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> Quark Gluon Plasma uic

Heavy ion collisions aim to create Quark Gluon Plasma (QGP) in the lab:
* QCD medium where quarks and gluons are the relevant degrees of freedom

Temperature T [MeV]
S

Net Baryon Density
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MS Quark Gluon Plasma uic
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Heavy ion collisions aim to create Quark Gluon Plasma (QGP) in the lab:
* QCD medium where quarks and gluons are the relevant degrees of freedom

High Density QCD S 200p g
- Verify QGP existence = |2 - Quarks and Gluons
. . - |S
« Study its thermodynamic S 3 ,,, (
: = & B g
and transport properties & l z % os,,"% ¢
L ool oo o Cnt:ca.l pomt‘il
* temperature = =
. . Q "
* entropy/viscosity b= ¢ Hadrons e
. g\ ’
» transport coefficients OS\S\S ,
* Investigate phase transition /" Neutron stars A8
* determine critical point 7? 0 " Nuclei

Net Baryon Density
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MS Quark Gluon Plasma uic
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N

Heavy ion collisions aim to create Quark Gluon Plasma (QGP) in the lab:
* QCD medium where quarks and gluons are the relevant degrees of freedom

High Density QCD > 200pe N
- : s = ~ Quarks and Gluons
» Verify QGP existence = B |
, , b= 3.
« Study its thermodynamic w : \ il
: 2 & 730—_ - Uy 5 '770,;{ 8
and transport properties © = S .
temperature S 100t l o " @i
° = E >
. . Q
* entropy/viscosity = ¢ Hadrons
e transport coefficients 05\9\5
* Investigate phase transition /" Neutronstars &8
 determine critical point 7? 0 " Nuclei

After 15 years of RHIC/LHC operation
« Clear evidence for formation of strongly coupled QGP !
« Entropy/density: (N/S)mn, ~1/411
* Energy density (to = 1 fm/c): ~5 GeV/fm3 (RHIC), 14 GeV/fm3 (LHC)
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M Stages of Heavy lon Collision uic

Expanding Hadronic
Medium final state

Incoming nuclei Collision
:

 Initial state effects Hydrodynam|c evolution

Modifications to the PDFs to él\/lodeled as (near) zero- VISCOSIty
- account for nuclear shadovvmg fluid of quarks/gluons

~and parton saturation

________________________________________________________________________

________________________________________________________________________________________________

 Calculable ' Freeze-out

Perturbatively, modeled | ~10% particles in detector
as superposition of Neoy | T
binary partonic scatters
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Thermal Dissociation (quarkonia “melting”) QGP Thermometer 7
« Can QQ survive temperature of QGP 7? 0.27, 0747, 1.7, 23T,
» Color screening in deconfined plasma £ Gevimd)

dissolves QQ bound states Matsui-satz 196) i YG3S)  Y(25)

; Y(15)
* Debye length Ap < fyngng — bound state melts | | 7 ”

: C . : Y X I :
* Hierarchy in binding energies leads to thermometer oo
.
» ” . .
o - » -
e *5 »
. »
°_ ®.. ::. * o
o ¢ .
. o .
"(7) o« e—T/AD
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Thermal Dissociation (quarkonia “melting”) QGP Thermometer ?

« Can QQ survive temperature of QGP 7? 0.27, 0747, 1.7, 23T,

 Color screening in deconfined plasma
dissolves QQ bound states (vatsui-satz 1986)
* Debye length Ap < rgngng  — bound state melts !

| € (GeV/fm?)

- Hierarchy in binding energies leads to thermometer

01
« Lattice QCD on quarkonia spectral functions 0.08 [
predicts
. 0.06 r
« |, X; dissolve ~ T
« J/P dissolves ~1.5-2 T 004 |
* Y survives to ~3-4 T
* T, ~175 MeV 002 T k
. __J | | | » [GeV]

2 3 4 5 6 7 8 9
(Mdcsy, Petreczky, Strickland 2013)
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Thermal Dissociation (quarkonia “melting”) QGP Thermometer ?

« Can QQ survive temperature of QGP 7? 0.27, 0747, 1.7, 23T,

» Color screening in deconfined plasma £ (GeV/im?)
dissolves QQ bound states YG3S)  y(25) vas)
» Hierarchy in binding energies leads to thermometer | A, ”
. | ; 7
Statistical Regeneration o v " w
« Heavy quarks re-combining
» As cc multiplicity rises, probability to randomly (Braun-Munzinger, Stache! 2000)
‘pair up” increases. .. z statistical regeneration
 Can lead to charmonium enhancement ! 8
« Effect limited to pr < 4 GeV/c g
Rl I e —
B
3
Most Central SPS RHIC | HC ng
A-A Collisions 20 GeV 200 GeV 2 76 TeV g thermal dissociation
NCC/event ~0.2 ~10 Energy Density
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MS Quarkonia Modifications uic
o i
Thermal Dissociation (quarkonia “melting”) QGP Thermometer 7
« Can QQ survive temperature of QGP 7? 027, 0747, 11T, 237,

 Color screening in deconfined plasma
dissolves QQ bound states

Y(1S)
* Hierarchy in binding energies leads to thermometer @ 2 ”

Statistical Regeneration

| € (GeV/fm?)

Y(3S)  y(2s)

W’ Xe Jlyp

« Heavy quarks re-combining

» As cc multiplicity rises, probability to randomly
“pair up” increases...

