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Outline

® |ecture 1 (22.11.): introduction
® basics of relativistic heavy-ion collisions

® lecture 2 (29.11.): soft probes
e hadron yields & spectra
e hydrodynamics & collective motion

® |ecture 3 (13.12.): hard probes
® |ets
e heavy-flavor hadrons

® |ecture 4 (20.12.): quarkonia & el.magn. probes
® quest for J/y suppression/enhancement

® direct & thermal photons
e dileptons
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Heavy quarkonia

e charmonium and bottomonium
e basics and discovery

® quarkonia as probes for the QGP
e basic idea
e cOmplications
e (Measurements at the SPS)

e quarkonia at RHIC
e quarkonia at the LHC
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Particle production in e*e-
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A chance missed

Observation of Muon Pairs in High-Energy Hadron Collisions#
J. H. Christenson,” G, 8. Hicks,' L. M. Lederman, P. J. Limon, and B. G. Pope'
Columbio University, New York, New Fork 10027 i
and Brookhaven Nationa! Laboratory, Updon, New York 11973 -2}
E. Zavattini '
CERN Laboratory, Genevs, Switzerland 25 ) L nb]
(Received 30 March 1973) B roal B 1'. """""""""""""""""""""
s | .
Muon pairs with effective masses between 1 GeV/c? ] 34 " 9
and 6.5 GeV/c? have been observed in the ”E ."-.. .
collisions of 30-GeV protons with a uranium target. —_— r
- - - b I
The production cross section was seen o vary D 1 = ;
smoothly with mass exhibiting no resonant structure. * e ;
g 1E | ph
el [ S
o
The real dimuon spectra (_..) amounted to some 4% of the in-time o
data sample. The real effect varied with dimuon mass from 2% at % a7l I |
1.5 GeV/c? to 40% at 5 GeV/ch }
Of course, with such a small signal-to-noise ratio_the data were
extremelv sensifive to systematical effects that would distort the agl ]
subtraction procedure. p-U =l 1
at 20.5 GeV
A% it 29 & I i }-TTT
o 12 3 4 5 & 7
L [Gevic?]
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Charmonium: J/vy
e 1974: J/y discovery

i e interpretation:

Tk j bound state of
: % heavy quarks: cc
1. ;. e quantum numbers as

" ps ol , the photon: JP = 1
. e Jy mass: 3.1 GeV

A ; ~ e« C mass: ~1.3 GeV

.E.’ { -E- .
: : e bindung energy
gt b + ~600 MeV
whm/\;u | e width: 93 keV
; B 1 e ¢ (life time: 10-20s)
3050 2.090 3‘;(;(‘),@5:}2“ 3120 3130 ;V* ° quark mOtIOn IS
SLAC: e'e —J/‘¥— Hadronen non relativistic
—ee N
e © c
U

(. )
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Bottomonium: Y

® bottomonium: bound bb states
e p+A @ 400 GeV > pw

® discovery: L. Lederman et al. (lesson learned!)

L o b ]
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e 2 _ § |
E 9 I I aenl i i
mass [(Gel) Do AR " 1
Herb, S. W., et al. Phys. Rev. Lett. 39: p2st VP N .
252-55(1977); Innes, W. R., et al. Phys. S T
Rev. Lett. 39 124042, 1640(E) e TR Tl T
([9?7) Mzea |Gewc
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Production mechanism

e production in hadron- P \c/af
hadron collisions mainly via g ¢
gluon fusion in early, hard . > T/
parton scattering processes s
~) -
e resonance , lives“ only &S
. . p (K\ —
after formation time t ~

® formation time Increases fymation time:

with the momentum of o —
the resonance hard | pre—resonance resonance

' ' ' = 1/2m =1/{2m¢ A gc
(time dilatation) Polmg  toli2meAqed
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Charmonium production rate@
e heavy quark-antiquark pair yield in
central A+A collisions
N(qq) per central AA (b=0)

SPS RHIC LHC

charm 0.2 10 130
bottom - 0.05 5

eONly a fraction (~ 2%) of the pairs end up in
guarkonia. Most heavy quarks fragment into
D(B) mesons.
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Charmonium spectroscopy

® spectroscopy =2 information about the QCD
potential (analogue to positronium in QED)
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Quark potential

e Charmonium spectroscopy

10 T S i TR I RN T B
4 o (r)hc
081 V(r)(GeV] : Vi =-om
06| . /
0L F : Coulomb part
(1-gluon exchange)
02 - (b) - dominant for small r
0 . .
linear rise
=02 - (Confinement)
dominant for large r
04T rlfm] 7
-06 LR T (SR I (I | T 4 (e b

