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The widespread notion that jets quenched in a quark-gluon-plasma (QGP) are similar in their parton flavor
composition to jets in vacuum is critically examined. We demonstrate that while the soft to semihard (low
to intermediate transverse momentum py) sector of vacuum jets are predominantly bosonic i.e., composed of
gluons, sufficiently quenched jets can have an intermediate momentum sector that is predominantly fermionic,
dominated by quarks and antiquarks. We demonstrate, using leading-order perturbative QCD processes, that the
rate of flavor conversion from a gluon traversing the QGP as part of a jet, to a quark or antiquark, versus the
reverse process, grows steadily with falling pr. Simple diagrammatic estimates are followed by a variety of
realistic simulations in static media, which demonstrate qualitatively similar yet quantitatively different fermion
enhancements. The relation of this increase in flavor to the observed baryon enhancement at intermediate pr is

studied in a fully realistic simulation.
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I. INTRODUCTION

Jet quenching or the modification of hard QCD jets in a
dense quark-gluon plasma (QGP) [1,2], has reached a state
of precision exploration [3—5]. The basic process of medium-
induced energy loss leading to an increase in the number of
gluon emissions from the original hard parton [6—11] was
initially established by successful comparisons with data on
the suppression of the scaled yield of leading hadrons (Ra4)
[12] via four different formalisms [13—17]. Over time, equiv-
alences between these various approaches were established
[1,18], and the multistage picture of jet modification coupled
with the concept of coherence was developed [19-23]. In
tandem with these developments, there arose extensive event
generators based on these separate formalisms [24-27]. These
event generators have also been incorporated in an end-to-end
multistage model-agnostic event generator framework that
successfully describes a majority of the available data on jet
modification [5,28].

The multitude of approaches to jet modification contained
within them varying descriptions of the medium. Within the
last few years, all these different models of the medium have
either been replaced by, or have been related to, a few trans-
port coefficients. Focusing only on light flavors, the leading
transport coefficient that encapsulates a dominant portion of
the effect, the medium induces on the jet, is the transverse
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broadening coefficient § [29—-31], defined as the mean square
momentum per unit length, exchanged between a hard parton
and the medium, transverse to the direction of the hard parton:

kP
=3y —. (1)

L

In the equation above, a parton undergoes N scatterings in
a length L, within the QGP, without emission, with the ith
scattering imparting a transverse momentum I_c"l

In all formalisms of pQCD-based energy loss [12-16,18],
the basic picture involves an increase in the amount of emis-
sions from the hard parton(s), induced by scattering from the
medium, quantified by §. The flavor of the emissions, as well
as the flavor of the majority of partons associated with a jet,
are not a priori expected to be very different from that in the
vacuum.

Most of the emissions from a hard parton in vacuum are
gluons, and the expectation is that, in a medium, jet partons
simply radiate more gluons (i.e., partons associated with jet
showers are predominantly bosonic). The goal of this paper
is to demonstrate that in the plasmas typically created at the
BNL Relativistic Heavy Ion Collider (RHIC) and the CERN
Large Hadron Collider (LHC), a large fraction of the emis-
sions from jets may actually turn into quarks and antiquarks,
i.e., partons associated with quenched jets may be predomi-
nantly fermionic. This is caused by the repeated re-interaction
of these partons with the medium.

A jet radiates partons of all energies, starting from a
fraction of the jet’s own energy down to vanishingly small
energies. A large fraction of the emissions are sufficiently
soft that a pQCD based description of the scattering of
these partons, off constituents in the medium, may not be
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accurate (the running of the QCD coupling [32,33] insists that
soft partons interact strongly with the medium). A variety of
strong-coupling methods [34-37] based on the AdS/CFT con-
jecture [38] are currently available to describe the energy loss
of a parton in a strongly interacting medium. However, in none
of these approaches is the flavor of the parton affected. Thus,
full jet simulations based on strong-coupling approaches also
do not change the flavor profile of the jet.

There is a trivial and somewhat obvious change in the
flavor profile of the softest portion of the jet as soft partons
are thermalized and lead to excitations of the medium [39].
Whether this thermalization is treated schematically or using
strong-coupling methods, one obtains the flavor composition
of this portion of the jet to be similar to that of the medium
itself. If the medium is fully chemically equilibrated, then
these partons will show a similar quark-to-gluon ratio as in
the bulk medium.

In this paper, we focus on the intermediate energy region
where the energies (E) or transverse momenta pr of partons
associated with the high-energy (jet) parent parton are just
above those of the bulk medium; i.e., we consider semihard
partons, within the collection of partons, where the interac-
tion with the medium could still be reliably calculated using
pQCD (it may be the case that only part of the interaction is
calculable in pQCD). Quite surprisingly, we find this region
to be fermion dominated (after the jet has traversed a typical
distance of about 6 fm/c in a medium held at temperature
T ~ 0.25 GeV). In some cases, the enhancement can exceed
the fermion fraction in the bulk medium itself. While this
flavor conversion does not change the energy-momentum of
the jet, it turns out to be a dramatic change within the particle
composition of the jet: The fermion fraction within the jet can
change by an order of magnitude from what it is in vacuum,
as will be explored.

This paper is organized as follows: In Sec. II, we recall
the somewhat disconnected prior work on the topic of flavor
conversion. Section III will provide a brief review of the rates
of various fermion-boson conversion (or flavor conversion)
processes for 2-to-2 parton scattering in pQCD at finite tem-
perature. These rates will demonstrate that, in a thermal QCD
medium, an external gluon with E = 8T can have most of
its energy transferred into a quark or antiquark at a much
faster rate than a quark (or antiquark), with similar energy,
can transfer most of its energy to a gluon. The choice of an
“intermediate energy” parton with E 2> 8T, segregates well
the jet-like parton from bulk medium (thermal) partons.

The rate at which gluons radiated from a jet are converted
into quarks (and antiquarks) also depends on the state of
chemical equilibrium of the medium. In Sec. IV, we carry out
simulations in a static medium and produce estimates of the
time when the fermion (quark + antiquark) number begins to
exceed the boson (gluon) number. Given the momentum and
angular structure of partons emitted by a quenched jet, the
fermion excess at intermediate py first appears as an annular
ring between 0.2 and 1 radian away from the jet axis, after
about 2-6 fm/c, in all models that we used (with a fermion
excess appearing at lower pr in some models, at a later time).

In Sec. V, we present a variety of realistic simulations
to pin down the range of angles and times where these

FIG. 1. Nonperturbative matrix elements that lead to a semihard
quark annihilating off a resolved soft antiquark in the medium and
producing an on-shell gluon (left) or photon (right).

charge-baryonic (anticharge-antibaryonic) rings appear. In
Sec. VI, we present other measurable consequences of
these charge rings, e.g., on the baryon (and antibaryon) en-
hancement observed at intermediate pr. A summary of the
outstanding challenges to the experimental detection of these
baryonic-charge rings and an outlook to future work is pre-
sented in Sec. VII.

II. SURVEY OF PRIOR EFFORTS
AND BASIC FORMALISM

Hard or semihard partons traversing a QGP undergo mul-
tiple scattering off constituents in the plasma. The notion
that some of these interactions may lead to a flavor change
(i.e., conversion) of the (semi-)hard parton has been discussed
several times in the literature. In this section, we highlight
these somewhat disconnected efforts and discuss the nonper-
turbative matrix elements that lead to these flavor conversions.
While the subsequent sections will use perturbative evalua-
tions of these matrix elements, in order to make semirealistic
estimates, we remind the reader that, similar to § [Eq. (1)],
these conversion processes may indeed contain considerable
nonperturbative contributions.

The earliest examples of flavor conversion leading to for-
mation of more quarks and antiquarks appeared in the process
of strangeness enhancement [40]. The first connection to jets
was the suggestion that hard jet partons could convert to
photons [41] on passage through the QGP. Such photons
were expected to produce a negative azimuthal anisotropy
in semicentral collisions [42]. While these matrix elements
were electromagnetic, the basic structure is similar to those
that lead to flavor conversion. Consider the two diagrams in
Fig. 1, where a semihard quark scatters off an antiquark in
the medium producing a photon (right) or a gluon (left). The
dashed line in the middle is a cut line and thus these dia-
grams represent the product of an amplitude and its complex
conjugate. The photon producing diagram corresponds to the
work of Refs. [41,42], while the gluon producing diagrams
will be considered in this paper. In either case, the soft matrix
elements that control either conversion process are identical.

