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Quarkonia 1n Stationary QGP

T/TC ) )
2 E Y(15) “robust”
— | %p(1P) states
T/v(1S
QGP L2 r'(gé) ! -
Thermometer 1. (W r3S) 1P

2c(1P) ¥'(25)

Indeed observed at SPS (CERN) and RHIC (BNL) experiments. However:

e alternative explanations, lots of unknown (also from theory side)
e |ess suppression at LHC

*Time dependent quarkonia formation in evolving medium




Motivation Dynamical model Application to bottomonia

Schematic view




Motivation Dynamical model Application to bottomonia

Dynamical version of the sequential suppression scenario

fp(®
P & D
. . / open charm a) In vacuum: Quarkonia are formed
= D
N after some “formation time” t; (typically
g c Q Cmﬂmum the Heisenberg time), usually assumed to be
p o = ¥ independent of the surrounding medium
fp(e)

Standard folklore of sequential suppression: b.1) If T(zt;X,)<Ty. the quarkonia is
indeed created (as in vacuum)

Local temperature SPS

T(t) 4

Quarkonia state formed as in the

in the medium
vacuum

v?é ?;

Tdiss

v
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Dynamical version of the sequential suppression scenario

fp(e
P 9 D
. . / open charm a) In vacuum: Quarkonia are formed
- D
N after some “formation time” t; (typically
g C Q Cmﬂmum the Heisenberg time), usually assumed to be
p 0. — oI independent of the surrounding medium
£()

Standard folklore of sequential suppression: b.2) If T(t,x,)>Ty. the quarkonia is NOT
created (Q-Qbar pair is “lost” for quarkonia production)

LHC

RHIC
Local temperature T() 4 Quarkonia state “suppressed”
in the medium -
Tdiss | o

o
At

v

o1
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Schematic view

&

Thermal and chemical

~

stationary assumption at

the freeze out (Andronic,
Braun-Munzinger & Stachel)

-
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Motivation

Dynamical model

Not all equal

Application to bottomonia

Recombination: hierarchy of approaches...

Statistical weights (at transition). no detailed dynamics. & assumes all time scales

*

are small vs. transition time. © simple to deal with. PBM, Stachel & Andronic;

Gorenstein, Kostyuk:. ..

s .-Nj-w-lcql.li]i;liulml l l_
- Hll]J‘].’LL‘HH:!tI[I only

i?\[,rlp . — feli) — :\ll]'l‘]'ll'l.‘\‘.u'lﬂll - J\.‘f—'clll.“l'l!‘lli'r'll -
oy Rate equations: = —I'y (N — Ny') S :
‘" Ll 2 \
2 © Might contain the essential physics at a global level. 2N
Q TN - el o bl s S Rapp 05
=) = Model of {(x,p) needed. = no possibility of studying dift. (. \17{1—---!%%}---
— P MIX A
5 spectra. Grandchamp, rapp and Brown; (early) Thews R P i

Transport theory assuming spatial homogeneous fi(p) . © diff spectra. @ misses
surface effects, x-p correl, Q are not uniformly distributed. Thews and Mangano

Transport theory. © solves the caviats of other approaches. @ may obscure the
physics. Zhang (AMPT):; Bratkovskava (HSD); Gossiaux;...

... does not mean a hierarchy of answers (hopefully)!
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Application to bottomonia

Common 1ngredients in (most of the) state of the art
dynamical models

Early decoupling btwn various states in the initial stage (as in H. Satz)

Mean field (screening)

4

» Vetoing at the time of
production if T>T. ..

» Evaluation of the wave
functions y, at finite T

Fluctuations (dissociation)

4

» Evaluate dissociation cross
sections using transition
operators +

or

» Evaluation of the width I"
using some imaginary
potential => survival a
exp(- I't)

+ recombination (using detailed balance of)
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Application to bottomonia

Back to the concepts

Picture
fpl@
p o
g
g
P o
fp(e)

D
open charm Early decoupling
D
between various
- charmonium
. states
A
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Motivation Dynamical model Application to bottomonia

Motivation: Quarkonium formation and Q-Qbar evolution in
URHIC is a deeply quantum and dynamical problem:

hadronization f

Whether the QQ pair emerges as a
quarkonia or as open mesons is

only resolved at the end of the
Very complicated QFT s G

problem at finite T(t) !!! ‘

| )

No independent Y(1S), Y(2S),..

. : . Beware of quantum coherence
evolution during QGP history

during the evolution !

Need for full quantum treatment

guboEech Dating back to Blaizot & Ollitrault, Thews, Cugnon and Gossiaux; early 90’s

11
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Motivation

Quarkonium formation and Q-Qbar evolution in URHIC is

a deeply quantum and dynamical problem requiring
v' QGP genuine time-dependent scenario
v’ quantum description of the QQ
v’ interaction between the 2 systems (screening,
« thermalisation »)

A priori: Nothing is instantaneous,nothing is adiabatic,
nothing is stationnary and nothing is decoupled

Suboi::::--:i'. 12



Motivation Dynamical model Application to bottomonia

Ingredients of our model

QGP
temperature
scenarios T(t,x)

Mean field: color
screened binding
potential V(r,T)

! Qa(r,t)

Cooling QGP !

polarization due to
color charges

+
. — Thermalisation and
IapEltete; diffusion
state

™ Dynamlcal SCheme Direct interactions
= _(Schroedinger Langevin equation)  withthe thermal bath

ubatech



Motivation Dynamical model Application to bottomonia

Dynamical scheme ?

atsu™ -> complex potential
Borghini** -> a master equation

> But defining the bath is complicated and the calculation entangled...

* Y. Akamatsu Phys.Rev. D87 (2013) 045016 ; ** N. Borghini et al., Eur. Phys. J. C 72 (2012) 2000
SUbQ'-”“*' (1) See however Jean-Paul Blaizot et al: http://arxiv.org/abs/1503.03857
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Dynamical scheme ?

