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Background-free signal of a jet-induced diffusion wake in quark-gluon plasma
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Rapidity asymmetry of jet-hadron correlation has been proposed as a robust signal of dijet-induced diffusion
wake in quark-gluon plasma in high-energy heavy-ion collisions. We generalize this observable to other jet
configurations such as y/Z° jets and propose a new method to compute the rapidity asymmetry that is free of
background. In this new method, the rapidity of the trigger is fixed or restricted to a symmetrical range while
the rapidity of the associated jet is varied. The rapidity asymmetry is defined as the difference between the
hadron rapidity distribution in the opposite azimuthal direction of the jet (or the same direction of the trigger)
with different associated jet rapidities. Since the background in this hadron rapidity distribution with different
associated jet rapidity is identical, it will be completely canceled in the rapidity asymmetry. Such background-
free rapidity asymmetry caused by jet-induced diffusion wake is demonstrated in CoLBT-hydro simulations
of dijets and y-jets in Pb + Pb collisions at the CERN Large Hadron Collider, which weakens as hadron pr
increases, and subtraction of a p + p baseline has a negligible effect.
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Introduction. Jet-induced diffusion wake is part of the
medium response [1-15] to the interaction between a prop-
agating jet and the quark-gluon plasma (QGP) [16-27]
in high-energy heavy-ion collisions. Experimental measure-
ments of such jet-induced medium response can help shed
lights on the jet quenching mechanism, thermalization and
properties of QGP. With many theoretical and phenomeno-
logical studies [28—-42] of the consequences of the jet-induced
medium response, experimental measurements of medium
modification of jet substructures and correlations [43-47]
so far still have not identified unambiguously effects of the
medium response since they often entangle with the effects of
medium-induced gluon radiation in the direction of the prop-
agating jets. Though the depletion of soft hadron yield by the
diffusion wake is unique, the smallness of the signal can still
be overwhelmed by other effects [33,46,48] and is difficult
to measure. Motivated by a proposal and model calculation
of the two-dimensional (2D) jet-hadron correlation in rapidity
and azimuthal angle [49], in which diffusion wake manifests
as a valley structure on top of a multiple-parton-interaction
(MPI) ridge, ATLAS and CMS Collaboration have indeed
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observed recently the direct evidence of diffusion wake in
jet—hadron correlation in y-jet events [50] and Z°-hadron cor-
relations in Z°-jet events [51,52], respectively. More recently,
we have proposed a new observable to search for the signal of
diffusion wake in dijet events. This novel approach not only
overcomes the limited availability of Z/y-jet events in earlier
measurements but also relaxes stringent detector requirements
and background subtractions, thereby enabling experimental
measurements at both the BNL Relativistic Heavy Ion Col-
lider (RHIC) and CERN Large Hadron Collider (LHC) with
increased statistics and less background contamination.

The key challenge in searching for the jet-induced dif-
fusion wake lies in distinguishing particles produced by the
jet-induced medium response from those originating from jet
hadronization and the underlying QGP background. In the-
oretical calculations, the separation is straightforward. One
can look for signals away from jets and unambiguously tag
particles as either jet-induced or background, yielding a clean
signal of the diffusion wake. In experimental measurements,
however, particles from medium response and the background
are both soft with signal to background ratio in the order
of a small fraction of a percentage. Separating such a small
signal from a huge background is extremely challenging if
not impossible. ATLAS constructs the observable as the ratio
of the same-event jet-hadron correlation to the mixed-event
correlation, without performing an explicit background sub-
traction [50], leading to a very weak signal of diffusion wake
~0.5%, consistent with our model calculation. In contrast,
CMS first uses mixed events to estimate the QGP background
and then subtracts this background from the raw Z-hadron
rapidity correlation [52], enabling the extraction of a clear
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signal of diffusion wake. However, because of particle-
number conservation, this mixed-event method also produces
a negative Z-hadron correlation in the Z direction in p + p
collisions. Though the shape of such a negative Z°-hadron
correlation in p+ p due to event-mixing is very different
from that in Pb + Pb collisions, it still casts a shadow on the
genuineness of the observed signal of the diffusion wake. It
is, therefore, crucial to devise a new observable that can be
used to identify the diffusion-wake signal without performing
background subtraction.

