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RHIC Run

|[Year

Species

Energy

Ldt

Run-1

2000

Au+Au

130 GeV

1pub-1

Run-2
Run-2

2001-2

Au+Au

200 GeV

24 ub-1

Au+Au

19 GeV

0.4 pb-1

p+p

200 Gev

150 nb-1

Run-3

2002/3

d+Au

200 GeV

2.74 nb-1

p+p

200 GeV

0.35 nb-1

Run-4

2003/4

Au+Au

200 GeV

241 ub-1

Au+Au

62.4 GeV

9 ub-1

Run-5

2005

Cu+Cu

200 GeV

3 nb-1

Cu+Cu

62.4 GeV

0.19 nb-1

Cu+Cu

22.4 GeV

2.7 ub-1

2006

p+p

200 GeV

10.7 pb-1

p+p

62.4 GeV

100 nb-1

2007

Au+Au

200 GeV

813 ub-1

2007/2008

d+Au

200 GeV

80 nb-1

p+p

200 GeV

5.2 pb-1

Au+Au

9.2 GeV

p+p

200 GeV

16 pb-1

p+p

500 GeV

14 pb-1

Au+Au

200 GeV

1.3 nb-1

Au+Au

62.4 GeV

100 pb-1

Au+Au

39 GeV

40 pb-1

Au+Au

7.7 GeV

260 mb-1

p+p

500 GeV

27 pb-1

Au+Au

200 GeV

915 pb-1

Au+Au

27 GeV

5.2 ub-1

Au+Au

19.6 GeV

13.7 M event

p+p

200 GeV

9.2 pb-1

p+p

510 GeV

30 pb-1

U+uU

193 GeV

171 pb-1

Cu+Au

200 GeV

4.96 nb-1

p+p

510 GeV

156 pb-1

Au+Au
Au+Au
He+Au

15 GeV
200 GeV
200 GeV

44.2 pb-1
45.1 nb-1
134 nb-1
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RHIC experiments take advantage of RHIC data and make major discoveries:
creation of strongly-coupled QCD matter at high temperature and energy density

LA L L L O O 1.0 T T T T T T T T : = -
0.18 - [copmralice: 0.505% R L L B L L e m+1 (PHENIX) < p+p (PHENIX)
016 3 °i"'iﬁo"&e\j r:.‘:njr Hydro curves: b) L 0 PHENIX preliminary dNJdy =1000 || e e (PHENIX) © A+X (STAR) -0.3

D | oCevEs | Tem 16MeV, osl TN | |+ KU(sTAR) 0 =+Z (sTAR)|]

0.14 | 4 200GeVp+p | T =130 MeV
E 200GeVA+A
0.12 — | ¥ 200 GeV Cascade

0.1C

Lot b

N_III|III|III|IJ]JJ]]]JJ]]JJJIJJII'II II

0.08
0.06 ’ édkgf;q am *% .
0.04; a1 [ s Tox
0.025 , PHEENIX ) STAR >
0; it i Preliminary ;@
0.02_|||||\||||||||||||||||\||||||||||||||| i |
0 020406 08 1 1214 16 1.8 lJnuluuluul..o
Pr(GeV) 0 1 2 3
. . KE; (GeV)
Collective Expansion: Quark Energy-Loss: dronizat
ideal hydrodynamics perturbative QCD Hadronization:

(QGP equation-of-state)  (gluon radiation) quark coalescence

rapid thermalization, “perfect liquid” = strongly-interacting QGP ‘
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Hunting the Quark Gluon Plasma

RESULTS FROM THE FIRST 3 YEARS AT RHIC

AsSE: TS BY THE EXPERIMENTAL COLLABORATIONS

April 18,2005
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Science News

... from universities, jounals

RHIC Scientists Serve Up 'Perfect’ Liquid: New Stats

Remarkable Than Predicted

Apr. 25, 2005 — TAMPA, FL -- The
four detector groups conducting
research at the Relativistic Heavy lon
Collider (RHIC) -- a giant atom
“smasher” located at the U.S.
Department of Energy’s Brookhaven
National Laboratory -- say they've
created a new state of hot, dense
matter out of the quarks and gluons
that are the basic particles of atomic
nuclei, but it is a state quite different
and even more remarkable than had

in a &

These images co
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RHIC Scientists Serve Up(Perfect" Liquid

