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Summary

@ Schrédinger-Langevin dynamical model

@ Application to the bb system
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Background Dynamical model Application to bottomonia

Common views on quarkonia suppression

Sequential suppression by Matsui and Satz ...

Each state has a dissociation Tdiss
+ Early states formation in a stationnary QGP at T

= if T > Tdiss the state is dissociated for ever

=> quarkonia as QGP thermometer

... and recombination
collision energy /
— number of QQ in the medium /

|||||)

—> probability that a Q re-associates with another Q /

gubo::. ‘h  Roland Katz-16/09/2014
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Background Dynamical model Application to bottomonia

Reality -> back to concepts

hadronization f

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

only resolved at the end of the
Very complicated QFT e e

problem at finite T(t) !!! ‘

| )

Beware of quantum coherence
during the evolution !

Need for full quantum treatment

6ubo£ech Dating back to Blaizot & Ollitrault, Thews, Cugnon and Gossiaux; early 90’s >



Background

Dynamical model

Application to bottomonia

Assumptions

Sequential suppression VS Dynamical model

v’ Sequential suppression at
an early stage temperature

v’ Stationnary QGP

v' Adiabatic evolution if formed;
fast decorrelation if suppressed

gUbOt@Ch Roland Katz -7/07/2015

-> State formation only at
the end of the evolution

-> Reality is closer to a
cooling QGP

-> Quantum description
of the correlated QQ pair



Background Dynamical model Application to bottomonia

Model ingredients ?

QGP (t ) \\\\\

« Dipole » QQ
wavefunction ,,

-+

Mean field: color

screened binding QGP —
potential V(r,T) + e e | db Thermfallsajuon and
' q ) scenarios T(t) EUILSION
Interactions due to \ ' J ' . 1 .
color charges Cooling QGP Direct interactions

with the thermal bath

6Ub0t@€h Roland Katz -7/07/2015 !



Background Dynamical model Application to bottomonia

Mean color field : screened V(Tred, r) binding the QQ

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

. o ' { F : free energy ' U=F+TS : internal energy

S : entropy (no heat exchange)

* “Weak potential” F<Vweak<U * => some heat exchange
* “Strong potential” V=U ** => adiabatic evolution

F<Vweak [GeV]<U T=0 K | y | T=0
I -

I e R E—

/& simplification \/

A ................ i | T:OO
/0 T i) e

| Linear approx  Screening(T)

K chosen such that: E2-Eo = E(Y(25))-E(Y(15)) as Vweak

* Mocsy & Petreczky Phys.Rev.D77:014501,2008

C/' batech =
. Roland Katz ~7/07/2015 ** Kaczmarek & Zantow arXiv:hep-lat/0512031v1



Background Dynamical model Application to bottomonia

QGP homogeneous temperature(t) scenarios
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» Cooling over time by Kolb and
Heinz* (hydrodynamic evolution
and entropy conservation)

» At LHC (+/syn = 2.76 TeV ) and
RHIC ( /snn = 200 GeV ) energies

5 t[fm/c]

to medium at thermal equilibrium

Initial QQ wavefunction

» Produced at the very beginning : TJ?Q ~ h/(2mgc?) < 0.1 fm/c
» We assume either a formed state (Y(1S) or Y(2S)) OR a more

realistic Gaussian wavefunction with parameter q,; = 0.045 fm

(from Heisenberg principle)

Subo =ch  Roland Katz-7/07/2015

* arXiv:nucl-th/0305084v2



Background Dynamical model Application to bottomonia

Thermalisation ?

