+eXDYlFEsMGngiEWi7SNJGA1JQ1HFSJsLggKfkZY/vkn91oQISaPwXk05cQM0DOmAYqS05JnmsOdceV1OBO85F7x37pk527qslp2SA23LtitOoZwSp1J0CjCvlRQ5sETdM9+7/QjHAQkVZkjKTt7myk2QUBQzMst2Y0k4wmM0JB1NQxQQ6Sbzy2fwVCt9OIiErlDBufp9IkGBlNPA150BUiP520vFv7xOrAZVN6EhjxUJ8WLRIGZQRTCNAfapIFixqSYIC6pvhXiEBMJKh5XVIXx9Cv8nTcfKl63SXTFXu17GkQHH4AScgTyogBq4BXXQABhMwAN4As9GYjwaL8bronXFWM4cgR8w3j4Bi2CS+w==</latexit>

g2A2
?/p

+

 Klimov (1981-82) Weldon (1982)

<latexit sha1_base64="IjRw6n2sj+dzsoaOStp+zpmyEUs=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5RLx4jmAcka5idzCZDZmaXmVkhLPkFLx4U8eoPefNvnE32oIkFDUVVN91dQcyZNq777RSWlldW14rrpY3Nre2d8u5eU0eJIrRBIh6pdoA15UzShmGG03asKBYBp61gdJv5rSeqNIvkgxnH1Bd4IFnICDaZNLh+POmVK27VnQItEi8nFchR75W/uv2IJIJKQzjWuuO5sfFTrAwjnE5K3UTTGJMRHtCOpRILqv10eusEHVmlj8JI2ZIGTdXfEykWWo9FYDsFNkM972Xif14nMeGVnzIZJ4ZKMlsUJhyZCGWPoz5TlBg+tgQTxeytiAyxwsTYeEo2BG/+5UXSPK16F9Xz+7NK7SaPowgHcAjH4MEl1OAO6tAAAkN4hld4c4Tz4rw7H7PWgpPP7MMfOJ8/dcqN3w==</latexit>

gA�
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<latexit sha1_base64="2a7imVVj5mNptaqrLQ+7wfxjUP4=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBEEIabp013RjcsK9gFNWibTSTt08mBmIoRQf8WNC0Xc+iHu/BsnbQUVPXDhcM693HuPGzEqpGl+aCura+sbm7mt/PbO7t6+fnDYEWHMMWnjkIW85yJBGA1IW1LJSC/iBPkuI113epX53TvCBQ2DW5lExPHROKAexUgqaagXxgPLdhG3I0GzOo8GZ0O9aBoXjZpVtaBpmGbdKtcyYtUrVhmWlJKhCJZoDfV3exTi2CeBxAwJ0S+ZkXRSxCXFjMzydixIhPAUjUlf0QD5RDjp/PgZPFHKCHohVxVIOFe/T6TIFyLxXdXpIzkRv71M/Mvrx9JrOCkNoliSAC8WeTGDMoRZEnBEOcGSJYogzKm6FeIJ4ghLlVdehfD1KfyfdCyjVDOqN5Vi83IZRw4cgWNwCkqgDprgGrRAG2CQgAfwBJ61e+1Re9FeF60r2nKmAH5Ae/sEhNmUtw==</latexit>

g2 ̄ /p+

<latexit sha1_base64="H5HirFJ1CnayDJpZIJjQrG8iwzE=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiCUDOD1nZXdeOygn1AOx0yadqGZmZCkimUoX/ixoUibv0Td/6NmbaCih64cDjnXu69JxCcKY3Qh7W0vLK6tp7byG9ube/s2nv7DRUnktA6iXksWwFWlLOI1jXTnLaEpDgMOG0Go5vMb46pVCyO7vVEUC/Eg4j1GcHaSL5tD7ruld8RVIqueya6p75dQEVkUCrBjDhl5BhSqZRdtwKdmYVQASxQ8+33Ti8mSUgjTThWqu0gob0US80Ip9N8J1FUYDLCA9o2NMIhVV46u3wKj43Sg/1Ymoo0nKnfJ1IcKjUJA9MZYj1Uv71M/MtrJ7pf9lIWiUTTiMwX9RMOdQyzGGCPSUo0nxiCiWTmVkiGWGKiTVh5E8LXp/B/0nCLTql4cXdeqF4v4siBQ3AEToADLkEV3IIaqAMCxuABPIFnK7UerRfrdd66ZC1mDsAPWG+ff7yS9A==</latexit>

g2A2
?/p

+

<latexit sha1_base64="aJM6hlLSkpfZu/tKEnaUZ5aDxmM="></latexit>

m2
1 = g2CF
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2nB(q)

q
| {z }
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q
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 Klimov (1981-82) Weldon (1982)
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<latexit sha1_base64="hQ42VV4ZwrnriLIO8TsItLErNmo=">AAAB9XicdVBNS8NAEJ34WetX1aOXxSJ4KknQ2t6KXjxW6Be0adlsN+3SzSbsbpQS+j+8eFDEq//Fm//GTVtBRR8MPN6bYWaeH3OmtG1/WCura+sbm7mt/PbO7t5+4eCwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/cp357TsqFYtEQ09j6oV4JFjACNZG6vcCiUna6Luz1HFng0LRLtkG5TLKiFOxHUOq1YrrVpEzt2y7CEvUB4X33jAiSUiFJhwr1XXsWHsplpoRTmf5XqJojMkEj2jXUIFDqrx0fvUMnRpliIJImhIazdXvEykOlZqGvukMsR6r314m/uV1Ex1UvJSJONFUkMWiIOFIRyiLAA2ZpETzqSGYSGZuRWSMTRDaBJU3IXx9iv4nLbfklEsXt+fF2tUyjhwcwwmcgQOXUIMbqEMTCEh4gCd4tu6tR+vFel20rljLmSP4AevtE2nKknw=</latexit>

