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QCD phase diagram
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✓ Higher-order fluctuations of 
net-particle distributions.

- Crossover at μB=0
Y. Aoki et al, Nature 443, 675(2006)

- 1st-order phase transition at 
large μB?

- Critical point?
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QCD phase diagram
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✓ Higher-order fluctuations of 
net-particle distributions.

- Crossover at μB=0
Y. Aoki et al, Nature 443, 675(2006)

- 1st-order phase transition at 
large μB?

- Critical point?

✓ Non-monotonic energy 
dependence of κσ2=C4/C2 
could be a signature of critical 
point.

STAR, PoS CPOD2014 (2015)019
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Motivation
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C.Schmidt,Prog.Theor.Phys.Suppl.186,563–566(2010) 
Cheng et al, Phys. Rev. D 79, 074505 (2009) 
Friman et al, Eur. Phys. J. C (2011) 71:1694 

✓ There isn’t yet direct experimental evidence for the smooth crossover at μB~0 MeV.
✓ Sixth-order cumulants of net-charge and net-baryon distributions are predicted to 

be negative if the freeze-out is close enough to the phase transition, which is the 
characteristic signal for √sNN>60 GeV.

Predicted scenario for this measurement

PQM model : Positive sign is predicted in √sNN<60 GeV
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Motivation
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A. Bazavov et al, PhysRevD.95.054504(2017)

negative sign

S. Borsanyi et al, JHEP.10.205(2018)

✓ There isn’t yet direct experimental evidence for the smooth crossover at μB~0 MeV.
✓ Sixth-order cumulants of net-charge and net-baryon distributions are predicted to 

be negative if the freeze-out is close enough to the phase transition, which is the 
characteristic signal for √sNN>60 GeV.

✓ LQCD also predicts negative sign around transition temperature.

https://doi.org/10.1103/PhysRevD.95.054504
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Fluctuations of conserved quantities
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(1) Sensitive to correlation length

(2) Direct comparison with susceptibilities.

Volume dependence can be canceled by taking the ratio.

