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A Coupled Approach to Solving the R, 4, ® v, Puzzle
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Hydrodynamics and jet quenching are responsible for the elliptic flow v, and suppression of large
transverse momentum (p) hadrons, respectively, two of the most important phenomena leading to the
discovery of a strongly coupled quark-gluon plasma in high-energy heavy-ion collisions. A consistent
description of the hadron suppression factor R4, and v,, especially at intermediate p7, however, remains a
challenge. We solve this long-standing R44 ® v, puzzle by including quark coalescence for hadronization
and final state hadron cascade in the coupled linear Boltzmann transport-hydro model that combines
concurrent jet transport and hydrodynamic evolution of the bulk medium. We illustrate that quark
coalescence and hadron cascade, two keys to solving the puzzle, also lead to a splitting of v, for pions,
kaons, and protons in the intermediate p; region. We demonstrate for the first time that experimental data
on R,,, v,, and their hadron flavor dependence from low to intermediate and high p; in high-energy
heavy-ion collisions can be understood within this coupled framework.

DOI: 10.1103/PhysRevLett.128.022302

Introduction.—Experimental evidences at the Relativistic
Heavy-Ion Collider (RHIC) and the Large Hadron Collider
(LHC) have confirmed the existence of a strongly coupled
quark-gluon plasma (QGP) in high-energy heavy-ion
(A + A) collisions [1-5]. These include strong anisotropic
flow at low transverse momentum (p7) [6—-10] and sup-
pression of hadrons at high p; [11-15]. The spectra and
flow patterns of bulk hadrons at low pr <2 GeV/c are
well described by the hydrodynamic expansion of the QGP
as a strongly coupled fluid [16-25]. At high p;=
10 GeV/c, the hadron suppression factor (R44) and the
azimuthal anisotropy (v,) [26-31] can be quantitatively
understood in terms of jet quenching caused by parton
energy loss as hard partons propagate through the QGP
medium [32-48]. In the intermediate p; ~2-10 GeV/c
region where soft and hard physics interface it remains,
however, a challenge to describe the hadron spectra and the
azimuthal anisotropy consistently. There is a long-standing
puzzle that parton energy loss models that are adjusted to
describe hadron R, underpredict the azimuthal anisotropy
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v, [49-55] at intermediate p;. Parton energy loss alone also
cannot describe the constituent quark number (NCQ)
dependence of hadron R4, and v,.

Many attempts have been made to solve this puzzle, from
evoking the exotic monopoles in interactions between the
hard partons and the medium near the pseudocritical temper-
ature T, [56-58] to taking into account of the event-by-event
fluctuation of the bulk medium [50] and combining hydro-
dynamics with jet transport as in EPOS [59] and HYDJET++
models [60]. While such an exotic interaction with a
drastically large jet-medium coupling at 7. is not needed
to describe R4y and v, of full jets [61-64] in which a
hadron’s flavor information is not considered, the event-by-
event fluctuation of the bulk medium is found not to
significantly increase high pr v, [54,64,65]. Furthermore,
none of these attempts can address the NCQ dependence of
Ry4 and v, in the intermediate py region.

It is well known that quark coalescence is the key to
explaining the observed NCQ scaling of hadronic anisot-
ropies and the enhanced baryon-to-meson ratios in A 4+ A
relative to proton-proton (p + p) collisions at intermediate
pr [66-78]. Furthermore, it has been shown that hadrons,
especially baryons, at intermediate pr are also sensitive to
rescatterings in the hadronic phase [79-81]. Quark coa-
lescence in a hydrodynamic medium combined with parton
transport, fragmentation and hadron cascade should, there-
fore, have the potential to solve the Ry, ® v, puzzle and
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describe hadron production from low to intermediate and
high pr in high-energy heavy-ion collisions.

In this Letter, we implement the quark coalescence,
especially between thermal and jet shower partons, and a
hadronic afterburner in the state-of-the-art coupled linear
Boltzmann transport(COLBT)-hydro model [82] that has
concurrent evolution of both the bulk medium and jet
showers, including jet-induced medium responses. We
carry out a first study that couples event-by-event hydro-
dynamics, jet quenching, quark coalescence, and hadron
cascade. We demonstrate that this fully coupled approach
can simultaneously describe R,,, differential »,, and their
NCQ dependence in the full range of p; in high-energy
heavy-ion collisions, therefore solving the long-standing
Rsa ® vy puzzle that connects the two most important
aspects of the discovery of a strongly coupled QGP. This
also sheds light on the hadronization mechanism of QGP in
high-energy heavy-ion collisions.