T 2

12

<latexit sha1_base64="hQ42VV4ZwrnriLIO8TsItLErNmo=">AAAB9XicdVBNS8NAEJ34WetX1aOXxSJ4KknQ2t6KXjxW6Be0adlsN+3SzSbsbpQS+j+8eFDEq//Fm//GTVtBRR8MPN6bYWaeH3OmtG1/WCura+sbm7mt/PbO7t5+4eCwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/cp357TsqFYtEQ09j6oV4JFjACNZG6vcCiUna6Luz1HFng0LRLtkG5TLKiFOxHUOq1YrrVpEzt2y7CEvUB4X33jAiSUiFJhwr1XXsWHsplpoRTmf5XqJojMkEj2jXUIFDqrx0fvUMnRpliIJImhIazdXvEykOlZqGvukMsR6r314m/uV1Ex1UvJSJONFUkMWiIOFIRyiLAA2ZpETzqSGYSGZuRWSMTRDaBJU3IXx9iv4nLbfklEsXt+fF2tUyjhwcwwmcgQOXUIMbqEMTCEh4gCd4tu6tR+vFel20rljLmSP4AevtE2nKknw=</latexit>

T 2

12

• Half of the bosonic integral comes from the  regionq ≲ T

<latexit sha1_base64="aJM6hlLSkpfZu/tKEnaUZ5aDxmM="></latexit>

m2
1 = g2CF

✓Z

q

2nB(q)

q
| {z }

T 2/6
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Z

q

2nF(q)

q
| {z }

T 2/12

◆
<latexit sha1_base64="L01P2MDEcg35rhE34UjysvugwJE=">AAACEHicbVC7TsMwFHV4lvIKMLJYVIiyVAniNVZlYSxSX1ITRY7rtFYdJ7UdRBXlE1j4FRYGEGJlZONvcNsM0HKkKx2dc6/uvcePGZXKsr6NpeWV1bX1wkZxc2t7Z9fc22/JKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x/eTPz2PRGSRryhxjFxQ9TnNKAYKS155gn3nBCpgQjTWlYeOYzBxqmD4lhED9AJBMJpI0tHmWeWrIo1BVwkdk5KIEfdM7+cXoSTkHCFGZKya1uxclMkFMWMZEUnkSRGeIj6pKspRyGRbjp9KIPHWunBIBK6uIJT9fdEikIpx6GvOyfHy3lvIv7ndRMVXLsp5XGiCMezRUHCoIrgJB3Yo4JgxcaaICyovhXiAdIpKJ1hUYdgz7+8SFpnFfuycnF3XqrW8jgK4BAcgTKwwRWogltQB02AwSN4Bq/gzXgyXox342PWumTkMwfgD4zPHytsnVQ=</latexit>

nB(q ⌧ T ) ⇡ T

q

 Klimov (1981-82) Weldon (1982)
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<latexit sha1_base64="hQ42VV4ZwrnriLIO8TsItLErNmo=">AAAB9XicdVBNS8NAEJ34WetX1aOXxSJ4KknQ2t6KXjxW6Be0adlsN+3SzSbsbpQS+j+8eFDEq//Fm//GTVtBRR8MPN6bYWaeH3OmtG1/WCura+sbm7mt/PbO7t5+4eCwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/cp357TsqFYtEQ09j6oV4JFjACNZG6vcCiUna6Luz1HFng0LRLtkG5TLKiFOxHUOq1YrrVpEzt2y7CEvUB4X33jAiSUiFJhwr1XXsWHsplpoRTmf5XqJojMkEj2jXUIFDqrx0fvUMnRpliIJImhIazdXvEykOlZqGvukMsR6r314m/uV1Ex1UvJSJONFUkMWiIOFIRyiLAA2ZpETzqSGYSGZuRWSMTRDaBJU3IXx9iv4nLbfklEsXt+fF2tUyjhwcwwmcgQOXUIMbqEMTCEh4gCd4tu6tR+vFel20rljLmSP4AevtE2nKknw=</latexit>

T 2

12

<latexit sha1_base64="hQ42VV4ZwrnriLIO8TsItLErNmo=">AAAB9XicdVBNS8NAEJ34WetX1aOXxSJ4KknQ2t6KXjxW6Be0adlsN+3SzSbsbpQS+j+8eFDEq//Fm//GTVtBRR8MPN6bYWaeH3OmtG1/WCura+sbm7mt/PbO7t5+4eCwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/cp357TsqFYtEQ09j6oV4JFjACNZG6vcCiUna6Luz1HFng0LRLtkG5TLKiFOxHUOq1YrrVpEzt2y7CEvUB4X33jAiSUiFJhwr1XXsWHsplpoRTmf5XqJojMkEj2jXUIFDqrx0fvUMnRpliIJImhIazdXvEykOlZqGvukMsR6r314m/uV1Ex1UvJSJONFUkMWiIOFIRyiLAA2ZpETzqSGYSGZuRWSMTRDaBJU3IXx9iv4nLbfklEsXt+fF2tUyjhwcwwmcgQOXUIMbqEMTCEh4gCd4tu6tR+vFel20rljLmSP4AevtE2nKknw=</latexit>