"0 02 04 06 08 10
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mass radius

[GeV] [fm]
Jhy 3.1 0.50
3.5 0.70
y’ 3.7 0.88
Y 9.5 0.28
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Quarkonium radil

V(r) [GeV]

1

05 10
r [fm]
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Non-perturbative Vacuum

ooy o

Perturbative Vacuum

Perturbative Vacuum ColdF Screening

e modification of quark potential in medium

4 o 4 o —r/r —r/r
V)= -~k 5v(rnT)y=——Zee ™D L (T)-e /D)

3 r 3 r
e With Debye screening length rg
g2 24 1 °
o (T) ~ o = g(T) =
g(T) T 4r (33 -2n,)In( T /A)

- >ry: quark interaction strongly reduced
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Quark potential from lattice QCD
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Jhy suppression as QGP signature @&

& :h'_"':"r-‘ w

e charmonium should not be bound In QG
at high enough temperature

e THE publication:

Matsuil und Satz, Phys. Lett. B178(1986)416

e from the abstract

If high energy heavy ion collisions lead to the formation of a hot
quark-gluon plasma, then colour screening prevents cc binding in
the deconfined interior of the interaction region .../... It is
concluded that J/¥ suppression in nuclear collisions should
provide an unambiguous signature of quark-gluon plasma
formation

® J/y suppression was regarded as THE
,Smoking gun‘ signature of QGP formation
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Dissociation temperatures

0.6

M, (fm)

0.5

0.4

0.3

0.2

0.1

of charmonia

A1

Le Y

1 2 TIT,
JI¥ Yo g
m (GeV) 3,1 ~ 3,5 ~3,68
r (fm) ~ 0,45 ~ 0,70 0,88
Ty(MeV) | ~12T. ~ T, ~T., ©
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careful: model
dependence!
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Heavy quarkonia in Hl cf

® heavy quarkonia as probes for the QGP |

heavy-ion collisions

e large quark masses = (dominant) production
via hard scattering of partons in the early
phase of the collision

e strongly bound (small radius) and weakly
coupled to light mesons

e sensitive to the formation of a QGP via color
screening and/or (re)generation

mass radius | Tyiss

Jy | 3.1GeV | 050fm |1.2T.?
Y | 95GeV [ 0.28fm | 2T.?

Color Screening
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At a glance: J/y at SPS

e absorptionin cold nuclear - NA50: EPJ C39 (2005) 335
matter ("normal nuclear abs.") 4 2 NAGO: PRL 99 (2007) 132302
. . N
e good description of p+A, E
S+U, and peripheral In+In T
and Pb+Pb collisions ‘:;- 30
e 0, =4.18+0.35mb 5
e additional “anomalous e
suppression” in more central @
In+In and Pb+Pb collisions
. NAS51, pp,pd, 450 GeV
e sets In at Ny, ~ 80 5 NASD oA 450 GeV LI TI
. 1 4 NAS50 p-A 450 GeV H ! I
;H_; + 10% global systematics 0 S :igg,’;’.ﬁtﬁgﬂ&%ﬁv”' |
3 = NASO, Pb-Pb, 158 GeV
E 1H -I 9 - ¥ NABO, In-In, 158 Ge\?
s l @J@ » NABD, p-A, 158 GeV <4mmm NAGO preliminary
E': [T 7 T
] ]

.y

0.8 T 0 2 4 6 8 10
R e at SPS, J/y shows L)
04 |1, NAGD: PRL 99 (2007) 132302 } features expected for

ﬂ'f'_u""sh""m:]""15:1""2d|u""25u""

o the predicted golden
QGP signature

EMMi_/Heidelberg, 20.12.2012 19 R. Averbeck, I == 1K




Life IS more complicated!

configuration of
ccbhar state

/

absorption
d+Au constraint?

shadowing
or coherence

CGC - less charm
at forward rapidity

comovers
more mid-rapidity
suppression

/

CNM

\\

~40% feedown

from y, W’
(uncertain fraction)

Data — SPS, PHENIX,
STAR, LHC...
Need high statistical
& systematic accuracy

A\ 4

Sequential screening
Yo V18 Jy later

lattice &

dynamical screening
J/y not destroyed?

a

large gluon density
destroys J/y’s
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PHENIX Jhy Suppression:

* like SPS at mid-rapidity

« stronger at forward rapidity
with forw/mid ~0.6 saturation
* <p;2> centrality indep.

