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Heavy Flavor Electron v

Probing QGP with heavy flavors

Quarkonia suppression and
Dimuons product

The Trilogy:
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Quarkonia in Stationary QGP

How can we prove (at best) that we have achieved is really deconfined state of
matter ?

_ * Color fluctuations
“deconfinometer” = _ ,
» Propagation of quarks over large distances

Challenge

Best candidate: T/Te O 1) [fm!]

2 || ras)
Quarkonia (Q-Qbar bound state) sequential = | %0 (1P) “robust”
“suppression”, i.e. melting and/or dissociation 1.2 g,/(‘zl’g)s) states
(Matsui & Satz 86) 1, [l ¥35) 2Py

((1P) ¥'(25)
QGP Thermometer

Indeed observed at SPS (CERN) and RHIC (BNL) experiments. However:
e alternative explanations, lots of unknown (also from theory side)

* no additional suppression at RHIC w.r.t. SPS'!

Nevertheless: Still best candidate and dedicated (di-u) program at LHC



|. Quarkonia in stationnary medium are not understood from the fundamental

Caviats & Uncertainties

LQCD theory
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ll. Criteria for quarkonia “existence” (as an effective degree of freedom) in
stationnary medium is even less understood
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From A. Mocsy (Bad Honnef 2008)

l1l. What does this stationary picture has

to do with reality anyhow ?

Need for a time-dependent
scenario



Semi-Qualitative questions

1. Are the data compatible with the picture of a strongly bound J/y (sequential
suppression) ?

TdiSS/TC >(>)1 Hard prObe

Tiss/ Te =1 Soft probe (not so interesting)

2. Can we challenge the picture of statistical recombination (A. Andronic, PBM,
J. Stachel) ?

3. Can we try to extract the dissociation temperature from the data ?

The main object of interest here: T,.. (thermometer aspect): one of
the fundamental quantities of statistical QCD.



Quarkonia fate along decreasing T(t)

Initial Q-Qbar state (broad in State extends in Xrel and narrows in Quarkor."a is “formed
O NAITOW in X..) Prel (evaporation of higher (separation from other
rel rel
components) components)

P P P
Vacuum t ~1/(Ey’-Ev) /'\
U X \J x _ x

Some loosely bound components are Quarkoniais “formed” (with reduced

scattered while the remaining part | probability) in a state ~ vacuum and

becomes bounder ' can only be dissociated through hard
| collision (g~ M a?2)

In hot (but cooling)
medium

“Truth”

[

v

t such that !F(T(t))<(E\V’-E\y)

a) Instantaneous “melting”/ thermal a) Hard gluo-dissociation a la
excitation “Bhanot-Peskin”

b) No “Q-Qbar—Quarkonia” fusion

“Dual Model”

b) “Q-Qbar — Quarkonia” fusion
allowed (+9)
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Quarkonia fate along decreasing T(t)

a) Instantaneous melting / thermal
excitation

“Dual Model”
b) No “Q-Qbar—Quarkonia” fusion
T>Tdiss
Tdiss
E(leV «—
AN T
0.500¢ . ) C’
0.100+ ' ‘
0.050
Strongly
0.010!
0.005/ bound m=1.25GeV Model
sector

0.001 |
sector |  pQCD (OPE)

a) Hard gluo-dissociation a la
“Bhanot-Peskin”

b) “Q-Qbar — Quarkonia” fusion
allowed

T<Tdiss

TJT

n
>

i Strongly bound
Unbound |  sector, asin vacuum
| (coulombic states)

Theidea: AS THE LATTICE and POTENTIAL MODELS are inconclusive, let T 4. as
a free parameter and see if this can be constrained by the data (hence the title)



Schematic view of « Monte Carlo @ Heavy Quark » generator

MC@. HQ ¥ suppression ||  Bulk Evolution: non-viscous hydro
(Heinz & Kolb) » T(M) & v(M)

%HG

Evolution of HQ in bulk :

L.”7 Fokker-Planck or reaction rate

+ Boltzmann
(no hadronic phase)

’
D/B formation at the
boundary of QGP (or MP)

through coalescence of c/b

and light quark (low py) or
fragmentation (high py)

Quarkonia formation in
QGP through c+c—>Y¥Y+g
fusion process

N
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1. “Understanding” the RHIC HQ-data

What is the dominant E loss mechanism @ RHIC ? And does
Its detailed origin influence the fate of quarkonia’s ?



