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In relativistic heavy-ion collisions, a hot and dense state of matter, called the Quark-Gluon Plasma
(QGP), is produced. Semi-inclusive jets recoiling from trigger hadrons of high transverse momenta
(pT) can serve as an effective probe of the QGP properties, as they are expected to experience jet
quenching when traversing the QGP. Recent experimental results on the ratio of recoil jet yields
normalized by the trigger counts in heavy-ion collisions to that in p+p collisions (IAA) pose an
unexpected challenge in its interpretation. It is observed that IAA rises with the jet pT and possibly
exceeds unity at high pT, while traditionally it is expected that jet quenching would lead to IAA < 1.
To address this challenge, we utilize the Linear Boltzmann Transport (LBT) model to simulate jet
transport in the QGP, and study the effect of jet quenching for high-pT triggers and recoil jets
separately on IAA. We find that the quenching of the colored triggers alone is responsible for the
rising trend and larger-than-unity value observed experimentally.

INTRODUCTION

Energetic partons, produced from hard scatterings
with large momentum transfer Q2, undergo a sequence
of splittings (or parton showers) and form collimated
sprays of hadrons known as jets. Since the first observa-
tion of jets [1], they have played a vital role in revealing
properties of Quantum Chromodynamics (QCD) both
in vacuum and at extremely high temperature and den-
sity achieved in relativistic heavy-ion collisions [2–10].
In the latter case, jet partons lose a portion of their
energies while traversing the QCD medium before frag-
menting into hadrons. The significant suppression of
jet production in nucleus-nucleus (A+A) collisions com-
pared to p+p collisions, known as jet quenching, was
considered smoking-gun evidence of the formation of the
color deconfined Quark-Gluon Plasma (QGP) in heavy-
ion collisions [11–13]. Over the past three decades, sig-
nificant efforts have been devoted to understanding the
dynamics of jet-QGP interactions [14, 15] and inferring
QGP properties from jet quenching measurements [16–
18].

The large, fluctuating background in heavy-ion col-
lisions makes measurements designed to reveal jet
quenching highly challenging. Various strategies have
been developed to mitigate these background fluctua-
tion effects, but usually with a price, such as limited
kinematic coverage or biases in jet fragmentation [19–
22]. One particular approach to remove these limita-
tions is to measure jets recoiling from hadron triggers
with high transverse momentum (pT), referred to as
semi-inclusive hadron+jet measurements [23–27]. The
presence of the high-pT trigger can isolate the hard
process of interest in heavy-ion collisions, and thus
strongly suppresses the background contributions. The
semi-inclusive nature of the approach further enables a

complete removal of the remaining combinatorial back-
ground on an ensemble basis. The combination of the
two aspects makes it possible to measure jets with large
radii and down to very low pT (3-5 GeV/c), a unique and
critical phase space for a comprehensive understanding
of the jet-QGP interactions [23–27].
To quantify the parton energy loss, the yield of recoil

jets per trigger hadron is measured in A+A collisions
and compared to that in p+p collisions where the QGP
is not expected to be formed. The corresponding ratio
is denoted:

IAA =
(1/Ntrig)(dNjet/dpT,jet)|AA

(1/Ntrig)(dNjet/dpT,jet)|pp
. (1)

Due to the steeply falling spectrum of the trigger
hadrons, it was perceived that they are dominantly pro-
duced close to the edge of the QGP and escape it with
little energy loss. This is usually referred to as the “sur-
face bias” [28, 29]. Consequently, the recoil jets traverse
a longer path through the QGP than the inclusive jet
sample, resulting in significant energy loss or a shift in
pT,jet. This is expected to manifest as IAA < 1, given
that the baseline of no jet quenching is usually consid-
ered to be IAA = 1. It is also worth highlighting that
Ref. [30] concluded that fluctuations in the parton en-
ergy loss, rather than the surface bias, dominates the
observed di-jet momentum imbalance at the LHC.

