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• Elements of jet physics 


• In-medium jet energy loss 


• Jet in EIC: perspectives
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• Jets are collimated sprays of particles produced in high 
energy collisions
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• Jet collimation: collinear QCD splittings are enhanced 
due to mass singularity 


• Although the coupling is small the large logarithmic 
phase-space enhances the probability for multiple 
splittings 
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• Collinear factorization: Jet evolution is independent of 
the process 



• Building block for jet evolution: antenna 
radiation pattern  ⇒  suppression of large 
angle soft gluon radiation due to color 
coherence 
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• Coherent branchings: angular ordering of the parton 
shower
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<latexit sha1_base64="XltpG1Ro2LoVSrK5Gp1e06K8bsg=">AAACEXicbVDLSgMxFM34rPVVFVdugkUQF2VGBF0W3bisYB/QqeVOmpmGJpkhyYhl6Ff4BW71C9yJW7/AD/A/TNtZ2NYDgcM59+ZcTpBwpo3rfjtLyyura+uFjeLm1vbObmlvv6HjVBFaJzGPVSsATTmTtG6Y4bSVKAoi4LQZDG7GfvORKs1ieW+GCe0IiCQLGQFjpW7p0J/8kUUKhiPsRyAEPJx1S2W34k6AF4mXkzLKUeuWfvxeTFJBpSEctG57bmI6GSjDCKejop9qmgAZQETblkoQVHeySfQIn1ilh8NY2ScNnqh/NzIQWg9FYCcFmL6e98bif147NeFVJ2MySQ2VZBoUphybGI+7wD2mKDF8aAkQxeytmPRBATG2sZmUp+mpthdvvoVF0jiveG7Fu7soV6/zhgroCB2jU+ShS1RFt6iG6oigDL2gV/TmPDvvzofzOR1dcvKdAzQD5+sXeF2eIA==</latexit><latexit sha1_base64="XltpG1Ro2LoVSrK5Gp1e06K8bsg=">AAACEXicbVDLSgMxFM34rPVVFVdugkUQF2VGBF0W3bisYB/QqeVOmpmGJpkhyYhl6Ff4BW71C9yJW7/AD/A/TNtZ2NYDgcM59+ZcTpBwpo3rfjtLyyura+uFjeLm1vbObmlvv6HjVBFaJzGPVSsATTmTtG6Y4bSVKAoi4LQZDG7GfvORKs1ieW+GCe0IiCQLGQFjpW7p0J/8kUUKhiPsRyAEPJx1S2W34k6AF4mXkzLKUeuWfvxeTFJBpSEctG57bmI6GSjDCKejop9qmgAZQETblkoQVHeySfQIn1ilh8NY2ScNnqh/NzIQWg9FYCcFmL6e98bif147NeFVJ2MySQ2VZBoUphybGI+7wD2mKDF8aAkQxeytmPRBATG2sZmUp+mpthdvvoVF0jiveG7Fu7soV6/zhgroCB2jU+ShS1RFt6iG6oigDL2gV/TmPDvvzofzOR1dcvKdAzQD5+sXeF2eIA==</latexit><latexit sha1_base64="XltpG1Ro2LoVSrK5Gp1e06K8bsg=">AAACEXicbVDLSgMxFM34rPVVFVdugkUQF2VGBF0W3bisYB/QqeVOmpmGJpkhyYhl6Ff4BW71C9yJW7/AD/A/TNtZ2NYDgcM59+ZcTpBwpo3rfjtLyyura+uFjeLm1vbObmlvv6HjVBFaJzGPVSsATTmTtG6Y4bSVKAoi4LQZDG7GfvORKs1ieW+GCe0IiCQLGQFjpW7p0J/8kUUKhiPsRyAEPJx1S2W34k6AF4mXkzLKUeuWfvxeTFJBpSEctG57bmI6GSjDCKejop9qmgAZQETblkoQVHeySfQIn1ilh8NY2ScNnqh/NzIQWg9FYCcFmL6e98bif147NeFVJ2MySQ2VZBoUphybGI+7wD2mKDF8aAkQxeytmPRBATG2sZmUp+mpthdvvoVF0jiveG7Fu7soV6/zhgroCB2jU+ShS1RFt6iG6oigDL2gV/TmPDvvzofzOR1dcvKdAzQD5+sXeF2eIA==</latexit><latexit sha1_base64="XltpG1Ro2LoVSrK5Gp1e06K8bsg=">AAACEXicbVDLSgMxFM34rPVVFVdugkUQF2VGBF0W3bisYB/QqeVOmpmGJpkhyYhl6Ff4BW71C9yJW7/AD/A/TNtZ2NYDgcM59+ZcTpBwpo3rfjtLyyura+uFjeLm1vbObmlvv6HjVBFaJzGPVSsATTmTtG6Y4bSVKAoi4LQZDG7GfvORKs1ieW+GCe0IiCQLGQFjpW7p0J/8kUUKhiPsRyAEPJx1S2W34k6AF4mXkzLKUeuWfvxeTFJBpSEctG57bmI6GSjDCKejop9qmgAZQETblkoQVHeySfQIn1ilh8NY2ScNnqh/NzIQWg9FYCcFmL6e98bif147NeFVJ2MySQ2VZBoUphybGI+7wD2mKDF8aAkQxeytmPRBATG2sZmUp+mpthdvvoVF0jiveG7Fu7soV6/zhgroCB2jU+ShS1RFt6iG6oigDL2gV/TmPDvvzofzOR1dcvKdAzQD5+sXeF2eIA==</latexit>

