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Quenching of polarized jets
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Jets produced in association with a Z° or W boson in hadronic collisions are automatically polarized
due to the parity violation of weak interaction, making these processes ideal for understanding the spin
transfer from polarized partons to polarized hadrons. Furthermore, leveraging this feature, we can also
employ the weak-boson-tagged process to study the quenching phenomenon of polarized jets, an aspect
that has rarely been discussed in the literature. In this work, we compute the polarization of A hyperons in
pp collisions and investigate the nuclear modification due to the jet-medium interaction in AA collisions.
Our results highlight this process as a valuable probe of polarized parton hadronization, particularly the
circularly polarized gluon hadronization, and of spin-dependent medium effects in the QGP.
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I. INTRODUCTION

The factorization theorem [1-4] allows one to separate
perturbatively calculable partonic hard scatterings from the
nonperturbative components of hadron production. Among
these, fragmentation functions (FFs) play a central role: they
describe how energetic partons hadronize into observable
final-state hadrons [5-8]. Since a first-principles computa-
tion of FFs remains out of reach, their quantitative deter-
mination relies primarily on global analyses [9-16] of
available experimental data. Such analyses constrain the
parametrization of FFs and enable predictive power in
phenomenological and theoretical studies.

To incorporate the spin degree of freedom into hadron
production, polarized fragmentation functions have been
introduced [17-35], providing access to the spin dynamics
in the hadronization process [6—8]. In this work we focus
on the longitudinal spin—transfer G,;, which characterizes
the number density of longitudinally polarized hadrons
produced from longitudinally polarized partons. Although
several measurements have probed G,; in e"e™ annihila-
tion and polarized SIDIS [36-49], the quantitative knowl-
edge of this function remains limited [26-28,50-53].
Recent proposals using dihadron helicity correlations in
unpolarized reactions [54-58] open a new avenue to
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determine polarized fragmentation functions in unpolarized
colliders.

Furthermore, relativistic heavy-ion collisions produce the
strongly coupled quark gluon plasma (QGP), characterized
by extremely high temperature and density [59-61]. The
interaction between high energy jets produced from hard
collisions and the QGP medium results in the energy loss
and the transverse momentum broadening, known as the jet
quenching phenomena [62-96]. Extensive theoretical and
experimental efforts over the past decades have significantly
advanced our understanding of QGP properties and the
mechanisms of parton—-medium interactions.

While most studies have focused on momentum-space
observables, the role of the spin degree of freedom in jet
quenching remains largely unexplored. Only recently have
investigations in this direction started to emerge. For
example, Refs. [97,98] examined the polarization acquired
by a jet traversing an anisotropic medium. In parallel,
Ref. [99] investigated the quenching of polarized jets
utilizing the helicity correlation of back-to-back dihadron.
Moreover, in the transverse-momentum-dependent factori-
zation framework, A hyperons produced within unpolarized
jets also exhibit transverse polarization [100-128] thanks to
the Di; fragmentation function [22,129]. Benefiting from
these progress, Ref. [130] investigated the medium-induced
transverse-momentum-broadening effect on the p; differ-
ential polarization.

An alternative and complementary method of studying
the hadronization of polarized partons arises in weak-
boson—associated production. In unpolarized hadronic col-
lisions, events with a reconstructed Z°/W* automatically
select weak-interaction processes, where parity violation
produces a polarized final-state parton. This parton polari-
zation, calculable in perturbative QCD, can be transferred to
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A hyperons through Gy, providing a clean probe of
polarized-parton hadronization in a fully unpolarized col-
lider environment.

The production of the high energy jet in association with
a W*/Z° boson has been extensively studied in both pp
and PbPb collisions at the LHC [131-139] as well as pp
collisions at Tevatron [140-144]. In weak interactions, the
couplings of massive vector bosons with left-handed and
right-handed particles are different [145]. For instance, in
the W associated quark production, it couples exclusively
with left-handed quark (with helicity 4, = —1) and right
handed antiquark (with A; = +1). This distinct helicity
structure arises from the parity violation in the weak
interaction, a characteristic feature of the Standard
Model. As a result, the jet produced in such interactions
naturally exhibits polarization. Moreover, recent studies
suggest that measuring the angular distribution coefficients
of the final-state dileptons in Z + jet events can help
distinguish between quark and gluon jet [146,147], which
could potentially aid in extracting the flavor dependence of
fragmentation functions through this process.

