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Outline \

The physical motivations: study of medium effects on the
spectral densities of HQ and QQ correlators;

The static (M =o00) case: how to get a real-time in-medium QQ
potential;
Beyond the static approximation:

— Easy extension to address the finite-mass case in terms of a
QM path-integral;

— Some physical insight: the H(Q spectral function from a

resummed one-loop calculation;

Preliminary numerical results of the MC simulations;

Conclusions and future developments. /
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The physical motivations \
o (OGP effects on HQ)s and quarkonia can be studied through the

modifications of the corresponding spectral functions: broadening,
shift or disappearance of peaks, development of new peaks and/or

non-vanishing strength at low-energy;

e Most of the present spectral studies are based on 1QCD calculations of
euclidean correlators like G/ (1) = (Jar (7)J1,(0))
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S. Datta, F. Karsch, P. Petreczky and 1. Wetzorke,
Phys. Rev. D 69, 094507 (2004)
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Our goal
We wish to perform a study resulting

e numerically less expensive then lattice calculations (hence

allowing a more robust reconstruction of the spectral function);

e capable to get a deeper physical insight on the processes involved.
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The basic object of our study
G~ (t) = (O(t) 0(0))
o O creates a Q or a QQ pair;

e Spectral decomposition

670 = 27 3 B (ol im0 )
- 12 o Z BB (] OF (0) ) ,

— (GG~ (t) is an analytic function in the strip —f<Imt< 0 =

unified description of real and imaginary-time propagation;
— HQs: external probe placed in a hot/dense medium of light
\ particles = {|n)} do not contain heavy quarks. /




/ Getting the in-medium spectral function... \

e In the general case the spectral density of a correlator would be
given by
c(w)=G"(w) FG(w);

e Dealing with the propagation of an external probe one has
G< =0, so that

+00 W .
ocw) =G (v) = G>(t):/ ;Z—We_wta(w);

— OO

e The standard procedure to get o(w) is then, exploiting the
analyticity of G~ :

+0o0
G~ (t=—iT) =/ dw e ¥ o(w)

~— oo 2T ——

\ evaluated reconstructed /




The static (M =o00) case:

the heavy quarks frozen to their positions
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The hot-QED case:

A QQ pair in a plasma of

photons, electrons and positrons

LEED = Lem + Liighe + P10 — igAo) + xTi(0o + igAo)x

~~

heavy Q heavy Q

It represents a simple abelian model for the QGP, nevertheless

sufficient to study important medium effects®.

2A.B., J.P. Blaizot and C. Ratti, Nucl. Phys. A 806, 312 (2008).
ArXiv: 0712.4394
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/ The strategy \

e Consider the ()() propagation in a given background
configuration of the gauge-field A,

Ga(t,r1;t,72]0,77:0,75) = 6(r1 — 77)d(r2 — r5) X

t t
X exp (ig/ dt’Ao(m,t’)>exp (—ig/ dt’Ao('rz,t’)>
0 0

e Average over the gauge-field configuration with an action
accounting for thermal effects

G” (t,1;t,72]0,71;0,75) = Z~ / [DA|GA(t,71;t,72|0,77;0,75) e

=d(r1 —r1)0(r2 — r5)G(t, 71 —72)

\ Which is the action to employ to weight the field configurations? /




/ The HTL effective action 1

=Momentum scales in a relativistic (weakly coupled) plasma:

e Hard (plasma particles):

E~TY N~T? = K~T;

e Soft (collective modes): K ~ ¢T'.
=Mean Free Path of a plasma particle:

e For hard momentum exchange: )\Z%Z“g ~1/¢g*T,

e For soft momentum exchange: )\fgﬁ ~1/g°T.

For weak coupling one has )\f)f% < )\fog, i.e.

