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Summary. — One of the most interesting conclusions from the experimental re-
sults in relativistic heavy-ion collisions is that quark and gluon jets produced in
initial hard scattering tend to lose significant amount of energies in the produced
quark-gluon plasma, leading to the suppressed production of high transverse mo-
mentum hadrons. Model studies have indicated that energetic jets traversing the
quark-gluon plasma not only lose their energies but also can undergo conversions
between gluon and quark jets as well as between quark jets of different flavors. The
resulting net conversion of quark to gluon jets reduces the difference between the
nuclear modification factors for quark and gluon jets in central heavy-ion collisions
and thus enhances the ratio of produced protons and pions at high transverse mo-
menta. Furthermore, as jets leave the quark-gluon plasma, they can be converted
to hadrons by coalescing with partons in the quark-gluon plasma, leading to an
enhanced production of hadrons of intermediate transverse momenta. Comparisons
of results from these model studies with experimental data from the Relativistic
Heavy-Ton Collider (RHIC) and predictions for heavy-ion collisions at the Large
Hadron Collider (LHC) are presented.

PACS 12.38.Mh — Quark-gluon plasma.
PACS 25.75.-q — Relativistic heavy-ion collisions.

1. — Introduction

In relativistic heavy-ion collisions, hadrons with large transverse momenta are from
the fragmentation of quark and gluon jets produced in initial hard scattering of incoming
nucleons by combining with quarks and antiquarks from the vacuum. Their suppressed
production has been attributed to the radiative energy loss of partonic jets as they
traverse the dense partonic matter created during these collisions [1-3]. More recently,
it was realised that the elastic scattering of jets with partons in the partonic matter
could also have non-negligible effects on their energy losses [4,5]. Because of its larger
color charge, a gluon jet is expected to lose more energy than quark and antiquark jets.
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Fig. 1. — (Color online) Collisional widths (left window) and drag coefficients (right window) of
quark and gluon jets due to 2 — 2 processes in a quark-gluon plasma.

Since the ratio of high-momentum protons and antiprotons to pions produced from the
fragmentation of a gluon jet is much larger than that from a quark jet, a larger energy
loss of gluon jets than that of quark jets would lead to smaller p/7™ and p/7~ ratios at
high transverse momenta in central heavy-ion collisions than in proton-proton collisions
at same energy [6]. Experimentally, data from the STAR Collaboration have indicated,
however, that both p/7 T and p/m~ ratios at high transverse momenta in central Au + Au
collisions [7] are similar to those in p 4+ p and d + Au collisions [8]. This result implies
that the ratio of final quark and gluon jets of high transverse momenta is similar to that
of initially produced ones. A possible mechanism for reducing the effect due to different
quark and gluon jet energy losses in the quark-gluon plasma (QGP) is to allow the
conversion between quark and gluon jets via elastic g¢(7) — ¢(q)g and inelastic ¢ < gg
scattering with thermal quarks and gluons in QGP as shown in ref. [9].

2. — Jet conversion rates and drag coefficients in quark-gluon plasma

The conversion rate of a quark jet to a gluon jet or vice versa in a QGP is given by

the collisional width T'c: = ), (JM;]?) /h, where the sum is over the conversion processes

with |M;|? being their squared amplitudes after averaging over the spins and colors of
initial partons and summing over those of final partons. The symbol (- - -} denotes average
over the distributions of scattered thermal partons in the QGP and integration over the
momenta of all final-state partons. Medium effects can be taken into account by using
the thermal masses m, = m,/v/3 = gT'/v/6 [10] for quarks and gluons, where T is the
temperature of the QGP and o, = ¢g?/47 = 0.3 is the QCD coupling constant. The
resulting collisional widths for gluon to quark jet (upper panels) and quark to gluon jet
(lower panels) conversions in a chemically equilibrated QGP are shown in the left window
of fig. 1 for jets of momentum 6 (left panels), 8 (middle panels), and 10 (right panels)
GeV/c. Because of the larger (about a factor of two) quark than gluon densities in the
chemically equilibrated QGP with thermal quark and gluon masses, contributions from
elastic (dashed lines) and inelastic (dotted lines) scattering to conversion of gluon jets to
quark jets are comparable. For the quark to gluon jet conversions, inelastic scattering is,
however, more important than elastic scattering. Adding both contributions leads to a
larger total collisional width for the quark to gluon jet conversion than for the gluon to
quark jet conversion, particularly at high transverse momenta.
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The momentum degradation of a quark or gluon jet in a QGP depends on its drag
coefficient, which is given by averages similar to that for the collisional width, i.e.

