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QGP study in heavy-ion collisions
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TH   overview, see talk by E. A. Kurkela
EXP overview, see talk by A. Ohlson
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❖ Spatial anisotropy in the initial state converted to momentum anisotropic 
particle distributions
• known as anisotropic flow
• reflect initial anisotropy and transport properties of QGP
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Anisotropic flow
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<latexit sha1_base64="8aEk+3YSvzoWPbCsSvdMD4KZL6Y=">AAACG3icbZDLSgMxFIYz9VbrbdSlm2ARXEiZKaJuhKIblxXsBTq1ZNK0Dc0kQ5KplGHew42v4saFIq4EF76NmekstPVA4OP/z+Hk/H7IqNKO820VlpZXVteK66WNza3tHXt3r6lEJDFpYMGEbPtIEUY5aWiqGWmHkqDAZ6Tlj69TvzUhUlHB7/Q0JN0ADTkdUIy0kXp21RPGlnQ40khK8RA3ezFPEngJJylA7wSS+5hCDr26opnXs8tOxckKLoKbQxnkVe/Zn15f4CggXGOGlOq4Tqi7MZKaYkaSkhcpEiI8RkPSMchRQFQ3zm5L4JFR+nAgpHlcw0z9PRGjQKlp4JvOAOmRmvdS8T+vE+nBRTemPIw04Xi2aBAxqAVMg4J9KgnWbGoAYUnNXyEeIYmwNnGWTAju/MmL0KxW3LOKe3tarl3lcRTBATgEx8AF56AGbkAdNAAGj+AZvII368l6sd6tj1lrwcpn9sGfsr5+AJLKobg=</latexit>�!
Vn = vn e

in n

 n
<latexit sha1_base64="unok0ES98Fx6suweM8DHrGrTmLA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1u3UreqpXrvhVfw6ySoKcVCBHvVf+6vY1yxKukElqbSfwUwwn1KBgkk9L3czylLIRHfCOo4om3IaT+bVTcuaUPom1caWQzNXfExOaWDtOIteZUBzaZW8m/ud1Moyvw4lQaYZcscWiOJMENZm9TvrCcIZy7AhlRrhbCRtSQxm6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvZevHfvY9Fa8PKZY/gD7/MHd4ePCw==</latexit><latexit sha1_base64="unok0ES98Fx6suweM8DHrGrTmLA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1u3UreqpXrvhVfw6ySoKcVCBHvVf+6vY1yxKukElqbSfwUwwn1KBgkk9L3czylLIRHfCOo4om3IaT+bVTcuaUPom1caWQzNXfExOaWDtOIteZUBzaZW8m/ud1Moyvw4lQaYZcscWiOJMENZm9TvrCcIZy7AhlRrhbCRtSQxm6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvZevHfvY9Fa8PKZY/gD7/MHd4ePCw==</latexit><latexit sha1_base64="unok0ES98Fx6suweM8DHrGrTmLA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1u3UreqpXrvhVfw6ySoKcVCBHvVf+6vY1yxKukElqbSfwUwwn1KBgkk9L3czylLIRHfCOo4om3IaT+bVTcuaUPom1caWQzNXfExOaWDtOIteZUBzaZW8m/ud1Moyvw4lQaYZcscWiOJMENZm9TvrCcIZy7AhlRrhbCRtSQxm6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvZevHfvY9Fa8PKZY/gD7/MHd4ePCw==</latexit><latexit sha1_base64="unok0ES98Fx6suweM8DHrGrTmLA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1u3UreqpXrvhVfw6ySoKcVCBHvVf+6vY1yxKukElqbSfwUwwn1KBgkk9L3czylLIRHfCOo4om3IaT+bVTcuaUPom1caWQzNXfExOaWDtOIteZUBzaZW8m/ud1Moyvw4lQaYZcscWiOJMENZm9TvrCcIZy7AhlRrhbCRtSQxm6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvZevHfvY9Fa8PKZY/gD7/MHd4ePCw==</latexit>
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<latexit sha1_base64="2ojuYNENWiZ3zrkMI/vBFG6Q7IY="></latexit>

hhcosn('1 � '2)ii =
⌦
v2n + �2

↵

4

Two-particle azimuthal correlations

❖ What we hope to get from 2-particle azimuthal correlation

Ψn is unknown in experiment

<latexit sha1_base64="ANjGsKuwFk9SES6UKI28P5IGM+4="></latexit>

hhcosn('1 � '2)ii = hhcosn [('1 � n)� ('2 � n)]ii
<latexit sha1_base64="xKDcICjzp3YqAwoXpSXVXMn+Mdw="></latexit>

= hhcosn('1 � n) · cosn('2 � n)ii+ hhsinn('1 � n) · sinn('2 � n)ii
<latexit sha1_base64="pW0xR1w1vfOW8wtRZXj9a4Qz03M=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgETyUpoh5Uil48VrCt0NSy2W7apZtN2J0USgh48a948aCIV/+EN/+N24+Dtj4YeLw3w8w8PxZcg+N8W7mFxaXllfxqYW19Y3PL3t6p6yhRlNVoJCJ17xPNBJesBhwEu48VI6EvWMPvX4/8xoApzSN5B8OYtULSlTzglICR2vbeBfYEC+AcD9qpzB7ScoY9xbs9uGzbRafkjIHniTslRTRFtW1/eZ2IJiGTQAXRuuk6MbRSooBTwbKCl2gWE9onXdY0VJKQ6VY6/iHDh0bp4CBSpiTgsfp7IiWh1sPQN50hgZ6e9Ubif14zgeCslXIZJ8AknSwKEoEhwqNAcIcrRkEMDSFUcXMrpj2iCAUTW8GE4M6+PE/q5ZJ7UnJvj4uVq2kcebSPDtARctEpqqAbVEU1RNEjekav6M16sl6sd+tj0pqzpjO76A+szx/npZcQ</latexit>