The possibility of quarks converting into gluons via dia-
grams such as the left diagram in Fig. 1 was briefly considered
by Wang and Guo in Ref. [16] and later in greater detail by
Schaefer et al. in Ref. [43]. Both of these efforts were in cold
nuclear matter, where it was found that such contributions
could be comparable to § if the quark distribution in the
medium was large. These diagrams, however, only consider
the conversion of a quark into a gluon. In this paper, we will
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FIG. 2. Nonperturbative matrix elements that lead to a semihard
gluon converting to a semihard quark (left) or antiquark (right).

point out that a much larger effect is the conversion of a gluon
into a quark (or antiquark) via the diagrams in Fig. 2.

The left diagram in Fig. 2 represents a gluon turning into
a quark, while it turns into an antiquark on the right. A
cursory examination of these diagrams would indicate that
the soft matrix element in all the diagrams of Figs. 1 and
2 is essentially the same. It is the expectation to find a
quark or antiquark in the medium. However, the processes
in Figs. 1 and 2 have very different flavor and color degen-
eracies: For the case of the outgoing photon, the antiquark
from the medium has to have the same color and flavor of the
incoming semihard quark. For the case of the outgoing gluon,
the antiquark from the medium has to have the same flavor
as the semihard quark. However, for the case of the incoming
semihard gluon, there are no flavor or color restrictions on the
incoming quark or antiquark. It will thus come as no surprise
that this diagram will have the largest effect in the subsequent
sections.

Thus, all flavor-changing diagrams involve the semihard
parton exchanging a quark (antiquark) with the medium. This
is in contrast with the diagrams that typically generate the
transverse broadening coefficient ¢ [29-31,44] or longitudi-
nal coefficients &, é, [45], which involve gluon exchange,
as shown in Fig. 3. While the flavor-changing diagrams do
lead to transverse broadening, their main effect is the rotation
of flavor of the semihard parton. Similar to g, we can def
ine a new transport coefficient which is sensitive to quark
(antiquark) number in the QGP: The rate of flavor rotation
from a quark (antiquark) to a gluon, and vice versa, can be
straightforwardly derived as [44]

1 dy~d’y,
(2m)?

—BE,

K3 .
ke 3=y kL

(nly )y YL yDIn), @

FIG. 3. Gluon or boson exchange diagrams that do not lead to
flavor conversion and are the dominant contribution to the transverse
broadening coefficient § and the longitudinal coefficients é, ;.
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The operator expressions above can be written in gauge-
invariant form using a combination of light-like and transverse
Wilson lines. The methodology for incorporating these lines
is well known [31,46,47]. One immediately notes that both
flavor conversion rates can be expressed in terms of one fun-
damental coefficient, i.e.,I'j_, = cqﬁgf, andI'y_,, = cg_>qf.
The coefficients c,_.,, cg— 4 include the overall spin and color
factors related to whether the incoming (out-going) state is a
quark (gluon) or gluon (quark), respectively. Given this struc-
ture, one immediately obtains the straightforward relation that
the ratio of rates of a gluon converting to a quark (antiquark)
to that of the reverse process is merely a ratio of spin, color,
and statistical factors (Bose or Fermi, represented as §):

n g Oy Y, yoln). 3

Cema/@ _ Cog—q/(@S5—q 4)
I

W/ @—s  Ca/@—gSq—sg

If one ignores the statistical factors the ratio becomes a pure
number.

The ratio in Eq. (4) will be evaluated several times in
the subsequent sections with different restrictions on the in-
cluded processes, both with and without statistical factors, in
static and dynamic media. We are not the first to evaluate
these or point out the possibility of flavor conversions of
jets traversing a QGP. These were first discussed in a series
of papers by Liu et al. [48-50]. These authors studied the
possibility that the leading parton in a jet could convert from
quark to gluon or vice versa. While the rates were not small,
they tended to drop with increasing pr or energy of the
parton.

As will be shown in this paper, the region where the effect
of conversions is most dramatic is the semihard region with
momenta just above 87", where T is the temperature of the
medium. Some of our approach is similar to the work of
Refs. [48-50], however we will focus on the shower of gluons
radiated by the hard parton, and not the hard parton itself. In
our case, one would trigger on a hard parton and observe the
change in the flavor of the radiated gluons as they propagate
through the medium.

The flavor or chemical change of full distributions of
partons correlated with a hard parton traversing and equi-
librating within a dense medium have been extensively
studied by one of us in collaboration with Schlichting and
Mehtar-Tani [51,52], using the finite-temperature rates de-
rived by Arnold, Moore, and Yaffe [53,54]. However, these
calculations focused on partons with asymptotic energies
25007 and thus observed a much delayed onset of the
quark antiquark numbers becoming comparable to the gluon
numbers.

In the subsequent sections, we will predominantly focus on
partons with energy ranging from 2 GeV < E < 5 GeV radi-
ated from a jet with E 2 25 GeV. For most of the simulations,
the medium will be static with T = 0.25 GeV. Thus, scaling
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with the temperature 7', the jet has an energy of 1007 and
we are focusing on partons radiated from the jet with energy
above 8T and less than 207. Partons with momenta above
20T ~ 5 GeV will be considered hard in this effort. Partons
with £ < 8T >~ 2 GeV will be considered as soft. While
pQCD-based estimates on their population are presented be-
low, these are done only for completeness. It will be assumed
that partons with £ < 87 =~ 2 GeV will eventually thermalize
and hadronize as a part of the bulk medium. Our main focus
will remain on the semihard region with 87 < E < 20T (or
2GeV S E $5GeVforT =0.25 GeV).

Path lengths in the medium range from 2 to 10 fm/c. The
path lengths and temperatures are representative of the aver-
age temperature and path lengths experienced by jets at RHIC
and LHC. The reason to not take the energy of the jet to be
too large is to reduce the amount of vacuum emission that the
partons escaping the medium will produce. Thus, picking a jet
with an £ ~ 1007 in a medium of length around 2-10 fm/c
produces a prominent enhancement in the quark and antiquark
number, correlated with the jet.

While the rates in Eqgs. (2) and (3) are cast in terms of non-
perturbative matrix elements, in the remainder of this paper,
we evaluate these using perturbation theory. There is every
indication that for partons with energies in the region E 2 2
GeV, the interaction with the medium may predominantly be
nonperturbative [55-58]. The calculations in this paper should
thus be considered as an estimate of the effect of these terms.
We show that the flavor conversion processes produces more
than an order of magnitude increase in the number of quarks
and antiquarks that are correlated with the jet (compared with
a jet in vacuum). Thus, while our perturbative estimates may
not be completely accurate, the magnitude of the effect indi-
cates that this is a large effect which will survive modification
of the calculation scheme.

In this first effort to understand the enhancement of
fermion number within a jet shower, we will not attempt to
hadronize the simulated jets. The change in jet hadrochemistry
as a signal for jet quenching has been pointed out before [59],
although not for the reasons that will be highlighted in this
paper. Most of the results in this paper will be partonic. The
increase in the number of quarks and antiquarks within the
jet shower will make hadronization via the standard process
of Lund string breaking [60] unfeasible. Naively, given the
small number of partons within the jet cone, the most obvious
signal would be event-by-event fluctuations of charge and
baryon number. However, any current hadronization module
will itself introduce modifications to this effect. The study of
the effect of hadronization on these fluctuations will appear in
a future presentation.