C5 =< (�N)5 >c⇡ ⇠9.5

C6 =< (�N)6 >c⇡ ⇠12 →neutrons cannot be measured

✦ Net-baryon, net-charge and net-strangeness

No. of positively charged 
particles in one collision

No. of negatively charged 
particles in one collision

“Net” : positive - negative Fill in histograms 
over many collisions

M. Cheng et al, PRD 79, 074505 (2009)

C6

C2
=

�6

�2
<latexit sha1_base64="xNhCGMiqG54wTlgMbsH+lFabXzE=">AAACFnicbZBNS8MwGMfT+TbnW9Wjl+AQvDjaIepFGO7icYJ7gbWUNEu3sDQtSSqM0k/hxa/ixYMiXsWb38Z07UE3Hwj58f8/D8nz92NGpbKsb6Oysrq2vlHdrG1t7+zumfsHPRklApMujlgkBj6ShFFOuooqRgaxICj0Gen703bu9x+IkDTi92oWEzdEY04DipHSkmeeOYFAOG176UWW5Vczy64LzcETWsgFaccz61bDmhdcBruEOiir45lfzijCSUi4wgxJObStWLkpEopiRrKak0gSIzxFYzLUyFFIpJvO18rgiVZGMIiEPlzBufp7IkWhlLPQ150hUhO56OXif94wUcGVm1IeJ4pwXDwUJAyqCOYZwREVBCs204CwoPqvEE+QzkTpJGs6BHtx5WXoNRu21bDvzuutmzKOKjgCx+AU2OAStMAt6IAuwOARPINX8GY8GS/Gu/FRtFaMcuYQ/Cnj8wenJqBM</latexit><latexit sha1_base64="xNhCGMiqG54wTlgMbsH+lFabXzE=">AAACFnicbZBNS8MwGMfT+TbnW9Wjl+AQvDjaIepFGO7icYJ7gbWUNEu3sDQtSSqM0k/hxa/ixYMiXsWb38Z07UE3Hwj58f8/D8nz92NGpbKsb6Oysrq2vlHdrG1t7+zumfsHPRklApMujlgkBj6ShFFOuooqRgaxICj0Gen703bu9x+IkDTi92oWEzdEY04DipHSkmeeOYFAOG176UWW5Vczy64LzcETWsgFaccz61bDmhdcBruEOiir45lfzijCSUi4wgxJObStWLkpEopiRrKak0gSIzxFYzLUyFFIpJvO18rgiVZGMIiEPlzBufp7IkWhlLPQ150hUhO56OXif94wUcGVm1IeJ4pwXDwUJAyqCOYZwREVBCs204CwoPqvEE+QzkTpJGs6BHtx5WXoNRu21bDvzuutmzKOKjgCx+AU2OAStMAt6IAuwOARPINX8GY8GS/Gu/FRtFaMcuYQ/Cnj8wenJqBM</latexit><latexit sha1_base64="xNhCGMiqG54wTlgMbsH+lFabXzE=">AAACFnicbZBNS8MwGMfT+TbnW9Wjl+AQvDjaIepFGO7icYJ7gbWUNEu3sDQtSSqM0k/hxa/ixYMiXsWb38Z07UE3Hwj58f8/D8nz92NGpbKsb6Oysrq2vlHdrG1t7+zumfsHPRklApMujlgkBj6ShFFOuooqRgaxICj0Gen703bu9x+IkDTi92oWEzdEY04DipHSkmeeOYFAOG176UWW5Vczy64LzcETWsgFaccz61bDmhdcBruEOiir45lfzijCSUi4wgxJObStWLkpEopiRrKak0gSIzxFYzLUyFFIpJvO18rgiVZGMIiEPlzBufp7IkWhlLPQ150hUhO56OXif94wUcGVm1IeJ4pwXDwUJAyqCOYZwREVBCs204CwoPqvEE+QzkTpJGs6BHtx5WXoNRu21bDvzuutmzKOKjgCx+AU2OAStMAt6IAuwOARPINX8GY8GS/Gu/FRtFaMcuYQ/Cnj8wenJqBM</latexit><latexit sha1_base64="xNhCGMiqG54wTlgMbsH+lFabXzE=">AAACFnicbZBNS8MwGMfT+TbnW9Wjl+AQvDjaIepFGO7icYJ7gbWUNEu3sDQtSSqM0k/hxa/ixYMiXsWb38Z07UE3Hwj58f8/D8nz92NGpbKsb6Oysrq2vlHdrG1t7+zumfsHPRklApMujlgkBj6ShFFOuooqRgaxICj0Gen703bu9x+IkDTi92oWEzdEY04DipHSkmeeOYFAOG176UWW5Vczy64LzcETWsgFaccz61bDmhdcBruEOiir45lfzijCSUi4wgxJObStWLkpEopiRrKak0gSIzxFYzLUyFFIpJvO18rgiVZGMIiEPlzBufp7IkWhlLPQ150hUhO56OXif94wUcGVm1IeJ4pwXDwUJAyqCOYZwREVBCs204CwoPqvEE+QzkTpJGs6BHtx5WXoNRu21bDvzuutmzKOKjgCx+AU2OAStMAt6IAuwOARPINX8GY8GS/Gu/FRtFaMcuYQ/Cnj8wenJqBM</latexit>

