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RHIC Amazing QCD Machine: Many Species and Many Energies!
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RHIC Amazing QCD Machine: Many Species and Many Energies!
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The RHIC Faclility Today
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or: Ideal Probe of QCD Matter

We study QCD matter (Hot vs Cold) through heavy flavor production:

1) Open Heavy Flavor 2) Quarkonia

System Size/
Collision Asymmetry

Change the relative contributions
of Cold and nuclear matter effects

Centrality

Suppression vs path length

Collision Energy

Change system energy density

Momentum Rapidity

Probes different gluon

Hard collision dynamics _ )
(anti)shadowing

Heavy/Light Particle Species

Mass ordering of suppression Break-up, Temperature?

| Recipe on how to study hot and cold QCDM

Each parameter probes different admixtures of nuclear modification




Heavy Flavor: Ideal Probe of QCD Matter

Theoretical motivation

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

. _ 1000000
% Symmetry breaking
: . : 100000 0 QCD mass
- Higgs mass: electroweak symmetry breaking < B Higgs mass
> current quark mass g 10000
- QCD mass: chiral symmetry breaking = 1000
- constituent quark mass rE"S 100 - ]
% Charm and beauty quark masses are not i 10
affected by QCD vacuum § .
> ideal probes to study QGP L ' ' ' ' |
State J/y X v’ r Xb ) d Xb Y
o = T Mass (GeV) 3.10 3.53 3.68 9.46 9.99 10.02 10.36 10.36
< Heavy quarks (cc, bb) AE (GeV) 064 020 005 110 067 054 031 020
- Bound states (‘]/Wa Y) Radius (fm) 0.25 0.36 0.45 0.14 0.22 0.28 0.34 0.39

» Due to their mass (mq >> T, Agcp )
> higher penetrating power

+»» Gluon fusion dominates

> sensitive to initial state gluon distribution

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

Pythia 6.1 simulation (LO)

200 GeV
CC: gg —>cCc 95%
bb: gg —bb 85%




Measuring Heavy Flavor in PHENIX
Mid-rapidity J/y,Y 2> e*e Forward rapidity: J/y, Y > prp

e

Si-
= ___:____;;_;_-:_:,i;—' VTX

_—
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AN
DCA; Distributions: b/c separation

e VTX:n|<1.2
- Au+Au 200 GeV: DCA; resolution ~ 60 pm

VTX detector:

4 barrels of silicon o
Life time (c7)

D%:123 um
B?:464 um

1.50 < p < 2.00

= Data

10*

== == Random

=+*»' Hadron Contamination

E wnn Dalitz

10°

1='= Conversion

....... Ke3

Jhy

10°

10

IIIH| T IIHHIl
3

u“J.u“J“u.Je.lu.u.Lié?_x_x_l_n_L:%e;.J“4”'“4=.'¢.Je.ue.u.ue.'“‘
-0.1 -0.05 0 0.05 0.1 0.15
¢*DCA2d(cm)
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e VTX:n|<1.2

VTX detector:

- Au+Au 200 GeV: DCA; resolution ~ 60 pm

4 barrels of silicon

Life time (c7)
D%:123 um
B?:464 um

PHENIX: PRC 93, 034904 (2016)

Backgrounds

ZIEN
DCA; Distributions: b/c separation

1.5-2.0 GeV/c |
bi(b+c)=0.143

7 Au+Au MB ]

||||||

ON

catn'o'clncl:acln

Data / Re-fold

DCA; [cm]
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FVTX
detector:

BROOKHAVEN

AN

2 DCAg, Distributions: b/c separation
¥ e FVTX:
e n - Forward rapidity - 1.2 < |n| < 2.2
03 - Improved muon momentum
-~ .,"‘J/\P“ resolution & precise
< M tracking
& o
=N B¢
T 0L A2yl + Data-BG
S E  Au-going
| « F ——  F %y = prompt JAp
\ 5 [ PH ENIX 1By
9 preliminary [ Total signal
1 Rl
15
Y 4 40 >N

(data-fity/o,,

1

Lo L o o -

: 2
>
£
Ly

0.1 02 03
muon DCA,, [cm]
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Courtesy of Zhenyu Ye
— ___ (STAR Collaboration)

e First application of Monolithic Active
, technology in collider
experiments. DCA resolution <50 um for

p+= 750 MeV/c Kaon.