Regeneration & destruction
less suppression at mid-rapidity
narrowing of p; & y
Jhy flow

t

Regeneration
(in medium?)

Pl

large charm Charm
Cross section dE/dx & flow
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Heavy quarkonia in HI collisigfig
® CaveatS

e production mechanism, even in p+p, not well
understood

e production/survival altered in the presence of
nuclear matter by many effects

e not straight forward to extrapolate these cold
nuclear matter effects and subtract from what
IS measured In A+A

® advantages

e heavy quarkonia = resonances
- “easy” to measure, in contrast to other hard
probes (jets, photons, open heavy flavor)
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Quarkonia in PHENIX

e PHENIX: optimized to measure leptons
PENTX Defector e high rate capability

= o e~ | « emphasis on mass
resolution & particle ID

o f|rst evel e&p trlggers

DCS ith =7
|l.lD

TOF

ZDC North
(=]

West Beam View East

—mid rapidity: Jy, Y =2 e*e
—|n|<0.35, Ap=2xn/2, p>0.2 GeV

—driftkand pad chamber _forward ‘,i‘ap,a“ft‘gfw I, Y > pue
terlzcc::trlgflj ID: Cerenkov —1.2<|n|<2.2, Ag=2m, p>2 GeV
detector (R'ICH) and —cathode .strlp chamber tracking
calorimetry (EMCAL) —muon ID: layered absorbers

and larocci tubes .
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Quarkonia in STAR

® STAR: optimized to measure hadrons

MRPC ToF barrel EMC barrel ° emphasis on
| tracking and
particle ID over a

large acceptance
} I e moderate rate

capability
e high level
guarkonia triggers
—central rapidity: Jy, Y =2 ete-
—[nl<1, Ap=2n

— TPC tracking
—electron ID: dE/dx in TPC, ToF, calorimetry
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J/y rapidity distribution

® 2006 data versus published 2003 data

x10°
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0.4

0.2

PHENIX preliminarye  PRL98:232002

" \See= 200 GeV p+p »  RHIC 2006 y & [-0.35,0.35]

RHIC 2006 y € [-2.2,-1.2]
RHIC 2006 y € [1.2,2.2]

; @
;
5 :

* 10.1% Global Scale Uncertainty

3
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e excellent
agreement

e higher statistics
and better
control over
systematics

- better model
constraints are
possible
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J/y p. distributions

e good agreement of Jiy e excellent agreementte?

P+ spectra between
PHENIX and STAR

a .
o = .,I_5 =200GeV B Cu+Cu MB trigger
L 10°F NN W Cu+Cu HT trigger
> 107k ™ Cu+Cu PHENIX
& - L ¥ p+p Jiy trigger 2006
‘-"ﬁ" 10 x o -60% ¥ p+p HT trigger 2005
S, :--'-'!'? ¥ p+p HT trigger 2006
—_—
— = ' ptp PHEMIX
= ‘:'t\g L — MRST, m =1.2, p=2m
o0 N - :
'I:I.I_ E | P - MRET, m =1.4, y=m
L= o
_Dlll DE ‘H""-\.!\'_-_._
[N 3 ‘-_:‘“
=10~ et
ol A
£ 10° I
=P [ T
m1 0 STAR Prefiminary —
10°© | | | | | |
0 2 4 6 a 10 12 14

Transverse momentum p_ (GeV/c)

e STAR strength: high p+

e PHENIX strength: rapidity

coverage & precision

Al— ]0_6 EI 1T | TTTT ‘ TTTT | TTTT | TTTT | T ‘ TTTT | TT | TTTT | TTT E
Q - PHENIX preliminary ~ ® RHIC2006y<[-0.35,0.35%
'OI_ 107 Segme » RHIC2006ye[-22,-12}=
o T . L » RHIC2006ye[1.222] -
B 108 e PR— CSM+SC (PRL100:032006)
N gy Soe= 200 GeV p+p -
S } - %l N -
Z 107¢ *wzzi.._ E
© ;‘@ ]
1o %f* =
10 ?\#x\ T =
102E P~
-
103 -
= |i 10.‘1% (“ljloball Scalle Ur‘lcertellinty L =

o 1 2 3 4 5 6 7 8 9 10
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J/y spectra for forward
and backward rapidity

P, (GeV/c)
® p; spectrum harder at
y~0 than at |y|>0
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J/y production mechanism

® several models available

e main difference: how is the cc pair formed
In the initial hard parton scattering color-
neutralized to form the J/hy?

