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Physics Motivation: Heavy lon Collisions
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A tale of several scales

Bl emiaton " eapaneion nadronizatior
:%»i @@@
— ~1fm ~5-10 fm

spectator 2

= Probes that are susceptible to medium but distinguishable from it: Q. ,,e>>T 4
Bound states of cc or bb:  Heavy quarkonium M>>T e
expectation: Tt~ 1/<E,> Therm ™ Ma/T Tiherm

m/¥=3.1GeV ©/¥  =0.4fm == slow formation, fast thermalization

m'=9.46GeV 1’y =0.18fm ==  Fastformation, slow thermalization
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A selection of recent developments
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= Towards a dependable in-medium heavy quarkonium picture from the lattice:

1000 T T T T T T 3.0
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Limit 1: Thermal Charm
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Question of J/Psi formation

n B

T>0 medium

Charm quarks become kinetically thermalized

Statistical model reproduces suppression pattern:
recombination of J/Psi at QGP phase boundary

Invites the study of thermal ccbar properties

bound states in spectral functions ...
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Charmonium on the lattice
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= Direct simulation feasible since separation of scales not pronounced

1
~ 0.06fm 7= N.a~ Ifm

= ccbar and thermal medium: a<
2me
Staecp =)_ ) —ReTr (] Uy () = Uy (U (x+ @)U (x + UL (x)
X u<v

+4
+ZAX Q(x ( mq _|- 4 Sy — ZlTx Z(] —yu)U(x)5X+v,y)Q(y) SR
n=0

= Gauge fields as links: U (x)=exp[ig Ax, A,(x) ]

= Monte Carlo simulation

= Generate collection of U with P[U]=exp[-S¢ ocp(U)]

. 1 n—1
— —Si{oco — 1 — (k)
(O[U])y = JDU O(U) e >t nl_lgloo - kE_O ou’)
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non-perturbative,
applicable atany T

heavy quarks costly,
only Euclidean time
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Heavy quarkonium spectral functions

= What are the available bound states for thermal ccbar pairs?

= Encoded in the current correlator: J(x,t)= Q(x,t) I Q(x,T)

GE 1) =Y (J(x, 1] (x0,0)) e

X0

= Spectral function p(w):

£ . [ coshiw(t— B)] Q@ a
Go(r) = JO sinh[Jwp] A e Xz
= Anill-defined inverse problem:
.] n
N:~O(10—100) < N ~0O(10° =104 w)=—) Gi(w)
k=1

= Use prior knowledge to regularize ¥? fitting

=  Maximum Entropy Method: a particular choice of regularization functional
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Charmonium lattice spectra

12 : :
P(w)/w? 0.73T, ——

(| " 1467, —— | = J/Psiin a gluonic medium

= a=0.01fm a'=19 GeV >>m_=1.3 GeV
= Nx=128 L=Na>1fm

081

061

= Bound state peak disappears for T > 1.5T.

041

02 ) J/ lattice spectral 1 = systematic uncertainties from MEM since
function from MEM .1y T changed by N.=96, 48, 32, 24
. . . . . . |
2 3 4 5 6 7 8 9 10

comparison to experiment only in thermal equilibrium,
== requires high precision correlator data,
dependence on prior information

first principles QCD information,
allows comparison to dilepton rates
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A recent improvement on the MEM

= Limitations of the standard MEM:

= N_ artificially limits resolution & regularization functional has flat directions

= New Bayesian prescription that assumes only: p>0 and smoothness

Mock testing R
S
= Generate Euclidean datapoints S
1l
from known p (gray) 3
= Add Gaussian noise and feed _
: : E
to reconstruction algorithm g :
= Compare outcome to mock & 10/ | G
spectrum . 3_9/
o [GeV] o [GeV]

Consistently outperforms MEM in mock analyses == Does not cope well with kinks in p
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Limit 2: Bottomonium as a test particle

Bottomonium in p+p collisions

S w0 A
E 70 @ CMS, pp,\'s = 2.76 TeV
<
@ T<TC @ S 6o Py >4 GeV/c, 'l < 2.4
— E; pI <20 GeV/c
5 50 P
z L, =225 nb

@ no QGP present @ 40

30

20

10

= Non-thermal bound states traverse the bulk as probe 4 7

07 8 9 10 11 12 13 14
uu invariant mass [GeV/c?]

