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Accessing the initial conditions of 
ultrarelativistic heavy-ion collisions
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Evolution in the Little Bang
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Initial 
conditions

Hydrodynamic 
evolution


η/s(Τ), ζ/s(T)
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~0.3fm

(v-USPhydro)

How can we access the initial conditions in EXP ?

Credits: G. Giacalone @ IS2021

Current status of initial state models
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Studying QGP with flow
❖Spatial eccentricity in the initial state converted to momentum 

anisotropic particle distributions

•known as elliptic flow
•reflect initial eccentricity and transport properties of QGP
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Initial spatial Eccentricity

momentum space Elliptic Flow

system expansion

Initial state

Final state

J.Y. Ollitrault, PRD 46 (1992) 229
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• vn  : Anisotropic flow
• ψn : Flow symmetry plane

System 
expansion
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ALICE,  PRL117,  (2016) 182301 ALICE, JHEP05 (2020) 085
               JHEP06 (2020) 147

From initial anisotropy to anisotropic flow

Initial state Final state

P ("m, "n, "k, ...,�m,�n,�k, ...)
<latexit sha1_base64="mJ+6YDZ3tYytK2ra9JgMq9Y1yOM=">AAACRXicbZDNS8MwGMbT+TXnV9Wjl+AQJozSiqDHoRePFdwHbGWkWbqFpWlJ0sEo/ee8ePfmf+DFgyJeNeuKuM0XAk9+7/PyJo8fMyqVbb8YpbX1jc2t8nZlZ3dv/8A8PGrJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x/fzvrtCRGSRvxBTWPihWjIaUAxUhr1zZ5b602QILGkTN/TMKvDBcCXwTirW5aloTuihT9X/FdpB9QWeN43q7Zl5wVXhVOIKijK7ZvPvUGEk5BwhRmSsuvYsfJSJBTFjGSVXiJJjPAYDUlXS45CIr00TyGDZ5oMYBAJfbiCOf07kaJQymnoa2eI1Egu92bwv143UcG1l1IeJ4pwPF8UJAyqCM4ihQMqCFZsqgXCguq3QjxCAmGlg6/oEJzlL6+K1oXl2JZzf1lt3BRxlMEJOAU14IAr0AB3wAVNgMEjeAXv4MN4Mt6MT+Nrbi0ZxcwxWCjj+weoerD2</latexit><latexit