=
⌦
v2n

↵

= 0 due to symmetry

❖ What we want to measure:

❖ What we actually get from 2-particle azimuthal correlation in experiment

• Get the RMS value of vn distribution without knowing Ψn

Nonflow (resonance decay, jets etc)
�2 ⇠ 1/M

 
 

 

�!
V2

<latexit sha1_base64="lQF/mPROTDwJFli6Ta8864jQ2DY=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJUkCHVZdOOygn1AG8JkOmmHTmbCzEQpMQt/xY0LRdz6G+78Gyd9gFoPXDiccy/33hMmjCrtOF9WaWV1bX2jvFnZ2t7Z3bP3D9pKpBKTFhZMyG6IFGGUk5ammpFuIgmKQ0Y64fiq8Dt3RCoq+K2eJMSP0ZDTiGKkjRTYR31hbEmHI42kFPdZO8i8PA/sqlNzpoAFceueB92FsiBVMEczsD/7A4HTmHCNGVKq5zqJ9jMkNcWM5JV+qkiC8BgNSc9QjmKi/Gx6fw5PjTKAkZCmuIZT9edEhmKlJnFoOmOkR+qvV4j/eb1URxd+RnmSasLxbFGUMqgFLMKAAyoJ1mxiCMKSmlshHiGJsDaRVUwISy8vk7ZXc52ae3NebVzO4yiDY3ACzoAL6qABrkETtAAGD+AJvIBX69F6tt6s91lryZrPHIJfsD6+AR7tlsw=</latexit><latexit sha1_base64="lQF/mPROTDwJFli6Ta8864jQ2DY=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJUkCHVZdOOygn1AG8JkOmmHTmbCzEQpMQt/xY0LRdz6G+78Gyd9gFoPXDiccy/33hMmjCrtOF9WaWV1bX2jvFnZ2t7Z3bP3D9pKpBKTFhZMyG6IFGGUk5ammpFuIgmKQ0Y64fiq8Dt3RCoq+K2eJMSP0ZDTiGKkjRTYR31hbEmHI42kFPdZO8i8PA/sqlNzpoAFceueB92FsiBVMEczsD/7A4HTmHCNGVKq5zqJ9jMkNcWM5JV+qkiC8BgNSc9QjmKi/Gx6fw5PjTKAkZCmuIZT9edEhmKlJnFoOmOkR+qvV4j/eb1URxd+RnmSasLxbFGUMqgFLMKAAyoJ1mxiCMKSmlshHiGJsDaRVUwISy8vk7ZXc52ae3NebVzO4yiDY3ACzoAL6qABrkETtAAGD+AJvIBX69F6tt6s91lryZrPHIJfsD6+AR7tlsw=</latexit><latexit sha1_base64="lQF/mPROTDwJFli6Ta8864jQ2DY=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJUkCHVZdOOygn1AG8JkOmmHTmbCzEQpMQt/xY0LRdz6G+78Gyd9gFoPXDiccy/33hMmjCrtOF9WaWV1bX2jvFnZ2t7Z3bP3D9pKpBKTFhZMyG6IFGGUk5ammpFuIgmKQ0Y64fiq8Dt3RCoq+K2eJMSP0ZDTiGKkjRTYR31hbEmHI42kFPdZO8i8PA/sqlNzpoAFceueB92FsiBVMEczsD/7A4HTmHCNGVKq5zqJ9jMkNcWM5JV+qkiC8BgNSc9QjmKi/Gx6fw5PjTKAkZCmuIZT9edEhmKlJnFoOmOkR+qvV4j/eb1URxd+RnmSasLxbFGUMqgFLMKAAyoJ1mxiCMKSmlshHiGJsDaRVUwISy8vk7ZXc52ae3NebVzO4yiDY3ACzoAL6qABrkETtAAGD+AJvIBX69F6tt6s91lryZrPHIJfsD6+AR7tlsw=</latexit><latexit sha1_base64="lQF/mPROTDwJFli6Ta8864jQ2DY=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJUkCHVZdOOygn1AG8JkOmmHTmbCzEQpMQt/xY0LRdz6G+78Gyd9gFoPXDiccy/33hMmjCrtOF9WaWV1bX2jvFnZ2t7Z3bP3D9pKpBKTFhZMyG6IFGGUk5ammpFuIgmKQ0Y64fiq8Dt3RCoq+K2eJMSP0ZDTiGKkjRTYR31hbEmHI42kFPdZO8i8PA/sqlNzpoAFceueB92FsiBVMEczsD/7A4HTmHCNGVKq5zqJ9jMkNcWM5JV+qkiC8BgNSc9QjmKi/Gx6fw5PjTKAkZCmuIZT9edEhmKlJnFoOmOkR+qvV4j/eb1URxd+RnmSasLxbFGUMqgFLMKAAyoJ1mxiCMKSmlshHiGJsDaRVUwISy8vk7ZXc52ae3NebVzO4yiDY3ACzoAL6qABrkETtAAGD+AJvIBX69F6tt6s91lryZrPHIJfsD6+AR7tlsw=</latexit>

