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— Importance of quarkonia in heavy-ion collisions
— Data-taking history for heavy-ion study in CMS

2. Experimental data at \/syy=2.76 TeV

— Y(2S) & Y(3S) suppressions relative to Y(1S) in PbPb
— Y(nS) suppression in PbPb with respect to pp
— Comparison to models
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Introduction
= Quark-gluon plasma (QGP)

- Primordial matter existed a few ps after the Big Bang
- T>170 MeV, g5 > 1 GeV/fm3

— Critical to understand QCD at extreme conditions and
nuclear phase diagram
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Quarkonium in Heavy Ions

= Powerful tool to probe QGP

— Large mass: a large momentum transfer is required
in hard gg scattering at early stage

— Color Debye screening: various quarkonium states
with different binding energies melt at different
temperatures (Thermometer)

[Matsui & Satz, PLB 178, 416 (1986)]

State J/4 (1S) | xc (AP) | &7 (25)
m (GeV/c?) 3.10 3.53 3.68
ro (fm) 0.50 0.72 0.90
T(S) [ xp(IP) | 77 (25) | x}, (2P) | T (39)
0.46 9.99 10.02 10.26 10.36
0.28 0.44 0.56 0.68 0.78
~ 12T, T= 3T,
YN Y Yo, ooV ‘I,ﬂ’l Y
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J/yY at Lower Energies

= Two puzzles

dZNAA/dedn
< Typ> d?oyy/dprdn

1) At mid-rapidity, similar Ry (pr) =
suppression at RHIC &
SPS (200 vs. 17 GeV), 3 [
while density must be e

higher at RHIC.
2) More suppression at
forward rapidity where

|

vt
(=]
T T T 17T T T T

density must be lower. il
= Possible explanations !

1) Cold: shadowing, e
saturation brings the -
forward yield down. A

2) Hot: recombination of AP

50

Nuclear modification factor

# PHENIX, Au+Au, |y|e[1.2,2.2], + T% syst.
O PHENIX, Au+Au, |y|<0.35, £ 12% syst

o NAS50, Pb+Ph, 0<y<1, + 11% syst.

£+ NABO, In+In, 0<y<1, + 11% syst.

O NA38, S+U, 0<y<1, + 11% syst.

%}]%@ E%

uncorrelated cc brings
the mid-rapidity yield up.
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Y vs. J/¥ at LHC

= Recombination is much

ALICE, PRL 109, 072301 (2012)

(b, > 0 GeV, 2.5 < y < 4) smaller for Y than J/y
24 Inclusive J/y, 2.5<y<4 - O-bE/O-CC_ = 1/20
x 1‘25 E ;;::tflr;f;v?sﬁ;yfz 70ub’ ’ffhat.:elaITNP.ﬂ;B!)Q[QD‘IIHM O-CC_' — 6.10 i 0.93 mb
f ffff R Z i in pp at 7 TeV
/
08l {”4// 0Py Gelle [LHCb-CONF-2010-013]

‘v

= Co-mover absorption effect
Is smaller for Y than J/y

o.zf— Al = gy _y IS expected to be

i significantly (~5-10 times)

0 - IS{J] | 1DDI I'll561 200 250L 300 35 400
v ?N smaIIer.than Oh—1
= - Absorption cross section
= Recombination is significant on_y ~ 0.2 mb at 150 MeV

for J/y at low pr. [Lin & Ko, PLB 503, 104 (2001)]
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ﬁ“ Y at Lower Energy