III. RATES OF FLAVOR EXCHANGE WITH THE MEDIUM

The perturbative description of multiple elastic interactions
of a hard QCD parton (with energy E 2 10T) with a QGP
medium (at temperature 7') can be cast in terms of an effective
kinetic description, with the collision term obtained from tree-
level diagrams. The rate of scattering of a single hard parton
a, with four-momentum p;, with a medium parton b, with
four-momentum p;,, yielding outgoing partons ¢ and d with

four-momenta p3 and p4 can be expressed as

d3P2 d3P3 d31’4

Fab—>c‘d = (27'[)3 (27_[)3 (27_[)3 fb(p2)[1 :l:fL(p3)]
Ma —C 2
m(h 8D (p1 + pa — p3 — pa),

®

where incoming thermal parton and outgoing partons are
integrated over. In the equation above, all degeneracy (i.e.,
spin and color) factors are absorbed into the matrix element
squared |Mp—cq |2, and accordingly such factors are removed
from the distribution functions f,.(p). Note that the f;(p)
notation emphasizes that parton momenta satisfy the on-shell
condition p? = 0 (assuming massless partons). In the case of
thermal equilibrium, these are given by the Bose-Einstein dis-
tribution f,(p) = ng(p) = [eP"/T — 117! for gluons, and the
Fermi-Dirac distribution f,(p) = fi,(p) = [e"/T + 117! for
quarks and antiquarks, where u* is the local fluid velocity.

At leading order of the QCD coupling, the processes can
be separated into two classes. The dominant processes involve
completely elastic scattering, where the boson-fermion nature
of both scattering partons is unchanged: The semihard incom-
ing quark (gluon) remains a semihard incoming quark (gluon)
with a mild change in its four-momentum. These lead to
diffusion and drag of the hard parton’s energy with schematic
rates TDiffusion O Tzaglfa(pl) and Tprg o T8y, fu(p;), Te-
spectively [51]. However, they will not cause any change to
the flavor profile of the jet. We instead focus on the special
case of flavor conversion, where the outgoing particle with
energy comparable to the semihard parton is of different
quantum statistics than the initial hard parton a. At high ener-
gies, these conversion processes are suppressed by an inverse
power of momentum as I"copyersion X ﬁ f2(p,); however, for
semihard partons this can contribute significantly.

When the semihard parton is a quark (antiquark), these
consist of three processes: Quark-antiquark annihilation into
gluons, Q; §; — G g (Q; gi — G g), quark gluon scattering,
0; g — q; G, and antiquark gluon scattering, Q; g — §; G.
Note that we use the notation where capital letters indicate
the semihard parton and lowercase letters are reserved for
soft particles. (For the remainder of this study, the identity of
the hard parton should be clear from the context.) When the
semihard parton is a gluon, the reverse processes include pair
production, G g — Q; §; (G g — O; g;), and gluon scattering
with a quark, G ¢; — Q; g, or antiquark, G §; — O; g. The
matrix elements for all these processes are listed in Table 1.

In the subsequent sections, the rates of the flavor-
conversion processes mentioned above where a semihard
gluon turns into a semihard quark (antiquark) will be com-
pared with the reverse processes for each, i.e., a semihard
quark (antiquark) turning into a semihard gluon. The matrix
elements in Table I will be integrated over the momenta of
the incoming and outgoing soft thermal partons. Both rates
will be compared within a static QCD medium held at a
fixed temperature. In all cases, the rate for gluons to turn
into a quark (antiquark) is found to be higher than the reverse
process.
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TABLE I. Fermion-boson conversion matrix elements: We aver-
age over the degrees of freedom of the initial hard parton @ and sum
over the initial medium parton b and final-state partons ¢ and d. The
conventional definition of Mandelstam variables [61] is used.

ab — cd Vp ZUCW |Mub%cd|2/gi
- u 2 M2
88— 22 qidi 2NfCF(?+ﬁ— & )
_ u 2,2
qiqi — 88 ZC%(Y i_%[; )
igqi — &4i u U
2184 > 84 N (%4 ) + NGy R
> 84 — &Gi
98 ~> 48 Capd(u s 242
qi8 = 4i8 ZCF(S - u) 26 G B

A. QCD annihilation processes

A hard gluon fusing with a thermal gluon and producing
a quark antiquark pair is considered first. This conversion
rate is given by the double sum over quark flavors, since the
final semihard parton can be either a quark or an antiquark.
For the purposes of the numerical simulations of this process,
done using the JETSCAPE (jet energy-loss tomography with a
statistically and computationally advanced program envelope)
framework, only the soft particle distributions are integrated
over, yielding

d 3P2 d 3173 d 3174

" 2r)* 2n)} 2m)?

8823 qiqi —

|Mgg—>2 21 9idi |2
16E,E>E5E,

x Q)P (p1+p2—p3s—pa).  (6)

In the equation above, the flavor-summed matrix element
square is defined as |[Mg, .oy g’ = vaf |Megsgia|* +
| Mgg—g.q:1>, where the subscripts keep track of the momen-
tum of the semihard gluon being transferred to the quark
(g 8 = qi ;) or to the antiquark (g g — §; q;).

In both cases above, a sum over flavors is present, regard-
less of whether the hard momentum transfers to the quark or
the antiquark. Conversely, the annihilation of a hard quark
with a medium antiquark does not involve a sum of the quark
flavors, since the quark-antiquark flavor must match, thus
giving

X fo(p)I1 = f4(p3)]

d 3I’z d 31’3 d 3174

Ladme = 2m) 2n)? 2r)3 Ja@)1 + fo(p3)]
Mz ool?
* %(2@43@0@] +p2 = p3 = pa)-

@)

If we neglect differences between the thermal quark and
gluon distributions, as well as quantum statistics, and use
Maxwell-Boltzmann (MB) distributions for both quark or
gluon, we would get

Je@I — f4(p3)] = fus(P2),
Ja@)1 + fo(p3)] — fus(py). 3

With these substitutions, the only difference between the in-
tegrands of Eqs. (6) and (7) are the degeneracy factors of the
matrix element. Thus, the ratio of a semihard gluon converting
to a semihard quark (antiquark) to the reverse process of
conversion of a semihard quark (or antiquark) into a gluon,
via the matrix elements that describe annihilation or fusion, is
given by

Vo2 5iaa Ny — 995 9)

Fqif]i—>gg F

In the equation above, Cr = 4/3 is the quadratic Casimir in
the fundamental representation, and Ny = 3 is the number of
quark flavors.

Using full quantum statistics increases the ratio by more
than 50% and also introduces a mild dependence on the energy
of the semihard parton, as shown in the upper panel of Fig. 4.
Depending on the strength of the overall rate, due to the
medium, the shower of a hard parton will, over time, contain
more and more semihard quarks (and antiquarks) even when
starting with an initial hard gluon.

B. QCD Compton scattering

Compton scattering in the medium is another process that
can change a semihard fermion into a semihard boson. In the
current kinematic limit, whenever the momentum of the quark
internal line is soft, i.e., the Mandelstam variable u — 0, the
conversion rate (fermion-to-boson or vice versa) is enhanced.
For a semihard gluon scattering with a medium quark or
antiquark, the rate is

d3P2 d31’3 d3P4
(2m)3 (2m)3 (2m)3

Fz,vgq,v»gq,- = fq(Pz)[l + fg(P4)]
2

X |MZ,ng—>gq;| (27‘[)48(4)
16E\ELE5E,

X (p1+ p2— p3 — pa)O(pyl — |psD-  (10)

While for the reverse process of a semihard quark scattering
with a medium gluon, the rate is given by

d 3172 d 3P3 d 3P4

: ~ ] @ny @ry 2n)

qi8—4i8

Je()[1 = f4(py))

2
X |M‘1ig_>41g| (27_[)48(4)
16E\E>E5E,

X (p1+ p2 — p3 — pa)O(psl — IpsD. (A1)

If we consider the momentum exchange to be small
(g = p1 — p3 < p1, p2), the dominant contributions to the
quark gluon scattering are the terms proportional to s/u and
(s> +u?)/t* in Table 1. Because the energy (~|q|) gained
by the medium parton is small compared with the energy of
the semihard parton, only the first term will lead to flavor
conversion, while the second term will typically contributes
to energy loss. In this section, we consider the full matrix
element. Hence, to identify flavor-converting processes, we
apply a kinematic selection whereby the out-going parton with
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FIG. 4. Ratio of the rate of a semihard gluon converting to a
semihard quark (or antiquark) to that of a semihard quark (or an-
tiquark) converting to a semihard gluon. The top panel compares
the ratio from only the diagrams that describe the process of gluon
fusion to quark-antiquark to that of quark-antiquark annihilation
into gluons Eq. (9). The lower panel considers the ratio of quark
gluon scatterings as calculated in Eq. (12). While the green lines
represents the ratio where the equilibrium distributions are taken to
be the classical Maxwell-Boltzmann distribution which leads to an
exact ratio of 2.25, an energy dependence is obtained for the rates
computed using the equilibrium distribution from quantum statistics
shown in the red lines.

a different flavor than the initial hard parton takes a greater
fraction of the energy.