sha1_base64="mJ+6YDZ3tYytK2ra9JgMq9Y1yOM=">AAACRXicbZDNS8MwGMbT+TXnV9Wjl+AQJozSiqDHoRePFdwHbGWkWbqFpWlJ0sEo/ee8ePfmf+DFgyJeNeuKuM0XAk9+7/PyJo8fMyqVbb8YpbX1jc2t8nZlZ3dv/8A8PGrJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x/fzvrtCRGSRvxBTWPihWjIaUAxUhr1zZ5b602QILGkTN/TMKvDBcCXwTirW5aloTuihT9X/FdpB9QWeN43q7Zl5wVXhVOIKijK7ZvPvUGEk5BwhRmSsuvYsfJSJBTFjGSVXiJJjPAYDUlXS45CIr00TyGDZ5oMYBAJfbiCOf07kaJQymnoa2eI1Egu92bwv143UcG1l1IeJ4pwPF8UJAyqCM4ihQMqCFZsqgXCguq3QjxCAmGlg6/oEJzlL6+K1oXl2JZzf1lt3BRxlMEJOAU14IAr0AB3wAVNgMEjeAXv4MN4Mt6MT+Nrbi0ZxcwxWCjj+weoerD2</latexit><latexit sha1_base64="mJ+6YDZ3tYytK2ra9JgMq9Y1yOM=">AAACRXicbZDNS8MwGMbT+TXnV9Wjl+AQJozSiqDHoRePFdwHbGWkWbqFpWlJ0sEo/ee8ePfmf+DFgyJeNeuKuM0XAk9+7/PyJo8fMyqVbb8YpbX1jc2t8nZlZ3dv/8A8PGrJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x/fzvrtCRGSRvxBTWPihWjIaUAxUhr1zZ5b602QILGkTN/TMKvDBcCXwTirW5aloTuihT9X/FdpB9QWeN43q7Zl5wVXhVOIKijK7ZvPvUGEk5BwhRmSsuvYsfJSJBTFjGSVXiJJjPAYDUlXS45CIr00TyGDZ5oMYBAJfbiCOf07kaJQymnoa2eI1Egu92bwv143UcG1l1IeJ4pwPF8UJAyqCM4ihQMqCFZsqgXCguq3QjxCAmGlg6/oEJzlL6+K1oXl2JZzf1lt3BRxlMEJOAU14IAr0AB3wAVNgMEjeAXv4MN4Mt6MT+Nrbi0ZxcwxWCjj+weoerD2</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="hzhuQvzvgXAFfKcS4W23iFy9O70=">AAACOnicbZC9SwMxGMbfq1+1Vq2uLsEiVCjHnYuOgotjBfsBvVJyaa4NTXJHkiuUo/+ci7ub/4GLgyLOpu0htvWBwC/P+4QkT5hwpo3nvTqFre2d3b3ifumgfHh0XDkpt3ScKkKbJOax6oRYU84kbRpmOO0kimIRctoOx3fzeXtClWaxfDTThPYEHkoWMYKNtfqVoFELJljRRDNu95mY1dGKIdeN8azuuq41GyOW5xckf8kmkI2gy36l6rneQmgT/ByqkKvRr7wEg5ikgkpDONa663uJ6WVYGUY4nZWCVNMEkzEe0q5FiQXVvWzRwgxdWGeAoljZJQ1auH9PZFhoPRWhTQpsRnp9Njf/m3VTE930MiaT1FBJlhdFKUcmRvNK0YApSgyfWsBEMftWREZYYWJs8SVbgr/+5U1oXbm+5/oPHhThDM6hBj5cwy3cQwOaQOAJ3uADPp1n5935WtZVcPLeTmFFzvcPGL2vRg==</latexit><latexit sha1_base64="hzhuQvzvgXAFfKcS4W23iFy9O70=">AAACOnicbZC9SwMxGMbfq1+1Vq2uLsEiVCjHnYuOgotjBfsBvVJyaa4NTXJHkiuUo/+ci7ub/4GLgyLOpu0htvWBwC/P+4QkT5hwpo3nvTqFre2d3b3ifumgfHh0XDkpt3ScKkKbJOax6oRYU84kbRpmOO0kimIRctoOx3fzeXtClWaxfDTThPYEHkoWMYKNtfqVoFELJljRRDNu95mY1dGKIdeN8azuuq41GyOW5xckf8kmkI2gy36l6rneQmgT/ByqkKvRr7wEg5ikgkpDONa663uJ6WVYGUY4nZWCVNMEkzEe0q5FiQXVvWzRwgxdWGeAoljZJQ1auH9PZFhoPRWhTQpsRnp9Njf/m3VTE930MiaT1FBJlhdFKUcmRvNK0YApSgyfWsBEMftWREZYYWJs8SVbgr/+5U1oXbm+5/oPHhThDM6hBj5cwy3cQwOaQOAJ3uADPp1n5935WtZVcPLeTmFFzvcPGL2vRg==</latexit><latexit