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Motivation

Why strangeness?

> Strange quarks
Not exist in colliding nuclei
Current mass ~100 MeV < T,

Easily pair-produced in de-confined QGP
medium

Rafelski & Mtdiller, 1982

— Strangeness enhancement !

» Hadrons with (multiple) strange
quarks
Small hadronic cross section

Sensitive to the early stage dynamics of
the medium

Can be easily reconstructed and identified
in experiment, up to high py!




N(Q) / N(9)

Motivation

> Strangeness production is suggested as a sensitive probe

to the early dynamics of the medium created.

> Strange baryon—to—meson ratio can be utilized to

understand hadronization mechanism.

» Rapidity density of (anti-)strange baryons may give insight

on the baryon stopping mechanism.
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Motivation

200 GeV

Heavy-ion collisions at top RHIC energy:

> Study QGP propertics o) &\\ Quark-Gluon
Plasma

Beam Energy Scan (BES) program:

> Search for the onset of deconfinement
> Search for the first-order phase transition

> Search for the critical point

BES-II ~10-20 X BES-I

Temperature
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inner TPC

> Large and uniform acceptance

> Excellent particle identification
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Particle identification and reconstruction
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> Particle identification with dE/dx.

» 1, K, p are used to reconstruct the secondary vertex of
strange particles.
> Large number of strange particles allow multi-differential
measurements.
K§ = "+ (B=69.2%)
A(A) = p(p) + 7 (7F) (B = 63.9%)
5 (8") = AR) + 7 (7*) (B = 99.9%)
Q- (Q*) — A(R) + K~ (K*)(B = 67.8%)
¢ — K"+ K (B=49.1%) 6