Using the above two rates, the ratio of a semihard gluon
converting to a quark (antiquark) to the reverse process is
exactly the same as the ratio of rates in the preceding section,
namely,

FZ; sai—~ga T FZ’_ 84i—>8%i & =225 (12)
s ~ =2.25.

qi8—>4i8 F

In the equation above, Maxwell Boltzmann statistics were
used once again. Even though using quantum statistics for the
process actually reduces the ratio, it still remains above 1, as
shown in the lower panel of Fig. 4.
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FIG. 5. QCD annihilation processes. The rate of gluon conver-
sion into quark (or antiquark) from Eq. (7) is represented in red lines,
while the reverse process from Eq. (6) is displayed in green lines. The
dashed lines represent the rate where the equilibrium distributions
are taken to be the classical Maxwell-Boltzmann distribution, and

the rates computed using the equilibrium distribution from quantum
statistics are shown in the full lines.

C. From a gluon shower to a quark (antiquark) shower

The two preceding sections clearly demonstrate that the
rate for a semihard gluon to turn into a semihard quark or
antiquark is much larger than for the reverse process. In this
section, we try to estimate the fate of the semihard gluons
emitted from a jet as it propagates through an equilibrated
QGP.

In this first effort, we focus on jets with an energy E; ~
25 GeV. The reason is that these jets have a large enough
energy that they will definitely radiate several soft gluons on
traversal through the QGP. Also, their energy is not that high
that a considerable portion of the jet will continue to radiate
outside the medium and produce a dominant gluon shower
in the vacuum [26]. A jet with an energy E; ~ 25 GeV'
will radiate several gluons with energies 2GeV < E < 5 GeV
(see Fig. 8). These gluons will multiply scatter and interact
with medium. In this process, they may convert into a quark
or antiquark. The produced quarks and antiquarks may also
scatter and could in turn convert back into gluons.

To estimate the probability of conversion, we go beyond
the ratios of rates and plot the absolute rates, in a thermal
medium, in Figs. 5 and 6. As the case for the ratio of rates,
we continue to set the temperature of the medium to be
T = 0.25 GeV. In Fig. 5, we plot the rates for two gluons to
pair-produce a quark or antiquark (red lines), the solid line
includes quantum statistics for the incoming and outgoing
soft partons, while the dotted line assumes Maxwell Boltz-
mann statistics. The green lines represent a quark or antiquark
annihilating with its antiparticle and producing two gluons.
Including the effect of quantum statistics, the rate for a gluon

"We use =~ because the energy of the jet-originating parton is set as
25 GeV, which is not equal to the energy of the clustered jet.
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FIG. 6. QCD Compton scattering. The rate of gluon conversion
into quark (or antiquark), Eq. (11), is represented in red lines, while
the reverse process from Eq. (10) is displayed in green lines. Kine-
matic selections are employed for the momentum p4 of the semihard
parton with opposing flavor, in the top panel 87 < |p,| or |p;| < |p4l
in the bottom panel. While the dashed lines represents the rate where
the equilibrium distributions are taken to be the classical Maxwell-
Boltzmann distribution, the rates computed using the equilibrium
distribution from quantum statistics are shown in the full lines.

to convert into a quark (or antiquark) can be almost three times
as high as the reverse (quark to gluon) process in the region
with 2GeV < E < 5 GeV, the overall rates are rather small
(~0.008 GeV), however. Thus, these rates act as an additive
correction to the Compton process.

In Fig. 6, we plot the conversion of a gluon into a quark
or antiquark (red lines) and vice versa (green lines) from the
Compton process. The solid and dashed lines indicate rates
with and without quantum statistics, as described above. In
the Compton process, a semihard gluon interacting with a
thermal quark could produce a semihard quark and a semihard
gluon simultaneously. Hence, we present two separate rates:
The top panel indicates the rate for a parton to be produced
with an energy |p,| > 107 with a different flavor than the
semihard projectile. Red lines indicate that the projectile is
a gluon, and green lines are for a quark. The bottom panel
plots the rate of the semihard projectile converting its flavor

[gluon to (anti)quark or (anti)quark to gluon], where the out-
going semihard parton (or parton with larger energy) has a
different flavor than the projectile. In both panels, the x axis is
the energy of the semihard projectile (E;).

We conclude this section with a numerical estimate of the
physical rate for a semihard gluon (with 2 < E <5 GeV)
to convert into a semihard quark (antiquark) and vice versa.
Using either panel in Fig. 6, we note that the rate for a
semihard gluon to produce a semihard quark or antiquark
(whether or not the fermion is the leading outgoing parton)
via the Compton process is about 0.06 GeV (see the mean
of the two red lines). Combining the rate from pair creation
(Fig. 5), the rate for a semihard gluon to produce a semihard
quark or antiquark is

Rgvgiq =~ 0.07 GeV >~ 0.35 fm " (13)

The rate for the reverse process is about half of this (using
the green lines in either plot from Fig. 6 and including the
rates from the plot in Fig. 5). We have also used natural units
hic ~ 0.2 GeV fm.

The rate in the above equation is remarkably large. It
implies that a semihard gluon will definitely convert to a
quark (or antiquark) by traversing a mere 3 fm of a QGP at
T = 0.25 GeV. Of course, if the medium were longer, the
final population would eventually tend towards twice as many
quarks and antiquarks compared with gluons.

By any measure, the estimate in the preceding paragraphs
presents a rather startling effect. It should completely disabuse
one of the notion that a jet in a medium is a central hard parton
surrounded by a gluon shower. In the subsequent sections,
we study this effect by using the solution of the Boltzmann
equation followed by simulations using the linear Boltzmann
transport (LBT) event generator and MATTER + MARTINI
within the JETSCAPE framework. In all cases, we note that a
large portion of the gluons in a jet shower, in a medium, are
converted to quarks and antiquarks.

IV. THE EFFECTIVE BOLTZMANN EQUATION
FOR A JET IN A STATIC QGP

In this section, we investigate the evolution of hard partons
in a static QGP medium using an effective kinetic description
of QCD at leading order. Based on the approach of Arnold,
Moore, and Yaffe (AMY) [54], we study the evolution of
the phase-space distribution f(p), where, after integrating out
position space, the kinetic equation is given by

O fa(p) = C272f1 + CL 2L f ) (14)

The leading-order QCD elastic scatterings are described by
the 2 <> 2 collision integral C><2[f], where we use hard
thermal loop propagators for the internal quark and gluon
to regulate the divergent small-angle scatterings, while the
other in-coming and out-going parton lines are assumed to be
vacuum-like [53], with thermal distributions for the partons
that emerge from and re-enter the medium.

Multiple scattering of a hard parton with the medium can
cause the parton to become slightly off-shell. The hard par-
ton loses its off-shellness via radiation, which is enhanced
in the collinear region. These infinite number of diagrams,
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iteratively including an arbitrary number of scatterings, can
be resummed into an effective 1 <> 2 radiation or absorption
rate, which is described by the collision integral C}<2[f].
This medium-induced radiation is governed by an interplay
between the medium scale given by the mean-free path Ayg ~
1/mp and the formation time of the radiation ¢ty ~ ,/2zE, /4,
which leads to a time-dependent rate of radiation in the col-
lision integral. Since a time-dependent collision integral is
rather difficult to solve, we consider the medium to be large
enough such that the formation time is much smaller than
the medium length. In this case, the radiation rates are given
by the infinite-medium limit derived in the AMY approach
[53]. The full evolution of the phase-space distribution and
the details of the implementation of the collision integrals are
given in Ref. [52].