�!
V3

<latexit sha1_base64="eAbIlM7xm8VYFs6N1dwPEiryeJo=">AAAB/3icdZBLSwMxFIXv+Kz1NSq4cRMsgqsyo4Iui25cVrAPaIchk2ba0EwyJBmljF34V9y4UMStf8Od/8b0IdTXgcDhfPeSy4lSzrTxvA9nbn5hcWm5sFJcXVvf2HS3tutaZorQGpFcqmaENeVM0JphhtNmqihOIk4bUf9ixBs3VGkmxbUZpDRIcFewmBFsbBS6u21psWLdnsFKydu8HubHw2HolvyyNxbyfpkvVIKpqqH73u5IkiVUGMKx1i3fS02QY2UY4XRYbGeappj0cZe2rBU4oTrIx/cP0YFNOiiWyj5h0Did3chxovUgiexkgk1P/2Sj8C/Wykx8FuRMpJmhgkw+ijOOjESjMlCHKUoMH1iDiWL2VkR6WGFibGXF2RL+N/Wjsu+V/auTUuV8WkcB9mAfDsGHU6jAJVShBgTu4AGe4Nm5dx6dF+d1MjrnTHd24Juct08PMpbB</latexit><latexit sha1_base64="eAbIlM7xm8VYFs6N1dwPEiryeJo=">AAAB/3icdZBLSwMxFIXv+Kz1NSq4cRMsgqsyo4Iui25cVrAPaIchk2ba0EwyJBmljF34V9y4UMStf8Od/8b0IdTXgcDhfPeSy4lSzrTxvA9nbn5hcWm5sFJcXVvf2HS3tutaZorQGpFcqmaENeVM0JphhtNmqihOIk4bUf9ixBs3VGkmxbUZpDRIcFewmBFsbBS6u21psWLdnsFKydu8HubHw2HolvyyNxbyfpkvVIKpqqH73u5IkiVUGMKx1i3fS02QY2UY4XRYbGeappj0cZe2rBU4oTrIx/cP0YFNOiiWyj5h0Did3chxovUgiexkgk1P/2Sj8C/Wykx8FuRMpJmhgkw+ijOOjESjMlCHKUoMH1iDiWL2VkR6WGFibGXF2RL+N/Wjsu+V/auTUuV8WkcB9mAfDsGHU6jAJVShBgTu4AGe4Nm5dx6dF+d1MjrnTHd24Juct08PMpbB</latexit><latexit sha1_base64="eAbIlM7xm8VYFs6N1dwPEiryeJo=">AAAB/3icdZBLSwMxFIXv+Kz1NSq4cRMsgqsyo4Iui25cVrAPaIchk2ba0EwyJBmljF34V9y4UMStf8Od/8b0IdTXgcDhfPeSy4lSzrTxvA9nbn5hcWm5sFJcXVvf2HS3tutaZorQGpFcqmaENeVM0JphhtNmqihOIk4bUf9ixBs3VGkmxbUZpDRIcFewmBFsbBS6u21psWLdnsFKydu8HubHw2HolvyyNxbyfpkvVIKpqqH73u5IkiVUGMKx1i3fS02QY2UY4XRYbGeappj0cZe2rBU4oTrIx/cP0YFNOiiWyj5h0Did3chxovUgiexkgk1P/2Sj8C/Wykx8FuRMpJmhgkw+ijOOjESjMlCHKUoMH1iDiWL2VkR6WGFibGXF2RL+N/Wjsu+V/auTUuV8WkcB9mAfDsGHU6jAJVShBgTu4AGe4Nm5dx6dF+d1MjrnTHd24Juct08PMpbB</latexit><latexit sha1_base64="eAbIlM7xm8VYFs6N1dwPEiryeJo=">AAAB/3icdZBLSwMxFIXv+Kz1NSq4cRMsgqsyo4Iui25cVrAPaIchk2ba0EwyJBmljF34V9y4UMStf8Od/8b0IdTXgcDhfPeSy4lSzrTxvA9nbn5hcWm5sFJcXVvf2HS3tutaZorQGpFcqmaENeVM0JphhtNmqihOIk4bUf9ixBs3VGkmxbUZpDRIcFewmBFsbBS6u21psWLdnsFKydu8HubHw2HolvyyNxbyfpkvVIKpqqH73u5IkiVUGMKx1i3fS02QY2UY4XRYbGeappj0cZe2rBU4oTrIx/cP0YFNOiiWyj5h0Did3chxovUgiexkgk1P/2Sj8C/Wykx8FuRMpJmhgkw+ijOOjESjMlCHKUoMH1iDiWL2VkR6WGFibGXF2RL+N/Wjsu+V/auTUuV8WkcB9mAfDsGHU6jAJVShBgTu4AGe4Nm5dx6dF+d1MjrnTHd24Juct08PMpbB</latexit>