New state of matter more remarkable than predicted -- raising many new questions

Monday, April 18, 2005

TAMPA, FL -- The four detector groups conducting research at the Rel: (RHIC) - a giant atom
"smasher” located at the U.S. Department of Energy’s Brookhaven National Laboratory — say they've created a new state
of hot, dense matter out of the quarks and gluons that are the basic particles of atomic nuclei, but it is a state quite

different and even more remarkable than had been predicted. In p

- s summarizing the first three years of
RHIC findings, the scientists say that instead of behaving like a gas of free quarks and gluons, as was expected, the

matter created in RHIC's heavy ion collisions appears to be more like a liquid

"Once again, the physics research sponsored by the Department of Energy is
producing historic results,” said Secretary of Energy Samuel Bodman, a trained
chemical engineer. "The DOE is the principal federal funder of basic research in

the physical sciences, including nuclear and high-energy physics. With today’'s
announcement we see that investment paying off."

"The truly stunning finding at RHIC that the new state of matter created in the
collisions of gold ions is more like a liquid than a gas gives us a profound insight
into the earliest moments of the universe,” said Dr. Raymond L. Orbach, Director

of the DOE Office of Science

Also of great interest to many following progress at RHIC is the emerging

connection between the collider's results and calculations using the methods of
string theory. an approach that attempts to explain fundamental properties of the
universe using 10 dimensions instead of the usual three spatial dimensions plus

time
Secretary of Energy Samuel Bodman
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Symmetry breaking
- Higgs mass: electroweak symmetry breaking
- current quark mass
- QCD mass: chiral symmetry breaking
- constituent quark mass
Charm and beauty quark masses are not
affected by QCD vacuum
- ideal probes to study QGP
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% Heavy Flavors: Ideal Probes of Nuclear Matter

B. Muller, Nucl. Phys. A750 (2005) 84
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u d

X Y’

r Xb

Mass (GeV)

Heavy quarks (cc, b_b)

Radius (fm)

3.53 3.68
0.20 0.05
0.36 0.45

9.46 9.99
1.10 0.67
0.14 0.22

- Bound states (J/w, Y)

Due to their mass (mg>>T_;, A

- higher penetrating power

Gluon fusion dominates
- sensitive to initial state gluon distribution

M. Gyulassy and Z. Lin, Phys. Rev. C51 (1995) 2177




Thermalization Hadronisation:
of QGP QGP lifetime?

Quarkonia melts

Hard and flow develops
— |
~0.1 ~1 ~10 1015
time scale (fm/c)
Charm T
production t ~h/2m, hot and dense QCD matter
parton £ = >
(1) Radiative parton energy loss is color charge . S. Wicks et al,, Nucl. Phys. A784, 426 (2007)
.. . O9r—— T &~ 17 ~T1 17 1T 1 1T "™ T
dependent (Casimir coupling factor C;) R N |
R.Baier et al., Nucl. Phys. B483, 291 (1997) (“BDMPS”) Y |
n 2 i . ‘\\‘ \‘\\ \“\\‘ ]
<Emedium > o« aSC rR L ] R\ é@e(, 7
3 L .
s gy ]
(2) Dead-cone effect: gluon radiation suppressed at 0.4~ ’é e
small angles (0 < my/E) r i
Y. Dokshitzer et al. PLB 519, 199 (2001) 02— N B
i Gluons ]

AEg > AEu,d,s > AEC > AEb > RAA(TE) < RAA(D) < RAA(B) 005~ I2 J zll . tls ' 110 ETH 1I4 l 1|6 J 1|s '




% | ;Challenge: Medium Effects “Hot versus Cold Nuclear matters”

5 2
e p+p data: 37 :
- baseline of heavy ion measurements o 18- E
- test of pQCD calculation: 16 E
m.~ 1.3 GeV, m,~ 4.8 GeV >>T_, Ayep 14— -
- less affected than light quarks 1 2: 7
* Heavy ion data: “Hot nuclear matter i.e. Au+Au” ¢ o —~ ]
- HF they travel through the created medium interacting with " .':l-:-" PH-<ENIX °
its constituents - :
Studying energy loss of heavy flavors 06— ° B
- independent way to extract properties of the medium. 0.4 J
- 1 dN o d+Au 200GeV = h*+h"20-40%/ N+N E
Nuclear modification factor ~ p  — A4 0.2 .
Mo Iy R R S
* d+Au data: assess cold matter effects p.[GeVic]

