IRILTF—EEEERE
INAEPILE

ALRIER

(Osaka U.)

Heavy lon Pub, 2011/12/16, Osaka U.



Outline

1. PSTFZFALV-QCDIHIEEDER

NUALBEVBFHOEDBIRIZONT

MK, Asakawa, arXiv:1107.2755

The authors thank stimulative discussions at the work-
shop “Frontiers of QCD Matter” held at Nagova Uni-
versity, Japan. on June 8th, 2011, and H. Torii for the
organization. This work is supported in part by Grants-
in-Aid for Scientific Research by Monbu-Kagakusyo of
Japan (No. 21740182 and 23540307).




‘ Energy Scan Program @ RHIC

high
beam energy

low

Hadrons

R

It i
fiie v
Pt oaih
il lllv""
. fly
wlt
H ‘1' W
)




‘ Energy Scan Program @ RHIC
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Fluctuations

» And much higher...
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+ P(N)
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ME=EPSLITLNVD, V B N
WoEERHEITEHE SN = N — (N)
> Variance: ({N?) = Vyy = o* A
3
> Skewness: S = N
53
. X4 4 2\ 2
> Kurtosis: Kk = Ya0? Vxs = (ON*) —3(6N*)



Event-b_y-Event Anal_ysis _@ HIC

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

/ Detector '

Variation of N in a rapidity range is small for conserved charges.
Asakawa, et al., ’00; Jeon, Koch, *00; Shuryak, Stephanov, 02



Event-by-Event Anal_ysis @ HIC

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

STAR, PRL105 (2010)
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Variation of N in a rapidity range is small for conserved charges.
Asakawa, et al., ’00; Jeon, Koch, *00; Shuryak, Stephanov, 02



NﬂEoYD
AE
>

A

=

P |

(Z 02

L i R

= >
Z
N> %




02—<5Z2>
[ T>T.|
P(Z)¢
—HHHEHHEARAEBEBFRE R —> < \O- i_i
\ Y J lt / K%g N VN
NE D ZE N N
T < T,
P(ZM
—JAHFHHMHHABAAMHHMBEBEAE —> j\ o) ~ 0
| lg N —




S5 IFi) =
(T > T.|
P(Z)4
—HHRAEAREAH HA- —> < \U o 1
\ Y } lt / K%g N VN
NEDRE Y N N
(T~T.
o nene o NLBEORIIL o L
’ AEVDER N N
EXLTARAKRLAE

WHEFLIPTIEKRL.
fRA R THEMIT D,



Fluctuations at QCD Critical Point

Stephanov, Rajagopal, Shuryak ’98,°99
® 2 order phase transition at the CP.

#/0 divergences in fluctuations of )

( *prdistribution
{ efreezeout T
| *baryon number, chage, ...

J




Fluctuations at QCD Critical Point

Stephanov, Rajagopal, Shuryak ’98,°99
® 2 order phase transition at the CP.

| 2
0.313 ! <5N B>
(‘@ divergences in fluctuations of ) 55 /
0.2 -
# - op., distribution o
{ efreezeout T
_ | *baryon number, chage, ...

/ T[MeV] g,

0.6 0.8
Hg [GeV]

® Singular part in proton number fluctuations. Hatta, Stephanov, 02
2 2 2
<5Np > ™~ A‘S - <5Np >regular
® Higher order moments has stronger € dep near the CP. Stephanov, *09

(ON*) ~ & (N%) = €' (ON*). = ¢
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o o Boltzmanngas  (T,u < M)
A " © | (=Poisson distribution)
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Asakawa, Heinz, Muller, 00
Jeon, Koch, ’00

Ejiri, Karsch, Redlich, 06
Hadrons: Ng = N

Quark—gluon: Ng = lN
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Bar_yon Number 4th/2nd

Ejiri, Karsch, Redlich, *05

® Ratios between higher order moments (cumulants)

n,_2+1 m., =220 MeV - =
2 RBC- Blelefeld 09 =2, m_=770 MeV
Resonance gas
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1%#%3%0)%;%@ 6%‘ 2 : Asakawa, Ejiri, MK, 2009
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Impact of Negative Third Moments

* ® Once negative m;(BBB) is established, it is evidences that

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

Q éi *No dependence on any specific models.
*Just the sign! No normalization (such as by V).