Sensor

e Recorded about 3B Minimum Bias 200
GeV Au+Au events for D°, D+, D,

e Results presented today are based on
partial 2014 MB data.
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STAR Muon Telescope Detector (MTD) |, #

Courtesy of Zhenyu Ye

PR |

MTD (MRPC)

GEBE'U." AL
= C D pl e 10 Gevie i7indl = 52.3:37.0
5 To0- Iy |=05 W' = 1535+53
- E fit Wl = 3L0BTH.003 Gelie”
= ="

. BO0— @ = 0.0B240.003 Bavic® _|
S Bl 2/ = DESHLO4 1

e ackgraund

.% EQD; p+p@500 GeV SN346 = 24704114

J/L/J-?

e Precise timing info (~100 ps) for p;> 1.2
GeV/c; muon online triggering and offline
identification.

e Recorded 28 pb-t, 120 pbt, 400 nb! and
22 nbt dimuon-triggered 500 GeV p+p,
200 GeV p+p, p+Au and Au+Au data for
J/w and Y studies.

e Results presented today are based on 28
pbt p+p 500 GeV (63% MTD) and
14.2 nb't Au+Au 200 GeV data.

|~ STAR preliminary

Counts

100
- STAR Prelimi

LI R III . LI I II-I )
24 26 28 3 3.2 34 36 3.8
M, [GeVic]

o
AutAu @ 200 GeV € =Unlikesign pairs (L) AusAu @ 200 GeV L ~ 14.2nb”
L~14.2nb™ S 350 +Like-sign pairs (LS) x2/ndf 22.38/17
ly D5 p  >5GeVic F ‘E“mb‘L"Sed Fit (1) Yield 156.7 £ 23.5
Ty C —Fit to "
o =1129, 58118 3001 Tt TS, Y(25+35)/Y(1S) 0.375 = 0.132
Significance = 15.2c E ~Fitto Y(2S)
ol ~Fitto T(38)
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> heavy flavor go?

Courtesy of Kai Schweda (SQM2016)
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Open Heavy Flavor with VTX In PHENIX

Results from PHENIX VTX: b/c separation
Invariant yield compared to previous published results

PHENIX: PRC 93, 034904 (2016)

10‘2 — g b e
m==oc—e
‘3 lllll b..m,*e. 4 i . .
10 & Phys. Rev.C 84, 044905 2011)1 | The unfolding results are consistent

' with the previous published inclusive

— d4 H - . .
100 . heavy flavor electron invariant yields.
s 10°F gy e
O
2 10°
= |z = PHEINIX: PFIQC 93, (?34904 I(2016)
+ & 10 T o5
"a::i_ E .
& 108 e 2.0
e X 1.5 m
10° ! lyl<0.35 P mmﬁﬂi—g—ﬂ ————— .
10 | AUFAU MB /5y, =200 GeV = g-g- - TR
5 PHENIX 2011 5 "1 2 3 4 5 6 7 8 9
1 2 3 4 5 6 7 8 9 pT [GeVic]

pT [GeVic]
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Open Heavy Flavor with VTX In PHENIX

QAL “
2

First Results from PHENIX VTX: b/c separation

PHENIX: PRC 93, 034904 (2016)

Bottom and Charm Ry,

PHENIX: PRC 93, 034904 (2016)
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== | nfold Result

STAR e-h correlationin p+p

% STARe-D” correlation in p+p

PHENIX e-h correlationinp+p

b—e/(b—e+c—e)
o
o)

©
~

o
®

o
N

o
o

pT [GeVic]