T 2

12

• We can then expect large contributions from soft classical gluons

<latexit sha1_base64="aJM6hlLSkpfZu/tKEnaUZ5aDxmM="></latexit>

m2
1 = g2CF

✓Z

q

2nB(q)

q
| {z }

T 2/6

+

Z

q

2nF(q)

q
| {z }

T 2/12

◆
<latexit sha1_base64="L01P2MDEcg35rhE34UjysvugwJE=">AAACEHicbVC7TsMwFHV4lvIKMLJYVIiyVAniNVZlYSxSX1ITRY7rtFYdJ7UdRBXlE1j4FRYGEGJlZONvcNsM0HKkKx2dc6/uvcePGZXKsr6NpeWV1bX1wkZxc2t7Z9fc22/JKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x/eTPz2PRGSRryhxjFxQ9TnNKAYKS155gn3nBCpgQjTWlYeOYzBxqmD4lhED9AJBMJpI0tHmWeWrIo1BVwkdk5KIEfdM7+cXoSTkHCFGZKya1uxclMkFMWMZEUnkSRGeIj6pKspRyGRbjp9KIPHWunBIBK6uIJT9fdEikIpx6GvOyfHy3lvIv7ndRMVXLsp5XGiCMezRUHCoIrgJB3Yo4JgxcaaICyovhXiAdIpKJ1hUYdgz7+8SFpnFfuycnF3XqrW8jgK4BAcgTKwwRWogltQB02AwSN4Bq/gzXgyXox342PWumTkMwfgD4zPHytsnVQ=</latexit>

nB(q ⌧ T ) ⇡ T

q

<latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g <latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g

 Klimov (1981-82) Weldon (1982)

Classical gluons and the asymptotic mass



9

0 1 2 3 4 50.00

0.02

0.04

0.06

0.08

0.10

q/T

q
n(
q)
/π

2

<latexit sha1_base64="hQ42VV4ZwrnriLIO8TsItLErNmo=">AAAB9XicdVBNS8NAEJ34WetX1aOXxSJ4KknQ2t6KXjxW6Be0adlsN+3SzSbsbpQS+j+8eFDEq//Fm//GTVtBRR8MPN6bYWaeH3OmtG1/WCura+sbm7mt/PbO7t5+4eCwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/cp357TsqFYtEQ09j6oV4JFjACNZG6vcCiUna6Luz1HFng0LRLtkG5TLKiFOxHUOq1YrrVpEzt2y7CEvUB4X33jAiSUiFJhwr1XXsWHsplpoRTmf5XqJojMkEj2jXUIFDqrx0fvUMnRpliIJImhIazdXvEykOlZqGvukMsR6r314m/uV1Ex1UvJSJONFUkMWiIOFIRyiLAA2ZpETzqSGYSGZuRWSMTRDaBJU3IXx9iv4nLbfklEsXt+fF2tUyjhwcwwmcgQOXUIMbqEMTCEh4gCd4tu6tR+vFel20rljLmSP4AevtE2nKknw=</latexit>

T 2

12

<latexit sha1_base64="hQ42VV4ZwrnriLIO8TsItLErNmo=">AAAB9XicdVBNS8NAEJ34WetX1aOXxSJ4KknQ2t6KXjxW6Be0adlsN+3SzSbsbpQS+j+8eFDEq//Fm//GTVtBRR8MPN6bYWaeH3OmtG1/WCura+sbm7mt/PbO7t5+4eCwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/cp357TsqFYtEQ09j6oV4JFjACNZG6vcCiUna6Luz1HFng0LRLtkG5TLKiFOxHUOq1YrrVpEzt2y7CEvUB4X33jAiSUiFJhwr1XXsWHsplpoRTmf5XqJojMkEj2jXUIFDqrx0fvUMnRpliIJImhIazdXvEykOlZqGvukMsR6r314m/uV1Ex1UvJSJONFUkMWiIOFIRyiLAA2ZpETzqSGYSGZuRWSMTRDaBJU3IXx9iv4nLbfklEsXt+fF2tUyjhwcwwmcgQOXUIMbqEMTCEh4gCd4tu6tR+vFel20rljLmSP4AevtE2nKknw=</latexit>

