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Hydrodynamics and jet quenching are responsible for the elliptic flow v2 and suppression of large
transverse momentum (pr) hadrons, respectively, two of the most important phenomena leading to
the discovery of a strongly coupled quark-gluon plasma (QGP) in high-energy heavy-ion collisions.
A consistent description of the hadron suppression factor Raa and v, especially at intermedi-
ate pr, however, remains a challenge. We solve this long-standing Raa ® v2 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 v2 for pions, kaons and protons in the intermediate pr region. We
demonstrate for the first time that experimental data on R4, v2 and their hadron flavor depen-
dence from low to intermediate and high pr in high-energy heavy-ion collisions can be understood

within this coupled framework.

PACS numbers: 25.75.Ld, 25.75.Gz, 24.10.Nz

1. Introduction: Experimental evidences at the Rel-
ativistic Heavy-Ton 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 (pr)
[6-10] and suppression of hadrons at high py [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
pr 2 10 GeV/c, the hadron suppression factor (Raa)
and the azimuthal anisotropy (vs) [26-31] can be quanti-
tatively understood in terms of jet quenching caused by
parton energy loss as hard partons propagate through the
QGP medium [32-48]. In the intermediate py ~ 2 — 10
GeV /c region where soft and hard physics interface it re-
mains, however, a challenge to describe the hadron spec-
tra and the azimuthal anisotropy consistently. There is a
longstanding puzzle that parton energy loss models that
are adjusted to describe hadron R4 under-predict the
azimuthal anisotropy v [49-55] at intermediate pr. Par-
ton energy loss alone also cannot describe the constituent
quark number (NCQ) dependence of hadron R4 4 and vs.

Many attempts tried to solve this puzzle, from evoking
the exotic mono-poles in interactions between the hard
partons and the medium near the pseudo-critical temper-
ature T, [56-58] to taking into account of the event-by-
event fluctuation of the bulk medium [50] and combining
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hydrodynamics with jet transport as in EPOS [59] and
HYDJET++ model [60]. While such an exotic interac-
tion with a drastically large jet-medium coupling at T, is
not needed to describe Ry4 and vq of full jets [61-64] in
which hadron’s flavor information is not considered, the
event-by-event fluctuation of the bulk medium is found
not to significantly increase high pr vo [54, 64, 65]. Fur-
thermore, none of these attempts can address the NCQ
dependence of R4 4 and vs in the intermediate pr region.

It is well known that quark coalescence is the key to ex-
plain the observed NCQ scaling of hadronic anisotropies
and the enhanced baryon to meson ratios in A+A rela-
tive 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 co-
alescence in a hydrodynamic medium combined with par-
ton transport, fragmentation and hadron cascade should,
therefore, have the potential to solve the R4 ® vo puzzle
and describe hadron production from low to intermediate
and high pp in high-energy heavy-ion collisions.

In this work, we implement the quark coalescence, es-
pecially between thermal and jet shower partons, and a
hadronic afterburner in the state-of-the-art coupled lin-
ear 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 ap-
proach can simultaneously describe R 44, differential vs,



and their NCQ dependence in the full range of p7 in high-
energy heavy-ion collisions, therefore solving the long-
standing R4 ® ve puzzle that connects the two most
important aspects of the discovery of a strongly coupled
QGP. This also sheds light on the hadronization mecha-
nism of QGP in high-energy heavy-ion collisions.

2. CoLBT-hydro model: The CoLBT-hydro model [82-
84] is developed to simulate the concurrent evolution of
jet showers and the bulk medium by coupling the (3+1)D
Central China Normal University and the Lawrence
Berkeley National Laboratory (CCNU- LBNL) viscous
hydrodynamic model and with OpenCL GPU paralleliza-
tion (CLVISC) [85, 86] with the linear Boltzmann trans-
port (LBT) model [87-91]. The LBT model treats the
propagation of jet shower and thermal recoil partons on
an equal footing and includes both pQCD elastic scat-
tering 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,
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medium, 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 p, = 3.0 GeV/c, 0,=0.6 fm and o, =0.6. Jet-
induced medium response is found essential to describe
many jet observables in heavy-ion collisions, such as jet
shape [96], jet fragmentation function [82], v/Z-hadron
correlations [83, 84] and baryon-to-meson ratio in and
around jet [97, 98]. However, it has negligible influence
on low pr single inclusive hadron spectra due to the dom-
inance of soft particles from the bulk medium.