= Recent pp data at 200 GeV by dielectron channel at |y| < 0.5
= Consistent with the CEM calculations and world data trend

n 100
g - STAR Prelminary 10°E ]‘(1 S+2$+3S)
3 90 p+p\/s,, = 200 GeV F %k STAR, ptp
80— ly, |<0.5 - ® CFS, p+A
- NN [ mEBOD5 p+A
70 . ¢ Q 102 4 CCOR, p+p
60k ° N — [ v R209,p+p
- | : LON Comb. Background (CB) L =
501 T + Drell.vans b >
. . E CB + Drell-Yan +b b E 10 L
40 H +4, «==x=== CB+ DY +bb +Y(1S+25+3S) b’“ E
- ‘ T O R80S, p+p
*F J ‘+’ e a O UA1, p+p
20; glf ‘T+\.| _*_ 1= N CDF, p#
I ;’} — NLO CEM, MRST HO,
— &Y - , _ 3 _
s &I m=4.75 GeV/c2, miu=1
< L L1 L1 [ A AL Lol ! Lol
0 8 10 12 14 16 10 102 10°
m,. (GeV/c?) \s (GeV)

— Recent preliminary data presented by
Manuel Calderon de la Barca Sanchez, 5™ International Workshop on
Heavy Quark Production in Heavy Ion Collisions (2012)

- Old data: PRD 82, 12004 (2010)

22-26 April 2013 Quarkonium 2013 7



P

First Y data in AuAu from STAR,

Counts

-3[]?

Y at Lower Energy

arXiv:1109.3891

60 STAR Preliminary
= 0 to 60% centrality
— e N_-N_,-N.
50 :_ = Fit Function
- 285.6 +/- 52.0
40— = DY + b-bbar
N ¥?INDF = 1.5
30 | T =196.6 +/- 35.8
S
205
M oy
u I + d
0f T
_10 :_—'ll—
20
- [N —— l L1 1 1 | - - ] ) I T — ] 11 1 1 ]

8 9 10 1 12
M,..- (GeV/c?)

Y(1S+2S+38)

Stronger suppression
of Y(1S+2S+3S) for
more central collisions

® T(18+428+438) e'e

—
yl<0.5

p+p Sys. Uncertainty

| p+p Stat. Uncertainty

« oT(1S)= e'eloT(15+25+3S)— e'e

——— R

I: SHISHI8) i only 1T(18) survives

o] Jiy Py > 5 GeV

STAR Preliminary

- \Sy = 200 GeV

vl v v e ba g b

| | | |
50 100 150 200 250 300 3

N

part

To be compared with CMS data
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T g
PH <ENIX

pp and dAu at 200 GeV by
dimuon channel (1.2<|y|<2.2)

Y at Lower Energy

Gy tAt = GyPPe(2A,,)"

200 GeV vs. 38.8 GeV

ts‘l.‘lE ™7 T 3 m

Y(lS+ZS+3S) VS. J/LIJ 105~ =4 =

2 [ ] T 1 S — Z<.

IID 16— l,s,m_zuo GeV . \(15+2S+35}—-_ W, lyleft 222](PHENIX)_ 0955_ is [ ] I ERE

- B Jhy - T,y E[-2.2,2.2)(PHENIX) 3 B ;_ 2 B

12— — 0.85;— [ E =

1:— _: 0.82— _f !_\

B R 0.75F- B Y(1S),|S,, = 38.8 GeV(E772) N

08— —] = O

e 4 07 Y(25435), |5, = 38.8 GeV(E772) —_

% ] 065 () ®  V(15425435), S, = 200 GeV(PHENIXY ]
- - Bl 0w oo 1o v bopy o B o g e Iy 4
i F . 98 -0.4 0.2 0 0.2 0.4 0.6 X 0
02. = 7.8% Global Uncertainty (a) =] F
::I‘.:..'{1'.H{='.'.'.{:H.lllf;%'.}fm'.'l: 51.1§| h §
II% 16~ S, =200GeV @  Y(15+25438) — 'y, Iyl €[1.2,2.2(PHENIX) | 105 =
vl NLO EPS09 for Y (1 S+2$+35)(Voql} = | SRR " T -
°F with o, : 0 o 8 mb by 2 mb ] dosE- 37 c
Lines: r2f c 2 E
£ 0.9 =
1= —] - e
NLO EPS09 | - 3
. 08— - 08:— =
ShadOWIHg E = ~E " Y(1S),|S,, =38.8 GeV(E772) E
L = 0.75F— —
E ] = Y(25+38), |'S,,, = 38.8 GeV(E772) E
Obreakup e E o S E
F = ®  Y(15+25+35),|S,, = 200 GeV(PHENIX) E
— 0~8 mb o2f. = 7.8% Global Uncertainty (b) 5 0658 (b) -
a:" Pl IR Lo I I W Ay O ) I O It | (Tl b 065 """_2 : """"_‘ —
-3 -2 -1 1] 1 2 3 10 10 X1
Rapidity 2
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Heavy-lon Runs at LHC