proton

✓1
<latexit sha1_base64="7PeYpW9LMtlBEPDWcHtDuHoKMjQ=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE0GXRjcsK9gFtCJPpTTt08mDmRqyhP+EXuNUvcCdu/QM/wP9wmmZhWw8MHM65d87l+IngCm372yitrK6tb5Q3K1vbO7t75v5BS8WpZNBksYhlx6cKBI+giRwFdBIJNPQFtP3RzdRvP4BUPI7ucZyAG9JBxAPOKGrJM496+R+ZL1KY9HAISD3HM6t2zc5hLROnIFVSoOGZP71+zNIQImSCKtV17ATdjErkTMCk0ksVJJSN6AC6mkY0BOVmefLEOtVK3wpiqV+EVq7+3choqNQ49PVkSHGoFr2p+J/XTTG4cjMeJSlCxGZBQSosjK1pFVafS2AoxppQJrm+1WJDKilDXdhcyuPsVN2Ls9jCMmmd1xy75txdVOvXRUNlckxOyBlxyCWpk1vSIE3CyBN5Ia/kzXg23o0P43M2WjKKnUMyB+PrFzOIngY=</latexit><latexit sha1_base64="7PeYpW9LMtlBEPDWcHtDuHoKMjQ=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE0GXRjcsK9gFtCJPpTTt08mDmRqyhP+EXuNUvcCdu/QM/wP9wmmZhWw8MHM65d87l+IngCm372yitrK6tb5Q3K1vbO7t75v5BS8WpZNBksYhlx6cKBI+giRwFdBIJNPQFtP3RzdRvP4BUPI7ucZyAG9JBxAPOKGrJM496+R+ZL1KY9HAISD3HM6t2zc5hLROnIFVSoOGZP71+zNIQImSCKtV17ATdjErkTMCk0ksVJJSN6AC6mkY0BOVmefLEOtVK3wpiqV+EVq7+3choqNQ49PVkSHGoFr2p+J/XTTG4cjMeJSlCxGZBQSosjK1pFVafS2AoxppQJrm+1WJDKilDXdhcyuPsVN2Ls9jCMmmd1xy75txdVOvXRUNlckxOyBlxyCWpk1vSIE3CyBN5Ia/kzXg23o0P43M2WjKKnUMyB+PrFzOIngY=</latexit><latexit sha1_base64="7PeYpW9LMtlBEPDWcHtDuHoKMjQ=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE0GXRjcsK9gFtCJPpTTt08mDmRqyhP+EXuNUvcCdu/QM/wP9wmmZhWw8MHM65d87l+IngCm372yitrK6tb5Q3K1vbO7t75v5BS8WpZNBksYhlx6cKBI+giRwFdBIJNPQFtP3RzdRvP4BUPI7ucZyAG9JBxAPOKGrJM496+R+ZL1KY9HAISD3HM6t2zc5hLROnIFVSoOGZP71+zNIQImSCKtV17ATdjErkTMCk0ksVJJSN6AC6mkY0BOVmefLEOtVK3wpiqV+EVq7+3choqNQ49PVkSHGoFr2p+J/XTTG4cjMeJSlCxGZBQSosjK1pFVafS2AoxppQJrm+1WJDKilDXdhcyuPsVN2Ls9jCMmmd1xy75txdVOvXRUNlckxOyBlxyCWpk1vSIE3CyBN5Ia/kzXg23o0P43M2WjKKnUMyB+PrFzOIngY=</latexit><latexit sha1_base64="7PeYpW9LMtlBEPDWcHtDuHoKMjQ=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE0GXRjcsK9gFtCJPpTTt08mDmRqyhP+EXuNUvcCdu/QM/wP9wmmZhWw8MHM65d87l+IngCm372yitrK6tb5Q3K1vbO7t75v5BS8WpZNBksYhlx6cKBI+giRwFdBIJNPQFtP3RzdRvP4BUPI7ucZyAG9JBxAPOKGrJM496+R+ZL1KY9HAISD3HM6t2zc5hLROnIFVSoOGZP71+zNIQImSCKtV17ATdjErkTMCk0ksVJJSN6AC6mkY0BOVmefLEOtVK3wpiqV+EVq7+3choqNQ49PVkSHGoFr2p+J/XTTG4cjMeJSlCxGZBQSosjK1pFVafS2AoxppQJrm+1WJDKilDXdhcyuPsVN2Ls9jCMmmd1xy75txdVOvXRUNlckxOyBlxyCWpk1vSIE3CyBN5Ia/kzXg23o0P43M2WjKKnUMyB+PrFzOIngY=</latexit>