* Nuclear Shadowing — initial-state effect on the parton distributions affecting total rate, important as a
function of y/x;

® Energy Loss — initial-state effect, elastic scatterings of projectile parton before hard scattering creating
guarkonium state, need to study Drell-Yan production to get a handle on the strength when shadowing
included

¢ Intrinsic Charm — initial-state effect, if light-cone models correct, should only contribute to forward
production, assumed to have different A dependence than normal J/{ production

e Absorption — final-state effect, after cc that forms the J/{ has been produced, pair breaks up in matter
due to interactions with nucleons




Measuring Heavy Flavor in PHENIX

PHENIX: optimized to measure leptons:
1) high rate capability 2) emphasis on mass resolution & particle ID 3) first level e&p triggers

2012 . PHENIX Detector ,
‘ A _-PC3 Central PC3 ( N REC3 e o . RPC3
l"S(i,f/- i PC2 Magnet A q\\\F”" ) AN 5 A ""//,; L Central Magnet N 3
{ '\’// _,;,',‘:,'":‘;?/’. p / 4 \ \:4/ .““‘ “3‘\\\\\\ +
“,, Phsc'. / V/ : ‘s v \ PbSc ' u
ror-wiesy /. {7 = N \ R— |
\L- RICH, { f — \ | RicH T © ZDC North
PhSe ’ [ \ | phal| | = :
l \ / . ' MulD
“ar \ \ > mpe (FIVTX <{ / /»T’ ':’f
VPhSe\ \ | PCl PCI A -
\ AW Y
Aer I '.
- | oo | er”f" ¥ Y South Side View North
West Beam View East = 18.5m= 60 ft g
Mid-rapidity: J/y,Y > e*e™ Forward rapidity: J/y, Y > p*w
- |n| <0.35, Ad = 2xwt/2, p > 0.2 GeV -1.2<|n| <2.2, Ad=2m, p>2GeV
- Drift and pad chamber tracking - Cathode strip chamber tracking
- electron ID: Cerenkov detector (RICH) - Muon ID: layered absorbers and
and calorimeter (EMCAL) larocci tubes

- Silicon Vertex Tracker (VTX) - Forward Silicon Vertex Tracker (FVTX) n



How to Measure Heavy Flavors

Direct (ideal but difficult at high multiplicity) = T
- complete reconstruction of decays (e.g. p° — K- 1t+) S measurement
- significant improvement in S/B via reconstruction 5
A f — (
of secondary decay vertex (~100 mm) @ &
Y /
o
o d+Au\|SNN=200GeV
3 3 (a) ﬁ
= Charm: M, = 1.5 GeV
o STAR Direct p T— .
=~ 3 . : Bottom: My = 4.7 GeV
S 5 measurement _— 3
X yl<t — /@)
@ : PHENIX: PRL 97, 252002 (2006)
g 10! p;<3GeV/c T/ — et e arxiv: 1404.2246 . Sjngl? eI‘ectron? (|!y| fO.I35)r ]
8 _ Di-etf: Midrapidity |y]<0.35 © b ppo (e +ey2+Xatva200Gey ()]
™ p+p Ns=200 GeV lyl<0.35 8 . E
0 ‘% i =10 ® Measured Yield g «  PHENIX data B
(% --E . iﬁm Total signal n% 10*E : EONLL(LOI&\I)e -
PRL 94, 062301:(2005) 10 ey Sk Uiy e S
1 | 1 | 1 = 2222 Y(1S428+38) W 1ot FONLL(b—»c—e) 7;
1.8 1.9 23102 B Correlated ot and bb 107k ]
Minv(KTc) (GeWcz) = i Drell-Yan 10.;3
1(): 10“’5
Meson D* (D°) 1 ‘\ - .
3 212»%‘{}“
MaSS 187 (187) Gev e*e” invariant mass [GeV/c?] 2 o1

BR DO --> KTt (3.85 + 0.10) % Indirect alternative Py (GeVie)

