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Creating hot and dense matter in the laboratory

« High energy nucleus-nucleus collisions at highest energies
RHIC@Brookhaven: \sy,= 200 GeV, LHC,@CERN Vs,,= 2760 GeV

Expanding plasma of quarks and gluons with volume of ~1000 fm?3

temperature of few * 1012 K (200-800 MeV) and energy density 10-20
GeV/fm3

Particle “probes” sensitive to the matter at different stages of the expansion

Hot Hadron gas SOft pI’ObeS
T~110 MeV

€. 0.05 GeV/'im3 t~ 107 fmlc
Quark-Gluon Plasma

T~300 MeV t~10 fmlc

£~ 5 GeV/'im3

E ——————— Hard prObeS

F |
e t~0.1 fml/c

Formation phase (pre-equilibrium)

Colliding ions
T=0 MeV
£=0.15 GeV/in
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PbPb collision at LHC

- Central collision (b=0 fm) at s, = 2.76 TeV
« >10000 charged particles produced

CMS | CMS Experiment at LHC, CERN

—_ | Data recorded: Mon Nov 8 11:30:53 2010 CEST
——/"| Run/Event: 150431 / 630470

ST | Lumi section: 173
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Hard probes in nuclear collisions

*’J‘"‘ﬁ
q: fast colour triplet | % / P %
Jq/:lnduced N /
gluon .
g: fast colour octet ¥ radiation | <O>
> N : .
: h Jets, Quarkonia : originated from
& s':‘f’ colour @9y | dY| | the hard scattered partons which
riplet loss? / . .
carry color charges and interact with
the medium. Probe the medium
#colourless | Photons, W, Z: Colorless, provide
Initial state information. Nuclear
V- colouriess 1 p Lontrols parton distribution function (nPDF).
Hot and dense medium
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How do we look at hard probes?

- Nuclear modification factors (R, ,)
- ) Hot Medium’ Raa > 1 (enhancement)
RAA — Opo d NAA / de d” N { Ras = 1 (no medium effect)
<NCO" > 0 2O-IDIO / de dr “Vacuum® Raa < 1 (Suppression)

PbPb measurements pp reference spectrum
Charged patrticle, K°, A, D,
b-quark, jets

v, W, Z

pp collisions at same CM energy

. Direct jet reconstruction: Charged particles Jets
« Dijet correlation
 Jet-track correlation
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Bolek Wyslouch, ICFP2012, Kolymbari (Greece) June 10-June 16 2012 5 Illll



Example “hard probe”: pair of high p; quarks
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Typical pp collision: formation of jets
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Nuclear collision: partons propagate through medium

adrons

Modified Jet?

Nuclear remna uclear remnant 2

Hadron

Modified Jet?
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Tomographic probes of the medium

* Use hard processes, well understood and/or
measured In the pp collisions

— Quarks, gluons-> hadrons, jets
-V, L, W
— Quarkonia, heavy mesons

« Compare to the same processes in heavy ion
collisions (and pA or dA collisions)

« Deduce properties of the hot medium by
measuring energy loss, changes in
fragmentation, cross section modifications
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Centrality in the heavy Ion collisions

* lons are large, R~7 fm, collisions occur with random impact
parameter that cannot be directly measured

« Measure the overlap of two ions or number of “participating” or
“colliding” nucleons by measuring energy in forward calorimeters

= T '| T 1 1 '| T 1 1 '| T 1 1 '| T 1 1 '| T 1 1 '| T 1 1 '| T 1 1:
*“E’ - (a) CMS PbPb \[s,=2.76 TeV -
§1 0" —— Minimum Bias Trigger _
@ ——— Jet Trigger
Fol i i
E10%F =
3 - =
E g é E § § § Participants
= g7 9 1 ° . v a
E 10 - ﬁ § E % ;E_ § - before collision after collision
O B 1
c | ]

-4 . . .
£10° ¢ E * Energy in calorimeters is ~ to the
L‘LE : ] number of participating nucleons
N it St | In the overlap region
O 20 40 60 80 100 120

140 160
Sum HF Energy (TeV) G
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Rate of high p; processes is ~ to
the number of colliding pairs of
guarks and gluons




Nuclear modification factor at RHIC: single particles

« Comparison to proton-proton

d’Naa /dprdn
Raalpr) =
24 PT) = T P Jdpran
g 2_ PHENIX Au+Au, \lsTm=2lJﬂGeV,ﬂ-1D% most central

f direct y (prelim.) ¥ Jiv 0-20% cent. (PRL98, 232301)
§n° (PRL101, 232301) § ® 0-20% cent. (arXiv:1105.3467)
¥n (PRC82,011902) § &, (arXiv:1005.1627)
§ 6 (PRC83, 024090) 1§ K (arXiv:1102.0753)

¥ p (arXiv:1102.0753)

[IJ .........................................................