~

most of the scattering processes involve small momentum

\ transfer.
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A cartoon
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/ The HTL effective action 11

o Most of the interactions are mediated by the exchange of soft
gauge-bosons (Q ~gT < T)

e The propagation of soft (long wave-length) gauge-bosons is
dressed by the interactions with the light plasma-particle
which are hard (K ~T)




The HTL effective action III
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The HTL effective action will be expressed in terms of the

gauge-boson propagator in the complex-time plane:

1Dy (= y) = Oc (2" — 4" ){Au(@)Au (y)) + Oc (v — 27)(Au (y) Au())

e Along ('} it coincides with the time-ordered propagator;

e Along () it coincides with the Matsubara propagator.
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/ The HTL effective action IV
e The HTL effective action (gaussian for a QED plasma!):

SHTL(A / d x/ d'y A" (@) (D) (o)A ).
e The functional integral can be performed exactly
G(t,r1 — r2) = exp [——/ d a?/ d* yJ" (x HVTL( —y)J"(y)

with J#(x) the QQ current.

e In terms of Feynman diagrams:

;

-
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/ Real-time Q@ propagator \
e ()() current non-vanishing along C'. :

G(t,r1 —r2) =exp [—% /C d4:1:/C dy JH(x) Dy (2 — y)JV(y)]
JH(z) = 5”09(20)9(75 — zo)[—g5(z —7r1)+ gd(z — 7r2)]

e Large time behavior: G(t,r1—7r2) ~ exp[—iVeg(r: — r2)t], with

t— 00

d q-(r1—7r
Ve (11 — 72) 592/ d (1—6161( ! 2)) Doo(w=0,q)

effective potential (27T)3
2

292/ dq (1 —eiq'(rl_”2)> [ 1 4 Tmp T ]

(2)? @ rmd  Jallg® + mb)E

scre;,ning coll;;ons
2 —mpr 2
9 ¢ _9r

- 4nm [mD + r ] e #(mpr)
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The QQ effective potential: real part

With a consistent treatment of screened self-energy and interaction®

«

Vet (r) = —amp —;e_mDT
« Q
~ —amp — —+amp = ——
r—0 r r

for bound states of very small size medium effects cancel!

An analogous problem in solid-state physics...

Vet (1) turns out to coincide with the Ecker-Weitzel potential used to

study excitons (e-h bound states) in semiconductors.

aSee also R. Rapp, D. Blaschke and P. Crochet, arXiv:0807.2470
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/ The Q@ effective potential: imaginary part \

0.8

0.6

04

0.2

e For small separation the QQ pair is seen as a neutral object and it

does not interact with the particles of the medium:;

e For large separation the HQs suffer uncorrelated scatterings with the

\ plasma particles.

/




Interpretation of the damping as the interaction rate of a heavy

fermion in the thermal bath

(M) zzﬁ/ / / 27)*6™ (P + P, — P, — P3)x
X [n1(1 — n2)<1 — n3) + (1 — ??,1)?7,2713] W

In the M — oo limit:

dq Wm%
T = ¢°T
=t | @2n P (@ + m3)2q

NB The resulting width in G~ (w) should be interpreted as a collisional
\bmadening of the state.




The finite-mass case:

the heavy quarks free to move in the medium




/ The general idea \

Treat the heavy fermion propagating in a thermal bath as a point-like

particle in Quantum-Mechanics. Hence:
e Sum over all the possible trajectories in a given background field:

(@57 |@oms) = / ()] exp [— / f dr (%]\[:1’32 + V(a;)ﬂ |

x(7;)=u;
where V' (2)=g®(x) (scalar interaction) and @ = dax /d7’.

e Average over all the possible field configurations (the action

accounting for medium effects)

21(7‘):7"1 T 1
G>(—iT,'r1|O,'r’1):Z1/ [Dzl]/[DCI)] exp [—/ dT,§M212] X
0

!
zl(O)—’l“l

0

- /

X exp [—g/ dT/(I)(T,,Zl<T/))] e_s%ff[q)]
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For a gaussian effective action...

Also on the finite-mass case if the action is guassian

B %/d%E /d4yEq’(l’)A1(x —y)®(y),

the integration over the field configurations can be performed exactly:

Z(T):’f'l T 1
G~ (—iT,7r1]0,7)) = / [Dz]exp[ / d7/2M22]

(0)=r}

xexp[ /dT/ dr'"A(r' — 7", 2(r )-z(T“»],

with A(7, x) the Matsubara propagator of the exchanged meson.

