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Energy loss of quarks in the hot and dense medium has been studied for decades. Both the
experimental and theoretical efforts have hinted that the energy loss is quark mass dependent.
Although experiments at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider
(LHC) have found that the electrons from heavy quarks are less or similarly suppressed compared
to the light hadrons, the mass ordering of the suppression between charm and bottom quarks is
not yet clear due to large experimental uncertainties. We have fully exploited the events recorded
at mid-rapidity in Au+Au collisions at 4/syn = 200 GeV by the PHENIX experiment at RHIC
to study the invariant yield of electrons from open heavy flavors. Latest results on the nuclear
modification factors for charm and bottom separated heavy flavor electrons are reviewed in this
proceeding. The implications of these results on the understanding of the quark mass and medium
size dependence of the energy loss are also discussed.
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Bottom and charm production at PHENIX

1. Introduction

Charm and bottom quarks, together termed as heavy flavors (HF) due to their large masses
compared to the QCD scale, are predominantly produced via hard scattering in heavy ion collisions.
The dominant production at the Relativistic Heavy Ion Collision (RHIC) is through pair creation
and flavor excitation, in contrast to the primary mode of HF production at the Large Hadron
Collider (LHC) via gluon splitting [1, 2]. However, once produced, the heavy quarks (HQ) lose
their energy energy via radiative and collisional energy loss while propagating through the colored
QGP medium formed in these collisions. The combined effect of these two mechanisms, where
the former dominates at high pt and the latter dominates at low pr, is expected to give a mass
hierarchy to the energy loss mechanism such that lighter parton loses more energy in comparison to
the heavier onesi.e. AE; > AE, 4 > AE. > AE}, ata given pt. Although measurements at both
RHIC and LHC have indicated that heavy flavors might be similarly or less suppressed compared to
the light hadrons [3-8], precise measurement of charm and bottom separated final states over wide
range of pr, rapidity, and centrality have been deemed necessary to untangle the effects of various
mechanisms that affect the yields of HF final states.

The PHENIX experiment at RHIC has measured the yield of single electrons from HF decay,
the charm and bottom separated hadron yields using unfolding technique, and their corresponding
nuclear modification factors (Raa), using data collected in Run 2004 and 2014. In this report, the
latest PHENIX results, and their implications to the understanding of QGP properties are discussed.

2. Analysis

Single electrons from semi-leptonic decay of HF are measured by the PHENIX detector [9]
in the central arm covering the rapidity range of |y| < 0.35. The central arm consist of electron
identification detectors (RICH and EMcal), and silicon vertex detector (VTX) that is responsible
for precise tracking and vertex measurement. With a collision vertex resolution of < 100 um,
VTX enables precise measurement of the transverse component of Distance of Closest Approach
(DCAT) that is proportional to the lifetime of the decaying particle and is also dependent on the
decay kinematics. This allows for a separation of electrons from semi-leptonic decay of charm and
bottom hadrons as well as from other sources of background.

The main sources of background to the HF electrons come from misidentified hadrons, mis-
matching of hits/tracks between central arms and VTX, photonic electrons, kaon decay electrons,
and heavy-quarkonia decay electrons. The yields of electrons from background processes are esti-
mated in multiple pt bins using the PHENIX electron cocktail method [10]. Once the background
contributions are subtracted from the inclusive electron samples, electrons from charms and bot-
toms are separated by applying a likelihood-based Bayesian unfolding technique to electron DCAT
distributions and published HF electron pt spectra [11].

3. Results

Invariant yields of the HF electrons for minbias (MB) events and those of five different
centralities are shown in the left side of Figure 1. The yield decreases with increasing pt and when



Bottom and charm production at PHENIX

Invariant yield of ctb - e

["e ] min. bias

[ e | cent. 0-10% x 10?