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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Bar_yon Number Fluctuations are Better

Othan proton’s since it is not a conserved charge

O simple theoretical treatment for conserved charges

"7
SN™) =
ON") = 5o

Z = tr[e” PH=#N)]

O possible slow diffusion in hadronic stage
Asakawa, Heintz, Muller, 2000; Jeon, Koch, 2000



Bar_yon Number Fluctuations are Better

Othan proton’s since it is not a conserved charge

O simple theoretical treatment for conserved charges

"7
SN™) =
ON") = 5o

Z = tr[e” PH=#N)]

O possible slow diffusion in hadronic stage
Asakawa, Heintz, Muller, 2000; Jeon, Koch, 2000

Othan electric charge fluctuations

O additional nonsingular contribution in Q

1 1
Example: X@ = 7 XB T X1

singular nonsingular



Variation of Proton # in Hadronic Phase

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

p’n\A > D, I=3/2
o (1232) _ I~ 1.8 [fm]
[ 1T Ll ! N IIIIIII| T T T 1Tl
R O = e o
ﬂ@ 200mb=20fm?
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A(1232)

p—|—7r+——>3 ATt —— p+ 7t

cross sections of p

p+7r0 = N = p+7r0
n4+xt _1> A N n4+ 7T

p+ﬂ_'7|_> AO _WP‘FTF—
n+md 1> - n+ 70
n+m —> A n—+m

decay rates of A



A(1232)

p—|—7r+——>3 ATt —— p+ 7t

cross sections of p

0 ) 4 AJF,O\

+
p‘|’7TOT]_> = ptT p+mT—

+ =

+ — A N +
n—|—7r_ _\_>n—|—7r_ j‘> Spin
Kn+7r0_l—> _?;nerO) Y )
n+m —> A~ n—+mT

decay rates of A




A(1232)

p—|—7r+——>3 ATt —— p+ 7t

cross sections of p

@ 0 0
ptrl o, 2P
n4+xt _1> N n4+ 7T

p+ﬂ_'7|_> AO _Wp_l_ﬂ-_

| Lpin

0 ___J__%> - 0
\n—l—ﬂ _5‘_>n—|—7r
n+m —> A n—+m

decay rates of A

v

Lifetime to create A* or A°

- = &O’ Vr E

T L (freezeout time) ~ 20[fm]

c.f.) Nonaka, Bass, 2007

(p +7 = A+O

. =9:4

T[MeV]

BW for o & thermal pion |
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Bar_yon & Proton Number Fluctuations

((6N,)%)
Np Nn

((6NN)?)

O In general, fluctuations of Ny and Np are different.
O Due to the isospin fluctuations, N, fluctuations tend to be
close to equilibrium ones than N fluctuations.



‘ Slot Machine Analogy
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Isospin Distributions

O Large pion density

« Small nucleon density because M,/T<<1
» For top RHIC energy, N ~20N,,

O Nucleons exclusively interact with pions

Rare NN collisions
Huge s reactions

|

All formations and decays of A

take place independently

—

10

dng./drdn(fm™)

Nonaka, Bass, ‘07
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Ol £ ~20fm

o| o <

®o| C

0O
= p,ﬁ O mesons\

—_— NN ® baryons

\= A(1232) )

kinetic f.o.

Ve

[mﬂ'gT<<mN_,UJN]

ny <1
 rare NN collisions
* Nno quantum corr.
ny < Ny
* many pions

\




Probability Distribution P(N,, N,,, N5, N5)

° . ) L ]
*® -
'.’.ano.

2, T et &,
oy 8% Ep X WYL Y8 ——> Ny nucleons

O

- = > Ny anti-nucleons

N, protons
O Ny

N,, neutrons

B(Np§NN)

Detector

binomial distribution func.

4 )
P(vaNnaNf)aNﬁ)

» for any phase space in the final state.

J




Bar_yon & Proton Number Fluctuations
((6Np)?)
Np Nn
Ny ((6NN)?)

—

(BN = {GNG)?) + (N

1
4

(SNGD)2) =4((ONe)2) — 2(N{tot))

—

For free gas

 for isospin symmetric medium (GNe9)2) =

« Similar formulas up to any order!

(GNG=)?)



Free Nucleon Gas

T, up < mn Poisson distribution P,(N)

P(Npa Nn) — PA(NP>P>\(Nn)
= Pox(Np + Nn)Bi/2(Np; Np + Ni)



Free Nucleon Gas

T, up < mn Poisson distribution P,(N)

P(Np Na) = PA(Np) PA(N,) ® e 4
:PQ)\(Np—I—Nn)Bl/2(Np,Np+Nn) ‘ '
°
e o

O The factrization is satisfied in free nucleon gas.