T 2

12

• For  this contribution becomes non-perturbative, q ≲ gT g2nB(q) ∼ 1

<latexit sha1_base64="aJM6hlLSkpfZu/tKEnaUZ5aDxmM="></latexit>

m2
1 = g2CF

✓Z

q

2nB(q)

q
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q
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q
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◆
<latexit sha1_base64="L01P2MDEcg35rhE34UjysvugwJE=">AAACEHicbVC7TsMwFHV4lvIKMLJYVIiyVAniNVZlYSxSX1ITRY7rtFYdJ7UdRBXlE1j4FRYGEGJlZONvcNsM0HKkKx2dc6/uvcePGZXKsr6NpeWV1bX1wkZxc2t7Z9fc22/JKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x/eTPz2PRGSRryhxjFxQ9TnNKAYKS155gn3nBCpgQjTWlYeOYzBxqmD4lhED9AJBMJpI0tHmWeWrIo1BVwkdk5KIEfdM7+cXoSTkHCFGZKya1uxclMkFMWMZEUnkSRGeIj6pKspRyGRbjp9KIPHWunBIBK6uIJT9fdEikIpx6GvOyfHy3lvIv7ndRMVXLsp5XGiCMezRUHCoIrgJB3Yo4JgxcaaICyovhXiAdIpKJ1hUYdgz7+8SFpnFfuycnF3XqrW8jgK4BAcgTKwwRWogltQB02AwSN4Bq/gzXgyXox342PWumTkMwfgD4zPHytsnVQ=</latexit>

nB(q ⌧ T ) ⇡ T

q

<latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g <latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g

 Klimov (1981-82) Weldon (1982)

Classical gluons and the asymptotic mass
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• From Feynman diagrams to EFT operators, concentrate on  Zg
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µ

E

Caron-Huot (2008)

absorbed into the coe�cient on the field strength in the action, S =
R

1

2g2TrF
2+ . . .. These

condensates represent the contribution of forward scattering in the medium, with 1/(v ·D)

or (v ·D)2 accounting for the lightlike (eikonalized) propagation through the medium and

 ̄, or v�F �µ representing an interaction with a medium excitation. The leading-order,

long-distance approximation to these condensates reproduce the forward-scattering part of

the hard thermal loop e↵ective action along the light cone.

The gauge part of (1.3) can be related to an integral over the correlator of two covariant

Lorentz force vectors in position space [15]

Zg = �
1

g2dA

Z 1

0

dx+ x+hvk µF
µ⌫
a (x+, 0, 0?)U

ab
A (x+, 0, 0?; 0, 0, 0?)vk ⇢F

⇢
b ⌫(0, 0, 0?)i , (1.5)

where the x+ integration and the modified adjoint Wilson line Uab
A

arise from 1/(v ·D)2.

Locations in space-time are described by three-vectors (x+, x�, x?) in light-cone coordi-

nates. Because the jet is highly relativistic, we have x� = t � z = 0 in the plasma frame.

The problem therefore e↵ectively reduces to three dimensions, two in the transverse plane

x?, where rotational invariance is present, and a coordinate that encompasses the elapsed

time t for the jet as well as its covered distance z in the medium x+ = (t + z)/2 ⌘ L.

We use the convention that the z-component of k is the jet’s direction of propagation, so

v = (1, 0, 0, 1).

Figure 1. Pictorial motivation for the form of the correlator (1.5).

At this point, we would like to briefly build up some intuition for the specific form

of (1.5). We can distinguish two sorts of jet-medium interactions. First, there is true

scattering, where the transverse momentum of the jet particle changes; this is described

by the transverse momentum broadening kernel C(b?) [22]. But there is also forward

scattering, where the jet particle temporarily changes direction before scattering back into

its original state (or more technically, a scattering creates an amplitude in a di↵erent

momentum state, which subsequently scatters again to return to the original momentum,

introducing a phase shift). Such forward scattering is what causes a dispersion correction.

It can be understood qualitatively as the jet particle making a scattering-induced detour, as

pictured in Fig. 1. The sum of all such forward scattering possibilities induces an e↵ective

mass term [23].
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Moore Schlusser (2020)
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• From Feynman diagrams to EFT operators, concentrate on   
 
 

• Breakthrough: soft classical modes at space-like separations become  
Euclidean and time-independent. Light-like limit possible, see JG Weitz 
(2022) for caveats in the case of . Talk by Weitz later

• Horrible HTL perturbative calculation or extremely challenging 4D lattice on 

the light-cone become 3D Electrostatic QCD (EQCD). NLO 

Zg

̂q

δZg = −
TmD

2π

The asymptotic mass, non-perturbatively

Caron-Huot (2008)
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• From Feynman diagrams to EFT operators, concentrate on   
 
 

• Our strategy: lattice EQCD for , pQCD for  
What does it mean in practice?

• Recently: continuum-extrapolated EQCD lattice data for the scattering 
kernel and merging with pQCD Moore Schlusser PRD101 (2020) Moore 
Schlichting Schlusser Soudi JHEP2110 (2021) Schlichting Soudi PRD105 (2022)

Zg

L ≳ 1/mD L ≲ 1/mD ∼ 1/gT

The asymptotic mass, non-perturbatively
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EQCD

• EQCD is the dimensionally-reduced (3D) EFT for the classical modes, which 
correspond to the Euclidean zero modes. 3D SU(3) + adjoint Higgs ( ) 
 
 
 
Kajantie Laine Rummukainen Shaposhnikov (1995-97) Braaten Nieto (1994-95)

• By putting EQCD on the lattice we can get the classical contribution non-
perturbatively at all orders. But how?

A0 → Φ

13
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EQCD

• In practice, we get continuum-extrapolated results for
 at a few discrete values of .  