sha1_base64="rvwH3ezGEJvgnZ9f4jOPmffCGT8=">AAACRXicbZDNS8MwGMZTP+f8qnr0EhzChFFaL3ocevFYwX3AWkaapVtYmpYkHYzSf86Ld2/+B148KOJVs66I23wh8OT3Pi9v8gQJo1LZ9ouxtr6xubVd2anu7u0fHJpHx20ZpwKTFo5ZLLoBkoRRTlqKKka6iSAoChjpBOPbWb8zIULSmD+oaUL8CA05DSlGSqO+6bl1b4IESSRl+p5FeQMuAL4MxnnDsiwN3REt/YXiv0o7oLbAi75Zsy27KLgqnFLUQFlu33z2BjFOI8IVZkjKnmMnys+QUBQzkle9VJIE4TEakp6WHEVE+lmRQg7PNRnAMBb6cAUL+nciQ5GU0yjQzgipkVzuzeB/vV6qwms/ozxJFeF4vihMGVQxnEUKB1QQrNhUC4QF1W+FeIQEwkoHX9UhOMtfXhXtS8uxLeferjVvyjgq4BScgTpwwBVogjvgghbA4BG8gnfwYTwZb8an8TW3rhnlzAlYKOP7B6c6sPI=</latexit><latexit sha1_base64="mJ+6YDZ3tYytK2ra9JgMq9Y1yOM=">AAACRXicbZDNS8MwGMbT+TXnV9Wjl+AQJozSiqDHoRePFdwHbGWkWbqFpWlJ0sEo/ee8ePfmf+DFgyJeNeuKuM0XAk9+7/PyJo8fMyqVbb8YpbX1jc2t8nZlZ3dv/8A8PGrJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x/fzvrtCRGSRvxBTWPihWjIaUAxUhr1zZ5b602QILGkTN/TMKvDBcCXwTirW5aloTuihT9X/FdpB9QWeN43q7Zl5wVXhVOIKijK7ZvPvUGEk5BwhRmSsuvYsfJSJBTFjGSVXiJJjPAYDUlXS45CIr00TyGDZ5oMYBAJfbiCOf07kaJQymnoa2eI1Egu92bwv143UcG1l1IeJ4pwPF8UJAyqCM4ihQMqCFZsqgXCguq3QjxCAmGlg6/oEJzlL6+K1oXl2JZzf1lt3BRxlMEJOAU14IAr0AB3wAVNgMEjeAXv4MN4Mt6MT+Nrbi0ZxcwxWCjj+weoerD2</latexit><latexit sha1_base64="mJ+6YDZ3tYytK2ra9JgMq9Y1yOM=">AAACRXicbZDNS8MwGMbT+TXnV9Wjl+AQJozSiqDHoRePFdwHbGWkWbqFpWlJ0sEo/ee8ePfmf+DFgyJeNeuKuM0XAk9+7/PyJo8fMyqVbb8YpbX1jc2t8nZlZ3dv/8A8PGrJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x/fzvrtCRGSRvxBTWPihWjIaUAxUhr1zZ5b602QILGkTN/TMKvDBcCXwTirW5aloTuihT9X/FdpB9QWeN43q7Zl5wVXhVOIKijK7ZvPvUGEk5BwhRmSsuvYsfJSJBTFjGSVXiJJjPAYDUlXS45CIr00TyGDZ5oMYBAJfbiCOf07kaJQymnoa2eI1Egu92bwv143UcG1l1IeJ4pwPF8UJAyqCM4ihQMqCFZsqgXCguq3QjxCAmGlg6/oEJzlL6+K1oXl2JZzf1lt3BRxlMEJOAU14IAr0AB3wAVNgMEjeAXv4MN4Mt6MT+Nrbi0ZxcwxWCjj+weoerD2</latexit><latexit