�!
V4

<latexit sha1_base64="VaPOOHEy60vvo+OX0ulXcKRSvj4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXIVJqa9d0Y3LCvYBbQiT6bQdOsmEmYlSYhb+ihsXirj1N9z5N07bIFo9cOFwzr3ce08Qc6Y0Qp9WYWFxaXmluFpaW9/Y3LK3d5pKJJLQBhFcyHaAFeUsog3NNKftWFIcBpy2gtHlxG/dUqmYiG70OKZeiAcR6zOCtZF8e68rjC3ZYKixlOIubfppNct8u4wcNAVEzvH5SQVV4bfi5qQMctR9+6PbEyQJaaQJx0p1XBRrL8VSM8JpVuomisaYjPCAdgyNcEiVl07vz+ChUXqwL6SpSMOp+nMixaFS4zAwnSHWQzXvTcT/vE6i+2deyqI40TQis0X9hEMt4CQM2GOSEs3HhmAimbkVkiGWmGgTWcmE4M6//Jc0K46LHPe6Wq5d5HEUwT44AEfABaegBq5AHTQAAffgETyDF+vBerJerbdZa8HKZ3bBL1jvXzTrlts=</latexit><latexit sha1_base64="VaPOOHEy60vvo+OX0ulXcKRSvj4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXIVJqa9d0Y3LCvYBbQiT6bQdOsmEmYlSYhb+ihsXirj1N9z5N07bIFo9cOFwzr3ce08Qc6Y0Qp9WYWFxaXmluFpaW9/Y3LK3d5pKJJLQBhFcyHaAFeUsog3NNKftWFIcBpy2gtHlxG/dUqmYiG70OKZeiAcR6zOCtZF8e68rjC3ZYKixlOIubfppNct8u4wcNAVEzvH5SQVV4bfi5qQMctR9+6PbEyQJaaQJx0p1XBRrL8VSM8JpVuomisaYjPCAdgyNcEiVl07vz+ChUXqwL6SpSMOp+nMixaFS4zAwnSHWQzXvTcT/vE6i+2deyqI40TQis0X9hEMt4CQM2GOSEs3HhmAimbkVkiGWmGgTWcmE4M6//Jc0K46LHPe6Wq5d5HEUwT44AEfABaegBq5AHTQAAffgETyDF+vBerJerbdZa8HKZ3bBL1jvXzTrlts=</latexit><latexit sha1_base64="VaPOOHEy60vvo+OX0ulXcKRSvj4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXIVJqa9d0Y3LCvYBbQiT6bQdOsmEmYlSYhb+ihsXirj1N9z5N07bIFo9cOFwzr3ce08Qc6Y0Qp9WYWFxaXmluFpaW9/Y3LK3d5pKJJLQBhFcyHaAFeUsog3NNKftWFIcBpy2gtHlxG/dUqmYiG70OKZeiAcR6zOCtZF8e68rjC3ZYKixlOIubfppNct8u4wcNAVEzvH5SQVV4bfi5qQMctR9+6PbEyQJaaQJx0p1XBRrL8VSM8JpVuomisaYjPCAdgyNcEiVl07vz+ChUXqwL6SpSMOp+nMixaFS4zAwnSHWQzXvTcT/vE6i+2deyqI40TQis0X9hEMt4CQM2GOSEs3HhmAimbkVkiGWmGgTWcmE4M6//Jc0K46LHPe6Wq5d5HEUwT44AEfABaegBq5AHTQAAffgETyDF+vBerJerbdZa8HKZ3bBL1jvXzTrlts=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="Hf3i3Xcizijqlzf7/B6Xkj77eV4=">AAAB9HicbZBLSwMxFIXv1FetVUcXbtwEi+CqzIigS8GNywr2Ae0wZNK0Dc1MhuSOUsZZ+FfcuFDE3+LOf2P6WGjrgcDhnIR780WpFAY979spra1vbG6Vtys71d29ffeg2jIq04w3mZJKdyJquBQJb6JAyTup5jSOJG9H45tp337g2giV3OMk5UFMh4kYCEbRRqF71FO21mI4Qqq1esxbYX5RFKFb8+reTGTV+AtTg4UaofvV6yuWxTxBJqkxXd9LMcipRsEkLyq9zPCUsjEd8q61CY25CfLZ/gU5tUmfDJS2J0EyS3+/yGlszCSO7M2Y4sgsd9Pwv66b4eAqyEWSZsgTNh80yCRBRaYwSF9ozlBOrKFMC7srYSOqKUOLrGIh+MtfXjWt87rv1f07D8pwDCdwBj5cwjXcQgOawOAJXuAN3p1n59X5mOMqOQtuh/BHzucPky6VVw==</latexit><latexit sha1_base64="kZNZiSHmpm0AfTuyPSGOc2AFmdI=">AAAB9HicbZBLSwMxFIXv1FetVasLN26CRXA1ZEp97QQ3LivYVmjLkEnTNjSTDElGKWMX/hU3LhTxt7jz35g+EK0eCBy+k3BvTpQIbizGn15uaXlldS2/Xtgobm5tl3aKDaNSTVmdKqH0bUQME1yyuuVWsNtEMxJHgjWj4eUkb94xbbiSN3aUsE5M+pL3OCXWobC011Yu1rw/sERrdZ81wqw6HoelMvbxVAj7x+cnFVxF3ySYmzLMVQtLH+2uomnMpKWCGNMKcGI7GdGWU8HGhXZqWELokPRZy1lJYmY62XT/MTp0pIt6SrsjLZrSny8yEhsziiN3MyZ2YBazCfwva6W2d9bJuExSyySdDeqlAlmFJmWgLteMWjFyhlDN3a6IDogm1LrKCq6EYPHLf02j4gfYD64x5GEfDuAIAjiFC7iCGtSBwgM8wQu8eo/es/c2qyvnzXvbhV/y3r8At8OVcQ==</latexit><latexit sha1_base64="ak1V9VVH2I8oScgDL/SepSCfKig=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXIVJqa9d0Y3LCvYBbQiT6bQdOsmEmYlSYhb+ihsXirj1N9z5N07bIFo9cOFwzr3ce08Qc6Y0Qp9WYWFxaXmluFpaW9/Y3LK3d5pKJJLQBhFcyHaAFeUsog3NNKftWFIcBpy2gtHlxG/dUqmYiG70OKZeiAcR6zOCtZF8e68rjC3ZYKixlOIubfppNct8u4wcNAVEzvH5SQVV4bfi5qQMctR9+6PbEyQJaaQJx0p1XBRrL8VSM8JpVuomisaYjPCAdgyNcEiVl07vz+ChUXqwL6SpSMOp+nMixaFS4zAwnSHWQzXvTcT/vE6i+2deyqI40TQis0X9hEMt4CQM2GOSEs3HhmAimbkVkiGWmGgTWcmE4M6//Jc0K46LHPcalWsXeRxFsA8OwBFwwSmogStQBw1AwD14BM/gxXqwnqxX623WWrDymV3wC9b7FzOrltc=</latexit><latexit