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Fluctuation Studies-in Heavy lon Callisions
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From Fluctuations: to QCD Ciritical Property

Hadronic observables - information at
freeze -out : Determination of T and ¢
of a subsystem of the hot matter from
particle yields / fluctuations
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| Borsanyi, QM15

e=9— Dyson—Schwinger [C. Fischer et.al. 2014]

+a{  freeze—out [Becattini et.al., Cleymans et.al. 2005]

a{ freeze—out parametrization [Andronic et.al. 2008]
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modified statistical fit [Becattini et.al. 2012]

={ freeze—out from fluctuations [Alba et.al. 2014]
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Characterizing Fluctuations

10° - . . . : Cumulants
Uncorrected Data 19.6GeV,0-5% @
lan-R(\) M = (N) (=7.61)
Skell —
1072 o o2 = (GN)?) (=9.16)
So’ = ((6N)’) (=7.23)
10 | ko* = (ON)") = 3(GN)*)*
= (=7.36)
ol
i 2
10 ko~ =1 Skellah
= 0.8 (Data)
108
= Gauss
S _ >/
1010 _ 18192021222324 _ Ratios
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QCD Phase Transition / Ng Fluctuations
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Sign Change of Cumulants
A
. . . - . /7
@ Near TCP, Chiral Limit, Finite V
(Lattice QCD in Strong Coupling Litcitjhara, KM, Ohnishi WM p 0,7
Baryon number susceptibility, 63 x 6 , 4
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400 T
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Sign Change of Cumulants .
@ Crossover near O(4) (PQM+FRG),

{12120 CNAYIYys wSRfAOKI t w/ Mfo
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Importance of Reference Distribution

___ regular singular
Hadron Gas Divergent : in ? limit or CP

Finite : cause sign changes in crossover
Suppression factor (f ,/T)"

| inoul
= Obscured when [y, 2" > [y, o |

Remnant of thiedivergeacecmayonhlapppanass
deviatiom framttiesreguilas patrcantibutionon

v

U Net-Baryon : N, &, Hyperon, etcq.
A m>>T,¢ | Boltzmann Gas Skellam Distribution
U Net-electniecottarge::: pr, K, m, p, .... O .
A @ a m*tcause substantial deviation from Skellam

U Net-stramgeness : K, K*, %, £, 5§, .... 0.
A Heavy enough, but multi -charged (up to 3!)
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Baryon Gas . ‘Skellam Distribution
N/2

b — _
P(N) = = InQ /Vbb{e‘(’”b)
# of baryons Poisson) # of antibaryon (Poisson)

W Statistical meehanicss. :Boltzmann
distributionn , _ d3p3e_(Ep_m/T, 2 _ d3p3e_(E,,+ﬂ)/T
(2 parameters (2m) )

Xonel =b—b [

Independent of momentunj

Integration range

)(2n=b+l_9

Expectation (confirmed by lattice); and?, are well described by HRG

Deviation fromSkellamn higher order?, can reflect the phase transition
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(Negative) Binomial Distribution?
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FRG, c,c, — \
FRG, cglc, --- ™
NBD/BD, C6/C2 u TN
-0.5 | ~ Skellam _ _
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T/T

pcC

YaX CNAYIlIYS wSRfAOKEZ

NB([ A>1),BD( A<l
can fit the criticaP, and
Y4, but cannot reproduce

%

Higher (n>4fumulants
necessary to identify the
critical fluctuations
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Char gevskFliuctuati ons
@ Pion m ~T : Bose statistics

/\\

([ 2 & P. BraunMunzingerap ] h* (
272 Z K"K (km/T) cosh(kug/T), n = even
T
k=1
m2

== Z K2R, (km/T) sinh(kug/T), n = odd
\ k=1

~ k Tmax Pimax ~
Ky(km/T) = dn dppiple™ 't
2m2 T Mmin Pt

- KZ(km/T) (nmin = —09, Mmax = °, Ptin = O’ andplmax - Oo)

Multicomponent Boltzmann gas with:mass = km,

charge k, and degeneracy k" 0
ii Leading order : Skellam | . X’”‘; > 1
U all k >1 terms : positive An