Our basic ingredients HQ for energy loss
Elastic '

Probability of energy loss w
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Our

nasic Ingredients HQ for energy loss

Coherent Radiative

Formation time picture: for ; ,,,>A, gluon is
radiated coherently on a distance I

Model: all N, scatterers acts as a single
effective one with probability pyeon(Q))
obtained by convoluting individual
probability of kicks

2 . N 2
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{Radiative + Elastic} vs Elastic for leptons @ RHIC

El. and rad. Eloss exhibit very different energy and mass dependences. However...

o, & G,,4 COCktail: rescaling by K=0.6 o, alone rescaling: K=2
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One “explains” it all with AE o L (for HQ)

RHIC data cannot decipher between the 2 local microscopic E-loss scenarios
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QGP properties from HQ probe

Gathering all rescaled models (coll. and radiative) compatible with RHIC Rax:

A=dP,/dt[GeV/fm]

Present RHIC experiments
cannot resolve between
those various trends

the drag coefficient reflects the
average momentum loss (per unit
time) => large weight on x ~ 1

Hope that LHC will do !!!
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Lesson Yes, it seems possible to reveal some fundamental property of QGP using

HQ probes
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D mesons at LHC (vs ALICE)

Same ingredients as for RHIC  Kolb-Heinz Hydro ajusted to dN/dy,

Raa No shadowing -
ALICE preliminary for D 1:}\_%_““““““"“;A_L_I(;E ______________
PbPb @ 2.76 TeV oal . ‘; 0-20% centrality
0-20% centrality, central y B \‘: Pb-Pb,\5,,, = 2.76 TeV
1.0} CE T .
D mesons, MC@HQ), (col+rad)=0.6 060 3 § Average p?, D%, D", |y|<0.5

D mesons, MC@HQ, col=2 I
osl 0.4_

n \ 3
Rather good agreement |

> 4 6 R 10 12 with ALICE data; some Uo_ FRRRTSRRF R AT VIS

PT[GGV/C] R . N (- T\V/PN
Kax excess of quenching arXiv:1203/2160v1
1.5¢
ALICE preliminary for D Lar e dlS erSIOn Of
PoPb @ 276 TeV Je dISPErsion ot A phs/cer
6<py<12GeV]e, central y model predictions
10 D mesons, MC@HQ, (col+rad)+0.6
$ D mesons, MC@HQ), colx2
03] _(b. Vs centrality (important: tests
é, 7 @ path length dependence) of
Eloss scenario
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centr.(%)



» physics of HQ at low momentum w.r.t. fluid cell seems “under control”

= densitometer

Quenching (leading
hadron)

Thermalisation &
collectivity

= barometer

Hidden ¢
&Db

= thermometer

1. Quarkonia in QGP

¢\°
&



Integrated J/'¥Y numbers @ RHIC

First, we need a baseline taking into account the cold nuclear matter effects (Shadowing,
Cronin,..); we take the picture of R. Granier de Cassagnac (2007)

Raa(J/Y)

1

0.6
0.4+ i 4

Au+Au, Vs =200 GeV, y=0

0.8 Cold Nucl. Effects
’ | & i GdC
eHENTX |

02 8

0 50 100 150 200 250 300 350

""""""""""""""""" N, part

Raa(J/¥)
| Au+Au, Vs =200 GeV, y=2

0.8 Cold Nucl. Effects
’ + GdC

0.6

0.4 PHENIX [‘H

0.2+ i !

"""""""""""""""" Npart
0O 50 100 150 200 250 300 350

Progress to be made here
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Integrated J/'¥Y numbers @ RHIC

Next, the (instantaneous) vetoing of quarkonia formation due to melting:

Raa(J/Y) Ran(J/Y)
i Au+Au, Vs =200 GeV, y=0 ] Au+Au, Vs =200 GeV, y=2
sCold Nucl. + Melting/Vetoed

0.8+ GdC 0.8

0.6 0.6+

0.4 T4ic.=300MeV 0.4

0.2 I =250MeV ———— 0.2 |

Taiss=200MeVmem— — —/—————— T4iss=200MeV—

M, part

N, part

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Good agreement obtained with a rather large value of T, = 2 T..

Some claims of “sequencial suppression” with a very bound J/y were indeed made by
several physicists

\\\\\\

We do not need recombination !""...
except that Q and Qbar may be close in phase space 17



Turning on (re)combination + hard dissoc

(Re)combination (could become dominant at LHC):

Entrance Binding
/ channel

Even if binding process is fast and medium-independent
(quarkonia are small bound states), the distributions of Q and
Qbar in the entrance channel depend on the past history

(transport theory)
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Basic Ingredients

Dissoclation Recombination

hard dissociation taken according to Bhanot
and Peskin + recolil correction (Arleo et al 2001)

g c

Cross section obtained from o Via
detailed balance

v c

2! (w/e(0) — 1)*?
T nmy (W) = fn-sﬁf:.ﬁ( /£(0) )
Q@ g (w/=(0))°

O(w —=(0))

2
o (fm?) o (fm?)
0.30} N : P S . .
/ \\ Dissociation 0.7 ,' \\ (Re)combination
0.25 v om.=15GeV

\ m.=1.94 GeV

02 V2
" s—nmy|GeV~|

Max = 2 fm? at o = 500 MeV

s—4zrsi)[GeVZJ
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Turning on (re)combination + hard dissoc

Raa(J/Y)

Phenix Typical value for weakly bound
| AutAu, Vs =200 GeV,y=0 Ran(J/Y) ‘4
0.8 dN_/dy~3 | AuT+Au(; 2GS $200 GeV, y=0
iss—Y. €
0.6 Cranck=0.1 0.8 . Cranck=1.0
—_— /
0.4 UG 06 T 1
| Cranck l'li [ﬂ granck 05
0.2 0.4
IIIIIIIIIIIIIIIIIIIIIIIII Craan 0 N 02 \ @ranw( (Lﬁ.]
0 / 50 100 150 200 250 300 350 °* Cranck=0

Typical value for strongly bound

Problem: One has to reduce the fusion
probability by a factor ~10 to reproduce the
data (if recomb. cross section taken at face

value, one arrives at R,, (most central > 21).