v(Ipl, T) = 3; (((IMi[2)—(|M;[?p-p’)/|p|?) where p and p’ are, respectively, momenta of
the jet before and after a collision. The quark and gluon drag coefficients evaluated with
thermal quark and gluon masses and the QCD coupling ay = 0.3 are shown in the right
window of fig. 1 by dashed and solid lines, respectively, for non-conversion 2 — 2 (upper
panels) and conversion 2 — 2 (lower panels) scatterings. It is seen that non-conversion
scatterings generally lead to much larger drag coefficients than those from conversion
scatterings. The effect of the more important radiative energy loss can be mimicked by
introducing a phenomenological multiplication factor Kpg. It was then found in ref. [9]
that with Kp = 4 both the values and transverse momentum dependence of resulting
gluon and quark drag coefficients were comparable to those extracted from the energy
loss formula derived in ref. [2] based on radiative scatterings of quark and gluon jets in
the quark-gluon plasma.

3. — Nuclear modification factors for quark and gluon jets

A quark or gluon jet moving through a QGP changes its mean transverse momentum
(pr) according to the rate d(pr)/dr = —{(v(pr, T)pr) = v((p7), T){PT) [9]. Because of
conversion scattering, the quark or gluon jet can be converted to a gluon or quark jet
with a rate given by corresponding collisional width. The initial pr spectra of quark and
gluon jets in heavy-ion collisions at midrapidity have the form of an inverse power law,
i.e.

dn; A; . _
(1) Tpr R L
(1+%)

with A;, B; and «; being constants, as obtained from multiplying the quark and gluon
pr spectra from the PYTHIA for p 4+ p collisions by the number of binary collisions
in heavy-ion collisions, which is ~ 960 for central Au+ Au collisions at center-of-mass
energy /syn = 200GeV. In a simple fire-cylinder model [11], which assumes that the
quark-gluon plasma formed in relativistic heavy-ion collisions evolves boost invariantly
in the longitudinal direction but with an accelerated transverse expansion, the resulting
nuclear modification factor R4 4 for quark or gluon jets, defined by the ratio of their final
to initial spectra, is shown in fig. 2. Upper and lower dash-dotted lines are, respectively,
those for the quark and gluon jets using drag coefficients from two-body elastic scattering
that are enhanced by the factor Kp = 4 but without jet conversions. The smaller R4 4
for gluons than for quarks is a result of their larger energy loss. Including conversions
between quark and gluon jets through 2 — 2 conversion scattering reduces the difference
between the quark and gluon R44 as shown by dotted lines. The difference is further
reduced if the conversion widths shown in the left window of fig. 1 are enhanced by a
factor Ko. With Ko = 4 (dashed lines), similar to the enhancement factor Kg for the
quark and gluon drag coefficients, and larger, e.g., Ko = 6 (solid lines), the quark and
gluon nuclear modification factors become even closer as shown, respectively, by dashed
and solid lines in fig. 2.

The fact that the net quark to gluon jet conversion rate needed to obtain similar
nuclear modification factors for quark and gluon jets is much larger than that given by
the lowest-order QCD is not surprising as a similar enhancement factor is required for
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Fig. 2. — (Color online) Nuclear modification factor Raa for quark (upper four lines) and gluon
(lower four lines) jets in central Au+ Au collisions at /syy = 200 GeV.