�2 =
C4

C2
=

�4

�2
<latexit sha1_base64="6XM9T5uTjVl9sr9gJDu97DLVyoU=">AAACJ3icbZDLSsNAFIYn9VbrLerSTbAIrkpSCrpRit24rGAv0MRwMp20QycXZiZCCXkbN76KG0FFdOmbOG0iaOuBYT7+/xxmzu/FjAppmp9aaWV1bX2jvFnZ2t7Z3dP3D7oiSjgmHRyxiPc9EITRkHQklYz0Y04g8BjpeZPWzO/dEy5oFN7KaUycAEYh9SkGqSRXv7QnEMdgCzoK4C6tZxe2zwGnLTdtZNnsqmc/mo3HNJdzUo6rV82aOS9jGawCqqiotqu/2MMIJwEJJWYgxMAyY+mkwCXFjGQVOxEkBjyBERkoDCEgwknne2bGiVKGhh9xdUJpzNXfEykEQkwDT3UGIMdi0ZuJ/3mDRPrnTkrDOJEkxPlDfsIMGRmz0Iwh5QRLNlUAmFP1VwOPQWUiVbQVFYK1uPIydOs1y6xZN41q86qIo4yO0DE6RRY6Q010jdqogzB6QE/oFb1pj9qz9q595K0lrZg5RH9K+/oGgDenjQ==</latexit><latexit sha1_base64="6XM9T5uTjVl9sr9gJDu97DLVyoU=">AAACJ3icbZDLSsNAFIYn9VbrLerSTbAIrkpSCrpRit24rGAv0MRwMp20QycXZiZCCXkbN76KG0FFdOmbOG0iaOuBYT7+/xxmzu/FjAppmp9aaWV1bX2jvFnZ2t7Z3dP3D7oiSjgmHRyxiPc9EITRkHQklYz0Y04g8BjpeZPWzO/dEy5oFN7KaUycAEYh9SkGqSRXv7QnEMdgCzoK4C6tZxe2zwGnLTdtZNnsqmc/mo3HNJdzUo6rV82aOS9jGawCqqiotqu/2MMIJwEJJWYgxMAyY+mkwCXFjGQVOxEkBjyBERkoDCEgwknne2bGiVKGhh9xdUJpzNXfEykEQkwDT3UGIMdi0ZuJ/3mDRPrnTkrDOJEkxPlDfsIMGRmz0Iwh5QRLNlUAmFP1VwOPQWUiVbQVFYK1uPIydOs1y6xZN41q86qIo4yO0DE6RRY6Q010jdqogzB6QE/oFb1pj9qz9q595K0lrZg5RH9K+/oGgDenjQ==</latexit><latexit sha1_base64="6XM9T5uTjVl9sr9gJDu97DLVyoU=">AAACJ3icbZDLSsNAFIYn9VbrLerSTbAIrkpSCrpRit24rGAv0MRwMp20QycXZiZCCXkbN76KG0FFdOmbOG0iaOuBYT7+/xxmzu/FjAppmp9aaWV1bX2jvFnZ2t7Z3dP3D7oiSjgmHRyxiPc9EITRkHQklYz0Y04g8BjpeZPWzO/dEy5oFN7KaUycAEYh9SkGqSRXv7QnEMdgCzoK4C6tZxe2zwGnLTdtZNnsqmc/mo3HNJdzUo6rV82aOS9jGawCqqiotqu/2MMIJwEJJWYgxMAyY+mkwCXFjGQVOxEkBjyBERkoDCEgwknne2bGiVKGhh9xdUJpzNXfEykEQkwDT3UGIMdi0ZuJ/3mDRPrnTkrDOJEkxPlDfsIMGRmz0Iwh5QRLNlUAmFP1VwOPQWUiVbQVFYK1uPIydOs1y6xZN41q86qIo4yO0DE6RRY6Q010jdqogzB6QE/oFb1pj9qz9q595K0lrZg5RH9K+/oGgDenjQ==</latexit><latexit sha1_base64="6XM9T5uTjVl9sr9gJDu97DLVyoU=">AAACJ3icbZDLSsNAFIYn9VbrLerSTbAIrkpSCrpRit24rGAv0MRwMp20QycXZiZCCXkbN76KG0FFdOmbOG0iaOuBYT7+/xxmzu/FjAppmp9aaWV1bX2jvFnZ2t7Z3dP3D7oiSjgmHRyxiPc9EITRkHQklYz0Y04g8BjpeZPWzO/dEy5oFN7KaUycAEYh9SkGqSRXv7QnEMdgCzoK4C6tZxe2zwGnLTdtZNnsqmc/mo3HNJdzUo6rV82aOS9jGawCqqiotqu/2MMIJwEJJWYgxMAyY+mkwCXFjGQVOxEkBjyBERkoDCEgwknne2bGiVKGhh9xdUJpzNXfEykEQkwDT3UGIMdi0ZuJ/3mDRPrnTkrDOJEkxPlDfsIMGRmz0Iwh5QRLNlUAmFP1VwOPQWUiVbQVFYK1uPIydOs1y6xZN41q86qIo4yO0DE6RRY6Q010jdqogzB6QE/oFb1pj9qz9q595K0lrZg5RH9K+/oGgDenjQ==</latexit>