In this work, we compute the polarization of A hyperons
produced in the weak-boson tagged process in hadronic
collisions and demonstrate that this observable serves as a
sensitive probe to the hadronization of polarized parton.
Moreover, this process also opens a novel gateway to
investigate the quenching of polarized jets in heavy-ion

collisions. The rest of this paper is organized as follows. In
Sec. II, we formulate the cross section within collinear
factorization to describe A hyperon polarization and analyze
corresponding partonic helicity amplitudes. In Sec. III, we
detail the incorporation of energy-loss effects into the
framework for AA collisions. Finally, a brief summary is
given in Sec. IV.

II. A HYPERON POLARIZATION
IN pp COLLISIONS

In this paper, we consider the following process in
unpolarized pp collisions to obtain a polarized parton jet

p+p—=Z°/WE(yy. Bry) + Ay yi. Pra) + X, (1)

where 4, denotes the helicity of A hyperon, yy/;, and Pry /h
are the rapidities and transverse momenta of the vector
boson and the A hyperon respectively. After the hard
scattering, the vector boson and the parton are produced
nearly back-to-back in the transverse plane, with the A
hyperon being produced from the fragmentation of the
parton.

A. Differential cross section and A polarization

The differential cross section in the collinear factoriza-
tion can be expressed as [148]

do d 8ab—>Vd -
= :/ - D > %afalxa) xbfb(xb) ld & (%""pTV)’Dii\(Zd,/{d;lh)v (2)

dyydy,d*prvd*pr, 2 ab=vd Iy

T

where z,; denotes the momentum fraction of parton d carried by the A hyperon and & is the partonic cross section, with the
subscript 4, denoting the helicity of the final-state parton and 7 the Mandelstam variable. f,(x,) and f}(x,) are the collinear
parton distribution functions with x,; representing the momentum fractions carried by partons a and b. D} (z4, A4 4y)
represents the helicity-dependent fragmentation function, which can be decomposed as [55]

DY (zas Aas An) = D1 g(za) + 2adn Gl 4(2a), (3)

with D7 ,(z,) being the unpolarized fragmentation function and G, ,(z,) quantifying the longitudinal spin transfer.
The polarization of the A hyperon is defined as the ratio of the difference to the sum of the cross sections with different
helicities. Integrating over the transverse momenta, we arrive at

[ &y fdzﬁr 10D abvaXal a(Xa)%pfb(Xp) gt da GII\L a(2a)
PA(va yh) . 1 do.nb Vd ) (4)
f fd PrhYapovaXal a(Xa)Xpf5(xp) L=5— D2 (z4)

where the unpolarized partonic cross section is obtained by summing over the helicity of final state parton
doy = do,. + do_, and 1, is the helicity of final state parton which can be evaluated by 1, = (do,. — do_)/doy,.
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FIG. 1. Feynman diagrams of the ¢ + § — V + g channel with
V representing a Z° or W* boson.
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where M, is the mass of Z° boson, @y, is the Weinberg
angle, and ¢! = (cf)? + (¢%)? and ¢ = 2¢f ¢ with ¢,
and ¢4 being quark-flavor dependent coupling constants.

For the gluon production in association with a W*
boson, the partonic cross sections read

i, - W= ~
Ao 2na G (M3, — @)? )
i Y9§%sin?0y, ta
,~'~—>Wi A
de =" o 2710, (M 2 —1)? (8)
d? V952sin? 0y, it

where V;; is the Cabibbo-Kobayashi-Maskawa matrix
element and My is the W boson mass.

It is interesting to note that the gluon helicity reverses
sign under the @ <> 7 exchange. As shown in Fig. 2, at

B. Partonic cross section

Now, we need to evaluate the partonic cross section for
the a(p,) + b(py) = V(pe) +d(pa.Aq) process at the
leading order level with the helicity amplitudes method
[149]. Since we are interested in the polarized final state
hadron in unpolarized collisions, we average over the spin
degree of freedom of both initial-state partons, and sum
over the spin index of the final-state massive vector boson.