the drag coeflicients of jets from the lowest-order QCD to describe their energy losses
in QGP. Also, previous studies using the multi-phase transport (AMPT) model [12,13],
that includes only two-body scattering among partons, have shown that a much larger
parton scattering cross-section than that given by the lowest-order QCD is needed to
describe many other experimental observations at RHIC such as the large elliptic flows
of hadrons made of light quarks [14,15] or heavy quarks [16] and the two-pion correlation
functions [17]. The large enhancement factor over the lowest-order QCD results can be
considered as an effective parameter for taking into account effects not considered in
ref. [9], such as higher-order contributions and multi-body scattering [18]. For example,
higher-order 2 — 3 radiative scatterings with thermal partons in QGP, such as gg — qgg,
94 — 499, 9@ — ggg, and gg — qqg, can lead to similar quark and gluon jet conversion
widths as the lowest-order two-body scatterings. Also, lattice QCD studies have shown
that the QCD coupling constant at temperatures achieved at RHIC is larger than that
given by the perturbative QCD, i.e., as(T) = ¢*(T) /41 = 2.1apet(T) [19]. The latter
is consistent with the small viscosity needed in the hydrodynamic model [20-22] and the
large parton scattering cross-sections used in the transport model [12,13] to describe
observed large hadron elliptic flow. The conversion widths for quarks and gluons using
the larger in-medium QCD coupling a(T) result in quark and gluon nuclear modifi-
cation factors in Au+ Au collisions at /sy = 200GeV that are much closer to each
other and also comparable to those obtained by multiplying the conversion enhancement
factor Ko = 4 to the jet conversion widths calculated with the lowest-order 2 — 2
processes.

4. — Hadronization by fragmentation and coalescence

The effect of conversions between quark and gluon jets in QGP can be seen from
hadrons produced from their fragmentation,

dN dN Dhad/jet(za QQ)
2 —_—
( ) dzphad Z / dz dzpjet 22 ’

jet
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Fig. 3. — (Color online) The p/n™ (left panel) and p/7~ (right window) ratios from quark and
gluon jet fragmentation in central Au+ Au collisions at \/syn = 200 GeV. Data are from the
STAR Collaboration [8].

where 2 = pnad/pjet is the fraction of jet momentum carried by the formed hadron and
@) = Phad/2z is the momentum scale for the fragmentation process. The fragmenta-
tion function Dyaq;jet (2, Q?) is usually determined empirically from hadron production
in elementary collisions, and a frequently used one is the so-called AKK fragmentation
functions [23]. The latter has been shown to reproduce the p/7* and p/7~ ratios at
high transverse momenta in p + p collisions. While protons and antiprotons are equally
produced from gluon fragmentation, the fragmentation of quark and antiquark jets pro-
duce mainly protons and antiprotons, respectively [7,8,24]. Results for the p/7T and
p/7~ ratios in central Au -+ Au collisions at V/snNN = 200GeV without jet conversions
are shown by dash-dotted lines in fig. 3, and they are significantly below those in p + p
collisions. Including conversions between quark and gluon jets due to two-body elastic
and inelastic scatterings increases p/m™ and p/m~ ratios, as shown by dotted lines, but
are still below those from p + p collisions, which are shown by dash-dot-dotted lines.
The p/m™ and p/m~ ratios are further increased if quark and gluon jet conversions are
enhanced by the factors Ko = 4 and 6 as shown by dashed and solid lines, respectively.

Because of the presence of the quark-gluon plasma in relativistic heavy-ion collisions,
jets can also produce hadrons by coalescence or recombination with quarks and antiquarks
in the quark-gluon plasma [25]. The number of mesons formed from the coalescence of jet
quarks of phase-space distribution f,(x1,p1) with antiquarks of phase-space distribution
fa(x2,p2) in QGP is given by

dN, / d3p1 d3p2
3 E— = -d -d - -
®) dBpy M )PP S 03 (2n )3,

x 5@ (p1 +p2 — o) fo(@1s p1) fq(waip2) far (21, w25 p1, p2)-

In the above, do denotes an element of a space-like hypersurface and g, is the statis-
tical factor that takes into account the internal quantum numbers in forming a color-
less meson from spin-1/2 color quark and antiquark. The coalescence probability func-
tion far(x1, x2;p1,p2), which depends on the overlap of the quark and antiquark wave
functions with the internal quark and antiquark wave functions in the meson, is simply



e
[0 4]