sha1_base64="mJ+6YDZ3tYytK2ra9JgMq9Y1yOM=">AAACRXicbZDNS8MwGMbT+TXnV9Wjl+AQJozSiqDHoRePFdwHbGWkWbqFpWlJ0sEo/ee8ePfmf+DFgyJeNeuKuM0XAk9+7/PyJo8fMyqVbb8YpbX1jc2t8nZlZ3dv/8A8PGrJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x/fzvrtCRGSRvxBTWPihWjIaUAxUhr1zZ5b602QILGkTN/TMKvDBcCXwTirW5aloTuihT9X/FdpB9QWeN43q7Zl5wVXhVOIKijK7ZvPvUGEk5BwhRmSsuvYsfJSJBTFjGSVXiJJjPAYDUlXS45CIr00TyGDZ5oMYBAJfbiCOf07kaJQymnoa2eI1Egu92bwv143UcG1l1IeJ4pwPF8UJAyqCM4ihQMqCFZsqgXCguq3QjxCAmGlg6/oEJzlL6+K1oXl2JZzf1lt3BRxlMEJOAU14IAr0AB3wAVNgMEjeAXv4MN4Mt6MT+Nrbi0ZxcwxWCjj+weoerD2</latexit><latexit sha1_base64="mJ+6YDZ3tYytK2ra9JgMq9Y1yOM=">AAACRXicbZDNS8MwGMbT+TXnV9Wjl+AQJozSiqDHoRePFdwHbGWkWbqFpWlJ0sEo/ee8ePfmf+DFgyJeNeuKuM0XAk9+7/PyJo8fMyqVbb8YpbX1jc2t8nZlZ3dv/8A8PGrJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x/fzvrtCRGSRvxBTWPihWjIaUAxUhr1zZ5b602QILGkTN/TMKvDBcCXwTirW5aloTuihT9X/FdpB9QWeN43q7Zl5wVXhVOIKijK7ZvPvUGEk5BwhRmSsuvYsfJSJBTFjGSVXiJJjPAYDUlXS45CIr00TyGDZ5oMYBAJfbiCOf07kaJQymnoa2eI1Egu92bwv143UcG1l1IeJ4pwPF8UJAyqCM4ihQMqCFZsqgXCguq3QjxCAmGlg6/oEJzlL6+K1oXl2JZzf1lt3BRxlMEJOAU14IAr0AB3wAVNgMEjeAXv4MN4Mt6MT+Nrbi0ZxcwxWCjj+weoerD2</latexit><latexit sha1_base64="mJ+6YDZ3tYytK2ra9JgMq9Y1yOM=">AAACRXicbZDNS8MwGMbT+TXnV9Wjl+AQJozSiqDHoRePFdwHbGWkWbqFpWlJ0sEo/ee8ePfmf+DFgyJeNeuKuM0XAk9+7/PyJo8fMyqVbb8YpbX1jc2t8nZlZ3dv/8A8PGrJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x/fzvrtCRGSRvxBTWPihWjIaUAxUhr1zZ5b602QILGkTN/TMKvDBcCXwTirW5aloTuihT9X/FdpB9QWeN43q7Zl5wVXhVOIKijK7ZvPvUGEk5BwhRmSsuvYsfJSJBTFjGSVXiJJjPAYDUlXS45CIr00TyGDZ5oMYBAJfbiCOf07kaJQymnoa2eI1Egu92bwv143UcG1l1IeJ4pwPF8UJAyqCM4ihQMqCFZsqgXCguq3QjxCAmGlg6/oEJzlL6+K1oXl2JZzf1lt3BRxlMEJOAU14IAr0AB3wAVNgMEjeAXv4MN4Mt6MT+Nrbi0ZxcwxWCjj+weoerD2</latexit><latexit sha1_base64="mJ+6YDZ3tYytK2ra9JgMq9Y1yOM=">AAACRXicbZDNS8MwGMbT+TXnV9Wjl+AQJozSiqDHoRePFdwHbGWkWbqFpWlJ0sEo/ee8ePfmf+DFgyJeNeuKuM0XAk9+7/PyJo8fMyqVbb8YpbX1jc2t8nZlZ3dv/8A8PGrJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x/fzvrtCRGSRvxBTWPihWjIaUAxUhr1zZ5b602QILGkTN/TMKvDBcCXwTirW5aloTuihT9X/FdpB9QWeN43q7Zl5wVXhVOIKijK7ZvPvUGEk5BwhRmSsuvYsfJSJBTFjGSVXiJJjPAYDUlXS45CIr00TyGDZ5oMYBAJfbiCOf07kaJQymnoa2eI1Egu92bwv143UcG1l1IeJ4pwPF8UJAyqCM4ihQMqCFZsqgXCguq3QjxCAmGlg6/oEJzlL6+K1oXl2JZzf1lt3BRxlMEJOAU14IAr0AB3wAVNgMEjeAXv4MN4Mt6MT+Nrbi0ZxcwxWCjj+weoerD2</latexit>