Very strong suppression
of hadrons, x5 less than

In pp

Photons are not
suppressed!
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New hard probes at LHC: W and Z bosons

No interactions with the hot medium, no energy loss expected!

% 105 ;I I?I T | TTTT | TTTT ‘ TTTT | TTTT | TTTT ‘ TTTT | TTTT | TTT Ig Q o (a)
F 2 13 —_— L'
O [ ' ATLAS Preliminary |L=5pub"] 210°g v Data CMS
e 10°F E O F : PDPD \[S,y, = 2.76 TeV
E 3 — - N -
S P o\ S =2.76 TeV | Tyt Ly IPmEmeo W 1
s Jf 4 o o === Background L, =73ub
10° . Data 2010 = 5 ) - —— Fit: Background + W — pv
E - = =
; Owowr | G0 <21
1 02 E = o C
W N Background 3 ?_2102 =
10L f, — Fit N E f
z10g
10‘1 _I | | L1l | L1111 ‘ 1111 | 1111 | 11| IW Pl 11 | 111 |_ 1 JI : . ! : . / i : . I“I- ﬂ ﬂl‘ln '_L”_‘ | |
0 10 20 30 40 50 60 70 80 90 10— 20 s 80 o 7 20
pL[GeV]
arXiv:1205.6334v1
; _IIAITLHSIi:‘re‘”‘n“-”}-IIaIl.);HIll”lII_:_III“HII“III‘HHIIIIH_: Ew— I | I I S 535_‘(",“,5#,,,‘&,,.‘I..I‘.I.,
© | Data2011 Pb+Pb I ] S~ ous Preimina S S PR~ 2 T8 Tey - 7
9, : M§=a2.76 TeV +Lm1 =0.15nb" | . 8 m; grfb:-%= A H Z->pu E 8 E_;.$=z:\'2-3a;,|ﬂfz4 Z->e'e E
= F = T 7 50 * opposite-sgn pairs 3 P opposite-sign paire | T ]
3 100* ° Opposite 5|gﬁz 7?; i; . 12%% i mz_—same-sign pairs 3 25:_— SamE=sign pairs _:
=z o Same sign: 42 1T o 14 i T L, =sou” 7 F
Z o :; CSimulation ] M; = 10 OsVic, <2 4 I N{ =
‘
zai— K —i
o
, _ T S TV
O 1,0 O o Fampatu it b aneol 1 oce Wi % 50 s 7™ 50 80 100 10 120 30" ‘40 B0 80 100 120 140 160
?O 80 90 100 110 70 80 90 100 110 m,., () [GeVic?] m,, (e'e’) [GeVic)]

M. [GeV] m,, [GeV]
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LHC confirms large energy loss of hadrons

« Colorless probes are not suppressed: vy, W, Z!

« Strongly interacting particles are suppressed with suppression
diminishing towards high py all charged, D, K° A, b-quark