We focus on the energy loss of a hard gluon in a static
medium of infinite length. The in-medium cascade of the hard
gluon leads to a dilute distribution of quarks and gluons com-
pared with the QGP, which we can describe using a linearized
fluctuation § f (p) on top of the equilibrium distribution n,(p).
The full phase-space distribution is then given by

Ja(p) = na(p) + 8fu(p). as)

Since the equilibrium distribution n,(p) is static, the distribu-
tion 6 f,(p) will describe the evolution of the hard partons and
the response of the medium. Each elastic scattering with the
medium generates recoil partons close to medium scales. The
medium parton, which undergoes the scattering, is “extracted”
from the medium. It manifests itself as a negative contribution
to the distribution.

A. Evolution of a gluon in a QGP brick

We consider an initial gluon with momentum along the
z axis and approximate the initial distribution as a narrow
Gaussian centered at p = Eyé, written as

(pcos9—Ey)>+p?* sin® 0
v o exp[ - Gttt
5f(p,6) = N :
8, (p,6) =0, (16)
where
0 — Eo)* 4 p*sin 0
N:/dpfdcos@ exp |:_(pcos 20)2+p —
o

is a normalization factor. We take the initial energy Ey = 25
GeV, the QGP temperature 7 = 0.25 GeV, the QCD cou-
pling constant to be g =2, and the Gaussian width o =
1073 /V/2E,.

Typically, jet fragmentation is studied using the Lund plane
diagram, which describes jet emissions using its longitudinal
momentum p and the inverse of its angle 6 with respect to the
primary jet axis [62]. To understand the chemical composition
of the shower, we follow a similar approach to the Lund
diagram by studying the distribution of partons in different
momenta regions as a function of the polar angle 6 away from
the original parton.

Integrating over a momentum range, we define the follow-
ing particle number distribution as a function of the polar

10?
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FIG. 7. Particle number distribution as a function of the angle
from the original parton, for hard partons with momentum 87 < p <
20T (top) or soft parton with momentum p < 87 (bottom) with T =
0.25 GeV. The gluon distribution is displayed in full lines, while the
sum of quarks and antiquarks is displayed in dashed lines at different
times# = 2, 6 and 10 fm/c. In the top panel, the vertical dashed lines
indicate the angle where the fermion distribution crosses the gluon
distribution.

angle 0

WNa g — i 9/
40 = Sin i

Figure 7 presents the distribution of gluons in full lines com-
pared with the distribution of quark and antiquarks in dashed
lines. The different panels show the angular distribution in-
tegrated over two momenta ranges: (top panel) the semihard
partons with 87 < p < 20T and (bottom panel) soft partons
with p < 107T. The evolution at times + = 2 and 6 fm/c are
selected to represent typical times of jet energy loss in the
QGP, while r = 10 fm/c corresponds to a near-equilibrium
distributions where most of the hard parton’s energy is lost to
the medium.

One observes at earlier times (f =2 and 6 fm/c) that
the hard core of the distribution at 6 ~ 0 is composed of
more bosons, originating from collinear radiation of the initial
gluon. Since the equilibration of bosons proceeds faster than

Pmax d¢ )
dp/ ani? 8 fa(p) (7)

‘min
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for fermions, one finds slightly more bosons at the low scales
of p < 8T. However, for the semihard partons 87 < p <
20T, there is a development of higher number of fermions in
aring with 6 2> 0.6. Conversely, at late times (r = 10 fm/c),
the fermions dominate over bosons in all momenta ranges
and angles as chemical equilibration is reached, leading to the
same parton composition as the QGP [51,63].

B. Chemical composition at late time

Throughout the preceding section, we followed the evolu-
tion of a linearized perturbation on top of a static equilibrium
background, which at asymptotically late time completely
thermalizes with the medium. The asymptotic distribution can
be obtained analytically by considering a linear perturbation
around the equilibrium distribution n,(p) for each species.
To achieve this, only the linear terms of the Taylor series
in the thermodynamic conjugate of the conserved quantities
are kept.

For the kinetic evolution considered, the conserved quan-
tities are energy E, momentum p., and valence number N, =
N, — Ng, while their conjugate variables are temperature 7,
flow velocity u., and chemical potential u, = gy — pg, re-
spectively. The general equilibrium distribution is

1
n(P) = —gm——> (18)
e 7 Fl
where = stand for gluons and quarks, respectively. The linear
perturbation of the equilibrium distribution is then given by

T Ha
6nu(p) = |~z 0r + 8u.d,, +8( 5 ) [na(p) 0
U;=Ha=
After identifying the values of T, du,, and 8(%“) by matching
the moments of the distribution with the conserved quantities,
one finds? [52]

514(p) = Eg—"

4Te(T)

[1 4+ 3cosBln,(p)(1 £ n.(p)), (19)

with the energy density €(T) = (g—;vg + %quf)T“, where
v, = 2(N? — 1) and v, = 2N... The matching ensures that the
energy of the initial parton is recovered by computing the

following moment of the distribution:

d’p
/ mvg(Sng(p) + 2N¢dny(p) = Eo. (20)

When the momentum of the partons is much larger than
the temperature p > T, the quantum distributions can be ap-
proximated by a Boltzmann distribution, leading to a simple
relation between the number of fermions and gluons. While
the low-momentum region p < T is dominated by gluons, for
large momenta p > T, the number of fermions is related to
the gluon number by

Nq(P) —i—Nq(p) . 2vaq8nq(p) T 4NcNf
N,(p) vdng(p)  2dy

, 2

%A detailed derivation is given in Appendix C of Ref. [52].

leading to the relation

N
Ny (p) + Nyp) "= NP, 22)

In the above section, we demonstrated how the thermal-
ization of a hard gluon in a hot and dense QGP leads to a
shower with a chemical composition dominated by quarks
and antiquarks, contrary to the case of vacuum fragmentation.
Throughout this kinetic theory simulation, we have consid-
ered a simple static medium, which ignores important effects
of flow.

Our solution to the Boltzmann equation does not include
any event-by-event fluctuations, initial vacuum like shower for
partons at large virtualities, or realistic energy-loss parame-
ters. In the following section, we consider realistic simulations
where the hard jet shower may not thermalize in the medium.
While the medium remains static, the jet undergoes a stochas-
tic process of multiple emission as it propagates through the
medium. We study cases both with and without vacuum-like
emissions. We also consider the systematic effect of varying
the energy-loss formalism from a single-stage to a multiple-
stage formalism.

V. SIMULATIONS IN VACUUM AND STATIC MEDIA

In the preceding section, we demonstrated that the appear-
ance of a large number of quarks and antiquarks within the
vicinity of a jet should be a generic feature of jet modifi-
cation processes in a deconfined medium. The semi-analytic
results in a static medium did not include vacuum-like show-
ers [19,20,64] and multistage energy loss [5] in a dynamically
evolving medium. In this section, somewhat more realistic
simulations will be carried out to study the appearance of
these charge-baryon rings in the angular structure of jets.

In the first section, we revisit the calculation of the angular
structure of gluons and quarks radiated from a hard gluon in
vacuum, demonstrating the large excess of gluons at all angles
away from the primary parton. Following this, simulations
are carried out in a static medium at 7 = 0.25 GeV, using
the linear Boltzmann transport (LBT) event generator, which
is somewhat different from the Boltzmann equation based
calculations presented in Sec. IV: LBT is a Monte Carlo event
generator and there is at most one scattering per emission, for
all emissions.

Finally, simulations with a multiscale event generator are
presented, where the initial high virtuality stage is modeled
with the higher twist formalism in the MATTER genera-
tor [26,64] and the lower virtuality stage is modeled using
the hard thermal loops formalism [53,54,65] present in the
MARTINI generator [27], which involves multiple coherent
scatterings per emission. Similar to the case of pure LBT,
these simulations are also carried out in a static medium.