sha1_base64="VaPOOHEy60vvo+OX0ulXcKRSvj4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXIVJqa9d0Y3LCvYBbQiT6bQdOsmEmYlSYhb+ihsXirj1N9z5N07bIFo9cOFwzr3ce08Qc6Y0Qp9WYWFxaXmluFpaW9/Y3LK3d5pKJJLQBhFcyHaAFeUsog3NNKftWFIcBpy2gtHlxG/dUqmYiG70OKZeiAcR6zOCtZF8e68rjC3ZYKixlOIubfppNct8u4wcNAVEzvH5SQVV4bfi5qQMctR9+6PbEyQJaaQJx0p1XBRrL8VSM8JpVuomisaYjPCAdgyNcEiVl07vz+ChUXqwL6SpSMOp+nMixaFS4zAwnSHWQzXvTcT/vE6i+2deyqI40TQis0X9hEMt4CQM2GOSEs3HhmAimbkVkiGWmGgTWcmE4M6//Jc0K46LHPe6Wq5d5HEUwT44AEfABaegBq5AHTQAAffgETyDF+vBerJerbdZa8HKZ3bBL1jvXzTrlts=</latexit><latexit sha1_base64="VaPOOHEy60vvo+OX0ulXcKRSvj4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXIVJqa9d0Y3LCvYBbQiT6bQdOsmEmYlSYhb+ihsXirj1N9z5N07bIFo9cOFwzr3ce08Qc6Y0Qp9WYWFxaXmluFpaW9/Y3LK3d5pKJJLQBhFcyHaAFeUsog3NNKftWFIcBpy2gtHlxG/dUqmYiG70OKZeiAcR6zOCtZF8e68rjC3ZYKixlOIubfppNct8u4wcNAVEzvH5SQVV4bfi5qQMctR9+6PbEyQJaaQJx0p1XBRrL8VSM8JpVuomisaYjPCAdgyNcEiVl07vz+ChUXqwL6SpSMOp+nMixaFS4zAwnSHWQzXvTcT/vE6i+2deyqI40TQis0X9hEMt4CQM2GOSEs3HhmAimbkVkiGWmGgTWcmE4M6//Jc0K46LHPe6Wq5d5HEUwT44AEfABaegBq5AHTQAAffgETyDF+vBerJerbdZa8HKZ3bBL1jvXzTrlts=</latexit><latexit sha1_base64="VaPOOHEy60vvo+OX0ulXcKRSvj4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXIVJqa9d0Y3LCvYBbQiT6bQdOsmEmYlSYhb+ihsXirj1N9z5N07bIFo9cOFwzr3ce08Qc6Y0Qp9WYWFxaXmluFpaW9/Y3LK3d5pKJJLQBhFcyHaAFeUsog3NNKftWFIcBpy2gtHlxG/dUqmYiG70OKZeiAcR6zOCtZF8e68rjC3ZYKixlOIubfppNct8u4wcNAVEzvH5SQVV4bfi5qQMctR9+6PbEyQJaaQJx0p1XBRrL8VSM8JpVuomisaYjPCAdgyNcEiVl07vz+ChUXqwL6SpSMOp+nMixaFS4zAwnSHWQzXvTcT/vE6i+2deyqI40TQis0X9hEMt4CQM2GOSEs3HhmAimbkVkiGWmGgTWcmE4M6//Jc0K46LHPe6Wq5d5HEUwT44AEfABaegBq5AHTQAAffgETyDF+vBerJerbdZa8HKZ3bBL1jvXzTrlts=</latexit><latexit sha1_base64="VaPOOHEy60vvo+OX0ulXcKRSvj4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXIVJqa9d0Y3LCvYBbQiT6bQdOsmEmYlSYhb+ihsXirj1N9z5N07bIFo9cOFwzr3ce08Qc6Y0Qp9WYWFxaXmluFpaW9/Y3LK3d5pKJJLQBhFcyHaAFeUsog3NNKftWFIcBpy2gtHlxG/dUqmYiG70OKZeiAcR6zOCtZF8e68rjC3ZYKixlOIubfppNct8u4wcNAVEzvH5SQVV4bfi5qQMctR9+6PbEyQJaaQJx0p1XBRrL8VSM8JpVuomisaYjPCAdgyNcEiVl07vz+ChUXqwL6SpSMOp+nMixaFS4zAwnSHWQzXvTcT/vE6i+2deyqI40TQis0X9hEMt4CQM2GOSEs3HhmAimbkVkiGWmGgTWcmE4M6//Jc0K46LHPe6Wq5d5HEUwT44AEfABaegBq5AHTQAAffgETyDF+vBerJerbdZa8HKZ3bBL1jvXzTrlts=</latexit><latexit sha1_base64="VaPOOHEy60vvo+OX0ulXcKRSvj4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXIVJqa9d0Y3LCvYBbQiT6bQdOsmEmYlSYhb+ihsXirj1N9z5N07bIFo9cOFwzr3ce08Qc6Y0Qp9WYWFxaXmluFpaW9/Y3LK3d5pKJJLQBhFcyHaAFeUsog3NNKftWFIcBpy2gtHlxG/dUqmYiG70OKZeiAcR6zOCtZF8e68rjC3ZYKixlOIubfppNct8u4wcNAVEzvH5SQVV4bfi5qQMctR9+6PbEyQJaaQJx0p1XBRrL8VSM8JpVuomisaYjPCAdgyNcEiVl07vz+ChUXqwL6SpSMOp+nMixaFS4zAwnSHWQzXvTcT/vE6i+2deyqI40TQis0X9hEMt4CQM2GOSEs3HhmAimbkVkiGWmGgTWcmE4M6//Jc0K46LHPe6Wq5d5HEUwT44AEfABaegBq5AHTQAAffgETyDF+vBerJerbdZa8HKZ3bBL1jvXzTrlts=</latexit><latexit sha1_base64="VaPOOHEy60vvo+OX0ulXcKRSvj4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXIVJqa9d0Y3LCvYBbQiT6bQdOsmEmYlSYhb+ihsXirj1N9z5N07bIFo9cOFwzr3ce08Qc6Y0Qp9WYWFxaXmluFpaW9/Y3LK3d5pKJJLQBhFcyHaAFeUsog3NNKftWFIcBpy2gtHlxG/dUqmYiG70OKZeiAcR6zOCtZF8e68rjC3ZYKixlOIubfppNct8u4wcNAVEzvH5SQVV4bfi5qQMctR9+6PbEyQJaaQJx0p1XBRrL8VSM8JpVuomisaYjPCAdgyNcEiVl07vz+ChUXqwL6SpSMOp+nMixaFS4zAwnSHWQzXvTcT/vE6i+2deyqI40TQis0X9hEMt4CQM2GOSEs3HhmAimbkVkiGWmGgTWcmE4M6//Jc0K46LHPe6Wq5d5HEUwT44AEfABaegBq5AHTQAAffgETyDF+vBerJerbdZa8HKZ3bBL1jvXzTrlts=</latexit>
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Multi-particle correlation/cumulant

