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Heavy Quarkonia

Heavy Quarkonia have natural length & time T/Te _ 1/(r) [fm!]
scales. _| yas)
Allow us to probe effects at these scales | S
% (2P)
%(1P)
Leverage RHICs unique ability to measure over a wide E,gg;

range of energies & collision species.

state J/Iv| x. Tid T Ys T Y, T

mass [GeV] | 3.10 | 3.53 | 3.68 | 9.46 | 9.99 | 10.02 | 10.26 | 10.36

AE [GeV] | 0.64] 0.20 [0.05] 1.10]| 0.67 | 0.54 | 0.31 | 0.20

AM [GeV] | 0.02]-0.03 [ 0.03 | 0.06 | -0.06 | -0.06 | -0.08 | -0.07

radius [fm| [ 0.25| 0.36 (045 0.14| 0.22 | 028 | 0.34 | 0.39
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J/IP in A+A at RHIC

Cu+Cu at 200 GeV
Au+Au at 200 GeV
U+U at 193 GeV (nhew!)

Nuclear Modification Fact
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[Observe suppression which is similar across species.]




J/Y In Au+Au at RHIC

Phys. Rev. C. 86 064901 (2012)

1.6 B [ | R,A(200 GeV) PRC 84, 054912 (2011)
1 4—__ Global sys.=+9.2%
) e R,A(62.4 GeV) = PHENIX data/our estimate
AU+AU 39 Gev Global sys.=+29.4%
AU+AU 624 Gev 1.2 RaA(39 GeV) = PHENIX data/FNAL data
Au+Au 200 GeV 1| E— GIobal SYS=£19% e
ﬂfé 0.8 Jiy -5 pp, 1.2 <|y| <2.2
06 Au+Au
Observe o E
suppression which ' E']['EI
is similar across all ¥ 5 .
energies.
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
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part

[Shouldn't lower E have much less suppression?]




Recombination?

< | Theory - Rxa(200 GeV) PRC 84, 054912 (2011)
' : 200 Ge Global sys.= + 9.2%
. > - 62 GeV P RaA(62.4 GeV) = PHENIX data/Our estimatel
Z 39 GeV AALES
Calculations by Zhao =S Global sys.= + 29.4%
and Rapp. Include = A Raa(39 GeV) = PHENIX data/FNAL data

Global sys.= =+ 19%

some CNM effects.
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How does the similar
suppression observed at
RHIC compare to LHC
results?

J/Y at the LHC
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Inclusive Jiy — py’, Pb-Pb s, = 2.76 TeV and Au-Au s = 0.2 TeV
W ALICE (subm.to arXiv}, 2 5<y=d, 0=p =B GeV/e global syst.= + 15%
[] PHEMNIX [(PRC 84(2011) 054912), 1.2<[y|<2 2, p_»0 GeV/c  global sysl.= +9.2%

0 ALICE, submitted to arXiv
* -
E% " " - o
S 5 ALICE
o PHENIX
_ 88 4
; 50
0 50 100 150 200 250 800 350 400
<M;:rart>

[Less suppression at LHC an indication of larger recombination]

effect?




Recombination

Calgulation from Rapp and Zhao

LHC Pb+Pb

If recombination is the key, LHC
results should be less suppressed at
low p_ & more suppressed at high p_

compared to RHIC!

14 arXiv:1311.0214

D::E L Pb-Pb 5, = 2.76 TeV and Au-Au |5, = 0.2 TeV
1.2:— B ALICE Jly — u'y, 2.5<y<4, centrality 0%—20% global syst. = = 8% — —
[ ¢ PHENIXJiy — p'u’, 1.2<[y|<2.2, centrality 0%—20% global syst. = + 10% o 14 CMS Preliminary ]
1r o % PbPb \[5, =276 TeV ]
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[Combined results favor recombination ]




Quarkonia in small systems

 What about small systems, i.e p(d)+A?

- Believed to probe differences in Cold Nuclear Matter Effects,
as no medium should be formed.

- However, new measurements in d+Au and p+Pb challenge the
Idea.