« Can lead to charmonium enhancement ! %
« Effect limited to pr < 4 GeV/c g :
S
Initial state effects 3
- nPDF modification &
=
* gluon saturation/shadowing >

* suppression of quarkonia production before
QGP forms
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thermal dissociation

Energy Density
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. . . . A
Thermal Dissociation (quarkonia “melting”)

« Can QQ survive temperature of QGP ?

 Color screening in deconfined plasma Lead — Lead Collisions
dissolves QQ bound states

 Hierarchy in binding energies leads to thermometer

Statistical Regeneration

« Heavy quarks re-combining

» As cc multiplicity rises, probability to randomly
“pair up” increases...

« Can lead to charmonium enhancement !

« Effect limited to py < 4 GeV/c

J Proton — Lead Collisions
Initial state effects
+ NPDF modification P ﬁ&

<@
* gluon saturation/shadowing - %

* suppression of quarkonia production before
QGP forms y
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Compact Muon Solenoid UIC

UNIVERSITY
) 1
SILICON TRACKER
Pixels (100 x 150 um?)
~1m? ~66M channels

OF ILLINOIS
Microstrips (80-180um)

AT CHICAGO

[DHX"?]Q ~200m* ~9.6M channels
e Loy CRYSTAL ELECTROMAGNETIC
Trackei CALORIMETER (ECAL)
~T76k scintillating PbWO, crystals
ECAL ;
HCAL
Solenoid S
Steel YOke - Silicon strips
finn ~16n? ~137k channels
STEEL RETURN YOKE
~13000 tonnes
SUPERCONDUCTING /
SOLENOID / - .
Niobium-titanium coil ,. | =
carrying ~18000 A : . ,';; FORWARD
| ‘ ¥ CALORIMETER
/ J ™ Steel + quartz fibres
_ HADRON CALORIMETER (HCAL) S ~2k channels
Total weight : 14000 tonnes Brass + plastic scintillator MUON CHAMBERS
Overall diameter :15.0m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7m Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers

Magnetic field :3.8T
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s CMS Muons uic

Om 2m 3m 5m 6m 7m

Magnetic Field

©,

ECAL

Y Electromagnetic
X }Il]l] g
HCAL - Hadron

Superconducting
Iron return yoke interspersed

i
Transverse slice
through CMS « 3.8 T solenoid magnet
» Use silicon tracker and outer muon stations
 Excellent muon ID and triggering (DT, CSC, RPC)

« High mass/momentum resolution
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J/P acceptance Y acceptance

—_ T T T 1
S cMs Simufation - - T

S [ PYTHIAY EviGen & PHOTOS
o

251 pp\F& 27:6Te\/_
C Promp‘t AT '-?_3; T

P, (GeV/c)

>

[5)

c
.0
2
=
L

I CMS Simulation
PYTHIA + EvtGen + PHOTOS
[ PP \Ns=276TeV

CMS Slmulatlon

L=

BRI I Y- T N W 2 X 0 1 2
nli

* Due to B-Field and E-loss in absorber, minimum
momentum to reach muon stations is ~3.5 GeV/c

J/\ acceptance:

« mid-rapidity, pr > 6.5 GeV/c, |y| < 0.9

« Forward rap, pr >3 GeV/c,1.5<|y| < 2.4
Y acceptance

*pr>0GeV/e, ly| <2.4
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CMS Terminology
Iy % R . OF ILLINOIS
™ i/ centrality AT CHICAGO
R dN ,, /dp, _ “hot/dense QCD medium”
AA - - “ ”
< N_, > dep /dp, QCD vacuum

» Quantifies spectral modification due to nuclear effects EpO
» How different are AA collisions compared |

to a superposition of N, pp collisions?
* Rap = 1 > no modification from N, independent pp
hard scatterings — no medium effects!

v
A
o
©

Jason Kamin SMU Seminar — 26 Oct 2015




[ Terminology uic

? ] OF ILLINOIS

™ Ra./ centrality AT CHICAGO
dN ,, /dp, _ “hot/dense QCD medium”

R,, = =
Ad <Ncoll>dep / dp, “QCD vacuum’

* Quantifies spectral modification due to nuclear eﬁects§
« How diifferent are AA collisions compared |
to a superposition of N, pp collisions?
* Rap = 1 > no modification from N, independent pp
hard scatterings — no medium effects!
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[ Terminology uic

> ] OF ILLINOIS

™ Ra./ centrality AT CHICAGO
dN ,, /dp, _ “hot/dense QCD medium”

R,, = =
Ad <Ncoll>dep / dp, “QCD vacuum’

* Quantifies spectral modification due to nuclear eﬁectsé
« How diifferent are AA collisions compared |
to a superposition of N, pp collisions?
* Rap = 1 > no modification from N, independent pp
hard scatterings — no medium effects!

Centrality

Measure of amount of nuclear overlap.
Represents system moving towards a larger, hotter, denser medium.

O
Peripheral (100%) Central (0%)
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I T T T T 4 IIIIIII IIIIII

(\"\J % Jhy CMS Prellimilnalry 3
E T . PbPb \s =276 TeV -
SO R Y(1,2,39) =
"E —
L%’ 00° L. (PbPb) = 147 ub‘1_;
10? Z —;
10 E
1 } =
p. >4 GeV/c 3
| | 1 ITI 1 1 | | | | | | | | | | | | 1 1 | Iﬂ || N

1 10 10°

m,, (GeV/c?)
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CMS, : :
& J/P Suppression in PbPb vic
= LA
£, CMSPrelminary - S -
o 1.4 y ] .
- PbPb \Sup, = 2.76 TeV f SL.Jp;%rteessmz gc;egeer\w/cj(e:nt of rapidity
1.2_— ] pT .
. Prompt JAp il
' o lyl<i.2 -
0.8_— m 1.2<lyl<1.6 N
i * ¢ 1.6<lyl<2.4 ]
0.6 #} -
0.l LI g
: 8 ¢ -
0.2~ 8
- 6.5<pT<30 GeV/c ]
O_I 111 | | | | | | | | | | | | | | | | | | | 111 I_

0,90
nnnnn
0900,

Jason Kamin

Qn 50 100 150 200 250 300 350
. . N

peripheral S

GO
.....
RO

)
central
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s J/ Suppression in PoPb (AuAu) vic

. vs centrality at high pr AT CHICARO
§ | L I L | | | | L | o | | L | | I_
@ 14 PbPb Preliminary \'s, =276 TeV » Suppression independent of rapidity
" CMS: prompt iy ] * note p; > 6.5 GeV/c
1.2 — '

lyl<2.4
p% 6.5 < p, <30 GeV/c
i

* LHC more suppressed than RHIC
 supports thermal melting

| | -

—
|III|III|IIﬁII|III|I
_._

l ﬁi
0.8 $ % =
0.6 -
Pu % ]
I * :
0.4 B —
"AuAu s, =200 GeV o ]
- ¥¢ STAR: J/y (arXiv:1208.2736) m -
0.2~ al
- lyl<1.0 _
[ p,>5GeVic ]

lllllllllllllll]III|IIIIIIIII|IIII|IIII
50 100 150 200 250 300 350,400

periphgrg_l_ Npart
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s J/P Suppression in PbPb vic

™ vs centrality at different pr AT CHICARO
} _I T TT | LI | LI | LI | LI | LI LI T TT I_
0C 1.4~ PbPb Preliminary \'s, =2.76 TeV - » Suppression independent of rapidity
CMS: prompt JAp ALICE: inclusive Jiy — * note p; > 6.5 GeV/c
1.2 m lyl<24 ® 25<y<4.0 u

Z_ 6.5< p.<30GeV/c 4 lyl<0.9 r 1
1! i * LHC more suppressed than RHIC
0_83 @( E * supports thermal melting
0.6 - éﬂ - « High p; more suppressed than low p;
0.4 "'Eh i - o] * supports statistical recombination
i _I- i (should only affect below ~4 GeV/c)
0.2 - o
0:||||I|...I||||I....I....I....I....IH..:
oy, 50 100 150 200 250 300 35 U
s N S &
central
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M J/P Suppression in PbPb vic
i vs prat LHC AT CHICARO
< 14p o o
' ol Pb-"b\5~~=2-7“ev+ - o » Suppression independent of rapidity
. : : Q:ZEJj;W%pip-t,12é5<l}]<4, centrallty.O/oo—QO/o 0 global syst.=18/<; . note pT > 65 GeV/C
N AT ociead contally o g e
0_8; H * LHC more suppressed than RHIC
06k H * supports thermal melting
0-4¢ i i t $ t « High p; more suppressed than low p;
0.2 * supports statistical recombination
N T RN N T TN (should only affect below ~4 GeV/c)

Jason Kamin

* ALICE consistent with CMS

SMU Seminar — 26 Oct 2015




NS J/ Suppression in PoPb (AuAu) vic

< . . OF ILLINOIS
) VS pr, comparing colliders AT CHICAGO
< 147 o .
O [ PPPPSweaTeTeVand Avhu sy =02TeY » Suppression independent of rapidity
1.2:— B ALICE J/y — u'W, 2.5<y<4, centrality 0%—20% global syst.= + 8% . note pT > 6.5 Ge\/ /C
i ¢  PHENIX J/y — p*u, 1.2<|y|<2.2, centrality 0%—20%  global syst. = + 10%
1 S SSS
08l * LHC more suppressed than RHIC
06k [b * supports thermal melting
041 U ; » High pr more suppressed than low py
02t@m w B & [T e supports statistical recombination
N T T T T (should only affect below ~4 GeV/c)

o 1+ =2 3 4 5 6 7 8 e diff btwn RHIC & LHC at pr < 4 GeV/c

* ALICE consistent with CMS
 PHENIX not consistent with ALICE
at low py (regeneration!)
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S J/Y Suppression in Heavy lons Ule

= vs centrality, LHC vs RHIC AT CHICARO
LI l L ] L ] LI l LI I LI ] LI l L 1 .4 . ]
< - PbPb Preliminary \/ST,N — 276 TeV ] :(( Inclusive Jiy _>. u'w, Pb-Pb \ s, =2.76 TeV and Au-Au | s, = 0.2 TeV o
Q:< - - = CMS: prompt JAp —_— I 19 B ALICE (arXiv:1311.0214), 2.5<y<4, 0<pT<8 GeVic global syst.= + 15%
- Iyl < 2.4 ] [] PHENIX (PRC 84(2011) 054912), 1.2<y|<2.2, p >0 GeV/c  global syst.= +9.2%
1. %% 6.5< p, < 30 GeV/c i

L

| |
| hﬁ jli!
STAR 0.8:

0.8[- — ALICE
| : A

0.6_— - 06 E @@ﬁ .

04 :_AuAu \'Sy = 200 GeV . = —: 04t H ﬁ @'

L - STAR: Jiyp (arXiv:1208.2736 o !
02 o | s . PH@EN?X Voals
- p,>5GeV/c CM I
1 11 | 1 111 | 1 111 | I | | 1 111 | 1111 | 1 111 | 111 L1 1 | | L1 1 1 I L1 1 | | L1 1 | | L1 1 | I L1 11 I L1 1 | I L1 11
S 50 100 150 200 250 300 350 400 00 50 100 150 200 250 300 35048t
peripheral S (N_) ot
5 part P Central
Thermal Dissociation i . Statistical Regeneration
.« more high p; suppression at LHC .« low pr J/P central collisions
| enhanced at LHC
ows pLB7aA 2OTA 814 T ALICE, PLB734 (2014) 314
STAR, PLB722 (2013) 55 PHENIX, PRC84 (2011) 05491:
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CMS, LI)' UIC

(\’l-(\-; % I I I | LJ/\ljl I | 1 6NAS Prellimilnalryl L I E
E T . PbPb \s =276 TeV -
SO e Y(1,2,3S) =
E —
L%’ 00° M L. (PbPb) = 147 ub‘1_;
10? Z —;
10 3
1 } =
p. >4 GeV/c 3
| | | ITI 1 1 | | | | | | | | | | | | | 1 1 | Iﬂ || ]

1 10 102

m,, (GeV/c?)
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v ' Suppression in PbPb vic

) double ratio AT CHICARO
PRL113(2014) 262301 E-------------: ---------------------------------------
'—% _I TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT TTTT I__ ;I i w ( 2S)
= 3-CMS PbPb & pp |sy, = 2.76 TeV —+ SN 774
Z’ [ ®3<p <30GeVic,1.6<lyl<24 T \((}\(5@ ; L 4 PbPb
\Q S 6.5<pT <30 GeV/c, lyl <1.6 -+ c,@(\@é E /
_=F —eswcL | ERRN | (w(QS) )
=~ F T § J/
& 21 T o | /¥ pp
N i E
Zﬂ 1.5 _lopr T o
g | - « I’ very suppressed at high pr
< 1 e i . /
: highpr} 11 (morethan Ju)
- T - hints at sequential melting ?
_I 111 | L1111 | L1111 | L1111 | L1111 | L1111 | L1111 | L1111 | I__ ]

50 100 150 200 250 300 3504600

........
ggggg

peripheral “SELE * Less suppression at low py
* Raa(P’) =0.67 £ 0.19
can regeneration play a role ?

* rapidity ?

15
central

 Large uncertainties...
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v ' Suppression in PbPb vic

. double ratio AT CHICARO
PRL113(2014) 262301 arXiv:1506.08804 ---------------------------------------
'—% _I TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | I__ ;I : w ( 2 S)
=z [ ®3<p <30GeVi, 1.6<lyl<24 T O | J)YP PbPb
\Q - m 65<p <30GeVic, lyl <16 T 0@(\®c$ ,
252'5; —95% CL | EERNE g Y (2S5)
T [, ALICE {5,=2.76 TeV, 2.5<y<4 T ] J /1
% 2 —4— O<p_<3 GeV/c T 7 E pp
— T —— 3<p.<8GeV/c 95%CL T 1 eeesccsmsssssssssssmsssssssmssssssssmmg
g T oy (8]
Zﬁ 1 5_H i |OW pT i —
~o [ ®cL | | Tt oyl : .
Zg“;; B T T ) * )’ very suppressed at high pr
1
A ol 1 (more than J/)
o LB ] * Raa(l) =0.13 % 0.05
- I - hints at sequential melting ?
i A AT T |

l\lll'lh
.‘..

- 50 100 150 200 250 300 3504600
perioheral SR N

part o
central

* Less suppression at low py
* Raa(P’) =0.67 £ 0.19
can regeneration play a role ?
« ALICE (maybe) sees different trend ? * rapidity ?

» Kinematic ranges aren’t perfectly aligned
 Large uncertainties...
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s »' Suppression in PoPb viC

. . OF ILLINOIS
™ kinemtic coverage AT CHICAGO

______________________________________________________________________________________________________________

» Odd relative suppression pattern

6.5 GeV

A 3GeV =+

« CMS and ALICE don’t overlap

. kinematically
rapidity
L EEhar Gy

5 .+ Large uncertainties !

suppressed « Picture not yet clear

| Z
7erhanced 7

—h
o= ===
N
~
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< OF ILLINOIS
! AT CHICAGO

,IJ/WI CMS Prellimilnalry

P, ¢

PbPb) = 147 ub™"

l lIIIIlII

10

pi >4 GeV/c

=
LI

- L
O -
N

1 10
m,, (GeV/c?)
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CMS, '
A Towards Higher Mass. .. uic
> OF ILLINOIS
) PbPb AT CHICAGO
c{)\ 800:'—1 LI I L I LI I LI I LI I L I L f—: Advantaqes Of bottomonium
> ﬂ CMSPOPD s =276TeV 1 '\ feeddown from open heavy flavor
@ PPF — PbPbfit || Cent.0-100%, ly| < 2.4 ; ol with
- [ - A . to aeal with.
S 6005 pp shape L = 150 ub B
< PP >4Gevic :
£ 500F 4+ Recombination expected to be smaller
400F = :
. 1 = Tightly bound 1S state expected not
300F - to melt much
200} - .
ui’»*b 4« Higher b quark mass makes
100F~ - calculations more robust
:l 11 | l L1 1 1 l L1 11 l | I - l 11 1 1 l 11 1 l L1 1 l:
Q7 8 9 10 11 12 13 14

Mass(u'w) [GeV/c?] However

« Much (~20X) smaller production xsec
than charmonium
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CMS, I
& Quarkonia States uic
= PbPb e
PbPb 166 ub™’, pp 5.4 pb™ ISy = 2.76 TeV
:\800'_—1]|IIIllllllllll|l|||||'|||'||"'*__ 1_4_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
§ e data ' CMS PbPb \s, =276 TeV - D::E i CMS
; ] 1 Ivl<?2.4
8 790 pPoPbfit || Cent 0-100%,y|<2.4 - 1.2 Y Preliminary
- C . = -1 i I
S 6001 pp shape L = 150 ub = L
— [ p'>4GeVic ] i
n -7 - il : Y(18)
g f 1 i ] 0.8 % ¢+ Y(28) -
T, C N
400— ] i i}
- . 0.6 %z 7
300 B [ w ; _
200: n 0.4_— | 7
:+ ] i b
100&‘** 0.2 B
07:11111111111111]1111[1111]1111]1.11: O_||||||||||||||||||||||||||||||||'E|||||_

8 9 10 1 12 13 14 ) 50 100 150 200 250 300 350 400
Mass(u'i) [GeV/c’] peroherd g Neart
&5 cent

Sequential suppression of three states
in order of their binding energy... 0-100% R (Y(39)) <0.1 (at 95% C.L.)
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M Upsilon Suppression in PoPb viC

< . OF ILLINOIS
. VS pr, VS rapidity AT CHICAGO
PbPb 166 ub™, pp 5.4 pb™ sy = 2.76 TeV PbPb 166 ub™, pp 5.4 pb™ sy = 2.76 TeV
} 1 _4_I T T | T TT | T TT | T TT | T TT | T TT | T TT | T TT | T TT | T T I_ } 1 _4 _I TT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TT I_
o 1 o Cent. 0-100%, lyl < 2.4 CMS _ o 1 ol Cent. 0-100% CMS _
e Preliminary - e Preliminary -
1 ; 1 :
[ 4Y(1S) J [ hY(1S) ]
0.8 — 0.8 —
[ e Y(2S) i [ e Y(2S) i
0.6/ - 0.6[ -
i o ] i & i " i
0.4-" | " ; - 04" @ b ]
0.2 | - 0.2 —
: l | ’ : : o ¢ ;
O_I 11 | 111 | | : | | 111 |+I | | 111 i 111 | 111 | 111 | 11 I_ O_I 11 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 11 I_
0 2 4 6 8 10 12 14 16 18 20 0O 04 08 12 16 2 24
p; (GeVie) lyl
 Flat p; dependence  Flat rapidity dependence
« No apparent regeneration  Uniform suppression

0-100% Raa (Y(3S)) <0.1 (at 95% C.L)
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M The Thermometer uic
[ OF ILLINOIS
— PbPb AT CHICAGO
f 14: o o 4+ Under the caveat/assumption that low py
- CMS Preliminary 0-100% 1/, y effects are due to regeneration
12~ PbPb\[sy, = 2.76 TeV -
1k 1« Raa appears ordered with respect to
» Inclusive y(2S) (6.5 < P, < 30 GeVlc, |y| < 1.6) i : . |
08l Y(33)(yl<2.4), 95% upper limit B binding energy
T4+ Y(2S)(lyl <24) - .
" w promptJ/y (6.5<p_< 30 GeV/c, ly| < 2.4) 1 + Need more data vs centrality
087 % r(15) (Iyl < 2.4) 7« Disentangle feeddown
04:_ y(1s) 1 * Unravel p; dependence
ot "y 1 * Must unfold cold nuclear effects (pPb)
0.2y (29) Y(25) -
¢ IY(3S) 1« Calibrating/tuning the thermometer...
i 1 1 1 1 1 | I 1 | 1 I | 1 1 I 1 1 1 l 1 i
% 02 02 06 08 1 1o Stay tuned for Run I
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s Initial State Effects ? uic

< OF ILLINOIS
. AT CHICAGO

1

Two major effects in AA collisions:
* Thermal dissociation (breakup)
« Statistical regeneration (recombination)

L §w, \  CMS Preliminary 2013
& 10° p,® ¢ pPb Vs, = 5.02 TeV
= n v(2S) L, =35nb"
Must disentangle pA effects: 5 10°H - m
o : . . . w -
» PDF modifications in nuclei (shadowing) .| " ,
 Gluon saturation
« Energy loss o
» Nuclear absorption 10}
i
I 1 lllllll 1 1 lllllll L 1 lllll[l H’HF
- 1 10 0°
* In addition, pA heavy flavor can help My, (GeV/cd) 1

constrain nPDFs
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s J/ Cold Nuclear Effects viC

‘ . OF ILLINOIS
< rap/d/ty AT CHICAGO

JHEP 02 (2014) 073

Rapidity dependence of B py: Erah e imesorne
. ' — . : ALICE (JHEP 02 (2014) 073): inclusive J v «u"u , Dep <15 GeVic
* Suppression in positive-y (low-x in Pb nucleus) LAy 200 Sa L, ey 3 S0
+ Little modification at negative-y NEE...... R i
0.8f ' n
0.6 -
Described reasonably well by models: P4 mesmmo e
* NLO with ESP09 shadowing O e e e
« Coherent energy loss (w/wo ESPQ9) R S I R S .
® CGC mOdels, |€SS We” [m@_“i] cms
Po
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s J/ Cold Nuclear Effects viC

. OF ILLINOIS
T fransverse momentum AT CHICAGO

JHEP 02 (2014) 073

p-Pb s, = 5.02 TeV
ALICE (JHEP 02 (2014) 073): inclusive J'v "y, D<p <15 GeVic

Rapidity dependence of B py:
» Suppression in positive-y (low-x in Pb nucleus)

- =

. L. (4.46<y __<2.96)= 5.8 nb", L_ (200<y__<3.53)= 5.0 nb"

. . . . 1:‘é - \ th‘E‘:v:;::yumJ. w'e, p >0
+ Hifle modiiication atnegative-y NI, T e
l:"\ ____________ v.’::.\_ o
pr_dependence of Rpy.: o8l
* Suppression at low pr osl 1

Described reasonably well by models: S 04 mesnovom

CGC (Fulil ot al.)

® N LO W|th ES P09 S h adOW| N g /,,/ 0.2 [ ELoss, q=0.075 GeV'/tm (Arleo et :l.l E

[:] EPSO00 NLO + ELoss, qﬂ.o.oss GeV*/im (Arlec ot al.)

'// 0 Ll LA a1y \ L
« Coherent energy loss (w/wo ESP09)  ~ 4 3 2 é@i 2 3 4
// """" | ycms
» CGC models, less well / Pb |

_____________________________________________________ AN R
: ! . !
§ %1 4 [ ALICE Preliminary —_— ! §1 4 [ ALICE Preliminary :
i x - [ P-Pb 5= 5.02 TeV, inclusive Jay—u'w i i o - [ P-Pb {s=5.02 TeV, inclusive JAp—>u'w E
5 - -4.46<y <-2.96, L =5.8nb" H ! - 2.03<y_ <353, L, =5.0nb" i
P2 : : 1.2} |
e i e i
| o8k | i osf A |
| 06f L 06}
L 0a4f L 04F i
i i [ EPS09NLO (Vogt) i i C _— [27"] EPS09 NLO (Vogt) i
i 0.2 [ ELoss with q =0.075 GeV?im (Arleo et al) i I 02 - CGC (Fui et al) i
: r l:l EPS09 NLO + ELoss with q0=0.055 GeV%fm (Arleo et al.) : ) i l:] EPSOQ NLO ELoss with q; OOSSG V/fm (Arleo et al.) :
: o i | - I | - I | - i 1111 i 1111 I 1111 I 1111 I | - : 1 0 I - I I - I |||||||||||| I - I - I U - E
i 0 1 2 3 4 5 6 7 i 0 1 2 3 4 5 6 8 |
i p_(GeV/c) . P, (GeV/c) i
I, [ ]
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J/Y Cold Nuclear Effects

inter-experiment agreement

UIC

UNIVERSITY
OF ILLINOIS
AT CHICAGO

Reg = ratio of forward/backward

£ ., [ ALICE Preliminary
o 14 PP |5= 5.02 Te\

Agreement between all LHC experiments
» Supports picture of low-x gluon shadowing

» More prevalent at low py

Jason Kamin
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RFB

1.
C m1.5<ly I<1.93 Prompt JAp
- CM
1.3F
1.2
1.1
| S ST S
0.9F %
0.8 % %
0.7 ﬁ % <-ATLAS: ly, |<1.94
L © LHCb: 2.5<ly,, |<4.0
0.6F #ﬁ #¢ ALICE: 2.96<ly,, }<3.53
r inclusive Jhp
05\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0 5 10 15 20 25 30

. CMS Preliminary

34.6 nb' (pPb 5.02 TeV)

1 4CMS Preliminary

P, [GeV/c]

34.6 nb' (pPb 5.02 TeV)
Prompt JAp

- ®6.5<p <10GeV/c
;Q1O<pT<30 GeVic

[~ & ATLAS: 8< p, <30 GeVic +
[ ©LHCb: p; < 14 GeV/c
— 2 ALICE: p_< 14 GeV/c

T

C inclusive J/ 4$4#

" 05 1 15 2 25 3 35 4 45

IyCMI




CMS, ) UiC
- L|) O ILLNOIS
y relative to J/A AT CHICAGO
Rapidity dependence of R‘@: Q:é 1,3i ALICE, p-Pb |$,,= 5.02 TeV, inclusive J/y, w(28)-» 'y
« (" is more suppressed than J/ 16F + weo arXiv:1405.3796
« Models predict similar behavior for J/pand (p°  14¢
« Ratio of R, for |’ to J/ similar at RHIC ‘2" N
PA 4'}
« RHIC: 200 GeV, d+Au 08t — |
. . - ‘
« Hints at final state effect? 0sf \§
» Unexpected since charmonia formation time 04F N a
larger than cC crossing time in nucleus 02 Ztomwnamontmumnn) =~ |
0'. Lo laaaalig 0 Laaadaaaalaag)
5 -4 3 2| o> |2 3 4 , 5
. 1- Pb cms
2 oo —
7 08l LHC
& ok RHIC
______________________________________________ ~ o F LHG il JEF
28 S 3 YVOF
R;flgb> _ o %(25) /“J”’!ppb oo I
e P 2.5<y<4, p-Pb at 5.02 TeV
"""""""""""""""""""""""" 2 0.3F 1.2<lyl<2.2, d-Au at 0.2 TeV
o 0.2 © ALICE, p-Pb, {Syy=5.02 Tev
0_1;_ B PHENIX, d-Au, |Sp=0.2 TeV
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0 1 2 3 4 5 6 7 8
P (GeV/c)

Jason Kamin

CMS, 0’ UiC
- oF ILLINOIS
y relative to J/A AT CHICAGO
Rapidity dependence of B py: 18] AUGE p#b 15,0502 v, incusve iy, vi2s) s
« )" is more suppressed than J/ 16F + weo arXiv:1405.3796
* Models predict similar behavior for J/p and ' 14%
* Ratio of Ry, for P’ to J/i similarat RHIC ‘i‘f,__}.j 4
* RHIC: 200 GeV, d+Au of XN
« Hints at final state effect? 0sf i N
» Unexpected since charmonia formation time 04F ¥
larger than cC crossing time in nucleus 02 7Zeomuncamotmimons) =~
0'. Lo laaaalig 0 Laaadaaaalaag)
. 5 4 3 2| 2 3 4 5
pr dependence of relative R gy C N2 Y oms
- Cp . a 1f
+ Constant, within uncertainties = ool
. — - g | LHC
Eg 1.4 :LI(;.E(;;;P;C'Y:E:.Z:Z TeV, inclusive JAp, p(2S)—>p*w 2‘3 07 E_ RH | C
g 1.2 " Ade<Y,, <-2.96 2.03<y<3.53, p-going | ~_ T E T
o i -4.46<y<-2.96, Pb-going ! g 'g 0.6
D S B i ffﬁo ) B U¢(2S)/0J/w}pr g 05E ]
5 o8] LI/ 2S) /53 :
L2 | fopy Gl }pp J 04p 2.5<y<4, p-Pb at 5.02 TeV
D&; 6f 2 0.3F 1.2<lyl<2.2, d-Au at 0.2 TeV
T 04f g 0.2 ® ALICE, p-Pb, (S 5.02 TeV
] f 0.1 ;_ B PHENIX, d-Au, \{s_NN= 0.2 TeV
021.1.1..l,|...11.,1.1.1,,|....|...l|..., 0_;""'"""'""'"""'"'"""""""""""
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CMS '
i Upsilon 1S uic
> OF ILLINOIS
Z— pPb AT CHICAGO
mi; » p-Pb s, = 5.02 TeV

Jason Kamin

1.2

FT 11

Inclusive Y(1S)—pu'w

0.8 L

%17 o LHCD: p_ < 15 GeV/c (arXiv:1405.5152)
0.4/ @ ALICE: p_> 0 (preliminary)

02 - EPSO09 at NLO (Vogt, arXiv:1301.3395 and priv.comm.)

7 Y( S)
0 | [ I | I I | | 11 l( % p \ L1 | | .| I | | I 1 1 |
-4 -3 -2 5 -—-0> 2 3 4
R

ycms

* Y(1S) agrees with NLO (+ nuclear modification)
» Similar to J/y though different PDF scale
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CMS, Upsi S 3S UIC
> p Sl |O N 2 ) 3 UNIVERSITY
> OF ILLINOIS
= pr AT CHICAGO
~ 0.5
® "E CcMS ppF 276 TeV ] £ L
£0.45 o L=54pp’ ] o 14 p-Pb \s,, =5.02 TeV
= F I <193 ] L
A e E B Inclusive Y(1S)—p'y
= 041 pr \Sw=502TeV L
E L=31nb" ] 1.21=
0.35— Iy, <1.93 - B
0_3i Pbe\{sT,N:2.76Tevj
r Y L=150ub" 1 T
0.25— l Iy, <24 = 7 ff"l
C V¥V 95% upper limit ] - 0
0.2 N = 0.8 —
0.5/ = B E
o " ! E %17 o LHCD: p_ < 15 GeV/c (arXiv:1405.5152)
005 T E 04l @ ALICE: p_> 0 (preliminary)
o~ Y(2S)/Y(1S) Y(3S)/Y(1S) - 02 :_ EPSO09 at NLO (Vogt, arXiv:1301.3395 and priv.comm.)
JHEP 04(2014) 103 N7/ R GE)
:& [ CMS pPb \s, =5.02 TeV CMS PbPb \s, =276 TeV - 0_|||[||| |||||||||||( p \||||||||||| i
n 1.4 —
- - ® Iy 1<1.93, L =31 o' T ly,l<24L=150po" o 4 -3 -2 | TS 2 3 “
z i ¥ 95% upper limit 7 y
@ 1.0 PRL 109 (2012) 222301 cms
é‘ B p:>4GeV/c: . e '
g ! * Y(1S) agrees with NLO (+ nuclear modification)

» Similar to J/y though different PDF scale
« Small relative suppression of 2S5,3S wrt 1S
at mid-rapidity

[Y(nS)/Y(1S)]
o
o)

o
o))

e f

0.4
02 4 PoPb « CNM cannot account for effects observed in
: S| PbPb
Y(2S)/Y(1S) Y(3S)/Y(1S)
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Summary uic

< OF ILLINOIS
! AT CHICAGO

N

Quarkonia serve as a useful probe of QGP

lluminate two primary mechanisms:
 Thermal dissociation
« Sequential melting of quarkonia bound states
with binding energy
Y and high py (J/P) and central collisions
- Statistical regeneration
 Pairing of random quarks in the medium
» Relevant for LHC !
e Low pr Y family

» Cold nuclear effects are relevant!
« QGP “thermometer” is tantalizingly close

* Run Il will provide higher precision for more differential
measurements
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History of Universe

|
|

Inflation

Key: W,Z bosons  MAf\, photon

qq m n
q quark d ese * star

g sgluon Ly @ ® baryon

@ electron &% ion - galaxy

Mhuon t tau black
N neutrino atom w :
hole

evolution

a|q[SSO'
Nal

e
f<%)
-
~
3
20
=
[
o
y

HEX]

'—*.-..‘7“

Particle Data Group, LBNL, © 2000.
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Upsilon Mass Spectra

systems of interest

UIC

UNIVERSITY
OF ILLINOIS
AT CHICAGO

CMS,
IS
L
B9t
1
(:\m —I LI | T 1T | T IrT | rriIri | L | T T 171 | T 17T I—
% "ptp 2011 CMSpp {s =276 TeV -
o [ lyl <2.4 ]
s pl >4 GeVic 7
I 0 L, =230 nb™ ]
2 L i
C
9 % B ¢ data 7
w L 4
- ) — total fit -
20 1ty o background |
- ‘ -
10 :{ }C
0 FIFS » 111 I | I - I 111 I* 111 I# L1l I 11 1 #—
7 8 9 10 1 12 13 14
Mass(u'w) [GeV/c?]
(:'\800 r 1T I L l T T 1T I T 1T I L L I T T TT I LI ]
L Pb+Pb 2011* CMS PbPb |/, = 2.76 TeV -
700 —
8 - Cent. 0-100%, |y| <24 7
600 p' >4 GeVic -
S L = 150 pb” -
o 400 - ‘ ¢ data B
C — total fit ]
Y B T background
300 — —
200 —
100 —
:l L1 1 I | I | I | I | | | | I | I I | I | I 111 I:
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=

8 9

10 1 12 13 14

Mass(u*w) [GeV/c?]

(0.05 GeV/c?)
\j
g8 8 8
IlllllllllllIIIIIIIIIIlIIIIIIIIIIIIIII

g

Events /

rTrr[rrrr[rrrr[rrrr[prrrr|prrrrprrrry

u
h]CM| <1.93
p: >4 GeVic

CMS pp Vs = 2.76 TeV ]
L=54pb"

)
+

=
N
(—
[
w

¢ data
— total fit
------ background

lllllllllllllllllllllllllllllll

llllllllllllIIIlIIIIllIIIIII

07 8 9 10 11 12 13 14
m,., (GeV/c?)

(r [T T TT I LI l T l L l L l LI l LI
3) - i
%1400_ M | <1.93 CMS pPb |s,,,=5.02 TeV _]

L Mgy, i

S [ p>4aevic L=31nb" -
81200 — -
S p+Pb 2013
21000}~ —
. = i
> - ]
7] i i

800 ¢ data _

C — total fit i
o It background
400 3
200 T .
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Regeneration vic

0.6

(5) 0-20%

® ALICEdata |
\/Sy=2.76 TeV Pb+Pb |

Inclusive J/¥ 2.5<y<4

Jason Kamin

J KT GHICAGD
PhysRevC.89.054911, 2014
1.0 | ! |
[ \/syy=2.76 TeV Pb+Pb ® CMSdata 1
0.8 Prompt J/¥ lyl<2.4 0-100% -
< 0.6 —
< |
c
0.4 |
0.2 —

* Regeneration limited to ~py < 4 GeV/c
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<M Upsilon Suppression vic

OF ILLINOIS
— PbPb AT CHICAGO
1.0 L0
S =1 /S = 1
Vornn =276 TeV | ------ Amn/S =2 o ::Z; : : § Vm =276 TeV
0.8 lyl<24 | ———— 4mn/S =3 08 - o 0 - 100%
0-100% | ®  Y(s),CMS Preliminary 9 OO preliminary 0 < pr <40 GeV P
0  Y(s),CMS Preliminary 8 Yzzg’ OV Preiminary -

Y(2s) o
02 .'_____T_______T_________T_______T.______T?'_T___T___"_‘Z ......
+ !
0.0
0 1 2 3 4
lyl
 Flat p; dependence  Flat rapidity dependence
« No apparent regeneration  Uniform suppression

| atest calculations match
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MS Quarkonia Modifications uic
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N

Thermal Dissociation (quarkonia “melting”) QGP Thermometer ? |
« Can QQ survive temperature of QGP ? 027, 0.74T, 1.7, 237,
 Color screening in deconfined plasma £ Gev/m®) '

dissolves QQ bound states YG3S)  y(25) vas)
 Hierarchy in binding energies leads to thermometer A ”
Statistical Regeneration oo e W i
. Heawy quarks re-combining
» As cc multiplicity rises, probability to randomly 1.0 . |

“pair up” increases... " \[Sy=2.76 TeV Pb+Pb

' 0.8 Y ) _
» Can lead to charmonium enhancement ! Prompt JA¥ lyl<2.4

« Effect limited to py < 4 GeV/c

Most Central SPS RH|C LHC
AACOlONS |50 GeV | 200 GeV | 2.76 TeV

N/event ~0.2 ~10
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