= 1st PbPb run @ /syy = 2.76 TeV
— November-December 2010
— Recorded luminosity: 7.28 pb-!

= 27d PHPb run

@ /syy = 2.76 TeV

— Nov.-Dec. 2011

— Recorded luminosity:
150 pb-l
About 20 times more
statistics than 2010
during similar
beamtime
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pp and pPb Runs at LHC

» 1stpp run @ /syy = 2.76 TeV

CMS Integrated Luminosity, pPb, 2013, Vs = 5.02 TeV/nucleon

Data included from 2013-01-20 14:08 to 2013-02-10 05:05 UTC

—_— March 2011 (N]_ Week) :iBO ] CMS Recorded: 31.13 nb ' u—_30
— Rec. luminosity: 225 nb! £ o
* Equivalent to the number of 37 = i
hard probes in 2010 PbPb data £, r ATLAS | 31.2 nbi|
= - CMS |31.7 nbl
- pr run @ VSNN — 5.02 TeV gs' T LHCb | 2.1 nb1|’
— January - February 2013 R I N
_ Rec. |UminOSity: 31.7 nb_l CMS Integrated Luminosity, pp, 2013, Vs = 2.76 TeV
— Cold nuclear matter effect = Mgy = wevewersassin T
cH [ CMS Recorded: 5,41pb"' s
= 2nd pp run @ fsyy = 2.76 TeV &, L
£
— February 2013 (3 days) 33 2
- Rec. luminosity: 541 pb!t  =—>¢: 5.51 pb-l delivered [
About 24 times more statistics = (5;8‘125?'1 recorded
than the first pp run ol
> > Date (l}:'c) »
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Muons in CMS

= Excellent muon ID and triggering in the muon system

= Excellent momentum resolution in tracker (overall ~1-2%)

= Global muons

= Standalone muons x Tracker information

Select: om " Zr!n - - o o

Muon

Electron
------ Neutral Hadron
Charged Hadron _

Ann i
T

R T
U

J,@;}uj

Iron return yoke intersparsed
with Muon chambers

Electromagnetic
Calorimeter

i)

Transverse slice
through CMS

Hadron
Calorimeter

Superconducting
Solenoid

4
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Y(1S) Candidates in PbPb & pPb

n\\"

[nrp]
m 9.45 GeV/c?
pr -1.22 GeV/c

n -2.04 .‘:___

0]
pr 4.30 GeV/c. c=.
n -0.52_

(7]

p; 6.50 GeV/c
N..=0.04

PbPb

A

CMS Experiment at the LHC, CERN

Data recorded: 2010-Nov-12 03:55:57 236106 GMT{04:55:57 CEST)
Run / Event: 150887 / 1792020

[np]

m 9.46 GeV/c?
pr 0.06 GeV/c
y -033|
[n”] |
pr 4.74 GeV/c
n -039

(]

pr 4.70 GeV/c
n -0.28

pPb

CMS DP-2013-001
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pwut* Invariant Mass in 2011

(\’I\ — [ [ T T 1T [ 1T T II [ ) .I [ 1T T II =
o E CMS Preliminary .
> r : 2.76 TeV .
SD_/ 104 p’ ® (1) —
s ;
< -
L%’ 10° | " (PbPb) = 147 ub'1_:
Ik given b fo be :
, LI el Loy discussed] 7z
10 Hyunchul Kim hi Ik =
this morning this ta .
10 —=
p* > 6.5 GeV/c for [n| < 1.6 3
p > 3 GeV/c for 1.6 < |n| < 24 ]
1 —=
p!' >4 GeV/c =
| | | lTl 1 1 I | | | 1 1 11 I | | | | | IJﬂ || N

