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1. Fluctuations of Conserved Charges in Thermal Equilibrium

2. Critical Behavior : Baryon number fluctuations
Consequence from O(4) and smearing by finite volume and quark mass
3. Electric Charge Fluctuations in Tt gas and Hadron Resonance Gas

Importance of “reference” distribution and role of quantum statistics
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“"Thermodynamics” in Heavy lon Collisions

~10fm/c, V=Tt(5fm)?%x(10-100fm)

Time—>»

a

Initial state

Conserved Charges in QCD
Baryon B (< Stopping)
Electric Charge O (< Baryon)
Strangeness S (=0, pair creation)

Energy Stopping Hydrodynamic
Hard Collisions Evolution

Globally conserved:

Dynamical system Au+Au Collisions@RHIC
in local equilibrium g=17‘;7><22
: —70x
(Hydrodynamics) s ) oo
T(x), ulx), w#(x) Exp. acceptance
Cooper-Frye Ay, Aps, A

&k
N = f f kudo K, T, o) = V(T , {;}) smallay, Low p,

O
Subsystem in Grand-Canonical Ensemble Z(7,V,uz, 1y, is)
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Fluctuation Studies in Heavy lon Collisions

Time—s Conserved Charges in QCD
| T W ¥ = Electric Charge O (< Baryon)
e e . Strangeness S (=0, pair creation)

~10fm/c, V=Tt(5fm)?%x(10-100fm)

Globally conserved:
Au+Au Collisions@RHIC

Counting # of particles B=197x2
on e-by-e basis Q=79X%2
< > $=0

STAR, net-proton, PRL112 (14) EXp. acceptance Ay, Ap;, A@ Small Ay, Low p,

107E(a) 7.7 GeV
6

10 =@

F0) 1.5 GeV' (c)19.6 Gev'  F(d) 27 GeV

10°F +
wp g +
w0k 3

RN
10%F éﬁ% Y4
% |
LA

Fluctuations of B, Q, S in

Hirdul 1
10%k () 39 GeV

2,
TR ey
.- - Eh

GC Subsystem Z(T,V,up, uo, is)

IR ARE TR SRR
20 0 20 =20 0 =20 =20 0 20 =20 0 20

Eo | P(N) = Z(T,V,N)e"'" | Z
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From Fluctuations to QCD Critical Property

Hadronic observables - information at
freeze-out : Determination of 7and u
of a subsystem of the hot matter from
particle yields / fluctuations

! I ! | !

@)
@)

| 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]

U1
o
I

'

modified statistical fit [Becattini et.al. 2012]

Temperature (MeV)
o
@)

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

| l | I 1
200 400

Baryonic chemical potential (MeV)

LT (OGN

2= T
X o VT3

Extracted (7,p) coincides with the
Crossover transition region in QCD
Up to py~ 400MeV

<

(Remnant) critical property of QCD
from fluctuation of conserved charges

| T | T T T T | T T T T | T 1 T T |r-|‘ T ]

4k Net-Proton ]

[ 0.4<p <2 (GeV/c),lyl<0.5 o |

[ ® 0-5% ]
3r o 5-10% b
N [ I} ]
o | |
v 20 + { —_
INRERLE: S—
BN |

O _I 1 1 | 1 | 1 lI I'.[-| 1 STAIR IFJr|e||rl-n”’\-]al;yr I_

I100II 200 SOOH 400
g (MeV)
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Characterizing Fluctuations

10O v : . . . Cumulants
Uncorrected Data 19.6GeV,0-5% @
lan-R(N) M = (N) (=7.61)
Skellam = ’ 7
10 o* = ((6N)?) (=9.16)
So® = ((6N)*) (=7.23)
0% | ko = ((BN)*) = 3((6N)*)
= (=7.36)
= 2
10° KO~ = Skellam
= 0.8 (Data)
10°
Gauss
S _ J
10710 _ 1819202122 2324 _ Ratios
-10 0 10 20 30 characterize the
N=Ny-Nopar shape of P(N)
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QCD Phase Transition / Ng Fluctuations
U DI G\
Chiral Limit ol o™ VT3