In the CLVisc hydrodynamic evolution, a lattice QCD
inspired equation of state [99] is used. The TRENTo
model [100] with optimized parameters [23] and a lon-
gitudinal envelope function [85, 86, 101] is used to gen-
erate the initial entropy density profile with event-by-
event transverse fluctuation. The specific shear viscosity
1/s=0.10, the freeze-out temperature Ty, = 150 MeV,
the initial time 79 = 0.6 fm/c and parameters in the ini-
tial entropy profile have been adjusted to reproduce the
charged hadron multiplicity, pr spectra and integrated
flow harmonics v, at mid-rapidity in A+A collisions.
While a finite starting time 7 of the jet-medium interac-
tion is a default assumption in LBT and CoLBT-hydro,
other studies [45, 55] find it necessary to achieve v at
high pr that is compatible with experimental data. We
also assume that hard shower partons free-stream during
the formation time 7; = 2z(1 — 2)E/k? before they in-
teract with the QGP medium, where & is the transverse
momentum, z 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 Refs. [85, 86],
respectively.

We use PYTHIAS [102] with EPPS16 nuclear parton
distributions [103] to generate initial jet showers. A mini-
mum hard scale pro = 4.0 GeV /¢ is set for jet production.
The average number of such jet production per event is
(Nijet) = (Neon) Pt where (Neopp) is the number of

trigger?’
binary nucleon—nucli%)n (N 4+ N) collisions whose trans-
verse distribution is given by the nuclear overlap func-
tion. ngi;ger is the probability for a minimum-bias N +N
collision to have at least one pair of jet production,
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where T () is the nucleon overlapping function and

UiNn‘j\l, =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 oy for jet production
and showering is allowed to run according to pQCD [90,
91], the effective coupling to the medium partons ay =
0.17 is adjusted to fit R4 4 at high pp in central Pb+Pb
collisions at \/syn = 5.02 TeV. The second parameter is
a lower cut-off pppyi, 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
Prmin = 7.0 (5.0) GeV/c is tuned by fitting the final
hadron spectra at intermediate pr in 10-20% (40-50%)
central Pb+Pb collisions at \/syy = 5.02 TeV. Its value
depends on the centrality and colliding energy.
3. Hadronization and hadron cascade: In this study,
we adapt the Hydro-Coal-Frag hybrid model [104] for
hadronization that includes hydro freeze-out at low pr,
quark coalescence at intermediate pr and fragmentation
at high pp. The interplay between hadron freeze-out
in hydro and parton dynamics is defined by a separa-
tion scale prs = 1.5 GeV/c for the effective constituent
quarks, above which viscous corrections to the equilib-
rium distribution become large and parton coalescence
and fragmentation become the relevant mechanisms for
hadronization. This scale corresponds to Prmeson < 3
GeV/c and proaryon < 4.5 GeV/c for hadron production
through hydro freeze-out on the switching hyper-surface.
Accordingly, thermal quarks with pr >1.5 GeV/c on the
switching hyper-surface [105] are allowed to participate
in coalescence processes for hadronization, which include
thermal-thermal, thermal-shower and shower-shower co-
alescence. Shower partons include both jet shower and
hard medium recoil partons passing through the isother-
mal hyper-surface 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 col-
orless hadronization scheme [107] for these shower par-
tons that should have lost their original color config-
urations and form strings with the distances AR =



h* = h*
P POAPD@ ISy =802TeV Ry
1 CoLBT CoLBT 7
—— with Coal. —— with Coal. 1
0.8} = --- without Coal. - - = without Coal. ]

o ALICE, 10-20%, hi<0.8 o ALICE, 40-50%, hi<0.8

pT(GeV/c) pT(GeV/c)

FIG. 1. (Color online) The nuclear modification factor Raa
of charged hadrons in (a) 10-20% and (b) 40-50% Pb+Pb col-
lisions at y/syn =5.02 TeV from CoLBT-hydro simulations
with (solid) and without quark coalescence(dashed) as com-
pared to ALICE experimental data [111].

(An)? + (A¢)? of neighboring parton pairs minimized.

Finally, the Ultra-relativistic Quantum Molecular Dy-
namics (UrQMD) [108, 109] model is used to per-
form hadronic rescatterings and resonance decays in the
hadronic stage of the system until kinetic freeze-out.
4. 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 pr in A+A colli-
sions. Shown in Fig. 1 are CoLBT-hydro results on the
nuclear modification factor R4(pr) of charged hadron
spectra [110] which describe reasonably well the experi-
mental data [111] for 10-20% and 40-50% Pb+Pb colli-
sions at /syn = 5.02 GeV. Only statistical uncertain-
ties in the CoLBT-hydro results are shown as solid bands.
To illustrate the different hadron production mechanisms
underlying R4 (pr) in different pr regions, we show in
Fig. 2 (a) pr spectra of charged hadrons in 10-20% and
40-50% and (b) identified pion (7), kaon (K') and proton
(p) spectra from CoLBT-hydro in 40-50% Pb+Pb colli-
sions as compared to the experimental data [111, 112].
Also shown are contributions from hydro (dashed), par-
ton coalescence (dot-dashed) and fragmentation (dotted)
in CoLBT results.