A recent measurement with trigger hadrons of 20 <
pT,trig < 50 GeV/c in Pb+Pb collisions at

√
s
NN

=
5.02 TeV by the ALICE experiment at the Large Hadron
Collider (LHC) reveals an unexpected behavior of IAA >
1 for charged-particle jets above 110 GeV/c [24]. This
raises the question whether jet energy loss in the QGP
necessarily results in IAA < 1, and how to interpret
the IAA measurements in general. While the hadron-
triggered jets have been explored in a few theoretical
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studies [31, 32] and the recent experimental observation
has been compared to several model calculations [33–
35], the origin of the unexpected behavior of IAA > 1 has
not been clearly identified. In this work, we will study
the surface bias phenomenon in detail and explore how
it affects the interpretation of the experimental data on
hadron-triggered recoil jets, based on a Linear Boltz-
mann Transport (LBT) model.

LBT MODEL

We use the PYTHIA8 event generator [36, 37] to sim-
ulate the creation of energetic partons from the initial
hard scatterings and their subsequent showering in vac-
uum. The resulting final-state partons from PYTHIA
are fed into the LBT model [38, 39] for further evolution
inside the QGP medium. This includes both elastic and
inelastic scatterings between jet partons and medium
constituent partons, and is known as medium modifi-
cation of the parton shower. The QGP is described by
the relativistic hydrodynamic model VISHNU with an
average profile [40–42].

During the QGP phase, the phase space distribution
of jet partons, fa(t, x⃗a, p⃗a), evolves according to the
Boltzmann equation as:

pa · ∂fa = Ea

[
Cel(fa) + C inel(fa

)
], (2)

where pa = (Ea, p⃗a) is the four-momentum of the jet
parton, and Cel and C inel are the collision integrals for
elastic and inelastic scatterings respectively. From Cel,
one can extract the elastic scattering rate of a single jet
parton as

Γel
a (Ea, T ) =

∑
b,(cd)

γb
2Ea

∫ ∏
i=b,c,d

d3pi
Ei(2π)3

fb(Eb, T )

× [1± fc(Ec, T )][1± fd(Ed, T )]S2(ŝ, t̂, û)

× (2π)4δ(4)(pa + pb − pc − pd)|Mab→cd|2, (3)

where the sum runs over all possible scattering chan-
nels ab → cd, with b being a thermal parton from
the medium, c and d being the final states of a and
b respectively. In the equation above, γb is the spin-
color degree of freedom for b, fi (i = b, c, d) takes
the Bose/Fermi distribution for gluons/quarks in the
medium rest frame, |Mab→cd|2 is the scattering ampli-
tude of a 2 → 2 process that is proportional to α2

s

(strong coupling strength). The double-theta function
S2(ŝ, t̂, û) = θ(ŝ ≥ 2µ2

D) θ(−ŝ + µ2
D ≤ t̂ ≤ −µ2

D) is in-
troduced to avoid the divergence of the leading-order
matrix element, where ŝ, t̂, û are the Mandelstam vari-
ables and µ2

D = 4παsT
2(Nc + Nf/2)/3 is the Debye

screening mass, with Nc and Nf being the color and
flavor numbers.

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

Γinel
a (Ea, T, t) =

∫
dzdk2⊥

1

1 + δag
dNa

g

dzdk2⊥dt
, (4)

where the emitted gluon spectrum dNa
g /(dzdk

2
⊥dt) is

taken from the higher-twist energy loss calculation [43–
45], and δag is applied to avoid double counting in eval-
uating the g → gg rate from its splitting function. The
medium effect on this gluon spectrum is absorbed in a
jet quenching parameter that further relies on αs. In the
end, αs is the sole parameter used in this LBT model.
With these differential and integrated rates, one can im-
plement Monte-Carlo (MC) simulations of parton-QGP
interactions.