Problem never comes alone: Strongly
bound quarkonia are the ones for which
the Bhanot-Peskin approach should be
legitimate. @ states exist early => |ot of
HQ pairs present in pahse space

0 50 100 150 200 250 300 350 P

Absolute numbers are better reproduced
(if one believes in mostly canonical —
cranck=0.5-1 — recombination), although
the Ry, dependence on Ny, is not as
satisfying
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Best parameters from Ry,

“Optimal” choices in the (T 4., O:,s.) Parameter plane

Ran(J/Y)

i Au+Au, Vs =200 GeV, y=0

0.8
0.6

0.4 _ =
T 4i5s=0.2GeV — I [

0.2 Crank=0.5 Td‘?&%ii(l;ev
o [N
0 50 100 150 200 250 300 350

Conclusion: T4 € [0.2,0.3]... but difficult to go beyond
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Finer analysis: Thermometer of what ?

Other parameters... ., detailed Dominant production at various time depending
Medium evolution... on T ... Saturates before the end of the QGP
Ran(/Y) AN
— — dy ,
. Au+Au, Vs =200 GeV, y=0 0.010: QGP i l MP
0.8 T4is=0.3GeV, crank=0.05
O. 6 0.008 I'4=0.18GeV, crank=1.
‘ 0.006 iﬁm:u.z GeV, crank=0.5
0.4 |
I |
0.27 0004 i central
------------------------- N, i | ~ ~
0 50 100 150 200 250 300 350 Pi0-002 Aui+Al(n,\{l? =200GeV, y=0
I coll+ra L108S
I |
If quarkonia are a thermometer, itshoud ________2_ 4 6 8 Lo,

be first agreed upon the phase it probes ! Ty T, >(>)1 Hard probe

Dynamical evolution does not confirm Semi-Hard probe
the idea of statistical recombination in
the mixed phase



Plain: with HQ—Eloss

Dashed: no HQ—-Eloss

Au+Au,\/;=200GeV, y=0
(coll+rad Eloss)

6 8

Raa(J/Y)

0.8+

0.6

Au+Au, Vs =200 GeV, y=0
1

Tdiss =0.2GeV

U

coll+rad (K=0.6)

0.4
coll (K=2)
0.2 —-—m
No Eloss
0 50 100 150 200 250 300 350

Finer analysis: role of HQ energy loss

dN J s

Eloss Energy loss favors the
coalescence of Jhy (brings
the ¢ quarks together in
No Eloss phase space )

However: Once the Energy loss
has been “properly” calibrated on
non-photonic single-e R,,, then
the production rates do not depend
too much on the detailed
phenomena
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Prediction for LHC:

Work to be continued during the LHC ERA:

HO Parameters:

1.5

Raa(J/)

Pb+Pb, Vs = 5.5 TeV, y=0

do,/dy=2ub in pp
Y"1 dN /dy~30 in PbPb 1,

Hydro Parameters:

0.5+
So= 268 fm3

Taics=200MeV, Cranck=0.5

dN,/dn~2300in o
PbPb, b=0

doy  _
T, ]8Il\le\W ] — //_I,-b
= dy RHIC
/;1- =300MeV, cranck=0.05
dN j / \
dy ~ _

' ' — Nyan dNC_2~4><10
100 200 300 400 P dy

Fusion of c-quarks at LHC: 15-25 x more probable that at RHIC, but strong increase of

the prompt J/y as well....
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Preliminary conclusions

Reasonnable agreement with RHIC data for J/y (for other observables (p+, v,):
see Hamza’s talk this afternoon), but difficulties to tame the recombination down

1. Are the data pointing towards the picture of a strongly bound J/yv (sequential
suppression) ?

Not so obvious to us

2. Can we challenge the picture of statistical recombination (A. Andronic, PBM,
J. Stachel) ?

Statistical recombination picture could not be recovered from the transport theory

3. Can we try to extract the dissociation temperature from the data ?

Arather large effective dissociation temperature (T 4.~0.25-0.3 GeV) seems to be
favored by the data, provided one has a good quantitative argument to explain why the
recombination of HQ should be reduced by a factor 10 w.r.t. the naive Bhanot - Peskin
cross section (gluon mass ? Jhy(T) in BP ?)