2 T T T T I T T T T I T T T T I T T T T 2 - T T T | I I I | I I I | I I I | I I I -
- PbPby sy = 2.76 TeV . - PbPb |5, = 2.76 TeV .
1.8 —e— Charged Particle 0 - 5% (CMS) ] 1.8 — % Charged Particle 0 - 5% (CMS) —
C _ ] C —e— Charged Particle 0 - 5% (ALICE) _|
16 ¢— Charged Parficle.0:=5% (ALICE) 165 — & Isolated Photon 0 - 10% (CMS) _|
14 "_ D° 0-20% (ALICE) ] 1.4 - —F— w+  0-10% (CMS) _‘
E —4&— K° 0-5% (ALICE) E - .
1.2 —%— A 0-5% (ALICE) — 1.2 2
3 C ] § C ]
o 10y S T e s B B ik B 57 SRt & bty gl
08 C Ch. hadron (YaJEM-D) ] 08 C 7
— Ch. hadron (HT-M) —] - _
T r + Ch. h:d:g: (JEWEL) o r / -
= n+K+p (Vishnu) ] -
06— I Ch. hadron (HT-W) — 0.6 ]
r l Ch. hadron (GLV) ] C +
0.4 M | - 0.4 g 7
2 4 A Ch. hadron {YaJEM-D)  _|
02Ff TN - . hadron (EWEL)
: 0.2 | Ch. hadron (HT-W) :
O C v v o o by oy by 0 N T e Chl' ha?m"HGL':"} | T
0 5 é OV/ 15 20 0 20 40 60 80 100
eVv/C
) Py ) P, (GerC)Y |

Dominated by hydrodynamics
arXiv:1202.3233v1

pPQCD models of energy loss give reasonable predictions
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R,, across the accelerators

SPS 17.3 GeV (PbPb)
0w WAS8 (0-7%)

B RHIC 200 GeV (Auhu)

1 5 L % h STAR (0-5%)
' fe®
- SPS LHC 2.76 TeV (PbPb)
i ® CMS (0-5%)
ﬁ i ¢  ALICE (0-5%)
o | . ———

—
d
I
e

o

I T T TTT | I
GLV: dN/dy = 400
GLV: dN/dy = 1400
GLV: dN/dy = 2000-4000

— YalJEM-D =

O =% PHENIX (0-10%)

---- elastic, small P___ .

---- elastic, large P___
-+ YaJEM
— ASW
PQM: <&> = 30 - 80 GeV*/fm

1 234 10 20

100 20

P, (GeV/c)

Eur. Phys. J. C 72 (2012) 1945
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Photons in ATLAS

8 | | | [ | | |

« Hot off the press from
ATLAS, confirms that y
escape unguenched..

* Photon yield normalized

the Mor_lte Carlo without B ] [ . T T 10-20%(+4) | o
qguenching ] . +

¢*+++++ . 20-40%(+2) |

Mt [ L 0-10%06)

Data/JETPHOX

2
_ 40-80% |
- ﬁ‘#ﬁ& """"""""" ATLAS Breiminay ]
B Pb+Pb |5, =276 TeV
0 AR R T R L = 133 pb™ <13
0 100 200 300

photon P, [GeV]
ATLAS-CONF-2012-051
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Jet quenching: measuring fully formed jets

» High p; hadrons are typically seen inside jets, can we see the
full jet suppression?

 Interactions with hot medium can reduce overall jet rate,
modify jet energy, affect fragmentation. Detalils of energy loss
mechanism can distinguish between models of the medium

et 1, pt: 70.0 Gev|

CMS@LHC

STAR@RHIC

ATLAS@LHC
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Disappearing jets |

 We observe large number of dijets with different jet energies

* Interestingly: the two jets are always back-to-back, no angular
decorrelations

CMS, PbPb, s, =276 TeV,L_ = 6.8 b
] 1 1 I 1 ] ] | 1 1 1 I ] ] ] I 1 ] 1
® PbPb 0-30%

= PYTHIA+HYDJET

-
M
I 1
|

»

Event Fraction
-
2
%
.

» 7 3,

~ 'n|2' 0.4 .m.. ~08 1 W
= (P pTz) (p +pT2)

PLB 712 (2012) 176
I N -
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Dijet Angular Correlations

— PLB 712 (2012) 176

OED: XTTH :
" 1:_ - = - = 3
: ILdt=150 b e PbPbVs, =276 TeV : Anti-k; (PFlow), R=03 3

o1 7 PYTHIA*HYDJET P, > 30 GeVic

-
@]
e T 101 Centrality 0-20% ,ﬂ
Z/f' E - 120<p_<150GeVic » * 150<p_ <180 GeVic o’ 180 < p__ <220 GeVlc
> = L . i k! 1 ’ F"’ ’
§10°F w? ‘
I.I>.I Baetey saet, . 'h}y’ ]
A1 o i Hrr |
10° 87 #gv”’g 7
QC D - T | T T T T T T T _j T T T T
Pt 15 220 <p_, <260 GeVic
C L ? ]
S :
0 107k 3
T 5
(1R C I
E 2L =
5107 + / g
> N Flim [
pT2 w 3 ? iﬁ -
10 /;‘
| F7 i %: I I I I | I
0 %ﬂ: %n 0 %ﬂ:
Ao