✓2
<latexit sha1_base64="iO3GWYbNMi7ycoMAgQwZ6RlHPHY=">AAACAnicbVDLSgMxFM34rPVVdekmWARXZaYIuiy6cVnBPqAdSia904ZmMkNyRyxDd36BW/0Cd+LWH/ED/A/Tdha29UDgcM693JMTJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR03TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFK7i0NA1qv2SmW34s5AV4mXkzLJUe+Vfrr9mKcRKOSSGdPx3AT9jGkUXMKk2E0NJIyP2AA6lioWgfGzWd4JPbdKn4axtk8hnal/NzIWGTOOAjsZMRyaZW8q/ud1Ugyv/UyoJEVQfH4oTCXFmE4/T/tCA0c5toRxLWxWyodMM462ooUrT/OothdvuYVV0qxWPLfi3V+Wazd5QwVySs7IBfHIFamRO1InDcKJJC/klbw5z8678+F8zkfXnHznhCzA+foFmwiYQw==</latexit><latexit sha1_base64="iO3GWYbNMi7ycoMAgQwZ6RlHPHY=">AAACAnicbVDLSgMxFM34rPVVdekmWARXZaYIuiy6cVnBPqAdSia904ZmMkNyRyxDd36BW/0Cd+LWH/ED/A/Tdha29UDgcM693JMTJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR03TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFK7i0NA1qv2SmW34s5AV4mXkzLJUe+Vfrr9mKcRKOSSGdPx3AT9jGkUXMKk2E0NJIyP2AA6lioWgfGzWd4JPbdKn4axtk8hnal/NzIWGTOOAjsZMRyaZW8q/ud1Ugyv/UyoJEVQfH4oTCXFmE4/T/tCA0c5toRxLWxWyodMM462ooUrT/OothdvuYVV0qxWPLfi3V+Wazd5QwVySs7IBfHIFamRO1InDcKJJC/klbw5z8678+F8zkfXnHznhCzA+foFmwiYQw==</latexit><latexit sha1_base64="iO3GWYbNMi7ycoMAgQwZ6RlHPHY=">AAACAnicbVDLSgMxFM34rPVVdekmWARXZaYIuiy6cVnBPqAdSia904ZmMkNyRyxDd36BW/0Cd+LWH/ED/A/Tdha29UDgcM693JMTJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR03TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFK7i0NA1qv2SmW34s5AV4mXkzLJUe+Vfrr9mKcRKOSSGdPx3AT9jGkUXMKk2E0NJIyP2AA6lioWgfGzWd4JPbdKn4axtk8hnal/NzIWGTOOAjsZMRyaZW8q/ud1Ugyv/UyoJEVQfH4oTCXFmE4/T/tCA0c5toRxLWxWyodMM462ooUrT/OothdvuYVV0qxWPLfi3V+Wazd5QwVySs7IBfHIFamRO1InDcKJJC/klbw5z8678+F8zkfXnHznhCzA+foFmwiYQw==</latexit><latexit sha1_base64="iO3GWYbNMi7ycoMAgQwZ6RlHPHY=">AAACAnicbVDLSgMxFM34rPVVdekmWARXZaYIuiy6cVnBPqAdSia904ZmMkNyRyxDd36BW/0Cd+LWH/ED/A/Tdha29UDgcM693JMTJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR03TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rEbQRsXrAcQJ+xAZKhIIztFK7i0NA1qv2SmW34s5AV4mXkzLJUe+Vfrr9mKcRKOSSGdPx3AT9jGkUXMKk2E0NJIyP2AA6lioWgfGzWd4JPbdKn4axtk8hnal/NzIWGTOOAjsZMRyaZW8q/ud1Ugyv/UyoJEVQfH4oTCXFmE4/T/tCA0c5toRxLWxWyodMM462ooUrT/OothdvuYVV0qxWPLfi3V+Wazd5QwVySs7IBfHIFamRO1InDcKJJC/klbw5z8678+F8zkfXnHznhCzA+foFmwiYQw==</latexit>