Effective: Langevin-like approaches

Quarkonia are Brownian particles (Maa >>T)

+ Drag A(T) => need for a Langevin-like eq.
(A(T) from single heavy quark observables or IQCD calculations)

» Idea: Effective equations to unravel/mock the open quantum approach
Young and Shuryak * -> semi-classical Langevin
Akamatsu and Rothkopf ** -> stochastic and complex potential

Semi-classical Schrodinger-Langevin Others
See our SQM 2013 o Failed at

. equation .
proceeding *** = low/medium
\ Y J temperatu res

Effective thermalisation from
fluctuation/dissipation
6 : * C. Young and Shuryak E 2009 Phys. Rev. C 79: 034907 ; ** Y. Akamatsu and A. Rothkopf. Phys. Rev. D 85, 105011 (2012) ;
ubatec *** R Katz and P.B. Gossaiux J.Phys.Conf.Ser. 509 (2014) 012095
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Schrodinger-Langevin (SL) equation

Derived from the Heisenberg-Langevin equation®, in Bohmian mechanics** ...

OV (T, t
ih Qg; ) _ ( Fr(t)r+ A(S(r,t) — (S(r,t)),.))lIJQQ(r,t)
r = b — b relative position
Hamiltonian
includes the
Mean Field
(color binding potential)

Subot@ch

* Kostin The J. of Chem. Phys. 57(9):3589-3590, (1972)
** Garashchuk et al. J. of Chem. Phys. 138, 054107 (2013) 16
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Schrodinger-Langevin (SL) equation

Derived from the Heisenberg-Langevin equation, in Bohmian mechanics...

th)\DQg( ) (HMF FR < >) lIJQQ

D|55|pat|on
v non-linearly dependent on Yo

S(r,t) = arg(¥pp(r, 1))
v’ real and ohmic

v’ A = drag coefficient (inverse relaxation time)
v’ Brings the system to the lowest state

Subot@ch
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Motivation Dynamical model Application to bottomonia

Schrodinger-Langevin (SL) equation

ma%gt(r-’ ) _ (ﬁ(r) — F(t).r + A(S(r,t) - (S(r,t))r)) Uoo(r, )

dissipative non-linear potential where S(r,t) = arg(¥oq(r, 1))

(wavefunction dependent v/ Brings the QQ to the lowest state (0 node)

v’ Friction (assumed to be local in time)
. = - . - = 2 .
> Solution for V=0 (free wave packet): ¢(f, t) X e”’d(t)'r"'m(t)(r_rd(t)) —ip(t)
where ﬁcl(t) and fcl(t}atisfy the classical laws of motion
— o — At . . . . . .
> pcl(t) = pd(O)e = Ais the drag coefficient (inverse relaxation time)

A can be fixed through the modelling of single
heavy quarks observables and comparison with

the data OR using lattice QCD calculations

18



Motivation Dynamical model

Application to bottomonia

Schrodinger-Langevin (SL) equation

OV pq(r, 1)

ot

ih = (ﬁ(r) — F(t).r +|A(S(r,t) — (S(r,t))r)) Uoolr,t)

dissipative non-linear potential
(wavefunction dependent

where S(r,t) = arg(ll!QQ(r:tj)

v’ Brings the QQ to the lowest state (0 node)
v’ Friction (assumed to be local in time)

> Solution for harmonic potential as well: w(f, t) X eiﬁcl(t)'F+ia(t)(??_7?cl)2_i()0(t)

lllustration: probability of finding the first
excited state in a 1D-harmonic potential,
as function of time, for various values of
A ..

Scaling relation found for A<w

p(1)
1.000

0.500F

A=0.1,0.3,1(fm/c)™

0.100¢
0.050¢
A=2(fm/e)”
0.010F
0.005F

ool .f"__.__“-‘A-t
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Schrodinger-Langevin (SL) equation

indreant) (ﬁ(r) F(t).r b A(S(r.t) - (S(r,t))r))‘DQQ(rgt)

ot
/

Stochastic operator; “warming”

(F(t)) =0, (F(t)F(t") =T(t.t") ?
Brownian hierarchy: m > T = 0 < Trelax

v' 0 = autocorrelation time of the gluonic
fields
v Trelax = quarkonia relaxation time

I'(t, t"): gaussian correlation of parameter o
and norm B

3 parameters: A (the drag coef), B (the diffusion coef) and o (autocorrelation time)

20



Motivation Dynamical model Application to bottomonia

Schrodinger-Langevin (SL) equation

Derived from the Heisenberg-Langevin equation, in Bohmian mechanics ...

[/

ha%gfr’t) _ (EMF(r) A(S(r,t) — (S(r,t))r))llJQQ(r,t)

Fluctuations
taken as a « classical » stochastic force

White quantum noise *

(Fr(t)Fr(t+ 7)) = 2mA E, [coth ( k.’ll“izth) — 1] 5(7)

Color quantum noise **

(N[Fr(t)Fr(t+1)]) = @ /OOO eXp(hw/Z;bath) — cos(wT) dw.

6 * 1. R. Senitzky, Phys. Rev. 119, 670 (1960); 124}, 642 (1961).
_ ubatech

** G. W. Ford, M. Kac, and P. Mazur, J. Math. Phys. 6, 504 (1965).

21



Motivation Dynamical model Application to bottomonia

» 2 parameters: A (Drag) and T (temperature)
» Unitarity (no decay of the norm as with imaginary potentials)
» Heisenberg principle satisfied atany T

» Non linear => Violation of the superposition principle
(=> decoherence)

» Gradual evolution from pure to mixed states (large statistics)

1 Nstat

> w0 1)

r=1

> Mixed state observables: ((()0lv()) = lm

stat Nstat —00 MNgtat

» Easy to implement numerically (especially in EBE MC generators)

» Leads to (approximate) thermalization of the subsystem

=
_uba See R. Katz and P. B. Gossiaux, Annals of Physics (2016), pp. 267-295, arXiv:1504.08087 [quant-ph]
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Application to bottomonia

Important feature of Langevin Dynamics

Initial Asymptotic
s P
o
Classical >
X
Dynamics
A
V. 5y
Pn 4 Pngp Ponoxe T
Quantum | |
> | L
n n

Need for Einstein relation aka fluctuation-dissipation
et theorem: challenge for effective approaches .