1.2

Correlation peak Iis the same in data and Pythia
across all values of p, even in central events
PLB 712 (2012) 176
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Disappearing jets Il

D:% : . | Centlrali.ty | O-1OI0"'& : = T T T T T T T 1 | T T T T | T T T 1 | T 1T T
15— ATLAS Preliminary — % B ATLAS Preliminary
F - © 10 —~
E 7 o == ]
- - % % - Centrality .
05 —p———4— | - - i
- + - —|_% 107 e 0-10%
: Centrality 30-40 % : | . Z% F - " 3040%
C » o — = 3 — B i
I 5: Pb+Pb \'SN“N - 2.?6 TEV : ZU | — ™ 50'60 O/D |
— = - — ——
- L =7nb a 108 — 60-80 % -
° R0 = - == :
n _ C ]
e E : - |
0sE- —+— |' 7 109 p— — |
| _ E —_——— =
"« Centrality 50-60 % . B - ' |
15 A 1010 Pb+Pb \[s =276 TeV _
g I_ g E |‘im =7 H b_1 I
[—— —+—+— ------------------ | ----------------------------- = - R=02
05 :_ [ _: 0-11 v e v b g
T ] 50 100 150 200 250 300
50 T00 150 300 550 300 E; [GeV]
E; [GeV]

« Overall rate of jets is
Jets in central collisions reduced by factor of ~2 for
most central collisions

RCP = : : -
Jets in peripheral collisions
ATLAS-CONF-2011-075
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Effect confirmed In y+jet events

@) CMS Preliminary 1 () o PbPbData () p'>60Gevic I'|<144 7 (d) {5,=2.76TeV
2 1 PYTHIA + HYDJET 1 e s06evie el<1s
Jet' E-AE ) 2 | m pp Data p;* > 30GeV/ Al: |>Z:Es * _|.Ldt=150ub'1
,_F 1F 0% - 100% + 30% - 50% + 10% - 30% + 0% - 10%
> | ] .
0.5F -
,YE 0....l....l....l ....... | IS B ErL B S Lo o by o by 0w 0 Ty | PRI BRI SE B
0.5 1.5 0.5 1.5 0.5 1 1.5 0.5 1.5
Xy, = Prlp; Xy, =Py Xy, = Pylp; X, =Py
1 - S
: I(b) I | [ CMS :
: [ /- ® PbPb Data .
0.9 £
. Photons_do not_lose energy in A0, > 8" 5 pYTHIA+ HYDJET |
the medium, y+jet allows to o8k = pp s -
see directly jet energy loss s f s :
. o’ 071 o o
* The number of jets PR i o :

accompanying photons 061 E
decreases with centrality + 0 ' E
0 700 200 300 400

N

part

0.5

arXiv:1205.0206v1
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Fragmentation Functions, pp and PbPb

[rroTT TTTT T TT T T TT T T TrT T TT T T TT T T T TT T T TTTTT IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIII|I|IIII|IIII]III|IIII|IIII|IIII|IIII|IIII|IIII|I
CMS Tracks in cone (AR < 0.3) © Leaélmg Jet V5. =2.76 TeV
anti-k (R = 0.3) PFlow Jets pT>4 GeVle ---- pp reference .
pyt’> 100 GeVic, pf‘2>40 GeVic ® Subleading Jet j'-dt:ﬁ-ﬁ Kb

Ao > 231 (@B — pp reference

- L ] 9] e _E
® » . E
» PP o) == PbPb fﬁ o ]
. ® e =
* 0 Leading Jet i 30-100% Q. 0-30% L
®
J- Subleading Jet . 5 = E
(') 0_'5 ‘II 1_'5 é 2.'5 :'3 3_'5 A" 4_'5‘;_'1'}::::}::::i::::}::::i::::i::::i::::{::::{_:jj_::::}::::}::::}::::}::::}::::}::::}::::}::::}_:‘
Jet, Track C T [O]Leading Jet ]
=1In g T — pp ref ]
S=INP/Pr) o5 I ghme, |
C — pp reference
Q 2 E
Q.
~— 1.5¢ b
£ 1_ _______ é P + e S N N E RN o
% : v ETETY 1 818 ®1o1® jﬁ :
0 0.5F T g
0:|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I::|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I:
05115 225 335 44% 051152 25 3 35 4 45
& =1In(1/z) & =1In(1/z)