pr spectra of K) and A at 19.6 GeV

L L L LS S D T T T T T T T e L L L B R R U o 10 L L LA L B B S B T L B o e B o S
E ® 0-5% K<) o ® 0-5% > ® 0-5% ® 0-5% 3
g-.,.0.00 <y< 0.25 o 510% (x107) > '..0'25 <y< 0.50 ® 5-10% (x107) Ce, 0 50 < y< 0.75 ® 5-10% (x107) 3 10 ‘0 00 < y< 0. 25 ® 510% (x10') .‘0 25 < y< 0.50 ® 5-10% (x107)
o e, Au+Au 19.6 GeV 10-20% (107 ) o, % Au+Au 19.6 GeV 10-20% (x10?) o, ®e . Au+Au 19.6 GeV 10-20% (x107) (6] S, Au+Au 19.6 GeV 10-20% (x107 *oq Au+Au 19.6 GeV 10-20% (x10?)
‘e, 20-30% (x10 F1o° e e 20-30% (x10%) LI 20-30% (x107) = . 20-30% (x10 20-30% (x10°)
L] )9, 19, -
e % ® 30-40% (x10™ B102 e e ® 30-40% (x10%) *. . ® 30-40% (x10%) o e o 30-40% (x10™ e o 30-40% (x10)
= L] o/ o, . .
. o 40-60% (x10 < L ® 40-60% (x10%) e @ ® 40-60% (x10°) ;201 T, e o 40-60% (x1 ) o 40-60% (x10°)
. ° . * . 60-80% (x10 310 . . 60-80% (x10°) R °. " . 60-80% (x10°) 51 o™ . * 60-80% (x10 e . 60-80% (x10°)
e, ° - - - Boltz function Q.':10 4 °. ° . = = = Boltz function fit . . - - - Boltz function fit n_: \\ . - - - Boltz function \\ o L Boltz function i
° L) N L] ° . L] [ . . - . . .
° ° . 30 o e . e %o ¢ Y = ° - °
°. ®e . z °. °. ° ., ° « °* =4 T . ® “w . ®
° ° . =106 L4 = .- -
o o . =10 ., .. . ) . LIN o. . L] =10 e ° .. °
. ° - .
. . o ® 107 . e . e o ¢ 10° - Fu. e A
° ° L 8 ° ° ° [ ° ° ° e e . .. L
. . 10 . . . ° 100 S S . ° h ° °
e ° 7 10° ° . ° . $ ° . ° 10 e, . . . . .
. o ° - . .
0 107" . = N . . o . .
KO Lo K2 et K2 . 0 A . . .
. 10" S . S . 1
S 10 . .
. T 10-2 . 102 ° 107"
STAR Preliminary e 10"*E STAR Preliminary ® 0%~ STAR Preliminary ’ 10"¢E- STAR Preliminary . STAR Preliminary
’\H\\\\H\\\\\\\\\\\H\\\\H\ 10"“ o b e b L B b 1g 10’”7““‘“““““““““”‘“‘ b \\\\\\\\\\\\\\\\\\\\\\A\\ £ \\\\\\\\\\\\\\\\\\\\\\1\\\
1 2 3 4 1 2 3 4 0 1 2 3 4 5 6 10 0 1 5
GeV/c P (GeV/c) Pr (GeVrc) N GeV/c! P, (GeV/c)
L e B O L B s (y 102 L L L DO R S Dy 10° \H‘\\H‘\\H‘\\H\‘.‘o‘s‘/‘““ I T HH(‘JS‘/‘ T o 10? T T T L L ‘(‘)5‘/‘ T
® 05% S ® 05% < ° 0-5% 5 o 05%
. 075<y<1.00 | o S 5., 1.00<y<1.25 | oo s g, 1.25<y<1.50 | (o ‘O 50 <y <O. 75 o 510% (<107 = _.‘0 75< y <1 00 o 510% (x10%)
®e Au+Au 19.6 GeV 10-20% (x10%) o .. Au+Au 19.6 GeV 10-20% (x107) S ®e . Au+Au 19.6 GeV 10-20% (x10?) ®eq Au+Au 19.6 GeV 10-20% (x10°%) [©] N e, Au+Au 19.6 GeV 10-20% (x10?)
‘e . ®e 20-30% (x10°) =) . ®e 20-30% (x10°%) %;1 ‘e . ®e 20:30% (x10%) .""‘ * - 20:30% (x10 5_10 ."‘-_ 20-30% (x10°)
® 30-40% (x10) " ® 30-40% (x10) % LI ® 30-40% (x10™) N “\ Te, ® 30-40% (x10* % o ‘ ® 30-40% (x10™)
. . o 10.60% (10°) e, e . o 40-60% (x10%) < o, ® ® 40-60% (x10°) “ ‘\‘ . ® 40-60% (x10 NE1 . o 40-60% (x10%)
o e 60-80% (x10°) ‘e . 60-80% (x10°) e, * . 60-80% (x10°) SV MU 60-80% (x10 S0 . 60-80% (x10°)
¢ . - - - Boltz function fi . » - - - Bolz function fit . . - - - Boltz function fit ", w s ° ---Boltzfunction f %10 , ® ---Boltzfunction fit
. . . ° . ®e o * ) T ° Y *
° ®e ° . ®e e . . * z0 °
« ° ° . . . L .. . < o .
. . . . . . R T N " =10
. . ®e ° » [ % . . - - . g .
. (] ° . . 10 °
[] ° L . ° [N ~ °
o L4 ° . ® e e 10 °
. ° ° . - ° °
° . . . » - . ° °
P L] [} s e L4 10
. . L] ° - . “ve . . o
. . 0 . 0 ~ . 107" o o E
. K Lt K ' A . ; .
’ S S o 10
° L] - 10 bl
. imi : TAR Prel
STAR Preliminary . T STAR Preliminary 10"*k STAR Preliminary S ‘relm\nary 'y 10! 0
* 14 L L Ll L Pl
AT AN AR AN AT AN AT AT o b b b b L b b Lo b Lo 100 1 > 3 4 5 101 T RN AR SO A
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 P (GeVie P. (GeV/c) 3 4
P, (GeVrc) P; (GeV/c) + (GeVic) T P; (GeVi/c)

> K2: measured down to p=0, no need for » Low P extrapolation: Boltzmann function

extrapolation to obtain dN/dy » Corrected for 5" and 29 feed-down
> Rapidity: ly| < 1.5 Rapidity: ly| <1 7
e



pr spectra of Z-, ¢ at 19.6 GeV and @~ (Q") at 200 GeV
Q™ Au+Au 200 GeV
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Rapidity spectra of A(A) at 19.6 and 14.6 GeV

» Rapidity spectra of anti—baryons(/_\) are
Gaussian-like distributions.

» Rapidity distribution of baryons(/) are
wider than that of anti-baryons A).

v' Extra contributions from stopped

baryons

» Similar trends observed by NA49.