. /




/ A heavy “quark” in hot-QED

We perform Monte Carlo simulations for

z(T)=ry T 1
G~ (—it,r1]0,77) = / [Dz]exp [ / dr’ (M—I— 2M22>]
(0)= "°1

Xexp[ /dT/ dr' AL (7" — 7", z(7 )—Z(TN)):|

AY*(r,q) + AL(T,q)

I +OO
— ?5(7) +/ @G_QOTPL(QOA)[@(T) +N(q")]

oo 2w

where

Ap (7_7 Q)

is expressed in terms of the HTL spectral function

prlw > 0,q) = 27| ZL(g)d(w—-wi(9)) +0(¢° —w*)BL(w,q) |

J/

TV TV
plasmon pole

.

~




where:

HTL longitudinal spectral function
pr(w) = 2ImD" (w) = 2ImAL (w + in),

—1

0

g% + m3 (1 — g—q In —q8+q)

Ar(q’,q) =

10 T I I

— q=0.5m

0 0.2 0.4 0.6 0.8 1

~
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Our long term goal...

...would be to address the QQ case within the same approach:

r1 T9
G~ (—iT;7r1,7m2|0; 7], 75) = e_(M“LM?)T/ [Dzl]/ [Dzs] %
r’l r!

X exp

X exp

- T 2 T ]
| 0 )

: /OdT (;Mm ——/ dr" AT (7 7" 2y (r') — ZQ(T”))>:

X

Xexp[ /dT/ a7 AL (r =7 21 (7)) — za (7’ ))}




Before facing the numerical outcomes of the
stmulations....
...some physical insight from (weak-coupling)

thermal field theory calculations
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General setup

e Analytic non-relativistic HQ) propagator

—1
z—E,—%(z,p)

G(z) =

where E,=M+p?*/2M and setting corresponds to
e HQ) spectral function:

['(w)
w—E, —ReX(w)]? + T3 (w)/4’

o(w) = 2Im G (w) =

with I'(w) = —2Im X% (w) = HQ spectral function non-vanishing
only for energies for which the self-energy develops an

maginary-part.




/ HQ self-energy: resummed one-loop result \
Tp"

4

.
a -7
t -

f po

The zero-momentum HQ) self-energy reads:

o 2 dk /+°°d_k0 o 1+ NE)—nr(EL)
() =9 CF/ (27)3 27 pr(k, k) p? — By — k9

— 0

Test-particle limit recovered setting 7z (E} ) =0, which arises
naturally in the regime 7'/M < 1

test /0 5 dk / > dk° 0 14+ N(KY) N (k)
— —oprL(k, k -+
() =9 CF/ (2m)3 /, 2T (K7, ) p? — By — kY p¥ — Ep +K°

. /




/ HQ self-energy: imaginary-part \

E, Ex Ex Ex
/ 0
o, (k) Kk

Lok

(a) (b) (© (d
e Plasmon-pole contribution (a and b)

Fpole(w> _ 92CF/ (2dﬂ’-€)3
X[(1+ N(wr(k))) d(w = By —wr(k)) + N(wr(k))o(w — Ex +wr (k)]

(27) Z1, (k) ¥

e Continuum contribution (¢ and d)

k
" (w) = ¢°Cr / (zd:)g /O dk® B (k°, k) x

\ x (2m) {[1+ N(k)] §(w — Ex, — k°) + N(E")é(w — B + k") } /
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e Spectrum displaying a threshold close to M /2;

e Very narrow peaks arising from a divergence in the density of states

(Van-Hove singularities). Defining w = Ek, ,, = wr(k1/2)

Fpole(w) _ g Cr {El kl/ ZL(kl) [1 —|—N(wL(k1))] +

k3
2 T, w2 (N (k)

/




/ HQ spectral-function \

80 — T=200 MeV |
— T=300 MeV
— T=500 MeV

o)
S
[
|

o(w) (GeV')
5
I
|

20— —

/.\ | ! | |

O 1
04 0.6 0.8 1 1.2 1.4 1.6 1.8
/M

e Negative shift and broadening of the principal peak;

e Appearance of secondary peaks at energies corresponding to a

\ large density of states for plasmon absorption/emission pmcesses/
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Numerical results
from the MC simulations for the
path-integral

T dw
G~ (t=—iT) = G(1) = / — e YT o(w)
N ~ / 00 27T N~
evaluated reconstructed

G(7) obtained after averaging over at least 10° paths!