Otherwise, low dissociation (T 4.~0.2 GeV) are unavoidable
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V. Beyond the dual model

A Tdiss
DR TJT
i Strongly bound
Unbound |  sector, asin vacuum
(coulombic states)

Please keep in mind: Quarkonia represent only a small % of the total QQbar
state => should not be treated independently from one another (besides
recombinations)



J/Psi suppression at high temperature

Standard folklore;

a) Following sequential suppression (quasi-stationnary picture)... The quarkonia which
should be formed at (t,,%,) Is not if T(ty,Xy)>T 4 => Q-Qbar pair is “lost” for quarkonia
formation

b) Refined version wrt a) : quarkonia need some formation time tf to be resolved:

_ Prob(Jhy)

\
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J/Psi suppression at high temperature

We let the QQbar pair evolve until (to + t ¢, Zo + Uoots) and then look whether

T (to +ty, o + ﬁQQtf) > Tiss T (to +ty, o + ﬁQQtf) < T Yiss
Formed as in vacuum, then dissociated
Not formed through « hard » collisions
Survival(Jhy)
A (beginning 90s’:Blaizot and Ollitrault)

1 ]

|

I

|

I

|

. >

T QGP life-timefy
(T>Tdiss)
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J/Psi formation at high temperature

Alternate description: Q-Qbar state described by a wave function evolving in V=0

y(r) |
: L A <r?>increases but
Gaussian wave packet evolving in V=0: t=0 orverlap decreases due

to oscillations

T/ weight Iy
0.7

0.6,  o(t=0)=02

{}.5:- * \/ t>0 r

0.4]
030
: + T~ 50%
0.2} 0r(t=0)=0.15
0.1 o .

0.0 0.2 0.4 0.6 0.8 1.0



J/PsI suppression

1rst crude description (“dual” model):

S 20y : Transition
é 2252 Elrly Universe _ SUFVIVBJ(J/\V)
— 200 f Quark-Gluon Plasma . A
o) : :
3 175 = 1 .
© f ~ Lattice QCD v
@ 150F
& #J ] |
o 1255— adron gas Bag Model — I
}_ r u
o ", : .
75F 3 . I
50| @ Experiments 3 I
252— 3 l >
l:}: Ll L L1 L]
0 200 400 600 800 1000 1200 . .
| | t QGP life-time
Baryochemical potential i, (MeV) f (T>T )
diss

30



J/Psi suppression (microscopic)

Continuous evolution

< - 1/ weight Transition
§ Eplrly Universe _ 0.7¢
— Quark-Gluon Plasma - 06"
Qo ]
g ~—— Latiice QCD ] 01
o 7 : o (t=0)=0.165
g- 125 + B Model _E 0.4:’
& 7| Hadron gas ag Mode ] V=V
100 A “ ] 0.3] vacuum
- 3 [
*r E 0.2}
50| @ Experiments 3 '
: : 0.1 —
25 E A
00 "Zm0 00 600 800 1000 1200 00 02 04 06 08 1 tm/el

Baryochemical potential 1, (MeV)

For this example: Survival ~ 0.13/0.4 = 33%

Important feature: quantum evolution leads to smooth suppression patterns

For realistic QGP lifetimes at RHIC: Survival of a few % (neglecting corona effects)

=> Should we care ?
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J/Psi suppression (microscopic)

BUT: 2 missing ingredients
1. Q-Qbar forces (beginning 90s’:Thews, Gossiaux and Cugnon,...) :

permits to preserve some Q and Qbar at close distance

V|[GeV]

T=0 Sun/)

rus0l6sfm 1220 MeV

1o 1.0§

U (T=225 MeV) V=U

0.8F

0.5
Ve (1=225 MeV)

0.6F

"""""""" r[fim| 0.4f

1.0 1.5 2.0

, 0.2
05+

:',) t[fmyc]

Indeed, the “residual”’ potential permits to slow down the suppression along

time ! We converge towards asymptotic survival probabilities < [0,1]
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J/Psi suppression (microscopic)

BUT: 2 missing ingredients
2. Stochastic g-Q, g-Q forces

For a long while: interactions with QGP/hot medium constituents only thought as the
source for gquarkonia dissociation (Bhanot — Peskin) and treated through inelastic
cross-sections... True for dilute media

Shuryak & Young (08):

In strong QGP, diffusion of HQ slow down their separation (<r?> a D t) and helps in
reducing the suppression !!!

1

Il |

0.005 | - 02 |

0.02 |

0.015 |

0.01 |

Ny oung PEr charm pair

+ normalization + feed down

1 I 1 I I 1 1 0 1 I 1 I ]
1 1.5 2 2.5 3 3.5 4 45 100 150 200 250 300 350 400
Time [fm/c] Number of Participants 33




Suppression of suppression... Robust or not ?
Shuryak & Young (08): some ingredients

v U as a potential

V(r) [GeV]

The most “binding” choice; Around Tc: String tension up to 3 times string
tension in vacuum !!!
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Suppression of suppression... Robust or not ?