<latexit sha1_base64="03N2zwgO07miiCpALBsMlDnoIN4="></latexit>

cn{4} = hhcosn('1 + '2 � '3 � '4)ii
<latexit sha1_base64="lUlaMn2kNYxbu9ybjfMXA1o94gk="></latexit>

�hhcosn('1 � '3)ii hhcosn('2 � '4)ii
<latexit sha1_base64="R0eVC8DxSE3wRP2fm4WwUMTtVs0="></latexit>

�hhcosn('1 � '4)ii hhcosn('2 � '3)ii

=
⌦
v4n + 4v2n�2 + 2�22 + �4

↵
� 2

⌦
(v2n + �2)

2
↵
=

⌦
�v4n + �4

↵

Nonflow (of 4-particles) �4 ⇠ 1/M3

❖ Using multi-particle cumulant, one can largely suppress nonflow contaminations

<latexit sha1_base64="a92gYtvJ1wRFo864eLrk2XBLVzM=">AAAB+nicbVDLSsNAFL2pr1pfrS7dDBbBjSWRom6EohuXFewDmhgm00k7dDIJM5NKif0UNy4UceuXuPNvnD4W2nrgwuGce7n3niDhTGnb/rZyK6tr6xv5zcLW9s7uXrG031RxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLiZ+K0hlYrF4l6PEupFuCdYyAjWRvKLpSuETtHQz8TYzaru+KHqF8t2xZ4CLRNnTsowR90vfrndmKQRFZpwrFTHsRPtZVhqRjgdF9xU0QSTAe7RjqECR1R52fT0MTo2SheFsTQlNJqqvycyHCk1igLTGWHdV4veRPzP66Q6vPQyJpJUU0Fmi8KUIx2jSQ6oyyQlmo8MwUQycysifSwx0SatggnBWXx5mTTPKs55xbmrlmvX8zjycAhHcAIOXEANbqEODSDwCM/wCm/Wk/VivVsfs9acNZ85gD+wPn8Ab3+S1g==</latexit>

= �vn{4}4

❖ Example: 4-particle cumulant

<latexit sha1_base64="tqN1Nj4yh09zjnySUhx4bNAQe0A=">AAAB8nicbVDLSsNAFJ34rPVVdelmsAiCEJJaW7sruHFZwT4gDWUynbRDJ5Mwc1MooZ/hxoUibv0ad/6N0wei1gMXDufcy733BIngGhzn01pb39jc2s7t5Hf39g8OC0fHLR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6Hbmt8dMaR7LB5gkzI/IQPKQUwJG8i5ld0xUMuQ9t1coOrZ7XStVa9ixryrVklPDru3M8U2KaIlGr/DR7cc0jZgEKojWnusk4GdEAaeCTfPdVLOE0BEZMM9QSSKm/Wx+8hSfG6WPw1iZkoDn6s+JjERaT6LAdEYEhvqvNxP/87wUwhs/4zJJgUm6WBSmAkOMZ//jPleMgpgYQqji5lZMh0QRCialvAlh5eVV0irZbsV278vFenkZRw6dojN0gVxURXV0hxqoiSiK0SN6Ri8WWE/Wq/W2aF2zljMn6Bes9y80NpEs</latexit>

+n'1

<latexit sha1_base64="bYOuNmGX4eVXpeK/TojD65jhihc=">AAAB8nicbVDLSsNAFJ34rPVVdelmsAiCEJJaW7sruHFZwT4gDWUynbRDJ5Mwc1MooZ/hxoUibv0ad/6N0wei1gMXDufcy733BIngGhzn01pb39jc2s7t5Hf39g8OC0fHLR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6Hbmt8dMaR7LB5gkzI/IQPKQUwJG8i5ld0xUMuS9Uq9QdGz3ulaq1rBjX1WqJaeGXduZ45sU0RKNXuGj249pGjEJVBCtPddJwM+IAk4Fm+a7qWYJoSMyYJ6hkkRM+9n85Ck+N0ofh7EyJQHP1Z8TGYm0nkSB6YwIDPVfbyb+53kphDd+xmWSApN0sShMBYYYz/7Hfa4YBTExhFDFza2YDokiFExKeRPCysurpFWy3Yrt3peL9fIyjhw6RWfoArmoiuroDjVQE1EUo0f0jF4ssJ6sV+tt0bpmLWdO0C9Y7181upEt</latexit>