CHE MING KO

2 T T T T T T T T T T T T T
P | 10/ 10
~ o 1 o i
] ~ (] ~ (]
o v srool | 5 o sTARCol 1 %" STAR Col
o N -+ == coal 1 S0 -+ = coal ]
0" woeeod g - - -fra 16 - - -fra i
<0 = - frag 1 ¢ C g
S S = fotal 1 2 fotal ]
T 10 ——total 1 2wl g 0
% 10°F ' E d._ 10 d_ 10
- M o 4 ko] 4
E 0'f " 1 E:-_Wsr %*10'5r
o b + 5 sf
S U A 1 S0 pspec S 0% Pspec
T 0% . 1 % 10'E % 107F
10 | | | | | 10¢ . . P . 10¢ . . AR .
0 2 4 6 8 10 1 0 2 4 6 8 10 1 2 4 6 8 10 R
p; (GeV) p; (GeV) p; (GeV)

Fig. 4. — (Color online) Transverse momentum spectra of 7+ (left window), p (middle window),
and p (right window) from quark coalescence (dotted lines), jet fragmentation (dashed lines),
and their sum (solid lines). Data are from the STAR Collaboration [8].

the covariant meson Wigner distribution function that describes the probability for the
quark and antiquark to have the relative coordinate x1 — x5 and the relative momentum
p1 — p2. Equation (3) can be straightforwardly generalized to the production of baryons
from the coalescence of quark jets with antiquarks in QGP. It can also apply to hadron
production from coalescence among thermal quarks and antiquarks in QGP.

For thermal quarks and antiquarks in the midrapidity with strong Bjorken correla-
tions, their phase space distribution at the phase transition temperature T, at which
the coalescence occurs, is given by their pr spectra,

dNyg _ gaqTcmr
d2rpd2pr  (27)3

_Yr(mr —pr-vr) F
Tc

(4)

In the above, g; = g3 = 6 are spin-color degeneracies of light quarks and antiquarks,
respectively, vy is the transverse flow velocity of the quark-gluon plasma, and mp =
(mg,q+p%)1/2
has the value u, = 10 MeV to give an antiproton to proton ratio of 0.7, consistent with
the observed ratios at midrapiduty in heavy-ion collisions at RHIC. The masses of light
quark and antiquark are taken to be my; = mg = 300MeV, similar to the masses of
constituent quarks and antiquarks due to nonperturbative effects in the quark-gluon
plasma near hadronization [26]. Equation (4) also applies to gluons after replacing g, 7
by the gluon spin-color degeneracy g, = 16 and dropping the chemical potential. For the
coalescence contribution to hadron production, both gluons in the QGP and gluon jets
are converted to quarks and antiquarks of same momenta, with probabilities according
to the flavor compositions in the quark-gluon plasma.

Including contributions of p, w, and K* decay to pion and of A decay to pion and
proton, the transverse momentum spectra of 71, p, and p from the quark coalescence are
shown, respectively, by dotted lines in the left, middle, and right windows of fig. 4. Also
shown by dashed lines are the spectra from the fragmentation of quenched jets. It is seen
that the spectrum of pions with transverse momentum less than 3 GeV/c and those of
protons and antiprotons with transverse momentum less than 4.5 GeV/c are dominated

is the transverse mass of quark or antiquark. The baryon chemical potential
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Fig. 5. — (Color online) The p/m" (left window) and p/7~ (right window) ratios including
contributions from both quark coalescence and jet fragmentation. Data are from the STAR
Collaboration [8].

by contributions from the quark coalescence. As shown in ref. [25], the coalescence of
quark and gluon jets with those in QGP enhances the production of hadrons of intermedi-
ate momenta by a factor of about 2 and 5 for pions and protons, respectively. The total
transverse momentum spectra including that from the jet fragmentation as shown by
solid lines reproduce very well the measured ones (filled circles) from the STAR Collabo-
ration [8]. The resulting p/7" and p/7~ ratios are shown by the solid line in the left and
right windows of fig. 5, respectively, and they also agree with the experimental data very
well except around pr = 5GeV /¢, where a kink is seen in the ratio. The latter results
from adding contributions from the two different mechanisms of quark coalescence and
jet fragmentation, which have different momentum dependence with the former close to
an exponential thermal spectrum while the latter being an inverse power law. Including
rescattering of produced hadrons is expected to lead to smoother hadron spectra.