We start the interaction at tinit = max(τ0, τform),
where τ0 = 0.6 fm/c is the initial time of the hydro-
dynamic evolution of the QGP, and τform = 2Ez(1 −
z)/k2⊥ is the parton formation time extracted from the
PYTHIA simulation [46], with E being the energy of
the parton’s ancestor produced from the initial hard
scattering, z being the fractional energy taken from its
ancestor, and k⊥ being its transverse momentum with
respect to its ancestor. Possible nuclear modification
of a highly virtual parton before τform is beyond the
applicability of our transport model, and it can be de-
scribed by medium-modified parton shower models like
Q-PYTHIA [47] and MATTER [48]. During parton-
QGP scatterings after tinit, we track not only the final
states of the primordial jet partons and their emitted
gluons, but also thermal partons scattered out of the
medium (“recoil partons”) and the associated energy
depletion inside the medium (“back-reaction” or “nega-
tive partons”). Recoil partons can further scatter with
the QGP in the same way as jet partons do. Such in-
teractions are iterated for each parton until it exits the
QGP, i.e., when its local temperature is below 165 MeV.
In the end, we cluster the final-state partons into jets
of various radii (R) using the Fastjet package [49] with
the anti-kT algorithm [50], which has been modified to
subtract the momenta of “negative” partons from those
of regular ones [51].

The hadronization process has not been implemented
for the results presented in this work. Although this
may prevent a quantitative comparison to the experi-
mental data, we do not expect it to affect our qualita-
tive conclusion, since the convoluted effects of energy
loss and surface bias are already present at the par-
ton level before they fragment into (trigger) hadrons.
With this setup, we will use αs = 0.3, which provides
a reasonable description of yield suppression for inclu-
sive jets measured at the Relativistic Heavy Ion Collider
(RHIC) [46].
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NUCLEAR MODIFICATION OF
PARTON-TRIGGERED JETS

To study the surface bias of high-pT colored triggers,
we start with examining the initial production vertices
of these triggers in the transverse (x-y) plane for 0-10%
(central with small impact parameter) Au+Au collisions
at

√
s
NN

= 200 GeV and Pb+Pb collisions at
√
s
NN

= 5.02 TeV in Fig. 1. To help visualize the degree
of surface bias, we rotate the coordinate vector in the
transverse plane (r⃗T) of each initial hard scattering (de-
termined by a MC-Glauber model [52]) such that the
transverse momentum of the final-state trigger aligns
with the +x̂ direction, defined by the impact parameter
between the two colliding nuclei. As a reference, the
distributions of the inclusive parton production vertices
are also shown in panels (a) and (c), which are symmet-
ric against the center (x, y) = (0, 0) as expected. For
triggering partons, i.e., those within a specific high-pT
range after traversing the QGP, their production ver-
tices are clearly skewed away from the center, as shown
in panels (b) and (d). The deviation from the center
is about 2 fm, inline with the perceived surface bias.
However, there are still a large fraction of triggers that
lose energy before emerging from the medium, which
have a crucial impact on the interpretation of the IAA

measurement, as discussed later.

To further quantify the energy loss of trigger partons,
distributions of their lost energies are shown in Fig. 2
for various pT,trig ranges. Here, for each trigger par-
ton appearing in an LBT event, we search for its origin
from the corresponding PYTHIA event. The origin is
identified as the hardest parton in the PYTHIA event
within a cone of 0.2 with respect to the trigger parton
from LBT. The energy loss is then defined as the pT
difference between a given trigger parton in LBT and
its origin: ∆pT = pPYTHIA