COLBT-hydro model.—The COLBT-hydro model
[82—84] was developed to simulate the concurrent evolu-
tion of jet showers and the bulk medium by coupling the
(34 1)D CCNU (Central China Normal University) -
LBNL (Lawrence Berkeley National Laboratory) viscous
hydrodynamic model (CLVISC) [85,86] with the linear
Boltzmann transport (LBT) model [87-91]. The LBT
model treats the propagation of jet shower and thermal
recoil partons on an equal footing and includes both
perturbative QCD (PQCD) elastic scattering and
medium-induced gluon radiation within the high-twist
approach [92-95]. The coupling between LBT and
CLVISC is through an energy-momentum source term
deposited by soft partons in the hydrodynamic equation,

8/4Tlf411:1id =JY, (1)

v G (smng)?
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where T’ ., is the energy-momentum tensor of the bulk
medium, and the summation in the Gaussian smearing in
the Milne coordinates is over both soft recoil, radiated, and
“negative” partons—‘hole particles” created in elastic jet-
medium collisions. For studies presented in this Letter, we
set pd = 3.0 GeV/c, 6, = 0.6 fm, and 6, = 0.6. The jet-
induced medium response is found essential to describing
many jet observables in heavy-ion collisions, such as jet
shape [96], jet fragmentation function [82], y/Z-hadron
correlations [83,84], and baryon-to-meson ratio in and
around a jet [97,98]. However, it has negligible influence
on low py single inclusive hadron spectra due to the
dominance of soft particles from the bulk medium.

In the CLVISC hydrodynamic evolution, a lattice QCD
inspired equation of state [99] is used. The reduced thick-
ness event-by-event nuclear topology (TRENTO) model
[100] with optimized parameters [23] and a longitudinal

envelope function [85,86,101] is used to generate the initial
entropy density profile with event-by-event transverse
fluctuation. The specific shear viscosity 7/s = 0.10, the
freeze-out temperature T, = 150 MeV, the initial time
7o = 0.6 fm/c, and parameters in the initial entropy profile
have been adjusted to reproduce the charged hadron
multiplicity, pr spectra, and integrated flow harmonics
v,, at midrapidity in A + A collisions. While a finite starting
time 7, of the jet-medium interaction is a default
assumption in LBT and COLBT-hydro, other studies
[45,55] find it necessary to achieve v, at high p; that is
compatible with experimental data. We also assume that
hard shower partons free-stream during the formation time
7, =2z(1 — z)E/k?3 before they interact with the QGP
medium, where k| is the transverse momentum, and z is the
energy fraction of the shower parton after the initial
splitting from its mother parton with energy E. Further
details about the LBT and CLVISC model can be found in
Refs. [87-91] and [85,86], respectively.

We use pYTHIAS [102] with EPPS16 nuclear parton
distributions [103] to generate initial jet showers. A
minimum hard scale prg=4.0 GeV/c is set for jet
production. The average number of such jet production

. jet .
per event is (Njy) = <N0011>P{rigger, where (N is the
number of binary nucleon-nucleon (N + N) collisions
whose transverse distribution is given by the nuclear
overlap function. P
. trigger
mum-bias N + N collision to have at least one pair of jet

production,

is the probability for a mini-

pet L/ dzb[l — e_TNN(b)ajel(i)T>[7T0)L (3)

trigger inel
ONN

where Tyy(b) is the nucleon overlapping function and
ony =70 mb at \/syy = 5.02 TeV.

There are two adjustable parameters in this study of
single inclusive hadron spectra using the COLBT-hydro
model. While the strong coupling «, for jet production and
showering is allowed to run according to PQCD in PYTHIA
[90,91], the effective coupling to the medium partons a, =
0.17 is adjusted to fit R4, at high p; in central Pb + Pb
collisions at ,/syy = 5.02 TeV. The second parameter is a
lower cutoff py ., for initial jet partons that propagate
according to LBT. Initial partons below this scale are
assumed to be thermalized as part of the initial condition for
the hydro evolution of the bulk medium. The value py i, =
7.0 (5.0) GeV/c is tuned by fitting the final hadron spectra
at intermediate p; in 10%-20% (40%-50%) central
Pb + Pb collisions at \/syy = 5.02 TeV. Its value depends
on the centrality and colliding energy.

