arxiv:1109.3941v1 [hep-lat] 19 Sep 2011

PROCEEDINGS

OF SCIENCE

Bl - TP 2011/ 29

Towards a non-perturbative measurement of the
heavy quark momentum diffusion coefficient

A. Francis, O. Kaczmarek, M. Laine, J. Langelage *
Faculty of Physics, University of Bielefeld, D-33501 Bielefeld, Germany
E-mail: pf r anci s, okacz, | ai ne, j | ang@hysi k. uni - bi el ef el d. de]

We report on a lattice investigation of heavy quark diffusigithin pure SU(3) plasma above the
deconfinement transition, with the quarks treated to lepdnder in the heavy mass expansion.
Using a multilevel algorithm, several volumes and lattipac@ngs, as well as tree-level improve-
ment and perturbative renormalization, we measure thegaetécolour-electric” Euclidean cor-
relator, finding that it clearly exceeds its perturbativamerpart. Even without analytic continu-
ation, this suggests that at temperatures just above ttieatone, non-perturbative interactions
felt by the heavy quarks are stronger than within the wealpling expansion. After introducing
rough modelling of the spectral shape, diffusion coeffitsetown toD ~ 0.5/T appear possible.
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T / Te B Nr Ns | Neont T / Te B Nr Ns | Neont
1.5 | 6.872| 16 | 32| 200 3.0 | 7457| 16 | 48 | 127
48| 75 64| 50

64| 50 7.793| 24 | 64 | 469

7.192| 24 | 64 | 338 >1 | 8.426| 24| 64| 44

225 | 7.192| 16 | 48| 125 9.794 51
64| 50 20.0 51

7.457| 24 | 64 | 504 30.0 11

Table 1: Overview of the parameter values simulated and statisticsraulated 8 = 2N¢/g).

1. Introduction

As was previously observed at the RHIC and recently confirtnethe heavy ion program
at the LHC [1], jets containing or b quarks D or B mesons) get effectively “quenched”, mean-
ing that they experience a rapid kinetic equilibration wttle thermal medium generated in the
collision. The rate at which this happens appears to be magterf than at leading order of the
weak-coupling expansiofi][2]. A next-to-leading order gsial suggests that indeed there are large
corrections from higher orderf§ [3], underlining the impoite of a non-perturbative study. For the
charm quark a direct measurement of the heavy quark difiusiefficient from the current-current
correlator is under way[][4] (with techniques developed fght quarks in ref.[[b]), but given the
systematic uncertainties involved as well as the fact thebbttom quark case is also of interest, it
appears worthwhile to contrast this with an alternativerapgh, based on Heavy Quark Effective
Theory (HQET) and valid in the large-mass linfi [6]. Followia previous investigation, which
demonstrated the principal applicability of the methfid {¥& report here on progress towards a
removal of lattice artifacts and a physical interpretatdmhe results.

2. Observable

Heavy quarks carry a colour charge and, whenever there agedields present, are therefore
subject to a coloured Lorentz force. Like with other transpoefficients the corresponding “low-
energy constants” are easiest to define at vanishing thoseemtum; then the Lorentz-force is
proportional to the electric field strength. This leads taaldur-electric correlator’[]g] 6],

13 <ReTr[U(%;T)gEi(T,O)U(T;O)gEi(an)]>
3£ <ReTl{U(%;O)]>

Ge(1) = , (2.1)

wheregE; denotes the colour-electric field, the temperature, ard(1z; 1) a Wilson line in Eu-
clidean time direction. If the corresponding spectral fiorg pg, can be extracted][9], then the
“momentum diffusion coefficient”, often denoted kycan be obtained from

w=0 W (2:2)

According to non-relativistic linear response relationsalifl for M > nT, whereM stands for a
heavy quark pole mass) the corresponding “diffusion cdefiit is given byD = 2T?/«k.
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Figure1: Left: Part of a representative Monte Carlo history. RighteTorresponding averages.

3. How to get asignal

In order to carry out a measurement (our parameter valufsrirgy to the standard Wilson
gauge action, are listed in tabfp 1), eff. {2.1) needs to lmetiized; we follow the proposal of

ref. [B], viz.
Aereral. 0 e
(\\\\\“ - o -’-’/////D

We make use of two special techniques: the “thick” links ibn@en the electric fields are handled
through the link integration methoff J1J0,] 11], whereas theetintervals of width &, enclosing the
electric fields, are subjected to 10 extra updates with fixed boundary conditions, according t
the multilevel philosophy[[12] (a previous application atit® temperatures can be found e.g. in
ref. [L3]). It depends on the parameters which of the tworiggles helps more, but when both are
combined, we always get a signal; this is illustrated in[figlrithe right panel, the results have
been normalized through [6]
GEQ(TT) 4 [cog(mrT) 1 CNZ-1

Grom(TT) = T ¢C T sint(rrT) +3Sir‘|2(7T[T) OGS 2Ne (3:2)

4. Calibration and volume dependence

In order to crosscheck the code, as well as for later referame have computed the correlator
of eq. (3]1) to leading order in lattice perturbation thedtiye result reads

92Cr T dBq eMN(1-1T) f T g2
3at /(271)3 eNe — 1 sinhq”

—TT

a=zasm(}). @ =yasit(3). F=gast(d). w2

GLO(1T) = (4.1)
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Figure2: Left: A crosscheck in the weak-coupling limit. Right: Volendependence at two temperatures.

which for N; — o, a — 0 goes over into the continuum res@kS$,(tT) of eq. [3:R). In fig[R(left)
a comparison of eq[ (4.1) with lattice measurements at \&gelvalues of = 2N./g? is shown,
and we observe agreement in the weak-coupling limit.