Shuryak & Young (08): some ingredients
v' Dealing both with quantum evolution and stochastic forces:

Wigner Moyal distribution:

1 3N |
F(XN, PN, f) _ (%) [QZIPN.FNIEQ( N N f) dy

Right concept for non pure quantum system (statistical average), but also to
make contact with semi-classical interpretations

Wigner-Moyal equation In relative coordinates:

(2+2 2) 5@t = 2sin (b2 Z) V@SR + L

b | =t

— —

with T=1Ig—Tg and p= 2o re

Exact equation, but difficult to solve due to sign problem
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Suppression of suppression... Robust or not ?

Shuryak & Young (08): some ingredients
v' Dealing both with quantum evolution and stochastic forces:

Semi-classical expansion => 1 body Liouville equation:
o0 p 0 ov. 9 = = _
(E—i_ﬁ%_%a_ﬁ)f(x:pat)_ col
Test particles method, submitted to the QQbar force + stochastic external forces

Langevin evolution with binding force (v fast !!! )

w2p2 [0 (x, p, (&, §) = 0)

Prob I (1) Py (t) = £ SN /0 (@(1), Fi(1) )

Caviat: fis not a density (not defined positive)
semi-classical approx justified ?

Notice however that f;,, Is mostly positive
(but not a full justification)
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Suppression of suppression... Robust or not ?
Shuryak & Young (08): some ingredients

v' Stochastic force on Q and Qbar are uncorrelated

... although QQbar is seen as a dipole at short distances

...but most of QQbar pairs are not at close distance already after short time =>
probably ok !

v" Hydro evolution and HQ dynamics from Moore and Teaney (2005). In particular
D.x 2nT=1.5-3 =>
A T _ 27T Alg/fm]

¢ — MD. ~ 1.5M ~

4t Young-Shuryak
Our model + detailed comparison to RHIC: 3

Aclc/fm] = K (1.5T[GeV] + 1.2572) 2

|
Effective linear rise: ag(T) w

0.15 020 025 030 035 040 045 050

T[GeV]

37



Test of robustness
Goal of our contribution:

v' Get acquainted with the impact of stochastic forces on quarkonia suppression

v' Test the robustness of the results obtained by Young and Shuryak, modifying
a) the V(T) and b) the drag coefficient A(T)
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Test of robustness |

T=225 MeV (T/Tc ~ 1.4): rms R
30! Potential from A. Mocsy & Petrecky (2007)
Nearly unbound if one takes V=Vp,,, 251
still strongly bound if one takes V=U 20/
15}
\/<T2(t m— 0)) = 0.2 fm 100L---Me=1.20GeV_~ /A
0.5% V=U
0.0 05 1.0 15 TIc
1.yoev No stoch. force 225MeV
10
Ballistic (r2(t))

Varia stoch. force

0 | 5fm/c

Stochastic cooling down of ccbar state



Test of robustness |
T=225 MeV (T/Tc ~ 1.4):

V=Vp,, (weakly bound) V=U (strongly bound)
Surv(Jf¥)
Sl;l_’g(] M‘! 20

I__’ oo s0.165 fn | ow=0.165 fn
¥ TN s ey N T=225MeV

‘ V=Fpy V=Y
l_D_ \
D.S:— J

---------- t[fm/c] R 3 s tim/e]

Around initial time, cooling down by stochastic forces increase the J/y
content of the quantum QQbar state

At later times, the stochastic sources act as a source of dissociation of

the remaining state 10



Test of robustness |l

T(z), central Au-Au @ RHIC, %1 =0
V=Vpy (weakly bound) V=U (strongly bound)

Surv(J/i) Surv(J/i)
20 207

» Similar features as for T=225: rapid thermalization in p-space (-> quasi
equilibrium), followed by induced leakage in r space

» For potential chosen as V=U, survival compatible to 0.5, as claimed by Young
and Shuryak
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Test of robustness |l

V=V, (Wweakly bound) V=U (strongly bound)
Surv(J/r) Surv(J/ir)
2.0_— 2.0_—
N Tn=0.165 fin 3 - 0 n=0.165 fin
Bl T(7) B T(7)
i’i':: V= VPM .: ‘:.‘:_‘_ V=U

» No large dependence vs precise choice for drag coefficient...

» But large dependence vs choice of potential, especially if one includes the
stochastic forces (can dissociate weakly bound states, but rather inefficient to

dissociate strongly bound states).
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Survival @ LHC

T(7), central Pb-Pb @ LHC, #, =0

Preliminary
slér_argw) Stgg(ﬂ!ﬁf)
e ﬂ T:2=0.165 fin b 012=0.165 fin
it 1) i I(r)
; ‘ V=P f iy V=U

,,,,,

LY
......