— Color Singlet Model (CSM)
— at LO, a hard gluon is used to neutralize the cc pair

— Color Octet Model (COM) or NRQCD

— the cc pair can be produce in an octet state. Neutralization
IS realized non-perturbatively via exchange of soft gluons
(which do not affect the initial cC kinematics)

— Color Evaporation Model (CEM)

— heavy quarkonia production is simply considered
proportional to the cC cross section, with a proportionality
factor fitted to data (independent of pr and y)
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P+ Spectravs. models @@

® Jhyp+ spectra vs. early
versions of CSM and
COM calculations

10

global errors = 10%

\s=200 GeV |y|<0.35
& ptp Iy

aa 16’ '.:;-‘9»_-\
h, ~ &
T8
p, (GeVi]

® CSM: low; COM: OK

e additional handle
e J/y polarization

o add|ng hlgher Ord -,
to CSM calculations

~ 100 —— s
E F'HENII datawnh F"' oot_ 5e9+.f 0% —— ]
5 i STAHdatawlthFj' y =59+-10% ——e— ]
% 10 htII III ! MMLO™ T
— ¥ - IIII NLO 1
- 1F i Lo HEEE -
g o = r
< 0.1 E
= ]
T 0.01 |
Ill_ 'r.,t 1.5 +- 0.1 GaW H
- m |
:E 0.001 EI:M:ILD :?[EZTE I:L"“:'II'E-c I‘9 mfai'.: II': #il
0 2 4 6 8
Pt (GeV)

e ,ad-hoc‘“ removal of
feed down from data

® agreement improved

EMMi_/Heidelberg, 20.12.2012
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Other CSM developments @@
e s-channel cut: allow the c€ to be off shell
before interaction with the 3@ hard gluon

P
1 Q g

F

H. Haberzettl, J.P. Lansberg,
PRL 100(2008)032006

I ] :. 4 .:.

i

charm (from an .
Incoming nucleon) Q

S.J. Brodsky, J.P. Lansberg, PRD 81(2010)051502
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Data vs. CSM+s-channel cut model
e model absolutely normalized

x107°

6
> L 1T T T | 1T T T | T T T ‘ T T T | 1T T T | 1T T T H Al— 10 §| TTT | TTTT | TTTT ‘ TTTT | TTTT | TTTT | TTTT | TTTT ‘ TTTT | TTT IE
O L6 " PHENIX preliminary? ﬁig iggg z : {3351023]5] B _g- £ PHENIX preliminary ¢ ﬁig jgg: ye [-2-25510;51
% " \[Sye= 200 GeV ptp e RHIC2006ye[1.222] - 10 ?‘EE:% X yelz2-2is
Lae CSMHSC (PRL100:032006) | = - - * RHIC2006ye[1.2,22] 7
o - NRQCD (PRL93, 171801) - & 10%¢ ":{:;._@ --------- CSM+SC (PRL100:032006
1.2— - o - - Suw= 200 GeV ptp 7
L 4 - 9
1— - O = ;;‘ §
- T 100 Heoh .
0.8- - - £ 4 ;
i ] 10-11 = #\\ i] =
or ERETec ?\‘“\._ ]
~ \‘x‘.\} . - E_ + 0 . =
0 2__ i |101% (}|10bal Sc‘ale Unc%rtalnty | ~__ C | ||_| |1|0|.|1|ﬁ \(?\I}(l)]l:)l‘r:ﬁlllslcla}le\Hr}?lell.il:z?llrllt;}\, I T
'-3\1‘ L1 |-2| L1 |-1| L1 |0 I I | 1 I I | 2 L1 1 1:.3 0 1 2 3 4 5 6 7 8 9 10
y p. (GeV/c)

e CSM+s-channel cut model tuned to CDF data
e good agreement with PHENIX data

e concern: magnitude of contribution
(P. Artoisenet, E. Braaten, PRD 80(2009)034018)
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eCold
Nuclear
Matter
(CNM)
effects
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INn d+Au