✓1 � ✓2
<latexit sha1_base64="9J3Jcv1BUmSjEDEQRm+fo++3ee0=">AAACJnicbVDLSgMxFM3UV62vqks3wSKISJkpgi6LblxWsA/olJJJb9vQzIPkjliG/oOf4Re41S9wJ+LOjf9hOtOFbT0QcjjnvjheJIVG2/6yciura+sb+c3C1vbO7l5x/6Chw1hxqPNQhqrlMQ1SBFBHgRJakQLmexKa3uhm6jcfQGkRBvc4jqDjs0Eg+oIzNFK3eJa46ZDEkzFMqItDQNZ1DDun7mCQfplW6RZLdtlOQZeJMyMlMkOtW/xxeyGPfQiQS6Z127Ej7CRMoeASJgU31hAxPmIDaBsaMB90J0nPmdATo/RoP1TmBUhT9W9Hwnytx75nKn2GQ73oTcX/vHaM/atOIoIoRgh4tqgfS4ohnQZEe0IBRzk2hHElzK2UD5liHE2Mc1ses1NNLs5iCsukUSk7dtm5uyhVr2cJ5ckROSanxCGXpEpuSY3UCSdP5IW8kjfr2Xq3PqzPrDRnzXoOyRys7188x6W3</latexit><latexit sha1_base64="9J3Jcv1BUmSjEDEQRm+fo++3ee0=">AAACJnicbVDLSgMxFM3UV62vqks3wSKISJkpgi6LblxWsA/olJJJb9vQzIPkjliG/oOf4Re41S9wJ+LOjf9hOtOFbT0QcjjnvjheJIVG2/6yciura+sb+c3C1vbO7l5x/6Chw1hxqPNQhqrlMQ1SBFBHgRJakQLmexKa3uhm6jcfQGkRBvc4jqDjs0Eg+oIzNFK3eJa46ZDEkzFMqItDQNZ1DDun7mCQfplW6RZLdtlOQZeJMyMlMkOtW/xxeyGPfQiQS6Z127Ej7CRMoeASJgU31hAxPmIDaBsaMB90J0nPmdATo/RoP1TmBUhT9W9Hwnytx75nKn2GQ73oTcX/vHaM/atOIoIoRgh4tqgfS4ohnQZEe0IBRzk2hHElzK2UD5liHE2Mc1ses1NNLs5iCsukUSk7dtm5uyhVr2cJ5ckROSanxCGXpEpuSY3UCSdP5IW8kjfr2Xq3PqzPrDRnzXoOyRys7188x6W3</latexit><latexit sha1_base64="9J3Jcv1BUmSjEDEQRm+fo++3ee0=">AAACJnicbVDLSgMxFM3UV62vqks3wSKISJkpgi6LblxWsA/olJJJb9vQzIPkjliG/oOf4Re41S9wJ+LOjf9hOtOFbT0QcjjnvjheJIVG2/6yciura+sb+c3C1vbO7l5x/6Chw1hxqPNQhqrlMQ1SBFBHgRJakQLmexKa3uhm6jcfQGkRBvc4jqDjs0Eg+oIzNFK3eJa46ZDEkzFMqItDQNZ1DDun7mCQfplW6RZLdtlOQZeJMyMlMkOtW/xxeyGPfQiQS6Z127Ej7CRMoeASJgU31hAxPmIDaBsaMB90J0nPmdATo/RoP1TmBUhT9W9Hwnytx75nKn2GQ73oTcX/vHaM/atOIoIoRgh4tqgfS4ohnQZEe0IBRzk2hHElzK2UD5liHE2Mc1ses1NNLs5iCsukUSk7dtm5uyhVr2cJ5ckROSanxCGXpEpuSY3UCSdP5IW8kjfr2Xq3PqzPrDRnzXoOyRys7188x6W3</latexit><latexit sha1_base64="9J3Jcv1BUmSjEDEQRm+fo++3ee0=">AAACJnicbVDLSgMxFM3UV62vqks3wSKISJkpgi6LblxWsA/olJJJb9vQzIPkjliG/oOf4Re41S9wJ+LOjf9hOtOFbT0QcjjnvjheJIVG2/6yciura+sb+c3C1vbO7l5x/6Chw1hxqPNQhqrlMQ1SBFBHgRJakQLmexKa3uhm6jcfQGkRBvc4jqDjs0Eg+oIzNFK3eJa46ZDEkzFMqItDQNZ1DDun7mCQfplW6RZLdtlOQZeJMyMlMkOtW/xxeyGPfQiQS6Z127Ej7CRMoeASJgU31hAxPmIDaBsaMB90J0nPmdATo/RoP1TmBUhT9W9Hwnytx75nKn2GQ73oTcX/vHaM/atOIoIoRgh4tqgfS4ohnQZEe0IBRzk2hHElzK2UD5liHE2Mc1ses1NNLs5iCsukUSk7dtm5uyhVr2cJ5ckROSanxCGXpEpuSY3UCSdP5IW8kjfr2Xq3PqzPrDRnzXoOyRys7188x6W3</latexit>

