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Jet suppression is considered to be a powerful tool to study the properties of a QCD medium created in
ultrarelativistic heavy ion collisions. However, theoretical predictions obtained by using jet energy loss in a static
QCD medium show disagreement with experimental data, which is known as the heavy flavor puzzle at Relativistic
Heavy Ion Collisider (RHIC). We calculate the suppression patterns of pions and single electrons for Au + Au
collisions at RHIC by including the energy loss in a finite size dynamical QCD medium, with finite magnetic
mass effects taken into account. We here report a notably improved agreement with the experimental results
compared to the static case; this agreement is robust with respect to a realistic range of magnetic mass values.
Therefore, the inclusion of dynamical QCD medium effects provides an important step toward understanding the

heavy flavor puzzle at RHIC.
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I. INTRODUCTION

Jet suppression [1] measurements at Relativistic Heavy Ion
Collider (RHIC) and Large Hadron Collider (LHC), and their
comparison with theoretical predictions, provide a powerful
tool for mapping the properties of a QCD medium created
in ultrarelativistic heavy ion collisions [2—4]. However, jet
suppression predictions, done under the assumption of a static
QCD medium [5-7], showed a disagreement with the available
data from RHIC experiments [8—11], as they are not able to
simultaneously explain both pion and single electron suppres-
sion data. This disagreement has been named “heavy flavor
puzzle at RHIC” [12,13], and raised important questions about
the ability of the available theories to model the matter created
at ultrarelativistic heavy ion collisions at RHIC. Moreover,
this disagreement inspired some theorists to seek explanations
outside conventional QCD (see, e.g., Refs. [14—17]).

Before considering solutions outside perturbative QCD
(pQCD), it is useful to note that—from the Quark Gluon
Plasma (QGP) point of view—the jet suppression results
from the energy loss of high energy partons moving through
the plasma [18-21]. Therefore, accurate computations of
jet energy loss mechanisms are essential for the reliable
predictions of jet suppression. However, all available energy
loss models [22-28], which can treat both light and heavy
quark jets, were based on the assumption of a static QCD
medium [5-7], where interactions are modeled as static
color-screened Yukawa potentials [24]. Since, in reality, the
scattering centers are dynamical, it is evident that such an
approximation does not provide a realistic description of the
QCD medium created in ultrarelativistic heavy ion collisions.
With this goal, in Refs. [29,30], we developed a theoretical
formalism' for the calculation of radiative energy loss in a re-
alistic finite size dynamical QCD medium (see also Ref. [12]),

'The dynamical energy loss formalism is based on calculating 24
Feynman diagrams through the hard thermal loop (HTL) approach,
and applies to the case of a finite, optically thin QCD medium.
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which abolished a static approximation used in previous
models [22-28]. Furthermore, in Ref. [31], we extended the
study from Ref. [29] to include the possibility for the existence
of finite magnetic mass; this generalization was motivated
by various nonperturbative approaches [32-35], which report
nonzero magnetic mass. These studies, together with the
previously developed collisional energy loss formalism in
finite size dynamical QCD medium [36], enable us to provide
the most reliable computations of the energy loss in QGP so far.

In this paper, we integrate the developed energy loss
formalism into a computational framework that can generate
reliable predictions for RHIC and LHC experimental data. The
numerical procedure includes: (i) both collisional and radiative
energy loss from the newly developed (dynamical QCD
medium) formalism [29-31,36], (ii)) multigluon fluctuations
(i.e., the fact that energy loss is a distribution [37]), and
(iii) path length fluctuations (i.e., the fact that particles travel
different paths in the medium [38]). We use this framework
to generate suppression predictions for pions and single
electrons at most central 200 GeV Au + Au collisions at RHIC.
The generated predictions are directly compared with RHIC
experimental data [8—11] to test our understanding of QGP
created at these collisions.

