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1. Motivation

Massive quarks have long been considered as excellent gpfob¢he physics of a quark-
gluon plasma. Due to their heavy mass they could experidmeges at finite temperature that are
both theoretically tractable and experimentally idertiféa The fortunate existence of both charm
and bottom quarks in an appropriate mass range implieshbajuark mass can be considered a
tunable parameter and that theoretical predictions magtbepolated or extrapolated as a function
of the quark mass. The fates of “open” heavy-flavour D and Bam&®n one hand, and “bound”
charmonium and bottomonium systems on the other, captiich apectrum of interesting physics
phenomena. Heavy quarks are also relatively easy to sienoiethe lattice, even though care needs
to be taken in view of possible discretization artefacts.

The present study is related to lattice measurements opbir-correlators of heavy scalar
densities and vector currents at finite temperature. Utiyiathe goal is to use imaginary-time
correlators measured on the lattice in order to constrarctmresponding spectral functions; the
latter, in turn, describe open heavy flavour physics throaigtansport peak at small frequency,
and quarkonium physics through a threshold region at lagpgpiEncy. In the present investigation
the main focus is on imaginary-time correlators, which weeh@cently computed up to next-to-
leading order (NLO) as a function of the quark mass [1, 2] andmared with quenched data from
fine lattices [3].

2. Charm quark imaginary-time correlators

The vector and scalar correlators are defined in continuum as
3
0= 5 (@0 @) . (2.1)

Gy(1) = MZ [ {(@W)(T.x) (@¥)(0.0)) . @2)

whereM, is the bare quark mass and0t < 1/T. As is clear from the definitions, the scalar
correlator is more sensitive to the quark mass than the veom (Without the bare quark mass in
the definition, the scalar correlator would not be renornaddie even at NLO, and it would lose its
connection to the QCD Lagrangian.)

Physically, the charm quark vector correlator is relatedrtan-mediuml/ contribution to
the thermal dilepton production rate, as well as to the ctirark diffusion coefficient and kinetic
equilibration rate. The scalar density operator reprastmd quark contribution to the trace of the
energy-momentum tensor and is hence related to the bulksitgcof the quark-gluon plasma as
well as to the charm quark chemical equilibration rate. Iditwh, the scalar spectral function
around threshold is believed to descriavave charmonium states.

The lattice and NLO results for the two correlators are camban fig. 1. The results are
normalized to massless “free” correlators,
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Figure 1. Left: The spatial part of the vector correlator, eq. (2.9rmalized to eq. (2.3), compared with
lattice data from ref. [3]. The pole masddgT = 3.3, 3.6 are chosen from a perturbative estimate and from
an optimal agreement of quark number susceptibility, retpay [1]. Right: The scalar correlator, eq. (2.2),
normalized to eq. (2.4), compared with lattice data from [@f TheMS massm(i,.;) = 967 MeV, with
e = 2 GeV [4], corresponds to the valug(mc) = 1.094(1) GeV cited in ref. [3]. (In the scalar channel
the pole mass scheme shows questionable convergenceyaditdddO [2].)

_ 1
where we have definat? = m?(frer) { In [Kr—Misf] /In [T(%‘iir)fm] }% Hes=2GeV[4],8=1/T,
C-= (N2 —1)/(2N.), andT: = N¢ /2. Moreovem(j1) is theMS scheme quark mass.

It can be observed from fig. 1 that in the vector channel thaeltesgree well (apart from
discretization artefacts at smal. In contrast, in the scalar channel a clear discrepancigisle.

In the following, we concentrate on understanding what iagon in the scalar correlator.

3. Validity of the non-relativistic approximation

In order to investigate possible reasons for the discrgpiamfig. 1(right), it is useful to view
the imaginary-time correlator as originating from an udeg spectral functiorp,

® B _
Gin)= [ %o ()G —D)@] (3.2)

me sinh(£2)