S� =
C3

C2
=

�3

�2
<latexit sha1_base64="VichYY/EKPtzbGc4+NLuiDckVFg=">AAACHnicbZBNS8MwGMdTX+d8q3r0EhyCp9FORS/CcBePE90LrKWkWbqFpWlJUmGUfhIvfhUvHhQRPOm3MV170M0HQn78/89D8vz9mFGpLOvbWFpeWV1br2xUN7e2d3bNvf2ujBKBSQdHLBJ9H0nCKCcdRRUj/VgQFPqM9PxJK/d7D0RIGvF7NY2JG6IRpwHFSGnJM8/vHElHIbpyAoFw2vLS0yzLr0aWlZqDx7SQC9KOZ9asujUruAh2CTVQVtszP51hhJOQcIUZknJgW7FyUyQUxYxkVSeRJEZ4gkZkoJGjkEg3na2XwWOtDGEQCX24gjP190SKQimnoa87Q6TGct7Lxf+8QaKCSzelPE4U4bh4KEgYVBHMs4JDKghWbKoBYUH1XyEeI52J0olWdQj2/MqL0G3Ubatu357VmtdlHBVwCI7ACbDBBWiCG9AGHYDBI3gGr+DNeDJejHfjo2hdMsqZA/CnjK8f4Zijkw==</latexit><latexit sha1_base64="VichYY/EKPtzbGc4+NLuiDckVFg=">AAACHnicbZBNS8MwGMdTX+d8q3r0EhyCp9FORS/CcBePE90LrKWkWbqFpWlJUmGUfhIvfhUvHhQRPOm3MV170M0HQn78/89D8vz9mFGpLOvbWFpeWV1br2xUN7e2d3bNvf2ujBKBSQdHLBJ9H0nCKCcdRRUj/VgQFPqM9PxJK/d7D0RIGvF7NY2JG6IRpwHFSGnJM8/vHElHIbpyAoFw2vLS0yzLr0aWlZqDx7SQC9KOZ9asujUruAh2CTVQVtszP51hhJOQcIUZknJgW7FyUyQUxYxkVSeRJEZ4gkZkoJGjkEg3na2XwWOtDGEQCX24gjP190SKQimnoa87Q6TGct7Lxf+8QaKCSzelPE4U4bh4KEgYVBHMs4JDKghWbKoBYUH1XyEeI52J0olWdQj2/MqL0G3Ubatu357VmtdlHBVwCI7ACbDBBWiCG9AGHYDBI3gGr+DNeDJejHfjo2hdMsqZA/CnjK8f4Zijkw==</latexit><latexit sha1_base64="VichYY/EKPtzbGc4+NLuiDckVFg=">AAACHnicbZBNS8MwGMdTX+d8q3r0EhyCp9FORS/CcBePE90LrKWkWbqFpWlJUmGUfhIvfhUvHhQRPOm3MV170M0HQn78/89D8vz9mFGpLOvbWFpeWV1br2xUN7e2d3bNvf2ujBKBSQdHLBJ9H0nCKCcdRRUj/VgQFPqM9PxJK/d7D0RIGvF7NY2JG6IRpwHFSGnJM8/vHElHIbpyAoFw2vLS0yzLr0aWlZqDx7SQC9KOZ9asujUruAh2CTVQVtszP51hhJOQcIUZknJgW7FyUyQUxYxkVSeRJEZ4gkZkoJGjkEg3na2XwWOtDGEQCX24gjP190SKQimnoa87Q6TGct7Lxf+8QaKCSzelPE4U4bh4KEgYVBHMs4JDKghWbKoBYUH1XyEeI52J0olWdQj2/MqL0G3Ubatu357VmtdlHBVwCI7ACbDBBWiCG9AGHYDBI3gGr+DNeDJejHfjo2hdMsqZA/CnjK8f4Zijkw==</latexit><latexit sha1_base64="VichYY/EKPtzbGc4+NLuiDckVFg=">AAACHnicbZBNS8MwGMdTX+d8q3r0EhyCp9FORS/CcBePE90LrKWkWbqFpWlJUmGUfhIvfhUvHhQRPOm3MV170M0HQn78/89D8vz9mFGpLOvbWFpeWV1br2xUN7e2d3bNvf2ujBKBSQdHLBJ9H0nCKCcdRRUj/VgQFPqM9PxJK/d7D0RIGvF7NY2JG6IRpwHFSGnJM8/vHElHIbpyAoFw2vLS0yzLr0aWlZqDx7SQC9KOZ9asujUruAh2CTVQVtszP51hhJOQcIUZknJgW7FyUyQUxYxkVSeRJEZ4gkZkoJGjkEg3na2XwWOtDGEQCX24gjP190SKQimnoa87Q6TGct7Lxf+8QaKCSzelPE4U4bh4KEgYVBHMs4JDKghWbKoBYUH1XyEeI52J0olWdQj2/MqL0G3Ubatu357VmtdlHBVwCI7ACbDBBWiCG9AGHYDBI3gGr+DNeDJejHfjo2hdMsqZA/CnjK8f4Zijkw==</latexit>

PRL 105, 022302 (2010) : 
STAR Collaboration
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Particle identification
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✓ dE/dx measured with TPC is used for proton identification at low pT region.
✓ The combined PID with m2 from TOF is used at high pT region.

STAR preliminary
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Analysis methods
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- X.Luo, J. Xu, B. Mohanty and N. Xu. J. Phys. G40,105104(2013)

✓ Efficiency correction on cumulants have been done assuming the binomial 
efficiencies.

