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‘ Energy Scan Program @ RHIC
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‘ Energy Scan Program @ RHIC
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Fluctuations
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» Variance: ({N?) = Vyy = o*

SN
» Skewness: S — < >
T3
> Kurtosis: r = X42
X20

» And much higher...

P(N)

SN = N — (N)

Vs = (ON*) — 3(6N?)?



Fluctuations at QCD Ciritical Point

Stephanov, Rajagopal, Shuryak 98,799
® 2" order phase transition at the CP.

_-_ baryon # susceptibility

/'@ divergences in fluctuations of )

" ep distribution
freezeout T
*baryon number,

\_ _proton, chage, ... Yy

® Higher order moments has stronger & dep near the CP. Stephanov, 09
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Baryon # 3rd Moment Asakawa, Ejiri, MK, PRL103 (2009)
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Third moment changes the sign at the QCD phase boundary!



Impact of Negative Third Moments

+ ® Once negative m,;(BBB) Is established, it Is evidences that

(1) x5 has a peak structure in the QCD phase diagram.
(2) Hot matter beyond the peak is created in the collisions.

@ T-No dependence on any specific models.
Just the sign! No normalization (such as by N,).



Event-by-Event Analysis @ HIC

Fluctuations can be measured by e-by-e analysis in experiments.

STAR, PRL105 (2010)
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Proton # Fluctuations @ STAR

STAR, 2010
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Proton # Fluctuations @ STAR

STAR, 2010 B STAR 2011 (Quark Matter)
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Proton # Fluctuations @ STAR

STAR 2011 (Quark Matter)
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How do these cumulants look like?
How are they different?

Baryon # fluctuations are desirable! Since they can

» remember fluctuations generated in earlier stages.
» clearly reflect signals of phase transitions.




Variation of Proton # in Hadronic Phase

» Proton # varies even after chemical freezeout
via charge exchange reactions mediated by A(1232):

p,n > DN I=3/2
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| A(1232)
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‘ Nucleons in Hadronic Phase time.
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| Nucleons In Hadronic Phase time
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Probabillity Distribution to find particles in each event

4 )
P(Np7Nn7Nf)aNﬁ)

— F(Ny,Ny)B(N,; Ny)B(N;; Ny)

- Y,
1 N!
SN = Ny = N, + N,
Bk N) 2N EY(N — k)! { N b
binomial distribution func. Ny = Ny + Ny

NOTE:

» The factorization is applied to distributions in any
phase space in the final state.

» F(Ny,Ny) may carry fluctuations in early stage.



Proton & Baryon # Fluctuations { N Z NN

N,}gtOt) — Np + Np

.. For free gas
Similar formulas J

up to any order! ((ON{9)2) = —((6NG)?)
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Strange Baryons

Decay Rates: Decay modes:

ma ~ 1116[MeV] s gl
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Regarding these ratios even, protons from these decays
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IS Incorporated into the binomial distribution. Then, Ny=>Ng



An Extreme Example

f p
1) N — N, — N reflects primordial fluctuations.
B B
(2) N, N are Poissonian.
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An Extreme Example

4 N
= Np — reflects primordial fluctuations.
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Summary

» Baryon and proton # fluctuations are different.

» We obtained formulas to relate baryon # cumulants with
experimental observales.

» Experimental analysis of baryon # fluctuations may verify

» signals of QCD phase transition
» speed of baryon number diffusion in the hadronic stage.

Future Work

» Refinement of the formulas to include
nonzero isospin density / low beam energy region



Proton # Cumulants
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Manipulations



‘ Event-by-Event Analysis @ HIC
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Nucleon Time Scales In Fireballs

Mean time to create A0
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