1 10 10°

m,, (GeV/c?)
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Acceptance & Eff|C|ency for Y(lS)

= Acceptance
p>0 for |y|<2.4

—
TT

? 0.9F- PYTHIA+EvtGen+HYDJET(Bass) ] I CMS Slmulatlon i
S F ] PYTHIA + EvtGen + PHOTOS
o 08 ¢ Y E | PP Ns=276TeV
0.72— —
0.6F- o ¢ ¢ =
wf * ¢ ' b
0.4F = . .
: = Efficiency
0.25— CMS Siﬂla_ticn —E <: - Estimated frOm MC
01 POPD 'Sy = 2.76 TeV - - Validated by data driven
I T AN T AT T T A T T SO O A N HN N L A
L S A method (Tag & Probe)
P, (GeV/c)
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Y(2S+3S) Suppression in 2010

PRL 107, 052302 (2011), PbPb MinBias, L;,, = 7.28 ub.

Events / ( 0.14 GeV/c?)

80— % F
70 pp CMS, pp,\'s = 2.76 TeV 3% PbPb ” CMS, PbPb,\s = 2.76 TeV
60; P, >4 GeVic, | < 2.4 ¥ 50— pl > 4 GeVic, | < 2.4
= pY <20 GeVic ° 40’ p) <20 GeV/c
50 — ] — —
= L. = 225 nb™ £ _
40— @ 30 b os e pp lineshape
30 W — PbPb fit
20—
: - } Wty
R IR T
Il 1 1 1 Il 1 Il Il ‘ Il 1 Il 1 | 1 1 1 1 | Il Il Il Il | Il 1 I 1 Il 1 1 | Il 1 1 Il ‘ Il 1 Il Il ‘ 1 1 1 1
07 8 9 10 1 12 13 14 11 12 13 14
iy invariant mass [GeV/c?] uy invariant mass [GeVic?]

Y(2S+35)/ Y(15)|ppp
(25 +39)/ Y(lS)‘ »

=0.317912 £0.03

* Probability to obtain the measured value, or lower, from
the background fluctuation is 0.9% (2.40 effect)
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Y(2S+3S) Suppression in 2011

PRL 109, 222301 (2012) PbPb MinBias, Ly = 150 b

—_ — 800 ||||||||||||||||||| | T 1T | T T
P ST i i ST 1
L S0 CMS pp ee276Tev L [ e dam CMS Pbe VS =276 TeV ]
3 <24 & 70— popbfit || Cent 0-100%,lyl<24
: — —- B -1
S 40 p" >4 GeVc . S 600 ppshape f| - L = 150ub -
- L.T _ 230 b I Fp.>4GevVic
wn imt — ﬂ -
— = — = 500__ ]
g 30F . A
NN] P * data uw 400 _
! — total fit B
------ background ] 300[
200
100f

||||||||||||||_ [~ |
1 14 03

Mass,., (GeV/c?) Mass(u*u) [GeV/c?]

Y(25)/Y(1S) |pp = 0.56 £ 0.13 + 0.02 Y(25)/Y(1S) |pppp = 0.12 4 0.03 + 0.02

Y(3S)/Y(1S) |,p = 0.41 £ 0.11 £ 0.04 Y(3S)/Y(1S) |pppp = 0.02 + 0.02 + 0.02
(< 0.07 at 95% CL)
4 Limited by pp statistics!
Large statistics 2013 pp

data available
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Ratios not corrected pp PbPb

for acceptance and  y(15) 88+11 1317473
eticlency Y(2S) 49+10 156438




Y(2S+3S) Suppression in 2011

PRL 109 222301 (2012) PbPb I\/IlnBlas Lmt = 150 bt

.-—-800 IIIIIIIIIIIIIIIIIII |IIII|IIIi—_

— N P i t P
‘f‘,oS 50 CMS pp r 276 Toy ] ‘le [« dala CMS Pbe VS =2.76 TeV 1
K i <24 & 70— Popbfit || Cent. 0-100%, Iyl <2.4
B . _ — 1
S 40 o >4 GeVic . S 600 pp shape f1 - Ly =150ub -
= L.T = 230 nb” < [ p>acevie
P int — ﬂ o
§ 80 B gt
i} P ¢ data w 400 -
! — total fit u
------ background ] 300 :
[ B
200