Leading and subleading jet in PbPb fragment like jets
of corresponding energy in pp collisions
arXiv:1205.5872v1

B )
Bolek Wyslouch, ICFP2012, Kolymbari (Greece) June 10-June 16 2012 21 Illll



Possible explanations for jet quenching mechanism

Collinear soft gluon emission Semi-hard, large angle Soft, multiple large angle
medium induced radiation gluon radiation

— Excess of low p; particles — Large dijet p; asymmetry

inside the jet cone. — Large dijet pr asymmetry _ vy Ao broadening
— Modified jet fragmentation — A¢ broadening —, Excess of low p- particles
function — Third jet/ excess of high ' ~"" "~ T i
p; particles out-of-cone
o _ _ AdS/CFT, QCD
Main idea of many pre-LHC PYTHIA inspired models antenna

models

Leading jet Leading jet Leading jet
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Quarkonia and the QGP

 Heavy quarks State [ I/ (15) [ xc (1P) | &' (29)
. . GeV | . .
— produced in the initial hard- mfn ?fn‘:f ) > 22 o2
scattering process
! : T (1S 1P T" (2S T (2P T (3S
+ Colour screening in QGP a5 T oo | oz | 1%
Ieads tO meltlng Of 0.28 0.44 0.56 0.68 0.78
quarkonla 0.27, 0.74T, 1.17, 2.3,

 Different binding energy of
bound states lead to
sequential suppression of
states with increasing
temperature yo X

£ (GeV/fm?)

Y(3S)

Y(2S)

Ay

Ty

Matsui & Satz
PLB 178 (1986) 416
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Comparing pp and AA at SPS and RHIC

« Similar Jy suppression at the
SPS and RHIC!

- despite 10 higher Yoy, [ | : Eammaide™
* Suppression does not increase | S PHENIX. nockex0611020. AueAu <035
with local energy density e
— Rya(forward)<R ,,(mid) i
« Possible ingredients : %
— cold nuclear matter effects "ot %& . EH
— sequential melting 0.4 " m E
— regeneration i E g ! ;
+ What happens at the LHC? M ;
— higher energy + higher luminosity o566 200 286" 300 386" 400

— more charm (more regeneration?) Npar

— more bottom — a new probe GD @

B En
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Muon Pairs in PbPb at Vs, = 2.76 TeV

'—'E E | T T | — ICMSI Prellirnlinlarly 1 g
> | 8 - .
D pp & PbPb \ISNN 2.76 TeV

g 10 = r(1.2,35) L. (PbPb) = 150 ub™ E
[Fp] — 1 _ -1 —
= — L] L. (pp) =231 nb -
[ m— -
e :
w10 =

10

o
o

NN
- N““
%IIHJ' | |||||ll| L1 LIl

m,, (GeV/c?)
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New results from LHC, compared to RHIC

» Overall similar Jy suppression pattern but
differences start to emerge for different rapidity
and Pr ranges

m - IPlbég\lsl T ‘I— 2|7|6|-||-e|\/l LI ] L I LI I: 4 - I
1.8_— m CMS:6.5< p_<30 GeV/c, |y| < 2.4 - ‘%&é ALICE Preliminary, Pb-Pb |5, = 2.76 TeV, L = 70 pb”
N ® ALICE:25<y<4.0 1 2 alIcE
1'6:_ AuAu \s =200 GeV _: | PRELIMINRRY m  Inclusive Jfy, E.Erﬁd.ﬂfptﬁﬂ GeVic  global sys.= £ 14%
140 o PHENIX: |y|<0.35 ] 1:
o PHENIX: 1.2<|y|<2.2 4 I
1.2K ¥¢ STAR: p_>5 GeV/c, |y|<1.0 - 1
i 3L
b FRRS
§ |."" ] B .l . .
C (e n i - -]
e @@M'ﬁ ¥ @‘% T
oA NG 1,0
0.2F LI " S 4
o:llllllllllllllllllllllllll"II """" . J_IIIIIIIIIIIIIIIIIII|IIII|IIIIIIIII|IIII
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Npa“ I"“"'t;::art
PHENIX (PRL 98 (2007) 232301)
STAR (arXiv:1107.0532)
ALICE (arXiv:1202.1383) Pb Pb
CMS (JHEP 1205 (2012) 063)

m
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New hard probe at LHC: Upsilon family

Visible difference between states differing only by the binding energy!