Pisarski-Wilczek ‘84 T T¢ O
A — N
Phys. quark mass T o order, 3d o(a) Y6 = T =0) = oo

—
——__~
—
—

: ~~. Y3(T' = T2, u#0) = +o0
. ................ / "o TCP? ] (T = Tyep)
E .. Const. (T — T;p)

BEs@ s a
----------- e 2 5 [ xp diverges

X3,4 Change the sign

Hatta-lkeda ‘03, Asakawa et al., /09,
R Skokov et al., "11, Stephanoy, ‘11

& N
Xe (1=0), X5 4(1>>0)
changes the sign General property from O(4) scaling function

adCross crossover ;) (Engels and Karsch 11, Friman et al., "11)
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Sigh Change of Cumulants
@ Near TCP, Chiral Limit, Finite V

(Lattice QCD in Strong Coupling Limit, Ichihara, KM, Ohnishi, ‘15)

>

Baryon number susceptibility, 63 x 6 , 4
2 Ve
.| 74
ot So, u/T=0.8
S .
-3}
4}
_50_2 -10} BExq —x— ]
20 6,x4 —o— |
6" x6 —eo—
800 —30 ' ' '
0.4 0.5 0.6 0.7 0.8
400 TIT
(q\| O * C
2 _400 Divergence replaced by
~800 sign changes due to
12004 05 06 07 0.8 finite volume
TIT
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Sigh Change of Cumulants
@ Crossover near 0O(4) (PQM+FRG)

Skokov, Friman, Redlich, PRC’11

4 T T T
— wWT=0
- WT=0.5 ieeees
Jhem=ewT=1 et 4
o2 ./”.’. T
.~
I / -
1 / -
L -/ /
P d
100 200 250 30
T [MeV]
30 ' — WT=0
| - 1/T=0.5 |
20F e WT=1 A
I ceee WT=1.5]
oﬂ'

d

2,
0 f
2
ou

6
m4_
2

8

bl dl X Y

100

50
T MeV]

300

Weaker "“Critical behavior”

No peak in x,, no negative x-

Smeared by finite m, and

fluctuations via FRG
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Importance of Reference Distribution

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

Finite : cause sign changes in crossover
Suppression factor (u /7)"

regular singular

—) Obscured when |y, | > |y, |

Remnant of the divergence may only appear as
deviation from the regular part contribution

v

» Net-Baryon: N, A, Hyperon, etc...

« m>>T,u-Boltzmann Gas —Skellam Distribution
» Net-electric charge: m, K, p, p. ....

« Ttand A** cause substantial deviation from Skellam
» Net-strangeness: K, K*, A, L, &, ....

« Heavy enough, but multi-charged (up to 3!)
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Baryon Gas : Skellam Distribution
N/2

b — _
PIN)=(=]| InQVbb)e ®*?

b 7\

# of baryons (Poisson) # of antibaryon (Poisson)

» Statistical mechanics : Boltzmann
diStribUtion b=d d3p o~ Ep=)/T bh=d d3]9 o~ Ept/T
(27)3 ’ Q2n)3
> 2 parameters

Xom+1 =b—0b E

ndependent of momentum
integration range

)(2n=b+l_9

Expectation (confirmed by lattice): x1 and x, are well described by HRG

Deviation from Skellam in higher order x, can reflect the phase transition
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(Negative) Binomial Distribution?