NA49, PRC 78, 034918 (2008)
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Rapidity spectra of K9, =

> Rapidity spectra of mesons
(K SO) and anti—baryons(5+)

are Gaussian-like distributions!

> Rapidity distribution of
baryons(Z ™) are wider than
the distributions of the anti-
baryons(?. +) in Aut+Au

collisions.

and =" at 19.6 and 14.6 GeV
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Nuclear modification factor at 19.6 and 14.6 GeV

0F Vs =146GeV T |s,=146GeV ]  STAR, Au+Au
» Rcp will be unity if nucleus-nucleus collisions - lyl<0.5 1 0.5<lyl<1.0
. . 5,0 X 0
are just simple superpositions of nucleon- yob® ¥ 050, s

K
20-60% © A+A

0 3 .oo; L 4

nucleon collisions. W o o

» Rcp tends to be flat and larger than unity at f :
E') R B o e I I B o B e L B B B B R
pr=>2GeV/c. Ci0F 5, =19.6GeV T |5,,=196GeV 1
v Radial flo L lyl<0.5 1 0.5«lyl<1.0
W - =4
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» The enhancement is stronger for &~ compare ,ai i | STAR Preliminary
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v A strong enhancement for multi-strange p, (GeVic)
particles is a proposed signature for QGP
formation. R _ [(dN/de)/<NC0H >]central

[(dN/de)/<NC0H >]peripheral
» Rcp shows minor rapidity dependence. 11




Rep (0-10%/40-60%)

Energy dependence of R:p for ¢

1.8 0 —
1.6 " ¢ =
1.4 s ¥ + ' —
n 4 L -
1.2E } ¥
1__ .........................................................................................................................
0.8 I
o A 4 STAR Preliminary
0.6 ¥ -
- Y A @ BESI7.7GeV A S
0.4 ¢ BESII14.6GeV —
- ¥ BESII19.6GeV A .
0.21- A 200GeV 0-5%/40-60% =
_llllllllllllllllllllIIII|IIll[lllllllllllllllllll_
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P (GeV/c)

@ 200 GeV: Phys. Rev. Lett. 99 (2007) 112301

» Rcp > 1 for higher pr at 19.6 GeV

and lower energies

» Rcp < 1 for all pt at 200GeV

v Strong energy loss in QGP at top
RHIC energy
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Rcp of strange hadrons at 200 GeV

—~ L B s B A IR B
2
oo STAR Preliminary Au+Au 200 GeV .
g » Rcp of Q follows the same trend in p as that
" —_ ..
E(; N E _____ ____________________________ B of A and E, as expected from recombination
o~ o _
o | ATAD %4 i model.
! LA AT
S %HS + % E i » The higher Rcp of () implies the faster
o | | increase of () yields with the increasing
i | centrality.
x Q+0,RIMG T
i O +0, Run4 A+A participant scaling |
A E+E - h* I binary scaling
'1 | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
>x1%% 1 2 3 4 5 6
P (GeV/c)

0+ 0 Rund &E + E : STAR, Phys. Rev. Lett. 98 (2007) 062301
A+ A : STAR, Phys. Rev. Lett. 92 (2004) 052302
hi(charged hadrons): STAR, Phys. Rev. Lett. 91 (2003) 172302
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/2)

part

dN/dy/(N

0.003

0.002

0.001

System size dependence of Q yield at 200 GeV

STAR Preliminary .

[ Au+Au 200 GeV, Run 19 7]
[ | Au+Au 200 GeV, Run 11 —
- O Au+Au 200 GeV, STAR (2007) published
| U+U 193 GeV
B [ ] Cu+Cu 200 GeV, STAR (2012) published n
— [ | p+p 200 GeV, Run9 -
L O p+p 200 GeV, STAR (2007) published _
— ‘P combined uncertainties for previous data —
| | | | | | | | | | | | | | | | | | | | | | |
0) 100 200 300 400
Npart

> In general, increasing {) baryon
enhancement compared to ptp
collisions with increasing system size

is observed.
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Q/¢ ratio at 200 GeV