Jy i

® huclear modification

® R, from 2008 d

dAu ,0-20% dAu ,0-209
factor from 2003 data ~ , _ NN
AuAU AuAu cp dAu ,60 —88 % dAu ,60 —88 %
R B NJ/W Ncoll NJ/:// /<Ncoll >
* N 23 EJE% E}j PHENIX pre%]imir;ary e factor 40
- l lPRC |77(20|08)02|4912 o @3 + @] — mcr_e a.Se In
- H .4 0.8 RHIC 2008 E}]#] = Stat|St|CS
1 I |_| F d+Auys,, = 200 GeV 3 .
| | ﬂ.?g—i;:l;j;;:lobal Scale Uncertainty _§ — 4 Centra“ty
| gy , E bins
é I I -9 rapidity
EEED_E_ _ n:un_ n.s;— [%] * %] —i blnS
I | o 0 E <
i 7z_+32?1’ Global Scale U tainty #]#] _; . y RO 1
: + 11% Global Scale Uncertainty ME_...,....,....,....,....:...:i B CP~
S S R S R O QFE}] .................................................... _f’y>0
Rapidity @ e @15}1 . E}] : — dRCP <1, |
( : ) > < . o E ecreasing
| ar . ; 0.7 J_rs.Of% Global Scale Uncertainty @]E%][%] _é W | t h
ge x in Au small X iIn Au ooz E .
. ' 3 centrality
(shadowing) y
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Cold Nuclear Matter effects

e CNM = modification of heavy quarkonia
production in collisions involving heavy
nuclel with respect to p+p collisions
In absence of a quark-gluon plasma

e INnitial state effects

—modification of the parton distribution function in
nuclei (npdf)

—energy loss of the incoming parton
—gluon saturation

e final state effects

—breakup of the J/y or the precursor cc state in
hadronic matter
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® parton distribution
(as function of xg))
Inside a nucleon
different for free
nucleons and nucleons

bound In nuclel

e gluon nuclear PDF poorly
known, in particular at low X T

EPSO9LO

e Various parameterizations o EKs9

.............................. HKNO7 (LO)
EPS08
—————— nDS (LO)

—small shadowing
(HKNO7, nDS, nDSg)

—medium shadowing (EKS98, EPS09)
—large shadowing (EPSO08)
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npdf + o

breakup

® extraction of a e L A —
hadronic breaku D - . £11% Global Systematic -
CrOSS SECHION Opearup  Fmtbd N e -
e pick anpdf scenario L8 ™S j
(here: EK S)
e add J/y (or pre- 2o N
cursor) brte_akup 05" Lis Model
Cross section Gpreakup | .. ose = 0.1:2.3,5 mb (top to bottom) -
o fIt O} eakup L0 data : | -
(taking correlated T BestFitOyey= 285 mb |
and un.Correlated Q3IIII-|2IIII_|1IIII|0IIII|1IIII|2IIII3
uncertinaties Rapidity
properly into ® here: no rapidity
account)

~ dependence of 6y qqup
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Energy dependence of 6,,qawp @8

:':-I 'm‘!:":_r

® global trend: decrease of Opreakup with \/sN

C. Lourenco, R. Vogt, H.K. Wdhri, JHEP 2(2009)014

Y 12
E EKS98 O NA3
S i ] Jiy >4 NA50-400
n 10 E,.p = 158 GeV
£ 7 IB.28<y<ﬂ.78 ¥ NA50-450
> ® ES866
58 87 NAGO O HERA-B
m
K |
| E,.p, = 400 GeV PHENIX
6— -0.17<y<0.33 lyl<0.35
4—_ power-law
2_
0 LI N N L N N N N Y L BN B B

L L L L LA LR I
20 40 60 80 100 120 140 160 180 200

\/Syy [GeV]
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NPAf + Gpearup VErsus data

7 1 0 1 T

e npdf with small and medium shadowinyg
do not describe data at large rapidity

11

e npdf with large S - _
shadowing (EPSO08) nr
has difficulties for

01 i—is.us% Global Scale Uncertainty ") o_; P
lower energy data e AT :
.2 - 0 i 2
y
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T:SIL!' -r | 'r;':;: "‘i' ';“ |ru!=::
Effective Opreaki T VS. rapl di ty
o LR A
":‘.lr' L" e II?

—

® observed rapidity de-
pendence of Ry, not

Q
3
==
]
[}
0

fixed Opreakup

e extract effective opeqeup 4

8
6
4
2-
i

2

as function of rapidity
from d+Au data

8k
16F
14F

explained in scenarios .,
with shadowing and &

6 6

EKS98 shadowing
e PHENIXsys  +5.0-4.1mb Elg

+ EB66
¢+ HERA-B

JIp

suppressiol

S5 0 05 1 15 2
rapidity

2 15 -1 -0

® same trends observed by E866 at mid and
forward rapidity and HERA-B at mid rapidity

CNM effects not fully understood!
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® anomalous suppression in hot matter?
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J/y at RHIC (Au+Au @ Vs, = 200

e PHENIX measures J/y 3
production at RHIC
e Jhy > e*e at|y|<0.35
o Jhy = pu at 1.2<|y|<2.2
e mid rapidity R, ,, looks
surprisingly similar to
Rpppp, at SPS

® although the systems are

- Nuclear modification factor

O PHENIX, Au+Au, |y|<0.35,+ 12% syst
t» NA5S0, Pb+Pb, 0<y<1,+ 11% syst.