J/Y In d+Au

= Phys. Reyv Lett. 107, 142301,(2011) , . .
L L e e L

1 —
0.8 7
o B i
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o 0.6 — ]
0.4l Centrality 0-20%/60-88% -
| Global Scale Uncertainty £8.2% i
0.2 N T R S R R
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y

d—>» <+— Au

. Strong centrality dependence of J/¢ R, at forward rapidity.

» Centrality dependence at forward rapidity unexplained by EPS09 with
linear dependence on the nuclear thickness plus nuclear breakup.
 First hint that something unexpected is occurring in small systems



J/Y In d+Au

Phys. Rev. Lett. 107, 142301 (2011)
R  —measure of the change Jiy in d+Au at\ s,,,=200 GeV

IN suppression over the Au S Fe—Jy12<y<24 .
nucleus = Jy-05<y<0.5
—o—Jly -22<y<-1.2

L

-
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------------ (near Case
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[Non-linearity at forward rapidity is model independent!]




Understanding Geometry in d+Au

_ arxiv:1310.4793
Measure fraction of events § 04r
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Understanding Geometry in d+Au

e . RHIC

g 1.1-0-20% + (a’+ %  Large interest in correlations between the
'§ e ettt T % L process of interest and the measured
Eoo T E centrality (i.e. bias factors)
o . = t t t t t t t t f E . .
5 1.10-20-40% () | 7 » Determined using data+Glauber model
E B S T o ++ _______ B e Included in PHENIX 2003 & 2008 d+Au
o . * results.
@ ool - :

- * Now test results using HIJING

1.1-40-60% (c) = .
- ) i H s  Minimal p_ dependence at RHIC for p <10
1:i—-ﬁ-ﬂ—f'-‘i-----------f-‘----i*-‘----4+- - ‘H+ GeV.
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arXiv:1310.4793 P, [GeVic]



Understanding Geometry in d+Au

. RHC
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JIY p_ Dependence in d+Au

« Minimum Bias J/y R, vsp_

e Shape is similar at forward & mid rapidity.

- R, <lforp_<4GeVic

dA

« Shape similar to calculations including

shadowing, nuclear break-up, Cronin

2 Grabal Sosts Uncamamy 7o
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JIY p_ Dependence in d+Au

« MinimumBias J/Y R, vsp_
o Shape IS different at backward rapldlty. 2'55_'é'|$i35'|'é$§|'§ Uncertainty 8.5% | _E
2[—.-...- Kopeliovich et al. —
— > > - .
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: o F i d‘j%] L — ]
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05 4
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Comparing with Open HF

arXiv:1310.1005

< 3r
« Muons show a similar p S 0-20% centrality
T I 2-52 [ |HF p, 1.4<y <20
dependence at forward rapidity. x: B Uiy 12<y <22
- Same underlying mechanism. 15:
) U S B T S
R R + +
u.s?“'EEE' H@ﬂﬂ + E]
g g
P, (GeV/c)

M. Durham Mon @ 15:10




Comparing with Open HF

- Muons show a similar p_ dependence at

backward rapidity.

- Same underlying mechanism.

- Different low p_ behavior at mid/backward

rapidity

- J/Y has an additional mechanism (nuclear

break-up)

= 0-20% centrality
X " i, midrapidity
2 ® Jh|f, midrapidity
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J/Y Nuclear Break-up

Extract J/ break-up cross section (o_ ) from shadowing
corrected data

Rl e Observe 1 sca}ling for RHIC
= 161 B HERA-B 920 GeV backward rapidity.
B A NA50 450 GeV
E 14 ® | & NASD400 Gev
2 125 9 B HAINOe Indication of increasing break-up
o 10f + i; + due to expanding cc pair.
. ' + Breaks down at mid/forward

Indication of different
mechanisms at different

0

8L

6 g T idi
3 + 4 ++ rapidity.
% ¢ ++ ; +f,++ ' r

S TN S rapidities
A 107 10" O\~ /

McGlinchey, et al. Phys. Rev. C. 87 (2013) 054910



J/Y In d+Au

* PHENIX J/y results in d+Au presented a number of puzzles

- No model simultaneously explains y, p, centrality dependence.