hadrons

Q0 ⇠ ⇤QCD
<latexit sha1_base64="/4DBJiuwMcYJQ3PDjpXACr/lchY=">AAACF3icbVC7SgNBFJ31GeNr1TLNYBCswq4IWgZjYWGRgHlAdllmZyfJkNkHM3clYUnhZ/gFtvoFdmJr6Qf4H06SLUzigYHDOfdw7xw/EVyBZX0ba+sbm1vbhZ3i7t7+waF5dNxScSopa9JYxLLjE8UEj1gTOAjWSSQjoS9Y2x/Wpn77kUnF4+gBxglzQ9KPeI9TAlryzFLDs7CjeIide50KiOcAG0HWqN1OPLNsVawZ8Cqxc1JGOeqe+eMEMU1DFgEVRKmubSXgZkQCp4JNik6qWELokPRZV9OIhEy52ewTE3ymlQD3YqlfBHim/k1kJFRqHPp6MiQwUMveVPzP66bQu3YzHiUpsIjOF/VSgSHG00ZwwCWjIMaaECq5vhXTAZGEgu5tYctofqruxV5uYZW0Liq2VbEbl+XqTd5QAZXQKTpHNrpCVXSH6qiJKHpCL+gVvRnPxrvxYXzOR9eMPHOCFmB8/QLkFJ/h</latexit><latexit sha1_base64="/4DBJiuwMcYJQ3PDjpXACr/lchY=">AAACF3icbVC7SgNBFJ31GeNr1TLNYBCswq4IWgZjYWGRgHlAdllmZyfJkNkHM3clYUnhZ/gFtvoFdmJr6Qf4H06SLUzigYHDOfdw7xw/EVyBZX0ba+sbm1vbhZ3i7t7+waF5dNxScSopa9JYxLLjE8UEj1gTOAjWSSQjoS9Y2x/Wpn77kUnF4+gBxglzQ9KPeI9TAlryzFLDs7CjeIide50KiOcAG0HWqN1OPLNsVawZ8Cqxc1JGOeqe+eMEMU1DFgEVRKmubSXgZkQCp4JNik6qWELokPRZV9OIhEy52ewTE3ymlQD3YqlfBHim/k1kJFRqHPp6MiQwUMveVPzP66bQu3YzHiUpsIjOF/VSgSHG00ZwwCWjIMaaECq5vhXTAZGEgu5tYctofqruxV5uYZW0Liq2VbEbl+XqTd5QAZXQKTpHNrpCVXSH6qiJKHpCL+gVvRnPxrvxYXzOR9eMPHOCFmB8/QLkFJ/h</latexit><latexit sha1_base64="/4DBJiuwMcYJQ3PDjpXACr/lchY=">AAACF3icbVC7SgNBFJ31GeNr1TLNYBCswq4IWgZjYWGRgHlAdllmZyfJkNkHM3clYUnhZ/gFtvoFdmJr6Qf4H06SLUzigYHDOfdw7xw/EVyBZX0ba+sbm1vbhZ3i7t7+waF5dNxScSopa9JYxLLjE8UEj1gTOAjWSSQjoS9Y2x/Wpn77kUnF4+gBxglzQ9KPeI9TAlryzFLDs7CjeIide50KiOcAG0HWqN1OPLNsVawZ8Cqxc1JGOeqe+eMEMU1DFgEVRKmubSXgZkQCp4JNik6qWELokPRZV9OIhEy52ewTE3ymlQD3YqlfBHim/k1kJFRqHPp6MiQwUMveVPzP66bQu3YzHiUpsIjOF/VSgSHG00ZwwCWjIMaaECq5vhXTAZGEgu5tYctofqruxV5uYZW0Liq2VbEbl+XqTd5QAZXQKTpHNrpCVXSH6qiJKHpCL+gVvRnPxrvxYXzOR9eMPHOCFmB8/QLkFJ/h</latexit><latexit sha1_base64="/4DBJiuwMcYJQ3PDjpXACr/lchY=">AAACF3icbVC7SgNBFJ31GeNr1TLNYBCswq4IWgZjYWGRgHlAdllmZyfJkNkHM3clYUnhZ/gFtvoFdmJr6Qf4H06SLUzigYHDOfdw7xw/EVyBZX0ba+sbm1vbhZ3i7t7+waF5dNxScSopa9JYxLLjE8UEj1gTOAjWSSQjoS9Y2x/Wpn77kUnF4+gBxglzQ9KPeI9TAlryzFLDs7CjeIide50KiOcAG0HWqN1OPLNsVawZ8Cqxc1JGOeqe+eMEMU1DFgEVRKmubSXgZkQCp4JNik6qWELokPRZV9OIhEy52ewTE3ymlQD3YqlfBHim/k1kJFRqHPp6MiQwUMveVPzP66bQu3YzHiUpsIjOF/VSgSHG00ZwwCWjIMaaECq5vhXTAZGEgu5tYctofqruxV5uYZW0Liq2VbEbl+XqTd5QAZXQKTpHNrpCVXSH6qiJKHpCL+gVvRnPxrvxYXzOR9eMPHOCFmB8/QLkFJ/h</latexit>