R = Ui R

FAuAu
— Fpp RAAa

M 2 3 4 5 6 7 8

We see that around p; < 4 GeV the electrons from

bottom experience much less suppression than
electrons from charm.
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1.6} (c+b)—e .
Phys, Rev, C 84, 044905 (2011)
E— C—e
_________________ 1.4 =
1.0l B AutAu from Unfold
L p+p from e-h correlations
[t | Phys,RevLett, 105 (2010)
1,0]@——_-.-51— ———— e - —
< Ll = ot [
o m |l
0.8} i
0.6}
ly|<0.35 | 0.4f
Au+Au MB /sy =200 GeV I¥]<0.3
PHENIX 2011 0.2F Au+Au MB /55 =200 GeV
PHENIX Run 4 + Run 11

1 2 3 4 5 6 7 8
p% [GeVic]

Stay Tuned:

e 2014 data set x10 better statistics than 2011
- Decrease uncertainties
- Increase p; reach
- Centrality separation

e Good 2015 p+p and p+Au data sets

Rachid Nouicer




Open Heavy Flavor with FVTX in PHENIX [ ;i\(ft
AN

Results from FVTX: B-meson —J/y in p+p 510 GeV

PHENIX: p+p at 510 GeV_compared to word data Bepalip Bl b2 20fcl2)

(o 0.7 ﬁ E - 2012510 GaV pep daa
[~ ®  PHENIX p+p (s=510 GeV 1.2<lyl<2.2 3 L —Toaln S
2 F ; HCED v PH ENIX
5 0.6F- B CDF p+p Vs=1.8 TeV lyl<0.6 PH%\%E NIX [ s I'_;rc .
S TF v _ oy 107 | =+~ Combratorial BkG preliminary
= - STAR p+p 15=200 GeV lyl<1.0 pre limina ry P s
5_ 05 A ALICE p+p Vs=7 TeV lyl<0.9 B
~ B i
— — O CMS p+p Vs=7 TeV 1.2<lyl<1.6
T 04 :— A CMS p+p Vs=7 TeV 1.6<lyl<2.4 E
aa) - 0 LHCbp+p (s=13Tev 2.0<y<2.5 E ;
03 & LHch psp 15213 Tev 4.0cy<a.5 1 ¢ | L
: Q 1 E ,h - 1
0.2F ° * ' é] %;. ' Rk |
=] o &E, 0 & 0 005 01 015 02 025
— o A ¥ o Muon DCA, (cm)
- . ;} 'éé , ‘ i}+ [ ] . PULLIDATA ATy
O _I 1 1 I 1111 1111 I 1111 | 1111 | 1111 I 1 111 I 1111 I 111 1 I 1111 6: é:l = h_ .
0 1 2 3 4 5 6 7 8 9 10 b & .
Jhy p. [GeV/c] “F
.‘.E oy iy r = * it it ":\..u:-,»..’.

The fraction of B-mesons in J/y yields is of around
10%, in accordance with world data.
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Open Heavy Flavor with FVTX in PHENIX ;i\(ft

7T

Results from FVTX: B-meson —J/y in Cu+Au at 200 GeV

Nuclear Modification factor Cu+Au at 200 GeV: R,, (B->J/y )

e The B —J/{ fraction

' measured in the Cu+Au

. collisions at PHENIX is much
larger than the LHC results.

e Assuming the fraction

' is 0.1in 200 GeV p+p

. collisions, the Ry, deflned
. as is less suppressed

PHENIX and LHC R,, follow
' the same trend.

________________________________________________

~ non-prompt

A

CuAu
B—Jly _ B—J/y inc.J
Culdu CuAu
. _
1.2
B m PHENIX Cu-going |s,,=200 GeV 1.2<y<2.2
e ® PHENIX Au-going |5,,,=200 GeV -2.2<y<-1.3
B ® O ALICE Pb+Pb |s,=2.76 TeV |y|<0.8
0.8— |} A CMS Pb+Pb |5,,=2.76 TeV |y|<2.4
- Y e
oof PH. ENIX
L preliminary
0.41— %g
02—
oL | L 0 L N TR T
0 2 4 6 8 10 12

J/y P, [GeV/c]
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Open Heavy Flavor with HFT in STAR: D° R,, and v,