The Feynman diagram of gluon production associated
with a Z°/ W boson is presented in Fig. 1. For the Z° + ¢
production, the partonic cross sections are given by

t QMZ(t—@) T @

+7+7:|+C§]|: ZA(A )—7+7:|}, (5)
u t tu u t
T 2Mi(i—-0) 1T @

R R e TR (©)
u t tu u t

physical reason for this behavior is the following. At the
7 — 0 limit, the gluon momentum is almost parallel to that
of the antiquark. Therefore, the dominant contribution for
the gluon production is the collinear splitting from anti-
quark. In this case, the gluon helicity inherits from that of
the antiquark, which is positive in weak interaction. On the
other hand, if the gluon is produced in the & — O region, its
helicity takes the same sign with the quark helicity which is
negative. Taking into account this feature, we should avoid
the mid-rapidity region with y, ~y, to probe the hadro-
nization of circularly polarized gluons. Furthermore, at very
small § ~ M% ~ M3, the gluon becomes soft and carries
negligible polarization. Conversely, in the high-energy
limit where the Z°/W* boson mass can be neglected,
the gluon polarization approaches its maximum value,
A = +cf/cf for Z° boson associated process and unity
for W*, occurring at either 7~0 or @t ~0. The gluon

it =1 = —(8 — M%) /2, the gluon polarization vanishes. The  polarization increases monotonically with increasing NG
H{— V3 =150 Gev ] — V3 =150 GeV o em = VE =150 Gev o
[|--- V3 =200 Gev e === VE =200 Gev 1 V3 =200 GeV =
0.5 V3 =500 GeV 1 V3 =500 Gev 1~ V& =500 Gev .

AR uta—2+g ... d+d—2"+g , G+qG—WE+g ]
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FIG. 2. The gluon helicity 4, as a function of 7/(5 — M7,,) in Z°/W* associated production processes.
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FIG. 3. Feynman diagrams of the ¢ + g - V + ¢ channel.

The quark/antiquark production process is shown in
Fig. 3, while the partonic cross sections for the Z° boson
associated process are given as

0 — —
I o

di di
= _%(6? —cf) FA;IAZM % ﬂ )
de9-2%a B dGZQ*ZOZI
i di
- _%(6? +cf) {2]1;1?12 +§ é] . (10)

For the quark production associated with a W* boson,
the helicity structure is unique. Only left-handed quarks
and right-handed antiquarks participate in the interaction.
As a result, the helicity of the final state quark/antiquark is
determined, and only one helicity dependent cross section
contributes which reads

q:9-W*q; q,9—~W*g;
do= _ do

~ ~

Unlike the gluon case, the polarization of a quark or
antiquark produced in association with a Z° or W* boson is
kinematics invariant. In particular, for W* associated
production, the polarization is always unity, with quarks
carrying negative helicity and antiquarks positive. For the
7" associated production, the quark helicity is 2, = —c%/c{
while the antiquark helicity reads A; = ¢3/c{.

Summing over the helicities of final state particles, we
arrive at the unpolarized cross sections, which coincide
with those given in Refs. [127,150,151].

C. Numerical results

The polarized fragmentation function Gy; is mainly
extracted by analyzing the experimental data from e'e™
annihilation and polarized SIDIS process, where the gluon
production is suppressed by «, Therefore, our under-
standing on the gluon contribution remains rather limited,
calling for more experimental input from hadronic
colliders.

As shown in Fig. 4, the gluon contribution plays a
significant role in the jet production associated with a
Z%-boson, particularly in pp collisions. A similar conclu-
sion also applies to the W+ associated production process,
which is not explicitly shown. Therefore, future measure-
ments at the Tevatron and LHC can shed more light on the
hadronization of circularly polarized gluons.

To further quantify the gluon polarization in hadronic
collisions, we compute it utilizing Egs. (5) and (6). The
numerical results are shown in Fig. 5, where the transverse
momenta of both the Z%-boson and the gluon jet are
integrated over to enhance the statistical reach of potential
measurements. Furthermore, we also integrate over the
Z%-boson rapidity and show the gluon polarization simply
as a function of the gluon rapidity.