II. COMPUTATIONAL FRAMEWORK

The quenched spectra of partons, hadrons, and leptons
are calculated as in Refs. [5,38] from the generic pQCD
convolution

Efd3a(e) _ E:d%c(Q)

= ® P(E; — Ej)
dp dp;

®D(Q — Ho)® f(Hg —e), (1)

where Q denotes quarks and gluons. For charm and bottom, the
initial quark spectrum, E;d*c (Q)/d p?, is computed at next-to-
leading order using the code from Refs. [39,40]; for gluons and
light quarks, the initial distributions are computed at leading
order as in Ref. [41] (see also Ref. [42]). P(E; — Ey) is
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the energy loss probability, D(Q — Hy) is the fragmentation
function of quark or gluon Q to hadron Hy. The last step
[f(Hg — e)] is only applicable for heavy quarks and it
represents the decay function of hadron Hy into the observed
single electron. We use the same mass and factorization scales
as in Ref. [43] and employ the CTEQ5M parton densities [44]
with no intrinsic k7. As in Ref. [43] we neglect shadowing of
the nuclear parton distribution.

We assume that the final quenched energy Ef is large
enough that the Eikonal approximation can be employed. We
also assume that in Au+ Au collisions, the jet to hadron
fragmentation functions are the same as in eTe™ collisions.
This assumption is expected to be valid in the deconfined
medium case, where the hadronization of Q — Hy cannot
occur until the quark emerges from the QGP.

As in Ref. [38], the energy loss probability P(E; — Ey)is
generalized to include both radiative and collisional energy
loss and their fluctuations. However, while the authors of
Ref. [38] assumed a static QCD medium, the present study
takes into account both the radiative [29] and collisional [36]
energy losses in a realistic finite size dynamical QCD medium.

To take into account geometric path length fluctuations in
the energy loss probability, we use [38]

P (Ez — Ef = Ei — Arad - Acoll)

= / dL P(L) Prag(Arag; L) ® Peon(Acon; L). 2

Here P(L) is the distribution of the path lengths traversed by
hard scatterers in 0—5% of most central collisions, in which
the lengths are weighted by the probability of production and
averaged over azimuth. Note that currently two definitions for
P(L) (see Ref. [45]), one from Ref. [38] and the other from
Ref. [46], are commonly used. Since these distributions are
significantly different (see Fig. 1, where these distributions
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FIG. 1. Path length distributions that are used for the suppression
calculations. The solid curve corresponds to the distribution used in
Ref. [38] (marked with “W”), while the dashed curve corresponds to
the distribution used in Ref. [46] (marked with “D”).
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are graphically represented), we will use both of them in the
analysis. Also, since P(L) is a purely geometric quantity, it is
the same for all jet varieties.

Prad(Arag; L) and Peon(Acon; L) in Eq. (2) are, respectively,
the radiative and collisional energy loss probabilities. The
procedure for including fluctuations of the radiative energy loss
probability [ Prag(Arag; L)] due to gluon number fluctuations is
discussed in detail in Refs. [5,47]. Note that the procedure is
here generalized to include the radiative energy loss in finite
size dynamical QCD medium [29,30], as well as a possibility
for existence of finite magnetic mass [31]; in particular, the
medium induced gluon radiation spectrum is given by (see
Ref. [31])

dNrad 2 CROls L

B d’k d’q ny —
dx ~x m Adyn b4

7 (q%+ niy) (@ + 1)
( | sin Lo it L) (k+q)
X - 2
Trartay ) (k+q)* + x

X( (k+g) &k ) )
(k+q?+x K+yx/)’

Here L is the length of the finite size dynamical QCD
medium and E is the jet energy. pug is the Debye mass
(electric screening) and ) is magnetic screening. k is
the transverse momentum of radiated gluon, while ¢ is the
transverse momentum of the exchanged (virtual) gluon. v(q)
is the effective cross section in a dynamical QCD medium
and Agyln = Co(G)a;T = 3a,T [C2(G) = 3] is defined as the
“dynamical mean free path” [48]. oy = % is the coupling
constant and Cg = %. x = M2+ mf,, where x is the
longitudinal momentum fraction of the heavy quark carried
away by the emitted gluon, and m, = g/ V2 is the effective
mass for gluons with hard momenta k 2> T [49].

For collisional energy loss probability [ Peoy(Acon; L)], the
full fluctuation spectrum is approximated by a Gaussian
centered at the average energy loss with variance crcz(,“ =
2T(AE°°“(pL, L)) [38,50]. Here AECOH(pL, L) is extracted
from Ref. [36], T is the temperature of the medium, p, is the
initial momentum of the jet, and L is the length of the medium
traversed by the jet.

