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1. Quarkonia are very “unusual” hadrons
heavy quark (QQ) bound states stable under strong decay
e heavy: m_ = 1.2 — 1.4 GeV, my, = 4.6 — 4.9 GeV
e stable: Mz — 2Mp << 0 and M — 2M; << 0

What is “usual”?

e light quark (qq) constituents

e loosely bound, M, —2M_ > 0, Mg — 2Mg =0
* hadronic size ~ 1/ A 5cp = 1 fm, independent of mass

(At T = 0 Cornell potential

State Jw U §
mass [GeV] | 310 | 3.68 §
Al8 [e) 0.64 0.05

rdius [fm] | 025 | 0.45

oives full spectroscopy)

Relativistic Heavy lon Physics
By F Becattini, P Braun-Munzinger, Rainer Fries, C Gale, J. Schaffner-Bielich

chs, |
i Guillermo Breto Rangel Quark Matter 2012, Washington DC 2




o o
[V, )

<
~

o
bo

o
—_

(@}
—_ ©
@) \9]

Binding Energy [GeV]
o

Sequential Melting

Binding Energy [GeV]
)
(98]

= Real Part
+ Imaginary Part

1

Ott ‘ ! ‘ ! ‘ ! _ ‘ !
200 300 400 500 600 700

T [MeV]

L Y(2s)

T T
I

!
g

x 230 MeV

1

= Real Part
+ Imaginary Part

200 300 400 500 600 700

T [MeV]

v High temperature QGP: weaker color

- Real V(T)

blndlng (Debye screening) (Phys. Lett. B178 (1986) 416)

' ¥ Gluons collide with QQ bound states:

- shorter lifetime = larger spectral widths

(Landau Dampl ng) (IHEP 0703:054,2007)

- Im V(T)

v Dissociation when Re V(T) ~ Im V(T)

I v Quarkonia:

help quantify medium

| properties (TEMPERATURE)

E T/T.

Guillermo Breto Rangel

Margotta et al. Phys. Rev. D 84, 069902(E) (2011)
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http://www.sciencedirect.com/science/article/pii/0370269386914048
http://www.sciencedirect.com/science/article/pii/0370269386914048
http://arxiv.org/abs/hep-ph/0611300/
http://arxiv.org/abs/hep-ph/0611300/
http://link.aps.org/doi/10.1103/PhysRevD.84.069902
http://link.aps.org/doi/10.1103/PhysRevD.84.069902

Bottomonium in Heavy lons collisions

v Mass of the b-quark is large
g _I LI I L | LI l LI I L I L I LI I L L I-
v No B hadron feed down to Y C 14~  CMS PbPb \[s = 2.76 TeV -
v nPDF effects smaller i = Prompt Jiy ]
L . 1.2 i 7
v The relative yields analysis of the i : yanssrompt uh )
excited states / ground state 1=
— cancels cold nuclear matter - 20-100% el :
effects 0.8 .
e nPDFs (shadowing, etc) 06: i
e initial parton energy loss T :
e final state nuclear 0.4f- + -
absorption (if negligible at - :
LHC energies) 02— lyl <2.4 " —
i v 4 -
final (hot) medium % 50 100 150 200 250 300 350 400
v Regeneration is smaller Noar  GHEP 1205 (2012)063)
CMS /!
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http://www.springerlink.com/content/131423084582p16g/
http://www.springerlink.com/content/131423084582p16g/
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Y candidate in PbPb at Vsnn = 2.76 TeV

CMS Experiment at the LHC, CERN

Datarecorded: 2010-Nov-12 03:55:57.236106 GMT(04:55:57 CEST))
Run / Event: 150887 /1792020

Hardware L1 Trigger +
Software HLT (High Level Trigger)
Dimuon trigger rate ~ 30 Hrt7

\. 'l |
't -, 5 ] 4
— 2 =u1
X
2o e R

£ Flexible
- MEfficient (Single Muon Eff. ~95 %)
» " Redundant

p*p- pair mass:  9.46 GeV/c?
pr: 0.06 GeV/c

pt:pr = 4.74 GeV/c

pipr = 4.70 GeV/c
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Y(2S+3S) Suppression in 2010

