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Chemistry of Hadrons

Q. :1forud,-1forud
S. :1fors,-1for s
g, :spin-isospin freedom

m, : particle mass

Fitting parameters
T :Chemical freezeout temperature
u, -u,d chemical potential

u, - strangeness chemical potential
Y. -strangeness saturation factor
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HIF RHIFD Chemistry

RHLF -+ i

FLE

- Strangeness chemical potential us~ 0 Z{RE

- RI5F/BFLt > FDthOR/NUF >/ INUF 2L
U #—7 fugacity (ERE) :z, = exp(2u,/T)

CAL. EXP.
0.6(0.06)

0.72(0.05) 0.73(0.03)

0.84(0.03) 0.82(0.08)

0.84(0.03) 0.88(0.05)
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ratio

Multiplicity dependence of ratios

- A/A Preliminary
09— +
08 ' + E*/Z" Preliminary
0.7 O Lo $
- ¢ O 9
0.6/ Q Q
0.5 Only statistic errors are shown p/p submitted to PRL
—  Systematic errors pr 0.6-0.8 GeV/c
0.4 = <0.3
- pp:10% ly|<0.
0.3  A/A and E'/Z : under evaluation
0.2
01 ;—
0:||||||||||||||||||||||||||||||||||||||||||||||||
0 01 0.2 0.3 0.4 0.5 0.6 0.7 038 0.9 1
Peripheral - Central (nch/nmax)
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Particle ratio %\@R

R X Y T 3 [ M 2[r T A Q; )\ Sq M. Kaneta and N. Xu,
Pi = ch i2(7’7'215/ ch) q s

5 Qm2 Tch J. Phys. G27 (2001) 589
)\q = exp(,uq/Tch), As = GXP(#S/Tch) T,= 17649  [MeV]
{Npﬂrl::} = 345£7 ,L:q= 120£1.2 [MeV]
[ = 14+1.8 [MeV]
T, :Chemical freeze-out temperature = 0.9540.10
: light-quark chemical potential L + e e Pldof= 4.6 /3
Mq gnt-q P yidof= 4.6/3
u, : strangeness chemical potential
Y, :strangeness saturation factor Al .
10 F * o
Q, :1foruandd, -1 foruandd - r * ¥
s; :1fors,-1fors ol "
9, spin-isospin freedom 10 3 model caleulation .
m; : particle mass S L
K2 :the second-order modified I o Central
Bessel function 0 —3:_ STAR Preliminary 130 GeV Au+Au ‘
o 1 1 I I I 1 1 1 1 I I I
Simple chemical K' @ 2 A 5 K K p A K% T 0
K Q = \ I e m n noon n

freeze-out model
remarkably well 0 Leoo-ao__ 2 __ S S
agrees with data. _




Chemical Equilibrium

Particle ratio -
Chemical equilibration at high temperature (at QGP?)

025 = |
S
@ auie Quarks and gluons
(130)
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= o N
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Baryon Chemical Potential pg [GeV.



Strangeness Production in QGP Phase

27s S

2 2
» qq annihilati on: o(gq )= 8o (1+ Zl)w(s)

 two gluon collision :

2 2 4
o(gg)=zg:5 (1+4|\S/| +|\22)tanh‘1w(s)—
N
s = (k +k, Y W(s)=(1_4“5” )
*os~ 0.6

* M(strange quark) = 150 MeV
-6(gq )~ o(gg)~ 0.1mb at+/s =0.4~1GeV

* meson & hyperons
coalescence with u, d quarks
in the hadronization stage

/s+3 M

8s

w<s>}



R _ dN3
dtdx

9 _
+ o far sdso(gq ]:gdk1dk2®(4k1k2 -s),

8:9/4=256:64=82x22:32x22x2
Ng Ne Ng Ng N

51T
R~——o:MTe™ T 1+ —+...
325 | am T ]
2
dns=R ‘I_ ns(t)
dt n( )
n.(0)=0
n.( )

n,@)-n.( Yanh@/x); v="e

ns(t) saturation(= chemical equilibrium) :
achieved within 6 fm (2x 1023 sec)
for T>160 MeV

8 _
- - e sdso(gg I[fdk1dk2®(4k1k2 - S)‘g (k1 )fg (kz)_

(X (,)]