* Need to investigate modification of other quarkonium states

- Different masses & binding energies may provide new insights




' In d+Au

l|.l' — most Weakly bound arXiv:1305.5516 (Accepted by PRL)
uarkonia state 10°0<p, [GeVie]<5 - Data
q : 60-88% || Total Fit
107 = — — Correlated BG
AE factor of 10 less than %55 f — ‘q’;’.”’
- 510% ---
Jy! S M= SN (N
10°F N —
E y ‘:L —u—‘#‘T-:--.-.
10-10 L , , . i ] T |
2 2.5 3 3.5 v 42] 4.5 5
Observe a clear ' peak in M. [GeVic

peripheral events.




Y' - most weakly bound
quarkonia state

AE factor of 10 less than
JIP!

Observe a clear ' peak in
peripheral events.

Peak almost disappears in
central events.

' In d+Au
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LlJl RdAu

arX/v 1305 5516 (accep{ed by PRL)

B L I L | L | I L | LI 1 I LI LI l_

_ - _

1 '4: Global Sys +27.8% ]

1.9 = J/y Phys.Rev.Lett. 107, 142301 (2011) -

" Global Sys + 14.6% B

| I ) A T .
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0.4 —

0.2 =
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[ P' ~3 times more suppressed than J/ in central events!J




Relative Modification (y' / J/y)

1.6
1.4
1.2

0.8
0.6
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0.2

T Dependence of Suppression

arXiv:1305.5516 (accepted by PRL)

+ ©  NAS50
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—— F. Arleo et al.
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Proper time in nucleus (t) [fm/c]

Low energy results
described by increased
nuclear breakup due to
expanding cc pair.




Relative Modification (y' / J/y)

1.6
1.4
1.2

0.8
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T Dependence of Suppression

arXiv:1305.5516 (accepted by PRL)

+ ©  NAS50
B E866/NuSea

—— F. Arleo et al.
|

III|III|III|III|III!III|III|III

10
Proper time}in nucleus (t[fm/c]

cc formation time J/P formation time
~ 0.05 fm/c ~ 0.15 fm/c

Low energy results
described by increased
nuclear breakup due to
expanding cc pair.




T Dependence of Suppression

S "L T aXiv:1305.5516 (acceptéd by PRL) =

2 14 —| Low energy results

Z 120 — described by increased

6 i LT L T e -~ nuclear breakup due to

® | 1 expanding cc palir.

é’ 0.8— ) =

é 0.6 % ) o NAS50 —

o 04 - - " [EB866/NuSea —  cc formation time ~ 0.05 fm/c
% oo ¢ PHENIX d+Au 3 J/y formation time ~ 0.15 fm/c
< C v — F.*rleo etal. .

oc 0_ | ! I ! | I L ! |

o 10"
Proper time in nucleus (t) [fm/c]

(" )

Increased nuclear breakup can not explain RHIC results, the cc

crosses the nucleus too quickly!
\ J

Need either an initial state effect that differs at very short time scales, or
perhaps a long-range final state effect




Relative Modification

Relative modification y'/(J/y) 18 arXiv:1305.5516 (accepted by PRL)
vs midrapidity multiplicity for = . NA38 psA L
SPS p+A, RHIC d+Au and SPS S  NA50 peA -
A+A 3 b o HERA-B p+A E
2 ® PHENIXd+AuMB -
S 1.2 A NA50 Pb+Pb -
Results seem to follow a = Y NA38S+U .
common trend. (3] 1‘11&%% """""""""""""""""""""""""""""""""" E
B 0.8 -
g TL :
4 o 06 H“+ -
J' more effected by Z 0.4 # & -
presence of a medium in - ? H{ﬁ :
d+Au? o 0.2 #’ .
N y o e
1 10 100 1000

HIJING
chh/dr]|y=0



Comparing to the LHC

.-—-n-.UEI I 1 T T | | I | I I
CMS has measured the @ ECMSPreliminary | TESYIUS)  T@SYT(1S) -
relative modification for 2Oy J< 199 ATET R &
. - - pPb 5.02 Te -
Upsilon states. € 04F T s Popb 2 76 Tov
. ly_,|<2.4 :
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AE Y(3S) ~ AE X 0.3 + .
0-25:_ PP eﬁ. ppn _:
Observe suppression of 0.2 ' . PoPb S
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5.02 TeV O-hiL + % 3 -
0.1 . o
Weaker bound states are . ¥ o | :
05F | 3
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Observe approximate Niracks

multiplicity scaling.