Proceeding towards physical measurements]ffig. 2(riglatyshesults at various spatial vol-
umes. At the current level of resolution, finite-volume effeare seen to be below statistical errors.

5. Discretization effects

An important systematic error originates from a finite tatispacing g # 0). A memory
limitation currently prohibits us from increasing the sphvolume beyond 6% but in view of
the very small volume-dependence seen in[fig. 2(right), apesison of the lattices 48< 16 and
643 x 24 (the latter approximating the desired %24) at the same temperature allows us to test for
the existence of scaling violations. Results at two diffétemperatures are shown in f[g). 3(left),
and it is clear that effects related to a finite lattice spgciaed to be brought under control.

Fortunately, the situation can be all but rectified throutrle¢-level improvement[}4, 115].
Using egs.[(3]2)[(4}1) to determim@ from

Geonl(TT) = G2 (TT) (5.1)

the pairs(1T,7T) allow us to define the tree-level improved data from the meakaorrelator
Giat(TT) according to

Gimp(ﬁ) = Gat(1T) . (5.2)

The results are shown in fig. 3(right) and look much nicer thase in fig[B(left).

There are discretization effects at loop levels as welllowohg the general Symanzik philoso-
phy [18] as well as the derivation of the colour-electricretator in ref. [§], we may expect that the
renormalization factor is related to the coefficient of tlieekic energy operator in lattice HQET,
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Figure 3: Lattice spacing dependence at fixedvithout (left) and with (right) tree-level improvement.

let us denote it byg,, which needs to be appropriately tuned to match to contindarperturbation
theory the value can be determined by computing the heauwk ge#f-energy and choosing so
as to cancel 1-loop effects specific to lattice regulammatiMaking use of techniques introduced
in ref. [IL7], we find

m

92C|: d4q l

m
Sk
7T
with &?,Q? defined in eq.[(4]2). The renormalization factor is thgn~ 0.83...0.85, i.e. quite

modest. The results obtained after this correctarGjmp z) are shown in figlJ4(left). Of course,
systematic (non-perturbative) renormalization would igialy desirable [[18].

d®g 1 2

~1-—
)3 q2 3

C2

} . 059777
B Y

6. Physical interpretation

The correlatoiGg was computed at next-to-leading order (NLO) in continuurrein [I9]. A
comparison with our lattice results, improved and renoizedl as explained above, is shown in
fig. B(left). We observe a clear enhancement over the NLOigffied over a wide Euclidean time
interval. Subtracting the two results, one could in prifeigttempt a model-independent analytic
continuation of the non-perturbative surplus, for instalong the lines of ref[ J20]. Unfortunately,
at the current stage, our resolution is not sufficientlQ—3) for this task. Therefore we resort to a
rough model-dependent interpretation of the data in tHewiahg.

Most transport coefficients are related to quantities whighconserved in the free limit, and
therefore arise in connection with a narrow transport pélakis yields a contribution to the Eu-
clidean correlator which is almost constanttin Since the full Euclidean correlator diverges at
short distances and is essentially perturbative thermsratich as5ja;/GnLo should only be en-
hanced around the middle of the Euclidean time interval€g. refs. [4[B]). This is clearlyot
the case in fig]]4(left), and a narrow transport peak can ble@ad, as expectef][F,]19].
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Figure 4. Left: Comparison of lattice with the NLO weak-coupling exgin ]. Right: Like on the left
but normalized to the model of e«ﬂb.l). Closed symbolsespond tac = 4T3, open ones td = 2.25T.

For a potentially more realistic model, we take inspirafimm non-perturbative computations
of the colour-electric correlator in other theories, onéhein strongly coupledy” = 4 Super-Yang-
Mills in the largeN. limit [§] P1]], another classical lattice gauge theory with= 3 [P2]. Both
suggespe(w)/w to essentially flatten off below some frequency scale. Theeewe define

WK
Prmodel( ) = Max{ PrLo(@). = | 6.1)
with the free parametex representing directly the momentum diffusion coefficiectading to
eg. (2:p), and compute the corresponding Euclidean ctoreiam
* dow cosh(3 —1T) ¢

Gmodel(T) E/0 — Pmodel( W)

_ (6.2)
m smh%

Results are shown in fi§] 4(right). We observe that despiteneling its influence to larger fre-
guencies than a narrow transport peak, the model does ninredpe full shape of the Euclidean
correlator; probably, extra “power” needs to be added (i) at even larger frequencies.
Nevertheless, aiming at a match around the middle of theidaan time interval, we can
read from fig[B(right) thak ~ 4T3 at T = 1.5T;; kK ~ 3.5T3 at T = 2.25T¢; andk ~ 2.5T2 at
T =3.0T.. The NLO weak-coupling expansion yields values 2732 [J] in this temperature range,
and classical lattice gauge theory suggests that this demulth underestimatg [22]. Convertirg
to the “usual” diffusion coefficienD = 2T2/k, we obtainD ~ (0.5...0.8) /T, which might lie in
a phenomenologically acceptable range (cf. e.g. rBf$.38, I ref. [4], valuesD ~ 0.3/T were
cited for the charm case. It is interesting that, despiteréing rough nature of all of these estimates,
a somewhat consistent picture appears to emerge.

7. Conclusions

As the results in fig[]4 show, it is possible to obtain resultsthe colour-electric correla-
tor which unambiguously demand an enhancement of the nduarbative interactions over the
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weak-coupling description and which furthermore stronginstrain the shape of the correspond-
ing spectral function. Of course, for quantitative statatagcareful infinite-volume and continuum
extrapolations need to be taken, statistical uncertaistiwuld be further reduced, and a more care-
ful modelling of the spectral shape is called for.
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