The common open quantum approach

» ldea: density matrix and {quarkonia + bath} => bath integrated out
= non unitary evolution + decoherence effects

Akamatsu* -> complex potential
Borghini** -> a master equation

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

gubot@ch *Y. Akamatsu Phys.Rev. D87 (2013) 045016 ; ** N. Borghini et al., Eur. Phys. J. C 72 (2012) 2000 10



Background Dynamical model Application to bottomonia

Thermalisation ?

pproach ) 4

» ldea: density matrix a th integrated out
= non up’ effects

> But defining the b Omplicated and the calculation entangled...

gubotca:ﬁ * Y. Akamatsu Phys.Rev. D87 (2013) 045016 ; ** N. Borghini et al., Eur. Phys. J. C 72 (2012) 2000 =



Background Dynamical model Application to bottomonia

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)

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

ST ElEETEE) Schrodinger-Langevin e

See our SQM 2013 ) Failed at
proceeding *** =il low/medium
\ : )| temperatures

r Effective thermalisation from 1

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) ;
uba **%* R. Katz and P.B. Gossaiux J.Phys.Conf.Ser. 509 (2014) 012095



Background Dynamical model Application to bottomonia

Schrodinger-Langevin (SL) equation

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

ihamgt(r,t) ~ ( Fr(t).r + A(S(r,t) — (S(r,t))r)) Voo (r, 1)

Hamiltonian

includes the
Mean Field
(color binding potential)

* Kostin The J. of Chem. Phys. 57(9):3589—-3590, (1972)

- 13
6me6m Roland Katz -7/07/2015 ** Garashchuk et al. J. of Chem. Phys. 138, 054107 (2013)



Background Dynamical model Application to bottomonia

Schrodinger-Langevin (SL) equation

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

ih(‘?\llc;)gt(l‘at) _ (ﬁMF(r) A(S(r,t) — (S(r,t))r))\lf@@(r,t

S

Fluctuations
taken as a « classical » stochastic force

White quantum noise *

(Fp(t)Fr(t + 7)) = 2mAE, [coth ( kfb‘;h) _ 1] 5(7)

Color quantum noise **

(N[Fr(t)Fr(t+T1)]) = % /OOO eXp(m/kthbath) 7 cos(wT) dw.

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

s 14
ngbOLC“ ' Roland Katz-7/07/2015 ** G. W. Ford, M. Kac, and P. Mazur, J. Math. Phys. 6, 504 (1965).



Background Dynamical model Application to bottomonia

Schrodinger-Langevin (SL) equation

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

OV qq(r,

1h

ot

\.___/

o T e

D|5$|pat|on
S(r,t) = arg(Voa(r,t))

v'non-linearly dependent on ¥qo
v’ real and ohmic
v’ A = drag coefficient (inverse relaxation time)
v’ Brings the system to the lowest state

6Ub0t6€h Roland Katz -7/07/2015 "



Background 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)

> Mixed state observables:

(w@Iow)) = lim

stat nstat_>00 nstat

1 Nstat A

> @0 @)
r=1
» Easy to implement numerically (especially in Monte-Carlo generator)

SubO Roland Katz —=7/07/2015



Background Dynamical model Application to bottomonia

Equilibration with SL equation

Leads the subsystem to thermal equilibrium
(Boltzmann distributions)
for at least the low lying states

Pn (t—eo) P (t—00)
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See R. Katz and P. B. Gossiaux, arXiv:1504.08087 [quant-ph]

6Ub0t6€h Roland Katz -7/07/2015



Background Dynamical model Application to bottomonia

Dynamics of QQ with SL equation

> Drag coeff. for b quarks™:  A,(T) = 0.927 + 0.6472 (c/fm)

Typically T € [0.1; 0.43] GeV =>A € [0.09; 0.51] (fm/c)?