P (vm, vn, vk, ..., m, n, k, ...)
<latexit sha1_base64="3EACNPOXmY06nkIKlVWAPuze8Wc=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0WoUEIigq6k6MZlBPuANoTJdNoOnUzCzKRQQv7Gjb/iRlARXfonTpsg2nphuIdzzuXOPUHMqFS2/WmUVlbX1jfKm5Wt7Z3dPXP/oCWjRGDSxBGLRCdAkjDKSVNRxUgnFgSFASPtYHwz09sTIiSN+L2axsQL0ZDTAcVIaco3r9zaxE/DrA5143kbZ3XLsuqw50qaazniP0g7oLbAU9+s2pY9L7gMnAJUQVGub770+hFOQsIVZkjKrmPHykuRUBQzklV6iSQxwmM0JF0NOQqJ9NL5nRk80UwfDiKhH1dwzv6eSFEo5TQMtDNEaiQXtRn5n9ZN1ODSSymPE0U4zhcNEgZVBGehwT4VBCs21QBhQfVfIR4hgbDS0VZ0CM7iycugdWY5tuXcnVcb10UcZXAEjkENOOACNMAtcEETYPAAnsAreDMejWfj3fjIrSWjmDkEf8r4+gblb6Nw</latexit><latexit sha1_base64="3EACNPOXmY06nkIKlVWAPuze8Wc=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0WoUEIigq6k6MZlBPuANoTJdNoOnUzCzKRQQv7Gjb/iRlARXfonTpsg2nphuIdzzuXOPUHMqFS2/WmUVlbX1jfKm5Wt7Z3dPXP/oCWjRGDSxBGLRCdAkjDKSVNRxUgnFgSFASPtYHwz09sTIiSN+L2axsQL0ZDTAcVIaco3r9zaxE/DrA5143kbZ3XLsuqw50qaazniP0g7oLbAU9+s2pY9L7gMnAJUQVGub770+hFOQsIVZkjKrmPHykuRUBQzklV6iSQxwmM0JF0NOQqJ9NL5nRk80UwfDiKhH1dwzv6eSFEo5TQMtDNEaiQXtRn5n9ZN1ODSSymPE0U4zhcNEgZVBGehwT4VBCs21QBhQfVfIR4hgbDS0VZ0CM7iycugdWY5tuXcnVcb10UcZXAEjkENOOACNMAtcEETYPAAnsAreDMejWfj3fjIrSWjmDkEf8r4+gblb6Nw</latexit><latexit sha1_base64="3EACNPOXmY06nkIKlVWAPuze8Wc=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0WoUEIigq6k6MZlBPuANoTJdNoOnUzCzKRQQv7Gjb/iRlARXfonTpsg2nphuIdzzuXOPUHMqFS2/WmUVlbX1jfKm5Wt7Z3dPXP/oCWjRGDSxBGLRCdAkjDKSVNRxUgnFgSFASPtYHwz09sTIiSN+L2axsQL0ZDTAcVIaco3r9zaxE/DrA5143kbZ3XLsuqw50qaazniP0g7oLbAU9+s2pY9L7gMnAJUQVGub770+hFOQsIVZkjKrmPHykuRUBQzklV6iSQxwmM0JF0NOQqJ9NL5nRk80UwfDiKhH1dwzv6eSFEo5TQMtDNEaiQXtRn5n9ZN1ODSSymPE0U4zhcNEgZVBGehwT4VBCs21QBhQfVfIR4hgbDS0VZ0CM7iycugdWY5tuXcnVcb10UcZXAEjkENOOACNMAtcEETYPAAnsAreDMejWfj3fjIrSWjmDkEf8r4+gblb6Nw</latexit><latexit sha1_base64="3EACNPOXmY06nkIKlVWAPuze8Wc=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0WoUEIigq6k6MZlBPuANoTJdNoOnUzCzKRQQv7Gjb/iRlARXfonTpsg2nphuIdzzuXOPUHMqFS2/WmUVlbX1jfKm5Wt7Z3dPXP/oCWjRGDSxBGLRCdAkjDKSVNRxUgnFgSFASPtYHwz09sTIiSN+L2axsQL0ZDTAcVIaco3r9zaxE/DrA5143kbZ3XLsuqw50qaazniP0g7oLbAU9+s2pY9L7gMnAJUQVGub770+hFOQsIVZkjKrmPHykuRUBQzklV6iSQxwmM0JF0NOQqJ9NL5nRk80UwfDiKhH1dwzv6eSFEo5TQMtDNEaiQXtRn5n9ZN1ODSSymPE0U4zhcNEgZVBGehwT4VBCs21QBhQfVfIR4hgbDS0VZ0CM7iycugdWY5tuXcnVcb10UcZXAEjkENOOACNMAtcEETYPAAnsAreDMejWfj3fjIrSWjmDkEf8r4+gblb6Nw</latexit>