= Long lifetime: decay outside the medium (OZI rule)

Bottomonium in Pb+Pb collisions

60

20

% F
O E - b) CMS, PbPb,\s = 2.76 TeV
@ T>T < sof- p! >4 GeV/c, h'l <2.4
c " e ¢t py <20 GeV/c
— Q < aof
@ Quark'gluon @ § 305_ ------ pp lineshape
I or — PbPb fit

10

= Goal: Real-time in-medium evolution of Bottomonium . %~ %W

uw invariant mass [GeV/c?]
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Bottomonium and the lattice

= Direct simulation too costly since separation of scales much more pronounced

1
= bbar and thermal medium: a < ~ 0.02fm — =Nra~1fm

Zmb T
= Goal: use separation of scales to treat Aach p
heavy quarks differently mo <1, mo <1, mo <1
= Tools: Effective field theory and Lattice QCD
P P L
Sacp = | d*x QU (W*DulA) = mq ) Qx) — 7P Fy|
. . . (&
= Foldy-Tani transformation: expand heavy part in powers of 1/mg, Q= X
. A g 1
_ 4 T _ 0 _ B _ _ _EHV T\t
Sraco Jd X [& (x) (16t gA”(x) + T ZmQG B mQ)E(x) 4F Fuv +X'(..) X]
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Deriving a potential for heavy quarkonia

= Real-time evolution of two test quarks:

= Use heavy meson operators: M(x,y,t)=x" (x,t) o' U(x,y) € (y,t) @ R G
D>(R> t) — <M(X>y>t) MT(X>U>O)>med

= |n the static limit: D> becomes the real-time Wilson loop X O €

v

X,Y,2

D~ (R,t) "= Wh(R,t) = (Tr(exp [ —1g JD dz”Au(z)D>

= Potential emerges at late times: ggbar timescale much slower than gluons
. t—o0 CD
WWao(R,t) = VP (RIWL(R, t)

2

. 10WO(R, 1)
QCD _ 10t VVOl(R,
v (R) tl{{)lo WD(R,JE)
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The high temperature potential
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= T>>T.: Asymptotic freedom of QCD allows weak coupling evaluation

------- T T T
>
Wo(R,t) = :V_E_::. ::;L:M:/\: . g:: . Ch 02 04 06 08 fm 1.0
§ -0.5 i
'"rﬁ\/‘v' """" _}:’\_/1:4.. """"""" 1.0 # Re[VACD(R)]
-1.5
T T=0.5- 2.2 GeV
Qcp gy — _9CF | Y AIS; 20
VR (R) = =2 [mp + ———| —iT—Lp(mpR)
v \/ Px) = Jw A2z i 12 {] . Siz[fxw

Debye screening Landau damping

= Real part from Debye screening: presence of deconfined color charges

= Imaginary part from Landau damping: Scattering of medium partons with the QQbar

= Presence of Im[V] is a QCD result not a model assumption

April 9th 2014 - EMMI Seminar @ GSI
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HEAVY QUARKONIA: A THERMOMETER FOR THE QGP

Extracting VAP from lattice QCD
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= Real-time not directly accessible!