» In central collisions, good agreement between data and

O-35_| TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTT |_
- ¥ Au+Au 200 GeV (0-5%) i ) ) )
ol ® AuAU 200 GeV (20-30%) | recombination model calculations.
b v Au+Au 200 GeV (60-80%) -
C 4 p+p 200 GeV v ) and ¢ are predominantly produced through the
0-25 __ __/,,,,,, . . . .
~ Hwa&Yang Model (0-5%) Jii i recombination of thermalized strange quarks in QGP.
— IR Thermal recomb. only ]
= - —— Total contributions T -
=z 0.2 i —
~ B 7 o 0 . . . . .
© [ STAR Preliminary « ¥ 1 > At intermediate P, ratio increases gradually with increasing
+ B .
Go.15- - . - .
Z I ] system size. Significant {) enhancement over @ is observed.
- 0 : y g
01 E » 1/ @ ratio in p+p collisions is close to that in peripheral
0.051- i $ - Au+Au collisions.
O_I 111 | L 111 | L 111 | 111 | L 111 | 1111 | 111 | L 111 | 111 I_ / Hlnt Of SmOOth tranSItlon from p—l_p COlllSlonS tO Au—l_Au

0 05 1 15 2 25 3 35 4 45
P, (GeV/c)

collisions.

£ py binning adapted to match ¢ data.

Au+Au 200 GeV ¢: STAR, Phys. Rev. Lett. 99(2007) 112301

p+p 200GeV 2 + 0: X. Zhy, QM2014; p+p 200GeV ¢: STAR, Phys. Rev. C 79(2009) 064903 1 5
Theory: Phys. Rev. C, 2007, 75: 054904. theoretical calculation only for central collisions




A /K? ratio at 19.6 and 14.6 GeV

0
S

A/
o

d CAuAu19.6GeV 4 Koo srweeimnay . - » Clear centrality and rapidity
- ’ C -59 L ] .
- w0-59 MI<05 - o 2053/‘80/ ., i * 3 dependence of (anti-)baryon-
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-+ 20-30% = % 60-80% o | . . to-meson ratio at intermediate
- 2 60-80% _ == u + : & DUelow :
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- vt Yo - 0.4 0 ]
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B i t - N ]
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ST L — i F st os<yi<to E » Reach to maximum value
I I R - S Y- B Y-S S V- S I R N S - R S S YR pT:2-5-

P, (GeVlc) P, (GeVlc)

e w e >Baryonenhancementis

- Au+Au 14.6 GeV - X 2 Au+Au 14.6 GeV - i
- vl <05 1 KT 05 < vl <10 ] observed in all measured
- " 0-5% n E Fomo-s% e E rapidity regions
-~ 4 20-30% 1 o ¢ 20-30% E PIEILY TEEIONS.
; 60-80% + —f 0.6; 60-80% . ? ' : # l é
- v, . - " I i
— 0 * ¢ e . 0.4~ . .
- p ] - ]
— i t — 0.2— . i
- st ] T 3 ]
- A a STAR Preliminary T ] o WH X STAR Preliminary ]
T R N - B Y-S S Y- TR R N - B Y-S S -
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Scaling Parameter

O/K

Energy and centrality dependence of strangeness production

18
16
1.4

12—

1

| Au+Au &)cl)llisions | ]
® ¢, STAR preliminary (lyl<0.5)
O A, K, STAR preliminary (lyl<0.5) |
O A K, STAR (lyl<0.5)

¢ A, K, UrQMD (lyl<0.5)

S I S

O

STAR Preliminary _

2

5 —10 20 50
Collision Energy s, (GeV)

0.6 |-

02

| Au+Au ?

— SMASH —

—- UrQMD' GCE |
UrQMD? CE, r,(fm) |
® STARBESI 20

(Au+Au 0-10%) 1
\ 27 _|
e 32 |

STAR Preliminary

. 42

"',Q 6.2 7
Pb+Pb 0-7.2% —

: pr e..L1e.

L L \ IR |
2 3 5 10 20
Collision Energy |s,, (GeV)

dN/dy

Npart/2
» Common centrality dependence for ¢, A, K production at

19.6GeV.

» Above 7.7 GeV, data indicates a steeper increase on strangeness

a—1

= kX part

> Fit function:

yields towards central collisions compared to UrQMD.

v Might point to production mechanisms beyond hadronic

interactions in this energy range.

> In contrast to 3GeV, ¢/K ™ reach grand canonical ensemble
limit at 19.6 and 14.6 GeV.
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Summary

» Precise strangeness measurements with extended pr and rapidity at 14.6 19.6 and 200 GeV.

> Rapidity spectra of baryons (A, £7) are wider than those of the anti-baryons(A, %) at 14.6 and 19.6
GeV = extra contributions from stopped baryons.