- contribution of semi-leptonic heavy-flavor

hadron decays to single (pair) lepton spectra
BR D --> p +X 17.2 (6.6) % m

BRD -->e+X 17.2 (6.7) %




%‘Open Heavy Flavor (single etf): D- and B-mesons Decays

1) Au + Au at 200 GeV PHENIX: PRL 109 242301
<< + o 0
1.5 < p;<5GeV/c : Ry,(eMF) <Ryu( ) I:I'.'ﬂ 2; : E_EIF sz ' 20 Edn
, n 2 HF "'AA AA
pr>5 GeV/c : Rya(e™) ~ Rya (1) ft - Minimum Bias
> at 200 GeV Au+Au collisions : 1.5

heavy quark (€"F) suppression is similar
to that of light quarks (n°) in the medium

2) d + Au at 200 GeV

o
a
IIII|IIII

no suppression observed over p;

o
—l
N
X
'S
onf
o
|
©
©

> elf, 70 are quenched due to the hot nuclear

GeV/
medium created in Au+Au at 200 GeV P [GeVic]

PHENIX: arXiv:1405.3301

- final state effect < 3
o C AuAu
i
- Minimum Bias
* In contrast to 200 GeV AuAu, the 62.4 GeV o } no
Rauas Show clear enhancement - +H —~—
1.5—
i ’,++++ ]l PH-<ENIX
* Due to less energy loss? larger Cronin effects? I N |
or combination of those factors and other s H;H”HH bty {"} } i
effects? *
But: p + p comes from ISR. We need more p + p data at 62 GeV! L R I 8p [Ithe(/;’c]



’%i Open Heavy Flavor (single eff) in Cu+Cu at 200 GeV

Single electrons e vs single muons pH*
Mid-rapidity vs forward rapidity
P , PHENIX: arXiv:1310.8286
. Suppression is stronger | q gl T
. at forward rapidity than ' oo - 1'?12?}',?{51_9
mid-rapidity- why ?

CuCu

:

< Data in agreement with
l. Vitev's prediction that
accounts for: 0.5

(1) for final state energy loss effects
with his dissociation model

(2) cold nuclear matter effects, 00 L | VN S AV R
such as nuclear shadowing and 1 2 3 4 5 6 7
parton multiple scattering pT[GeV/C]

Indication of Cold Nuclear Matter (CMN) effects
at forward rapidity in Cu+Cu system at 200 GeV

-,
-



Bound Heavy Flavor: Di-leptons e*e or u*u

_ at 200 GeV
Jj—ete” = T/ —

Di-eFF:  Mid-Rapidity |y|<0.35 Di- uHf: Forward Rapidity 1.2 < |y| <2.2

il =
= F Ig= = ) @® Foreground
Lol ‘ prp \s=200GeV lyl<0.35 = 3 | 2<yl<2d [] Combinatorial Background
Z 10°E S/ ® Measured Yield T J/w |
O Total signal i - Eant{nuurln
= .‘0.-..... e _l .r"l,lf Z 1 l.l.‘ signa
F10°E K N : o \, I Totl
2 " B F22E Y(1S+25+3S) -
Z3 2 FE Correlated ct and bb 107 | p >>><éEN|X
B 10 / fitfift Drell-Yan Bi .
i :
o it I
1{}?? UHTHH I
- 10}
1E =
. e a2 S g\ - | ' N k

PHENIX: arXiv:1404.2246 e‘¢ invariant mass [GeV/c?] W mass [GeV/c’]

PHENIX has excellent capabilities of measuring different
guarkonia states in di-electron and di-muon channels.



Au+Au at 200 GeV
mid- vs. forward rapidities

16 J/w —p PHENIX: PRC 86 064901 . PHENIX: PRC 84054912
T R,4(200 GeV) PRC 84, 054912 (2011) =1, | | | ' ' !
L Global sys.=+9.2% m 2004 Au+Au, lyl<0.35, global sys. =+ 12%
L R,,(62.4 GeV) = PHENIX data/our estimate ® 2007 AusAu, 1.2<lyl<2.2, global sys. =+ 9.2%
Globalsys=+204% | H
A Raa(39 GeV) = PHENIX data/FNAL data

Blue = Midrapidity

Global sys.=+19% Red = Forward Rapidity

Jy - up, 1.2<lyl<2.2

—~——
E %@ PH-<ENIX
il

B
(==
B
(=1
mid
AA

£ ;
El El E g =2 ; global sys. =+ 10.7%
] i ] E S E
[43] — -
IIII|||I||||||||III|IIII|IIII|IIII|||I| I i $ 5
00 50 100 150 200 250 300 350_,, 400 TE El [® El &l |¥ 3
N 04? T N N SN (N SN T T T NN TN T TN R AN TN SR TR S NN SO T S T N T NN ||T
part 0 50 100 150 200 250 300 350 400
o ge N
In Au+Au and at forward rapidity: Sy . : part