dr df In pp collisions, the gluons produced in the forward
Qe M0+ 5+ 7 rapidity are most likely to be aligned with the quark,
= Vi 2 a2 e - (1) resulting in the negative polarization. On the other hand, the
1254 sin” Oy, 5 : o -~ .
gluons in the backward rapidity are positively polarized.
14'x'x'x'x'x'xx | LA E S IR B QU S S ——— —
;‘.. N _u+d ...... S 1
Vs = 1.96 TeV V5 = 5.02 TeV cee @4 d -5
0.8F pr.zo > 30 GeV T oo >30Gev g H
0.6 ."‘-\.,“ __,“»“/ + p+p—jet+2°+ X r
= 04k p+p—jet+2°+ X
' yzo € (—4,4)
02f T T
0 s T .-.4---;—-4—--1—-1--—-\—--*---._.:;.: T
-3 -2 -1 0 1 2 3
Yiet

FIG. 4. Production ratio of different jet flavors in association

with Z° boson in pp (left) and pp (right) collisions.
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FIG. 5.

The magnitude of the polarization increases with the
rapidity gap between the gluon and the Z°-boson
|vy = yz|. In pp collisions, the gluons produced in the
middle rapidity also exhibit nonvanishing polarization,
simply because the quark and antiquark distributions in
the proton are not symmetric. In light of the sizable
polarization in the forward/backward regions, hadronic
colliders can indeed provide valuable insight in under-
standing the hadronization of circularly polarized gluons.

Employing the DSV parametrization of polarized and
unpolarized fragmentation functions of A hyperons, we
make numerical predictions for the A hyperon polarization
in pp collisions for the LHC experiment. The numerical
results are shown in Fig. 6. DSV parametrization offers
three flavor scenarios for the polarized fragmentation
function, while all of them seem to describe the LEP data.
However, in the pp collisions, these three scenarios, labeled
as Sce. 1-3 in Fig. 6, show distinct difference, demonstrat-
ing the potential of studying spin physics at the LHC
experiment. In Sce. 1 and 2, the s quark plays a dominant
role in producing polarized A hyperons. The contributions
from the u, d quarks and the gluon are relatively small,
resulting in a very small magnitude of polarization. On the

I T N L L
-3 -2 -1 0 1 2 3

1 1 1 1 1 1
-3 -2 -1 0 1 2 3
Yg

The gluon polarization as a function of the rapidity in pp (left) and pp (right) collisions.

other hand, in the third scenario, u, d and s quarks are
assumed to contribute equally to the A polarization.
Therefore, the magnitude of the A hyperon polarization
becomes the largest among all three scenarios. Furthermore,
in Sce. 2, u and d quarks contribute to a small negative
polarization. Therefore, The polarization in this scenario
could even become positive at some kinematic region where
the relative contribution from u and d quarks becomes more
significant. Nonetheless, the significant difference among
different scenarios shows that this observable is indeed
sensitive to the flavor component of polarized fragmentation
function. More importantly, the pp/pp experiments offer
direct access to the hadronization of circularly polarized
gluons, which remains poorly known. Therefore, it would
be interesting to compare with the experimental data in
different kinematic regions and learn more of the hadroni-
zation of polarized partons.

III. A HYPERON POLARIZATION IN AA
COLLISIONS

In contrast to pp collisions, heavy-ion collisions exhibit
two key distinguishing features. First, the initial-state

0.6 — - - - - - — _
| ——Sce. 1{] ——Sce. 1
ptp—jet(=A)+Z°+X | Sce. 2 p+p—ojet(m A+ WELX | Sce. 2
0'4f ---Sce.3[| --- Sce.3
- pr.zo > 30 GeV B prwt > 30 GeV il
0.2} pra > 10 GeV Vs=502Tev | pra > 10 GeV Vs = 5.02 TeV
< b, S SO P UUPPPPPPELILE L .
[ e e I
0k 1 ]
—0.2} R yws € (~4,4)
_04; L | L | L | | L | L | | Ak—‘—\———\ | L | | | L | h.r-\‘Ni
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

FIG. 6. Polarization of A hyperon associated with Z° (left) and W* (right) in pp collisions at the LHC energy.
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parton distributions [152] are modified by cold nuclear
matter effects, which can be straightforwardly incorporated
using available global parametrizations such as nCTEQ
[153] and EPPS [154]. In the numerical evaluation, we
employ the CTEQ parametrization [152] for the proton
PDF and the EPPS parametrization [154] for the nuclear
modified one. Second, the formation of the strongly
coupled QGP medium induces jet quenching phenomena,
characterized by parton energy loss and transverse momen-
tum broadening. While momentum quenching has been
extensively studied over the past decades, the correspond-
ing effect on the spin degree of freedom has rarely been
addressed in the literature.