[ ] cent. 10-20% x 10°

[ ] cent. 20-40% x 10*
cent 40-60% x 10°°

' M min. bias (Phys.Rev.C,93,034904)

—— min. bias

0-10% central

(1/2mp, )dZN/dedy [(GeVicy?|
[
o
i

cent. 60-92% x 10°° o r
- - 1 0.8—
- a L
- 2 T
m = [
] 1 r
= ® = © 0.6
= =70
(3]
10 - - ¥ [
_ ¥ <440
10 - 0.4
10" ® [
10: PI-??NIX 02k AUSAL. (52200 GeV ~—
10 preliminary UHAU, [Sy= PH.ENIX

; Data 2004+2014, |y|<0.35 preliminary
ol b b b b b L

6 7 2 3 4 5 6 7 8 9
P, [Gevie] pe [GeVic]

10°
1076

0 1 2 3 4 5

o
P

Figure 1: Invariant yield of c + b — e for MB events and different centralities (left) and b-fraction (right)
for MB (blue) and 0-10% central events (red). The colored bands represent 10~ pt correlated uncertainties
in the measurements.

going from central to peripheral events. The charm and bottom separated yields from the unfolding
procedure are used to measure the fraction of electrons from bottom decay over the inclusive HF
electron yields to get a b-fraction distribution. The right side of Figure 1 shows the b-fraction
distribution for MB and 0-10% central events. The b-fraction rapidly increases at low pt and has
a small bump at pt ~ 3.5 GeV/c. Both results are consistent with the measurement using 2011
data [11] within the quoted uncertainties of the measurement.

The charm and bottom separated nuclear modification factor, Raa, are calculated for each
of these centrality classes and MB events by taking the p+p measurement from the STAR e-h
correlation as the baseline [12]. As shown in left side of Figure 2, single electrons from charm
decay are more suppressed than those from bottom for pt in the range of 3-5 GeV/c, which
is consistent with the expected flavor mass hierarchy for energy loss in QGP. At larger values
of pr, electrons from charm and bottom have similar suppression within the uncertainty of the
measurement. These results are in agreement with previously published results by PHENIX [10].
The Raa calculations are also made as a function of centrality. Raa for 0—10% central collisions
is provided in the right side of Figure 2 and shows better separation between charm and bottom
events, particularly at pr< 5 GeV. This result indicates a QGP system size dependence on energy
loss mechanism.

To better understand the quark mass dependence on the energy loss mechanism, the Raa and
b-fraction distributions for 0—10% central collisions are compared to several theoretical predictions.
The b-fraction distribution is compared to T-matrix [13] models with different values of diffusion
constant, as well as with DGLV [14] models with different values of gluon density. The T-Matrix
model applies heavy quark diffusion in QGP using a non-perturbative T-Matrix approach, where
the value of heavy quark diffusion constant, 277 D, is set to 30, 6, and 4 respectively. Higher value
of the constant indicates weakly coupled QGP medium. The b-fraction results are consistent with
the T-Matrix models with small diffusion constant, while the models with larger diffusion constant
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Figure 2: Nuclear modification factor (Raa) for single electrons from charm (green) and bottom (blue)
hadron decay in the MB (left) and 0-10% centrality (right) class. Filled color bands represent 1o pr
uncorrelated uncertainties in the measurements.
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Figure 3: The Ra 4 (left) and b-fraction (right) measurements for 0—10% central events overlaid with different
theoretical models.

do not describe the pt dependence well. The DGLV model employs energy loss via gluon emission
and is based on the GLV model. This model assumes mostly static medium characterized by the
gluon density, whose values are varied and compared separately. All DGLV models under-perform
at mid and low pr regions, where uncertainties on measurement are the smallest, while the one
corresponding to dN, /dn = 3500 models the distribution the best.

The most central Raa distribution comparisons are made with T-Matrix, SUBATECH [15]
and DGLV models. The SUBATECH model incorporates collisional energy loss using Boltzmann
transport equation with a running coupling constant and a more realistic hard thermal loop calcu-
lations replacing the Debye screening mass. The measured Raa for ¢ — e is well described by
models shown here, whereas the Raa for b — e at low pr is not well described. More precise
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measurements at higher values of pt are necessary to distinguish between the different models.