L T 17 L L L L L L L
| | | | | |

L L L L L L llll-‘
| | | | | |

L 80F .+ data CMSpp\s=276TeV N§60: . data CMS PbPb |5y, = 2.76 TeV -
[~ ] () I . " ) ]
& 7of — fit lyl <2.4 E & PbPb fit Cent. 0-100%, lyl < 2.4 -
A - 0<p, <20 GeV/c . L pp shape 0<p <20 GeV/c i
S 60| p! >4 GeV/c L, = 231 nb’ — o 50:_p'fr >4 GeV/c L, =7.28 ub’ B
PR : a | i
g S0 -] §40j —
a F o = 92 MeV/c? (fixed to MC) ] g [ o =92 MeV/c? (fixed to MC)
40 Nyg) = 101 £ 12~ 30(- | NT(lS) =86 £ 12
30f - - i
N ] 20_—
20~ + + + - N
10F- + + ! 10 + :
IlIIIIIIIllIIIlIIIIlIIIIlIIII+I :I||II||lIIIIIlIlIIIIIIIlIIIIllIIIl:
& 8 9 10 11 12 13 14 i 8 9 10 11 12 13 14
T(2S + 3S)/7(18)|pp = 0.7875-1¢ 1+ 0.02 T(2S + 3S)/7(18)|pbpp = 0.2470-15 4 0.02

Measured Y (25+3S) production relative to Y(1S)

7(2S + 38)/7(18)|popb _ 0.31019 1 .03 Indication of 25+3S relative suppression
Y (28 +3S)/T(1S)lpp ST significance = 2.4 0

CMS,/!
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http://prl.aps.org/abstract/PRL/v107/i5/e052302
http://prl.aps.org/abstract/PRL/v107/i5/e052302

Muon palrs in PbPb at Vsyn = 2.76 TeV

Cl) ? I T T TT | J/w I I T 6MS Prellmlnalryl T 1T | E
R PbPb \s,, =2.76 TeV .
G 10* P, W ¢ =
%/ N Y‘(1 ’2’38) =
s 0 V(2S5 ]
G 10° L.« (PbPb) = 147 ub1_§
102 - Z
108 3
T E
T pl >4 GeV/c -
1 1 1 ITI 1 1 | 1 1 1 1L 1 1 11 | 1 1 1 11 1 1 | Iﬂ_l_lj
1 10 10
m,, (GeV/c?)
v Kinematic cuts a\oplled to reduce v pp - PbPb
background leve Same cuts, same reco. algorithm

— Single muon: Systematics cancel
p+>4 GeV/c, In¥| < 2.4
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Fitting Model in 2011

v Unbinned maximum likelihood fit

-Six signal and four background —~ 800
parameters float in the fit S
. o 700
V' Signal ©
-Three resonances modeled by crystal- 2 %%
ball function: Gaussian resolution and £ so0
FSR power-law low mass tail >
W 400

-Mass differences of three resonances

are fixed to PDG value 300
-Float FSR & resolution (fixed in 2010 200

data analysis) 00

v Background
-Exponential x error-function (Erf 0

describes kinematic turn-on)

Vv Variations of the models checked as
systematics.

IIII|IIII|IIII|IIII|IIII|III1—

CMS PbPb |s,\ =2.76 TeV -

Cent. 0-100%, lyl < 2.4
pi >4 GeV/c
L, = 150 ub™

|

III|IIII|IIII|IIII|IIII|IIII|IIII_l

al
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Simultaneous Fit 2011

— T T T T T T T T T T T T T T T T T I — —~ 800111 T T T 1 T T T 1 T T 11 T T T 1 T T T 1 T T 1T
& sof | | | | | 7 & 8OO | | | | | | .
2 T CMSppis=276TeV | S [ e data ” CMS PbPb |, =2.76 TeV ]
S I Iyl <2.4 1 & "OF — Popbfit || Cent.0-100%,lyl<2.4
- B 1 - I - -1 ]
= 0 p. >4 GeVic | o 600 . pp shape f} - Ly = 150 ub -
< I Ly = 230 nb” 15 [ Praseve -
(2] +— B l
€ anl 1 € 500F | -
2 301 N 2 N O .
- - i B : -
H i 1 ° data , ] 400[— PR ~
_ T — total fit s - Pl ]
I B background ] - ti :
201~ ) 7 a00f VAL s
i i 200 gttt ! -
10 s Mt d
L] ] a8 * * 1000~ b e
O * 11 1 1 | | I | | 11 1 1 |LI 1 1 1 |LI 11 1 | 1 1 I*_ :I 111 | | I | | | I | | I | | | | | 111 1 | 1 1 1 |:
75 8 9 10 11 12 13 14 Y% 9 10 11 12 13 14
Mass,. - (GeV/c®) Mass(utw) [GeV/c?]
Y (28+3S)/Y(1S) | eveb /Y(28+3S) /Y (1S) | pp = 0.15+0.0530.03
Observation of 25+38 relative suppression
(significance > 5 0O)
CMS /1 ) .
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Y(nS)/Y(1S) Double ratio

(0 - 100) % Centrality Integrated
Y(25)/Y(1S) |popb

Separated Y(2S) and Y(3S)

= 0.21£0.07 (stat.) £ 0.02 (syst.)

