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® Introduction

® Search for the QCD Critical Point

® Search for the Onset of sQGP Production
e Summary and Outlook



QCD phase diagram

e goal of high energy heavy-ion physics
e identify phases of matter and their properties
e locate transitions and their properties

e sQGP at top RHIC energy

e evolution to hadron gas
through a continuous
rapid crossover transition

 Crossover -uture FAIR Experimens ® |al’ger U
! E;I‘g"-:_l‘_'hl' 2 .

e possibility of a 1st order
ol phase transition
" Sul-'lerc/oﬁductur 9 Critical point?

e M;_ e - phase coexistence line?
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Questions for an energy scan

. SearCh for the critical pOint 03 """""" Universal Chemical Freezout Curve
e where should we look? . "”““%m@‘;[";mi[‘,“
- QUidance from lattice QCD ) Gavai&Gupt'a, PoS LAT2005 (2005) 160
— critical point in reach at ’59-2 %
» FAIR (b @ Wi W, 4y
(D “‘ A
» SPS ~— 8.
SPS &
> RHIC =01 AGS™.
e what (T, pg) for given Vs? "o
- constraints from experiment SIS
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° wha’.c to measure~ OO 02 04 06 08 1
e evolution of the sQGP u, (GeV)

e how do the medium properties evolve with Vs?
e Where do individual sQGP signatures "turn off"?

® experimental boundary conditions
e performance of RHIC at lower Vs?

e wWhat are the constraints in PHENIX? -
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Where are we in (T, pg)?

® important prerequisite
e initial thermalization in

partonic world
—someideaof T, .. ,?

initial *
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e evolution into hadronic world

— determine (T, ug) at freezeout
from particle species ratios

4
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Initial T from thermal photons

arXiv: 0804 4168v1

(b) Au+Au (Min

(a) p+p 1<pr<2GeVv
2<py<3GeV
3<pr<4GeV
4<p<5GeV

e enhanced emission of
"soft" low-mass virtual
photons in Au+Au
compared to pp

dN/dm,, . (c¥GeV) in PHENIX acceptan
dN/dm,, . (c¥GeV) in PHENIX acceptan

s 10
o - & 4 AuAu MB x10*
2 10°F
o . o *  AuAu 0-20% x10° _ _ _ RIS _ _
-E 102%_ O =  AuAu 20-40% x10 e (0 e e ,
3" s x e e consistent with hydrodynamic
N TN model calculation assuming
Foal A 300 MeV < T, .., <600 MeV
Siook ~ e difficulties at low Vs
§1o*‘s e signal/background
w1o-5_s e interaction rate at RHIC
" axivosoaatea | R e feasible at higher end of RHIC
10-7 - L1 11 1 L1 11 L1 11 L 11

T2 s 4 s e 7 epergy scan

P, (GeV/c)

— T
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Finding the critical point

Nonaka & Asakawa, PRC 71(2005)044904

® hydro prediction _

e critical point "attracts” 2 |\ - ---------- ---------- - —_—
isentropic trajectories 600 T e NG
in the (T, pg) plane SR S s Sl ]

e focusing causes a 120 [ RELIREYE i
broadening of the I 7 R S A S P

. . . 5 ; : 5 (04 (144,487 :
signal region in (T, pg) B0 [ A
100 | 260 3I00 | 460 | 5|00 | 600
us [MeV]

0 (200,145) 0,(200,461)

-> not necessary to exactly "hit" the critical point
in an energy scan!
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Stationary state variables

® properties
e divergence of stationary state variables at critical point
— compressibility

-7
oo T —ch
TC

T-T. )
C, oc( T C]
e related to event-by-event fluctuations of observables
. _ . 2
— multiplicity fluctuations oc° K, (T IV K,