» Baryon enhancement is observed from 14.6 to 200GeV = consistent with QGP formation.

» () measurements at 200 GeV indicates a smooth trend in strangeness enhancement from small to large

systems.

Outlook

> Strangeness measurements from 3.2 to 14.6 GeV FS S SIE Dy kr e 2 v g
g Mees- BBEs- [FxT

32
3,

S Sy (GeV)

in BES-II will probe the onset of deconfinement.

Events (M)

01 02 03 04 05 06 07
b, (GeV)



Back up
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A /K? Ratio at 19.6 and 14.6 GeV of all centralities
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— 0.03 ]
o - @BESII ¢ 19.6 GeV data .
< ~¥BESI ¢ 14.6 GeV data -
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Energy and centrality dependence of strangeness production
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Scaling Parameter o
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pr spectra of KJ at 19.6 GeV at backward rapidity
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pr spectra of A at 19.6GeV
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pr spectra of £t at 19.6GeV
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pr spectra of K? at 14.6GeV
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> K9: measured down to pp=0, no need for extrapolation to obtain dN/dy
> Rapidity: |y| < 1.5

26



Q9 T T T T T T T T
< "o 0%
L -
> .o 1 00<y< 075 ® 5-10% (x10)
0} hat) Au+Au 14.6 GeV 10-20% (x107)
3 20-30% (x10°)
o ‘k‘ ® 30-40% (x10°%)
‘\‘\ e ® 40-60% (x10°)
. ° 60-80% (x10°)
- . ° o - - - Boltz function fit
L]
.. . e
\.\ L]
..
N L]
.\
‘e L]
N [ ] L]
e, o .
o, R
L]
‘ L ‘ L ‘ L ‘ L
2 3 4 5
(GeVic)
; A
® 0-5%
*(.) 00 < y <0.25 . 510% (107
) Au+Au 14.6 GeV 10-20% (x10
20-30% (x10°)
® 30-40% (x10)
. ® 40-60% (x10
o ° 60-80% (x10°°)
° ® - - - Boltz function fi
L]
L]
° L]
N E
L]
° —
° L4 E
° ° 3
° ° —
[ ]
)
ca b b g By
1 2 3 4 5
(GeVlc)

pr spectra of A at 14.6GeV

T
".O 75 < y < O 50 o 510% (x107)
N ‘0,‘ Au+Au 14.6 GeV 10-20% (x10%)
"o, 20-30% (x10°%) J
o 30-40% (x10) 3
. ® 40-60% (x10°)
. 60-80% (x10°°)
° ® - - - Boltz function fit;
° L]
° [ ]
L]
[ ]
° o
° 3
L4 .
[ ]
o L4
°
L ‘ L ‘ L ‘ L
3 4 5
P. (GeV/c)
‘ "o 0s%
‘(') 25 < y <0.50 . 510% (107
®e Au+Au 14.6 GeV 10-20% (x10°%)
20-30% (x10°)
® 30-40% (x10)
. ® 40-60% (x10°)
. ° 60-80% (x10°®)
o ® ---Boltz function fit]
. L]
[ ] L]
L]
L]
L]
Y L]
o [ ]
© L]
L]
L]
L ‘ L ‘ L ‘ L
3 4 5
P; (GeV/c)

» Low P extrapolation: Boltzmann function

> BT

and 59 decay feed-down corrected
e

"o 0-5%
"0 50 < y < O 25 o 510% (x107)
Seq Au+Au 14.6 GeV 10-20% (x10°
e, 20-30% (x10
® 30-40% (x10*
° ® 40-60% (x10
. * 60-80% (x10
o ® ---Boltz function
L]
L]
° L]
L]
L]
L]
° ° 3
L] L]
L]
° L]
L]
\‘\\\\‘\\\\‘\
3 4 5
(GeV/c)
® 0-5%
‘O 50 < y < O 75 ® 5-10% (x107)
®-e ®e, AutAu146GeV 10-20% (x107
e, 20-30% (x10
® 30-40% (x10™*
. ® 40-60% (x10™
. 60-80% (x10°
. ® - - - Boltz function
° L]
° L]
]
L]
. e
L ] L]
° ° L]
e .
L]
[}
?
\‘\\\\‘\\\\‘\\
3 4 5
P; (GeV/c)

> Rapidity: ly| <1.0
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pr spectra of A at 14.6GeV
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