1.0

0B

041

0.6

SL: numerical test of thermalisation

Harmonic potential

Asymptotic Boltzmann distributions ? YES
for any (A,B,o) and from any initial state

1V(x)

__\ Harmonic state weights (t >> Trelax )
[ o
- 020}~
J \ Harmonic state weights (t) o
0.15} )

'
~
'
v
"
/ |
T
B
u
.

Boltzmann .
distribution line *

gubot@ch
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Motivation

Equilib

Dynamical model Application to bottomonia

ration with SL equation

\
Harmonic state | eads the subsystem to thermal equilibrium
‘1 weights p,(t) (Boltzmann distributions)
>_-x . for at least the low lying states
Pr (t—e0) Pn (t>c)
1} 1
N White noise — |Lingar |F.4 : Colored noise — [Linear |Fay
0.1H NS
\\%% Ty 1 0.1 \
R N R o e il e Topn 1
0.01k B Pt N R S e == i e
. Hx‘“& T e \H S
0.001H T, :0;:':-‘:‘““*-%“*«1 ) 0-01¢ \‘QH &
| e TR ] SRl
10} RN R 0.001} \““x
L .
05 10 15 20 25 30 35 a0 © 05 10 15 20 25 30 35 40

See R. Katz and P. B. Gossiaux, Annals of Physics (2016), pp. 267-295,
arXiv:1504.08087 [quant-ph]

25

gubot@ch



Motivation Dynamical model Application to bottomonia

Drag coefficient A,

» Obtained within our running a, approach*

d(P;)/dt [GeV /fm]

0. &

. =—— ¢ EL,K=1.5

L - .

..

¢, ElL+rad LPM K=0.8 T=400MeV . 0.4,

T=400 MeV
K=1.5

wm= b, El.4+rad LPM K=0.8
m=== b, El., K=1.5

Ap(T,p =0) = 0.7T 4+ 0.572(fm ")

MC@,HQ V508 |

0 5 10 15 20 25 30 0 5 10 15 20

Arxiv:1506_03981 P [GeV] p(GeV/c)

6Uboj

* P.B. Gossiaux and J. Aichelin 2008 Phys. Rev. C 78 014904

26



Motivation Dynamical model Application to bottomonia

Ingredients for a dynamical model based
on Schroedinger-Langevin Equation

GP

temgerature Pem Mean field: color

' d binding

T(t, QGP(t) screene
seenarios 10X potential V(r,T)

| )
I

Cooling QGP

a(r,t)

I

polarization due to
color charges

+
Thermalisation and

diffusion: \/

Initial QQ
state

I

Direct interactions
with the thermal bath

Suboze ch



Understanding the physics in a stationary
medium
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Mean color field : screened V(T,_,, r) binding the QQ

Static IQCD calculations (maximum heat exchange with the medium):

' F : free energy ' U=F+TS : internal energy
T °° { S : entropy (no heat exchange)
» “Weak potential” F<Vweak<U * => some heat exchange
e “Strong potential” V=U ** => adiabatic evolution
|i<Vweak [GeV]<U T=0 K | « | T=0 O
LA 1D
| e —_—
— - simplification \/
.................... T=00
_ / 0 1.0 1.5 2y [fm] \ Y ) | ]
: Linear approx  Screening(T)
as Vweak

* Mocsy & Petreczky Phys.Rev.D77:014501,2008
** Kaczmarek & Zantow arXiv:hep-lat/0512031v1

29



Motivation Dynamical model Application to bottomonia

In vacuum: V(T =0, r)

Parameters chosen to reproduce Upsilon spectrum +
BBbar threshold

9.46 9.460
1P 9,77 9,86 0.09
2S 9,99 10.023 0.01
2P 10.18 10.255 0.075
3S 10.35 10.355 0.0
3P 10.51 10.51 0.0

mb=4.61, K=2.491 GeV/fm & Vmax=1.338 GeV

gubotce ch



Motivation Dynamical model Application to bottomonia

Dynamics of QQ with SL equation
Evolutions at constant T: understanding the model

» Simplified Potential but contains the essential physics

O
N\ 7 A— ,
YA 4 Stochastic forces =>
\_._/ feed up of higher states
and continuum
| ' J S => Leakage of bound
Linear approx Screening(T) component

> Observables: Weight TW;(t) = <|<%(T = 0)|7/)QQ(t)>|2>

stat

Initial QQ wavefunction
» Produced at the very beginning : TJ?Q ~ h/(2mgc?) < 0.1 fm/c 1



Evolution with V(T=0) + Fstocha

V(T=0) => NO Debye screening

Results for charmonia
(equivalent behaviour for
bottomonia)

Wiy (5(0) = /)
0.70F " ™. Naive exp(-I't):
0.50} o NOT valid !

By
0.30} -~
Sy
0.20t ~
.15t X S
0.10} —
T=600 MeV
0o 5 10 15 20 25

Wk (&

¥(0) = J/¢)

. Naive exp(-I't)
. Decay of the global

- cc system with a
common half-life

'
L }

hhhhh

T—4OO MeV o

TOE

)

J

1 T=600 MeV

30

tm/c)

Transient phase: reequilibration
of the bound eigenstates

“Universal” decay

.5...