We note that, in the suppression calculations, we separately
treat radiative from collisional energy loss. Consequently, we
first calculate the modification of the quark and gluon spectrum
due to radiative energy loss, and then due to collisional
energy loss in the QCD medium. This is a reasonable
approximation when the radiative and collisional energy losses
can be considered small (which is in the essence of the
soft-gluon, soft-rescattering approximation used in all energy
loss calculations so far [22-30,51]), and when collisional and
radiative energy loss processes are decoupled from each other
(which is the case in the HTL approach [52] used in our energy
loss calculations [29,30,36]). Also, we assume that the strong
coupling constant «y is fixed at 0.3, which is considered to
approximate well the coupling at RHIC [53-55].

Finally, to obtain 7° suppression from quark and gluon
suppression, we use the following approximation [56,57]

Raa(’, p1) ~ feRaa(g, p0) + (1 = f)Raal, p1), (4)
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FIG. 2. Quarks and gluon suppressions are presented as a function of initial jet energy for 200 GeV Au + Au collisions at RHIC. The
upper four panels and the lower four panels are obtained, respectively, by using the path length distributions from Ref. [38] (marked with
“W”) and Ref. [46] (marked with “D”). On each panel, the solid curves correspond to zero magnetic mass. The gray bands correspond to
nonzero magnetic mass (i.e., 0.4 < py /g < 0.6 [32-35]), where the lower boundary corresponds to wy /i = 0.4 and the upper boundary

corresponds to /g = 0.6.

where f, &~ e P1/105GeV s the fraction of pions with a

given momentum p that arise from gluon jet fragmentation,
Raa(g, p1) is the gluon suppression, and Rs4(l, py) is the
light quark suppression.

To calculate D and B meson suppression, we will use both
delta and Peterson [58] fragmentation functions. Furthermore,
the single electron suppression is obtained according to the
analysis presented in Ref. [5].

III. NUMERICAL RESULTS

In this section, we concentrate at 200 GeV Au + Au
collisions at RHIC, and present our suppression predictions
for light and heavy flavor observables. For this, we consider
a quark-gluon plasma of temperature 7 =225 MeV, with
Ny =2.5 effective light quark flavors and strong interaction
strength og =0.3, as representative of average conditions
encountered in Au 4+ Au collisions at RHIC. For the light
quarks we assume that their mass is dominated by the thermal
mass M = u/v/6, where 1 =gT /1+N;/6 ~ 0.5 GeV is the
Debye screening mass. The gluon mass is taken to be m, =
w/ V2. For the charm (bottom) mass we use M =1.2 GeV
(M =4.75 GeV).

Figure 2 shows the momentum dependence of quarks and
gluon suppressions at RHIC, obtained by using two path
length distributions from Ref. [38] and from Ref. [46]. For
both path length distributions, we observe a clear hierarchy
between the quarks and gluon suppressions: (i) the bottom
quark is significantly less suppressed than the charm quark;
(ii) the charm and light quarks have similar suppressions
for initial jet energies larger than 5 GeV; (iii) gluons are

significantly more suppressed than all types of quarks. This
already observed/established hierarchy (see, e.g., Ref. [47])
therefore remains valid for the case of the dynamical QCD
medium as well, despite the fact that both the inclusion of path
length fluctuations [38] and dynamical effects [30] into the
suppression calculations tend to reduce the difference between
different types of quarks and gluons. We also observe that the
inclusion of magnetic mass can decrease the jet suppression
(for all types of quarks and gluons) for 25-50%, compared to
the case of zero magnetic mass. Regarding different path length
distributions, we observe somewhat lower suppression results

0 10 20 0 10 20
E(GeV) E(GeV)

FIG. 3. Suppressions of D and B mesons are shown as a function
of initial jet energy. The left and the right panels are obtained,
respectively, by using path length distributions from Ref. [38] (marked
with “W”) and Ref. [46] (marked with “D”). On each panel, the bands
with solid and dashed boundaries correspond to, respectively, D and
B mesons. Also, on each panel, the dark gray bands correspond to
zero magnetic mass, while light gray bands correspond to nonzero
magnetic mass (i.e.,0.4 < wy /e < 0.6 [32-35]). The upper and the
lower boundaries of each band are obtained by using, respectively,
Peterson [58] and delta fragmentation functions.
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FIG. 4. (Color online) The left panels show the comparison of the
pion suppression predictions with 7 PHENIX [8] (shown in blue)
and STAR [10] (shown in red) experimental data from 200 GeV
Au + Au collisions at RHIC. The right panels show the comparison
of the single electron suppression predictions with the non-photonic
single electron data from PHENIX [9] (shown in blue) and STAR
[11] (shown in red) at 200 GeV Au + Au collisions. For the two
upper panels and the two lower panels the suppression predictions
are obtained, respectively, by using the path length distributions from
Ref. [38] (marked with “W”) and Ref. [46] (marked with “D”). On
each panel, the gray region corresponds to the case when ) = 0
(i.e., 0 < pup/me < 0.6), where the lower boundary corresponds to
/e = 0 and the upper boundary corresponds to iy /g = 0.6.