In CoLLBT-hydro, hadron spectra are dominated by the
hydro contribution below pr < 2 GeV/c where R4 in-
creases rapidly with pr due to the strong radial flow from
the hydrodynamic expansion until it peaks at pr ~ 2
GeV/c. At intermediate 2 < pr < 6 GeV/ec, Raa de-
creases from its peak value due to the onset of contri-
butions from parton coalescence and fragmentation in
which hadron spectrum are suppressed due to parton en-
ergy loss. At large pr > 8 GeV/c where fragmentation
prevails, R4 4 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 pr in
more central collisions because of stronger radial flow,
pushing the realm of hydrodynamics to higher pr. The
transition also happens at larger pr for baryons than

Pb+Pb @ |s,,,=5.02 TeV

10° 6 T T =R rrrr rrrrrrr
CoLBT ALICE \ CoLBT ALICE
., — 10-20% o 10-20% —— TOTAL o ;%100 |
10 — 40-50% 1 40-50% - Hydo. g

nl<0.8

&*N/Q2ndp 2,49 [(GeV/e)

_.
9
b

0 5 10 15 200 5 10 15 20

pT(GeV/c) pT(GeV/c)

FIG. 2. (Color online) Spectra of (a) charged hadrons (solid)
in 10-20% and 40-50% and (b) identified 7, K and p (solid) in
40-50% Pb-+Pb collisions at V/snn =5.02 TeV and contribu-
tions from hydro freeze-out (dashed), parton coalescence (dot-
dashed) and fragmentation (dotted) in CoLBT-hydro simula-
tions as compared to ALICE experimental data [111, 112].
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FIG. 3. (Color online) (a) p/m and (b) K/m 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 [112].

mesons. This is because of the constituent-quark-based
separate scale pps = 1.5 GeV/c that leads to a larger cut-
off prharyon < 4.5 GeV/c for baryons than prmeson < 3
GeV /¢ for mesons from hydro. The hydro spectra are also
mass-ordered due to radial flow. Hydro contributions
to the hadron spectra above the pr cut-off come from
hadron cascade within UrQMD during the hadronic evo-
lution. The interplay between hydro, parton energy loss,
coalescence and fragmentation implemented in CoLLBT-
hydro can describe the flavor dependence of hadron spec-
tra and their medium modification as seen in Fig. 2 (b).

To examine the flavor composition of the hadron spec-
tra and their pyr dependence in detail, we compare the
CoLBT-hydro results on p/m and K /7 ratio as a function
of pr to the experimental data in Fig. 3. Both p/7 and
K/ ratio exhibit a steep increase from pr = 0—3 GeV /¢
with a mass ordering induced by the radial flow, an intrin-
sic feature of hydrodynamic models. For pr > 3 GeV/c,
p/7 decreases with pr while K/m remains constant as a
result of the interplay between hydrodynamic expansion,
quark coalescence and fragmentation. At large pr > 8
GeV /e, these hadron ratios in Pb+Pb approach the val-



V,(SP) Pb + Pb @ \Syn = 5.02 TeV V,(SP) V,(SP) Pb + Pb @ \Syn = 5.02 TeV V,(SP)
T T T —— T T T T
F CoLBT CoLBT
LBT LBT - - L "
0-4fwitl(1:goalescence witrﬁ:ou! Coalescence 0'3, — with Coal. © CMS | —— with Coal. o CMS

[ — aens 0 [ - -. without Coal. A ATLAS - - - without Coal. A ATLAS

r o ALICE o ALICE
h*, 40-50% -|

(b) 1 1 4
2 4 6 8
pT(GeV/c)

pT(GeV/c)

FIG. 4. (Color online) CoLBT-hydro results on v2(pr) for ,
K and p in (a) 10-20% and (b) 40-50% Pb-+PDb collisions at
V/snn =5.02 TeV with (solid) and without (dashed) contribu-
tions from quark coalescence compared to ALICE data [113].
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FIG. 5. (Color online) CoLBT-hydro results on vz(pr) for
m, K and p from hydro freeze-out (dotted), parton coales-
cence (solid) and fragmentation (dashed) in 40-50% Pb+Pb
collisions at \/syny =5.02 TeV.

ues in p + p collisions when the hadronization is dom-
inated by vacuum-like parton fragmentation. CoLBT-
hydro describes these features in the data well.

5. Coalescence and R4 Qv puzzle: To demonstrate the
importance of parton coalescence in resolving the R4 ®
vo puzzle, we examine first the azimuthal anisotropy vs
of the hadron spectra for different hadron species. Fol-
lowing the experiments [27, 29, 113], we use the scalar-
product (SP) method to compute vs of charged hadrons
within |n| < 1.0, using reference particles in |n| < 1.0 and
0.2< pr < 5.0 GeV/c.