+n'2

<latexit sha1_base64="mhO82B6cV+SmQAzMTJBtLYDAVUA=">AAAB8nicdVDLSgNBEOyNrxhfUY9eBoPgxbCrMeYY8OIxgnnAZgmzk9lkyOzMMjMbCEs+w4sHRbz6Nd78GycPIYoWNBRV3XR3hQln2rjup5NbW9/Y3MpvF3Z29/YPiodHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wdDvz22OqNJPiwUwSGsR4IFjECDZW8i9Ed4xVMmS9q16x5JXdOZC7QmqVavUafVslWKLRK350+5KkMRWGcKy177mJCTKsDCOcTgvdVNMEkxEeUN9SgWOqg2x+8hSdWaWPIqlsCYPm6upEhmOtJ3FoO2Nshvq3NxP/8vzURLUgYyJJDRVksShKOTISzf5HfaYoMXxiCSaK2VsRGWKFibEpFVZD+J+0LstetezdV0r1yjKOPJzAKZyDBzdQhztoQBMISHiEZ3hxjPPkvDpvi9acs5w5hh9w3r8AC22REQ==</latexit>�n'3

<latexit sha1_base64="i2jXh5Jf0fKhN3VW27MZmf61YvM=">AAAB8nicdVDLSgNBEOz1GeMr6tHLYBC8GHZljTkGvHiMYB6wWcLsZDYZMjuzzMwGwpLP8OJBEa9+jTf/xslDiKIFDUVVN91dUcqZNq776aytb2xubRd2irt7+weHpaPjlpaZIrRJJJeqE2FNORO0aZjhtJMqipOI03Y0up357TFVmknxYCYpDRM8ECxmBBsrBZeiO8YqHbKe3yuVvYo7B3JXSM2vVq/Rt1WGJRq90ke3L0mWUGEIx1oHnpuaMMfKMMLptNjNNE0xGeEBDSwVOKE6zOcnT9G5VfoolsqWMGiurk7kONF6kkS2M8FmqH97M/EvL8hMXAtzJtLMUEEWi+KMIyPR7H/UZ4oSwyeWYKKYvRWRIVaYGJtScTWE/0nrquJVK969X677yzgKcApncAEe3EAd7qABTSAg4RGe4cUxzpPz6rwtWtec5cwJ/IDz/gUM8ZES</latexit>�n'4
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❖ Experimental data: 
• v2 > v3 > v4

• v2{2} > v2{4} ≈ v2{6} ≈ v2{8} 

❖ Flow measurements at the top LHC energies agree with hydrodynamic predictions
• The Quark-Gluon Plasma behaves like a fluid

ALICE, Physical Review Letters 116, 132302
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c < 3.0 GeV/

T
p0.2 < 

| < 0.8η|

/s(T) (param1)ηEKRT, 
|>1.0}ηΔ{2, |2 v
|>1.0}ηΔ{2, |3 v
|>1.0}ηΔ{2, |4 v

/s = 0.20ηEKRT, 
|>1.0}ηΔ{2, |2 v
|>1.0}ηΔ{2, |3 v
|>1.0}ηΔ{2, |4 v

ALICE, Physics Letters B784 (2018) 82

QGP with multi-particle correlations
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❖  Investigating p(v2) with multi-particle cumulants 
• Ultra-higher order cumulants e.g. v2{10}{12}{14}{16} is implemented for HL-LHC,

• Possibility to construct a more precise p.d.f. with higher moments

                                                      
ALICE JHEP 07 (2018) 103

vn{m} p(vn) p(εn)

P(vn) and P(εn)

C. Gale etc, PRL110 (2013) 1, 012302

vn / "n
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P (vn/ hvni) ⇡ P ("n/ h"ni)
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JETSCAPE, Phys. Rev. Lett. 126, 242301 (2021)

p

J.E. Bernhard etc, Nature Physics,15, 1113 (2019) 

Bayesian analyses with simple vn

Note: there is no constraint on 
flow fluctuations in JETSCAPE 

Extracted initial conditions

Extracted QGP properties

Extracted initial 
conditions

Extracted initial conditions

Extracted QGP properties
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hhcos(m'1 + n'2 �m'3 � n'4)ii � hhcos(m'1 �m'3)ii � hhcos(n'2 � n'4)ii

SC(m,n) = hv2m v2ni � hv2mi hv2ni

Symmetric cumulants:

From single harmonic to mixed harmonics

SC(m,n) = hv2m v2ni � hv2mi hv2ni
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ALICE, PLB818 (2021) 136354 G. Giacalone, private communication

❖ Precise NSC(3,2) data at Run2 provides tight 
constraints on the initial state models

• I predict JETSCAPE & IP-Glasma will fail to 
describe the NSC(3,2) data

❖ what is the general correlation between any 
order of vnk and vmp and the correlations 
among multiple flow coefficients

Significant difference

Probe IC with NSC(3,2)
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The full p.d.f. P(vm, vn, vk,…, Ψm,Ψn,Ψk, … )
A reminder J. Jia, JPG41 (2014) 124003

❖  Example: 6-particle cumulants with mixed harmonics

-

-
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❖ One algorithm for any particle cumulant 
▪ Multi-particle mixed harmonic cumulants
▪ correlation between vmk, vnl and vpq

▪ correlation between vmk and vnl 
▪ No need of any package !