IS NB (ko? >1), BD(ko%<1)
1 N can fit the critical x, and
'_\ X4, but cannot reproduce
AN \
= \
f{a 0.5 | \\ m . X6
Q AN .
= = | Higher (n>4) cumulants
= \ . .
0} CRG. 1 necessary to identify the
FRG. %g&; critical fluctuations
NBD/BD, ygly, = Mo
-0.5 | ~ Skellam _ _ '
0.6 0.7 0.8 0.9 1 1.1
YA

KM, Friman, Redlich, PLB 15

30 May, 2016 11



Kenji Morita (YITP, Kyoto) CPOD2016@Wroclaw

Charge Fluctuations in Tt gas

@ Pion m ~T : Bose statistics

P. Braun-Munzinger et al.,, NPA'12

(
ﬂz > Z K2 K, (km/T) cosh(kug/T), n = even
X =
7T2T2
\ =
Rolkm/T) = — f " f " dpipiple BT
¢ 2m?T Jy,, ! Piin N
- KZ(km/T) (nmin = —09, Mmax = °, Ptin = O, andptmaX = Oo)
= Multicomponent Boltzmann gas with mass km,
charge k, and degeneracy k"* 0
B ¥
> Leading order : Skellam | y 5> 1
> allk >1 terms : positive Xn

> p-integration range can change x, ratio
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EffECt Of LOW pt CUt Karsch, KM, Redlich, PRC'16
@ Electric Charge Cumulants of a free gas

b - T=160MeV, m — | v _ Density vs Mass:
_ 08 Heavier particles
< less affected by
s 0.6
=

S 0.4 L
= Tt contribution
0.2 suppressed by
p, cut
0

0 0.2 0.4 0.6 0.8 1
Ptmin [GeV/C]
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EffECt Of Low pt CUt Karsch, KM, Redlich, PRC'16
@ Electric Charge Cumulants of a free gas
25 “Skellam Low pt cut: closery,/x,to 1
m /T=0.75 — o i
10 -- Mg = Prmin + my
1.25 ---
oy For small po/T,
o3 0 0 0 0
= X3 Xa  Xopr _ Xoneo
o 0 >0 - )
X1 X3 Xon-1 Xon
Bt SR Ralkm/ kgl T — pug
' ' ' : o 2n-2 R B
0o 02 04 06 08 1 Xu 2k k If2(km/T) 4
Ptmin [GeVic] Ko (km/T) = %(%)Zfdﬂ f dxxzcoshne_\/m
kpi /T

Substantial decrease from p,,..;,=0 to p,.;, = 0.2 (STAR) or 0.3 (PHENIX) GeV
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M/c21n HRG
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M = (T, p, etc) + (strange mesons) + (baryons) + (hyperons)
>0 (pug-(1~3)ps > 0)

<0(ug<0)

Negative meson contribution

>0 (us > 0)

is reduced by pt cut

=

>0 (ug > 0)

Total M can be non-monotonicin p,,,
o2 simply decreases

1.2 12
) p.cutmonly | 1
S 08 A 1 08} N
.é . \\‘\\ é ...................................................
¢ o6 All particles ™ 1 o6}
— \\\\ ;<\|
E 0.4 SH2=200GeV — " 1d 04}
ptcut in m only, s g=200GeV ptcut in 7 only, s,{/,;,\21=2006ev
0.2 SHe=19.6GeV -~ 0.2 SH2=19.6GeV -
ptcut in wonly, s 12=19.6GeV - ptcut in wonly, s {§=19.6GeV -~
0 0 M M M M
0 02 04 06 08 0 02 04 06 08 1 0 02 04 06 08 1
Pmin [GeV/c] Pimin [GeV/C] Pimin [GEVIC]
Single component Min HRG o2in HRG
15
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Mlo'2 in HRG : STAR vs PHENIX

1.4

STAR : set A —8—
0.2<p,<2.0,|lh|<0.5 STAR:setB -#--
0.3 <p <20, lh| < 0.35 STAR :set C =--
PHENIX : set A —=&—
PHENIX :setB =-o-
—————— —
@-——¢————0-—@-——®——= @ ========= -o —
—a
GG =m@-=-O === Q=== == === 0 / 03
Al — == — === a
- 0.25
&
10 100 0.2