/ Evaluation of the path-integral 1 \

We can reduce

Glr,r) = / D] exp [— /0 " ar (M+ %Mﬁ)] ‘
X exp [g /O dr’ /O dr' AT (7 — " a7 — z(T”)>]

= [Deewl-sk)
to the evaluation of an expectation value, by rescaling the coupling
7% — ag?
Galr,) = [ [D2]expl-Sal2]l
so that

(91n(2 _< /dr /d”AT =" 2(r) = 2(7 "))>
L /




-

Evaluation of the path-integral 11

e For a given « the expectation value is evaluated by generating
paths distributed according to

Walz) = o exp(-Sal2)

e By integrating over the parameter o one gets:

[0 B () [,

where

Gree = [M/(27TT)]3/2 exp[—Mr?/(27)].

~




/ HQ euclidean propagator: the p=0 case

I [ L L I L L L B
17 —

® MC results T=1.0
— Fitted Lorentian T=1.0
Vv MC results T=2.0
0.8+ \ — — Fitted Lorentian T=2.0 —

G(t,p=0)

0.4
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Imaginary time

Information on the spectral density obtained through

e a best-fit procedure with the simple ansatz:

2
(w— Mo)* +~2

o(w) ~

\o MEM reconstruction.

~
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Results for the HQ spectral function I

Starting from MV*®=7.5...(energies in units of 200 MeV)

0.5 I 0.2 \
— T=0.75 i — MEM spectrum (T=1) |
— T=1 — - Lorentian model (T=1)
04 — o7 — — MEM spectrum (T=1.75)
T; 175 0.15 — — Lorentian model (T=1.75)
— T=2
£ 03 8
: 0.3 §
2 s o
2 g
S 027 é
0.05
0.1H
0 0
0 0 3 6 9 12 15
Frequency Frequency

Origin of MEM peak close to zero-energy probably fake!
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Results for the HQ spectral function II

Starting from MY2¢=7.5...

7 2 B @@ Lorentian model -
Ww—v Lorentian fit to MEM spectrum

€9—@ Maximum of MEM spectrum

6.9 - 3 5t i
i S |
6.6 - = ar §
<6.3 1 53 |
i =
6 - = 2F ]
o 5 -
5.7 - g 1_— _
' =0f ]
5.4F N T T T T T - P R T R E R B B
0.8 1 12 14 16 1.8 2 06 08 1 12 14 16 1.8 2 22

Temperature Temperature

Huge (negative) mass-shift and width, occurring already at moderate

temperatures, reflect a sizable spectral strength at low-enerqgy!
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Summary

The effective-action approach, introduced to derive a real-time
static potential, results very convenient to address also the

finite-mass case: QFT problem reduced to a QM problem!

Numerical results for G(7) indicates an important spectral

strength at low-energy;

Resummed one-loop calculation of interest to shed light on

possible processes responsible for such a strength.

Future developments
Better control of the MEM procedure;
Addressing the QQ case.

~




Back-up slides
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Renormalization of the coupling in the
path-integral

The link
g cont <«— gpla,) path— integral

is obtained by matching the calculations of G(7,0) for a static
(M =00) quark in both schemes.

aren(T r — O) — ex _i /T dT//T dT/// dq AT (7'/ —7-// )
) p ] 2 0 0 (27_‘_)3 00 y d

2
—reg go (CLT) 2 Z dqg T
Glat (7_7 r = O) — €eXp 2 Qar o / (27‘(’)3A00 (Ti — T3, q):|

. /