==> Gluon interaction dominates

M<50MeV , ag=06
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- - ]O'i— ° E 1
Strange Particles in Hot Hadron Gas Do e
0l ;///Eﬁ o |
elaborate calculation: o p’ g
P. Koch, B. Mueller, J. Rafelski,: Phys. Rep. 142 (1986) 167 WA
(, K; N, A, 2, E, Q and antiparticles) A
s
5 oo /f
+ strangeness production: aN — KY ARV
o ~ 0.1 mb or less: sharply rise with temperature wﬂ S ey |
I b ° h 3
- strangenss exchange: KN — xtY gl e
o ~ 0.2 - 0.5 mb: temperature indenpendent Y
‘b ihilation: NN — B T B A
aryon annihilation: N
o ~ 100 mb at low T; fall with temperature |
"o (1fm?] P p, (D fm) E
10'2;5 T {0 I
 Long equilibration time, compared to QGP case ; ; PN
U Persa AR v _E
. v/ s e e
* (Anti-)baryons takes longer than Kaons - R I e
small cross section for strangeness production o /e Ay
small cross section for baryon pair production oSS I A
10 ¥ /o, / / 0 i / /
0 / / / /// ot/ / //
L e ] e
e pg// //pﬁ g™ 490 Me 1wk / / 8
,gi- ,/ / tmels] -a- /lpz /po time [s]
0 e b 0 g 20
10 10 0] 10 e 10 1 10 10 10




Results in case of Full Evolution

-Kaon yield is not different much
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r To= 250 MeV ~ AN [ To 250 Me¥ \\ v\

F R 3fm ~ N [ Ro= 3fm ~ \

T @06 ~ \ ag- 06 \\ \

L e 170 ey N \\\ F mq- 170 MeV e \
B0 mg TMVI g - Nt ow s T owmes N\ 0
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volume (3D) expansion

longitudinal expansion

—— QGP scenario

- - - Hadron scenario
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Physics motivation

-»@u @u_ #@*@*O

QGP phase  Mixed phase

Some models predict that the source size
will become bigger and duration time
become longer via QGP phase

PHENIX and STAR results show that
source radii don’t increase and no
duration time at sqrt(sy,)=130GeV

Q

R l::-utJrR side
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— et el el
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Hadron phase

Duration time

Observatlon

m N
gl
mOpoootHog

WT. =200 MeV
OT,. = 160 MeV

STAR 5t

4

(=]

1 M
0.1 0.2

0.3

1 M
04 0.5

Phys. Rev. Lett. 88 192302
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Bertsch-Pratt source radii

\/

In LCMS frame

Detector

Beam axis

.............................................

Source Source

Detector

® Beam axis ;
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Data statistics from PHENIX Run2

* About 50M minimum bias event.
—7Z-vertex <30 cm
—pr>0.2GeV/e

 Charged pi, K PID by EMCal
— 1.50 within p1 mass,
(and 2.00 away from K mass)
— 1.50 within K mass,
(and 2.50 away from p, pi mass)

Run2 data | Runl data

pi+ pair 164M 4.2M
pi- pair 157M 4.6M — s J pion Qi S
K+ pair 12M 0023M - ] charg;z * momentum (GeV/c)

K- pair 1.IM 0.029M




Corrections & systematic errors

+ Pair cuts - Cluster sharing at EMCal |

— Tracking inefficiency cut
— Ghost track cut

— Cluster sharing cut

* Coulomb correction

—The Coulomb effect 1s corrected

P TSR BT T AT | [T BT B |

by full coulomb correction with 0 24 e e 10 12 14 16 18 20

momentum smearing. dr-EMC [om]
Sytematic errors (%) lambda  Rside Rout Rlong Rout/Rside
Cluster share cut 11.7 49 5.7 4.4 1.1
Tracking inefficiency cut 5.9 2.6 6.4 2.5 24
Ghost track cut 2.8 0.8 34 1.3 4.2
Coulomb 3.1 2.4 3.7 2.2 2.9

Total (%) 13.9 6.4 10.1 6 5.7



3-D correlation result of charged pions

—

©

E + gt |
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= Fa o P B

= iy q'._a. 3

= | , g L

e & k : . & '-. i ¥ |

Y ke, b b O PR T bk, Sk Al
Deide [CeWic] Aoy [GeWic]  diong [Ge Vo] Qjde [TFe¥ic]l Aoy [GeVie]l  doy. [GeVic]

 =0.397£0.015 = 0.434+0.018
R, =4.40+0.12 R, =4.58+0.14
R, =3.73+0.12 [fm] R, =3.88+0.14 [fm]

Rigng =482 £0.15 Rygng = 5.24 £0.18



KT dependence of source radil

A

W PHENIX 130GeV |
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Comparison with hydrodynamic model

Recent hydrodynamic calculation

by U.Heinz and P. F. Kolb
(hep-ph/0204061)

Hydro w/o FS

 Standard initialization and freeze out
which reproduce single particle spectra.