How does vn 
fluctuate

How does ψn 
fluctuate

How do vn and 
vm correlate

How do ψn and 
ψm correlate

ALICE, JHEP 07 (2018) 103 ALICE, JHEP 09 (2017) 032
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P(vn) from multi-particle cumulants of vn

Multi-particle correlations of single harmonic vn

Multi-particle cumulants of single harmonic vn
 

-
-

p(εn) p(vn)
System Expansion 
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❖  Investigating p(v2) with multi-particle cumulants 

• First three moments done at LHC RUN1 & 2, Kurtosis at RUN3


• Ultra-higher order cumulants e.g. v2{10}{12}{14}{16} is implemented for HL-LHC

                                                      

ALICE, 

JHEP 07 (2018) 103

vn{m} Moments p(vn) p(εn)

P(vn) and P(εn)
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❖ Comparison of SC and Normalized SC (NSC) to hydrodynamic calculations

• Although hydro describes vn fairly well, there is not a single centrality for which a given η/s parameterization describes 

simultaneously SC and NSC -> tighter constraints!


• NSC(3,2) measurements provide direct access into the initial conditions (despite details of systems evolution)


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

SC(m,n) = hv2m v2ni � hv2mi hv2ni
Symmetric cumulants:

Centrality Percentile
0 10 20 30 40 50

(3
, 2

)
ε

(3
, 2

) a
nd

 N
SC

v
N

SC

0.2−

0.1−

0

0.1

0.2 (a)

MC-Glb

/s=0.08ηsolid: 
/s=0.20ηdashed: 

(3, 2)εNSC (3, 2)vNSC

Centrality Percentile
0 10 20 30 40 50

(3
, 2

)
ε

(3
, 2

) o
r N

SC
v

N
SC

0.2−

0.1−

0

0.1

0.2

/s=0.08ηsolid: 
/s=0.20ηdashed: 

MC-KLN

(b)
(3, 2)εNSC (3, 2)vNSC

Centrality Percentile
0 10 20 30 40 50

(3
, 2

)
ε

(3
, 2

) o
r N

SC
v

N
SC

0.2−

0.1−

0

0.1

0.2

/s=0.08ηsolid: 
/s=0.16ηdashed: 

AMPT

(c)
(3, 2)εNSC (3, 2)vNSC

ALICE,  PRL117, 182301 (2016)
X. Zhu, YZ, etc, PRC95, 044902 (2017)

hv23 v22i
hv23i hv22i

⇡ h"23 "22i
h"23i h"22i

v2 / "2
v3 / "3

NSCv(3,2) NSCε(3,2)

(Normalized) Symmetric Cumulant
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❖ Multi-particle mixed harmonic cumulants