Q ⇠ pT R
<latexit sha1_base64="eYHAcWKHdIMX4FtsHfVVnByXDD4=">AAACB3icbVBLSgNBFHzjN8Zf1KWbxiC4kDAjgi6Dblwmkh9khtDT6UmadPeM3T1iCDmAJ3CrJ3Anbj2GB/AedpJZmMSCB0XVe7yiwoQzbVz321lZXVvf2Mxt5bd3dvf2CweHDR2nitA6iXmsWiHWlDNJ64YZTluJoliEnDbDwe3Ebz5SpVksa2aY0EDgnmQRI9hYKagiXzOBkk7NP7/vFIpuyZ0CLRMvI0XIUOkUfvxuTFJBpSEca9323MQEI6wMI5yO836qaYLJAPdo21KJBdXBaBp6jE6t0kVRrOxIg6bq34sRFloPRWg3BTZ9vehNxP+8dmqi62DEZJIaKsnsUZRyZGI0aQB1maLE8KElmChmsyLSxwoTY3ua+/I0i2p78RZbWCaNi5LnlrzqZbF8kzWUg2M4gTPw4ArKcAcVqAOBB3iBV3hznp1358P5nK2uONnNEczB+foFRbuZpQ==</latexit><latexit sha1_base64="eYHAcWKHdIMX4FtsHfVVnByXDD4=">AAACB3icbVBLSgNBFHzjN8Zf1KWbxiC4kDAjgi6Dblwmkh9khtDT6UmadPeM3T1iCDmAJ3CrJ3Anbj2GB/AedpJZmMSCB0XVe7yiwoQzbVz321lZXVvf2Mxt5bd3dvf2CweHDR2nitA6iXmsWiHWlDNJ64YZTluJoliEnDbDwe3Ebz5SpVksa2aY0EDgnmQRI9hYKagiXzOBkk7NP7/vFIpuyZ0CLRMvI0XIUOkUfvxuTFJBpSEca9323MQEI6wMI5yO836qaYLJAPdo21KJBdXBaBp6jE6t0kVRrOxIg6bq34sRFloPRWg3BTZ9vehNxP+8dmqi62DEZJIaKsnsUZRyZGI0aQB1maLE8KElmChmsyLSxwoTY3ua+/I0i2p78RZbWCaNi5LnlrzqZbF8kzWUg2M4gTPw4ArKcAcVqAOBB3iBV3hznp1358P5nK2uONnNEczB+foFRbuZpQ==</latexit><latexit sha1_base64="eYHAcWKHdIMX4FtsHfVVnByXDD4=">AAACB3icbVBLSgNBFHzjN8Zf1KWbxiC4kDAjgi6Dblwmkh9khtDT6UmadPeM3T1iCDmAJ3CrJ3Anbj2GB/AedpJZmMSCB0XVe7yiwoQzbVz321lZXVvf2Mxt5bd3dvf2CweHDR2nitA6iXmsWiHWlDNJ64YZTluJoliEnDbDwe3Ebz5SpVksa2aY0EDgnmQRI9hYKagiXzOBkk7NP7/vFIpuyZ0CLRMvI0XIUOkUfvxuTFJBpSEca9323MQEI6wMI5yO836qaYLJAPdo21KJBdXBaBp6jE6t0kVRrOxIg6bq34sRFloPRWg3BTZ9vehNxP+8dmqi62DEZJIaKsnsUZRyZGI0aQB1maLE8KElmChmsyLSxwoTY3ua+/I0i2p78RZbWCaNi5LnlrzqZbF8kzWUg2M4gTPw4ArKcAcVqAOBB3iBV3hznp1358P5nK2uONnNEczB+foFRbuZpQ==</latexit><latexit sha1_base64="eYHAcWKHdIMX4FtsHfVVnByXDD4=">AAACB3icbVBLSgNBFHzjN8Zf1KWbxiC4kDAjgi6Dblwmkh9khtDT6UmadPeM3T1iCDmAJ3CrJ3Anbj2GB/AedpJZmMSCB0XVe7yiwoQzbVz321lZXVvf2Mxt5bd3dvf2CweHDR2nitA6iXmsWiHWlDNJ64YZTluJoliEnDbDwe3Ebz5SpVksa2aY0EDgnmQRI9hYKagiXzOBkk7NP7/vFIpuyZ0CLRMvI0XIUOkUfvxuTFJBpSEca9323MQEI6wMI5yO836qaYLJAPdo21KJBdXBaBp6jE6t0kVRrOxIg6bq34sRFloPRWg3BTZ9vehNxP+8dmqi62DEZJIaKsnsUZRyZGI0aQB1maLE8KElmChmsyLSxwoTY3ua+/I0i2p78RZbWCaNi5LnlrzqZbF8kzWUg2M4gTPw4ArKcAcVqAOBB3iBV3hznp1358P5nK2uONnNEczB+foFRbuZpQ==</latexit>

[Bassetto, Ciafaloni, Marchesini, Mueller, Dokshitzer, Khoze, 
Toyan, Collins, Soper, Sterman …  1980’s] 



• Two types of observables: 
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1. Infrared-collinear (IRC) safe (no hadrons in the final-
state): Jet spectra, even shape: thrust, jet mass… 
May require resummations of large logs and non-
perturbative corrections  

Jet spectrum
Thrust T = max

P
i pinP
i |pi|

<latexit sha1_base64="TJgfp3StmoV6vIP7Yjm06rW57EA="></latexit><latexit sha1_base64="TJgfp3StmoV6vIP7Yjm06rW57EA="></latexit><latexit sha1_base64="TJgfp3StmoV6vIP7Yjm06rW57EA="></latexit><latexit sha1_base64="TJgfp3StmoV6vIP7Yjm06rW57EA="></latexit>



• Two types of observables: 
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2. Infrared sensitive observables: Fragmentation 
functions, etc. QCD still predictive (factorization, 
universality, local parton-hadron duality)

d
N

/d
�

� = ln
1

z

[Azimov, Dokshitzer, Khoze, Troyan (1985)]



• Two types of observables: 
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2. Infrared sensitive observables: interjet hadronic 
activity 

q q̄ g,�

e+

e�

��

q

q̄

ḡ

“Stringy” fragmentation 
from pQCD

[Azimov, Dokshitzer, Khoze, Troyan (1985)]



• Bjorken (1982) predicted the phenomenon of jet quenching 
in high energy hadronic collisions as a consequence of 
elastic energy loss in the quark-gluon plasma
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• Two decades later this phenomenon was observed at 
RHIC in the suppression of high-pT hadrons 
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nucleus nucleus