——————————————————————————————————————————————————————————————

- Rya(D)>1 for p;~1.5 GeV/c o AusAu —D° @ 200 GeV 0-10% 5

Charm coalescence ® D°2014 (780M

I
. T _ 15 o D°2010/11(1.18]
- @ High p;: significant suppression in i :
. central Au+Au collisions. | i o w0-12% STAR-
' R 2 -
Strong charm-medium interaction (& 1~ wr—""m" *
! = i + p+p uncert "
| 55
. @ R A(D) ~ Rya(m) at p>4 GeV/c I ]
i os|- ] P00 % k
| Similar suppression for light [ U ﬁ " cg ] 5 i
. partons and charm quarks at high p; ! i i — Preliminary | i :
'''''''''''''''''''''''''''''''''''''''''''''''' 70 2 4 6 3
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- Rya(D)>1 for p;~1.5 GeV/c .
: : 1.6 o D°2010/11 -
Charm coalescence 5 14 o E
| : 1.2 ¥ 754 — Duke &
. @ High p;: significant suppression in < A XN e 4
 central Au+Au collisions. IR Rl STAR Preliminary -
: 0.6 &
Strong charm-medium interaction | 0.4 -
; ’ 0.2 T 3
EoRAA(D)~RAA(n)atpT>4GeV/c U‘S?"'i'-'-é----é-'-il"5-'-6'3-'-';--"8
i Favavzoogev, 080 0 o oo
Similar suppression for light ; osf @ D ronlowest 2
 partons and charm quarks at high p; o — SObareen <4 E
! l " F — Duke 1
' Significant v, for D’s at RHIC
- Non-zero v, for p;>2 GeV/c
Favors charm quark diffusion ~0.05% 1 - R

Transverse Momentum P, (GeV/c)

________________________________________________________________
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Quarkonia Production

We received a letter (Phys. Lett. B178 (1986) 416) that:

Quarkonia!

> Color screening in dense medium can cause
disassociation of the bound state

> Should see sequential melting of the different
states

> Use quarkonia as a medium thermometer!

. Turns out it’s not that simple!

» Many effects which modify the yield other than
disassociation!

« Regeneration

* Nuclear shadowing

 CNM energy loss

* Nuclear breakup

* Breakup with co-moving hadrons

964 + 1965

\

UNITED STATES P

o¢

Color Screening

T/T,

1/(r) [fm1]
Y(1S)
Xb(lP )

J/y(1S) Y'(2S)

X (2P) Y(35)
x(P)  w(2s)

arXiv:0811.0337
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JyR

N B O a4 N R D N
FITT T[T ITT]1T]

(=]

STAR: J/y R, In Au+Au at 200 GeV

ALICE : PLB 734 (2014) 314
CMS: JHEP 05 (2012) 063
PHENIX: PRL 98 (2007) 232301

pr> 0 GeV/c

P > 0 GeV/c

T

¥ STAR: AusAu, |/s,, = 200 GeV |y| < 0.5
O PHENIX: Au+Au, ys,, = 200 GeV |y| < 0.35
B ALICE: Pb+Pb, {s,, = 2.76 TeV |y| < 0.8

STAR preliminary

e § 1 ° H-J
- @ ] W @
3 0 oow g
T STARN_, uncertainty

Npart

AA

JVYR

e o 92 o =
N RO ® a4 M A D @
AR A A R

o

pr>5 GeVl/c

¥ STAR: AusAu, |5, =200 GeV, ly| < 0.5, p_> 5 GeVic
m CMS: Pb+Pb, {5, =276 TeV, |y| < 2.4, p_> 6.5 GeVic

STAR preliminary

. ¥
b (M
- STAR N_ , uncertainty
r\lII|IIII|III\|IIII|IIII|I\\I|IIII|I
0 50 100 150 200 250 300 350
Npart

<IN

» Jly Ry, for p>0 GeV/c: RHIC is smaller than LHC -> more recombination at LHC

» JIy Ry, for pr>5 GeV/c: LHC is smaller than RHIC -> stronger dissociation at LHC