= t{fm/c]

Even at LHC, up to 25% survival if V=U



Conclusion & Prospects

1. We confirm the claim of Shuryak and Young of large J/y survival... for V
chosen to be the total energy U...

2. However, their choice of parameters probably correspond to the most
favorable case !

Possible way to make progress on this point: evaluate I'y,(T) for both types of
potentials and compare with lattice

3. Important to include a time-dependent microscopic description of QQbar states
in the transport codes... to be pursued
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Back Up



The Landscape

Degree of thermalization of heavy quarks will not affect “too much” the
Integrated production rates; T 4 IS the driving parameter for "recombined" J/y :

ﬂ — Heinz & Kolb’shydro

. d/dy :\{) — = - Noradialexp. hydre From SQM 2004, with additional
1 i i Au+Au data.
Au+Au, b=0 0_015F NN Soalm-__ T_(jlfsfci: ?O_O_MEV_
e S Ee——
0.007, Tgissoc - 250 MeV
0.005 o —— CAR _

0.003

\

0.002 f————— =—-8

0.00155_ —e-"T77° k T dissoc = %Mev
Nc =10 coRsgrvative NLO

0.001 :

| . «— Multiple of pQCD
1P 2D 30 40 stopping force (as=0.3)
= —

Compatiblewith Rya(€)




Turning on (re)combination at y=2

Ran(J/) Raa(/¥)
Au+Au, VS =200 GeV, y=2 I Au+Au, VS =200 GeV, NE 2 -
1 Tiiss=0.2GeV
0.8 dN/dy~2 0.8}
0.6 0.6 _
Cranck=0.1 0.4 Cranck=1.0
0.4 Cranck=0.05 0.2 {4 Cranck=0.5
0.2 Tdiss=0 3GeV Cranck ' | Cranck%O

- - N. o part
0 50 100 150 200 250 300 350 P 0O 50 100 150 200 250 300 350

No room left for coalescence at y=2. \What Good agreement with the same o,,, band

are the physical mechanisms for taming (Cranck. € [0.5,1])

the fusion ? o ,
| T4/ T, >(>)1 Hard probe

Moreover: The pQCD Bhanot and Peskin |

result is usually considered to be small | |

w.r.t. other effective approaches at small | i

s-M?2 | |

T s/ T #1 Soft probe



The P-world

Differential production might reveal more physics

(1 dNayy Direct J/y (NN scaling)
Fr dpt TdiSSOC:18O MEV
rms (Pt 5/y)
1.6
0.01 (Heinz & Kolb) 1.5
0.001 | 1.4
. 1.3
0.0001 | Direct Jy (NN Increased
scaling) 1.2 .
c-thermalization
0.00001 ¢ 1.1
Therm Fit . . . .
1. %108 | b=0 (Teze=240 M=V 2 1.2 1.4 1.6 1 grms (Pee)
1 2 3 g E 5 I - : o
Prediction for b=0 and just recombination
QGP “cools” the charms, even with the (2004)

radial flow

Softer p; spectrum as for direct production. Possible "p; shrinking" in A-A. But
first, understand the k; broadening in d+Au (none seen around y=0 !?)



The P, world

... and now compared with the data:

2
<pty,>
6
50 Cronin effect at initial stage (and no further
A : effect)
; Results for Ty..= 0.3, 0.25, 0.2 and 0.18 (with
3 ] initial Cronin effect).
2 s == «—— Tg4s=0.2 and NO Cronin effect.
1F y=
<pt§,¢,> For this observable T,..= 0.3 should be favored
6+ Voloshin (2005)
TABLE I: The mass shift AM;,, and elastic J/¢¥+N eross
L section predicted by different models.
U nkn own: Ref. —AMy;y (MeV) aren (mb)
. [12] 3 0.3
influence of the | e s
elastic cross ) by
section - e
: this Z N z 17
""""""""""""""""""" N part

Work of H. Berrehrah (see QGP
France 2009)



The keystone (?): v,

v (J/)

0.04
0.02

0.00

T4iss=0.3GeV

-0.02

In fact, due to possible elastic cross section of J/y, v, is only conclusive if one
observes NO v,



u-local-model: medium effects at finite T in t-channel
OLeI"f(QZ’-\r:O)

! 5 5 Semi-hard

. * 3 3 aeff(t)

! [ t —am% (T, t)
P, )

dE
—(GeV/fm)
dx
T \

Insensitivity

station.
V-

HTL +
semi—hard

——
-

\

~ . \\

T=0.25GeV Sty "

| i1p=0.76GeV .* %‘..\

p=20GeV/c - &

, = semi—hard

= = = i 1 1A=0.11) ,

0.02 0.05 0.1 0.2 0.5 1 2
] (GeV?)

OGE with effective
polarisation
Mz(T):O-Z mDseIfz(T)

Mpeeir (T) = (1+n/6) 4moter(Mpgere?) T2

HTL:
collective

modes : X
Low |t| | . Bona Fide running HTL:
P, IR % ag-> ag(t) inTI and 1

Kete-uarkonii Zuiv



Central Ry, VS model & intermediate conclusion

Raa lept
1.5¢
Au—Au central; =€ ans min

run. o; ROD.2, K=1
® PHENIX . e fr'om b

1.0

0.5} . ui%ﬂm

\

§ o n e<D
Ay A gA § $

~ > - * - g oo-

2 4 6 8 10 e 2 4pT{GeV>E

pr(GeV/e)

l. Improved collisional Eloss plays a larger role then expected

[1. Despite the unknowns (b-c crossing, precise kt broaden.,...), unlikely
that collisional energy loss could explain it all alone