Moore Schlusser PRD102 (2020) JG Moore Schicho Schlusser JHEP02 (2021)

• We need to match to the 4D continuum, since EQCD has the wrong UV

• Start by computing the EQCD correlator to NLO

Tr ⟨U(−∞; L)F(L) U(L; 0) F(0)U(0; − ∞)⟩EQCD
L

14
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Zg =
2

dA

Z 1

0
dLLTr

D
U(�1;L)v↵F

↵µ(L)U(L; 0) v⌫F
⌫ µ(0)U(0;�1)

E

(a) (b) (c) (d1) (d2) (e)

(f) (g) (h) (i) (j)

Figure 1. Diagrams contributing to leading and next-to-leading order to the EQCD force-force
correlator Z3d

g (3.4). An external gray shaded vertex denotes a DxΦ or F xz insertion; internal 2-point
blobs the respective self-energy; a double line a Wilson line; and a curly line a spatial gauge boson
(Ai). A solid line is a placeholder for either an adjoint scalar (Φ) or a spatial gauge boson (otherwise
curly).

scales in the domain L ∈ [0,∞). The ultraviolet (UV) region is precisely where we expect

corrections from full QCD that are not included in EQCD. Fortunately, these contributions

should be under better perturbative control than the IR regime due to asymptotic freedom.

The corresponding diagrams are compiled in fig. 1.

Computing the three correlators in EQCD, 〈EE〉, i〈EB〉, and 〈BB〉, is only possible at

finite values of g23dL on the lattice. Beyond the feasible range of g23dL on the lattice, one has to

rely on models. For large g23dL, one can fit the largest-g23dL lattice data points to asymptotic

models, as done in [16] and updated in sec. 5. This regime produces a small contribution

because the correlators decay exponentially here. For small g23dL, perturbation theory is

supposed to work in EQCD. Since the three-dimensional coupling g23d carries mass dimension

one, and the correlators carry mass dimension three, dimensional analysis tells us that the

tree-level EQCD expressions can go as 1/L3 in the small-g23dL-limit at worst, whereas the

one-loop level can contain g23d/L
2 at worst, and all higher loop levels are O(g43d/L) at worst.

The L dL integration leading to Z3d
g in (3.4) can therefore receive UV-divergent contributions

only from the O(1/L3) LO terms or from the O(g23d/L
2) NLO terms.6 All higher-order

contributions to Z3d
g are short-distance finite. Therefore, a one-loop analytical calculation

of the three correlators is not only required quantitatively for increasing the agreement of

lattice data and perturbation theory at small g23dL, but also qualitatively for a comprehensive

treatment of all possible UV divergences. Note that this short-distance region is where EQCD

no longer provides a good description of full QCD. Nevertheless, an accurate treatment of

this region will be needed when we carry out the matching to the full four-dimensional theory,

which we leave to a future publication.

Below, we present the next-to-leading order perturbative calculation in EQCD. Its mass

parameter m2
D is fully resummed and not treated as a perturbation of O(g2), while also fully

taking the quartic Φ-vertex into account . Furthermore, we employ momentum-space gauge

6When we talk about leading or next-to-leading order in the following, we refer to orders in the EQCD

perturbative expansion in g23d, being related but not to be confused with the full QCD perturbative expansion

in g. We will thus drop the previously adapted -in-EQCD specifiers.

– 8 –
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• Good agreement in the UV, excellent at high  GeV T = 100

JG Moore Schicho Schlusser (2021)

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 0.5 1 1.5 2

〈E
E
(L

)〉
L
3

g23dL

lattice data

LO PT

NLO PT

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 0.5 1 1.5 2

−
〈B

B
(L

)〉
L
3

g23dL

Figure 2. Continuum-extrapolated 〈EE〉L3 (left) and −〈BB〉L3/g23d (right) from leading-order
perturbative (LO PT), next-to-leading-order perturbative (NLO PT), and lattice data at T = 100 GeV
and Nf = 5 (cf. tab. 1). Correlators are multiplied by (g23dL)

3 to balance the leading divergence.

The correlator i〈EB〉 vanishes at leading order. Therefore an analysis of its convergence

would require a NNLO result, which is not available as of now.

Figure 3 collects lattice data at all four pairs of (T,Nf) and includes their corresponding

NLO predictions. It can be seen that with smaller temperatures – and larger coupling – the

onset of perturbative behavior in the UV decreases to smaller g23dL. Figure 3 also shows that

perturbation theory qualitatively predicts well i〈EB〉 at small g23dL and high temperatures

where the coupling is small due to asymptotic freedom. With lower temperatures and larger

separations the agreement with our lattice data becomes gradually worse until perturbation

theory even fails to predict the correct sign of i〈EB〉 at small separations and the smallest two

temperatures. What saves the day is that on the one hand, i〈EB〉 is numerically suppressed

compared to 〈EE〉 and 〈BB〉, so its overall impact on Z3d
g is not large, as seen from fig. 3(lower

right). On the other hand, the tree-level contribution for i〈EB〉 vanishes. Therefore, we

evaluate only one non-trivial order for i〈EB〉 and cannot analyze how well the perturbative

series converges or assess the quality of our perturbative estimate for i〈EB〉. Bearing this

reasoning in mind, we accept the mismatch of the lattice data for i〈EB〉 and its perturbative

prediction in fig. 3.