BROOKHAVEN
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STAR: J/y R,, in Au+Au at 200 GeV izl
N

pr> 0 GeV/c
2
- p. >0GeVic STAR preliminary
— Ty
18~ ¥ STAR: AusAu, |5, = 200 GeV |y| < 0.5
1.6 © PHENIX: AutAu, ys,, = 200 GeV |y| <0.35
C m ALICE: Pb+Pb, |5, = 2.76 TeV |y| < 0.8
1.4— Transport Modell — RHIC LHC
C  Transport Modelll ---RHIC LHC
1.2—
1 e e e e e e oo em e e eoemee e ee—m e ms e eaenemeeemenema e ennmmeeeneeaenensnnnnens .
0.81 % A\
0.6F
0.4 e
- @
0.2 STARN_, uncertainty
Orllllllll\‘\I\Ill||||||||||||||||II|I
0 50 100 150 200 250 300 350
Npart

ALICE : PLB 734 (2014) 314
CMS: JHEP 05 (2012) 063

PHENIX: PRL 98 (2007) 232301

AA

JVYR

1.8

1.6

1.4

iy
N

0.2

/M

Transport model:
Model | at RHIC: PLB 678 (2009) 72
Model | at LHC: PRC 89 (2014) 054911
Model Il at RHIC: PRC 82 (2010) 064905
Model Il at LHC: NPA 859 (2011) 114
pr>5 GeVl/c

¥ STAR: AusAu, |/s,, =200 GeV, ly| < 0.5, p_>5 GeVic

m CMS: Pb+Pb, {5, =276 TeV, |y| < 24, p_> 6.5 GeV/c
Transport Modell —RHIC —LHC
Transport Modelll ---RHIC ---LHC

STAR preliminary

STARN_ uncertainty Tt

coll

Q7T

50 100 150 200 250 300 350

BROOKHAVEN
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> JIy Ry, for pr>0 GeV/c: RHIC is smaller than LHC -> more recombination at LHC
» JIy Ry, for p>5 GeV/c: LHC is smaller than RHIC -> stronger dissociation at LHC

» Transport models with dissociation and recombination qualitatively describe data

Rachid Nouicer



PHEN IX: PRL 111, 202301

D<p_[GeVic]<5

peripheral
60—88%

_—ry
o
&

[ Total Fit
— — Correlated BG

—h
=
-~

Au 200 GeV

N
-
o

&

1 IIIIII_IJ 1 IIIIII_IJ 1 IIIIII_II_:

—y
o
©

1 Total Fit
— — Correlated BG
—Jly
e \|1'
d+Au 200 GeV

N IIIII T TT IIIII T T IIIII

_____________________________________________________________________

Breakup of quarkonia due to interaction with nuclear matters

2) Interaction with nucleus? comovers? or medium?

1) Large suppression of the weakly bounded state g’

Rachid Nouicer
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W’ broken up in small systems: p+Al, p+Au and d+Au

RHIC: d+Au, p+Au, p+Al

2 Vs=200 GeV T - A
Q - +P+AU — Ferreiro  PH-<ENIX
Q_ comover  preliminary
gl; - 1.5 + p+Al = model
23 =’ I {>d+Au PRL 111 202301 (2013)
R R _ +
< e —————
+ —
< -
al > @
= 5 0.5 +15.6% global uncertainty on
=z Z forward/backward rapidity points
~ i +16% global uncertainty on
0 | midrapidity point |
-2 -1 0 1 2
rapidity

RHIC: d+Au and LHC p+Pb

- LHCb + LHCI:I

- Preliminary
1.2F pPb ys,, =5 TeV P AL[CE

1.4F w=3 TeV

w=2TeV

0.8F
0.6

;%Jr%*

e PHENIX, 'l'|' =1(.2 T(:"l..-f

0.4
=P, < 14 GeV/c .
0.2 -
L Inclusive y(2S) -
D- 1 . . 1 . . . 1 . . . 1 . . . 1.
-4 -2 0 2 4
}:’

e comover dissociation model agree

gualitatively with data

e Comparison with the QGP model

work in progress.