Hadronization and hadron cascade.—In this study, we
adapt the hydro-coal-frag hybrid model [104] for hadro-
nization that includes hydro freeze-out at low py, quark
coalescence at intermediate p7, and fragmentation at high
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pr. The interplay between hadron freeze-out in hydro and
parton dynamics is defined by a separation scale p;, =
1.5 GeV/c for the effective constituent quarks, above
which viscous corrections to the equilibrium distribution
become large and parton coalescence and fragmentation
become the relevant mechanisms for hadronization. This
scale corresponds t0 prmeson < 3 GeV/c and prpgryon <
4.5 GeV/c for hadron production through hydro freeze-out
on the switching hypersurface. Accordingly, thermal
quarks with p; > 1.5 GeV/c on the switching hypersur-
face [105] are allowed to participate in coalescence
processes for hadronization, which include thermal-ther-
mal, thermal-shower, and shower-shower coalescence.
Shower partons include both jet shower and hard medium
recoil partons passing through the isothermal hypersurface
in COLBT-hydro.

Shower partons that do not coalesce will hadronize
through string fragmentation using PYTHIAS [102] with
tuned strangeness suppression [106]. We adopt a colorless
hadronization scheme [108] for these shower partons that
should have lost their original color configurations and

form strings with the distances AR = /(An)? + (A¢)?

of neighboring parton pairs minimized. Finally, the ultra-
relativistic quantum molecular dynamics (URQMD)
[109,110] model is used to perform hadronic rescatterings
and resonance decays in the hadronic stage of the system
until kinetic freeze-out.

Nuclear modification of hadron spectra.—Using
COLBT-hydro with the inclusion of quark coalescence
and hadronic afterburner, we calculate hadron spectra from
low to intermediate and high p; in A + A collisions. Shown
in Fig. 1 are COLBT-hydro results on the nuclear modi-
fication factor Ry, (py) of charged hadron spectra [111]
which describe reasonably well the experimental data [112]
for 10%-20% and 40%-50% Pb+ Pb collisions at
VSny = 5.02 GeV. Only statistical uncertainties in the
COLBT-hydro results are shown as solid bands. To
illustrate the different hadron production mechanisms

Ri, Pb+Pb@ s, =502TeV Y,

1 COLBT ‘CoLBT T
—— with Coal. —— with Coal. 1
0.8} ===~ without Coal. - - = without Coal. J

o ALICE, 10%—20%, Inl<0.8 o ALICE, 40%-50%, Inl<0.8

-
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FIG. 1. The nuclear modification factor R, of charged hadrons
in (a) 10%-20% and (b) 40%-50% Pb + Pb collisions at
V/Syy = 5.02 TeV from COLBT-hydro simulations with (solid)
and without quark coalescence(dashed) as compared to ALICE
experimental data [112].

underlying Ry, (p7) in different p; regions, we show in
Fig. 2(a) pr spectra of charged hadrons in 10%—-20% and
40%—-50% and Fig. 2(b) identified pion (x), kaon (K), and
proton (p) spectra from COLBT-hydro in 40%-50%
Pb 4 Pb collisions as compared to the experimental data
[112,113]. Also shown are contributions from hydro
(dashed), parton coalescence (dot-dashed), and fragmenta-
tion (dotted) in COLBT results.

In COLBT-hydro, hadron spectra are dominated by the
hydro contribution below p; <2 GeV/c, where Ry
increases rapidly with p; due to the strong radial flow
from the hydrodynamic expansion until it peaks at
pr~2 GeV/c. At intermediate 2 < py < 6 GeV/c, Ryy
decreases from its peak value due to the onset of con-
tributions from parton coalescence and fragmentation in
which hadron spectrum are suppressed due to parton
energy loss. At large py > 8 GeV/c where fragmentation
prevails, R4, is determined by the energy dependence of
the parton energy loss and the initial jet spectra.