50

30

Events / (0.1 GeV/c?)

20

PP

40

CMS pp \s =2.76 TeV

ly| <2.4
B pi > 4 GeVl/c
L . =231nb’

int

o Preliminary

e data
total fit
background

r~wn._arws N T T T T T T N T T T MO O I O

IIIIIIIIIII

m,, (GeV/c?)

Ny (25)/Nrs) lpp = 0.56 & 0.13 £ 0.01
Ny (3s)/Nr1s)lpp = 0.21 £ 0.11 £ 0.02

CMS-HIN-T1-85lek Wyslouch, ICFP2012, Kolymbari (Greece) June 10-June 16 2012

)
~ (0]
o o
o o

Events / (0.1 GeV/c?
S

L

PbPb

III|IIII|IIIIIIIII||III|IIlllllll_l

a

III|IIII|IIII|IIII|IIIIIIIIIIIII
Preliminary ﬂ CMS PbPb |sy, =2.76 TeV

Cent. 0-100%, |y| < 2.4
pi > 4 GeVlc
L. =150ub™”

int

e data
total fit
background

II|I[II|lIlI|IIII|IIII|IIIIIIIIIT

m,, (GeV/c

Noas)/Nr(is) [P = 0-12 + 0.03 4 0.01
Nrssy/Nr@s)|lpopp < 0.07  95% CL
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Y (2S)/Y(1S) double ratio

e |n 2010 (7.28pb‘1):
— combined 25+3S result

- R R R R R AR LR RN RERRR RS
» 1.4~ CMS Preliminary, PbPb\/s =2.76 TeV Ny (o913 /NT 1S ’Pbe
E : —4— stat. unc. L, =150pub" i N( +35) /N( ) ‘ = 031—1—8%2 + 0.03
g 1.2~ mm syst. unc. ly| <2.4 ] T(25+35) r(1S)lpp
Z unc. ' >4 GeVic ]
R o : — PRL 107 (2011) 052302
go.s} . -  In 2011 (15O|J.b_1)
go_ﬁf_ﬂﬂ_m% oy, - — separated 2S and 3S
L 0-5% _|
04 ’ + 10-20%  510% | | NT(ZS)/NT(ls)‘Pbe — 0.2140.07 £0.02
- + + Nr2s)/Nrs)lpp
0.2 + + B
B 1 Nrs)/Nras)lpoeb
OB s 4t o < 0.1 (95% C.L.)

Nor(3s)/Nr(18) lpp
— no strong centrality
dependence

N

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN11011
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Raa =

TaaNup Npp(T(nS)) epbpb

g N T | T T | T 1T | T 1T | T 1T | T 1T | T TT | T I_

0’ 1.4~ CMS Preliminary, PbPb |s,, = 2.76 TeV —

12:_ 4 Y(1S) L,=150p0" -

- *Y(2S) ly| < 2.4 |

1# -

B 30-40% i

0.8 40-50% 20-30% ~

| 50-100% 10200 i

0.6 ? * T s40% 0-5% ]

B ¢ j

0.4 t -

- I + -

0.2 + +—_
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Nuclear Modification Factor: R, ,
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Comparison to RHIC
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« Collisions of heavy ions allow us to study hot and dense nuclear
matter at densities ~10-20 GeV/fm3 corresponding to
temperatures reaching few 10%? K in volumes of ~10° fm?3

* We use self-produced hard probes and comparing AA collisions
to pp at different impact parameters and transverse momenta we
do “precision tomography” of the medium.

« Strongly interacting partons are suppressed by the interaction
with the medium. New and interesting details are emerging from
the recent data.

« Data on guarkonium production and decay is consistent with the
sequential melting of states. New probes, e.g. Y family improve
precision of our measurements.
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