The spectral function represents the cut (imaginary pdrd) two-point correlator in momentum
space. Surprisingly, spectral functions are not partityhaell studied in the presence of a quark
mass: even in vacuum, the result is known analytically oplyauNLO (cf. ref. [5] and references
therein; numerical estimates exist also at higher orddrget [6]). For m== 0 NLO thermal
corrections tgo, have been computed only for the “non-relativistic” regime> niT [7]. (This

is peculiar since the generalization of massless zero-mtumeNLO spectral functions to a finite
mass should be less complicated than to a finite momentuin [8].
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Figure 2: Comparison of NLO scalar correlators with full mass depecddgbands), against results based
on a non-relativistic approximation of the NLO spectral dtion at largew [7] together with a constant
contribution from the transport peak at smal[2] (dotted lines), normalized to eq. (3.2). The non-reiatic
approximation is accurate fon(u,) 2 1.5 GeV at this temperature, which is above the physical value
Me(Hee) = 1.27525) GeV [4]. However, even fom(L,) = 1.0 GeV, its breakdown is not catastrophic.

It is useful to start by asking how well the non-relativist@sults of ref. [7] compare with the
numerically determined imaginary-time correlators cotegun ref. [2], where no approximation
was made with respect to the quark mass. For this purposeotitebution of the transport peak,
which was not addressed in ref. [7], needs to be added. Wihid perturbation theory the trans-
port peak yields an exactly-independent contribution, given in egs. (4.8), (4.10)184 of ref. [2].
We sum this to the contribution from the spectral functiomg aormalize the results to a purely
gluonic scalar correlatovjz

Gferee( -[)
2N.C- T3

2coq2mT) +cos$(2mT) 1+ 2cof(2mrT)
Sire(2mrT) sin*(2mrT)

(81Ceg?)? | 1T(1—21T) . (3.2)
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whereg? = 2412 /{(11N; — 4T:) In [m] }, cg = —by/2—b,g?/4, andbg, b; are coefficients
of the QCDpg-function. The justification for this normalization is thitits mass-independent and
conveniently magnifies the interesting largeegime.

The result of the comparison is shown in fig. 2. We observetttehon-relativistic approxi-
mation is accurate fan(p,;) = 2 GeV, whereas fom(u,.) = 1 GeV (which is close ton(t,) =
967 MeV simulated in ref. [3]) a discrepancy is visible. Theygical case, withme() =
1.27525) GeV [4], lies in between, however surely not deep in the r@ativistic regime. This
is interesting in its own right, because if the charm quarksnet really exponentially suppressed,
then the question of their partial chemical equilibratioaynbe raised [9].
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Figure 3: Left: Modification of the scalar correlator if the contribut from the transport peak is multiplied
by a factorR, cf. eq. (4.1). Itis seen that even a large deviation fRxm1 does not help. Right: Modification
of the scalar correlator if the threshold location is slifft or right by a multiplicative facto®, cf. eq. (4.3).

A substantial improvement can be observed. Both plots ssedan a non-relativistic approximation in the
regimew > m(Uyef) = 967 MeV, omitting terms suppressed @7“<‘7ref)/T.

4. Explaining the discrepancy in the scalar channel

Moving on, we have carried out two tests in order to probe tiggres of the discrepancy seen
in fig. 1(right). The first test concerns the contribution loé transport peak. As mentioned, this
yields a constant contribution within NLO perturbationdhe We have tested how changing the
amplitude of the constant by a facterchanges the result:

G;O+NLO ‘ const. - G;0+NLO ‘ const. x R : (4 1)

The result is shown in fig. 3(left), and we find no substantigbiovement.
The second test concerns the threshold region. Thermatatmmns modify the threshold
location by a well-known NLO correction [10],

m? — n? +g°TC./6, (4.2)

which tends to move the threshold to larger frequencies. aHarge quark mass, however, the
effect is small: d Whreshold= gZTZCF/(12m). There is an effect of opposite sign originating from
a Debye-screening induced correction to a heavy quark nd@sgeshold= —9°C-mp/(41) [11].
However, apart from these thermal corrections, there ®atsimportant zero-temperature effect:
whereas accounting for the smalbehaviour oG requires the use of thdS scheme or a similar
running mass [2], it is known that threshold features aréebetescribed by a pole-type mass (cf.
e.g. ref. [12]). Like in fig. 1 we denote the pole mass\y

In order to probe these effects, we have considered a shifieahreshold location by multi-
plying, in effects originating from quark propagators, theark mass by a fact@. However the