= How to connect to the Euclidean domain: spectral functions

(©.@) 0

dasie=1 o (R, o) o WD(R,T)zj dw e=Yon(R, w)

— o0

WolR,t) = |

—00

QCD(py _ 14 JOs Wity (@ et) 't po (R, w) Bayesian spectral
T

= |ntuitive relation between spectrum and potential

5 L wg Mo (R)
P;C’D_ A pD(R,(U) X (CUO(R) _ w)Z + rg(R)
r0
allli, > VQED(R) = wo(R) + 1l (R)
.
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The extraction strategy
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= From lattice QCD Euclidean Wilson loops to the complex heavy quark potential
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HEAVY QUARKONIUM FROM THE LATTICE

An interpretation for the imaginary part

= What is the meaning of the imaginary part?

i9:D~ (R, t) = VR P (R)D~ (R, 1)

X O
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E'i'

0 (Voo (R, 1Y (R,0)) = VREP(R) (hoa (R, b o (R, 0))

v

X,Y,Z

= Evolved object is not the wave-function itself, it is a thermally averaged correlation function

= Heavy quarks cannot annihilate in the non-relativistic approximation

= Correlations with initial state decay over time: decoherence

April 9th 2014 - EMMI Seminar @ GSI
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Open Quantum Systems

= Heavy Quarkonium coupled to a thermal medium see e.g. H.-P. Breuer, F. Petruccione,

Theory of Open Quantum Systems

= Qverall system is closed, hermitian Hamiltonian

H = HQQ ® Imed + IQQ ® Hmed + Hint .°° Ce ’

°gt °
d 1

—o(t) =

— H, o(t)] unitary evolution: H=H"

l Trmed ’ }
@ V(r) + O(r,t) @
J

o

= |Interested in the dynamics of the QQbar system only

0QQ (t, R, R/) = Trmeaq [G(ta R, R/)}

d :
a(yQQ(t) = Logg(t) dynamicalmapl
= L can be implemented (unraveled) into stochastic dynamics of the wave function

(similar concepts are quantum state diffusion, quantum jumps, etc..) see also: N.Borghini, C.Gombeaud:
Eur.Phys.). C72 (2012) 2000; 1103.2945
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Time evolution of the wavefunction

= Construct unitary stochastic time evolution (neglects back reaction on medium)

Yoo (R,t) = Texp| — rll E {- TZ—; + Voo (R) +O(R, ) Hwgqg(R,0)

<@(R)t)> — O) <®(R) t)@(R/>t/)> :FLF(R, R/)étt’/At

= Use Ito stochastic calculus to write down the Schrédinger equation

. d v? At
i bgo(R ) = (— ot Voo(R) +O(R, 1) —i=-*(R, t))prQ(R, t)

= Average wavefunction only depends on diagonal correlations

V2 i
(boo(R Ve = (= 1=+ Voo(R) = 5T(RR)) (oo (R, )e

4
dt

= Since D>=<y(t)P*(0)>: Vqoq(R)=Re[VEP(R)] and F(R,R)=Im[VAP(R)]
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How to quantify excited states melting

= Survival probability of Heavy Quarkonia  (Vacuum: H¥?¢ QGP: H)

= Admixture |c,,|? of initial bound eigenstates @, of H'a at the current time
cnnlt) = | dRAR @4 R) (hoq(R, thyq (R te OnlR)

= <YP(R,t)L*(R’,t)>=0o(t) density matrix of states

= ¢, depends on off-diagonal noise correlations T(R,R’)
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A 3 dimensional numerical simulation

Potentials [GeV]

-1.0

r [fm] /

= Vaccuum: Cornell + string breaking (3 bound S)
= Medium: Vgg(R) and '(R,R) from perturbative potential VAP at T=2.33T,
= Off-digagonal noise: [(R,R’)ocexp[-(R-R")?/A?]  A=1/T