• However, radiative processes dominate over collisional 
energy loss

Eelastic / L
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Einelastic / L2
<latexit sha1_base64="ypXIyGFkvsCm9Wz7E/ZzNZLM7tk=">AAACGnicbVDLSsNAFJ34rPUVdSnIYBFclaQIuiyK4MJFBfuAJobJdNIOnTyYuZGW0J2f4Re41S9wJ27d+AH+h9M2C9t64cLh3Oc5fiK4Asv6NpaWV1bX1gsbxc2t7Z1dc2+/oeJUUlansYhlyyeKCR6xOnAQrJVIRkJfsKbfvxrXm49MKh5H9zBMmBuSbsQDTgloyjOPrj0H2AAyPS+IAk5H2ElknECMbx8qnlmyytYk8CKwc1BCedQ888fpxDQNWQRU71Nt20rAzYjUmwUbFZ1UsYTQPumytoYRCZlys4mOET7RTAcHsdQZAZ6wfycyEio1DH3dGRLoqfnamPyv1k4huHC1xCQFFtHpoSAVWIscm4I7XDIKYqgBoZLrXzHtEUkoaOtmrgymr2pf7HkXFkGjUratsn13Vqpe5g4V0CE6RqfIRueoim5QDdURRU/oBb2iN+PZeDc+jM9p65KRzxygmTC+fgGLi6Hi</latexit><latexit sha1_base64="ypXIyGFkvsCm9Wz7E/ZzNZLM7tk=">AAACGnicbVDLSsNAFJ34rPUVdSnIYBFclaQIuiyK4MJFBfuAJobJdNIOnTyYuZGW0J2f4Re41S9wJ27d+AH+h9M2C9t64cLh3Oc5fiK4Asv6NpaWV1bX1gsbxc2t7Z1dc2+/oeJUUlansYhlyyeKCR6xOnAQrJVIRkJfsKbfvxrXm49MKh5H9zBMmBuSbsQDTgloyjOPrj0H2AAyPS+IAk5H2ElknECMbx8qnlmyytYk8CKwc1BCedQ888fpxDQNWQRU71Nt20rAzYjUmwUbFZ1UsYTQPumytoYRCZlys4mOET7RTAcHsdQZAZ6wfycyEio1DH3dGRLoqfnamPyv1k4huHC1xCQFFtHpoSAVWIscm4I7XDIKYqgBoZLrXzHtEUkoaOtmrgymr2pf7HkXFkGjUratsn13Vqpe5g4V0CE6RqfIRueoim5QDdURRU/oBb2iN+PZeDc+jM9p65KRzxygmTC+fgGLi6Hi</latexit><latexit sha1_base64="ypXIyGFkvsCm9Wz7E/ZzNZLM7tk=">AAACGnicbVDLSsNAFJ34rPUVdSnIYBFclaQIuiyK4MJFBfuAJobJdNIOnTyYuZGW0J2f4Re41S9wJ27d+AH+h9M2C9t64cLh3Oc5fiK4Asv6NpaWV1bX1gsbxc2t7Z1dc2+/oeJUUlansYhlyyeKCR6xOnAQrJVIRkJfsKbfvxrXm49MKh5H9zBMmBuSbsQDTgloyjOPrj0H2AAyPS+IAk5H2ElknECMbx8qnlmyytYk8CKwc1BCedQ888fpxDQNWQRU71Nt20rAzYjUmwUbFZ1UsYTQPumytoYRCZlys4mOET7RTAcHsdQZAZ6wfycyEio1DH3dGRLoqfnamPyv1k4huHC1xCQFFtHpoSAVWIscm4I7XDIKYqgBoZLrXzHtEUkoaOtmrgymr2pf7HkXFkGjUratsn13Vqpe5g4V0CE6RqfIRueoim5QDdURRU/oBb2iN+PZeDc+jM9p65KRzxygmTC+fgGLi6Hi</latexit><latexit sha1_base64="ypXIyGFkvsCm9Wz7E/ZzNZLM7tk=">AAACGnicbVDLSsNAFJ34rPUVdSnIYBFclaQIuiyK4MJFBfuAJobJdNIOnTyYuZGW0J2f4Re41S9wJ27d+AH+h9M2C9t64cLh3Oc5fiK4Asv6NpaWV1bX1gsbxc2t7Z1dc2+/oeJUUlansYhlyyeKCR6xOnAQrJVIRkJfsKbfvxrXm49MKh5H9zBMmBuSbsQDTgloyjOPrj0H2AAyPS+IAk5H2ElknECMbx8qnlmyytYk8CKwc1BCedQ888fpxDQNWQRU71Nt20rAzYjUmwUbFZ1UsYTQPumytoYRCZlys4mOET7RTAcHsdQZAZ6wfycyEio1DH3dGRLoqfnamPyv1k4huHC1xCQFFtHpoSAVWIscm4I7XDIKYqgBoZLrXzHtEUkoaOtmrgymr2pf7HkXFkGjUratsn13Vqpe5g4V0CE6RqfIRueoim5QDdURRU/oBb2iN+PZeDc+jM9p65KRzxygmTC+fgGLi6Hi</latexit>



• Successful description of data within different approaches: 
BDMPS-Z (Baier, Dokshitzer, Mueller,  Peigné, Schiff, 
Zakharov, Wiedemann, Salgado), Higher-Twist (Guo, Wang), 
GLV (Gyulassy, Levai, Vitev), AMY (Arnold, Moore, Yaffe)


• Extraction of the jet quenching parameter (JET 
Collaboration): 
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arXiv:1312.5003



• Currently, fully reconstructed jets are being extensively 
studied at LHC and RHIC 


• Strong jet suppression observed up to ~ 1 TeV
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• Power corrections (higher twists) are no longer negligible 
and therefore, need to be resummed 



• What causes such strong suppression? 