» Simplified Potential:

—\ yAR :
Stochastic forces =>
\ / - feed up of higher states
&

- leakage

\ J \ )
| I

Linear approx Screening(T)

> Observables: «Weight:» W;(t) =|(¥;(T =0)|Yoo0)) |?
« Survivance : » S;(t) = W;(t)/W;(t = 0)

s _ 18
Subaied  Roland Katz-7/07/2015 P.B. Gossiaux and J. Aichelin 2008 Phys. Rev. C 78 014904



Background Dynamical model Application to bottomonia

Evolutions at constant T

6Ub0t@Ch Roland Katz -7/07/2015
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Background Dynamical model Application to bottomonia

Evolution with V(T=0) + Fstocha
Wiga(t260) = J/9)

Naive exp(-I't)

V(T=0) => NO Debye screening ! 1 Nl Decay of the global

oL50F '~

L ]

bottomonia) ONLS | X

0.10} R,

T=400MeV [T

.|t
30

0

i (t:6(0) = x)

of the bound eigenstates

cc system with a

\ L}
Results for charmonia 030} J’Nmmon half-life
(equivalent behaviour for ol20} %\\\

/c)

Transient phase: reequilibration

) X

T=600 MeV

0 5 10




Background Dynamical model

Application to bottomonia

Evolutions with V(T=cst) + Fstocha

W; (t)
2.00} T=0.2 GeV: ¢ (0)=Y(1S)-like
.00k L(15)-like Viwveax(T=0.2)

I].S[l_—
Vigear(T=0.2)+stocha
0.20F

0.10¢

0.05F

L
..................

Pweax(T=0)+stocha

oo [/ I T ()

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

larger suppression
v’ The decays increases with T

W; (1)
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Background

Dynamical model

Application to bottomonia

Evolutions with V(T=cst) + Fstocha

Si(t) = Wi(t)/Wi(t = 0)

gt T=0.2 GeV: Vyyea(T=0.2)+stocha

1.0}

r::s Y(1S) T Ot

=eeeem (0)=Y(1S) or Y(2S)

0.6f =
0.4f

0.2 %

10
t(fm/c)

v’ S quite depends on the initial
guantum state !

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

Si(t) = W;(t)/W;(t = 0)

| T=0.3 GeV: Vyeac(T=0.3)+stocha

1'05 —— /(0)=Gaussian(0.045)
z: Y(15) cenem Y(0)=Y(1S) or Y(25)
i].ﬂl-::.‘

0.2F %,

0.8

0.6

0.4 =

0.2 — ! "+

t( fm,/c}

L(t)/Wi(t = 0)
T=0.6 GeV: Viyeax(T=0.6)+stocha

— 1y(0)=Gaussian(0.045)
=enem (0)=Y(1S) or Y(29)

Y(25)

a
LY b ¥
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Background Dynamical model Application to bottomonia

Evolutions with TiHc(t)

6Ub0t@Ch Roland Katz -7/07/2015
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Background

Dynamical model

Application to bottomonia

Density with V(TtHc(t)) and initial Y(1S)

Trapped bb

(p(x)) final (at large t)

/

/
1.000¢ Trac (t) !
0.300F  y(0)=Y(18)-like !
0.100r  Ballistic

0.050}

- - .
—l'r'

0.010¢
0.005F

ap—— V“reak{T:ﬂ}+StﬂChEl

Vivear( Trac (1))
+stocha

Diffusive
+ screening

6Ub0t@Ch Roland Katz -7/07/2015
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Background Dynamical model Application to bottomonia

Evolutions with V(TiHc(t)) and initial Y(1S)

W; (t)

2.00+ TLHC (t)} I‘)!I(O):Y(IS)_hkﬂ

1.00 k- Y(18)—like Pwear(Trac ()

Djﬂz_ N " eamesissnsoasmsssssssssm=sss==== Tty '_' """"""

LS ression Fiwear{ T=0)+stocha

0.20r Viweat(T1Hc (t))+stoch
Y(28)like Weak(TLrC (t))+stocha

0.10F [z oo e

0.05L [\ Continuous reponulation from ce

Continuous repopulation from collisions

15 20

s\ 10
“% t(fm/c)

Fast suppression in
MF only

gubOtGCh Roland Katz -7/07/2015 25



Background Dynamical model Application to bottomonia

Evolutions with V(TiHc(t)) and initial Y(1S)