10

15



Motivation Dynamical model Application to bottomonia

Evolutions with V(T=cst) + Fstocha

W (1) Wi (t)
2.00f T=0.2 GeV: ¥ (0)=Y(1S)-like 2.00f T=0.3 GeV; (0)=Y(1S)-like
1,00 (18)-1ike 1.00k_ Y(1S)like

0.50} 0.50}
VH;EEK(T:D.E}-FSTDCha
0.20} . 0.20}
Naive exp(-I't) Vivea(T=0.3)+stocha
- 0.10

0.10F

0.05} Y(28)-like Y(28)-like

. 7 é IIII lb — 13 IIII Zb ~L T 5 IIII lb — Eb
0.02 {/ t(fm/c) 0.02 / t(fm/c)

WViU)

2.00} T=0.6 GeV: (0)=Y(1S)—like

v Common decay law at larget

(leakage+internal equilibration) osof
v T increases with T
v’ Starting from Y(1S), higher 010l
states are asymptotically more 005t | yeas) 1o
populated at large T. T

Y(1S)-like

VE‘-’E:{I{(T:G .6}+STD cha

meun




Motivation

Dynamical model

Application to bottomonia

Evolutions with V(T=cst) + Fstocha

W; (1)
2.00} T=0.2 GeV: ¥(0)=Y(1S)-like
1.00 Y(].S]—llke V“reak(T:D.z)

Ujﬂj
Viwear (T=0.2)+stocha
0.20¢

_______________________________

0.10¢

0.05L T Y (28)-like

______
------------
----------
-------
-----------

-

Piwear(T=0)+stocha

----------------

0.02

fs 10 15
l/ N t(fm/c)

v Y(1S): The stochastic forces
leads to larger suppressions
v Y(2S): ......... for T>0.3 only

v’ The screening also leads to
larger suppression

gubotce ch
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Wi

2.00¢
1.00

0.50}

0.20}

0.10¢

0.05F /.7

(1)
T=0.3 GeV; ¢(0)=Y(18)-like

Y(18)-like

VWeak (TZDB]

Y(2S)-like

0.02

Wi
2.00}

1.00

0.50F .,

T é III I]h —
[ t(fm/c)
(t)

T=0.6 GeV; ¥(0)=Y(1S)—like

Y(18)-like

V“’ea]{(T:U-ﬁ]

0.20+
0.10}F
0.0514
T s 10
0.02 ‘|| t(fm/c) 34



Evolution with V(T=cst) and initial Gaussian

W (1)

1.00¢

T=0.2 GeV:[4/(0)=Gaussian(0.045)|

0.50f  Y(18)-like

0.20r

0.10F

yp—like

0.05¢

0021 Y(29)-like

V“reak(T:D.zl

Piwear(T=0.2)+stocha

Y

Suboe ch

L
tfm/c)

.]5.

20

W;

1.00¢

0.50¢

0.20¢

(t)

T=0.3 GeV;|i/(0)=Gaussian(0.045)

Y(18)-like Viear(T=0.3)

0.10}
Pweax(T=0.3)+stocha
0.05)
0.02}
-[""5""1[:' 15 20
t(fm/c)
W; (1)
L% T20.6 GeV:[y(0)=Gaussian(0.045)
0.50}

VW&&]{(T: 0. 6]
———— P (T=0.6)+stocha

Y(18)-like

YQS)-like ————

5

10 T
t(fm/c) 35



Evolutions with V(T=cst) + Fstocha

Si(t) = Wi(t)/Wi(t = 0)
| T=0.2 GeV; Vyyea(T=0.2)+stocha

1.0
|=

0.8[3 \JY(1S)

=sense (0)=Y(1S) or Y(29)

e 1/1(0)=Graussian(0.045)

Si(?)
1.0
0.8F

0.6/

— Wz(t)/Wz(t - O)

T=0.3 GeV; Vyea(T=0.3)+stocha

= 1/r(0)=Gaussian(0.045)
Y(1S) meeenm f(0)=Y(1S) or Y(2S)

v’ S quite depends on the initial
guantum state !

=> Kills the assumption of
guantum decoherence at t=0

gubot@ch

0.6} %
0.4} ™
0.2} D — " a ]
[ e,
llllllllllll pllp..p&nli.lllllllll-------l.--i
5 10 15 20
t(fm/c)

0.8
0.6

0.41% %

m— 1/r(0)=Gaussian(0.045)
=eaeem (0)=Y(1S) or Y(2S)

v
0.2F % %,
»

ag
LT Ll |
iiiiiiiiiii

illlll"un‘ L O o o O g S el

5 15 20
t( fm;’c)



Sivew (1) Normalizatiog
1.2f |
Lo \J/v ¥(0)=Gaussian(0.1)
R, ™y, = =nnmn W(O):J/w or w,
[J.SE N
3 —
[:.45-':‘ .............................

1.0

0.8F%

0.2[

0.6]% *
0.4

02F "

-
[
F ¥
&
llllllllll

= /(0)=Gaussian(0.1)
U(0)=I/iy or ¥

Yy

¥
¥gy
...........
n

lcc 1n the HB2 |
of the weights by their t=0 values

T=0.3 GeV; Vyyea(T=0.3)+stocha

;Z : (0)=Gausstan(0.1)
[1:6::: o O L LA LLL LU W(O):J/w or dfl
i

ool s T,

1.0

0.8

0.2F"

1.2}

D'ﬁ:-z

0.4

T=0.6 GeV
e 1/7(0)=Gaussian(0.1)
U(0)=I/t or ¥

Ty
L
¥

*
Ty
Sagy

.............
IlI!;......'t
L L .