{+ NABD, In+ln, 0<y<1, + 11% syst.

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

very different: 0.2
 different energy densities ata | Zou it 00 TEY i s
given Npart % 50 100 150 200 250 300 350 400
e different cold nuclear matter N

part

effects (XBjorken’ Oabs» )
e different overall charm yield

Rauau (Y=0 @ RHIC) = Rpy,p, (@ SPS)
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J/y at RHIC (Au+Au @ Vs, = 200

® J/\|I SuppreSSion at RHIC mé - Nuclear modification factor
e Mid versus forward rapidity

- more suppression
at forward rapidity! 0.8

e but:

# PHENIX, Au+Au, |y|e[1.2,2.2], = 7% syst.
O PHENIX, Au+Au, |y|<0.35,+ 12% syst

energy density should be 0.6
LOWER at forward rapidity I
¥ § ------------------------------------------------------------- = I
i $ %60% 0.2
“C Raay~1.7) T %50 {00 450 200 250 300 350 400
" Raa(y-0) E Vet

Number of participants

Rauau (Y=1.7) < Rpia, (y=0) @ RHIC
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e J/y nuclear modification #
factor as function of % .
Noars P, @nd y from 2004 -

J/y R,, Versus N

Au+Au data
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® 2007 data

e higher statistics (x4)
e preliminary R,, (and v,)
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Forward rapidity "puzzle" @
at RHIC, more suppression
at forward rapidity !

® two possible theoretical explanations

® hot medium related e cold matter related
e (re)generation of J/hy e modification of initial
from charm (anti)quarks parton distribution
In a deconfined medium functions in cold
— statistical hadronization nuclear matter
— coalescence — (anti)shadowing
— regeneration — saturation
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J/y (re)generation?

® many approaches ® one example
e P.Braun-Munzinger, > 08p , — S —
J. Stachel: PLB 490(2000)196 PE ' Au+Au 0-20% (N =280) 1 AueAu 20.40% (N o=140)
e R.Thews et al.: PRC 63(2001)054905 0.7F ¥ j
e L. Grandchamp et al.: PRL 92(2004)212301 0.6 F :
e E.Bratkovskaya et al.: PRC 69(2004)054903 o5k E
e L.Yanetal.: PRL 97(2006)232301 F ]
e A. Andronic et al.: NPA 789(2007)334 04 ;
e A.Capellaetal.: arXiv:0712.4331 03f & ]
e O.Linnyk et al.: arXiv:0801.4282 02k 3
e and many others o1k 1 ]
e all explain

o Raa(y=0) > Raa(y=1.7)
e more c quarks to

N
(4]
s

3 Au+AuD20° (N —280} - Au+Au2040° (N -140) ]

recombine at y=0 f S I TR
e all need reliable lof \

—
T

open charm input
for quantitative
constraints! i - y
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Quarkonia at the LHC

2.76 ATeV

2010-11-08 11:30:46

Pb+Pb @ sqrt(s)

137124

: 1482

Fill
Run
Event : 0x00000000D3BBE693



JI: Qp_@ 7 TeV
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% B pp “s5=7 TeV 'E_ C @ ALICE e'e Js=7 TeV .
= C s=7 Te ]

© @ > 9F a ALICE,uw PP =
L | 1 B r 7]
E - :E: = 2 C m CMS ]
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i N 4F E

| * ALICEe’e’ lyl<0.9 —p— 3F ]

4 ALICE p*u, 2.5<y<4.0 —— ; - V-E-‘ =

1{}-? — o CMS. |"_||'|'-".1.2 — 2 r T

C & ATLAS, |y|<D,75 3 C ]

- yl< — - .
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p, (GeVic) .