Compared with the vacuum shower, the pure LBT simu-
lation or the MATTER + MARTINI combination generates
an excess of quarks + antiquarks at large angles away from
the jet axis at both intermediate and low pr. The angle at
which these appear may vary based on the parameters of the
simulation. In both the LBT and the MATTER + MARTINI

014911-9



CHATHURANGA SIRIMANNA et al.

PHYSICAL REVIEW C 108, 014911 (2023)

)0 L e e e e e e
F —— g (E<2GeV) 3
E - —-q+q(E<2GeV) ]
I ——g(2GeV<E<5GeV) ]
10° - — - q+3(2GeV<E<5GeVJ3
10" =
Zlo E
e el ]
2. ¢ B -
107°E 3
¥ N 5
1 JETSCAPE A N ]
107 - MATTER vacuum \ . ’ ~ -
; Evolution time = 10 fm/c . ;
PRI T T [N T S U N T T AN A | I
0

0.5 1 1.5 2 2.5 3
0

FIG. 8. Particle number distribution from a 25 GeV initial gluon
in vacuum, as a function of the polar angle, for hard partons with
energy 2 GeV < E < 5GeV (red lines), and soft partons with energy
E < 2 GeV (black lines). The gluon distribution is displayed in full
lines, while the sum of quarks and antiquarks is displayed in dashed
lines, at t,,x = 10 fm/c after the production of the original gluon,
which has a maximum virtuality of £/2 = 12.5 GeV.

simulation, the number of semihard quarks and antiquarks
exceeds the number of semihard gluons by 7 = 10 fm/c.

A. Simulations in vacuum

We begin by revisiting the partonic angular structure of jets
in a vacuum. We consider a hard gluon with E = 25 GeV that
starts with a typical initial maximum virtuality of Q = E /2.
This implies that the initial virtuality is logarithmically dis-
tributed in the range 0 < © < Q. As in the preceding section,
a hard gluon is the shower-initiating parton. This choice re-
moves any contamination of the scattering-generated charge
ring from the parent parton, as the gluon has no net charge or
baryon number.

The hard parton can undergo successive splits, where both
g — gg and g — ¢qq are allowed. The shower development
is continued for a time T = 10 fm/c. In Fig. 8 we split the
final partons at T = 10 fm/c into two groups: The low-energy
group with E < 2 GeV, and the intermediate-energy group
with 2 GeV < E < 5 GeV. Had the jet been immersed in
a medium at a temperature 7 = 0.25 GeV, the two energy
boundaries would have corresponded to 87 and 207, similar
to the ranges considered in the preceding section.

Given the singular nature of the g — gg splits compared
with the g — ¢g splits, one notes that in both the low- and
intermediate-energy range, the number of gluons far exceeds
the number of quarks and antiquarks. As stated in the intro-
duction, vacuum jets are primarily gluonic. Comparison with
the plots in Fig. 7, for the case of pure in-medium evolution,
should immediately convince the reader of the striking differ-
ence between the jet flavor profile in a medium versus that in

a vacuum. By 10 fm/c, the quark and antiquark population in
Fig. 7 easily exceeds the gluon population in most regions of
phase space (see green lines in the plot).

B. Simulations in linear Boltzmann transport

In this section, we present results for the flavor profile
from a semirealistic Monte Carlo simulation of a hard gluon
propagating through a static medium, held at 7 = 0.25 GeV.
In this first attempt to reveal the charge-flavor-baryonic pro-
file, simulations will be carried out starting from a 25 GeV
gluon within the pure LBT model, i.e., using a single-stage
jet-modification scenario. A two-stage simulation is presented
in the subsequent section.

In LBT [66,67], the phase-space distribution of the jet
parton (denoted by a) evolves according to the Boltzmann
equation as

Pa* afu = Ea(cel + Cinel)v (23)

in which the collision term on the right-hand side incorporates
both elastic and inelastic contributions. Based on the collision
term, the elastic-scattering rate, i.e., the number of elastic
scatterings per unit time, is

Vb d’p; s
ré(p,,T)= — L £.5(,7,
dpnT)=) oF, /i_lb_c[d Ei(2”)3fb 28,1, @)

b,(cd)

x 21)*8P(pa + pp — Pe — P Map—cal®,
(24)

in which the summation is over all possible ab — cd chan-
nels, y, represents the color-spin degrees of freedom of the
thermal partons inside the QGP and f, is their distribution
function. In LBT, a function S»(3, £, i) = (5§ > 2u2D)9(—§ +
/lej <f< —/lej) is introduced [68] to regulate the collinear
divergence in the leading-order (LO) scattering matrices
M ap—ca, Where 3, £, and @i are the Mandelstam variables and
MZD = gT*(N. + Ny/2)/3 is the Debye screening mass with
g = 4ma, being the strong-coupling constant and T being the
medium temperature.

The inelastic-scattering rate can be related to the average
number of medium-induced gluons per unit time as

a

rinel(g,, T,t) = / dxdki&, (25)
a dxdi dt

with the gluon spectrum taken from the higher-twist energy-
loss calculation [16,17,69],

dN? 2C 0Py r—1
0B (o) o
dxdkidt — mwCy(a)k| 27y

Here, x and k, are the fractional energy and transverse mo-
mentum of the emitted gluon relative to its parent parton,
PY*(x) is the vacuum splitting function of the jet parton with
its color factor C,(a) included, §, is the jet quenching param-
eter that encodes the medium information and is evaluated
according to the transverse momentum broadening square per
unit time in elastic scatterings, ¢; denotes the production time
of parton g, and 7y = 2E,x(1 — x)/ ki is the formation time of
the emitted gluon. In this section, we set the coupling constant
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FIG. 9. Particle number distribution from LBT simulation start-
ing from a E;, = 25 GeV gluon and evolving in a static medium at
T = 0.25 GeV, as a function of the polar angle, for soft partons with
energy E < 2 GeV. The gluon distribution is displayed in full lines,
while the sum of quarks and antiquarks is displayed in dashed lines,
at three evolution times of 2, 6, and 10 fm/c.

as oy = 0.3, which directly controls the interaction strength
in elastic scatterings, and affects the rate of medium-induced
gluon emission through g,.

In the LBT simulation,® we track not only the jet partons
and their emitted gluons, but also the thermal partons be-
ing scattered out of the QGP background by jets. The latter
are known as “recoil” partons. When these “recoil” partons
are produced, energy-momentum depletion occurs inside the
original QGP medium. These are treated as particle holes,
or “negative” partons, and also fully tracked in LBT in or-
der to guarantee the energy-momentum conservation of the
whole system of jet partons and the QGP. Recoil and “nega-
tive” partons constitute the “jet-induced medium excitation,”
or “medium response to jet propagation,” which have been
shown to be crucial for understanding jet observables, in-
cluding their nuclear modification factor and anisotropic flow
coefficients [70,71].

Using this LBT model, we calculate the angular distribu-
tion of partons that start from a single gluon with 25 GeV
energy and evolve through a static medium at 7 = 0.25 GeV.
Results for partons at low energy (E < 2 GeV) and inter-
mediate energy (2 < E <5 GeV) are presented separately
in Figs. 9 and 10, respectively. In each figure, we compare

3In this particular simulation, the rate for gluons to convert to
quarks or antiquarks has been corrected by an additional factor of
Ny = 3, which is missing in all prior versions. However, this factor
should not change previous results which focused on studying energy
loss.
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FIG. 10. Same as simulations in Fig. 9, except for partons at
intermediate energy 2 < E <5 GeV. The dotted lines show the
angles quark distribution starts to exceed the gluon distribution for
the evolution times 2 and 6 fm/c.

the distributions of quarks + antiquarks and gluons at three
different evolution times.

At intermediate energy, one can clearly observe an excess
of quarks (together with antiquarks) over gluons at larger an-
gles (6 2 0.9) with respect to the jet direction (the momentum
direction of the initial gluon here), for evolution times up to
6 fm/c. At later times, the fermion excess at intermediate
momenta manifests at all angles. This excess becomes more
prominent as the evolution time increases, indicating a flavor
change from gluons to quarks during jet-medium interactions.
Note that, within the LBT calculation, the distributions of
“negative” partons have been subtracted from those of regular
partons. For this reason, one can see the negative distribution
of low-energy partons (Fig. 9) at large angle, which is known
as the energy depletion, or the diffusion wake, in the opposite
direction of jet propagation.