.—% [T T T[T T T T[T T T T[T T[T T T T[T T[T TTT[TT7T) Y(ZS)/Y(IS)lpP
» 14— CMS PbPb \/s,, =2.76 TeV =1 Y(35)/Y(1S)|pbpb
= B ] = 0.06 = 0.06 (stat.) = 0.06 t.
Z b 4 statunc L =150u0" ] Y(35)/Y(1S)|pp (stat.) £ 0,06 (syst.)
& 12 mmsyst. unc. lyl < 2.4 o < 017 (95%C.L)).
é - 1 pp unc. pi >4 GeV/c I_:
R E Y(2S) relative ratio to Y(15) in
i’;’, 0.8/ 1 PbPb is suppressed compared
B 40-50% N . .
o [ 20-30% ] to same ratio In pp
;\J; 0.6 100 30-40% —
Tt 0-5% 1  Systematics Uncertainties:
0.4 t 1020%  s10% mefitting (11%)
- 1 » Final state radiation modeling.
0.2~ - » Background modeling:
- | | | | | ] like-sign vs track-rotation
O 1 111 1111 1111 1111 1111 1111 1 1 | 1111

0 50 100 150 200 250 300 350 400 ™imperfect acceptance+efficiency

N, ar cancelation: 1%

chs, |
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Y(nS) Absolute Suppression

Ly Npppu(T(1S)) Epp

Ras =
47 TyaNup Npp(T'(1S))  €pbPb(cent)

First time the nuclear modification factors are measured for excited
Y states

Raa(Y(1S)) = 0.56 & 0.08 (stat.) &= 0.07 (syst.)

Raa(Y(2S)) 0.12 + 0.04 (stat.) = 0.02 (syst.)

Raa(Y(3S)) = 0.03+0.04(stat.) = 0.01 (syst.)
< 010 (95%C.L.).

Y states are suppressed sequentially:
RAAYGS) < RAAY(ZS) < RAAY“ S)

v Note: Inclusive measurement of Y(1S) vs. direct production.
~Raa(Y'(1S))-inclusive : Feed-down contributions ()1, Y (2S), Y (3S)).
_If feed-down ~50%, Raa(Y(1S))-inclusive is consistent with suppression of excited
states only.

i Guillermo Breto Rangel Quark Matter 2012, Washington DC 12



Y(nS) Raa vs Centralit

< _I L | T 1T | T 1T | T 1T | T 1T | T 1T | T 1T | T I_ .
14~  CMS PbPb \/s, = 2.76 TeV ] Suppression observed to
- 4 Y(1S), stat. unc. | = 150 ub” 1 increase with centrality of
1.2 Y'(1S), syst. unc. = ot
: (25, oo e |3;| <24 : the collisions
. [1Y(2S), syst. unc. p, >4 GeVic
- Y'(2S)
L 30-40%
08F oo o ] Always more suppressed
[ 50-100% + (0000 i that Y(1 S)
061 ' + '+ " s10% os% ] f Still suppressed in the
0al I most peripheral bin
- H i ['B ] (50-100%b)
021 dﬂ | Global Uncertainties
O_I 11 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 |$I [ | | Iﬁl | 11 | I_ lumi pp & ﬁttting pp:
0 50 100 150 200 250 300 350 400 140/, Y(1S)
Noar 21% Y(2S)
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Y(3S) Upper Limit
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The Y'(3S) peak is barely visible
in the PbPb data.

Set upper limits at 95% C.L.

using the Feldman Cousins
technique. (arXiv:physics/9711021v2)

Raa Y69 < 0.1

(0 - 100) % Centrality Integrated



http://arxiv.org/abs/physics/9711021v2
http://arxiv.org/abs/physics/9711021v2

Experimental Comparisons

v ' STAR measured Raa of
Y(15+25+3S) combined

Raa(T(1S + 25 + 38)) = 0.56 & 0.2175:03
(arXiv:1109.3891v1)

v CMS: separate Raa for Y(15)
and Y(2S) can calculate Raa
of Y(15+2S+3S):