10| L1 |11| L1 |12 L1 |13| L1 14
2
Mass, . (GeV/c®) Mass(u*u) [GeV/c?]

Y(2S+35)/ Y(15)|pipp
Y(2S+38)/Y(1S)

=0.15+0.05+£0.03

= Observation of Y(25+3S) relative suppression (>5¢ effect)
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Y(2S) and Y(3S) Suppressions

PRL 109, 222301 (2012)

% _IIII| IIIIIIII |IIII|IIII|IIII|IIII|IIII_

= Centrality integrated

o 145 CMS PbPb \[Syn = 2.76 TeV .
= L —4— stat. unc. L. =150ub’ ]
@ 1.2~ syst. unc. ly| <2.4 -
= 1 pp unc. pﬁ >4 GeVlc I_:
g 1

& [ |_
R -
< 0.8 —
= - 40-50%

c::\li“ 20-30

= 0625 100 30-40 -

Y(25)/Y(1S)|pbpb

Y(2S)/Y(1S)|pp
= 0.21 £ 0.07 £ 0.02

N

part

IIII|IIII I | .| 1|11 1| | 1111
0 50 100 150 200 250 300 350 400

Y(35)/Y(1S)lpbpb

Y(3S)/Y(1S) | pp
= 0.06 + 0.06 + 0.06
(< 0.17 at 95% CL)

= Y states are suppressed sequentially
RaalY(3S)] < RyalY(2S)] < Rya[Y(1S)]
= Y(2S) Is suppressed even in the most peripheral bin.
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Y(1S), Y(2S) and Y(3S) Rxa

PRL 109, 222301 (2012)

$ [T = Centrality integrated results
14—  CMS PbPb \s,, =276 TeV ]
b romtuy reiminary : Raq :Y(lS): = 0.56 £ 0.08 4 0.07
2t J| | Raa2o)) = 122000 L 0.2
i (<0.10 at 95% CL)

o Y(1S) [Note] If the feed-down

o 7 'y R contribution ~50%, Y(1S)
I . . m} (prompt) sqppression IS consistent
2 #3__ ol Y02S) with thg suppression of
S L d the excited states only.

OO 50 100 150 200 250 300 350 400 Y(3S)

Npart

= Y states are suppressed sequentially
RaalY(3S)] < RyalY(2S)] < Rya[Y(1S)]
= Y(1S) is not suppressed in the most peripheral bin.
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Comparison to RHIC for Y

011.4—Pbe B 276Te\/ AuAu \Js s, = 200 GeV ::
L tomis wsmdess [y TAR data for Y(15+25+35)
| s f in AuAu at 200 GeV
1# : integrated for centrality
" + E R, 4[Y(1S + 2S + 39)]
s i ﬁ% * - = 0.56 + 0.21+398
240 % *‘; arXiv:1109.3891
02k + + .
I Ll L + + L,
OO 50 100 150 200 250 300 350 400
Noar PRL 109, 222301 (2012)

= CMS data for Y(1S+2S+3S) integrated for centrality

Y(1S+2S+3S
RAA [Y(]-S tast BS)] \(((15+ZS+3)S|)P|EIIZb

_ Y(lS)lpbpb x 1+Y(25+3S)/Y(1S)|pbpb _ O 56 ¢ 1+0.14
Y(15)|pp 1+Y(25+3S)/Y(1S)|pp ' 1+0.97

~ (.32
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Comparison to Model for Y

< IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

= Strong Y binding scenario <14~ CMSPbPb |sy=2.76 TeV

Y(1S) Y(28)
= Mostly consistent Wlth' data 12 3 CUS data o WS data b
= Y(1S): Small regeneration  Regenerated Regenerated :

L AR R

indicates the suppression is
mostly primordial. 0.8
= Y(2S): Regeneration is
dominant in central collisions
— Large uncertainty in nuclear .,
absorption: pPb will help!