In order to mitigate the discretization effects of the numerical integration via the trapezoid

rule, we add and subtract our NLO result to the integration
∫

dLL (corr)latt =

∫

dLL
(

(corr)latt − (corr)NLO

)

+

∫

dLL (corr)NLO , (5.2)

with the NLO form of the correlators in (4.12), (4.13), and (4.14). The last integral can

be done analytically, whereas the difference in the first integral is numerically much better

behaved: O
(

g43d/L
)

instead ofO
(

1/L3
)

for 〈EE〉 and 〈BB〉, or g23d/L
2 for i〈EB〉, respectively.

At this point, we would like to caution the reader that this procedure is purely motivated to

– 16 –
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JG Moore Schicho Schlusser (2021)

<latexit sha1_base64="2k+MMWQzWxrcN7Uy+vsb/Oz7fcQ="></latexit>

ZEQCD
g =

T

2

Z 1

0
dLL

�
hEEi � hBBi � hEBi

�

• IR tails modeled by non-perturbative exp. falloff (magnetic screening)

• UV tails handled by perturbative EQCD
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Figure 3. Continuum-extrapolated EQCD lattice data on the three separate correlators 〈EE〉L3,
−〈BB〉L3/g23d, i〈EB〉L/g53d, (cf. tab. 1) and the dLL integrand of eq. (3.4) with modelled long L-tail
(short dashes) and our NLO perturbative estimate (long dashes). Powers of g23dL balance the expected
leading divergence of the respective correlator, again.

accelerate numerical convergence and has no physical meaning, in contrast to the subtractions

in the following subsection.

As elaborated in [16], it is necessary to model the large-g23dL tail of the correlators in

order to perform the dLL integration up to ∞. For 〈EE〉 and 〈BB〉, the functional form,

motivated by [30], is
A

(

g23dL
)2 exp(−B · g23dL) , (5.3)

with the fitting constants A and B. Considering i〈EB〉, we find that the data rather follows

A′ exp(−B′ · g23dL) , (5.4)

with the respective fitting constants A′ and B′. As already argued above, the impact of

i〈EB〉 on Zg is small. Also, the error associated with the large-g23dL tail given in tab. 1
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order to perform the dLL integration up to ∞. For 〈EE〉 and 〈BB〉, the functional form,

motivated by [30], is
A

(
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)2 exp(−B · g23dL) , (5.3)

with the fitting constants A and B. Considering i〈EB〉, we find that the data rather follows

A′ exp(−B′ · g23dL) , (5.4)

with the respective fitting constants A′ and B′. As already argued above, the impact of

i〈EB〉 on Zg is small. Also, the error associated with the large-g23dL tail given in tab. 1
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motivated by [30], is
A

(
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)2 exp(−B · g23dL) , (5.3)

with the fitting constants A and B. Considering i〈EB〉, we find that the data rather follows

A′ exp(−B′ · g23dL) , (5.4)

with the respective fitting constants A′ and B′. As already argued above, the impact of

i〈EB〉 on Zg is small. Also, the error associated with the large-g23dL tail given in tab. 1
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• Integration UV-divergent ( )

• EQCD super-renormalizable, 

• Only the first two terms give rise to power-law and log divergences. They 
must cancel with the IR limits of a bare calculation in full thermal QCD. This 
is easily verified for the power law, that can simply be subtracted

• For the log in a first stage we introduce an intermediate cutoff regulator 

 and integrate numerically the UV-subtracted EQCD data

L → 0

⟨FF(L → 0)⟩ = c0
1
L3

+ c2
g2T
L2

+…

−c2
g2T
L2

θ(L0−L)

JG Moore Schicho Schlusser (2021)
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• Proper handling of the log divergence requires the two-loop calculation in 
thermal QCD 
 

• Only diagram c matters in Feynman gauge

• Translated the cutoff to dimensional regularisation.  
UV pole of EQCD cancels IR pole of QCD, leaving  
behind a  term. Regulator dependence  
gone! Regulator-independent classical contribution 
 negative

g2T2 ln(T/mD)

JG Schicho Schlusser Weitz in progress

(a) (b) (c) (d1) (d2) (e)

(f) (g) (h) (i) (j)

Figure 1: Diagrams contributing to the leading and next-to-leading order to the QCD force-

force correlator Zg (2.24). An external gray shaded vertex denotes an F−⊥ insertion; internal

2-point blobs the respective self-energy; a double line a Wilson line; and a curly line a gauge

boson (Aµ). {fig:diagrams}

be pursuing. However, for the specific case of quantizing the system along the lightcone and

probing infrared physics, as it is the case for a jet acquiring an effective mass from plasma

interactions with the medium, Caron-Huot has provided a drastic simplification to that ap-

proach [5], also see Appendix A in [6]. The idea is to take the common thermal expressions

in full QCD and add an imaginary part to their pnz = pz + i2πnT , where n is the index of

the time layer in the Matsubara-formalism. We show the calculation in the upcoming sub-

section at LO, bearing in mind that this formalism will (probably) not translate to the NLO

calculation.

3.1. Full leading order
{sec:qcd}

Following the formalism put forward by Caron-Huot [5], we work out the leading order (LO)

and next-to leading order perturbative expressions for the gauge condensate Zg in full QCD.