4. Summary and Future Plans

PHENIX has measured charm and bottom separated heavy flavor electron yield, bottom electron
fraction over inclusive HF electrons, and their respective nuclear modification factors using data
collected in Run 2004 and 2014 Au+Au collisions. Comparison of b-fraction for central events with
different theoretical models show preference for T-Matrix models with stronger coupling of heavy
quark with the QGP, while the Rap measurements are in good agreement with DGLV models at
high values of pt. These comparisons suggest that the QGP behaves like a strongly coupled plasma,
and the energy loss in QGP is quark mass dependent. More precise measurements are underway
at PHENIX using p+p baseline measurement [16] by PHENIX using similar methodology as the
analysis covered in this report. In addition to the reduced uncertainties, this would extend the
measurement to much lower values of pr ~ 1 GeV/c.

References

[1] C. Aidala et al. (PHENIX Collaboration), Phys. Rev. D 99, 072003 (2019).
[2] U. Acharya et al. (PHENIX Collaboration), arXiv 2005.14276 (2020).
[3] S. Acharya et al. (ALICE Collaboration), Journal of High Energy Physics 2018, 174 (2018).
[4] Sirunyan, Albert M and et el. (CMS Collaboration), Phys. Rev. Lett. 123, 022001 (2019).
[5] Sirunyan, Albert M and et el. (CMS Collaboration), Phys. Lett. B 782, (2018) 474.
[6] Sirunyan, Albert M and ef el. (CMS Collaboration), Phys. Rev. Lett. 119, 152301 (2017).
[7] Sirunyan, Albert M and et el. (CMS Collaboration), Phys. Lett. B 796, (2019) 168.
[8] J. Adam et al. (STAR Collaboration), Phys. Rev. C 99, 034908 (2019).
[9] K. Adcox et al. (PHENIX Collaboration), Nucl. Instrum. Meth. A499, 469 (2003).
[10] A. Adare et al. (PHENIX Collaboration), Phys. Rev. C 84, 044905 (2011).
[11] A. Adare et al. (PHENIX Collaboration), Phys. Rev. C 93, 034904 (2016).
[12] M. Aggarwal et al. (STAR Collaboration), Phys. Rev. Lett. 105 202301 (2010).
[13] H. van Hees, M. Mannarelli, V. Greco, and R. Rapp, Phys. Rev. Lett. 100, 192301 (2008).
[14] M. Djordjevic, M. Gyulassy, R. Vogt, and S. Wicks, Phys.Lett.B 632 (2006) 81.
[15] P. B. Gossiaux and J. Aichelin, Phys. Rev. C 78, 014904 (2008).

[16] C. Aidala et al. (PHENIX Collaboration), Phys. Rev. D 99, 092003 (2019).


https://link.aps.org/doi/10.1103/PhysRevD.99.072003
https://doi.org/10.1007/JHEP10(2018)174
https://link.aps.org/doi/10.1103/PhysRevLett.123.022001
https://doi.org/10.1016/j.physletb.2018.05.074
https://link.aps.org/doi/10.1103/PhysRevLett.119.152301
https://doi.org/10.1016/j.physletb.2019.07.014
http://dx.doi.org/10.1103/PhysRevC.99.034908
https://doi.org/10.1016/S0168-9002(02)01950-2
https://link.aps.org/doi/10.1103/PhysRevC.84.044905
https://link.aps.org/doi/10.1103/PhysRevC.93.034904
https://link.aps.org/doi/10.1103/PhysRevLett.105.202301
https://link.aps.org/doi/10.1103/PhysRevLett.100.192301
https://doi.org/10.1016/j.physletb.2005.09.087
https://link.aps.org/doi/10.1103/PhysRevC.78.014904
https://link.aps.org/doi/10.1103/PhysRevD.99.092003

	Introduction
	Analysis
	Results
	Summary and Future Plans