Sy pte (1)

1.2+

1.0

0.8%

o glcc" in the
Normalizatio

r(0)=Gaussian(0.1)

HB

of the weights by?heir t=0 values

T=0.3 GeV; Vyyea(T=0.3)+stocha

1.0
W(0)=Igr or ¥ g Y(0)=Gaussian(0.1)
0.8E
: U (0)=I/r or I
0.6 U(0)=J/i or ¢
t].z' ’, . T,
R L F-M::.:_
10 15 0
t(fm/c)
4 Lo -
Z [ iimemnsen 10y 2 I ]
e 7(0)=Gaussian(0.1) ZE S _eswel et + ]
" TIIIIT t,l'ff(o):]/llif or lj!fl ‘-E 2;_ _ Sw, I ]
Ti55, [ﬂ
Effect also seen &' /¥ L
In experiment zZ —
TR |11 n.5f— d'] __['I']_
- T | | | | | | I_: 1

_I 111 | IIIIIIIIIIIIIIIIIIIIIIIIIIII I_
El[] 50 100 150 200 250 300 350 400
N

part

arxiv 1410.1804



Motivation Dynamical model Application to bottomonia

Going realistic
» Evolution in EPOS2 background (very good model for AA*)

N 105 — B ——— = ‘E 10° = & ALICE, Pb-Pb {5y = 276 TeV "]
-:-,(f 107+ —4— STAR, Au- Am,; =200 GeV B S 10° = —+— STAR AurAuls,,, = 200 GeV E
3 F o 5 PHENIX, Au-AuyS.s = 200 GeV = 3 - oo PHENIX. Au-Au V5o = 200 GeV —
= 107~ g, = = 10° e, —
%— 10 i. = - K <10 E :3 1 i A K K- 610 E
= T VISH2+1 m L o . = ., =% " m
‘% 107 B i DDDDD @%‘%%” B % 107 [ ==HKM "Bo u%@ SR
‘;'_ 3 [ ko D o m} N Q'i_ -4 - ;llll:l::;;gw 20-30% Central collisions R
g 107 [ fikeros 0-5% Central collisions — & 107 ° —
o [ U R C | = ——————————————f— —1 =
—_— 1 I I ik I I - : ) f‘
-, - : - > 15 S —
2 - e z 4 " i
= 11— Jflﬁﬂﬂﬂmimwrmﬁﬁi}H-lﬂHPdHHHH{IHHHlHﬂi-H‘PHWH A 1 ML
15 __ 7 __ 15 .\"’l 7 .
[0 K'+K - [ K'+K
g %m@wfﬁuwmﬂ%&nﬂmﬁ‘ﬂ s %mn'umﬁﬂﬁmwmnnﬁmlﬂ|||1HH|H{|}|| ]
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~ Motivation Dynamical model Application to bottomonia

How much of the quantum
Interlude coherence should we keep / do we
know in the initial state ?

} Nohe (decoupled): Voot =0) =¢;(T"=0) (eigenstate)

dadlrect(q) ) W X do_dlrect(q) )

From your favorite model (CEM,...) or
from data fitting

do—f)qrjcé)lmpt Z B; ij X dadlrect((b )

Practical advantage: —

—

» Only in a given harmonics ? Then, often wQQ;l:O (t = 0) = Gaussian

Practical advantage for radial potential: no mixing
Need to find a width that accomodates measured ratios (in this harmonics)

» Only in a given color representation ?
40



Understanding the physics in a uniform
medium with T(t)



Density with V(TiHc(t,0)) and initial Y(1S)

Case of bbar at hottest QGP
point and at rest

+stocha

Trapped bb
(p(x)) final(at large t) /
1.000} Tiac (1) / \‘ — Pwea(Trrc (1))
0.500F M=Y(18)=1ik { === FPwea(T=0)+stocha
VOIS lke ' Vwea(Trrc (1)
|
|

0.100
0.050¢

Ballistic Diffusive

+ screening

0.010¢
0.005¢

gubot@ch 42



Evolutions with V(TLHc(t,0)) and initial
Y(1S)

W; (1)
2.00F TLHE (t)? l]Zf(U):Y{ 1 S)—h_ke
1.00} Y(1S8)—like Piweak(Trac (1) T
0.50F T i G Lt STl .
L. . V“rﬂak(T—U)-l—StDChﬂ 1 dEpOpulatlon from
[ ression stochastic forces
0.20} Pweak(Truc (t))+stocha

Y(28)-like

0.10F e SRR LT FORUN
o.o5pp @ 77 Continuous
_ _ ———— repopulation from
5 15 20 stochastic forces

—
\ t(tm/c)
Fast suppression in

MF only

Subozech 43



Motivation Dynamical model Application to bottomonia

Evolutions with V(Ttxc(t,0)) and initial Gaussian

W; (1)
1.[:[:; TLHC {t)? {)[f{U):GﬂuSSIBII{UU‘ilS)
SO Y()-like Vivea(T=0)+stocha

----------------------- V"i;li,, ﬂak(TLHC (t)]

0.20F
0.10 5 :;\-\- - VW&E]:(TLHC (t]]+5tﬂﬂhﬂ
0.05F
0.02}F
s 10
0.01F \ t(fm/c)

v’ Initial weights have no big influence on
large time weights

guboze ch 44



Motivation Dynamical model Application to bottomonia

Evolutions with V(Tixc(t,0)) and initial Gaussian

rJ/V.x....)
2.00r

Tk (t): ¥ (0)=G-like
1.00}
pso\_ Ifu-like
0B, L like
l::l]l::l}f"“" h"'«..
wffon A0 ragy -
0.05} t; - Tl s TIxcn(t); ¥(0)=G—like
| __ e-‘.-““'""‘- "‘-..\ . My, o~ = .
0.02{ | IR ﬂ.ﬁnkL‘“{M_hke
Il P T R R T R T T T S R -‘-F“h___...___
: 5 104 /e) ! 20 0.0} Yr'—like Tt~ _ -
0.10}
0.05}
Freeze out
0.02}
5 Ofp/c)ts 20

v’ Psi’ more suppressed in a dynamical plasma !
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Going realistic




-

Motivation Dynamical model

Realistic in

Initial QQ wa

» Can we cope with the p-p data a
feed-down ?