Wi (1)
2.00¢ TLHC (t)} I‘)!I(O):Y( 1 S)_hkﬂ
1.00 K Y(19)-like Vevear(TLrc (1)

050 N mm e T e focha
20T Vweak(Trac (t))+stocha
0.10L /e Y(28)-like weak(Terc (1)

-
_____
L S
-----
-
L

- oo
------
- -
- -

0.05L [

15 20

o
t(fm/c)
v Y(2S) strongly suppressed while Y(1S) partially survives

v’ Thermal forces lead to a larger suppression for Y(1S)
and a smaller for Y(2S)

gubOEGCh Roland Katz -7/07/2015 0



Background Dynamical model Application to bottomonia

Evolutions with V(Tiuc(t)) and initial Gaussian

W; (1)
1. [![!: Trac (t); ¥(0)=Gaussian(0.045)
POR YAS)like Vivea(T=0)+stocha _

"""""""""""""""""""" Viwea Trac (1)
0.20} —
0.10 N ,‘\'\‘ . Vﬁ’ﬁﬂl{(TLHf: (t]]+5tﬂﬂhﬂ
0.05}
0.02}
] '5 10 15 20
0.01 t(fm/c)

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

gUbOt@Ch Roland Katz -7/07/2015 o



Background Dynamical model Application to bottomonia

Results at hadronisation and data

Si(t) = Wi(t)/Wi(t = 0)
r Trmc (t); ¥(0)=Gaussian(0.045)

T ~1,

1.00f

0.70}

0.50r i B | Vwear(Trrc (1))

e

0.307 i VW&;}I{(TLHC (t}_]+stocha
0-20¢ \ Y(25)-like .
| 5 10 15 20
t(fm/c)
Y(1S) Y (2S5)
Raa CMS Data* 0.31+0.05 0.075+0.04
From realistic Gaussian ~0.3 ~0.2
From Y(1S) ~0.25 ~0.03

Feed downs from exited states and CNM to be implemented...

guboted“[ Roland Katz—7/07/2015  * Most central suppression: CMS-PAS-HIN-15-001 °°



Conclusion

® Framework satisfying all the fundamental properties of
guantum evolution in contact with a heat bath
= Easy to implement numerically
" First tests passed with success
" Rich suppression patterns
= Assumptions of early decoherence and adiabatic
evolution ruled out.

» Future:
1 To be included in a more realistic collision
[ Identify the limiting cases and make contact with the
other models (a possible link between statistical

hadronization and dynamical models)
d3D°?

gubO Roland Katz — 7/07/2015 — katz@subatech.in2p3.fr — http://rolandkatz.com/
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Some plots of the potentials

Color soresnad potential (G=V)

1.-:':
U With weak
o P R CILIL L L EE _ potential F<V<U
) =omsToIIICSIIL with Tred from
04tol4
"""""""""" r (i)
1 2.0
Internal a:_rr:a} T {G=V) )
.-'"'/-”.
With strong f f_f':
potential V=U g
with Tred from = it
04tol.4 '




Quantum approach

* Schrédinger equation for the QQ pair evolution

Where H — 2m, — (fc)”

V2 + V(r, Tieq)

my
Uoo(r,t) = Rog(rt) XW
Initial N7 _:r_'z
avefunction: R t=0)= . 2a?
wavefuncti 06 (T, ) (m.?) €
where @, = 0.165 fim and ay; = 0.045 fmm

* Projection onto the S states: the S weights

Charmonium radial S states
30p

Ws(t) = (Mbg [ / Roq (1,1, Trea) X Rs(r, T 12 ED
0

Radial eigenstates i

of the hamiltonian

gubo ~ch  Roland Katz-16/09/2014 32



Only mean field + T(t)

« Weight: »  TW;(t) = | (

« Survivance : » S;(t) =

Si(t) V=U at LHC

Bottormonium normed weights

V(T = 0)|[Woo0)) I

Wi(t)/Wi(t = 0)

0 2 10 12 14 16 18

t [fm/c]

gubm‘-@d? Roland Katz -7/07/2015

E%gi -~ Already an actual evolution
=> the scenario can not be
reduced to its very beginning
Si(t) F<V<U at LHC

Bottornonium normed weights

0.2

‘\'?"«-.n ......