—— Hydro at e

crit

» Assuming freeze out directly at the

hadronization point. (e, = €_;)

kT dependence of R
early freeze-out?

long

indicates the

R PHENIX PRELIMINARY
TS Hydro wio FS
4= Hyvdro at e _erit
g_ ¥ ¥ i
a. Tths .
2F- ¥ 7+ PHENIX 200GeV
E',_ A T PHENIX 200GeV
0.5 1
kT [GeV/c]
RTO
d=
iy A —
S &5 Ty _
4 £ ¥
3 S ; E i i -
2 *
S
0.5 1
....... ; kT [GeV/c]
R,

o-mohvﬂ
/

1
kT [GeV/c]



kT dependence of R, /R... -
PHENIX PRELIMINARY

PHENIX 130Ge
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Centrality dependence of

| | PHENIX Pé%@le ra d I '
Res| g Rre)

PO =147+ 0.52 |

PHENIX 200GeV .

R [fm]

O =2 N W & U d

po =0.99+0.52
pl = 0. 30+ Iﬂ.ﬂﬂ'

2 Lt 2 13
. R . I"I|:lart
= o

PHENIX 200GeV

R [fm] |

Q =2 N W & U @

p0 = 0.6+ 0.62
pl=0.61+0.11

2 4 6

1/3
Npart /

NoOWw & 0o

N WA 0o

pl=036+010 |
TR NN T T T | '

2 4 2 13
R Npart
TO

20 =0.70=0.69
pl=0.49+ 013 |

4 6

1/3
I“part /

N W B O o

po =067+ 0.61

Fit with
p0+p1*N,,."1/3

pl=0.64% 0.1

po0 =039+ 0.66
pl=071+0.12

R ong INCTEASES
rapidly with the
N, ..than R_..

part




Centrality dependence of R /Rqiqe

PHENIX PRELIMINARY
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orrer 40MeV )
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3-D correlation results of charged kaons

PHENINXN PRETFIAMINARY
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Rigne = 427 £ 0.65 Rigne = 448 = 0.68



Comparison of kaon to pion
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Elliptic Anisotropy



Early thermalization ?
- Strong elliptic flow v,-

Reaction plane

Spatial anisotropy ~

b : Impact péfﬁineter Momentum anisotropy

dN/dp=N[1 + X 2v cos(ng) ]

¢ : azimuthal angle for measured particles

from a reaction plane
v, : anisotropy parameter



Centrality Dependence of Elliptic

Flow
L L L L L
V, 04| | idrapidity = |h| < 1.0 ] i‘t}*ﬁ e
- Hydrodynamic model ]
0.08 T T ®-PHOBOS Preliminary | B4BCS
- + O STAR (PRL) :
0.06 —i’ -------- %@ ------------------------------------------------------------------------------------------------- -
I 0 80 ]
0.04 - gpg (o F E
002 AGS G -
0 B L A B B B I
0 0.2 0.4 0.6 0.8 1

relative centrality

surprise: (1) ZA—SIEFE TN
(2) model DFIEL
comparable




flow and non-flow contributions

4 008
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Reaction plane determination in PHENIX

N=-35vs N=+3.5  n=-35 vs n=+3.5 m[=3.5 vs [n| <0.35
(directed : n=1) (elliptic : n=2) (elliptic : n=2)
4 SE i

3 1.5 o 1.5
- = F L1]]
L —5 - L
~ 2 ~ .1 1
wn = 1 W F ~ [
. [ . F [Tg} o 5
F N e F
- 05— —0 ” 05—
” r ” C r L 1]]
= [ PR | & B
\-/‘_‘ o ~ ok s~ o
E L (g\] r (g\] r 5
[ —A e C e -
-1 -05 =T =05
B B e [ o o
2L b +b
- m LI _ (] 0 N o
_3_"IIIIIII|||||||||||||||||I||||| _I's_"lIIIIIIIIIIIIII||||||||||||||| _"s_"llllIII|||||||||||||||||I||||
-3

-l
wb

-2 -1 L] 1 -4 3 -1 - -0, L] 0% 1 -1.% -1 -0.% L] 0% 1
@, (1=+35) @, (=+33) @, (nl<8.33)