U p-integrationirange«canchange: ?, ratio
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Effect of Low p t Cut Karsch( Gl ( Na he
& Electric Charge Cumulants of a free gas

| 7, f Density vs Mass:

Heavier particles
less affected by
p, cut

b _kjpne?”q
suppressed by
p, cut

0 0.2 0.4 0.6 0.8 1
Ptmin [GeV/C]
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Effect of Low p, Cut

& Electric Charge Cumu
20 " Skellam
mp/T:0.75 -
1.0 ---
1.25 ---
21 1.5 -
o~ AN
Oﬁﬁ \ free p gas, pyma=2GeV/ic

0.4 0.6 0.8

Pimin [GeV/c]

0.2

Substantiall decrease fram p,.,,=0 to

Karsch( G (

ants of a free gas

Low pt cut : closer ?,/?7,t0 1

Na he

2 2 2
meff = ptmin + m;
For small { /T,
0 Qo 0 0
X3 X Ao Xoneo
Q - Q, ’ Q — Q
LS. ©) X1 Xog

B _ Sk Ralkm/ ko /T _ g

X S k222K (km/ T) T
kDtmax /T
K> (km/T) = %(%)2 fdn f dxx? coshne_\/m

kp[min /T

Pimin = 0.2 (STAR)w@r@.3 (PHENIX).GeV
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M/ A% in HRG

M = (or, m, etc) + (strange mesons) + (baryaens) + (hyperons))
<0(tq<0) >0(ts>0) >0(tg>0) >0(ts(1-3)ts>0)

Negative meson contribution Total M can be non-monotonic in p i
IS reduced by pt cut ':> A2 simply decreases

T=160MeV, m, — e 1.2
1 """" 2o, mK — 1 |
SOn l .................. . pt Cut ‘D Only | 1
o 0.8 ~ \\\ —~ N
T 7 08¢ 19 08F N
E 0.6 g é T
OJ_{)_ . D‘: 06 | 1 Q-‘: 0.6 1 N
% 0.4 = 04} SH2=200GeV — " {~ 04}
© . 12 © ; 12_
ptcut in p only, s yy=200GeV ptcut in p only, sl,>,2N—ZOOGeV
0.2 02} sk2-19.6GeV - 1 02¢} S?E:19.66ev
ptcutin ponly, s 12=19.6GeV - ptcutin ponly, s \\=19.6GeV -
0 0 0 M M M M
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Pmin [GeV/c] Pimin [GeV/C] Pimin [GEVIC]
Single component Min HRG £2in HRG

30 May, 2016 i85



Kenji Morita (YITP, Kyoto) CPOD2016@Wroclaw

o
Q ptmin:0

/ MQ/s

2
Q

MQ/s
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M/ A4 in HRG :'STAR vs PHENIX

1.4
STAR:setA —s— | A :p cutfor D only
8%:?:38 Inggs st 1o, | B:Same pcut for all hadrons
1.3} t PHENIX :setA —a— {1 C I pmn = 0.4 GeV for protons (STAR)
PHENIX :setB --e-
1o — — /7 10% larger M/AZ?in
' ISP SRl Sih 7 PHENIX acceptance
11} Ss—e—e—8 - o Y -
rescaled :
. mmm@mm oo mmEmTEm T “ 0.25 STAR - | [ STAR & !
1 e ) PHENIX -m= PHENIX =
10 100 w o2l l+ .
CN)S‘NN [GeV] S 015 + l
NmO‘ ®
2

Data : PHENIX/STAR 1.35

After rescaling, data become

closer
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[ & in HRG (prediction)

94 | ' STAR:setA —=— | 0 .. k
03 4 STAR:setB - A== )(_4:)(4 Xy +/\ﬁ+
092 | =& STAR :set C -4 { .9 T4 KL P
?c AN PHENIX :set A —&— X2 Xo T X2 )é
€ 09} \ E. PHENIX :
NS 0.88 }
N
= 0.86 ¢}
v 6% difference btw.
L 0.84 | STAR and PHENIX
0.82 expected
0.8 ' .
10 100
(~)S‘N|§| [GeV]
p, cut reduces [ A <10% p, cut reduces [ A by 10-20%

at low energies, due to

- at high energies
more proton contribution
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Concluding Remarks