▪ correlation between vmk, vnl and vpq


▪ correlation between vmk and vnl 

Mixed harmonic cumulants 
with 4-particles 

MHC(v2m, v2n) = SC(m,n) =
⌦
v2m v2n

↵
�
⌦
v2m

↵ ⌦
v2n

↵
<latexit sha1_base64="tVk39MnZJcTlxpjn4IymO8CI95I="></latexit><latexit sha1_base64="tVk39MnZJcTlxpjn4IymO8CI95I="></latexit><latexit sha1_base64="tVk39MnZJcTlxpjn4IymO8CI95I="></latexit><latexit sha1_base64="tVk39MnZJcTlxpjn4IymO8CI95I="></latexit>

Mixed harmonic cumulants 
with 6-particles 

Mixed harmonic cumulants 
with 8-particles

P(vm, vn, vk,…)
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Correlations between v2k and v3p
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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

ALICE, PLB818 (2021) 136354 M. Li, YZ etc, PRC104, 024903 (2021)
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ψn correlations: P(ψm, ψn, ψk)
P(ψm, ψn, ψk)P(φm, φn, φk)

❖ Stronger initial symmetry plane correlations results in stronger final state flow symmetry 
plane correlations


• MC-KLN tends to generate stronger symmetry plane correlations

Z. Qiu etc, PLB 707 (2012) 151
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ψn correlations: P(ψm, ψn, ψk)

❖ ρmn (probes the symmetry plane correlations)

• Agreement between ALICE and ATLAS (different eta coverage)


• Results are compatible with hydrodynamic calculations using IP-Glasma & η/s=0.095,


• calculations using other initial conditions have difficulties to quantitatively describe the data.


❖ The next:  test ρ5432 = ρ532 * ρ422 
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JETSCAPE, Phys. Rev. Lett. 126, 242301 (2021)

p

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

With Bayesian analyses — End Game?

?
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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])

: 3-particle correlation (2 azimuthal, 1 [pT] ) 

: 2 and 4-particle azimuthal correlations 

: 2-particle [pT] correlations 
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P. Bozek etc, PRC96 (2017) 014904
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ALI-PREL-494367
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15

v-USPhydro, PRC103 (2021) 2, 024909 Trajectum, PRL126, 202301 (2021)

Privation communication
JETSCAPE, PRL126, 242301 (2021 )

Privation communication

❖  IP-Glasma-IC: IP-Glasma + MUSIC + UrQMD works well for Pb-Pb


❖  TRENTo-IC based calculations show strong centrality dependence, negative values for centrality >40%


• v-USPhydro, Trajectum, JETSCAPE


❖  The difference is from the initial stage: geometric effects or initial momentum anisotropy (CGC)?


▪ No significant difference between the “full IP-Glasma” and “FSE only” for the presented centralities


▪ Difference not from initial momentum anisotropy and confirm the different geometric effects

ρ2 in Pb-Pb
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ALI-PREL-491950

16

2
2

2 2

2

v-USPhydro, PRC103 (2021) 2, 024909

DWS =
D0

1 + e(r−R0(1+βY20))/a

G.Giacalone, PRC 102 024901 (2020)

β2 < 0   β2 > 0   

❖ Significant differences of initial state calculations using different deformation parameter in central Xe-Xe collisions


▪ ρ2 is sensitivties to β2


▪ The uncertainty of current v-USPhydro calculations is too large to draw a confirm conclusions


▪ Experimental data (in Xe-Xe@LHC and U-U@RHIC) open a new window to study nucleon deformation.

ρ2 in Xe-Xe
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B. Bally etc, arXiv:2108.09578

Probe triaxial structure of Xe

❖ Better agreement between LHC data and calculations with γ = 26.93°


▪ Indication of triaxial structure of Xe at high energy


▪ New connection of high-energy heavy-ion physics to low-energy nuclear (structure) physics
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Trajectum, PRL126, 202301 (2021)

v-USPhydro, PRC103 (2021) 2, 024909
Privation communication

JETSCAPE, PRL126, 242301 (2021 )
Privation communication

ALICE, in preparation

❖ρ3 in Pb–Pb is compatible with Xe–Xe for the 
presented centralities, qualitatively predicted by 
hydrodynamic calculations


❖ρ3 values:

▪ positive

▪ have a modest centrality dependence for the 

presented centralities, 

▪ better described by IP-Glasma, 

▪ TRENTo predicts negative ρ3 , getting worse 

for Trajectum and JETSCAPE calculations


❖model shows that ρ3 is not sensitive to β2


❖Difference of full IP-Glasma and FSE only, indication 
of potential contributions from IMA in peripheral?