Data : PHENIX/STAR ~ 1.35

After rescaling, data become

closer

(Molo3 )(Mplo?)
o
H
(6}

A : p, cut for Tt only
B : Same p, cut for all hadrons
1 C: pemin = 0.4 GeV for protons (STAR)

10% larger M/o? in
— PHENIX acceptance

rescaled

STAR &= | STAR @ .
PHENIX =-mm= PHENIX =-m=
l + ‘ l
. {- b
® 1 e
° } g t }
_50 100 10 _50 100
SNN SNN

30 May, 2016



Kenji Morita (YITP, Kyoto) CPOD2016@Wroclaw

ko2 in HRG (prediction)

| ' STAR:setA —=— | 0 K
0-94 s STAR :setB - X4 :XZ Xy Xt
092} & STAR:setC -t 1,9 T4 KL P
ﬁc AN PHENIX : set A —a— | X2 X2 T2 )é
e 09} '\ = PHENIX :
~9 0.88 |
i‘o 0.86 }
6 6% difference btw.
MO 0.84 } STAR and PHENIX
0.82 expected
0.8 - .
10 100
VSnn [GeV]

p, cut reduces ko? < 10%
at low energies, due to
more proton contribution

p, cut reduces ko2 by 10-20%
at high energies
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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 fluctuations in QM model (N;=2)

Hg=Hq=0
0.8 . .
free t gas --- o
07 | QM+FRG, m only | Susceptibility:
. QM+FRG,qu§K}|<+Cl):rIg¥3 - quark dominant

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

-

“quark only” : Q=0

{ "1tonly” : Q470

X2

0.05 0.1 0.15 0.2 0.25
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Effects of Interaction

@ Charge fluctuations in QM model (N;=2)

Ug=Hqp=0

0.8

07 | QM+FRG, m only
' QM+FRG, quark only =--

M+FRG —
0.6 Q

X4

freem gas ---

4t cumulant:
Tt dominant
(Caveat: deconfined —
quarks have Q=2/3,-1/3)
Quark contribution
suppressed by Fermi
statistics

"1t only” :Qu4=0
“quark only” : Q=0
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Effects of Interaction
@ Charge fluctuations in QM model (N;=2)
Ug=Hqp=0

7
/

|
o_ 1
Xn 2n

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

6t cumulant:
Negative . from chiral

| crossover
Obscured by 1t contribution

free t gas ---
QM+FRG, m only
0.5 QM+FRG, quark only(x10) --- 1 “monly” : Quq=0

-

M+FR — n ", —_—
QM+FRG — quark only” : Q=0

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_ — _
s T=160MeV, 3m; --- | %, — Density vs Mass:
,‘“ x\ T:53|\/|ev’ mﬂ: .....
(@) 0.8 : . .
= Heavier particles
S
= 06 less affected by
O
= cut
ou 04t Pt
=
0.2 Tt contribution
suppressed by
0 p; cut

Pimin [GeV/C]

At p.in=0, X, scale with m/T
Different p, cut effect for same m/T!
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Pseudorapidity Cut

Xz? /x(2g

Skellam 2.2
In|=0.35 — © o 0 0 o0 0 0o 0 o0 o
- 2 Skellam
L O<pr<wo o
3 e ] 1.8} 0.2<p;<2.0GeV
5 o 0.3<p;<2.0GeV o
N
= 167
O«
=
14 ¢
ng = 0, T=160MeV . © 0000 0aa g a q
1.2 .
Static © gas, T=160MeV
1
0 0.2 0.4 0.6 0.8 1 0 0.5 1 1.5 2
Ptmin [GeVIc] |AN[=2Nmax

No significant dependence on 1 cut

Lower cut induces effective mass heavier than

Eoin = \/ pr cosh? (= 0) + m?