¥ Higher-order fluctuations of net- -B, Q around

phase boundary

& Critical behavior : Smeared by finite'V, nonzerom:,
+ Lattice QCD in Strong Coupling Limit

+ Chiral model calculations with FRG

& Deviation from the reference
& net-B : Skellam distribution |- momentum independent

& net-Q : Bose statistics | affected by low pt cut

+ Explaining part of difference btw. STAR and PHENIX
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Backup
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Effects of Interaction

¥ Charge fluctuationsinrfQM 'model (N ;=2)
[s=1o=0

0.8

free p gés - N
07 | QM+FRG, p only | Susceptibility:
' QM+FRG, qug{/lrfl):gé i quark dominant

0.6 | - (Caveat:deconfined f
guarks have Q=2/3, -1/3)

b k] huks=0
mgq] ng k30OhuK 6 M

0.05 0.1 0.15 0.2 0.25
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Effects of Interaction

¥ Charge fluctuationsinrfQM 'model (N ;=2)
[s=1o=0

0.8

QM+FF‘;§epp gélls - ' 4 4% cumulant:

3 1 on y ,/, i AN . . .

0.7 QM+FRG, quark only =-- L b Ki e] ] ] P
06 | QM+FRG — Vel | (Caveat:deconfined f

guarks have Q=2/3, -1/3)
Quark contribution
suppressed by Fermi

© statistics
I D kij huk=0
t mg] ng k30huK 6 M
0.05 0.1 0.15 0.2 0.25
T [GeV]
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Effects of Interaction
¥ Charge fluctuationsinrfQM 'model (N ;=2)
[s=1o=0

7
/

|
o_ 1
Xn 2n

n—1
" (pB*)
B xh+ ) G .
s 4 ; O(Bur)'0(Bp)"!

6t cumulant:
Negative ?; from chiral

| crossover
Ko _gna ~u b _|

freepgas ---
QM+FRG, p only

-0.5 |  QM+FRG, quark only(x10) --- 1 tD kjhuKs~0 €
- QM+FRG — t mg] ng k3j0huK 6 M
0.05 0.1 0.15 0.2 0.25
T [GeV]
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Effect of Low p), Cut
& Electric Charge Cumulants of a free gas

~ T=160MeV, m, — _
L T=160MeV, 3% --- 1 ?, f Density vs Mass:
N\ N T=53MeV, my -
_ 08} % . .
e Heavier particles
e
< 06 less affected by
O«
cut
S 04} P+
&
0.2 b _kjpne”aq
suppressed by
0 P; cut

Pimin [GeV/C]

At p;nin =0, ?,, scale with m/T
Different p , cut effect for same m/T!
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Pseudorapidity ' Cut

Skellam 2.2
|h|=0.35 — © o 0 o o o o o o o
0.5 === 7 21 Skellam —
1--- O<pr<®© o
3 e ] 1.8} 0.2<p;<2.0GeV
5 o 0.3<p;<20GeV o
N
o 167
O<
(&)
1.4 f
my = 0, T=160MeV ; © 0 0 0 0 aag g g 5
1.2 f .
Static p gas, T=160MeV
1
1 s s s
0 0.2 0.4 0.6 0.8 1 0 0.5 1 1.5 2
Ptmin [GeV/C] |D l‘h:2hma)(
No significant dependence on s cut Difference coming from lower p, cut

Lower cut induces effective mass heavier than
m, thus approaching Skellam distribution by
increasing P min -

Cuts in s, Only affect high momentum
particle contribution.

Eoin = \/ pr cosh? (= 0) + m?
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High p Cut Effects on Cumulant Ratios

2.4 L L
Skellam —
2.2 | T=160MeV, |n| < 0.35 - ]
T=120MeV w/ Flow, |h| <0.35 —
2 |
1.8}
OEN free p gas, pyin=0.3 GeV/c
O‘J" 1.6 §
1.4 |
12+ B __
1

04 06 0.8 1 12 14 16 1.8
Pimax 1GeV/c]

Pimax < 1GEV :sstronger influences:fromrBose:=statistics s
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Electric Charge Fluctuations

¥ Recent measurements @RHIC
®#STAR(K14), PHENI X(K15)

Statistics problem (particularly STAR)
PHENIX: aboveSkellam ?
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