Application to bottomonia

itial state

vefunction

t LHC, including the various

Low pT

BFrom 2S5 :7-8 %
From 35 <1 %
BFrom 1P :~15%
BFrom 2P :~4 %
WFrom 3P .~ 2 %
M Direct: =70 %

Low pT
BFrom3S:7<74 %

BMFrom 2P :7<7 20 %
B Direct: 7=770 %

Low pT

From3P:7<7?3 % ®From 3P ;?7<?30 %

® Direct: 7> 7 70 %

High pT

mFrom 2S:12-16 %
From 38 :2-3 %

W From 1P : 26-32 %

BFrom 2P :4-8 %

EmFrom 3P :24 %

B Direct : ~ 45 %

(a) (b)

Fig. 14 Typical sources of T (nS) at low and high pt. These numbers are mostly derived from LHC measurements [197—199,203-208] assuming

an absence of a significant rapidity dependence. a T(1S); b T(2S): ¢ T(3S)

[ ]

ubatech Initial State has S-like

High pT

High pT

From 35 :4-8 %
From 3P : 3-6 %
From 2P : 20-40 %
Direct: 50-70 %

®mFrom 3P : 30-50 %
®Direct: 50-70 %

(c)

and P-like components
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Motivation Dynamical model

Trial S+P initial state:

22
P (t=0,2) x e 202 (1 + Godd g)

0=0.09 fm
- 0=0.07

e

exr 1P -> 1S

6=0.05

- __.-'
-
0.06 | o

002

Application to bottomonia

Looking at integrated production
as a proxy for low p;:

o = 0.045 tm Aodd — 3.9

0101 2S -> 1S
o.0gf _
0.6 -— I j_____: _______.
vozl
05 10 15 20 25 lf’I’Odd
Low pT

BFrom2S:7-8% 7-8%

From3s=<1% 1%
mFrom 1P :~15% 14%
mFrom2P:~4% 4%
EFrom 3P =2 % 0%

B Direct: = 70 %
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Motivation Dynamical model Application to bottomonia

Trial S+P initial state: Looking at integrated production

 x2 x as a proxy for low p;:
Ypp(t = 0,7) oc e 202 (1 + Qodd —)
a o = 0.045 fm Aodd — 3.9

=0.09

0302P -> 28 © #20.07 01035 _> 2§

-3.:5; e c=0.05 .:._.:.gi

0.0 o 1.0 1 ] I I"I-:ll ~ .3.Ii aOdd

Low pT Good « fit » at low p;

mFrom3s:7<74 % 0%

romap:2<73% 0%  Enables us to deal with feed down

EBFrom2P:7<720% 22 %
B Direct: 7> 7 70 %

... But other possibilities exist

guboiir_-.
' 49



Motivation Dynamical model Application to bottomonia

Going high p;:

10— —————t
-g 1 i I | I I | | | I I | | I I I | | I I I | I I I I |
ECEU ~ ATLAS Corrected cross sections _ p—p: 7 TeV fm
;208 {s=7Tev J.Ldt=1.8fb'1 - i
= i ] —
T - 1.2<1ly"1<2.25 o
o =
= >~ 0.6}
m m
X = 1
© z EXP i
£ 04} ]
: R o i 2t
CMS 3.1 bb" | — 0.2
—fe— Iyl <2:7(28)/T(18) .
—F— Iy"l<2:7(3S)/T(18) :
0 | | | | | | | | | | | | | | | | | | 1 | 1 1 1 1 0 0 | TR T S N T TR S SR ISR R TR SR T 1
0 10 20 30 40 50 0 10 20 30 40 50
Y p_[GeV] pr(GeVje)

Mild increase vs p; but saturates too low

Need for a better understanding of quarkonium production
at high p;. If mere gluon splitting + Eloss, our model
el doesn’t apply anyhow
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Motivation Dynamical model Application to bottomonia

Going realistic
» Evolution in EPOS2 background (very good model for AA*)

» Glauber model for initial position of the b-bar pairs, No CNM effects

» b-bars assumed to be color singlets and then moving straight line with
no Energy loss

> Initial internal b-loar state chosen as a gaussian (I=0+I=1)

Weight:  W;(t) = (|(i(T = 0)[uy (1)) )
| Survivance: S;(t) = W;(t)/W;(t = 0)
Convoluted with p;-y spectra => R, ,

stat

» Observables: -

» STILL NOT AIMED to reproduce exp. data (just grasp the global trends):

proof of principle

* K. Werner, |. Karpenko, T. Pierog, M. Bleicher and K. Mikhailov, Phys. Rev. C 82 (2010) 044904. K.
6 b Werner, |. Karpenko, M. Bleicher, T. Pierog and S. Porteboeuf-Houssais, Phys. Rev. C 85 (2012) 064907
" |
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Motivation Dynamical model Application to bottomonia

Full EPOS2 evolutiogs

0.10

= = =
= & 3

Weights (Y1S & Y28)

I
1
|
|
|
1
1
]
1
|
!
!
!
|

0.00

pr=20GeV/c  T(x) from EPOS2
S pr=1GeV/c b=0 fm
F«V<U

Y(1S) “direct”

itial suppression  Saturation at large time

=
-----------------------------------------------

Strong suppression of Y(2S),
Taking place on longer times

-
-
- -

s s EEEEEEEE NN SR EEE W

¢+
Not everyth

decay widths !!!

ing is about thermal t (fm/c)

NO STRONG p; DEPENDENCE
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Motivation Dynamical model Application to bottomonia