For quark jets, helicity is conserved in gluon radiation,
and therefore quarks do not suffer spin quenching. The
gluon case, however, is more involved. We propose two
phenomenological prescriptions to account for gluon spin
quenching. In the first prescription, the lost energy is
carried away dominantly by a single semihard splitting.
In this case, the helicity of the surviving hard gluon is also
quenched, and the quenching magnitude can be quantified
by the polarized splitting function A; P, which has been
computed up to two-loop accuracy [155,156]. In the second
prescription, the lost energy is carried away by multiple soft
gluons, which have negligible impact on the helicity of the
leading gluon. Thus, the polarization of the leading gluon
remains the same while traversing the QGP medium. A
detailed discussion is presented in Appendix A.

A. Scheme 1: Energy loss due to a
single-hard-branching

In this picture, we assume that a parton loses a small
fraction of its energy through a single-hard-branching
(referred to as SHB in equations and figures) and the
average parton transverse energy loss AE7 is evaluated
within the linear Boltzmann transport (LBT) model
[157-159]. Under this prescription, where heavier quarks
experience less energy loss and gluons lose more energy
than all quarks, we can replace the unpolarized fragmen-
tation function in pp collisions by

vac ﬁ
/§2§5<§_kT+AET>D1'd<§>’ (12)

with k; = pr,/z, the final transverse momentum of the
gluon and AE; the average transverse energy loss. In the
numerical evaluation, we focus on the central (0-10%)
PbPb collisions at /syy = 5.02 TeV. The average trans-
verse energy loss calculated with a realistic QGP medium
as a function of jet transverse momentum is shown in
Appendix B. The normalization is determined according to
the momentum conservation, which reads

Drffzd (Zd

k
> [ dzgza DR (zg) > | dzazaD}(24)-
h / 2424DV (24) kAL 2 / 2a24DY% (24)
(13)

For quarks, helicity conservation ensures that they do not
experience spin quenching while radiating gluons. For
gluons, however, helicity is quenched. The suppression
factor is given by the ratio of polarized to unpolarized
splitting functions, A P (£)/P,,(&). At the leading order
accuracy, we obtain

¢ kT vac Z_d
SHB /525 <§_kr+AET> “"'@<5>’

(14)
dé kp
sle———1T
SHB /526 (5 kr + AET)

X§[1_§(1_§)+(1_€)] vac 2d
1—&(1-2) GlL"(é)
(15)

GiLya(2a)

Gity(za)

B. Scheme 2: Energy loss due
to multiple-soft-branching

In this scenario, the energy loss is computed within the
cascade picture [94-96]. In this model, the in-medium
parton undergoes multiple-soft-branching (referred to as
MSB in equations and figures) to lose a fraction of its
energy. In contrast to the first scenario, since soft gluon
emission does not modify the helicity of the hard gluon, it is
sufficient to replace the unpolarized and polarized frag-
mentation functions with the nuclear modified one given by

d
Dlerzeid(Zd) gf Cdd(é dex)D\lla:i: < g ) s (16)
MSB
d
Gy(ea)| = [ FCule Gt (Z;)’ (17)
MSB

where C,,; is the momentum fraction density of parton d
carrying the momentum fraction & inside the cascade
initialized by parton d and 7,,, is a dimensionless time
quantifying the magnitude of jet quenching. It can be
obtained by solving the in-medium parton evolution
equation derived in Refs. [160-162].

C. Numerical results

As illustrated in Fig. 7, parton energy loss in heavy-ion
collisions leads to a noticeable modification of the
A-hyperon polarization compared with that in pp colli-
sions. This behavior can be understood as follows. Due to
energy loss, the average momentum fraction (z,) in the
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FIG. 7. Polarization of A associated with Z° and W* in pp and AA collisions with two different schemes.

hadronization process shifts to a larger value. On top of
that, the spin transfer from polarized partons to polarized
hadrons is more significant at a larger momentum fraction,
a feature confirmed by LEP. Therefore, the energy loss
effect results in an increase of the polarization rather than a
suppression. Moreover, because of the gluon spin quench-
ing effect is very small, these two energy loss mechanisms
do not result in a significant difference. Nonetheless, this
observable is sensitive to the jet quenching and it would be
interesting to perform a sophisticated Monte-Carlo simu-
lation of interaction between the polarized jet and the QGP
medium.