INcreasing pimin-

Difference coming from lower p, cut

m, thus approaching Skellam distribution by

Cuts inn,,, only affect high momentum

particle contribution.
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High p Cut Effects on Cumulant Ratios

2.4

Sll<ellam —
T=160MeV, |n| < 0.35

2.2 |

2 |
1.8}
1.6 ¢

1.4 }F

T=120MeV w/ Flow, |n| <0.35 —

free m gas, pimin=0.3 GeV/c

~—~—
~~e
"""""

1.2

1

Pemax < 1GeV : stronger influences from Bose statistics

30 May, 2016
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Electric Charge Fluctuations

@ Recent measurements @RHIC
& STAR(" 14) PHENI)(( 15)

KG2

@

Net charge

Au+Au
ml < 0.5

L 70-80%
—0-5% NBD
—— 70-80% NBD

--0-5% Poisson

------ 7’0 80/ F'msson

100 200

1 ;{a)' Net-chargé =
o Au+Au (0-5)%
. il <0.35
b
<01 e E
C ]
0.01¢ E
E(G}
2.0F -
od C M
© o
1.5f ?-
C g z'—' ‘ Fa
1.0F =u
0540 100
\,SNN (GeV)

(b) PHENIX |
0.6r ® Data _:
b 0_4'_ A A NBD 7
R ]
0.2 - .
; s .
O'D-....- f—_
() ]
2.0 —
=. [ m M M
31'5} g'_' ’ — i_'
L ] ‘ ]
. TRt
0.50 . L]
10 00

1
\'sny (GeV)

Statistics problem (particularly STAR)
PHENIX: above Skellam ?
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Effects of expansion

n—1 3 -
' 9" 'N ne [ 2 > f by M COSh(Qy — 715)
n 3"_1,UQ (2m) E,

2

r
nB(I/l P T’ﬂQ) EXp (_W) 6(7- - TO)

. . . . _ r
Boost-invariant + Transverse Gaussian + Linear flow vz = tanh ITIfE

2.4

2
[EEY
(&)

w

Y "STAR - Skellam —
§ T=160MeV, =0 - 221 Static, T=160MeV, |n| <0.35 —
b — — L T=160MeV, y+=0, |n| <0.35 ==
8 . T=120MeV,n=0.373 2| . T=120Mev, nf:o.573, In| <0.35 —
: R=6fm 1.8 _-\\
Cll_ o . N B
2 = N free mgas, pimax=2GeVvi/c
S 10 5% 16F
|_ AN x .
S =
= 7 Ao 14¢F
&
o i 1.2 f
> STAR © Au+Au 0-5%, |y| < 0.1 SSEao
NU 101 A A A A A 1 A A A .-
0.2 0.3 04 05 0.6 0.7 0.8 0 0.2 0.4 0.6 0.8 1
pr [GeVic] Ptmin [GeV/c]

Similar x,/x, in T=120MeV w/ Flow and
T=160MeV w/o flow for p,,;, =~ 0.2GeV

HRG results found in P. Garg et al., '13
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Finite Size and Low pt cut

P,
Pion gas in a finite (L3) box - o kz_”
Periodic boundary G Prmin =R

condition
o ' ' ' ' 06 ' " k=0.707,m_/T=0.75 —
02 Inl <0.35
0.15 k =0.707
O«
=
0.1 f
[In] <5 :k=0.5]
0.05 | e
1.5
1.75 Ptmin = k 2n/L
0 2 . 0 . . . X
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
1/(Lm,) 1/(Lm,)

Pimin = 0.2 -0.3, T = 0.16 GeV

LQCD LT =4 LT ~2.4-3.6
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Electric Charge Fluctuations
@ Complementary to net-baryon
| n—1
" (pB")
B I C |
Xl Mo ; OB ) OBup)"~"

Leading singularity from chiral transition

2n

1
X2 =

@ No “"proton#baryon” problem

@ Larger multiplicity (as Tt dominates) than

net-baryon
+Less efficiency, however.
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