7 =

— heat capacity

— <p;> fluctuations 4ZpT L

® strategy -

o study fluctuations as function of pg (Vs)

e search for anomalies, i.e. large critical fluctuations
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® PHENIX measures
fluctuations

o

PHENIX Preliminary |

e 200 GeV Anrdu |
m 62 GeV AusAu
A 200 GeV CusCu
v 62 (reV CutCu

107 |- 22 GeV CusCu
[ ————
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Fluctuations

e limits and caveats

T lh

| PHENIX Preliminary |

w62 GeV AndAn
A 200 GeV Curlu
v 62 GeV CusCu

22GeV CusCu

|

Nnnrt

e no compelling evidence for
critical fluctuations yet

4
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e fluctuations ¢ and

correlation length &
(Stephanov, Rajagopal, Shuryak: PRD
60(1999)114028)

Gmfz

— finite system size
— finite evolution time
—~>divergence of £ (and o)
limited
system slows down
near critical point

- fluctuations damped

(Berdnikov and Rajagopal:
PRD 61(2000)105017)

do critical fluctuations
survive hadronization?

~—
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Antiproton-to-proton ratio
® back to hydro

e critical point deforms ("attracts")
iIsentropic trajectories in the e PHENIX measures

(T, ug) plane Y
B 200 e = . L | [ ]
e antiproton-to- | |dentt|f|ed hadron
H =
proton ratio =~ spectra
_ P Cu+Cu — p+X & ‘s, = 22.5 GeV
.y 'ﬂ"';- T T T T T T T T
E ~ exp(_ 2#8 /T) :: I ; 1 : FHEML Prelminary & 0-30r% [n20)
P e & 10 " w0
/g (QCE) - . i
rediCtion 0 2w 0 o00 800 1000 - :xm’;ﬂm 3
() ig (MeV) g F ® Min, Biss (13000 |
E)Asakawa et al,, 0.006 :';f:_.;;;:%;.&.; —— § 1u_; |
arXiv:0803.2449) 0.005 - Z 1
— antiproton 0 E .
spectraare  §°* g '] e,
steeper than &°=/ | 0% Ly
proton spectra ™| /'  ..nwemen | w0 S
at hlgh Pr % ! - "3 K u:|--E |
— more robust entropy density (GeV') i - | E
than fluctuation o o5 1 15 2 25 3 35 4 45
observables B, [Gavic]

® e
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Dynamic variables

@ again: correlation length ¢ is important

e relation between diffusion constant D and &
(Son & Stephanov) D ~ é:—l

e large ¢ near critical point
-> small diffusion constant D

-> small shear viscosity to entropy density ratio n/s

® bulk viscosity is different 7 ~ £>%® %

® again
¢ limited system size
e no extreme effects

® expectation close to the critical point

e minimum in shear viscosity to entropy ratio n/s
e bulk viscosity only somewhat sensitive

-—'V"
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g

n/s measurements

need observables that are sensitive to shear stress
damping ~ n/s

flow

fluctuations

heavy quark motion

A. Adare et al.: PRL 98:092301, 2007
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R. Lacey et al.: PRL 98:092301, 2007

_ nls=0.1+£02+1.2)/4r
ST
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w1t v, PHENIXo .17
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e top RHIC energy

e 1n/s close to

conjectured
minimum 1/4xn

11

S. Gavin and M. Abdel-Aziz:
PRL 97:162302, 2006
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Shear viscosity to entropy density ratio (1/s) at RHIC
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n/s near the critical point

e n/s goes through a

minimum near the
critical point

e estimate from Lacey et al.