Final suppression (1): vs p,

._.
Y

b fn T(x) from EPOS2] [
1] b=8 fm RAA Vi 1 ~12f
) I —m PR e e m e e L e D.. 3
ﬁ l.D:— 1 —————R0.% 1 E:]_,, 10k
>~ T e | o=
g 0sf —— 1 B os
2 Y(1S) I
; 0.6f DIRECT| | = 06 DIRECT
E 0-4:- —: 5 0.4 x(lS) ....................
| Y(2S) R
D.:_— —.r--——____‘_,__-__‘ ------------------------------------- ] :t: 0.2 TTTr—an st e
DD-I ------ T--.--.l--:--..h-.-hT-qu---.--j--.---.---u-_::-."-._'-‘.rﬂ-. |: DD X(é}l.-._..-.l_.-..‘l-..-l.-.' ............
0 5 10 15 20 0 5 10 15 20
pr(GeV/c) pr(GeV/c)

Flatish R,,(p;) for all Bottomonium states

Subot@ch
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fa—
o

Raa(Y1S & Y28)

[
[

Pdaughter —

Trends well reproduced but absolute
values too high (lack of suppression)

Motivation

Dynamical model

—
[
———

Final suppressi

[
[
T

=
(=
———

....... " T(x) from EPOS2 ]

R S

Y(15) B prOMPT]

Y(28) . U

Eilcccs
pr(GeV/c)

Simple rule for Upsilon decay:

M, daughter

gubot@ch

M mother

Pmother

Raa(x(1P) & x(2P))

O

Application to bottomonia

n (2): vs p;

14 —
I b=12 fm T(x) from EPOS2

12F ... - Vi
e L

1.0f —

0.8}

0.6} PRDMPﬂ

oal x(1S)

Dl- ToTTT—ac T -
e L TEE B
00l o gy - . . .

o A£3) s 10 15 20
pr(GeV/e)

PbPb 166 ub” pp 54 pb™ S = 2.76 TeV

é1'4—”'"""""""""”""""""""—

x r v ol e CMS ]

1_2__ Cent 0-100%, [y| < 2.4 Prafiminary

1F .

nY(1S)

0.8F v .

0.6 .

043 8 ® * [ I—

0.2F -
OO\I

b e e b b e b b d
2 4 6 8 10 12 14 16 18 20

p$ (GeV/c)
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Motivation Dynamical model Application to bottomonia

Final suppression (3): vs N

RaalY & x)

part
P — 1.4
T(x) from EPOS2; Vyyr m& @ Y(1S)&Y(2S) CMS, 2.76 TeV pPr>4 GeVle, |y|<2.4
! Pr<6 GeV/e 0& O: x(1P) & y(2P) | !
1.0 ] 1.0
- PROMPT | _
. | —~ 0.8} -
h = Y(1S) z - Y(1S) Theo |
] - = ] - .
. m < o4l + + " ]
” ] : 1?! |
nl F<V,<U | [ ]
e " . Y(25) vas) ¥
02{Y(2S) - - XD(]'S) 3 o o * * o
° ' * ® I
o8 & S oes) Y ,lYS)theo ® " % 4 +
0 100 200 300 400 0 100 200 300 400
Npast Npart

We miss a some suppression in most central
i events (under investigation; CNM ?)
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Motivation Dynamical model Application to bottomonia

Refined analysis: Role of the various
contributions in the SLE

osoot " \(T=0)+stocha
. V, .. (NO StOCha)J, Slight depopulation
A V... + stocha from stochastic forces
S
&y 0-100¢
- [ e V(T= O) + stocha
— 0.050 b L L TN
.
=
ﬁn V,,cak + Stocha
§ 0010f  pr=1GeV/c § — .
[ T(x) from EPOS2 Y N h\) Continugus repopulation
0005 b=0fm weai (N0 stocha N from stothastic forces
Init: gaussian T N, .
0 2 4 | 6 8

t (fm/c) Strong suppression
in Mean Field only
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Motivation Dynamical model

Application to bottomonia

Refined analysis: Role of initial bbar state

1.000

0.500F

S)

43 o100}

&Y

Weights (Y1S

[} ]
= (=]
[ —t
L (]

0.001F

L | b=0 fm

LLE e
.....
...........................................

Y(15)  v(15) repopulation _
------------- from Y(25)
Y(25) pr=1Gevje

T(x) from EPOS2

l— ¥(t=0): gaussian
| = = =P(t=0): Y(1S) pure state

0

|= = 'P(t=0): Y(2S) pure state
2 4 6 g
t (fm/c)

Subot@ch

Original Y(2S) would survive with a
probability less then 2%

In actual life vy, .= Gaussian =>

Y(2S) found at the end of QGP

evolution are mostly the ones
regenerated from the Y(1S)
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relative Weights (Y1S)
2 8 2

=
[

= .
=
—

Motivation

Dynamical model

(= (=
b e
" T T 7

[—
=
— T

initial Y(18)

Y(t=0): Gaussian S+P

N e

____________________________

Y(1S)/Y(1S,t=0) L Geve

T(x) from EPOS
fm |

t (fm/c)

L=1 component feeds the
Y(1S) at small times

gubotce ch

relative Weights (Y2S)

Application to bottomonia

Refined analysis: Role of cross channel
evolution (exemple from LHC)

._.
=
T 1

o = = =
h.a FES [=) [irs]
Tt ——————————

=
=3

—
]
—

—
=
—

Y(2S)/Y(2S,t=0)

Y(t=0): Gaussian S+P

T(x) from EPOS
e .0’. YOS purestate bl
2 4 6 g 10

t (fm/c)

Y(2S) found at the end of QGP
evolution are mostly the ones
regenerated from the 1S & 1P
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Motivation Dynamical model Application to bottomonia

Going RHIC

» EPOSS3 still needs validation for RHIC. Back to Kolb-Heinz (which at
least offers some consistency ./. our previous predictions on open HF)

> Particular focus on the role of the initial state

gubo;:'--:f'.
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Motivation

Dynamical model

Application to bottomonia

RHIC (init decoupled)