1+ 7(2S + 3S)/T(1S)|pbpb

Baa(T(IS+28+35)) = Raa(T(8)) X S 258 1 39)/T(15) oo

Raa (Y(1S+28+38)) ~ 0.32

v/ Similar Suppression Pattern

< T T | T 1T | T T | T 1T | T T | T 1T | T T | T 1T
< [ i
0C 1.4~ PbPb |5, =276 TeV AuAu |s, =200 GeV —
- ¢ CMS:Y(1S) ¥ STAR:Y(1S+2S+3S) [
10— e CMS:Y(2S) lyl<0.5 (preliminary) |
i lyl<2.4
1# ﬁ
0.8 .
i > + ]
0.6 + o ﬁL -
0.4 J: =
0.2 + + + ‘ -
O_I 1 1 1 | | | | 1 1 1 1 | | | | 1 1 1 1 | I+I 1 | | 1 | + | | 1 1 1 I_
0O 50 100 150 200 250 300 350 400
Qo
50-100% 0-5%

Guillermo Breto Rangel
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http://arxiv.org/abs/1109.3891v1
http://arxiv.org/abs/1109.3891v1
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Theoretical Comparisons

< T T | T T | T T | T T | T T | T T | T T | T T < LI | L | L | L | L | L | LI | T T
< . < r .
1.4~  CMS PbPb \/s,\=2.76 TeV -| x1.4- CMS PbPb \/s\,=2.76 TeV -
- § . - Y(1S) Y(2S) .
‘_ ¢Y(1S) Liny =150 ub ] 1ol ¢ CMS data e CMS data ]
1.2 L - L B Primordial B Primordial _
- *Y(2S) lyl<2.4 - = — Regenerated @ ---- Regenerated -
1‘ 7 1‘ I Total Il Total 7
B M. Strickland . " 7
B U0 —— mg; 4mys=38 | i Nuc. Abs. |
i S T , dmn/s = ] ]
0.8 U Y({S) dns =1 4 9O8[ ]
- * ------------- gzg; 4/s=3 - §
i N e & - 2S), 4nn/s =2 1 B A
061 + """"" ¢ Y(2S), 4mn/s - 06 .

0.4 0.4/

0.2 02| \ |~ 4.—_
B 1 - _ NG T - ﬁﬁﬁmﬁ"'l“""-' ]
O_I L1 1 | 1111 | 1111 | 1111 | 1111 | | I | | 1 1 | 1111 0_|m'—l—' | ||+| 1 1 |J|+| | 1 1 |I|_

100 150 200 250 300 350 __400 100 150 200 250 300 350 400

50 O 50
Npart Npart

50-100% _ 0-5%  50-100% . 0-5%
CMS data consistent within uncertainties with

range of suppression predicted for both Y(1S) and Y(25).

Strickland and D. Bazow (PRL 107 (2011) 132301) Emerick, X.Zhao,R.Rapp (Eur. Phys. |. A48 (2012) 72)
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http://arxiv.org/pdf/1207.5327.pdf
http://arxiv.org/pdf/1207.5327.pdf
http://inspirehep.net/record/963394?ln=sv
http://inspirehep.net/record/963394?ln=sv

Summar

§ 1_4_ T T T I T T T I T T T I T T T I T T T I T T T ]

: "4 i i _

v First measurements of the b CMS Preliminary 0-100% E

excited Y states in heavy-ions. “L PoPb\syy =276 TeV ]

1 . _

Vv Y (1S) suppression consistent " o Inclusive y(2S) (6'5: P, < 39 Cfev’c' vl <16) 7

with melting of excited states 0. TP (vl=24), 5% upperimi —

L+ T(2S) (ly| < 2.4) ]

0111}7- [ m promptJ/y (6.5<p_< 30 GeVic, ly| < 2.4) i

06y y(1s) (Iy| < 2.4) 7]

v Suppression pattern (sequential 0_4:_ Y(18) 1

“melting”’) has been established. [ i ]

0.2 —W(2S) Y (2S) ~

v Set upper limits for the Y (3S) ¢ ¢Y(3S) + :
state for the first time. oy R T

s, | _
Guillermo Breto Rangel
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(\/I(-J\.I 2()()__I T T 1 | T 11 | [ I. 1 | T 11 | T T 1 | T 11 | T 1 I__
= i CMS PbPb \s=2.76 TeV |
S i Cent. 0-100%, lyl < 2.4 i
51 000~ L. =150 ub” ]
g - p_‘: >4 GeV/c -
= N |
"GE') 800_— . —_
> o £ e data i
L i |

600!— —— total PbPb fit _

i TR background ]

400 __ """ PP Shape __

_ (R,, scaled) -
200— —
_I 1 1 1 | L1 1 1 | I I | | L1 1 1 | L1 1 1 | L1 1 1 | 1 1 1 I_

O7 8 9 10 11 12 13 14
Massw-(GeV/cz)
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Charmonia Comparisons

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

14 CMS PbPb |sy =2.76 TeV .
i m Prompt J/y (Preliminary) -
1.2 4 v@s) -
L | e v(2s) ]

1_ —|
0.8 ]
Ll + :
0-6_ ‘ + N
- * * ]

: " 0 :
0.4 ., ¢ *__
b ’ + o = i
O:||||||||||||||||||||,||||I+III|IIIlllll:

0 50 100 150 200 250 300 350 400

N

part
50-100%

0-10%
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Muon pairs in PbPb and pp at Vsnn = 2.76 TeV

Events/(GeV/c?)
2

-
o
w

\\\l}-ltl T \\\% |||||||| :

N
o
N

10

N
\

— .
=

4 .
A CMS Preliminary 3
JI & PbPb {5 = 2.76 TeV/
Yo y(2Bs) PP VS =276 Te
| L., (PbPb) = 150 b
s | L. (Pp) = 231 nb’’
PP
@2.76TeV
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The Compact u0n Solenoid

PN TP ACPRD

Pixels (100 x 150 ynv’)
~1m? ~66M channels

Microstrips (80-180um)

Pixe I S ~200m* ~3.6M channels
Tearbe CRYSTAL ELECTROMAGNETIC
| FdCKel CALORIMETER (ECAL)
EC AL ~76k scintillating PbWO, crystals
Ijl ’: J"S\ l_.
Solenoid
/ PRESHOWER
StQEI YOke Silicon strips
] . ~16m* ~137k channels
STEEL RETURN YOKE
~13000 tonnes
SUPERCONDUCTING
SOLENOID
Niobium-titanium coil
carying ~18000 A FORWARD
CALORIMETER
Steel + quartz fibres
HADRON CALORIMETER (HCAL) -2k channels
Total welght : 14000 tonnes Brass + plastic scintillator MUON CHAMBERS
Overall diameter :15.0m ~Tk channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7m Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers

Magnetic field :38T

Guillermo Breto Rangel Quark Matter 2012, Washington DC 22




Muon reconstruction in CM

om im 2m m 4 5m 6m m
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron) .
""" Photon Il
W\ L
(] ‘ '
< | ‘I-v-
Silicon
Tracker
_ Electromagnetic S
)“l' Calorimeter i g
Hadron Superconducting é
Calorimeter Solenoid ..;‘.
Steel 3
Iron return yoke interspersed || &
Transverse slice with Muon chambers JI{E3
through CMS . . . ‘e
Global muons reconstructed with information from tracker and muon
stations

Muons need to overcome the magnetic field and energy loss in the absorber
— need a minimum momentum of p~3-5 GeV/c to reach the muon

stations
Further muon ID based on track quality (x?, # hits,...)

Chis, |
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Quarkonia Suppression

We have established the suppression pattern pinning down

medium properties.
We have measured the Quarkonia sequential suppression

III|IIII|IIII|IIII|IIII|IIII|IIII1
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Could background fluctuation produce a result as extreme
as observed in data?

lIlllIIII]IIIIII]IIIIII]IIIIIIIIII

|

Generate pseudo-experiments

Lol

following the null-hypothesis \\\

(i.e. no suppression) 10°F “\\ -
Fit pseudo-data samples with _ N
nominal fit xﬂT |

Number of pseudo-experiments

Count fraction of occurrences for
which the ratio (taken as test -
statistic) is same or lower than 10p
observed: "
— p-value: 0.9%
— 2.40 (1-sided Gaussian test)

| IllIl]FFr

llllllll

I | IIIIIIIIIIII
05 1 15 2 2.5

$ /Y(1S]p /[Y(25+3S) /Y(1S)]

w

0.31
PRL 107 (2011) 052302
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Acceptance/Efficiency

Acceptance Efficiency
S SR AN LA RN LN AR R
% 0ok PYTHIA+EviGen+HYDJET(Bass) -
S F ¢ Y(1S) :
E 0.85— —E
0.7F e
0.6F o ¢ + 3
- ¢’ ¢ .
05;— ¢ ¢ —
ik 0.4F =
CMS Simulation 0.3F =
PYTHIA + EviGen + PHOTOS : ;
pp Vs = 2.76 TeV 0.2F CMS Simulation E
YOS g i e i ob PbPb \[Sy = 2.76 TeV -
N T R T

y P, (GeV/ic)
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