- M. Kitazawa : PRC.86.024904, M. Kitazawa and M. Asakawa : PRC.86.024904
- A. Bzdak and V. Koch : PRC.86.044904, PRC.91.027901, X. Luo : PRC.91.034907
- T. Nonaka, M. Kitazawa, S. Esumi : PRC.95.064912
- X. Luo, T. Nonaka : PRC.99.044917

✓Centrality bin width averaging is done for the reduction of the initial volume 
fluctuation.

✓Calculate the cumulants at each value of the multiplicity used for centrality, 
then weighted-average these in each centrality bin.

N1, N2 : lowest and highest 
multiplicity bin in the centrality
nr : # of events in rth multiplicity bin
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Net-proton C6/C2

�10

✓C6/C2>0 at 54.4 GeV and C6/C2<0 at 200 GeV
✓Qualitatively consistent with PQM model prediction

0 100 200 300 400
〉partN〈

10−

5−

0

5

10
2

/C 6C
=200 GeVNNsQM17, 

=54.4 GeVNNs

STAR Preliminary

Net-Proton, |y|<0.5, 
0.4<pT<2.0 GeV/c 0-10%

error(Cr) / �r
p
Neve
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/C 6C

=54.4 GeVNNs

=200 GeVNNs

Net-proton C6/C2
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0-40%40-50%50-60%60-70%70-80%

STAR 
Preliminary

Net-Proton, |y|<0.5, 0.4<pT<2.0 GeV/c

✓ Clear separation and opposite signs between two energies in 0-40%.
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UrQMD at 200 GeV
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0-40%40-50%50-60%60-70%70-80%

STAR 
Preliminary

Net-Proton, |y|<0.5, 0.4<pT<2.0 GeV/c

✓ Clear separation and opposite signs between two energies in 0-40%.
✓ UrQMD result shows positive signs for all centralities at √sNN = 200 GeV.
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Comparison with LQCD
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✓ Clear separation and opposite signs between two energies in 0-40%.
✓ UrQMD result shows positive signs for all centralities at √sNN = 200 GeV.
✓ 200 GeV results are consistent with the LQCD results.

LQCD (T=160 MeV, μB=0 MeV) : 
A) A. Bazavov et al, PhysRevD.95.054504  
B) Z. Borsanyi et al, JHEP.10.205
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0-40%40-50%50-60%60-70%70-80%

STAR 
Preliminary

Net-Proton, |y|<0.5, 0.4<pT<2.0 GeV/c

A)B)

https://doi.org/10.1103/PhysRevD.95.054504
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Acceptance dependence
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√sNN = 200 GeV

0-40%

0-40%

✓ Monotonic decrease with enlarging the acceptance.
✓ pT dependence seems to be saturated at 0.4<pT<1.7 GeV/c.

STAR Preliminary STAR Preliminary
√sNN = 200 GeV
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Summary
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✓ C6/C2 of net-proton multiplicity 
distributions show

- negative value in 0-40% centrality at 
√sNN = 200 GeV

- positive value in 0-40% centrality at 
√sNN = 54.4 GeV

- linear decrease with respect to pT 
and rapidity coverage.

0 50 100
〉partN〈

2−

0

2

2
/C 6C

=54.4 GeVNNs

=200 GeVNNs

=200 GeVNNsUrQMD, 

STAR 
Preliminary

Net-Proton, |y|<0.5, 0.4<pT<2.0 GeV/c

A)B)

LQCD (T=160 MeV, μB=0 MeV) : 
A) A. Bazavov et al, PhysRevD.95.054504  
B) Z. Borsanyi et al, JHEP.10.205

https://doi.org/10.1103/PhysRevD.95.054504


Thank you for your attention

 16



Back up

 17



Toshihiro Nonaka, QPT2019 @恩施

Higher-order fluctuation
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✓ Moments: mean (M), standard deviation (σ), skewness (S) and kurtosis (κ).
✓ S and κ are non-gaussian fluctuations.

κ > 0

κ < 0

skewness→asymmetry kurtosis→sharpness

from wikipedia

✓ Cumulant ⇄ Moment ✓ Cumulant : additivity

proportional to volume

✦ Moments and cumulants are mathematical measures of “shape” of a distribution 
which probe the fluctuation of observables.
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Efficiency
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✓ Single-particle tracking efficiencies for π/K/p have been estimated by 
embedding simulation.

✓ TOF matching efficiency is obtained from the real data.

Multiplicity

Ef
fic

ie
nc

y
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Net-charge at √sNN = 200 GeV
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✓Results of net-charge C6/C2  
are consistent with zero 
within large statistical 
uncertainties.

T. Sugiura, QM2018