1 B_ 'Cp+p stat. uncertainty 7 Strickland model A LOrR,

“F  Ecommon norm. syst. :: Strickland model B U-like _
1.6/ Rapp SBS model 0.8l P Prompt, b=0
1.4 -«Liu-Chen model -

12 0.6} °
- * VWeak
- ,”/ ARG :
o %,\\\\\" R -
0.6:— /;//% » i \ 0
0.4F 7 Katz & Gossiaux . " s
i « . | : .
“t (b) Y(1S) 0 " > 3 4
DT | I T T T N T TR T T NN SO TN N SO AN TR N T N S T 1.0
0 100 200 300 400 .
at s Direct, b=0
o 0.8}
1.8~ D@IAN |S=1J92 Qv |y|<I -
16 e U+U 193 GeV  © U+U, cent. integrated
' m Au+Au 200 GeV [ Au+Au cent. integrated 0.6l
1.4
12 arXiv:1608.06487
| 0.4}
1 v I u

0.8 N - 0.2} .

MR Starting from : .

0.6 . ) .

04 %f%/\\@\\ RN 00 Individual eigenstates . .

. “yy, n— 0 1 2 3 4
<021 (a) Y(1 S+2$+3S/)//////%M//W4 - 6
— o+ e K'atz & GOSS|aux Y(lS) X(]'P) Y(ZS) %(ZP)




Motivation Dynamical model

- l|]p+p start. uncertaihty {/;Strilckland moijel A
1'85_ B common norm. syst. ::Strickland model B
1.6 Rapp SBS model
1_45_ Prompt -:Liu-Chen model
ok *

iE e . Elm —
ook \\\ | |
0.6 \\ N

= /////;///
0.4F
025 (B) T(1S) mmmmy

0 i i i | i i i 1 | i I I i

Noan

Both models seem
compatible with the data.
Y(2S) measurement would

help

gubote ch

0 200 200 300 200

Application to bottomonia

RHIC (init decoupled)

Katz & Gossiaux

Raa U-like
1.0} I
' Y(1S v
0.8]
[ Au+Au T
0.6} 200 AGeV Vo
04) ¥(25) Direct
n.z:-
0.0l PR e sre——— e
0 100 200 300 400
N

part



RAA

c
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

Motivation Dynamical model

'[p+p stat. uncertainty 7 Strickland model A
B common norm. syst. ::Strickland model B

Rapp SBS model
Prompt -:Liu-Chen model

* S

TTTTT T T[T T T T I rr [ TrIrrorrrTT
[RRAE R RN RARN AR R AR

= ) 1(15) W/////////////
0 T 9000 2000 300 @00

Noan

U-type potential more
sensitive to the initial state

gubote ch

Application to bottomonia

RHIC (init gaussian S-like)

U-like
Katz & Gossiaux
RAA l
1.[]: "
! Au+Au, Y(IS) T
0.6/ I :decoupling Viveak
_ [] : Gaussian
0.4r Direct
| Y(25)
u.z}
0 100 200 300 400

part



2.0

1.5+

1.0

0.5¢

Y(2S

0.0
0

Motivation Dynamical model Application to bottomonia

RHIC (init gaussian S-like + P-like)

R )
AR Direct U-like

|

Au+Au,
200 AGeV Y( 15)

Transition from dipolar
stochastic forces increase the
RAA of “I=0" states !

In particular, U-type potential
leads to values much > 1 1!

VWeak

100 200 N 300 400 63




1.2

1.0

0.8

0.2}

0.0
0

0.6}

0.4}

Motivation Dynamical model

RHIC : summary for V

Au+Au, 200 AGeV

e~

—-;________‘_‘h’

e~
init Y(1S) T

“S” Gaussian
init Y(2S)

|

100 200 400

N

part

Large effects of the initial state on

the RAA Y(2S)/ RAA Y(1S) ratio

Y(1S)

0.51

0.4f

0.3}

0.2f

0.1f

0.0
0

Application to bottomonia

weak

Direct production

Raa (Y(25))/Ry (Y(1S))

Best prescription
according to LHC
constrains

“=0”+”1=1" Gaussian




Motivation Dynamical model Application to bottomonia

RHIC Summary

Including decays

“F "Op+p stat. uncertainty 7 Strickland model A | 200 Ry
1.8— _ .
- Ecommon norm. syst. : Strickland model B Vieak Prompt
1.6/ Rapp SBS model
1.4 -.Liu-Chen model L5
1.2f
1 1.0
08f ! — Y1)
06E “S”+”S” Gaussian —
F 05l
0.4 T
02F (b) T(1S) — !(25) ] Decour:led approx
O ———900 2000 a0 400 S0 200 300 400
N, N
art art .
20 i U-like
 Roughly good agreement with the data sl e Y(1S) ']r
: - A - -t
(story ends not so bad for V,,.,,) ./l‘.
* A bit too high RAA for largest centrality o b
* With U-like: results strongly depend on T _ SR .. ﬁ
the initial state considered ! osl
Y(2S) /VWeak
Subogech 00— '16;]"' T — T —T
65



Motivation Dynamical model Application to bottomonia

RHIC Summary

Including decays

L L L L L L L R LR 2.0r
18- STAR |5,,=193 GeV |y|<1 :RAA Prompt
16 ®U+U193GeV O U+U, cent. integrated -
F = Au+Au 200 GeV [J Au+Au cent. integrated I .
1 oF arXiv:1608.06487 j /’\\
0.8 I
0.6/ o5t e I
0.45— e i \
2E (a) Y(15+28+38) | | . 2ol Vweak ~ Decoupled apprti(
e | 100 200 300 400

Subot@ch
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Summary

" First prediction of our formalism for upsilon suppression at RHIC
in “not so state of the art background” (KH) with feed downs,
reproduces experimental trends provided F<V, ... <U potential is

chosen
" |nitial state may have LARGE effects ? Theory inputs from our pp

colleagues ?
= Some lack of suppression in most central events

6Ubotec{"l
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