5. — Effects of jet conversions in QGP at LHC

For heavy-ion collisions at LHC, jet conversions are also expected to enhance the
production of energetic protons [27], kaons, and photons [28]. The effect is, however,
smaller than that in heavy-ion collisions at RHIC as a result of the larger ratio of gluon
to quark jets at LHC. The predicted nuclear modification factors R4 for 7™ and p at
large transverse momenta in central Pb + Pb collisions at \/syy = 5.5 TeV at LHC are
shown in the left window of fig. 6. It is seen that the R 44 of pions increases from 0.18 at
pr = 5GeV to 0.4 at ppr = 40 GeV due to a smaller drag coefficient at large transverse
momenta. The R4 4 of protons has a similar behavior, but its value is smaller because of
stronger suppression of gluon than quark jets. The resulting p/7 T ratio with the inclusion
of the jet conversion, shown by the solid line in the right window of fig. 6, approaches
that in p 4+ p collisions at same energy (dashed line) when the transverse momentum
becomes very large. At lower transverse momenta, the p/7™ ratio in Pb + Pb collisions
remains, however, smaller than that in p 4+ p collisions, which is different from that in
heavy-ion collisions at RHIC as a result of the larger ratio of gluon to quark jets at LHC.
Without conversions between quark and gluon jets, the p/m T ratio decreases by a factor
of about two as shown by the dotted line.
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Fig. 6. — (Color online) Left window: nuclear modification factor Raa for 7 (solid line) and
proton (dashed line) in central Pb + Pb collisions at \/syn = 5.5 TeV. Right window: p/m+
ratio without (dotted line) or with jet conversions (solid line). The dashed line corresponds to
p + p collisions at same energy.

6. — Conclusions

Both elastic and inelastic two-body scatterings of quark and gluon jets in a quark-
gluon plasma have effects not only on their energy loss but also on the conversions
between them. Although inelastic two-body scatterings of quark-antiquark annihilation
and gluon-gluon fusion always lead to conversions between quark and gluon jets, elastic
two-body scatterings can be non-conversion scatterings if the momentum of the quark or
gluon jet remains to be the one with a larger transverse momentum after the scattering.
Two-body conversion scatterings lead to a small net conversion of the quark jets to
the gluon jets, resulting in a slightly larger p/7t ratio compared to the case without
conversions between gluon and quark jets but not large enough to bring the p/7™ ratio
in central Au + Au collisions to that of p+ p collisions at the same energy, as observed in
experiments at RHIC. A large conversion enhancement factor of more than four, similar
to that needed for the jet drag coefficients to describe the jet energy loss, is needed to
explain the experimental observations. The large multiplicative factor over the lowest-
order perturbative QCD cross-section can be considered as an effective parameter for
taking into account the effects of higher-order contributions and multi-body scattering
as well as the large QCD coupling constant at temperatures achieved at RHIC. Also,
jet flavor conversions enhance the production of high momentum kaons and photons in
heavy-ion collisions. Furthermore, the conversion between quark and gluon jets has been
shown to be important for understanding both the large elliptic flow and the nearly
equal nuclear modification factors of very high transverse momentum quarks and gluons
in non-central heavy-ion collisions at RHIC [29]. For heavy-ion collisions at LHC, jet
flavor conversions are also expected to affect the nuclear modification factors of pions
and protons as well as their ratio. These studies have been based on the assumption that
the QGP produced in heavy-ion collisions is in chemical equilibrium with about twice
many massive quarks and antiquarks than massive gluons. If the produced partonic
matter is a pure gluon matter, the resulting p/7™ and p/7~ ratios in central Au+ Au
collisions turn out to be slightly smaller than those from a chemically equilibrated QGP
as the gluon matter enhances the conversion of gluon jets to quark jets via the inelastic
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scattering gg — ¢g. On the other hand, a pure quark and antiquark matter gives slightly
larger p/7™ and p/m~ ratios than from a chemically equilibrated QGP as the rate for the
inelastic conversion process q¢ — ¢gg is enhanced. As for a chemically equilibrated QGP,
none of these two scenarios is able to increase the p/7™ and p/7~ ratios at high transverse
momentum in central Au 4+ Au collisions to approach those in p + p collisions at same
energy without a large enhancement factor for the net quark to gluon jet conversion rate.
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