T − pT,trig. Since there could
be mismatch between the trigger parton and its origin
due to a large angle scattering, a negative ∆pT is oc-
casionally observed but with a very small probability.
On the other hand, rare, but extremely large, energy
losses could originate from medium-induced hard split-
tings. It is also worth pointing out that energy losses
could become greater than the trigger partons’ ener-
gies after escaping the QGP, i.e., ∆pT > pT,trig, as a
result of the original partons interacting significantly
with the medium. From Fig. 2, we note only about 37%
of the triggers lose little energy (less than 1 GeV/c)
for the selection of 20 < pT,trig < 50 GeV/c in central
Pb+Pb collisions, while this fraction is about 70% for
9 < pT,trig < 11 GeV/c in central Au+Au collisions.
This is inline with the observation in Fig. 1 that a large
fraction of triggers is produced away from the edge of
the medium and thus can lose a significant amount of
energy. Compared to the 20-50 GeV/c triggers in 5.02
TeV Pb+Pb collisions, the deviation from the center
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Figure 1: Distributions of parton production vertices in
the transverse plane. Top panel: inclusive events (a) and
events containing a trigger with 20 < pT < 50 GeV/c (b)
in Pb+Pb collisions at

√
sNN = 5.02 TeV. Bottom panel:

inclusive events (c) and events containing a trigger with
9 < pT < 11 GeV/c (d) in Au+Au collisions at

√
sNN =

200 GeV. All distributions are normalized to 1.

is smaller for 9-11 GeV/c triggers in 200 GeV Au+Au
collisions (Fig. 1 (b) and (d)) despite the larger frac-
tion that lose no energy. This is due to a hotter and
denser QGP being created at 5.02 TeV which leads to
larger energy loss per unit pathlength. In Fig. 2, we also
compare different pT,trig ranges. Contrary to naive ex-
pectations of a stronger surface bias or less energy loss
for higher-pT triggers, the opposite is observed. This is
understood as being due to the harder (flatter) parton
spectrum at higher pT. For this reason, partons within
a higher pT,trig range receive larger contributions from
even higher-pT partons with stronger energy loss, and
thus experience weaker surface bias.

With the improved knowledge on surface bias for trig-
ger partons, we will further explore its effects on the
recoil jets next. In Fig. 3, we compare our model cal-
culation on the nuclear modification of parton-triggered
partonic jets to the measurements of charged hadron-
triggered charged-particle jets in Pb+Pb collisions at√
sNN = 5.02 TeV [24] and π0-triggered charged-particle

jets in Au+Au collisions at
√
sNN = 200 GeV [26, 27].

Here, ILBT
AA is defined as the ratio of the recoil jet spec-

tra per trigger between LBT (with energy loss) and
PYTHIA (without energy loss). Recoil jets are selected
within the azimuthal region of (3π/4, 5π/4) for Au+Au
calculation and (π − 0.6, π + 0.6) for Pb+Pb with re-
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Figure 2: Distributions of the energy loss for parton trig-
gers inside the QGP within various pT,trig intervals in 0-10%
Pb+Pb (a) and Au+Au (b) collisions.

spect to the trigger particle, in order to match those
used experimentally [24, 26, 27]. As seen in Fig. 3, the
rising trend of IAA with pT,jet, especially as observed
in the ALICE data, can be qualitatively reproduced by
the LBT model that takes into account the energy loss
of both trigger particles and recoil jets. ILBT

AA is below
one at low pT,jet, an expected signal of jet quenching,
but increases to be above one at high pT,jet. While the
increase of IAA with pT,jet could be partly understood
from the flatter spectra at higher pT,jet, IAA > 1 at
high-pT,jet is not expected from the general picture of
jet quenching.

To understand this puzzling observation from both
experimental data and our LBT calculations, we con-
struct a hybrid sample, i.e., for each trigger parton in
LBT, recoil jets are constructed from the correspond-
ing PYTHIA event within the same aforementioned az-
imuthal angle region relative to the trigger. Using this
hybrid sample, we define the “true” baseline of no jet
quenching (IbaselineAA ) according to Eq. (1), where the nu-

merator is constructed with NLBT
trig that includes the en-

ergy loss effect and recoil jets in PYTHIA that do not.
As shown in Fig. 3, IbaselineAA is close to one at low pT
but rises above one as pT,jet increases. Since the same
pT,trig range is used for measuring recoil jet spectra in
A+A and p+p collisions, the energy loss of trigger parti-
cles in A+A collisions results in them having originated
from higher-Q2 processes, and thus a harder recoil jet
spectrum than that in p+p collisions. This leads to a
significant increase in IbaselineAA with pT,jet, far surpass-
ing one at high pT,jet. Because of the harder spectrum,
IbaselineAA < 1 could also occur at very low pT,jet. By
comparing ILBT