Nuc. Abs.

— T~ 610 MeV in this P2EEN + ------- + --------- + ................................... (
calculation ol o e PN YR
e A there an SenSitiVit 0 50 100 150 200 250 300 350 400

re y y N,

to initial temperature?
Model calculations:

A. Emerick, X. Zhao & R. Rapp, EPJA 48, 72 (20125
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Comparison to Model for Y

AHYDRO: Anisotropic
hydrodynamics model

Incorporating lattice-based
potentials, including Re and
Im parts

Includes sequential melting

and feed-down contributions
= ~50% feed-down from y,

Dynamical expansion with
variations in initial conditions

for T, and n/S: data indicates
= 552 < T, < 580 MeV

=1 < 4nn/s < 3

\/Syy = 2.76

+Y(19)
¢ Y(29)

| | |
CMS PbPb

L.

int

ly| <2.4

I
TeV 7]

=150 ub™

M. Strickland

N

0 50 100 150 200 250 300 350 400

part

Model calculations:

M. Strickland and D. Bazow, NPA 879, 25 (2012)
M. Strickland, PRL 107, 132301 (2011)
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Y(1S) Rpa VS. prand y

Data: JHEP 05, 063 (2012), Model: M. Strickland, PRL 107, 132301 (2011)

§2_5||||||||||||‘||||||‘|‘|||||||||||||||‘| E _III|III|III|III‘\II|III|III|III|III|II\‘IIIlIII_
X r  CMSPbPb \s\y=2[6TeV - @ 14~  CMS PbPb \sy,=2.76 TeV -
— : . E e (S .
S TS B 12[- (18) .
$ - |
— — 1_
1.5— M. Strickland I B | e
[ 4mys=1 i 0.8 =
1— — 06“__ """" _—
= —— . E | 7
C . 041 M. Strickland
0.5_— + } 7 B —4m/S=1 ]
Cent. 0-100% | 0.2 Cent. 0-100% - 4TS =2
n ly| <24 ] - 0<p <20Geve 4mn/S=3
111 | L1 | L1 | L 11 | L1 ‘ L1 | L1 | 111 | 111 | L 11 7I 11 | 111 | 111 | 111 ‘ 111 | 111 | 111 | 111 | 111 | 111 ‘ 111 | 11 I7
%2746 8 10 12 14 16 18 20 0 02040608 1 12141618 2 22 24
P, (GeVl/c) ly|

= Obtained with 2010 PbPb (7.28 ub1) and 2011 pp (225 nb1)
— Clear suppression at low py

= High-statistics data sets: 2011 PbPb (150 ub1) and 2013 pp (5.41 pb)
— The accuracy of the results will be greatly improved in the future.
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Summary

1. Available CMS heavy-ion data sets
- PbPb @ +/Syy = 2.76 TeV: 7.28 pb-' + 150 pb-’
- pp @ +/Syn = 2.76 TeV: 225 nb™! + 5.41 pb™
- pPb @ +/Syy = 5.02 TeV: 31.7 nb-’

2. Experimental results on Upsilons
- Y(2S) and Y(3S) are suppressed relative to Y(1S) in PbPDb.

- Y(1S), Y(2S) and Y(3S) in PbPb are suppressed relative to
those in pp

— Sequential melting is observed in the Upsilon states
RaalY(3S)] < RualY(2S)] < RaulY(1S)]

3. Prospects
— Initial state effect will be investigated using the pPb data.
— Large statistics pp data will improve the accuracy of the data.
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