The calculation will be carried out along lightcone coordinates, c.f. (2.2). For the sake of

simplicity, we work in Feynman gauge in the following, meaning that the gauge propagator

reads

G>
µν; ab(x) =

∑

n

∫
dd+1q

(2π)d+1
ei(xzqz+b⊥·q⊥) δabηµν

q2n + (qz + iqn)2 + q⊥2
, (3.1) {prop}{prop}

where d refers to the number of transverse directions which we finally want to send to d → 2.

In lightcone-coordinates, our correlator reads

〈vk µF
µν
a (x+, 0, 0⊥)U

ab
A (x+, 0, 0⊥; 0, 0, 0⊥)vk ρF

ρ
b ν(0, 0, 0⊥)〉

= 〈F+x
a (x+, 0, 0⊥)U

ab
A (x+, 0, 0⊥; 0, 0, 0⊥)F

+
b x(0, 0, 0⊥)〉 , (3.2) {eq:cor:full}{eq:cor:full}

with the Wilson line in adjoint representation

Uab
A (x+, 0, 0⊥; 0, 0, 0⊥) = P exp

[
−ig

∫ x+

0
ds+Ac

−(s+, 0, 0)f
abc

]
. (3.3) {eq:U:A:4d}{eq:U:A:4d}
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• Proper handling of the log divergence requires the two-loop calculation in 
thermal QCD 
 

• Only diagram c matters in Feynman gauge

• Remainder of the calculation suggests emergence 
 of possible (double-)logarithmic enhancements 
 in the jet’s energy

JG Schicho Schlusser Weitz in progress
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• Large classical contributions very important for many observables

• Methodology of pQCD+lattice EQCD to capture hard modes perturbatively 
and classical modes at all orders. Successful for 

• Work in progress for , important ingredient for medium-induced 
emissions, kinetic theory&transport, photon production
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JG Hong Kurkela Lu Moore Teaney (2013)
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Figure 11. Two NLO functions, (�m2
1/m2

1)C�m
coll

(k/T ) and (g2CAT/mD)C�C
coll

(k/T ), which pa-
rameterize the changes in the the collinear emission rate due to the NLO quasi-particle masses and
collision kernel respectively – see Eq. (3.22). The full LO+NLO collinear emission function is a sum
these two corrections and the leading order result, CLO

coll
+ �Ccoll. The curves are for Nc = Nf = 3

and ↵s = 0.30 {plot_collinear}

The fitting functions read

C�m

coll(x) =

✓
2/9



◆0.25 ⇣
� 0.3664/x� 0.08478� 0.0799 log(x)

+0.0315x� 0.0050x log(x)� 0.0681 (log(x))2
⌘
, (3.26)

C�C

coll(x) = (�0.7207� 0.8236�+ 3.986�2)/x

+(0.7056 + 0.0998�� 1.186�2)

+(�0.8309� 0.2610�+ 2.247�2) log(x)

+(0.12305� 0.0108�� 0.2871�2)x

+(�0.01777 + 0.00148�+ 0.0434�2)x log(x)

+(0.2804� 0.0369�� 0.2375�2) log(x)2

+(�0.0702 + 0.00440�+ 0.1149�2) log(x)3 , (3.27)

with � ⌘ � 2/9. The fitting functions have a relative error smaller than 2% for Nf = 3

QCD ( = 2/9) in the momentum range 0.5 < x < 70. In the range 0.15 <  < 0.35 the

relative error is less than 5%.

We will present most of the numerical results, for di↵erent values of the parameters

such as the coupling, in the exposition of the final results in Sec. 6. Here we just show in

Fig. 11 the size of the mass correction, [�m2
1/m2

1]C�m

coll(k/T,), and the collision kernel

correction, [g2CAT/mD]C�C
coll(k/T,), relative to the the LO collinear result, CLO

coll(k/T ).

The NLO correction �Ccoll(k/T ) is an O(100%) correction for most of the considered range.
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g g

Figure 5. Collinear diagrams. In the first case, called the bremsstrahlung diagram, the angle
between the emitted photon and the outgoing emitting fermion is of order g. In the second case,
called the pair annihilation diagram, it is the angle between the annihilating quark and antiquark
that is of order g. The diagrams where the gluon is attached to the other fermionic line are not
show. In both cases the gluon is soft and is scattering on the hard constituents of the plasma, i.e.,
it is an HTL gluon in the Landau cut. In these diagrams the gluon is scattering o↵ light quarks
(the hard lines at the bottom). The corresponding case with gluons is not shown. {fig_collinear}

In terms of the two-point function these processes correspond to diagrams with the

two nearly collinear fermion lines connected with arbitrary number of soft spacelike gluons

with same kinematics as Q. In [14, 15] Arnold, Moore and Ya↵e (AMY) showed that it is

only the ladder-type diagrams shown in Fig. 6 that contribute to leading order calculation;

the factors of g arising from additional vertices are canceled by near on-shell propagators

and large statistical factors arising from the gluonic propagators. The near on-shellness of

the quark lines makes the diagrams sensitive to thermal mass m2
1 ⇠ g2T 2 and the thermal

width � ⇠ g2T of the quark lines, which need to be consistently resummed. Furthermore