= N=256, Crank-Nicolson algorithm: |{(R,t)|=1
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Previous attempts at Upsilon evolution

admixtures c;;

cifX; ¢

1e+00
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1e-01

te-02 | &

=
£
35_ 1e-03
=

Total Bound
Y —
Y’ P

Im[Vqgl(r)#0
=0

P,D,F below Y” s
Y o

0.5 1

1.5 2

= Debye screened potential V5(R)=ReVAP(R) leads to state mixing

= Explicit imaginary part leads to damping of all admixtures: no thermalization

= Im[V]=0 and naive Im[V]#0 lead to similar relative abundances

= For naive Im[V]#0: energies are complex, contradicts m->e< quark case

April 9th 2014 - EMMI Seminar @ GSI
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Open Quantum System: Upsilon evolution

16400
T=2.33T 3.0 ‘ ‘ ‘ ; ; ‘
1e-01 ST 1 — A=1/T ¢ —_— <|\|I|> = ’”"‘M““‘
T 25 ReEN]] - ' f
N = ImKELy])
2 Iy = i
_"E 1e-03 £ 5 2.0 /
T 1o0s 9P Z 15} o
e-04 B8 2 -
f © rd
1e-05 [F 3 1.0 P rxd
16-06 L?Cj 0.5 / y(0)=Y
T=2.33T
.l 0.0 b O
%{g-gg 0 0.5 1 1.5 2 2.5 3 3.5
0.00 t [fm]

= |n the presence of noise: state mixing still important
= Thermal fluctuations : I'(R,R)=ImVAP(R) induces additional (de)excitations

= Due to unitary time evolution: all energies remain real

= Distinct difference: ground state is strengthened relative to excited states
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Non-thermal ensemble evolution

=]
o

CMS, pp,\'s =2.76

~
o

2]
o

admixtures c;;

Events / ( 0.14 GeV/c?)
S

Phys.Rev.Lett.107:052302,2011

10 1 12 13 14
up invariant mass [GeV/c?]

= As a first try: use p+p ratios as initial mixture (Y:Y’:Y"’ =5:3:2)
= At early times, indeed suppression of excited states observed

= Regeneration of excited states beyond t>2fm

= Many effects are not yet included: temperature evolution from hydro, ...
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Conclusions

= Lattice studies of heavy quarkonium provide non-perturbative physics insight

= Thermal charm: Spectral functions allow the study of J/Psi formation

= New Bayesian approach improves reconstruction from lattice QCD
= Bottomonium as test particle: Potential based real-time description
= The potential can be derived directly from QCD: at finite T it is complex valued
= |ts values can be extracted from the spectral structure of the Euclidean Wilson loop
= |maginary part in the potential related to thermal decoherence
= |n open-quantum systems approach: thermal fluctuations -> Im[VQP]

= Combination of mixing and (de-)excitation: relative ground state enhancement

Vielen Dank flir lhre Aufmerksamkeit - Thank you for your attention
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Dependence on the off-diagonal noise
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1e+00 1e+00
1601 1601 R
& 1e-02 & 1e-02
5 1e-03 2 1e-03 | gt n iy
X % S AR
: : o
T 1e-04 S 1e-04 M, O
Total Bound P,D,F below Y n
1e-05 1e-05 Y — N— ]
1e-06 AN
1.00 —
& 0.75
LT 0.50
& 0.25
0.00
= At T=2.33TC: ImVQP(R) is relatively small, change in A is weak

= |nteresting: choice A=1/T seems to have highest survival of Y at short times

= At late times: longer correlations slightly favor ground state survival

= Need to devise a lattice QCD observable from which to extract I'(R,R’)
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Excited S-wave states evolution

it
i ”gh i
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16400 o 16400 =
uu".u.,n%, T=2.3 3TC “
1e-01 N 1e-01
& 1e-02 & 102} ¢
¢ ¢ !
g 1e08 S 1e03
X = g
£ g
® 1e04 ©  1e-04
1e-05 1e-05
1e-06 1e-06
1.00 1.00
& 0.75 & 0.75
LT 0.50 & 050
& 0.25 s 025
0.00 0.00

t [fm]

= Excited states show faster decay time scales than ground state

= |ntermediate times dominated by ground state admixture
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