&
[l

o
s
®

S AD=DA-DE A:_.qu ....... - B

<cos(AD)>
UW
Il
+ )
‘2” o
~‘§"«~i"'«

-

P T D) “f( """ A(|TI| ------- 35) ______
ol ...... ...... S B('Y]=+35) ...... .......... B(|T]|<035) ________

Coaf i S NSO SURUES OO SRS SN ISR 0 0oL O ORI SO O

ol Lo bvn bv o v Bvva Bena Tl ol Lo bvn bvn v By bana s R T N ||||||||||||||||||||||||||||
L] 200 400 E00 00 V00C V200 1400 L1 200 400 B00 00 00C W20 TH0L L] 200 400 E00  EO00 VOOL V200 1H0L

charged multiplicity ——




v2 measurement at PHENIX

0.12
vV v, measured at (|n|<0.35) with
2 0.1 3 different reaction planes at (jn|=3~4)
0.08 = --- statistical error
--- +systematic error
0.06

Aut+Au at 0.04

Sqrt(syn)=200GeV | A rp.n=3~4 ,@.:2:
vy(m<035 0021 PHENIX Preliminary <
vs centrality i
-1 = -
charged particles Or :g-_:%'t-m- Mﬁw@ﬂﬁ
02<pT<10GeVic O A <sin(2(¢-D))>
-0.02 [N T T T T T T AT A IO A AN

65 60 55 50 45 40 35 30 25 20 15 10 5 0
centrality (%)



Elliptic Anisotropy M T RV F—{KTF
4

elliptic flow in Au+Au collisions

FEFE (58

1 i : i I
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1 2 J 1
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T (GeVnucleon)



v2 scaling
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Charged particle anisotropy 0<p,<4.5 GeV/c

Minimum bias data
Only statistical errors
Systematic error 10% - 20% for p, =2 — 4.5 GeV/c

IR IESARERARAR RARES RAREE RALRE RARE RAAE RALLE REREE RS
e charged particles

- Hydro pions

+
:
K
_+_

Preliminary -

0O 05 1 15 2 25 3 35 4 45 5




p+ dependence of flow

~A 3F T o o o
= ~ o STAR Min. Bias Data (statistical errors only)
= 0.25 F.~ Hydro+GLV quench., ng/d =1000 J | Hydro+GLV: M. Gyulassy,
=k -Hydr0+GLV quench.,dN /dy—SOO 4 | I. Vitev and X.N. Wang,
: C - Hydro+GLYV quench.,dN %/dy=200 3 | nucl-th/00012092
0.15F =
0.1 -
0.05 =
: Preliminary 3
0 _....I....I....I....I....I....I....I....I....I....
0O 05 1 15 2 25 3 35 4 45 5
p, [GeV/c]

* flow starts to bend over at ~2 GeV/c
» matches well with models that incorporate jet quenching



v, (P}

v2 saturates or drops at high pr

?
05 E’ 0.5_ E’ 05
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I e
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Comparison with a Hydrodynamical Model

= Hydrodynamical calculations: Huovinen, Kolb and Heinz

~ Ol

£ 0.09F° pions
~ 0.08 protons + anti protons

- Hydro calculations
0.07

0.06
0.05
0.04
0.03
0.02
0.01

4

Prellmlnary

0.1 02 0.3 04 05 06 07 08 09 1
p, [GeV/c]
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v, of identified hadrons

03[

Vs

0.25

0.15

0.05}

0.05

0 05 1

0.2

0.1

hyélro nilodei mcl:udm:g thélst érdef
phase transmon Wlth T 120MeV (*)

 PHENIX Preliminary

15 2 25 3 35 4

pr (GeV/c)

AutAu at sqrt(syy
min. bias

)=200GeV
r.p. m|=3~4

0.3 -
V2 I )P Huovmen P F. Kolb U W. Helnz
P V. Ruuskanen and S.A. Voloshln :
0.25

0.2

0.15

0.1

0.05

0.05

0 05 1
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reversed vzat pr > 2GeV/c
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HBT puzzle

——

PH ENIX

Why duration time t=sqrt(R_,*-R.,.%)/p

of the freeze-out is so short?

Akitomo Enokizono @ QMO02
Centrality is in top 30%

Hydro w/o Free Streaming

e Standard 1nitialization and freeze out

which reproduce single particle spectra.

Hydro at e

» Assuming freeze out directly at the
hadronization point. (e4,, = €.,

kT dependence of R
early freeze-out?

crit

long Indicates the

Any initial conditions in hydro.
can not solve the small Rside.

Recent hydrodynamic calculation by
U.Heinz and P. F. Kolb
(hep-ph/0204061)
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