[11. It Is however not excluded that the "missing part" could be reproduced
by some conventional pQGP process (radiative Eloss)
Rete-Quarkonii 2010




Monte Carlo Implementation

—|—OO d Urad dw
) For each collision with a given g, we define . J0i  dwdq]

r = ==
the conditional probability of radiation: (q.) I

In practice, ®,,,=5% E to avoid
IR catastrophy

Il) For each collision with a given invariant mass V—t)—d dael ® gt

Orad N f—lt’maxfr

squared s, we define the conditional total r(s) = ~ e
- - Tel fo do " (1) dt
probability of radiation: —tlmax  dE
Probes the elastic cross section
3 T=200 3 at larger values of t => less
o5 TT15_(_)_____}____________T___i_T7__ o sensitive to o at small t-values
0.6 // T 0.6
I/ /T T=400 .
0.4 | T=300 c—quark 0.4} b—quark e
072 |::III m g = 2 T 0.2 —
A | -
0.0 - s 0.0
0 5 10 15 20 0
N

Threshold for radiation
Rete-Quarkonii 2010



Monte Carlo Implementation

lIl) For a given HQ energy E, we sample the entrance channel according to the
thermal distribution of light quarks and gluons and c(s) and accept according to
the conditional probability 7-(s)

V) We sample “downwards” q,,  and then k,

T

Hard shocks with [t|>25% s are rejected (not
treated properly in our formalism)

V) P* - (1-x) P* and transverse kick of q -k .

/ _____ Fixed a,
G‘p}:— -
> Q/‘¢ "ty Approximation:

<g,>from 0.6 GeV (col) » 1.1 GeV ----- > . In “reality”, several collisions at

(rad) for E=15GeV and T=400. /p\\ intermediate t-values accumulate

Rete-Quarkonii 2010




onic Results

-photo
Raa lept All NON phor\s
1.5} Q\ectr Au—Au; central

T Boltzmann—>€,,,,. min

\ run. a; (k=0.2, K=1) ]
1.0l N ® PHENDX A STAR 1. Too large quenching; good as we
! ~ . . . . .
“ SO 9€[0.20.3] obviously overestimate the radiative

., = Eloss

0.5} =~ radiat GB

coll+rad ) A 2. Radiative Eloss indeed dominates the

> p p p To collisional one

Pr[GeV/c] . .
o 3. Flat experimental shape is well
AA lept
Lry Au—Au; central reprOduced
Boltzmann—>€,.4,5 min

run. «; (x=0.2, K=1)
[ ] PHENIX A STAR

1.0 4 .
! Radiat + coll

2,013]
0.5 L1 separated contributions e « D
L / p
AL and e « B.
= = e A, ST,
2 4 6 8 10
PrlGeV/c]

Rete-Quarkonii 2010



Results

. l?i collorad GB Au+Au min. bias 1. Collisionnal + radiative energy loss
0.12k== radiat GB Qe (t); k=0.2 + dynamical medium : compatible
=== collis @ rad=0.3 with data
0.08 qE . Shape for radiative E loss and
rescaled collisional E loss are
0.04 .
pretty similar
0 ' 3 . To my knowledge, one of the first
LY pr(GeV/c) ®: Phenix Run—4 model using radiative Eloss that
—0.04F m: Phenix Run—7 reproduces Vv,

Rete-Quarkonii 2010



Formation time for a single coll.

____________________

ks k i k i
[66666 (66666 i /S{Kg{{ i £ oao 2(1 —x)w
P > %; .pr _p. > gq > P E_P' > gq > P! F (EJ_ _ (?J_)Q + 22 M2 + (l _ :I.’-)'TY?.-E
(a) (b) L (© :
_ l' _22(1l—2)E
At O deflection: fsing 7 m2 + 2 M>
[/ singlfm] For_x>xcr:mg/ M, gluons
55l E=10 GeV radiated from heavy quarks
For x<x,=m/M, basically Lok - are resolved in less time then
no mass effectin gluon | those « light quarks and
radiation \1'5' gluon => radiation process
N less affected by coherence
03t effects in multiple
02 04 06 08 10~ scattering
\ J J
2\ g

Dominant region for quenching Dominant region for average E loss

Rete-Quarkonii 2010



A simplifying hypothesis

I_)",sing[fm]

2.5} E=10 GeV

2.0F

15} Comparing the formation time (on

Lo} a single scatterer) with the mean

0.5 M free path:

0.2 0.4 0.6 0.8 1.0
. E 1
Coherence effect for HQ gluon radiation : ndv: = mgAo ~ o
max(/)[fm]
101 B}
(] M=0GeY Maybe not completely
8r T=025 GeV .
; foolish to neglect
Mostl . 2,203 : :
cohere¥1t o " :> coherence effect in a first
ap round for HQ.
Mostly {2; (will provide at least a
uncoherent L m m 0 maximal value for the
(of course depends on the Y FlGeV] - _J quenching)
physics behind 1) RHIC LHC

Rete-Quarkonii 2010



Basics of Cohﬁerent Radiation

Subject of numerous (mosty numerical) investigations

See Peigneé & Smilga (2008) for some
analytical results pertaining to HQ

Rete-Quarkonii 2010



Formation time In a random walk

— >

Phase shift at each collision

.