Temporal mesonic correlators at NLO for any quark mass Y. Burnier
T=145T, T =1.25A T=145T, T, =125/
0.15 N T N T N T T N T N T N T N T
o™, |
o ™
0.10- o
2 o M 1
E 7 00 ...\\
A -
§ I /I =o:(} ....‘\\\
& i 00’\,.\\ _
0.05- o M.
- m(E,,) = 967 MeV, w/o resun < =0\(;::=::
- - m(7,) = 967 MeV, with resum t|=---M/T=33 'O"O'O'CO
I - wmiT=33 | [T M/T=36
M/t - 36 o lattice [N, =48]
O OG .._-4'_*._ = I ! I | 0.0 | I | I 1 | 1 | 1
' 5 10 15 20 0.0 0.1 0.2 0.3 0.4 0.5
w/T TT

Figure4: Left: The LO+NLO scalar channel spectral function arouralttireshold, with and without mass
resummation in th&S scheme (cf. eq. (4.2)), and with mass resummation in thepass scheme. The
inset shows the NLO parts and illustrates the non-convesgefthe pole mass result at large Right: The
imaginary-time correlator, from a rescaled pole mass tesa < 4M andMS result atw > 4M, compared
with lattice data [3]. The remaining discrepancy is progahle to the non-relativistic approximation.

overall multiplicative factom? originating from eq. (2.2) is left unchanged. With a paréciscale
choice [2], the location of the zero-temperature thresimttius given by the solution of

Wireshold= 2M(H = Gnreshold® +/ 1) x Q. (4.3)

The result is shown in fig. 3(right); the discrepancy is cdagibly reduced fo® > 1. If we recall
from fig. 2 that the non-relativistic approximation ovenesttes the true answer at these quark
masses, the optimal value might@Qe~ 1.2 or so. Remarkably, this is quite close to the ratio of the
pole andMS masses for the parameter values used in ref. [3],

M 4g(me)Ce _13Gev _

=14+ == N
me(me) + (4m)2 + 1.1 GeV

As a crosscheck, we have employed the same pole mb&gEss 3.3,3.6 as in fig. 1(left)
for treating the scalar channel threshold region. More Bly, we have considered the NLO
spectral function as given in ref. [7], which was indeed ia ffole mass scheme, as well as the
correspondinglS scheme one, with or without thermal mass resummati®he pole mass result
is not reliable at largev, because the NLO correction overtakes the LO term and tharpative
series breaks down, cf. the inset in fig. 4(left). We nornealie pole mass result such that it agrees
with the unresummeMS result atw = 4M; above this, théiS result is used, cf. fig. 4(left). The
resulting imaginary-time correlators are illustrated @ #(right), together with a comparison with
lattice data. The agreement is much better than in fig. Itjrigimd remarkably good considering
that there are errors related to the non-relativistic axipration as visible in fig. 2.

o(g") 12. (4.4)

1TheMS scheme result is obtained from the expressions of refy&ettingM — m(u1) andd — — In[u?/m? ()] —
4/3. Thermal mass resummation can be removed by changikg — —2k? in eq. (C.11).



Temporal mesonic correlators at NLO for any quark mass Y. Burnier

5. Scalar channel spectral function in the bottom quark case

In the bottom quark case there is no doubt about the validithe non-relativistic approxi-
mation. This permits the use of special effective theosesh as Heavy Quark Effective Theory
for addressing the transport region [14] and Non-Relate/iQCD for addressing the threshold
region [15]. One issue of phenomenological controvershas whereas there is certainly no res-
onance peak in the scalar spectral functionNbk 2 GeV, for the bottom caskl ~ 4.5 GeV a
small S-channel contribution has been suggested to appear in thandotly P-channel scalar cor-
relator [13]. This induces a peak to the corresponding spiefcinction. It will be interesting to see
whether a peak can be resolved from data [16, 17] with refipedtsal analysis tools [18].

6. Conclusions

The study of charm quark correlators in hot QCD may soon emt@ature phase. On the
lattice side a continuum limit remains to be taken, but thigckes used are already in a scaling
regime, at least in the quenched case. On the continuumfsldBLO spectral functions need to
be computed, going beyond the present non-relativisticaqapation. Once these steps have been
taken, the short-regimes of the two sides should match, and a non-divergéfeteltice from the
larget regime could be subjected to a spectral analysis of genuingerturbative effects.

This work was partly supported SNF under the grants 2000234 and PZ00P2-142524.
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