® Invariant cross sections are measured
® ALICE uniqueness: low p+ at mid-rapidity!
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Jiy: pp @ 7 TeV

— r 111 T 117 T 11,71 ||‘1|1||1Jx1||||x11||1x1 — :||||||||-||||||I||||||||||||r||||||||||r'||||||||||:
- I | 'g_ F ¥ &'s, {557 TeV (+4% luminosity) ]
% 5 ALICE pp. 2.5<y<4 = Bl a ww.isT TeV (+5.5% uminosity) —
Q0 1 = S . 2 - @ &= 3276 TV (+1.8% uminosity) ALICE pp .
bx E =N ] E} 7E B p'w V=278 TeV (£1.9% luminosity) =
- - Y ] 5 F ] ]
= = ST z =] C l .
> Le NS { © 6 E
Q , S =aal m, ' i .[ .
RS 3 L - -
\5‘ e = 4- -
vy ) -1 b ‘____}_ e -— __
t\_lg 1 0 W V3™ 2.76 TeV 3% luminosity) E E
A V8= T TV (5 5% luminosity) 3 n E ]
[ (3= 2.76 Tev, CS+CO NLO u -
(M. Butenschoen ot al priv. comm.) 2 :_ _:
[5] (3= 7 Tev, CS4cO NLO =] 1 C -
(M. Butenschoen et al.. Phys. Rev. D84 (2011)051801) = =i = . — open: reflected ]
10.2 TEPIFT APEPEPRPI APIRPITEI DPOPUIS IPTPITO IR BN . - . U_LIJ.IJIJ|.J|.llI]IJIJlllllIJIJlJ|.Illll]l]l]llllll]ll_

0 1 2 3 4 5 6 7 8 5 4 -3 -2 -1 0 1 2 3 4

o
p,(GeVic)  ALICE Coll., arXiv:1203.3641 y

e NLO NRQCD calculations agree with data
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Jy. pp @ 7 TeV

e multiplicity dependence

5|3 197 ALICE pp (5= 7 Tev
® not reproduced by model 3| 3 | .. .00
(PYTHIA) B8 | st
Py i Mormalization uncert.: 1.5%
i% oL O Pythia 6.4 (y] < 0.9) T [+]
5 :5{ =i O Pythia 64 (25 <y < 4) i )
Sg [¢© . L
. @g8e .
1 EdEEQDE | =
EI o ; - #
. DDEEDDD@D L | |
0 2 R 0 2 4
dN/dn. dN,;/dn
@dN_/dw  (dN,/dn)~6 (dN_,/dn

e relative Jhy yield increases linearly with relative
charged particle multiplicity

® interplay between hard and soft interactions in

the context of multi-partonic interactions (MPI)
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Jhy: Pb-Pb @ 2.76 TeV

® R,, Vvs. N, ALICE & PHENIX

part*

1.4
b4 L4r TN ALICE Preliminary, Pb-Pb |5, =2.76 TeV, L = 70 b’ > - T ALICE Preliminary, Po-Pb |5, = 2.76 TeV, L = 15 ub’
n: % m Inclusive Jiy, 2.5<y<4 O<p <8 GeVic globalsys.= * 14% m - % & Inclusive Jhy, |y|<09, pt-:'ﬂ Ge\ic global sys.=+ 26%
1.2 ALICe PHENIX (PRC 84(2011) 054912), Au-Au |5, = 0.2 TeV 12 LALICE PHENIX (PRC 84(2011) 054912), Au-AuYs,, = 0.2 TeV
1 0O Inclusive oy, 1.2<|y|<2.2, p T}U GeVile  global sys.= +9.2% r ¢ Inclusive iy, |y|=0.35, p':-t] GeVic global sys. =+ 12%
1 -1 __ ..................................
0.8 081 m H
0.6 [ = 0.6 % @ @ H
- E E u - - - L @
0.4 0.4
: 95 g - : PR,
02} @ 5 0 02p
D _ L1 1 1 I | I I | I | I T | I 1 | I | I I | I | I T | I | I | I | I I | n i 11 1 | I | I I | I 11 1 1 I | | I | I T | I | I T | | | N | I | T |
0 50 100 150 200 250 300 35%} 400 0 50 100 150 200 250 300 35% 40C
part part

® stronger centrality dependence at lower energy

® R,, systematically larger in central collisions for
ALICE compared to PHENIX

® gualitatively consistent with (re)generation
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< 1.4
i

1.2

® models with large fraction (>50% In central

1
0.8

0.6
0.4}
0.2

D_II

Jhy: Pb-Pb @ 2.76 TeV

® R,, from ALICE vs. models

L - ALICE Praliminary, Pb-Fb |5, = 2.76 TaV, L = 70 ub”
o W ALICE, 2.5<y<4, p >0
B L —— Stat, Hadronization Model (&, Andronic & al., JPG 38 (2011) 124081)