While the distribution of soft partons with £ < 2 GeV
(Fig. 9) produced in the LBT simulation are rather differ-
ent from the soft parton distributions in the prior Boltzmann
simulation (lower panel of Fig. 7), the semihard distributions
(in Fig. 10) are in qualitative agreement with those in the
upper panel of Fig. 7. However, there is almost a factor of
two difference in the overall normalization of the plots for
distributions with # 2 6 fm/c. Also, the detailed positions at
which quark spectra cross gluon spectra, indicated by the ver-
tical dashed lines are quantitatively different due to different
model implementations. In spite of these differences, in both
cases, the semihard quark (and antiquark) distribution begins
to surpass the semihard gluon distribution at 6 2 0.2 for the
Boltzmann simulation, and at 6 2 0.9 for the LBT simulation
after 6 fm/c, and completely dominates by 10 fm/c.
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FIG. 11. Particle number distribution from an E;, =25 GeV
gluon in a static medium at 7 = 0.25 GeV as a function of the polar
angle for soft partons with energy E < 2 GeV. The gluon distribution
is displayed in full lines, while the sum of quarks and antiquarks is
displayed in dashed lines at three evolution times of 2, 6, and 10 fm/c
after the production of the original gluon, which has a maximum
virtuality of £ /2 = 12.5 GeV.

C. Simulations in MATTER + MARTINI

Currently, multistage jet modification simulators [3,5,72]
have shown remarkable success in simultaneously describ-
ing a host of jet-based observables. In these simulations, the
medium generated scale Q2 ., = «/2EG, where E is the en-
ergy of a parton undergoing energy loss, plays a crucial role
[1,19]. Partons whose virtuality is above this scale undergo
mostly vacuum-like splitting, with a perturbative correction
to the splitting kernel from medium induced radiation. As
a result, most emissions are vacuum-like with a few in-
terfering medium-induced emissions [21,23,73]. In-medium
scatterings are accounted for by using the scattering kernels
described in Sec. III. As those rates are obtained assuming
the incoming and outgoing partons are on-shell, the vir-
tuality is temporarily removed from the p° component of
the four-momentum of incoming and outgoing partons when
computing the scattering rates. Once the four-momenta of
all partons participating in the scattering is determined, the
virtuality is restored within the energy of all incoming and
outgoing partons, thus preserving its value. Partons with a
virtuality at or below this scale undergo multiple scattering
in the process of almost every emission, with purely-vacuum-
like emission almost absent [8,9].

Simulations in this section are carried out using the
JETSCAPE framework [72], using the version of MATTER
and MARTINI simulation modules therein. We consider, once
again the case of a single hard gluon with an energy of 25 GeV
propagating in a static medium held at 7 = 0.25 GeV. The
hard jet starts with an initial maximal virtuality Q = E /2 asin
the case of the vacuum simulation in Sec. V A. The emissions

3
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FIG. 12. Same as simulations in Fig. 11, except for partons at
intermediate pr, with 2 < E < 5 GeV. The dashed lines show that
the angles quark distribution starts to exceed the gluon distribution
for the evolution times 2 and 6 fm/c.

from partons with a virtuality Q > Qpneq are simulated using
the MATTER generator. As partons undergo more splits in
MATTER, their virtuality drops. Once a parton reaches the
Onmed, it transitions to the MARTINI generator. The virtuality
of the partons is maintained by scattering in the medium while
in the MARTINI stage.

As the parton emerges from the medium, § drops to
zero, and the virtuality of the parton will once again exceed
the scale Qneq — 0, and the parton will transition back to
MATTER again. Partons that escape the medium continue
to endure vacuum like splits until each of their virtualities
reaches Qp = 1 GeV. Beyond this, partons will free stream
until the end of the simulation, set at Tpax.

While the MATTER generator involves at most one scat-
tering per emission from a parton, MARTINI allows for
multiple scatterings over the course of a single emission, and
as a result there is a greater probability to convert a boson
into a fermion (and vice versa), especially for the longer-
lived (softer) partons in the MARTINI phase. However, since
some portion of the jet will definitely be in the MATTER
stage, fewer conversions are expected within a multistage par-
ton energy-loss simulation compared with a pure MARTINI
simulation.

In Figs. 11 and 12, the yield of semihard partons and
soft partons, respectively, has been plotted for three different
values of t,,x. These partons are all part of the profile of the
jet that starts as a single gluon with an energy of 25 GeV
(and virtuality Q = E/2). Similar to the case of the solution
of the Boltzmann equation in Sec. IV, as well as for the case
of LBT in the preceding section, we find more quarks and
antiquarks in proportion to the gluons, compared with the case
in vacuum. In this case, the angle at which the quark and anti-
quark number exceeds the gluon number at 6 fm/c (6 = 0.3)
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is smaller than in the case of LBT (6 2 0.9) and slightly
larger than the angle in the Boltzmann simulation (6 2 0.2).
This is due to greater number of scatterings in MARTINI
compared with LBT and the lack of a vacuum-like stage in
the Boltzmann simulations compared with the MATTER +
MARTINI simulations.

The focus of this article is to compare the temporally rising
quark (and antiquark) distribution, within and surrounding a
jet, with the falling gluon distribution, in the same region
of angular space, at intermediate momentum (2GeV S E <
5 GeV). While the low-momentum region is not our focus,
we report on it for all three cases of the Boltzmann sim-
ulation, LBT, and MATTER + MARTINI simulations. In
all three cases, the low momentum region around the jet in
these simulations is quite different. In the specific case of
the MATTER + MARTINI simulation, the number of glu-
ons always remains larger than the number of quarks and
antiquarks. Also, both quark and gluon curves show a dip
around 6 2 /2 from the direction of the leading parton.
This is primarily due to the subtraction of holes. In the
case of the LBT simulations, this region is actually nega-
tive (see Fig. 9). In the case of MARTINI, jets can emit
partons down to vanishingly soft momentum, which is en-
hanced for the case of gluons. As a result, the soft gluon
emissions completely cover up the negative portion that arises
due to subtraction of the holes. The soft quark emission
rates are much smaller and thus can only overcome the neg-
ative contribution of hole subtraction at times larger than
10 fm/c.

In this and the preceding section we have explored jets
in a medium, albeit static, from a variety of formalisms,
which have varying amounts of interaction between the jet
and the medium. In all cases, we observe a large excess
of the fermion number correlated with the jet (compared
with a vacuum shower) at angles greater than 0.2 (Boltz-
mann simulation) to 0.9 radian (LBT) away from the original
jet axis. The three simulations are quite different and yield
very different distributions for partons with E <2 GeV.
However, these differences at low momentum make the
qualitative similarities at intermediate momentum a more rig-
orous prediction of the gluon versus quark and antiquark
number.

The reader will have noted that all our calculations
are entirely partonic. Will this charge enhancement survive
hadronization in a ring form? Can it be observed in experi-
mental data? The answer to these questions is so far unsettled.
Indeed, most of the fermion excess is at low and intermedi-
ate pr where there are no good hadronization mechanisms
that can conserve charge and baryon number, either event-
by-event, or within angular or rapidity ranges. Cooper-Frye
hadronization [74] is carried out on distributions. The pres-
ence of the large number of comoving quark and antiquarks
will lead to very low mass strings if Lund hadronization were
applied, leading to a breakdown of that methodology [60].
In the subsequent and penultimate section, we explore other
observables that may be correlated with this enhancement in
baryon and charge number, which may already have been
observed.