We note that the transition in the underlying hadron
production mechanism, from hydrodynamics to parton
coalescence and fragmentation, occurs at higher p; in
more central collisions because of stronger radial flow,
pushing the realm of hydrodynamics to higher p;. The
transition also happens at larger p; for baryons than
mesons. This is because of the constituent-quark-based
separate scale py, = 1.5 GeV/c that leads to a larger cutoff
Proaryon < 4.5 GeV/c  for baryons than  prpeon <
3 GeV/c for mesons from hydro. The hydro spectra are
also mass ordered due to radial flow. Hydro contributions to
the hadron spectra above the p; cutoff come from hadron
cascade within URQMD during the hadronic evolution.
The interplay between hydro, parton energy loss, coales-
cence, and fragmentation implemented in COLBT-hydro

Pb+Pb @ |s,=5.02 TeV

10°R . . . o e —
COLBT ALICE 7 COLBT ALICE
. — 10%-20% o 10%-20% — TOTAL o mx100 1
10 o 40%-50% A 40%-50% - - Hydro K
om0 om0 Coal. A
........ Frag o Px0.01

_lyl<0.5 40%-50%

T

d’>N/(2ndp p.dy) [(GeVic)?]
o

10°°
107
10°° ALY S R A L T
0 5 10 15 200 5 10 15 20
pT(GeVlc) pT(GeVIc)

FIG. 2. Spectra of (a) charged hadrons (solid) in 10%—-20% and
40%-50% and (b) identified z, K, and p (solid) in 40%—50%
Pb + Pb collisions at \/syy = 5.02 TeV and contributions from
hydro freeze-out (dashed), parton coalescence (dot-dashed), and
fragmentation (dotted) in COLBT-hydro simulations as com-
pared to ALICE experimental data [112,113].
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FIG. 3. (a) p/x and (b) K/7 ratio in 10%-20% and 40%—50%
Pb+Pb and p+ p collisions at /syy =5.02 TeV from
COLBT-hydro as compared to experimental data [113].

can describe the flavor dependence of hadron spectra and
their medium modification as seen in Fig. 2(b).

To examine the flavor composition of the hadron
spectra and their py dependence in detail, we compare
the COLBT-hydro results on p/z and K/z ratios as a
function of py to the experimental data in Fig. 3. Both p/#
and K/z ratios exhibit a steep increase from p; =
0-3 GeV/c with a mass ordering induced by the radial
flow, an intrinsic feature of hydrodynamic models. For
pr > 3 GeV/c, p/r decreases with pr while K/x remains
constant as a result of the interplay between hydrodynamic
expansion, quark coalescence, and fragmentation. At large
pr > 8 GeV/c, these hadron ratios in Pb + Pb approach
the values in p + p collisions when the hadronization is
dominated by vacuumlike parton fragmentation. COLBT-
hydro describes these features in the data well.

Coalescence and Ry ® vy, puzzle—To demonstrate
the importance of parton coalescence in resolving the
Ryy ® vy puzzle, we examine first the azimuthal
anisotropy v, of the hadron spectra for different hadron
species. Following the experiments [27,29,114], we use
the scalar-product (SP) method to compute v, of
charged hadrons within || < 1.0, using reference particles
in || < 1.0 and 0.2 < p; < 5.0 GeV/c.

Shown in Fig. 4 are v,(py) for =, K, and p from
COLBT-hydro with (solid) and without (dashed) contribu-
tions from coalescence in 10%-20% and 40%-50%
Pb 4 Pb collisions as compared to the experimental data
[114]. The interplay among hydro, jet quenching, coales-
cence, and fragmentation in v, (py) is very similar to that in
Rua(pr). To help understand this interplay, we also plot
in Fig. 5 vy(py) for z, K, and p from hydro freeze-out
(dotted), parton fragmentation (dashed), and quark coa-
lescence (solid) which has a strong flavor dependence.

The rapid increase and the mass ordering of v, (py) from
hydro at low p; < 2 GeV/c in Figs. 4 and 5 are character-
istics of viscous hydrodynamics with hadronic after-
burner [19-21,24,25,80]. The increase slows down at
pr > 2.5 GeV/c, and the total v,(py) reaches a peak
value at around pymeson ~3 GeV/c and prygryon~4.5GeV/c

10%-20%

4 6
pT(GeV/c)

pT(GeVIc)

FIG. 4. COLBT-hydro results on v,(py) for z, K, and p in
(@) 10%-20% and (b) 40%—-50% Pb + Pb collisions at /syy =
5.02 TeV with (solid) and without (dashed) contributions from
quark coalescence compared to ALICE data [114].