(based on v, systematics)
— T~165-170 MeV

Lacey et al., arXiv:0708.3512
H,0 o
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Flow systematics

out-of-plane

® initial state of non-central collision

e large asymmetric pressure gradients
-> hydrodynamic flow of partons

e control parameters: g, n, c,
e translates into

e final state momentum anisotropy

d°N d°N <
4 = o dodp dy 2= 2v,cos(n(p—¥g)) Vo = <COS(2H[(0—\PR ])>

® hydrodynamic flow exhibits scaling properties
which can be validated (or invalidated), e.g.:

E

Vanu(@Pr ) c—,{l L Vaq (Pr )} Via(Pr) 1
Vg,M(QPT ) 4 2 Vi=1(pT ) V;q(pT ) ) E
° 2> v,/v,2= 0.9
ww[uxmml a~138
vis(3pr) |3 3 Vi (0r)
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Flow at RHIC

e flow shows KE; and quark number scaling at top
RHIC energy - flow is dominantly pre-hadronic

T T T T[T T T T[T T T[T [TT T T[T T T T [T T T T T Au+ Au Collisiony's=200GeV
03L ®m(PHENIX) &op (PHENIX) | 0.1t @a(PHENIX) <= p (PHENIX) - 2.2;— —— el
. WK(PHENIX) O A (STAR) | | WK(PHENIX) O A (STAR) | of Ff:ﬂlim'fn"ﬂ . Tex
KO (STAR) 12 (STAR) | | *KZ(STAR) O Z(STAR) 1.35— S
- % T | 1.6 " PP
02  barvonso . 1 ap ® | 140
N Y '33%‘ 12005 | ¢ﬂ¢' *# 1o, T F
> N = 1.2
gom e, > & -
gﬁ" mesons | n 0.8 it H i T
0.1+ 2 T 1 T
] 1 ] 0.6 % T_I
0 nl4:_ B
: 0.2
0||\\|\\||\||\\||‘| | AR B RN B B S AN | Eri i 1 Ined It e vl Il Ll Ll
0 1 2 3 0 05 1 15 2 o e 1 1% 2 i-ﬁpr{i;w?éf
my - mg (GeV) (Mg - my)/ng (GeV)
e at what collision energy does scaling set in?
—
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Jet quenching at RHIC

® energy loss of partons 00,
from hard scattering = ¢ J I
through re-scattering F’roductngm_rw Bl

m=XE
a0 iyt

in the hot & dense medium 2 Medium
e nuclear modification factor _ _
Raa << 1 at high p; e access medium properties
~ through statistical analysis
&y 2 ereiminary — example: transport coefficient
i l : gLVpartonenergyloss(ngldy=1100) in PQM model (A Dalnese et al. )
i § 0.6 CPHENIX =° (Au+Au 0-5% Central) ]
N Jog F Global Syste cUncertainty+12% |
Ll HHHHH ++f _______ f ______________________________ % osg “A. Adare éfaaiu’?RC#T(ZOOB;O_G_@W
E N g e S Z} (}_45—:1 ;::;it_f_____:;—_:—_
i %&@MM*'M#A%AMM# 4 ﬁx % o3t B ——F—
10" ZF’% % 0.25- “u@l___,__—:i;___
Tt e e
. . 2 4 6 8 10 12 14 16 18 20
® huge opacity of the medium P (Cevic)

> (G)=13.27%; GeV?/fm__
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Light quark opacity
e at what collision energy does the onset of light
quark opacity occur?

A. Adare et aI PRL 101(2008)162301

3 [Fredeipiod 'f U 5 [ _
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C O &:" §2.4 GeV 2 - + -
2 b # 5, = 200 GeV (U - 1 + + |
- [l Vitev, 22.4 GeV, 130 < dN'idy < 185 w 1.5 + =
- [ Vitev, 62.4 GeV, 175 < dN"idy < 255 | ” - s
C [ Vitev, 200 GeV, 255 < dN"/dy <370 | S i
ey Cu#Cu, 0-10% most central E v - ﬂ :
B s w1 o
n s '[1 -
1 no o i
i S l+ e
Voosf 4+
0.5 - i **+k e i
I F o\ Sy =224 GeV: wmdata [l Vitew -
B L\ Sy =62405eV: Cdata [ Vitew -
- Eow ™ 200 G=V.  wedata [ Vitew .

0 [ T T | B 0 . p— PRASALIR | : . . . L

0 5 1I] 0 50 100
{%EV:“C] ”pm

e PHENIX R,, measurements in Cu+Cu collisions
— onset for 22.4 GeV < Vs, < 62.4 GeV

e heeds p+p and d+A samples in addition to A+A
e feasible only for SPS energies or higher

. il
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Heavy quark opacity

e where is the onset of heavy quark opacity?

R, for Au+Au @ s, = 200 GeV R, for Au+Au @ Vs, = 62.4 GeV
g 18T T T T T T T T T &
< F - > 1 = present data
o 160 (a)  0-10% central = == Armesto et al. (I) — ® 10 EE . :)SR’ Nucl.Pys.B113(1976)189
e [ vanHeesetal.()  — ‘o 402 °OrofTas  u|SR Phys.Lett.112B(1982)260
,.2:_ aimimia 43}(2:&) Moore& 4 Z -ﬁi‘_ = *ISR, Nuo.Cim.65A(1981)421
e L -------- 12/(2T) Teaney () o 0|8 497 [ I All ISR are scaled with
1 : B g = <N, >=256.6
0.8 = Tl 10t L TAB—G 94 [mb’ ]
06 3 = centrality:0--83.4%
E 10° - y
0.4 = = Tq
= = $
0.2 = 10 = %{{
w o_zj:--:l:':'l::""'""""""""""""':'_ .-,-é 1
= £ (b) . ] 70 Ren. P, > 4 GeVic 10 K
SIS mini i - + s n° 2 Py > >2GeVic | - 8 E } l
10 AT A | A Ll | Ll
o c'R,, et viF 0 05 1 15 2 25 3 35 4 45 5

— p; [GeVie]

piEnx | ® Ry, consistent with unity

PRL 98, 172301 (2007)

S R e e poor statistics
1_[Ge‘u.r".v‘t:] = =
’ e p+p reference missing

® interesting energies for heavy quark observables
are above SPS energies, not below
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Low-mass dileptons at RHIC

e dielectrons from PHENIX in p+p and Au+Au

collisions at Vsy, = 200 GeV
A. Adare et al,, PLBI 76(2009)31 3 | S. Afanasiev et al., arXiv:0706.3Q§4

\\\Illl\\‘\\llll\\\‘llllI\\\llllll\\\ll
10 : -
min. bias Au+Au at \|s, = 200 GeV
:. « DATA i - yee e I -5 €0
i lyl <0.35 cee M- vEE s Yy ee
g Pr>02CeVic v ,ype  =e== T ee (PYTHIA)
“eepe> e w €€ —» e (random correlation)

10°E p+p at\s = 200 GeV 0% dieom  aom

> g€ & nlee
=== g > ee & nee

1/N,,, dN/dm,, (c¥GeV) IN PHENIX ACCEPTANCE
1IN, dN/dm,, [cszeV} IN PHENIX ACCEPTANCE
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e agreement with expected e*e-sources in p+p
e enhancement observed in Au+Au collisions

- can PHENIX measure e*e- in an energy scan?

— T
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ete- at low RHIC enerqgies

e dielectron cocktail calculation for Au+Au at Vs =17.2 GeV
e assumptions
—meson yields and phase space distributions as measured at SPS
—no low-mass enhancement or any other medium effects
e key ingredients
—electron ID beyond PHENIX baseline is a must
- Hadron Blind Detector (HBD)
—increased luminosity (electron cooling) could have a huge impact

minimum bias Au+Au @ \s, = 17.2 GeV minimum bias Au+Au @ \s,, = 17.2 GeV minimum bias Au+Au @ \[s, = 17.2 GeV
; 10.1 T T ! LI T E LI T E T T E L T E T T i ; 10.1 T T ! LI T E LI T E T T E L T E T T i ; 10.1 T T ! LI T E LI T E T T E L T E T
Qo_ , *+-field configuration = hadron cocktail Qo_ , *+-field configuration = hadron cocktail Qo_ , *+-field configuration = hadron cocktail
o, 102 ! : .. background w/o HBD._ %, 1072 : : .. background w/o HBD | "o, 10721 : : .. background w/o HBD._
> E i i : background wiHBD 3 > E : background wiHBD 3 > E : background wiHBD 3
B R : : ; : ; : cH ; ; : T s ; : ; :
£10° £10 £10
B 5 B i 3 B i 3
= A = A i | = AT i |
% 10 B % 10 W _ _ : e = % 10 e E
10° 1055/ | 1055/ |
sl sl il
10° = : 10° = : =i PO 10¢ L S
\ ! N e R S N RS SR N
107 107 sk ( ok v o 4 107 i ( R I TS o
: _ 1 i N :, P A NP RRVATENE
10° P FAl RN 10° N e AT BN 10° £ E Ao e
i . /,__/-"':er H ,-r i R i ,_J-"':” i = i R I o Yoy ,E
qoob WL TN AN AT ] il R e PR B PR R D, % (el N R I PR U I PR B 02 Vraduoll S R (P
0 0.2 0.4 0.6 0.8 1 ;.2 0 0.2 0.4 0.6 0.8 1 ;.2 0 0.2 0.4 0.6 0.8 1 ;.2
m,, [GeVicT] m,, [GeV/c'] m,, [GeVicT]

e e*e- measurements are possible with "CERES quality"
(or better) at low RHIC energies! -
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RHIC boundary conditions

e life becomes difficult towards low energles

10000.0 ¢ "

® key issues E  scaling

I (energy, constant aperture) T
1000.0 - E

 luminosity =
— limited by intra-beam scattering
— below injection: y3 scaling
— decent event rates above injection
— difficult below injection energy

:
=]
I

o ]
f 9.8 GeV/u injection ]

Total Event Rate [Hz]
o
o
1

. . 1.0 =
- improvement: electron cooling =/
. . Z "f' scallng
e lifetime 0.1 Y
1 10 100
— only few minutes (below |nject|on energy)  Beam Energy [GeV/u]
— "continuous” injection? - A e . A—_

-> improvement:
electron cooling
e large "diamond"” length

— spread of collision 1 19
vertices along beam axis ..l

élmprovement electron coollng
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PHENIX boundary conditions

e limitation and strength
e geometrical acceptance < rare probe capabilities

® perspectives for energy scan > PHENDX Detoir

e above injection energy

— very strong program to determine
— onset of sQGP signatures
— quantitative sQGP properties

e below injection energy
— contribution to critical point search

® crucial issues for
energy scan

JYor =weL

e event rate gown |2
e collision trigger :

e reaction plane measurement PR B

o electron identification ) et
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Relevant PHENIX upgrades

® trigger and reaction plane measurement

e reaction plane detector | =
— already implemented W |
— compatible with future upgrades |}

e electron identification D)
e Hadron Blind Detector (HBD) :

— commissioning in 2009 p+p run
— Au+Au run at top energy: 2010

® the future (2010/2011)

e replace HBD with a
barrel silicon vertex /4
spectrometer (later: £¥
additional endcaps) _WeP

— secondary vertices “ -
— trigger & reaction plane $§ \J
— limited electron ID

. TS m iwa
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Summary & outlook
e PHENIX topics in a RHIC energy scan

e above injection energy

— strong program to

— investigate onset of sQGP signatures
» hydrodynamic flow and scaling properties of flow parameters
» light/heavy quark opacity
» low-mass dielectron enhancement
» initial temperature
» (HBT & three/multi-particle correlations)

— search for the QCD critical point

e below injection energy
— contribution to a search for the QCD critical point
— no rare probe physics program unless
— drastic improvement in RHIC performance

» luminosity
» lifetime
» length of collision diamond

-> electron cooling could make a huge difference!

—'V"
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