Pfree(Npa Nn7 Nﬁ) Nﬁ) — PNN (NN)PNN (NN)B(NP7 NN)B(Nﬁﬂ NN)

\ )
|

F(Nn, Nx) = Py (Nn) Py (Ny)

N




Time Scales

0 Time scales of fireballs:

—

TT :time scale to realize isospin binomiality

- TR :time scale of baryon number diffusion

Thadron . life-time of hadronic medium in HIC

[7‘1— ~ 4fm}

= =
VT
\ }
|
Thadron > ].O - 20fm

hadronize




Effect of Isospin Distribution

p
(1)N§1€t) — Np — Ngdeviates from the equilibrium value.

\(2) Boltzmann (Poisson) distribution for Ng, N5.




Effect of Isospin Distribution

((1)N};et> — Ny — Nz deviates from the equilibrium value.\
\(2) Boltzmann (Poisson) distribution for Ng, N5. )
- 2(BNY)?) %Z(cszv_é;e;)_);>\i+ 3 (NS e
1 o)) AL ENG ) (NG e
2N, %«wﬁne‘“))ﬂ% + (NG e e

genuine info.

For free gas
2((SN{N)™) = (NG Y)™)e



Example : 3 Moment

(6Ng)?*) = a<(‘5§ZB)2> <0 %

beyond the QCD phase boundary
near the CP  Asakawa, Ejiri, MK, 2009

T[MeV] g

0.6 :

Fireballs forget negative moment
over the QCD mountains?

No. Not necessarily. B, AutAU Collsions -
Note: o o) "
(ONGY)3) =8((SN{))?) P e ) +’ E

— 12(N( SN o) oF T V(G

net
+ 6Ny,



Exam_p|e1 : 4th/2nd | RBC-Bielefeld *09

n=2+1, m =220 MeV — =
B 2r n=2, m =770 MeV — =
—~ Resonance gas
4 1 (hadron) 15 ¢ .k 12043 _ (B?) — 3<Bz>2 1
((ONB)")c g, e (B7)
= " 1/9 (quark) 1 H %
<(5NB) > T % "I, % . filled: nt=4
< O (near CP) 05 - % open: nt=6
Ejiri, Karsch, Redlich, 2006 Tiedtt v e
Stephanov, 2011 0150 200 250 300 350
Fireballs forget primordial flucs? N E
No. Not necessarily. sk E
Nb 1 §“+¢ 3’+ ..... # ...... é
“ o0sE ?
i ¢ ]
0 =
s E No syppression E

345 10 2030 100 200
/sy (GeV)



Strange Bar_yons

Decay modes:

Decay Rates:
A 4'—> p+m 64%

my =~ 1116[MeV] L pnaaY 36%
=Hp:n~1.6:1 Z+jp+w0 52%
T L s nt+rt 48%
~ 1190 MeV _
mz [MeV] 20—>A_'_> P+ 7T 64%
s 0
= p:n~1:1.8 ntm 36%
3N > N+ m

Regarding these ratios even, protons from these decays
is incorporated into the binomial distribution. Then, Ny => Ny



Summar_y

» Baryon and proton number fluctuations are different in
nonequilibrium medium. To see non-thermal contribution,
baryon number is better.

» Formulas to reveal baryon # cumulants in experiments.

» 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 incorporate

nonzero isospin density / low beam-energy region
» Distribution function itself
» Discussion on time evolution of fluctuations @STAR



Nucleon Time Scales in Fireballs

Mean time to create A*0

T [fm]

6 -
5 L
4 |
3 L
130 140 150 160
T [MeV]
TA — 3~ 4[fm]

170

d’N/dr di(fm’™)

Freeze-out time

Nonaka, Bass, 2007

10
10

burner

10 o® =
L

10

10

10




3d & 4th Order Fluctuations

NB—>Np

ne 1 ne ne o
(BNSD)?) =2 (NG )?) + SONG SN,

5
8
ne 1 ne 3 ne (@]
(BN e =2 (N ) e + S (6N ) 5N
3
_|_

(tot)\2
S {(GNEY)

1 o
§<‘N](3t t)>7

Np—>NB

<(5N]gnet))3> :8<(5N1§net)>3> o 12<5N1gnet)5ngtot)>
i 6<Nzgnet)>7
<(5N](3net))4>c :16<(5Nénet)>4>c . 48<(5N1§net))25NZ§tOt)>
net)\2 ot)\2 o
+ 48((SN{e)2) 4 12((SN0D)2) — 26(N STy,