• How does a jet as a multi-partonic system 
lose energy to the QGP? 
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• Jets couple to the plasma via (local) transport 
coefficients
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Parton radiative energy loss

q̂ � m2
D

�
�

(Debye mass)2

mean free path

L

correlation length  ≪  mean-free-path ≪ L 

m�1
D

�

pt-broadening

ê � q̂

T
collisional energy loss (drag) ��E�coll � ê L

�k2
�� � q̂ L

[Baier, Dokshitzer, Mueller, Peigné, Schiff (1995-2000)]

[Majumder (2008)]

• Weak coupling: 
independent multiple 
scattering approximation 



• Radiation triggered by coherent 
multiple scatterings

tf =
�

k2
�

�

�
�

q̂

formation time

• Landau-Pomeranchuk-Migdal 
suppression (coherent radiation)  

�
dN

d�
= �s

L

tf
� �sNeff

• Maximum suppression when                  ⇒    � > �c = q̂L2

[Baier, Dokshitzer, Mueller, Peigné, Schiff (1995-2000)  Zakharov (1996)]
[Wiedemann (2001)  Arnold, Moore,Yaffe (2002)]

tf � L

• Minimum radiation angle  � > �c � 1/
�

q̂L3

Parton radiative energy loss

[Gyulassy, Levai, Vitev (2001)] �15



Jet energy loss (color decoherence) 

• When the transverse size       of the jet is smaller than medium 
resolution scale            the medium interacts “effectively” with the 
total charge of the jet (primary parton)

r�

Q�1
s

r� � Q�1
s �jet � �c � (q̂L3)�1/2⟹

r� � �jetL

Q � �jetE

jet transverse size 

Jet virtuality

Q2
s � q̂Lpt-broadening

MT, Salgado, Tywoniuk PRL (2011), PLB (2012), JHEP (2011-2012)

Casalderrey-Solana, Iancu JHEP (2012)

Casalderrey-Solana, MT, Salgado, Tywoniuk PLB (2013)

energy loss via large 
angle soft gluon 
radiation
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r� � �jetL

Q � �jetE

jet transverse size 

r�
Q�1

s

MC prescription (for unresolved jets): medium t-evolution then collinear Q-evolution 

[Casalderrey-Solana, MT, Salgado, Tywoniuk (2013)]

Unmodified 
intrajet 

structure 

Large angle 
energy flow 
from total 

charge

• When the transverse size       of the jet is smaller than medium 
resolution scale            the medium interacts “effectively” with the 
total charge of the jet (primary parton)

Jet energy loss (color decoherence) 
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• When the transverse size       of the jet is larger than medium 
resolution scale            the medium interacts with multiple 
(resolved) color charges in the jet (in the sketch below, two)

r�
Q�1

s

r� � �jetL

Q�1
s

• Energy loss increases with the number of resolved sub-jets

QGP

[Casalderrey-Solana, MT, Salgado, Tywoniuk (2013)]

Jet energy loss (color decoherence) 
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• To leading logarithmic (LL) accuracy there are exact 
cancellations  between real an virtual corrections as in 
vacuum except when: tf � td � L

tf = td

ln 1
z

− ln θc − ln θ− lnR

ln
pT
ωc

tf = Lln
R4/3 pT
q̂1/3

ln(pTR2L)

0

ln(pTL)
1/2

θ

z 1− z
tf � 1

zpT �2
td � 1

(q̂�2)1/3

formation time decoherence time

� ln
R

�c

�
ln

pT

�c
+

2

3
ln

R

�c

�R

incoherent 
in-medium 
cascade coherent 

in-medium 
cascade

in-vacuum 
cascade

NLO corrections the jet spectrum 
K. Tywoniuk, YMT arXiv:1707.07361 [hep-ph]
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Exponentiation of the Double-Logs

• Te leading logarithms exponentiate into a Sudakov Form 
Factor  

Q(pT ) = Qtot(pT ) � C(pT )

C(pT ) = exp

�
�2�̄ ln

R

�c

�
ln

pT

�c
+

2

3
ln

R

�c

��

• Coherent limit: note that when                   the medium “sees” 
only the total charge, in this case                                                


•

R � �c

Q(pT ) � Qtot(pT )and C(pT ) � 1

• Strong quenching limit: 
 Qtot(pT ) � 1

⇒   Fluctuations of the jet substructure yield additional 
suppression of the jet spectrum   

single parton 
quenching 

factor
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Quark energy loss
Jet energy loss (incoherent approx.)
Jet energy loss - R=0.4

T

je
t

[GeV]

Nuclear modification factor 

q̂ = 1GeV2/fm
L = 3fm

Rjet = Qtot(pT ) � C(pT )

Large contribution 
from fluctuating jet 

substructure

R

pT

Qualitatively encoded 
in MC event 

generators: Hybrid 
Model, JEWEL and  

MARTINI 

“hadrons”

Jet

Jet (incoherent approx.)

R = 0.4
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K. Tywoniuk, YMT arXiv:1707.07361 [hep-ph]
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Jets at EIC (some thoughts)

Aschenauer, E.C. et al. arXiv:1708.01527
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http://inspirehep.net/author/profile/Aschenauer%2C%20E.C.?recid=1614481&ln=en


• Jet quenching heavy ion collisions: intricate interplay 
between vacuum and medium-induced parton 
cascades enhanced by large multiplicities at LHC. 
Not fully understood, large discrepancies between 
Monte-Carlo Event Generators…


• eA would provide a clean environment (lower 
multiplicities) with reduced final state interactions: 
study departures from ep to investigate nuclear 
matter and its transport properties using jets

Jets at EIC (some thoughts)
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Nucleon

Nucleon Nucleon

• Use jets to study nuclear structure(3D, spin), approach to 
color decoherence, large angle soft gluon radiation, color 
flow, hadronization, power corrections…


• Investigate jet momentum broadening and energy loss 
mechanisms (complementary to heavy ion collisions), 
correlations, interjet radiation… 

Jets at EIC (some thoughts)
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