AA to IbaselineAA , a clear suppression of the
semi-inclusive recoil jet spectrum in A+A vs. p+p col-
lisions is seen, as originally expected from jet quench-
ing. Therefore, the puzzling increase of IAA observed
experimentally can be explained by the energy loss of
high-pT colored triggers, i.e., IAA > 1 can still signal jet
quenching given that the baseline of unquenched jets is
no longer at unity as naively expected.
For a more differential study on jet quenching, we

present in Fig. 4 the IbaselineAA and ILBT
AA of R = 0.2 jets

within three different pT,trig ranges in central Au+Au
collisions. For all the pT,trig ranges used here, ILBT

AA is
less than one at low pT,jet, and increases above one at
high pT,jet. For IbaselineAA , it stays close to one in the
pT,jet regime compatible to the pT,trig range before ris-
ing quickly up to about 4 at high pT,jet. In the pT,jet

range examined here, the baseline actually gets closer
to one with increasing pT,trig, which is likely caused by
the combined effects of flatter recoil jet spectrum and
smaller relative increase in the initial Q2 from PYTHIA
to LBT events at higher pT,trig.

SUMMARY

While it was widely assumed that jet quenching
should lead to a suppression of hadron-triggered jets at
high pT,jet (IAA < 1), the recent ALICE data on IAA in
central Pb+Pb collisions at

√
s
NN

= 5.02 TeV present
a challenge in understanding its rising trend and value
above one. Using a transport model with parton-level
information, we critically re-examine the surface bias
and energy loss effects on trigger particles. Because the
experimental data is presented at the particle level, di-
rect quantitative comparison to our parton-level results
is not possible. Nevertheless, we can draw qualitative
conclusions since the effects of energy loss and surface
bias already occur at the parton level. We found that
while surface bias does exist, there are still a large frac-
tion of triggers being produced deep inside the QGP
and suffering from considerable energy loss before be-
ing observed. Given that IAA represents the ratio of
recoil jet spectra in A+A and p+p collisions within the
same pT,trig range, the energy loss of triggers enhances
IAA to be significantly larger than the initially assumed
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Figure 3: Left two panels: the parton-triggered partonic jet IAA from the LBT calculation (solid band) compared to the
ALICE data on charged hadron-triggered charged-particle jets in 0-10% Pb+Pb collisions at

√
sNN = 5.02 TeV for jet radii

of R = 0.2 (a) and 0.4 (b). The IbaselineAA (hatched bands) is also shown for comparison. Right two panels: similar to the
left two panels, but for IAA in 0-10% Au+Au collisions at

√
sNN = 200 GeV compared to STAR results of π0-triggered

charged-particle jets in 0-15% centrality interval for jets with R = 0.2 (c) and 0.5 (d). The bands represent statistical errors
in model calculations.
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value of one for unquenched recoil jets. This enhanced
baseline indicates that experimental measurements of
IAA > 1 could still signal jet quenching. These findings
illustrate the complexities in interpreting semi-inclusive
hadron+jet measurements since the true baseline ac-
counting for the trigger energy loss could not be ob-
tained experimentally. However, this in turn also pro-
vides stronger constraints on model calculations since
they need to correctly and coherently describe both the
trigger and recoil jet energy loss. Alternatively, one can
seek to use triggers that do not experience jet quenching
in the QGP, e.g. photons, such that the IAA baseline
stays at one, while still maintaining the technical ad-
vantages brought by the semi-inclusive approach.
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