when the distribution from Ref. [46] is used; this is expected
keeping in mind the higher probability for lower path lengths
in Ref. [46] compared to Ref. [38] (see Ref. [45]).

To calculate D and B meson suppression we use both delta
and Peterson [58] fragmentation functions and observe that the
choice of fragmentation function only marginally changes the
value of suppression R4 (see dark gray bands in Fig. 3).
The reason behind the small difference is that fragmentation
functions do not significantly modify the distribution slopes
[47], due to which the meson suppression becomes insensitive
to the choice of fragmentation function. However, for the single
electron suppression, the choice of fragmentation function
can influence the final suppression result (see Ref. [5]), so
we will continue to use both fragmentation functions for the
calculation of the single electron suppression.

Figure 4 shows the momentum dependence of pion and
single electron suppressions at RHIC, obtained by using
the two path length distributions (from Ref. [38] and from
Ref. [46]). The predictions are compared with the relevant
PHENIX [8,9] and RHIC [10,11] experimental data at Au +
Au collisions at RHIC. For both path length distributions we
observe a reasonable agreement with the experimental data;
this agreement is moreover robust when nonzero magnetic
mass is introduced.

Furthermore, from Fig. 4 we see that as the jet energies
approach 15 GeV, the predicted pion and single electron sup-
pressions become very similar. This prediction is reasonable

PHYSICAL REVIEW C 85, 034904 (2012)

since (i) at high jet energies suppression patterns for all types of
quarks become similar, and (ii) above 10 GeV pion suppression
is strongly dominated by light quark suppression (i.e., gluon
contribution to pion suppression becomes negligible) [56,57].
This behavior is qualitatively different from the one below
10 GeV, where the obtained suppressions are notably different
(by < 2). It will be interesting to compare this predicted pattern
with the upcoming high luminosity RHIC data.

IV. CONCLUSION

A major theoretical problem in relativistic heavy ion
physics is the apparent inability of pQCD to consistently
explain both pion and single electron data at RHIC, which
was termed the “heavy flavor puzzle.” This puzzle recently
inspired approaches that look for a solution outside of
conventional QCD (see, e.g., Refs. [14—17]). The main goal
of this paper was to show that considering a more realistic
dynamical QCD medium significantly improves the agreement
between theoretical predictions and experimental data; this
improvement gives confidence that pQCD may still be able
to provide a reasonable explanation of both pion and single
electron data.

To this end we here calculated the suppression pattern of
pions, D and B mesons, and single electrons in central 200 GeV
Au + Au collisions at RHIC energies. The calculation is
based on the radiative and collisional energy loss in a finite
size dynamical QCD medium, which is a key ingredient for
obtaining reliable predictions for jet quenching in ultrarela-
tivistic heavy ion collisions. This energy loss formalism was
here integrated into a computational framework that includes
multigluon and path length fluctuations, as well as a possibility
of finite magnetic mass. The introduction of realistic finite size
dynamical QCD medium leads to a significantly improved
agreement between the generated suppression patterns and
experimental data at Au+ Au collisions at RHIC, and this
agreement is robust with respect to introduction of finite
magnetic mass. The improvement strongly suggests that an
important deficiency behind the “heavy flavor puzzle” at RHIC
is the static approximation (i.e., the fact that the dynamical
nature of plasma constituents was not taken into account).

However, to solve the heavy flavor puzzle, both theoretical
and experimental uncertainties would have to be notably
reduced, which may become possible through future studies.
Furthermore, the dynamical energy loss formalism, used to
generate predictions in this paper, is based on the first order in
opacity calculations. An important future goal is to generalize
this energy loss to higher orders in opacity, and explore
whether/to what extent such generalization would modify the
predictions presented in this paper.
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