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Dynamdtes of heavy quarks and their
bound states tn a gquark-gluon plasma
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BAaSLe concepts

influence functional, density

matrix, complex potential,
etc, (QED)

Extension to RCD

why it is not "trivial"




Baste hamiltontan

(Ignore color here)

H:HQ+H1‘|_HpI

For a heavy quark-antiquark patr

2M  2M

Linear coupling to plasma gauge field

H =g / n(r) Ao ()



Simpte setting

inttLal dewsitg matrix

D(to) = Dq(to) ® Dpi(to)
1
_ —BEm
Dpl(to) — Zpl Ze
reduced dewsi,ta matrix
DQ — Tl‘p1D
BASLC guestion

2
P(Xy,tp| X5, t5) = (X, 15| X, t3)|” = (Xf|Dgl(ty)| Xy)



Path integral formulation

x(tf):Qf Iy 1
(Qr, trlQiti) = f [Dx(t)] exp [lf dt(isz — V(X))}
x(t)=0; l;

Im¢

2 e
P(Qfatf‘Qiati> — ‘(vatf‘inti)’ . = i,f

P(Qy, 17|Qiti) = f [Dx(2)] exp [i f dtc(%Msz—V(X))]
C

C

V(x) = gAo(x)



Path integral and influence functional

P(Qy, tr|Qi, 1;) = fCDQ e ol0] gi®I0]

LP1Q] _ / DA, o Je 442 90(2) A0(2) gisal Ao

‘Integrate out’ the plasma particles and keep the quadratic part of the resulting
action (HTL approximation)

SolAg] = —% fia; (Ao(x)V?Ap(z) ) —1Tr In | iv*9, — m — ey’ Ao(z) |
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Gaussian tntegration yields

2

D(Q] = % / / d*zd*y p(z)A.(z —y)p(y)

C
A(x —y) = i Tc [Ao(x)Ao() |)



uark antigquark correlator

1

G~ (t,r1;t,72(0,7;0,75) = STr {e_BHJQ(t57‘1,7"2)J22(0§"°/17"“,2)}

A

Large time behaviowr (tmp > 1) and large mass Limit:

Ver(r1 — 12)

G(t

71— rz)t_’)"oo expl—iVeg(r1 — r)t]

Ve (1) =V (r) +iW(r)

r dq ig-(ri—r
2
J (Qn)? q> +my  lgl(g* + mp)?
2 —mpr 2
8 e P & T
1| ] e ¢(mpr)

(*first obtained by M. Laine et al hep-ph/ 0611200)



The imaginary part of the effective potential

At short distance,
interference proouces
cancellation: a small
dipole does ot “see” the
electric field
fluctuations.

At large distance the
Lmaginary part Ls twice
the ‘damping rate' of the
heavy quark

For one heavy quark
Oi(r|Dglr’) = --- = T(r —7')(r|Dglr’)




Approximatiows:

Low frequency response of the plasma
Semi-classical expansion

Langevin equation
M. o '
5 7= —v! = VIV (r) + ()

B (r) = () (€O, ¢)) = mig(r)a(t — ¢)

Non trivial noise

tsotropio plasma

Mij (1) = dijn(r) n(r) = = (VW (0) + V*W(r))
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Hamtltonlan for a quark-antigquark pa Ly

H = Ho + Hy + H,,

A, Apgr
H :Hso:____ S,0
Q= s i i T Vo)

Vi(r) = —Cio‘s Vo(r) =

(singlet) (octet)




Equation of motion for the pair dewsltg matrix within
the same approximatiows as Ln RED

dDg . ] a,a
72+ ilHo.Po(0)] =~ | Vix~xX)lning, Dal

1
+5 | Wex=x)({nn}, Do} - 2n3Don)
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o7 | W) (105, Dol + 1. Dar)




uark-antiquark pair n the large mass Limit

Singlet-octet representation

Do(t) = Ds(t)ls)(s| +Do(t) Y [0%) (0
C
dDyg
— —205D(r)(Ds — D)
dt
dD, 1
= ——1T D, — Dyg
e ] )
Alternative representation D= (0, (M -1)D))  Dy= (D~ D,)
aDO — 0 (‘'unpolarized' or maximum entropy state)
ot
oD
~—% — _N,I'(r)Ds

ot



Langevin equation with a random color force

2p -V Cr i 2C,:Fi(r)Fj(r) ij
906 + == Db = 5 Hi(O) A Do ——or s AL D;
CF
— s Hi(0) V(P Dg) =
New randowm color force
Sl
Hij(y) = \B)



Heavy qua rleonlum

Histogram of distances
[1711.10812]

t = 5fm

M = 4881 MeV T = 350 MeV
TOO MUCH SUPPRESSION !




The color random force can produce unphysteal Ricks

12

10r 10 arbitrary trajectories

r (fm)
(@)}




Simulating 50 pairs
(after tuning parameters to avold unph gs'waL kicks)

T 20

[ 10

T -10

X(fm)

A fair fraction of the pa'ws remain "bound" after t=5fm/c (recombination)



Alternative option

2 ‘ Vr | PO
lﬁt + pM + C/:F(r) . Vp PS = —2CFF(I’) (Ps — m) P, = (Ng —1)D,
2p - Vi 1 ] 1
0+ 22T R V| Po = TP~ (M2~ 1)P)

Treat the right hand side as a collision term in a Boltzmann eq.

e e e e Debye radius

0.35 J/‘{’
*®1 T =160 MeV

— QCD
QED
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A more precise evolution equation for the density matrix
[1803.07996]
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dD ' —t=1)
< +ilHo, Do(1)] =

_ / | /O dr [nf, Ug(r)néi Dot — 1) Ub(r)] B (rix — X))
_//O dr [Ug(r)Dol(t — P)nA UL (r), n] A(rix — X),

Before, we assumed
Uo(t) =1 —-iHpt




Combination of rate equation and Langevin egquation

® There is no gap in the octet-octet transitions, so these can be
treated with a Langevin equation (as in QED)
e Singlet to octet transitions can be treated with a rate equation

(LLustration. Toy wodel with a stngle (singlet) bound state.

dr = g°C o S SBCE A~ (w° — ES S 2
dt — & F p Pp—pe 7 q (wp_ ,q)|(s] q-?|07p>|

Ipy = TyM
ot 2

2 1 _ES—ES . ,
2 ﬂ(”p e T )/ A (wp = E%,a)|(5ISq#lo, p)
q

A2

Q=1fm° Q = 100 fm°

5fm/c | 100fm/c | eq. | 5fm/c | 100fm/c eq.

I =200MeV | 0.86 0.136 0.0814 | 0.85 0.0438 | 0.00089
I =400MeV | 0.39 0.0515 | 0.0175 | 0.36 0.0002 | 0.00018




SuUumema rg

e In QED, semi-classical approximation and low
frequency response of plasma provide a consistent
framework

e In QCD, singlet-octet transitions complicate the story
(color dynamics cannot be treated semi-classically).

e Still a consistent approach can be obtained, mixing
Langevin (classical dynamics) and rate equations
(the imaginary potential is energy dependent).

¢ Note that screening and collision rates are NOT
independent.