Comparing to the LHC

M. Winn Thurs @ 16:20

o 1
ey C Inclusive J/vy, y(2S)
2 oof - s
2 - ALICE
(dp)] C PRELIMINARY
91, 0.8F
=
S

. 0.7F RS $
3 0.6

0.2 — ® ALICE, p-Pb, | s,=5.02 TeV (preliminary)

m PHENIX, d-Au, \siNN= 0.2 TeV (arXiv:1305.5516)
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New ALICE results also show that the '/J/y ratio

In p+Pb@5 TeV is similar to d+Au@200 GeV!
\_ y,




Reconciling with other RHIC results

New results on heavy flavor electrons in Cu+Cu show a smooth
transition from enhancement in small systems to suppression in
large systems

arXiv:1310.8286

——
Global error: + 9.9%
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Open Heavy Flavor Flow?

arX:v 1303 1 794 (accepted by PRL)
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Blast wave calculation fits HF electron
spectrum in d+Au, charm flow?

Possible flow effects at RHIC & LHC
In p(d)+A

IF heavy flavor flows, how does
that effect our interpretation of
quarkonia results?

.
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Future of Quarkonia at PHENIX

[Near Future: p+Cu, p+Si, p+Au in 2015 at RHIC]

SPHENIX

— Total

500
Backgrounds:
400 | —DYBBDD
B —— D+h,B+h,h+h
300

200

100}

o o [ Long Term: Upsilons with sSPHENIX! ]

PSP AT ETE A e -
0? 7.5 8 8.5 9 9.5 10 105 M
invariant mass [(GeV/c?)

Another 7x Acceptance



Summary

« PHENIX has the capability to measure quarkonia in a wide
range of collision species over a wide range in energies.

- Current: p+p, d+Au, Cu+Cu, Cu+Au, Au+Au, U+U from 39 - 200
GeV

— Future: p+A, d+A, H+A @ 200 GeV , sPHENIX
» Possible minimum in J/y R, @ 200 GeV.

» Larger suppression of the g' than J/y in d+Au.

- Not explained by increased nuclear breakup.
- possible “medium” effect?

 How does our evolving understanding of a possible medium in
p(d)+A effect our interpretation of these results?



Thank You!




Understanding Geometry in d+Au

LHC
! 2 0-20% @ « Using same method, extract similar
e — - factors for LHC energies.
£ e, . voess0e0000e’ ¢¢¢¢ 00 ) : : . g
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J/Y Nuclear Break-up

Extract J/ break-up cross section (¢_ ) from shadowing
corrected data

~ 12
2 (v)
£ 10/ 'TT("T) + R(y), d(y) Fit the centrality dependence at
g2 [ [*Tp(r) e R,dglobal each rapidity with EPS09 + nuclear
°© °r break-up

break-up cross section allowed to
vary at each rapidity!
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McGlinchey, et al. Phys. Rev. C. 87 (2013) 054910
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Rapidity

In d+Au

Upsilon R, consistent with NLO

EPS09

Upsilon modification consistent

with lower energy results.
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What about the X ?

JIp corrected for ' and x_feed-down effects!

1.2 T |y|<0.35 \'s,,,=200 GeV d+Au
|
2 0.8 N Fix Plot, or put in table &
o :
oc 0.6 =
0.4 ® Feed-down Corrected J/y — e‘e’
0.2 :_ ] X e'e

Global Sys. £3.4%
% 01 02 03 04 05 06 07 08
Quarkonium Binding Energy [GeV]

W. — ei-e-

Measuring X_1Is very challenging.
Currently, uncertainties are to large to draw any strong conclusions.
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