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Abstract. We present new lattice results for the heavy quark diffusion coeffi-
cient in 2+1 flavor QCD in the temperature range from 163 MeV up to 10 GeV.
Compared to previous lattice calculations with unphysical light quark masses,
we consider near-physical values and a much wider temperature range. Our re-
sults for the spatial heavy diffusion coefficient near the crossover temperature
are considerably smaller than the estimates obtained by comparing phenomeno-
logical models with experimental data and by T-matrix calculations, and are
close to the AdS/CFT limit. At high temperatures, however, the spatial heavy
diffusion coefficient increases and approaches the NLO weak coupling predic-
tion within the estimated errors. We also find that the dependence of the spatial
heavy quark diffusion coefficient on the heavy quark mass My on the lattice is
weaker compared to the model calculations.

1 Introduction

Heavy quarks are excellent probes of the quark-gluon plasma (QGP) produced in heavy-ion
collisions (HIC). Because their masses M > T are much larger than the typical thermal scale,
they are produced in the early stages of the collisions and subsequently propagate through the
entire plasma, providing unique insights into the non-equilibrium dynamics of the QGP.

In particular, the heavy-quark momentum diffusion coefficient « (or its spatial counterpart
D) characterizes the Brownian motion experienced by heavy quarks within the medium, and
it is directly related to their thermalization rate. Physically, it describes how much momentum
a heavy quark loses in the plasma and directly affects important experimental observables
such as the nuclear modification factor R44 and the elliptic flow parameter v, [1-3].

At weak coupling, « can be computed perturbatively [4], but the convergence of the
expansion is poor until very large temperatures. On the other hand, the AdS/CFT esti-
mate [5, 6] depends on the coupling constant prescription and cannot be rigorously taken
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Figure 1. Continuum- and flow-extrapolated correlators as a function of 77 for different tempera-
tures [9].

as a lower bound. In contrast, Bayesian reconstructions and phenomenological analyses of-
ten yield values systematically larger than previous 2+1 lattice QCD results with unphysical
pion masses [7, 8]. Therefore, a first-principles non-perturbative determination of Dy from
lattice QCD with physical pion masses is essential.

In this work we present the latest lattice QCD determination of the heavy-quark diffusion
coefficient at a physical pion mass, using heavy quark effective theory (HQET). Our study ex-
tends previous HotQCD calculations by reaching both lower temperatures close to the chiral
crossover and higher temperatures up to 10 GeV, covering the full range where lattice QCD
remains sensitive to x. This proceeding summarizes the main strategy and results presented
in detail in our recent publication [9].

2 Theoretical Framework

The heavy-quark momentum diffusion coefficient can be obtained from current—current cor-
relations functions. It is defined in terms of the low-frequency limit of the spectral functions
PEB(W) as

. T
KEB = })Hl}) > PE (W), (D

where the subscripts £ and B denote chromo-electric and chromo-magnetic contributions, re-
spectively. In HQET, the electric contribution corresponds to the infinitely heavy-quark limit,
while the magnetic contribution represents the first mass correction. Thus, up to O(T?*/M?)
corrections, the complete heavy-quark momentum diffusion coefficient can be written as [10]

K=Kg + §<V2>KB s 2)

where (v?) is the average thermal velocity of the heavy quark. Then, for a heavy quark with
mas M, the diffusion coefficient « is related to the spatial heavy-quark diffusion coefficient
D; via an Einstein relation:
_ 2T (p?)
ok 3MT’

where (p?) is the average thermal momentum of the heavy quark.
The spectral function is not directly accessible from the lattice. Instead, one computes
Euclidean correlators:

3)

*d
Gra() = f 7“’ o) K, 1), )
0

with the integration kernel K(w, ) = cosh[w(r — 1/2T)]/ sinh(w/2T).
Reconstructing pg p(w) from these correlators is a challenging problem, which requires
noise reduction techniques and theoretical guidance on the infrared (IR) and ultraviolet (UV)
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Figure 2. Temperature dependence of xzz/T> [9]. Also shown are quenched QCD results for kg
[14, 15].

behavior of the spectral function. At small frequencies the spectral function is determined
uniquely by diffusion, while at large frequencies it can be computed perturbatively at LO and
NLO. The spectral function is then modeled by smoothly interpolating between these two
regimes using several Ansitze, which provides a controlled estimate of systematic uncertain-
ties in kg p.

We generated 2+1 flavor lattice QCD ensembles at several lattice spacings over a vast
range of temperatures, from 7 = 163 MeV to 10 GeV, using the Highly Improved Stag-
gered Quarks (HISQ) action [11] for the fermion sector and the tree-level improved Liischer—
Weisz action [12] for the gauge fields. For low temperatures the light-quark quark masses
are tuned to its physical values. To reduce discretization effects, we apply Zeuthen flow [13]
and perform a double extrapolation to zero flow time and zero lattice spacing, ensuring that
the reconstructed correlators are under perturbative control at short distances while retaining
sensitivity to transport coefficients in the infrared.

3 Results and Discussion

In Fig. 1 we show the correlators Gg(77T) and Gp(7T) at several temperatures. The correlators
are normalized to remove the leading-order T dependence. In both cases, the 77 dependence
decreases with temperature, becoming nearly 7-independent at the highest 7. At small Eu-
clidean times, the correlators are well described by perturbation theory, while at larger 77
the clear temperature dependence reflects the infrared physics associated with heavy-quark
diffusion. This provides the starting point for spectral reconstruction.

To reconstruct the spectral functions pg z(w) we employ a set of Ansitze that interpolate
smoothly between the infrared form pEB(a)) = kg,p w/(2T) and the ultraviolet behavior given
by perturbative LO and NLO results. By fitting the Euclidean correlators with twelve dif-
ferent Ansitze and combining bootstrap resampling with model averaging, we obtain robust
systematic estimates of kg p.

The resulting values of kz/T> and «xz/T? are shown in Fig. 2. Both coefficients decrease
significantly with increasing temperature, consistent with expectations from weak coupling.
The electric and magnetic contributions are comparable in magnitude.

Finally, in Fig. 3 we convert our results to the spatial diffusion coefficient Dy = 272 /k
and compare them to other determinations. Close to T, our results are remarkably close to
the AdS/CFT estimate 27T Dy ~ 1 (for a fixed coupling), supporting the picture of a strongly
coupled QGP. At higher temperatures, 277 D, grows, approaching the NLO perturbative QCD
prediction. Across the full range 7 = 163 MeV-10 GeV, our results remain systematically
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Figure 3. Final results for the spatial diffusion coefficients 277 D, for charm, bottom, and infinitely
heavy quarks, compared with several estimates and determinations [9]. The figure is splitinto two
parts: low-temperature behavior (right) and high-temperature behavior (left)

lower than Bayesian reconstructions and data-driven extractions from heavy-ion collisions,
but are consistent with those obtained using the T-matrix formalism and with previous lattice
QCD determinations.

4 Conclusions

We have presented a 2+1 lattice QCD determination of the heavy-quark diffusion coefficient
at a physical pion mass. Our study covers a wide temperature range, from near the chiral
crossover up to 10 GeV. Our results approach the strongly-coupled AdS/CFT estimate close
to T., supporting the picture of the QGP as a strongly coupled and nearly perfect fluid. At
higher temperatures, they gradually approach perturbative predictions, while remaining sys-
tematically lower than Bayesian reconstructions and data-driven extractions.

Overall, our results provide the most comprehensive non-perturbative determination
of heavy-quark diffusion to date, bridging the low- and high-temperature regimes and of-
fering valuable input for heavy-ion phenomenology.
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