IV. SUMMARY

In this work, we focus on the weak-boson-associated jet
production in hadronic collisions, and explore its potential
for studying the hadronization of polarized partons. We
demonstrate that the gluon polarization becomes sizable
when there is a rapidity gap with the Z°/W%-boson,
therefore paving the way for studying the circularly
polarized gluons in unpolarized hadron colliders. The
unpolarized colliders such as Tevatron and LHC have
accumulated enormous experimental data, whose analysis
could substantially reduce the ambiguities in the hadroni-
zation models and reveal vital information on the spin
transfers. It is important to note that the single inclusive jet
production are dominated by the strong interaction, where
parity symmetry is conserved. The weak-boson-tagged jet
production process thus offers a unique opportunity to
select parity-violating weak interaction events. Moreover,
this observable is also sensitive to the jet quenching in
relativistic heavy-ion collisions. We investigate two repre-
sentative schemes of the parton energy loss, namely the
single-hard-branching scheme and multiple-soft-branching
scheme. In the SHB case, the gluon loses a small portion of
its polarization, while its polarization remains unquenched
in the MSB. Since the total fractional energy loss is modest,
the spin quenching effect in the SHB is also negligible,

leading both schemes to produce similar nuclear modifi-
cations to the final-state hadron polarization.
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APPENDIX A: SPIN QUENCHING
OF GLUON JETS

While traversing the QGP medium, a circularly polarized
gluon loses a fraction of its energy through medium-
induced gluon radiation. At the same time, its polarization
is also quenched, with the magnitude of this suppression
depending on the specific parton energy-loss mechanism.
To make this connection more transparent, we first recall
the polarized and unpolarized gluon splitting functions
which read

1-¢ ¢
=2N .| —= 1— >
Po(®) = 2N (* 7 el - 9+ 55
P 5, (A1)
(18 -(=g 148
AuPy(e) =N ( e - é)+>
e =2y = 2 51— &). (A2)
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FIG. 8. The surviving gluon polarization after successive

medium-induced branchings as a function of the number of
parton branchings.

The ratio A, P,(&)/Py,(&) characterizes the survival prob-
ability of the gluon’s polarization after one splitting that
loses energy fraction 1 —¢&.

As an illustration, consider a gluon of initial energy E
with helicity 4, = 1. It loses a total energy AE through n
successive splittings with each branching carrying away a
small fraction of its energy. Assuming that after each
branching the retained momentum fractions are approxi-
mately the same, we then obtain the per-branching retained
fraction as x = (1 — AE/E)'/". After n splittings, the
remaining polarization is then given by Adfier/zbefore —
[ALng(x)/ng(x)]n'

The numerical results are shown in Fig. 8 which exhibits
two intricate features. First, the suppression is more pro-
nounced with large total energy loss, reflecting the general

property of polarized splitting function. However, the
polarization loss is in general small. Even a 40% energy
loss only results in a 4% polarization loss. Second, the
surviving gluon polarization increases monotonically with
the number of medium-induced branchings. This behavior
arises because the energy loss per splitting becomes smaller
when the total energy loss AE is distributed over more
branchings, so each individual splitting has a weaker
depolarizing effect. Consequently, the overall polarization
quenching is reduced for large number of branchings n, and
the gluon polarization is nearly preserved in the MSB limit.

To summarize, the polarization loss of the gluon
while traversing the QGP medium depends on energy
loss mechanisms. In the single-hard-branching energy
loss picture, the polarization loss is quantified by
APy (1 —AE/E)/P,(1 - AE/E). On the other hand,
in the multiple-soft-branching picture, the polarization loss
becomes negligible.

APPENDIX B: NUMERICAL RESULTS
FOR THE AVERAGED ENERGY LOSS
IN DIFFERENT SCHEMES

In this work, we employ two distinct models to describe
the parton energy loss, corresponding to SHB and MSB
schemes. We focus on central (0—~10%) Pb + Pb collisions
at SNN = 5.02 TeV.