ALICE - Transport Madel (X Zhao & al., NP 859 {2011) 114)
PRELIMINARY.. Transport Madel [¥.-P, Liu & al, PLB 678 (2009) 72}

| | I 1 1 1 I 11 1 | I | N T | I | I | I 11 1 | | L1 1 1 I 11 1 1
0 50 100 150 200 250 300 35?‘*‘ 400
rt

1.4 —
é - - ALICE Preliminary, Pb-Pb {5, = 2.76 TeV, L= 15 ub”
- = ALICE, |y|<0.9, p. >0
m B .— Stat, Hazmnizaion Model (A, Andronic & al., JPG 38 ( ) 124061)
1.2 . ALICE Transport Model (X. Zhao & al., NPA 858 {2011) 114 & priv. comm.}
| PRELIMINARY...: Transport Model (Y.-P al, PLB 678 (2009) 72)
1 —_ hadowing+ocomovers+recombination (E. Ferrein, priv.Commes
L= da , /dy=0.4 mb
08", 7
EN IE 1] i ey 013 i
B ‘"i | Il m/ ; ;
0.6 —J/_;;f;/’#;/ﬁ ............................ U AL - /
0.4k | . § __ .
0.2/
D i L1

IIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIII
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part

collisions) of Jhy from (re)combination or

models with all J/y produced at hadronization

can describe ALICE results for central collisions
/\in both rapidity ranges
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Jhy: Pb-Pb @ 2.76 TeV

® R,, VS. prIn centrality bins

3;1.4 r : ;
o _Inclusive J/v, 2.5<y<4 N
4 9l Pb-Pbys,=2.76 TeV, L=70 pb", global sys.= +6%
[ ® 0-20% PRELIMINARY
1 r * 40-90%
0.8
T I
0.4+ B ¢
- 0-20% L T
0.2+
- 40-90%
U-IIIIIIIIIIIIII IIIIIIII IIIIIIII 1 1
0 1 2 3 4 5 6 7 8
P, (GeV/c)

® non-central: no strong p; dependence

® central: larger suppression (or less re-generation)
towards larger p-
-> consistent with (re)generation picture

EMMi_/Heidelberg, 20.12.2012 51 R. Averbeck, I == I



Jhy: Pb-Pb @ 2.76 TeV

® R,, VS. rapidity

1.4 1.4
E ; A ALIGE Prefiminary, Po-Pby s, = 2.76 TeV, L= 70 ub" ﬂ:ﬁ " Inclusive Jf‘% u{pT{B GeVlc
@ 19 m  Inclusive Jiy, cenialiy 0%-90%, 0<p,<d GeVic  global aya.= 16% 1 2 Pb-Pb5,=276TeV, L= 70 ub™, global sys.= 6% =
: ALICE Prefiminary, Po-Pbys,,, = 276 TeV, L= 1.7 ub’ . o 2.6<y< Fﬂh}gfw
C @ Inclusive Jhy, cantrality 0%-80%, |y|=0.9 i ™ 3:5.¢ﬁ¢4
r 1
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® suppression is stronger (or less re-generation)

towards larger rapidity
-> consistent with (re)generation picture
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CMS: dimuon measurement @&

‘g = Iy CMS Preliminary E

g .l 0.0 § PbPb {5, = 2.76 TeV -

= 1 (1,2,3S) =

= V(28) -
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102 E_
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bt I
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Y: Pb-Pb @ 2.76 TeV

® sequential suppression of Y states

200

"_"'BDD_—I‘ I | T 17T I T T | T 17T | LI | | [ | | T T T It
o F o ]
> 700 " Preliminary ﬂ CMS PbPb Vs, =2.76 TeV -
L — —]
(D [ e data Cent. 0-100%, |y| < 2.4 ]
S gop.— PbPb fit Ly =150 ub’’ =
=~ [ -~ ppshape p. >4 GeVic .
2] = ]
T 500 & B
18] L i ]
> L -
m ]
400 — -
300~ —

8-

{

100

| I | | | I | I L 111 | | I | | | | | | I | | | |
T e 100 11 12 13 14
my, (GeV/c?)

-> Investigate in more detalil
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Towards a quarkonium thermometer (@

® clear ‘hierarchy’ of quarkonium states
Note: 6.5<p;<30 GeV for J/y and w(2s)

CMS-PAS HIN-11-011
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1_ | i
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0.8 - ¥ I(3S)(lyl < 2.4), 95% upper limit ]
T4 (2S)(lyl<2.4) 7
. m promptJiy (6.5 < p_< 30 GeVle, |y| = 2.4) i
08y v(1s)(ly| <2.9) ]
D_d-:— Y(15) _:
" Jiu .
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- expected in terms of binding energies
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Summary

® quarkonia = one of the most interesting
probes for the QGP

® In the focus of the field since suppression
was proposed as QGP signature

® original idea was nice but too simple
® enormous progress at the LHC
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