BROOKHAVEN
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e Similar relative suppression
of ’ at backward rapidity, but
larger relative suppression of
W’ at forward rapidity at LHC

Rachid Nouicer




" _
‘g = Unlike-sign pairs (UL) Au+Au @ 200 GeV L ~ 14.2 nb’
53501 + Like-sign pairs (LS) x2/ndf 22.38/17
= —Cﬂmbiﬂseﬂ Fit Y(1S) Yield 156.7 + 23.5
C —Fit to L. +
300 - e Y(25+3S)/Y(1S) 0.375 + 0.132
- ~Fitto Y(2S)
250 ~Fitto Y(3S)
200 —
150 —
100
50—
0: | | Lock- 'E<;=-L T=zg=d I 1o 7._7 1 L
8 8.5 9 9.5 10 10.5 11 11.5 12
M, (GeV/c?)

________________________________________________________________________

.« Using STAR MTD
. - Lower brehmsstrahlung compared to
dielectron channel.

* Hint of less melting of Y(2S+3S)
. at RHIC than at LHC?

AN

Future Detector at RHIC: sPHENIX

700

:_ s ++.-- subtracted
sool AutAu 0-10% ﬂ ----- Y1)

- 10B events £ - Y(25)
s 1T Yes)

- B e correlated bkg
400—
300 :—
200(—

" 4
-----------

10.5 11

75 8 85 9 95 10

_____________________________________________________________

* SPHENIX being designed with
. 1 separation of Y states in mind.
| « Still exploring tracking options.

_____________________________________________________________
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< Without Doubt RHIC is Amazing QCD Machine
< Many Species, Many Energies, and High Luminosity and Stability

» Open Heavy Flavor
< Au+Au at 200 GeV
- Similar suppression of D mesons and light hadrons (at high-p; > 4 GeV/c)
- Significant D° and low-p; HF electron v2 — charm flow
- Electrons from bottom similarly suppressed to those from charm for p; > 4 GeV/c
< Cu+Au at 200 GeV
- B-mesons — J/y at forward-rapidity are less suppressed than prompt J/y

» Quarkonia
< Small Systems p+Al, p+Au and d+Au
- Y’ larger suppression than J/y at mid and backward rapidity
- comover dissociation model agree qualitatively with data
- Forward rapidity: larger relative suppression of ' at LHC compared to RHIC
< Y in Au+Au at 200 GeV: hint for less Y(2S+3S) suppression at RHIC than LHC.,

» Stay Tuned ...!

< More statistic: decrease uncertainties, increase p; reach, centrality separation
—> more surprises...
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Thank you




The Story so Far — D mesons

® D°0-10% STAR
B DO-10%ALICE |
O 790-10% PHENIX

O h*0-5% ALICE -

® D 30-50% ALICE |
O h* 30-50% ALICE

Transverse Momentum P, (GeV/c)

PHENIX:PRL 101 (2008) 232301

STAR:PRL 113 (2014) 142301

ALICE: PRL 111 (2013) 102301
arXiv:1509.06888 (2015)
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What NEW on Open Heavy Flavor? ;\/\ﬂ

First Results from PHENIX VTX: b/c separation

_______________________

PHENIX unfolded D° p; spectra agrees

 within uncertainties with measurements

Invariant yield:

. from STAR. 1
e 10
2.5/ S 107

& 2.0 . o >
8 15 o’ ‘E“ . © 10°

S 10rgr B -t g o
0.5} =g 10"

. &
005 3 4 5 6 7 : 10°5

pr [GeV/(]

10©

10° |

/M

PHENIX: PRC 93, 034904 (2016)

e PHENIXD? MB

* STARD’ 0-80% x 273
- == Levy fit x modified blast wave
ore®m
)
m‘e
~
oR®
LY
@
LY
h
@
e
“e
&
“"’t
s@‘ .
ly|<1 o

Au+Au at /sy, =200 GeV

6 1 2 3 4 5 6
pr [GeV/(]

BROOKHAVEN
NATIONAL LABORATORY

Rachid Nouicer