AMY showed how these diagrams can be resummed in terms of a Schrödinger equation

type di↵erential equation, and they obtained the complete leading-order results in [15]. In

Sec. 3 we will discuss in detail this equation in the context of the treatment of its NLO

corrections.
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Figure 6. The uncrossed ladder diagrams that need to be resummed to account for the LPM e↵ect
in the collinear region. The cut shown here corresponds to the interference term on the right-hand
side. The rungs on the l.h.s. are HTL gluons in the Landau cut. On the r.h.s., the crosses at the
lower hand of the gluons represent the hard scattering centers, either gluons or fermions. {fig_lpm}
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FIG. 1. (top) Non-perturbative elastic broadening kernel
CQCD(b?) in impact parameter space. Data points for two
di↵erent temperatures T = 250, 500MeV are shown along-
side the interpolating splines. We also compare to the short-
distance limit in Eq. (7) and the long-distance limit in Eq. (6).
(from [1]). (bottom) Elastic broadening kernel CQCD(q?)
in momentum space for T = 250, 500MeV. Blue and pur-
ple bands represent uncertainties of the spline interpolation
for 250MeV and 500MeV respectively. We also compare the
kernel to leading-order (LO) and next-to-leading order (NLO)
determinations, as well as to the UV limit in Eq. (17) and the
IR limit in Eq. (16).

While the integral in Eq. (10) is still highly oscillatory, it
can be computed numerically as long as the integrand is
su�ciently well behaved at the integration boundaries.
In order to ensure numerical convergence, we therefore
subtract the leading asymptotic behavior at large dis-
tances

dCIR(b?)

db?
=

�EQCD

g4T 2
g4T . (11)

and only perform a numerical Hankel transform of the
remainder

d

db?
�CQCD(b?) =

dCQCD(b?)

db?
�

dCIR

QCD
(b?)

db?
, (12)

which by construction vanishes for large impact parame-
ters. By numerically performing the Hankel transform

�CQCD(q?) =
2⇡

q?

Z 1

0

db? b?J1(b? q?)
d

db?
�CQCD(b?) ,

(13)

and supplying it with the analytic result for the Hankel
transform of CIR(b?), given by

CIR

QCD
(q?) =

2⇡

q3?

�EQCD

g2T
. (14)

we obtain the full momentum broadening kernel as

CQCD(q?) = �CQCD(q?) + CIR

QCD
(q?) , (15)

We note that, due to the fact that the Bessel function
is highly oscillatory for large momentaq?, su�cient care
should be taken in performing the integral, and we de-
scribe the procedure we employ in Appendix. A.
Next, in order to construct the momentum broaden-

ing kernel C(q?) at all scales we proceed to transform
the limiting behaviors of the kernel, which can be used
to extrapolate the results beyond the tabulated range of
q? values. In the deep infrared regime, the momentum
broadening kernel is determined by the string tension,
where as shown in Appendix. A, one finds

CQCD(q?)
q?⌧ g2T
������!2⇡

�EQCD

q3?
(16)

In the UV limit the momentum broadening kernel follows
the same behavior as the perturbative QCD kernel in
Eq. (4), and one obtains [40]

CQCD(q?)
q?� mD
������!

CRg4T 3
N

q4?
. (17)

C. Perturbative kernel in EQCD

Before we present results for the non-perturbative de-
termination of C(q?), we briefly recall the results of per-
turbative calculations, following [1, 39], which we will
use as a reference for comparison. At leading order (LO)
O(g4), the QCD collisional broadening kernel can be ex-
pressed in momentum space [40] as

CLO

QCD
(q?) =

g4CR

q2?(q
2

? +m2

D
)

Z
d3p

(2⇡)3
p� pz

p

[2CAnB(p)(1 + nB(p
0)) + 4NfTfnF(p)(1� nF(p

0))] ,
(18)
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Figure 4. Continuum-extrapolated version of �Tr hB(L)UB(0)U�1i
g8
3d

, connecting to the free solution

(2.8) at small g23dL and to an exponential tail of the form (3.4) with the coe�cients determined
from our data at g23dL  1.5. The black dashed line indicates the free solution that is independent
of x and y. The dashed lines in color refer to the respective fitted tail function of the form (3.4).

therefore becomes negligible at small distances.

In both cases, we observe a strict hierarchy: the correlators Tr hE(L)UE(0)U�1
i and

�Tr hB(L)UB(0)U�1
i shrink with increasing x (corresponding to decreasing the tempera-

ture). We also find that Tr hE(L)UE(0)U�1
i and �Tr hB(L)UB(0)U�1

i become closer to

each other as one increases the temperature, which is expected due to the screening mass

mD increasing with temperature and reducing scalar correlations over large distances.

Adding Tr hE(L)UE(0)U�1
i and �Tr hB(L)UB(0)U�1

i and integrating according to

(2.6), as discussed in the previous section, one indeed obtains a strictly positive integrand,

yielding a positive Zg.

Since data for the cross-correlations and the NLO matching are still missing, we post-

pone the calculation of Zg to a later publication.

5 Conclusion and outlook

In the present work, we have shown how to compute the asymptotic masses m2
1 in QCD at

high temperature nonperturbatively. We showed that the real-time continuum expression,

– 15 –
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