Shown in Fig. 4 are vy(pr) for m, K and p from CoLBT-
hydro with (solid) and without (dashed) contributions
from coalescence in 10-20% and 40-50% Pb-+Pb collisions
as compared to the experimental data [113]. The inter-
play among hydro, jet quenching, coalescence and frag-
mentation in vo(pr) is very similar to that in Ra4(pr).
To help understand this interplay, we also plot in Fig. 5
va(pr) for m, K and p from hydro freeze-out (dotted),
parton fragmentation (dashed) and quark coalescence
(solid) which has a strong flavor dependence.

The rapid increase and the mass ordering of vs(pr)
from hydro at low pr < 2 GeV/c in Figs. 4 and 5 are char-
acteristics of viscous hydrodynamics with hadronic after-
burner [19-21, 24, 25, 80]. The increase slows down at
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FIG. 6. (Color online) CoLBT-hydro results on wva2(pr) of

charged hadrons in (a) 10-20% and (b) 40-50% Pb-+Pb col-
lisions at /syn =5.02 TeV with (solid) and without quark
coalescence (dashed) compared with experimental data [27—
29.

pr > 2.5 GeV /¢, the total va(pr) reaches a peak value at
around prmeson ~ 3 GeV/c and prparyon ~ 4.5 GeV/c be-
fore decreasing at large pr, where the anisotropy caused
by the geometric anisotropy of the QGP fireball and
the length dependence of parton energy loss is signif-
icantly smaller than that from hydro and parton coa-
lescence. The mass ordering is also reversed starting at
pr =~ 2.5 GeV/c. The change of pr dependence and mass
ordering of vs(pr) are caused mainly by the interplay
among hadrons from hydro, coalescence and fragmenta-
tion. Since the transition from hydro to coalescence and
fragmentation occurs at a fixed pr, for the effective con-
stituent quarks, both the value and the peak position of
the final vy for p is higher than 7 and K in the inter-
mediate 3 < pr < 8 GeV/c region, resembling the ap-
proximate NCQ scaling [66-72]. Though more hadrons
are produced from fragmentation than from coalescence
in this intermediate pr region (see Fig. 2), vy of p (7, K)
from coalescence is, however, about a factor of 4 (2, 3)
larger than that from fragmentation (see Fig. 5). Coales-
cence, therefore, still contributes significantly to the final
vy of all hadrons. Without coalescence (dashed lines in
Fig. 4), CoLBT-hydro underestimates the vy by up to a
factor of 2 in this pp region. The hadronic cascade fur-
ther pushes hadrons, especially baryons, toward higher
pr, increasing both R4 and wve of identified particles
in agreement with the experimental data at intermediate
pr. CoLBT-hydro also predicts a slightly larger vy of K
than 7 in this region because of the enhanced thermal
strangeness in parton coalescence.

Finally, we show vy (pr) of all charged hadrons in 10-
20% and 40-50% Pb+Pb collisions as compared to ex-
perimental data [27-29] in Fig. 6. At high pr > 10
GeV /¢, fragmentation dominates the hadron production,
vg 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 radia-
tive parton energy loss AF has a logarithmic energy de-
pendence and given the power-law behavior 1/p%. of the
initial jet spectra, Raa ~ 1 — nAFE/pr eventually be-
comes 1 and vy approaches to 0 at high pr. LBT with-



out thermal-shower coalescence can describe this trend
well [54, 91]. CoLBT-hydro with the Hydro-Coal-Frag
hadronization and hadron cascade can, therefore, con-
sistently describe both R4 (pr) and ve(pr) of charged
hadrons in the whole pp range. As shown in Figs. 1 and
6, CoLBT-hydro without quark coalescence significantly
underestimates both R4 4 and va(pr) at the intermediate
pr region. We have carried out similar studies in other
collisions systems at both RHIC and LHC energies. The
combined approach in CoLBT-hydro model can also de-
scribe the colliding energy dependence well. These stud-
ies with careful analyses of model uncertainties will be
presented in a future publication.

6. 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
hadronization and hadron cascade. We demonstrated
that the interplay between hydro freeze-out at low-pr,
parton coalescence at intermediate py and fragmenta-
tion at high pr can simultaneously explain the nuclear
modification R4 4, elliptic anisotropy vy of charged and
identified hadrons and their flavor dependence in the full
range of pp. The long-standing R 44 ® vy puzzle is solved

for the first time with the inclusion of quark coalescence
in this coupled approach, which significantly increases v
in the intermediate pr region. The predicted splitting
between vy of K and 7 in the intermediate pr region
can serve as a precision test for the coalescence mecha-
nism. Parton coalescence has been shown to be essential
to explain the NCQ scaling of v, at intermediate pp irre-
spective 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 R4 ® vy puzzle.
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