One obtains an effective formation time by
imposing the cumulative phase shift to be @, of
the order of unity

W (I) dec

=> 3 scales: If,mult’ If,sing & A

q
(QCD) /2 2
c d*T l Wipn R AGL) ~ Agp” ~ T
dz dw - Suppression:
' 7 i WLPM w
ost. 7 111( )
St : \/ w WLPM
: wla.u.]

\ 0.,1\ 0.2 0.3 0.4 j)q >
' 0

UncoherentCoherent radiation Especially important for av. energy loss
radiation (BDMPS) - -

|
dEgpmps(q) v jwipm!  dEcs(g)
~ X
dz : E dz

Rete-Quarkonii2010  ~~~~~ 77




Formation time and decoherence for HQ

2W(I)dec
%m%mmrrgm <:| Lt (Q + g) = e —
\/W q(I)dec SEZ ) SDEZ

“Competition” between

e decoherence” due to the masses: m_é 4+ 22 M2

« decoherence due to the transverse kicks (Qi) = [ f.mult q

| " m2 + x*M?
Special case: A< l¢mue < Loep = 7
One has a possibly large coherence number N, = I /A but the radiation spectrum
per unit length stays mostly unaffected:

rT L 5\
Radiation on an effective center .:_d_ “] '«<— Radiation at small angle a (Q7 )i.e. o N,

iy Ty
oflength gy = Neon & —> 1 dzidw Compensation at leading order !

LESSON: HQ radiate less, on shorter times scales but are less affected by coherence
effects than light ones !!! (dominance of 1rst order in opacity expansion)
Rete-Quarkonii 2010



Formation time and decoherence for HQ

Criteria: HQ radiative E loss strongly affected by coherence provided:

N mg + 22 M2 L w22\ 2
Lt (@) 2 LGep = G Equivalentto: lrsne(Q) 2 2LGcp < (m; T ) S wq
/y[fm] (miﬁsz °)* LowEnerg  IntEnerg A
, Int Energ I N A I S q w
b E=20 GeV oy |
5 ¢ quark > S High Energ
|
| | -
- I r””
0.2 05 10 20 5.0 1:5.0 200[GeV] 0 1 X
Lk [E) _ (‘fE:i )% . .
e PRYE 3 regimes (2 for light quarks)
Low enerav: radiation ! Intermediate energy: | High energy: HQ
from HO Sz.affected 0 coherence affects radiation on behaves like a light one;
coherence y an increasing part of the * coherence affects
: spectrum (Up to o py*) : radiation from ), on.
) M mg M . M4
Exo_Lpm = 3 F ~ P Eipy o= —

Rete-Quarkonii 2010



[GeV]

LPM

*

LPM & E

*
NO-

o

Hierarchy of scales:

Regimes and radiation spectra

Errm(q) < EXo_pm(@) < Efpy(C larger lin Larger
‘LP‘I:I(‘-?}J £no LPM(Ql rpm(@) arger coupling = Large

~s< .~ High Energ: total suppr.
100} Ttee L n
tol- Int Energ: partial suppr Eoss=a
1.
c-quark Low Energ: GB
0.15 0.20 0.30 0.50
T [GeV]
Spectra
d?l_4A x? decrease
dxdz (DC)
'\
I
GB | ‘
I
: >
1 X
Xer=My/M

e

AT (2L)*xT coherence effects
10°} High Energ: total suppr.
= [T
i 10%} == e
S---lTEEm & PRED
E Took Int Energ: partial suppr
| === Running oy
S
& b-quark LOW Energ: GB
0.15 0.20 0.30 0.50
T [GeV]
A x 12 decrease A x 12 decrease
I
I
I
: BDMPS
1
I . .
. Light g limit 1 x

wipm(E) = (2”4)3 Effective higher o for av. E loss



Semi-quantitative model:

P P

For | .,.t>, gluon is radiated coherently on a
distance I

Model: all scatterers acts as a single effective one
with probability py.on(Q,) obtained by convoluting

, individual probability of kicks

) -
LI 2N Q7 ‘G N
QCD” ~, “tYetts ) 1 : o ‘ 22 | qw
() w2 (o)) i gz ane
S coh ! Zf_mult e PN T iI)c_l_ec’ 7

P"\(:c)ll

After averaging: Prevents radiation of gluon of

, , formation time > [;
d? I o o (14 Neon 12 ’
~ —In
dz dw Neop A 3 (-mg + 22 M2 + -\/w(j)

« Compares well to the BDMPS result (N.,,>>1) for light quark (up to some color factor
=>rescaling), including the coulombian logs.

 Naturally interpolates to the massive-GB regime for N, <1.

e Incorporates all regimes discussed above.

Rete-Quarkonii 2010
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