ρ3 in Pb-Pb and Xe-Xe
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❖ Sensitive to the nucleon width parameter (size of nucleon)


▪ IP-Glasma ~ 0.3;  v-USPhydro ~ 0.5;  Trajectum~0.7; JETSCAPE (TRENTo) ~ 1.1


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

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

w ~ 0.3

w ~ 0.5

w ~ 0.7

w ~ 1.1

G. Giacalone, private communication

❖ Sensitive 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

Difference in IP-Glasma and TRENTo: potential explanations
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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% 


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


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

ALI-PREL-491940

Higher-order correlations
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ALI-SIMUL-480234

ALICE-PUBLIC-2021-004

❖ Search for the initial momentum anisotropy (IMA) in smaller colliding systems

▪ Signature of IMA:


• once sign change in Pb-Pb and pp collisions

• twice sign changes in O-O collisions

• New possibility to probe IMA at LHC-Run3

 =      + 

More results in smaller colliding systems
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Summary

Thanks for your attention!

Characterizing the initial conditions in heavy-ion collisions


Initial geometry: 


• The “standard” flow analyses give the access to the P(εn, εm, εk, …) from the initial conditions


• For the vn and [pT] correlation, for first time we see completely different behaviours using IP-
Glasma and TRENTo initial state models 


• Sensitivities to nucleon width, thickness function, number of constituent quarks…


Initial momentum anisotropy:

• The observed differences from different models are not originated from initial momentum 

anisotropy (IMA)


• Potential signal for ρ3 in peripheral collisions and ρn in small systems, not yet conclusive in 
experiments.


Nucleon structure

• results in Xe-Xe collisions (and also in U-U and isobar runs @ RHIC) open a new window to 

constrain deformation parameter and explore the triaxial structure of nucleon.
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Backup
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❖ 2021, Generic algorithm method, the most efficient, precise and reliable method 

complex Correlator(int* harmonic, int n, int mult = 1, int skip = 0)
{
int har_sum = 0;
for (int i = 0; i<mult; ++i) har_sum += harmonic[n-1+i];
complex c(Q(har_sum, mult));
if (n == 1) return c;
c *= Correlator(harmonic, n-1);
if (n == 1+skip) return c;

complex c2 = 0;
int h_hold = harmonic[n-2];
for (int counter = 0; counter <= n-2-skip; ++counter)
{

harmonic[n-2] = harmonic[counter];
harmonic[counter] = h_hold;
c2 += Correlator(harmonic, n-1, mult+1, n-2-counter);
harmonic[counter] = harmonic[n-2];

}
harmonic[n-2] = h_hold;
return c-mult*c2;

}

<latexit sha1_base64="L1sbbTjie4lAOTNof4To7OJiY3s="></latexit>

• Few lines of code, for any multi-particle 
correlations 


• Much faster than generic framework (much 
shorter CPU times)

arXiv: 2005.07974

Feel free to contact you.zhou@cern.ch
if you have any technical question

Generic algorithm (2021)

mailto:you.zhou@cern.ch
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Jiangyong Jia, J.Phys.G 41 (2014) 12
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ψn fluctuations P(ψn)

 

ALICE, JHEP09(2017)032

❖ Breakdown of factorization more pronounced in central collisions.
❖ Hydrodynamic reproduce the factorization broken


• Indication of pT dependent flow angle (and magnitude) fluctuations


❖ Using novel multi-particle correlations, both flow-angle and flow magnitude 
fluctuations are observed in experiments (see backup for more details)
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P(vn) -> P(εn)
ATLAS, JHEP11, 183 (2013)

❖ Elliptic-power function:


