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Criticisms and current w:
[..and..just for fun..from the QCD plasma to BSM physics]




Hadronic world

Elapsed Time after the Big Bang
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The hadronic world and Hagedorn’s
limiting temperature.

p(m)~exp(m/Th) 5
Th=170 MeV (10~13K.) -

hence ol

10

Z(T) ~Jdmp (m) exp (- m/T)
Diverges at Th

This the extreme temperature
for the hadronic world



Gonisterrae Hadronie Wrlde T— 1013 Kelvin




Quark Gluon Plasma begond finisterrae ..

~_ Strongly interactive quark gluon plasma
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Pressure : counting degrees of freedom

From low temperature gas of light pions to
free quarks and gluons (SB limit):

LN ABAN ANWra AR R A \’ ANEA nw,

Gluons Quarks

p T\«
S N? - NN
T (z( 1) + 4NNy - )90

We are proceeding towards free quarks, =
but we are not really there yet.. |

HRG ———

300 400
T[MeV]

Nature of the transition?
Nature of the medium, relevant degrees of
freedom, interactions?
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Phases of QCD

Deconfinement — Confinement : m =oo
Exact order parameter for infinite quark mass

/

6— 1

= |attice continuum limit SB

L &
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o L
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T

Chirally broken — Chirally symmetric :m =0
Exact order parameter for massless quark
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QCD Symmetries, lattice and the real world

High T c,b,t do not participate in the chiral dynamics
around the critical temperature. Lattice

simulations around Tc are then performed

/SU(Nf)R X SU(Nf)L X UA(l) \ with up,down,strange quarks — Nf = 2+1

1000000

KSU(Nf)V ) 100000 -

10000
1000
100 -

Low T 10

Staggered Remnant U(1) Broken

Wilson Broken Broken

Domain Wall Exact (for L =30 Exact (for L —>o0)
Overlap Exact Exact
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Quarkonia:
bottomonia (and charmonia)

Ideal probe of gauge dynamics at high T




340 —380 MeV

420-480 MeV BS1o[eRE 00l N 1 GeV
Tc RHIC AuAu LHC LHC hot spots LHC
200 GeV 2.76 TeV 2.76 TeV 7 TeV

<~200MeV [Expected]

Quark Gluon Plasma @
Colliders
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Milestones to Bottomonium as RGP ‘ thermometer’
Charmonivm suppression predicted
Matsui-satz 1986

SPS: Charmonium ‘suppression’ observed -

euark Gluon Plasma discovered!!

Surprise | 1 Notreally., previous theoretical analysis too crude. Cold
nuclear matter effects — unrelated to RGP - might well veduce the
primordial charmonum rate. Further competing effects between
thermalization rate and formation time of charmonium.

*Sequential suppression,

RHIC and LHC era
Surprise 11 Charmonia production and suppression rates at RHIC
and LHC quite similar - regeneration effects compensating higher
SuUppression,

Intepretation - Bottomonium less subjected to regeneration. Cleanest
probe for the Quark gluon Plasma,

High precision Charmonium AND Bottomonium physics - calling
for accurate theoretical predictions .



Bottomonia: T Ca. 420 MeV

pp CMS-HIN-11-011 PbPb
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m,, (GeV/c?)
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N (3sy/Nrs)|pp = 0.21 £ 0.11 % 0.02

N T T A B B B
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Ratios not corrected for acceptance and efficiency
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T Ca. 420 I\/leV 1Dissociation of excited states

A. Andronic Q2014
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Comparison of ALICE forward-

rapidity results with CMS mid-rapidity

ALICE

1.4
- Pb-Pb s, = 276 TeV, inclusive T(1S), p_>0 GeVic
12( A ALICE: L, =69 pub", 2.5<y<4
- ® ALICE \
B eapumrnnny W CGMS! I.h_- =150 pb™, |y|=2.4
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» The suppression at forward rapidity in ALICE is
similar to that at mid-rapidity measured by CMS
for both central and semi-peripheral collisions

» No strong rapidity dependence of HM within the
large range probed by ALICE and CMS

Reference for CMS Data points: PRL 109, 222301,

(2012)
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Comparison of CMS (LHC) with Phenix (RHIC)
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Quarkonium suppression as a thermometer of the QGP:

Melting temperatures from different approac
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Method and Results



A controlled lattice approach to
Bottomonium

my,mg & mg & Ty & Ngop € 1120,

BULK: relativistic light quarks

On highly anisotropic lattices
(many points in T directions)

il NRQCD for bottogn
quarks: O (v*) vy =~ 0.1.

Only forward propagation

k k
G(n+are;) = (L—M%) U;cm(-l—“-*‘;"g ) (1—a-6H)G(n),

18/06/2014 Bottomonium&QGP-MpL



12

Bottomonium states
. hy(2P) 3% op)
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On the lattice : correlators in Euclidean time

T=0
G(t) = A exp(-mt)
t oo

e Thermal modifications

lI:I'j I I I ! I I !

T T
a.TMET] = 0.21460%5

107 F Ny a, M (1) = 0.2064 4} . =

S 108 y ) I
- o
O 2L :
10715 L :

| | E
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What we need : Spectral functions

* Full physical information

* Directly related to transport coefficients
e Computable in model theories and in HTL

T=0.06 u=0.130
0] e U il .
- - —p=i13 " —T=006
0 i —eep=0 205 : —--T=000
008 . | e =025 00 e T=0.104
0w Y =045 = T=01
0 ~ ! plut 02f I ! plat s : a
g 20 } - ,
ng CL004 H ] u.o'
v 02 T s W=
fi 1 !
0 I8 ) ) 0 by o~ (1] (1]
o2 3 4 5 b BT 8 91011 1213141
ol P. Colangelo, F. Giannuzzi and S. Nicotri 2012
. -
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Spectral analysis of correlators

@ G = [ FEE@), o
In general ~oo 27
: _ cosh [w(r —1/2T")] —_ ! For NRQCD
K(r,w) = : - exp(—w'T),
_ sinh (w/2T) Y,
- — h
Piree(w) o (w = wo)” O(w —wp), where o= {;g i wave.
o) o [ do ) > Free [imit Y
a - G0 Gltar) G —ar) A
T = TTGE) T 2a,G()
arme(r) = —logG(r) /G(r — ar)] Diagnostic tool
k J
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Spectral analysis of correlators

T=0

G(t) =2 Ai exp(-mit) p(w) = X Aio (0 —mi

| | |
L] T |
P MEM —
50 Ft & i Exponential fits 1 -
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S b 20t /
o | Ti Wi 10 A —
0 M 0 6 8 10 12 0 dl N
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18/06/2014 Bottomonium&QGP-MpL




S waves : Upsilon; Nf = 2+1

Melting of the excited states
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S waves : Upsilon; Nf = 2

]
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S waves : nb
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P waves: X
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A simple minded cross check using correlators
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..and a comparison with effective

models

E.S“II:x'ect-:r:r} E'q':'-“lI:1.1!1\:1'-:r:r}
o1s Up=alon ] 1sL Uhpsilon ]
c e i: :ﬁi
%En:-l?— fj,-" = = 1l A | |
i - T
018 - - — 0.5 —
0.135 =:||5 { ' 1I‘= : 03 UI5 { 1I‘= :
T, - ) T/T, -
I 1156 3 149703 | Fastsum 2013
T — Rl fls il . (']S' (’15 . 0.__1:
. 2
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Moving NRQCD

Lattice dispersion relations:

) N/
0. p —425111 —

Used in this study:

n (1,0,0) (1,100 (1,11) (2,00) (210 (21,1) (2,20)

5
p| (GeV) | 0634 0900 110 123 138 152 1.

,2,
7

3
v/e (T) |0.0670 0.0951 0.116 0.130 0.146 0.161  0.183
v/e () | 0.0672 0.0954 0.117 0.130 0.146 0.161  0.183

At the largest momentum (2.,2.0):

Still non relativistic



Temperature and momentum
dependence fortheY

TR 1-T-E - R

L i 1
o [GE=]

Figure S Higb-toempeeratures results in the vector (1) channel. Spectral functions
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Moving Upsilon in a thermal bath: |

e observable heavy quarkonium velocity (
p )

2Mupsiton

Upsilon

~ 0.03) effect on the

C‘E
S-wave state mass (NR dispersion ~

I |
0 2 4 6 8

2 2
30/10/2013 MBl, Brtona 2013



Moving Upsilon in a thermal bath: Il

e no observable VETPSHDH effect on the S-wave state “width” (Escobedo

et al., PRD84 (2011) 016008, I, /Tg ~ 1— 2V3 i)

Upsilon




Jallin all..

We have a coherent scenario for the Upsilon:
the fundamental state survives up to about 2 Tc,
while the excited states dissolve. This is

consistent with the observations of CMS, ALICE
and Phenix. The fundamental state has some

modifications whose basic features are
consistent with the predictions of effective field
theories.
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Comparison of J/y and Y(1S)

aom
2013
- 1.4 3 1.4
o« DY ALICE: Pr-Pbya,, = 278 ToV. L, - B9ub", 25<y<d e | ALICE: Pb-Pb| 5, = 276 TeV, L = 69", 0%-90%
| T B e
" e A Inclusive T(1S) 1ol N A Inclusive 1(15), p. >0 GeVic [ uncorrelated syst.
nﬂLI[-E:EE? L J Inclusive Jiy, O T Ca 420 M ev : PEI.IEEE“EW" ' Inclusive |J'I¢| ﬂtp_r-nﬂ GaVic I:I Correlated sysl.
1 ------------------------------------------------------------------------- ‘_ o e e e
08" E 0.8
06 — E HE E E 0.6 :— I i i
04 Y " " 04 I " l 9
02 0.2
N AT IR R | IS B S T B S SR B - 1 | 1 P | | | |
00 50 100 150 200 250 300 N B 4 2.6 28 3 3.2 34 3.6 3.8 q
¥
parl

— Suppression of T and J/y is comparable within the
present uncertainties

— Weak rapidity dependence of R, for both
Jig and T(15)

— T I1s expected to be less sensitive to
regeneration than J/y

— Feed down from higher excited states T(25),

Tz{,&%)/zoabuh' ~ 20 % Bottomd

niumg@ddH%Fb-Pb see the talk of Lizardo Valencia Palomo



Quenched approach to Charmonium

BULK: quenched ensembles can
achieve many points in T ime

1/T
/ ‘ Relativistic charm quarks

18/06/2014 Bottomonium&QGP-MpL



Charmonium

Ding et al.2012

25 ! T T 12 T T T T T
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Charmonium

Ding et al 2012
e B e e s T I A
p(w)lw? 073T, — p(w)iw’ 0.73T, —
> 146Tc— | 4} & 146 T, — |
| ”‘ 20T, —— | 220T, —
2937, 08t 2937,
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Transport peak

D= —tim Ep” i (0,5 =0.T) Ding et al.2012
f)x m—z{l ()]
21
2 T T :
PlW(LT) R 4 ,
y 1.46 T, 211D
2207, 15 |
15 | 2837, _
| 3|
25 T
2r »
.
15
i
05t
r.-:h"T. T”'c
I : ﬂ 1 ] | ] ] | |
0 05 1 15 2 25 14 16 18 2 22 24 26 28 3

18/06/2014 Bottomonium&QGP-MpL



sQGP and trasport

S

n Nakamura Sakai 2004 g 167 %8

247 %8

Perturbative

CC——
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\
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KSS bound

Ding et al 2012
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Relativistic approach to Charmonium

BULK: relativistic ensembles on
anisotropic lattices can achieve many
pointsin Time |

1/T
/ ‘ Relativistic charm quarks
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Charmonium and dynamical light
qguarks

(first serious attempts)
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Open issues and ongoing work

Matter content of the gauge configurations
So far : mm/mp 0.4; ms == or almost physical; mc oo
Aim : physical mu,d,s for T < 350 MeV ; physical mu,d,s,c for T > 400 MeV

Lattice systematic
Need to study of the sensitivity to the lattice spacing — NB : similar to T=0 as UV issue

Reconstruction of spectral functions from lattice correlators
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In either cases,

use spectral functions from Burnier, Rothkops 2013
model studies as testbeds.
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Quarkonium Summary

* High quality results for charmonium from relativistic spectral functions
with guenched gauge fields.

* Possible to extract trasport coefficient
* Nosigns of bound states at temperatures above 1.46 Tc

 The temperature dependence of bottomonium for 0.4Tc<T<T2.1
Tc has been investigated with nonrelativistic dynamics for the bottom
quark and full relativistic QCD for up, down and strange quarks

e Various systematic errors still needs to be quantified and possibly
reduced

* Correlatorsand spectral functions indicate that the Upsilon and nb
fundamental states are insensitive to the temperature in this range

* They show a crossover from an exponential decay characterizing the
hadronic phase to a power-law behaviour consistent with nearly-free
dynamics at 2Tc

* The Upsilon (and nb) excited states are no longer visible at
temperatures above 1.4 Tc, in agreement with experimental
observations at RHIC and LHC
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..a glimpse beyond QCD

A dynamical charm is needed when T exceeds
400 MeV....




Adding flavor: phases of QCD at T=0
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Adding flavor: phases of QCD at T=0
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' Flavor and Temperature:Phases of QCD
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' Flavor and Temperature:Phases of QCD

T The QGP is connected with the cold, strongly
interactive conformal phase of strong
interactions : AdS/CFT??

QGP 4 3\

Onset of conformality:

1L1£16  (from the lattce thermal lmes),
115£16  (from the strength of the coupling at I ,
104+12 (from e vanishing of T, j

N
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Many untouched related issues...
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The phase diagram of strong interactions a
place for challenges..many unanswered

guestions..and perhaps many questions still
to be asked...maybe at the next gcd@work
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