Significant J/y suppression at mid-

and forward rapditiy regions is

observed in central Au + Au collisions
Raa decreases with increasing N,

Raa Show similar suppression at
different collision energies:
200, 62.4 and 39 GeV



Bound Heavy Flavor: J/y R,,

System Size study: Cu+Cu, Au+Au and U +U = 200 GeV
Jhy = pt p at forward rapidity 1.2 < |y| < 2.2

—r - rr T - 1 T T T T [
5 PHENIX Jy—up ]

—
-

O U+U |5, =193 GeV (gl. sys. 8.1%)
pp reference: {s=200 GeV x 0.964

7 AutAu |5 =200 GeV (gl. sys. 9.2%) |

. m | ¢ Cut+Cu \ISNN=200 GeV (gl. sys. 8.0%) _'
o G I

0.5

s Uy & ' 5 |

Nuclear Modification Factor

- ? 5 @
[ 1 L 1 I 1 [ 1 I 'l L 1 I I L 1 1 I I
0.0 100 200 300 400
Number of Participants

Not much net effect on R,, at forward rapidity from increasing system size of colliding nuclei!

___________________________________________



Bound Heavy Flavor: J/y R,,

System Size study of :

- - T T T T I T
4#1: ]
& Jy—pup -
Cu Au '5 TR st B _|
ot
Q i
« Backward Forward — = Cu+Au 5 =200 GeV (gl. sys. 7.1%) |
150 = ol 2<y<22 0 =2.2<y<-1.2
T T T T T T T T T T i _
" - AMPT Model wio string melting g Aut+Au \fsNN—E[I{} GeV (gl. sys. 9.2%)
5 120 - Mini. bias Cu+Au@200 AGeV B S \V/__ -
8 /, 2 0.5 PH-ENIX -
g 9 |- J 2 -
g = _
'5 60 /A"‘ i i @ IJJ_f| I% i
§ 30 - A S i
z /A U | | | | | | | | | | | | | | | | | | |
= gl Z 005 100 200 300 00
42 Number of Participants
1.2<|n|<2.2

e Similar suppression in Cu+Au compared to Au+Au

* Forward (Cu-going) more suppressed than Backward

- CNM effects?



.| Charm/Bottom Separation with VTX/FVTX: Coming Soon

STAR indirect measurement consistent with our results
PHENIX: Nucl. Phys. A 904-905C (2013) 647

VTX in Run 2012: p+p at 200 GeV

. Allgnment of VTX for Run- 14 is

ongomg and almost done

o E
T 09:_ ® 2012: p+p 200 GeV , |y| < 0.35 /\ PHENIX
'f 08 ~ ® PHENIX PRL 103, 082002 (2009) Preliminary
* E —FONLLy=0 | e
& O7E" ¥ STAR: PRL 105, 202301 (2010) | *
: e ]
O 08 /-"‘_.--
gy /+ i
0.4 E_ 7 (R R T S
- H__ 90% C.L.

g 160— —~—
b PH-<ENIX
- Run-14: AuAu 200 GeV
20 golden dataset for VTX
aoj70 um e i
60—
B b v b P by P v b By 1
0 0.5 1 1.5 2 25 3 3.5 4

N
wl—
B~
3]
(o))

7

Electron pT(Gerc)

Resolution of DCA in X-Y plane versus P,

P, (GeV/ic)
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In p+p collisions, e"F yields have been measured and agree with pQCD
calculations (FONLL)

¢ * Open Heavy Flavor, e"f, shows medium effects similar to those
light hadrons (nt°) in central Au+Au collisions

* Initial states effects (d+Au) do not appear to explain e suppression in
Au+Au: consistent with creation of a very dense and strongly interacting
deconfined medium

* In Au+Au and at forward rapidity: R,, (J/y ) show similar suppression at
different collision energies: 200, 62.4 and 39 GeV

e Varying system size does not appear to have much effect on
Raa (J/W) : Cu+Cu, Au+Au, U+U, Cu+Au

* VTX/FVTX will provide nuclear modification and collective flow of charm
and bottom separately using DCA:
e Data analysis is ongoing

.' * Run-14 data are the golden dataset for VTX/FVTX