For the SHB scheme, we perform a Monte-Carlo sim-
ulation utilize the LBT model [159] to simulate the
propagation of hard partons through the QGP medium.
The spacetime evolution profiles of the QGP are generated
by the (3 + 1)-D viscous hydrodynamic model CLVisc
[164-166]. The simulation calculates the parton energy
loss averaged over the hydrodynamic fluctuations and jet
path lengths within the selected centrality class. The

[ | — Light quark jet
45 j ...... Gluon jet
40 | |--- Charm quark jet
351
30

ApT [GGV]

20 7
15F
10 : e

25 ; T

SHB (LBT)

T 1 1! L T
—— Quark jet
------ Gluon jet

1 MSB ]

PT™I0 60 80

pr [GeV]

100 120

40 60 80 100 120
pr [GeV]

FIG. 9. The averaged transverse energy loss AE7 as a function of the initial parton transverse momentum p7. The SHB results (in the
left panel) are obtained using the LBT model coupled with (3 4 1)-dimensional CLVisc hydrodynamic profiles for 0-10% central
Pb + Pb collisions at /syy = 5.02 TeV [164-166]. The MSB results (in the right panel) are calculated using the evolution equation

approach with effective transport parameters (§L?) = 11.7 GeV and @, = 0.3.
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numerical results as a function of jet transverse momentum
is shown in the left panel of Fig. 9.

For the MSB scheme, we describe the medium-induced
parton cascade using an evolution equation approach based
on the BDMPS formalism [94-96]. In this framework, the
evolution is governed by a dimensionless time variable ,

|

which quantifies the accumulated interaction with the
medium.

Let Cj;(¢,7) denote the inclusive momentum fraction
distribution of a parton j carrying a momentum fraction &
relative to the parent parton i at evolution time z. The
evolution equation is given by [130]

0C;(&.7) ! Z,. (¢ ! |
jT = Z / dZICjk(Z)\/éCki E,T — / dZ{Iqu<Z>5qj + Z[/ng(z) +2nf/ng(Z)]5g]}ﬁCﬂ(§, T), (Bl)
k=g.9.q7¢ 0
|
where the splitting kernel functions /C,,(z) are defined as  the distribution at 7,,,,
1— 02 N (1= 2 AE 1
K,y(z) = N, U2 o) N =24 2) (B2) = = 1= [ dECu(E ma). (B6)
& z(1-2) z(1-2) 0
, ; In our numerical calculations for the MSB scheme, we set
K, (2) = Crl+2z® [Nz+Cp(l-2) ’ (B3) the effective transport parameter (§L2) = 11.7 GeV and
a4 2 1-¢ (1 —72) the coupling strength &, = 0.3. As shown in the right panel
of Fig. 9, with these parameters, the magnitude of light
T Cr—N.z(1-72) quark energy loss in the MSB scheme is comparable to that
Kye(z) = 7F (22 + (1 —2)%] Flc—, (B4)  obtained from the LBT simulations in the SHB scheme,
(1-2) although the MSB scheme predicts a larger energy loss for
gluons.
_ Cpl4+(1-2)* IN(1-2)+ Cpz? Currently, our knowledge of the gluon fragmentation
Koq(2) = 2 z z(1-72) ’ (BS) function is still limited, for both unpolarized and polarized

with N. =3, Cr =4/3, and Ty = 1/2. The evolution
equation is solved recursively from the onset of the medium
interaction at 7, = 0 with the initial condition C;(&,79) =
6;;£6(¢ — 1) up to the decoupling time 7,,,s. The parameter
Tmax Characterizes the total magnitude of the jet-medium
interaction. For a static medium of length L and transport

parameter g, it scales as Ty, = @,/gL%/ PTjet-

The average energy loss fraction in the MSB scheme is
determined by the momentum carried away by medium-
induced radiation, calculated from the diagonal element of

cases. The DSV parametrization assumes negligible con-
tributions from the gluon sector at the initial scale. It only
accumulates through DGLAP evolution. As a result, our
numerical calculation is not sensitive to different energy
loss schemes. However, this situation, and the ability to
discriminate different quenching mechanisms, could be
significantly improved once the experimental data from pp
or pp collisions are included in the global analyses.
Therefore, weak-boson-tagged measurements are crucial
not only for constraining the hadronization of polarized
gluons, but also for revealing the nature of their interaction
with the QGP.
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