Generic algorithm for azimuthal correlations

m-particle cumulantm-particle correlation
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Correlations between v2k and v3L
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p0.2 < ALICE Pb-Pb 5.02 TeV

ALI−PUB−482633

❖ First measurement of correlations between higher order moments of v2 and v3

‣ characteristic -, +, - signs observed for 4-, 6- and 8-particle cumulants of mixed harmonic


‣ Final state results quantitatively reproduced by the initial state correlations

‣ Experimental data provides direct constraints on the correlations of higher order moments 
of eccentricity coefficients from initial state models

M. Li, YZ etc, PRC104, 024903 (2021)ALICE, PLB818 (2021) 136354
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Bayesian analysis with more flow observables
vn χn,mk NSC(3,2)

Details, see talk 
later by D. J. Kim
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Initial State models
(initial energy density)

QGP study: state-of-the-art

Huge uncertainties of the extracted QGP properties, 
due to poorly known initial conditions 
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Correlations for the next decade

How does vn 
fluctuate

How does ψn 
fluctuate

How do vn and 
vm correlate

How do ψn and 
ψm correlate

P (vn)
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Multi-particle azimuthal correlations
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pT-pT-pT correlations
pT-vn2-vm2 correlations

Details, see talk by 
E. G. Nielson

Details, see talk by 
A. Önnerstad
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The first attempt
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Thanks for your attention!

The developments of multi-particle correlations have been discussed

Multi-particle azimuthal angle correlations

• More than two decades “flow study” to probe the QGP properties

• Allow to extract η/s(T), ζ/s(T) via Bayesian analyses, representing the state-of-the-art 
understanding of QGP.

Multi-particle correlations between vn and [pT]

• Direct access to the initial conditions -> pin down the uncertainty of QGP studies

• For the first time we see completely different flow behaviours using different initial state models

• Size of nucleon

• Extra information on IC?

• Potential tool to study nuclear structure at the LHC

Summary
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Initial Stages 2023 conference, Copenhagen
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Backup
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Jan. 2022 (BNL)

May 2022 (Heidelberg) 
Oct. 2022 (Heidelberg)

Sept. 2022 (Saclay)

Intense interactions between two communities
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O-O projection studies

vn vs Nch

NSC vs Nch

PID vn(pT) ρ(vn2, [pT]) vs Nch

(did not consider the structure of 16O)
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How can we access the initial conditions in EXP ?

Credits: G. Giacalone

Current status of initial state models
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❖ The very first direct measurement of correlations between vn and vm

• NSC(4,2) is sensitive to η/s(T), good probe of QGP properties.

• NSC(3,2) is insensitive to η/s(T), provides a direct access into the initial conditions (despite details of systems evolution)

SC(m,n) = hv2m v2ni � hv2mi hv2ni
Symmetric cumulants:
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ALICE,  PRL117, 182301 (2016) X. Zhu etc, PRC95, 044902 (2017)

v2 / "2
v3 / "3

(Normalized) Symmetric Cumulant
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NSCv(3, 2) = NSC"(3, 2)Or:
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❖Shape of the fireball: Anisotropic flow

❖Size of the fireball: radial flow, 

❖Initial geometry and fluctuations of shape and size

❖Final state: correlation between  and 

[pT]

vn pT

<pT> - vn correlations

ρ(v2
n , [pT]) =

cov(v2
n , [pT])

var(v2
n ) var([pT])

P. Bozek etc, PRC96 (2017) 014904

❖ Assuming vn ∝ εn ,  [pT] ∝ E0

❖  One can compare              
measurements to                calculations, 
to constrain the initial state model  

⇢(v2n, [pT]) = ⇢("2n, [E0])
<latexit sha1_base64="qxSrlVUxDiYxPxeCIL9FNDm9mrg="></latexit><latexit sha1_base64="qxSrlVUxDiYxPxeCIL9FNDm9mrg="></latexit><latexit sha1_base64="qxSrlVUxDiYxPxeCIL9FNDm9mrg="></latexit><latexit sha1_base64="qxSrlVUxDiYxPxeCIL9FNDm9mrg="></latexit>

Initial-state model 
estimation

final-state model 
calculation

⇢(v2n, [pT])
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⇢("2n, [E0])
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Details, see earlier talk 
by E. G. Nielsen
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❖ to the nucleon width parameter (size of nucleon)

▪ IP-Glasma ~ 0.3; JETSCAPE (TRENTo) ~ 1.1

❖ Different types of thickness functions

▪ TRENTo                      with p≈0                 ， IP-Glasma           type

27

❖ Sensitive to the nucleon width parameter (size of nucleon)

▪ IP-Glasma ~ 0.4;  v-USPhydro ~ 0.5;  Trajectum~0.7; JETSCAPE (TRENTo) ~ 1.1

▪ w(IP-Glasma) < w(v-USPhydro) < w(Trajectum) < w(JETSCAPE) 

▪ New constraints on the nucleon size

❖ Different contributions from pre-hydrodynamic phase (free streaming) and sub-nucleon structure

w ~ 0.4

w ~ 0.5

w ~ 0.7

w ~ 1.1

Difference in IP-Glasma and TRENTo: potential explanations

Giacalone, Schenke, Shen, PRL128 042301 (2022)
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❖ The first measurement of higher-order [pT], v2 and v3 correlations

❖ the first ρ23 measurement is non-zero 
▪ negative for the presented centrality
▪ anti-correlations between two flow 

coefficients and [pT]

❖ ρ23 from IP-Glasma and v-USPhydro are 
different for centrality >40% 
▪ Weaker centrality dependence of full 

IP-Glasma while strong dependence for 
FSE only, indication?

▪ More simulations are needed

❖ Not conclusive on which model works 
better due to sizeable uncertainties from 
model calculations

P. Bozek etc, PRC104 (2021) 1, 014905

Higher-order correlations
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Mixed harmonic cumulants 
with 4-particles 

MHC(v2m, v2n) = SC(m,n) =
⌦
v2m v2n

↵
�
⌦
v2m

↵ ⌦
v2n

↵
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Mixed harmonic cumulants 
with 6-particles 

Mixed harmonic cumulants 
with 8-particles

P(vm, vn, vk,…)