before decreasing at large p;, where the anisotropy caused
by the geometric anisotropy of the QGP fireball and the
length dependence of parton energy loss is significantly
smaller than that from hydro and parton coalescence.
The mass ordering is also reversed starting at pr=
2.5 GeV/c. The change of p; dependence and mass
ordering of v,(pr) are caused mainly by the interplay
among hadrons from hydro, coalescence, and fragmentation.
Since the transition from hydro to coalescence and frag-
mentation occurs at a fixed py, for the effective constituent
quarks, both the value and the peak position of the final v,
for p is higher than 7 and K in the intermediate 3 < p; <
8 GeV/c region, resembling the approximate NCQ scaling
[66—72]. Although more hadrons are produced from frag-
mentation than from coalescence in this intermediate pr
region (see Fig. 2), v, of p (z, K) from coalescence is about
a factor of 4 (2, 3) larger than that from fragmentation (see
Fig. 5). Coalescence, therefore, still contributes significantly
to the final v, of all hadrons. Without coalescence (dashed
lines in Fig. 4), COLBT-hydro underestimates the v, by up
to a factor of 2 in this py region. The hadronic cascade
further pushes hadrons, especially baryons, toward higher
pr, increasing both R, and v, of identified particles in
agreement with the experimental data at intermediate py.
COLBT-hydro also predicts a slightly larger v, of K than z

V,(SP) Pb +Pb @ |s,, = 5.02 TeV,40%-50%
T T T

T

0.4

0.2

4 6
pT(GeVIc)

FIG. 5. COLBT-hydro results on v,(py) for z, K, and p
from hydro freeze-out (dotted), parton coalescence (solid), and
fragmentation (dashed) in 40%-50% Pb + Pb collisions at

VSNN = 5.02 TeV.
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FIG. 6. COLBT-hydro results on v, (pz) of charged hadrons in
(a) 10%-20% and (b) 40%—-50% Pb + Pb collisions at /syy =
5.02 TeV with (solid) and without quark coalescence (dashed)
compared with experimental data [27-29].

in this region because of the enhanced thermal strangeness in
parton coalescence.

Finally, we show wv,(py) of all charged hadrons in
10%—-20% and 40%—-50% Pb + Pb collisions as compared
to experimental data [27-29] in Fig. 6. At high p; >
10 GeV/c, fragmentation dominates the hadron produc-
tion, and v, for all light flavor hadrons becomes the same
and arises from the geometric anisotropy of the medium
and length dependence of the parton energy loss. Since the
radiative parton energy loss AE has a logarithmic energy
dependence and given the power-law behavior 1/p} of
the initial jet spectra, Ry4 = | —nAE/p; eventually
becomes 1 and v, approaches to 0 at high py. LBT without
thermal-shower coalescence can describe this trend well
[54,91]. COLBT-hydro with the hydro-coal-frag hadroni-
zation and hadron cascade can, therefore, consistently
describe both Ry, (py) and v,(py) of charged hadrons
in the whole p; range. As shown in Figs. 1 and 6, COLBT-
hydro without quark coalescence significantly underesti-
mates both R,y and v,(pr) at the intermediate p; region.
We have carried out similar studies in other collisions
systems at both RHIC and LHC energies. The combined
approach in the COLBT-hydro model can also describe
the colliding energy dependence well. These studies with
careful analyses of model uncertainties will be presented in
a future publication.

Summary.—We carried out the first study of hadron
spectra in A + A collisions that combines the state-of-
the-art COLBT-hydro, the hydro-coal-frag hybrid hadro-
nization, and hadron cascade. We demonstrated that the
interplay between hydro freeze-out at low pg, parton
coalescence at intermediate pr, and fragmentation at high
pr can simultaneously explain the nuclear modification
Ryy, elliptic anisotropy v, of charged and identified
hadrons and their flavor dependence in the full range of
pr- The long-standing R4, ® v, puzzle is solved for the
first time with the inclusion of quark coalescence in this
coupled approach, which significantly increases v, in the
intermediate p; region. The predicted splitting between v,
of K and 7z in the intermediate pr region can serve as a

precision test for the coalescence mechanism. Parton
coalescence has been shown to be essential for explaining
the NCQ scaling of v, at intermediate p irrespective of the
details of the coalescence models [66—78]. This should also
be the case for our combined approach with hydro-coal-
frag hybrid hadronization and hadron cascade to solve the
Raa ® vy puzzle.
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