Bl e Ty T PR

4 6 8 10 12 14 16 18
t [fm/c]




Only mean field + T(t)

Results (at the end of the evolution) — data comparison to some extent:

LHC WV SNN = 2.76 TeV
1.2 ' ! ' ' ' CMS data —+—
0 Vv=U @
% - FeVel 4
'2 0.8 |- . . CMS data: High pT |
b . and most central !
g 051 ) . data=>color
S oal 3/ i ' screening relatively
% Y(25) ' more important |
E | = ) A A |
0 1 AN 1 I I
0 02 04 06 08 1 1.2

Binding energy [GeV]

= Quite encouraging for such a simple scenario !
= Feed downs from exited states and CNM effects to be implemented
= Similarly to the data, less J/{ suppression at RHIC than at LHC.

'/jubo >ch Roland Katz -7/07/2015 _ -
CMS Collaboration JHEP 05 (2012) 063 ; CMS-PAS-HIN-12-007 ; Phys. Rev. Lett. 109 (2012) 222301



Semi-classical approach

The“Quantum” Wigner distribution of the cc pair:

ipy

F(Z,5,t) = /e?tp* (:F:’—l—

y Ly
— WV |lxr—=
2) (T >

) dy

... is evolved with the “classical”, 1t order in h, Wigner-Moyal equation + FP:

ot mor) Opor

K@ +E£) _ QEV@] P o

7,7,t) =V, (Af + V,(B)))

Finally the projection onto the J/ state is given by:

Ws(t) = f F (FE% t) Fs (7. p)

B>
()’

But in practice: N test particles (initially distributed with the same gaussian
distribution in (r, p) as in the quantum case), that evolve with Newton’s

laws, and give the J/{ weight at t with:

gubo,. h  Roland Katz-16/09/2014

Ws(t) =

1

= D Fs (rit). pi(1))
T =1

35



SL: numerical test of thermalisation

Harmonic potential

. L v
Asymptotic Boltzmann distributions ? YES VI
for any (A,B,0) and from any initial state
Lo [\ . Harmonic state weights (t >> Trelax)
[ 0204~
! \ Harmonic state weights (t) Ty
3 0.15} e
sor \ f‘.“l.
I a Bolt
04| oltzmann e
[ 0.10}
[ \“_a-_______ - distribution line ..
0.1 e - j:|' .
L .,-;-::.'_i'-t--.;i—._‘.—-.——.j—._f_.—.3:3—.. ST AT E——— S )

gubOteCh Roland Katz -7/07/2015 o
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Background

Dynamical model

Application to bottomonia

Evolution with V(T=cst) and initial Gaussian

®

T=0.2 GeV:|¥(0)=Gaussian(0.045)|

FY(18)-like

Y»—like

Y(2S)-like

V“rcak(T:U.z]

Vivea(T=0.2)+stocha

Y

o
t(fm/c)

.]5.

20

W;

1.00¢

0.50f

0.20r

0.10F

(t)

T=0.3 GeV:|Y(0)=Gaussian(0.045)

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

Viwear(T=0.3)+stocha

0.05}
0.02}
-(""5""10' 15 20
t(fm/c)
W; (1)
1.00¢

T=0.6 GeV:|¢(0)=Gaussian(0.045)

V“reak(T:U.ﬁ)
——— Pyeae(T=0.6)+stocha

Y(18)-like

YQS)-like 8

. : .

10 T
t(fm/c) 37