VI. JET MODIFICATION AND THE BARYON
ENHANCEMENT

In the preceding sections, we have argued that jets modified
in a dense plasma have a strikingly different flavor profile
compared with jets in vacuum. Jets in vacuum that begin with
either a hard quark or gluon tend to radiate a large number
of gluons, compared with quarks or antiquarks. As shown in
Fig. 8, the number of soft gluons (E < 2 GeV) exceeds the
number of quarks and antiquarks by two orders of magni-
tude, while the number of intermediate energy gluons (with
2 GeV < E <5 GeV) is an order of magnitude larger than
quarks and antiquarks of similar energy. This flavor mixture
is dramatically changed for the case of jets modified in the
medium, where the quark and antiquark number becomes
comparable to the gluon number. All our estimates are based
on a jet that starts as a gluon with E = 25 GeV.

Three different simulations carried out in the preceding
section indicate that the increase in the fermion content of
the jet is the most dramatic modification of the jet in a dense
medium, and the fractional change in flavor far exceeds the
fraction of energy lost by the jet on passage through the
medium. To be clear, a change in the momentum profile of
the jet is not expected as a result of this enhancement of
fermionic content: There is no excess or depletion in the
amount of energy loss of the jet caused by this change in
the flavor profile of soft and semihard partons. However, one
would expect the flavor or baryon number profile of the jet to
be modified, especially in the semihard region.

Currently, there is no reliable hadronization mechanism
that can be used to test this hypothesis, on a triggered jet.
However, we can look for such an enhancement in the yield
of hadrons at intermediate pry. In the absence of a reliable
hadronization mechanism, we propose the somewhat tenuous
equivalence in the ratios:

dsN/f:E (bminvbmax)
d*prdy ~
d3NB+B
. pp
{Nbin) (bwin.bmas) TZpredy

dsNg;q(bminvbmax)
d’prdy
dBNGTT
<Nbin > (bmin »bmax) dszdy

= REHP ~ RIH. 27)

In the above equation, we are proposing the R44 for baryons
and antibaryons as an approximation to the R4y for quarks
and antiquarks. This equality will no doubt receive corrections
from hadronization. We study this ratio in the intermediate-py
region. The goal is to see the proximity of the two ratios and
to place constraints on the possible hadronization mechanisms
[56-58,75,76] in this region.

Simulations of this ratio are carried out using the LBT
model [25] for energy loss (see Sec. VB for more details).
Calculations are carried out on a realistic fluid-dynamical
medium [77]. The initial state and evolution of the fluid
have been parametrized by comparison with the yield and az-
imuthal anisotropy of soft hadrons. The initial hard spectrum
of partons has been calculated using LO pQCD, with requisite
K factors [78]. We present results for the R44 of quarks and
antiquarks at 0%—20% central collisions at RHIC (,/snn =
0.2 GeV) and 0%—5% collisions at LHC (/snyn = 2.76 GeV)
energies.
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FIG. 13. The nuclear modification factor for quarks plus an-
tiquarks (red dot-dashed line) and all partons (orange solid line)
correlated with hard scattering. The partons included were created
in the modified shower from the jet, either via a split from another
parton, or via the recoil process. No partons from the fluid, except
those in recoil are included. Results are compared with the Ry, for
p—+ p as an approximate substitute for the baryon plus antibaryon
ratio. No hadronization is included in the theoretical calculation.
Experimental results taken from Refs. [79,80].

In Figs. 13 and 14, we plot the nuclear modification factor
for partons correlated with hard scattering (solid line in both
figures). We include only partons that are created in the split
of another parton from the jet showers or created in the recoil
process. We also plot the Rq4 of g 4 ¢ correlated with jets.
These are compared with the Rq4 for proton + antiprotons as
a substitute for the baryon and antibaryon Ru4.

At both RHIC and LHC energies, we note that the Ry4 for
quarks and antiquarks shows a rise at lower pr that is similar
to the rise of the R44 for protons and antiprotons. However,
the rise takes place at a lower pr than the experimental data.
Also, the magnitude of the excess at RHIC is less than the
data. Thus, the fermion excess from jets may not be sufficient
to explain the baryon excess seen at intermediate pr at RHIC
and LHC. However, it may be a part of a multi-aspect solution
to this problem. It may provide further constraints on recom-
bination models, which have so far been tuned to data without
the fermion enhancement.

An alternative way to view the results in Figs. 13 and 14
is that for this particular signal, the fermion fraction of a
jet, LBT is not an accurate simulator. As pointed out in the
preceding section, the MARTINI generator produces many
more fermions than LBT as each hard parton in MARTINI
undergoes much more scattering compared with LBT. Full
simulations in MARTINI on a hydrodynamic background are
very computationally demanding and will not be presented in
this first effort.
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FIG. 14. Same as Fig. 13, for collisions at /sy = 2.76 TeV, at
the LHC. Experimental results taken from Refs. [81,82].

Yet another possibility is that our assumption of com-
pletely perturbative interaction between the jet partons and the
medium is not accurate and nonperturbative matrix elements
will have to be measured and incorporated within these full
simulations to reproduce the baryon-antibaryon Rs4. These
nonperturbative matrix elements were discussed in Sec. II
and involve quark matrix elements in the medium. These
have so far not been calculated on the lattice or measured in
experiment.

VII. SUMMARY AND OUTLOOK

The modification of hard jets in a dense QCD medium has
traditionally been understood in terms of an increase in the
number of gluons radiated from the originating hard parton,
followed by a redistribution of the radiated partons towards
larger angles away from the jet axis. In this paper, we explored
another sizable effect, an order of magnitude increase in
the fermion content at intermediate momenta correlated with
the jet.

The origin of this fermion excess, which manifests as
an increase in the baryon (and antibaryon) and charge (and
anticharge) distributions at intermediate py 2 8T (T is the
temperature), at angles greater than 0.2-0.5 away from the
jet axis, lies predominantly in the recoil mechanism. The rate
of a semihard gluon scattering off a thermal quark or gluon
and converting into a semihard quark or antiquark is several
times larger than the rate of a semihard quark or antiquark
converting into a semihard gluon. While these conversion
rates are much smaller than the rates of typical scattering,
which do not lead to flavor conversion, it is still large enough
that a majority of gluons experience at least one such scat-
tering within media with sizes between 5 and 10 fm/c and
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at average temperatures of approximately 0.25 GeV (values
representative of collisions at RHIC and LHC energies).

All these conversion processes involve the exchange of a
quark or antiquark with the medium. This feature differenti-
ates these processes from typical scattering in the medium,
mediated by gluon exchange, which is typically encapsulated
within the well-known transport coefficients such as ¢ and é.
The quark exchange, manifest in these processes, requires the
incorporation of new transport coefficients within the discus-
sion of jet quenching, which will yield insight into the fermion
fraction of the underlying evolving medium.

While partons at an intermediate pr 2 87T, (typically
2-5 GeV) tend to have a considerable nonperturbative portion
in their interaction with the medium, we have carried out this
first exploration assuming an entirely perturbative approxi-
mation. In spite of this, we find that the fermion fraction
correlated with a jet increases tenfold for jets quenched in
a medium, compared with those in vacuum. We considered
jets with energies E 2 25 GeV traversing 5-10 fm/c in a
medium held at 7 =~ 0.25 GeV. These are typical distances
and temperatures encountered by jets as they traverse media
at RHIC and LHC.

The size of this effect is striking, the number of semihard
fermions in jets increases by at least an order of magnitude.
We have checked this enhancement through three separate
model calculations: a semi-analytic solution of the Boltzmann
equation, a single-stage LBT model, and a multistage MAT-
TER + MARTINI approach. All three approaches showed
similar levels of enhancement of the fermion distribution in
jets, compared with the gluon distribution.

While the fermion enhancement does not change the
energy profile of the jet, it should strongly affect the event-
by-event fluctuations of conserved charges such as baryon

number and electric charge within the jet. With more charges
and anticharges produced, many of these will be clustered
within a jet and many will not; this should lead to larger event-
by-event fluctuations of baryon number and charge within a jet
quenched in a dense medium, compared with one in vacuum.
Of course, the conclusions in this paper will be affected by
hadronization, which will introduce its own fluctuations of
conserved charges. It is also possible that the large fermionic
content introduces an additional source of jet energy loss
in the hadronization process. We leave this topic and more
realistic simulations of jets in dynamical media for a future
effort.
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