Our analysis of diffusion wakes in dijet events shows that
the jet-hadron rapidity correlations become strikingly asym-
metric when we compare events with no/small and large
dijet rapidity gaps [53]. This asymmetry offers unambigu-
ous evidence for the presence of the diffusion wake in dijet
events and it is close to background-free because the QGP
background should be in principle unaffected by the dijet
rapidity gap. For fixed rapidity gap of dijet, the rapidity of
leading jet itself can still be different with different pro-
duction cross section. This will lead to a slightly different
hadron rapidity distribution in the direction of the trigger
where one is looking for the diffusion wake signal. Conse-
quently, the asymmetry in the jet-hadron correlation is not
entirely free of the background which still needs to be sub-
tracted. Furthermore, the jet-hadron correlation involves jets
with non-zero rapidity, a rapidity-dependent efficiency along
the longitudinal direction will make measuring the asymmetry
difficult.

To overcome the issues described above, one should avoid
the background’s dependence on jet rapidity. A practical
solution is to replace the conventional jet-hadron rapidity cor-
relation with an analysis of the hadron rapidity distribution
alone for given or fixed range of the trigger rapidity, either
the leading jet in dijet events or y/Z° in y /Z°-jet events. In
this paper, we show the rapidity asymmetry, defined as the
difference between hadron rapidity distributions with different
associated jet rapidities in y-jet and dijet events, is a clear and
unambiguous signal of the diffusion wake and is genuinely
background-free. Such measurement is also straightforward
since the raw hadron rapidity distribution is easy to measure
experimentally.

Rapidity asymmetry in y jets. We use the coupled linear
Boltzmann transport hydrodynamic (CoLBT-hydro) model
[33,35,54] to simulate the y-jet production and transport in
the QGP medium in 0-10 % Pb + Pb collisions at /s = 5.02
TeV. The initial condition for the bulk matter production in
CoLBT-hydro is provided by the Trento model [55] which
is also used to sample the initial transverse position for the
hard processes. The initial y-jet configuration is generated by
PYTHIAS [56-58] with kinetic cuts, p’} > 100 GeV/c and
[n,| < 1.44. Final jets are reconstructed using FASTJET [59]

with anti-k7 algorithm. We choose R = 0.4 and require p’y' >
50 GeV/c and |njet| < 1.6.

Since the diffusion wake depletes soft hadrons in the op-
posite direction of the jet, we first suppress contributions
from jet fragmentation by selecting final-state hadrons with
APIM = |¢y, — ¢ier| > 7 /2. Next, we divide y-jet events into
two rapidity classes: njec > 0.0 and nje, < 0.0. Our previous

studies show that the “valley” in the hadron rapidity distri-
bution produced by the diffusion wake is tied to the rapidity
of the propagating jet that induces the medium response. By
separating events this way, the valleys in the two cases appear
at different positions along the rapidity direction, leading to a
clear rapidity asymmetry, which is defined as the difference
between the hadron rapidity distributions in the two cases,
as a consequence of the jet-induced diffusion wakes. As a
convention in our analysis, we require 7j; > 0.0, so that the
signal of the diffusion wake appears in the positive rapidity
region.

We first show in Figs. 1(a) and 1(b) the total hadron rapidity
distributions in the opposite azimuthal direction of the jet from
the CoLBT-hydro simulations with two jet rapidity ranges
(red and blue bands). In this work, unless otherwise specified,
the widths of the bands in all figures represent the statistical
uncertainties. In both transverse momentum intervals, p. =
1-2 GeV/c and pl. = 2-4 GeV /c, the distributions are almost
symmetric in rapidity and we observe no apparent differences
between the case for nje; > 0.0 (red bands) and for n;e, < 0.0
(blue bands), because the total distributions are dominated
by hadrons from the hadronization of the bulk QGP back-
ground which is strictly symmetric in rapidity. The effect of
the diffusion wake in the order of a fraction of a percentage is
difficult to be recognizable. This is consistent with the ATLAS
measurement [50]. The similar distributions in Figs. 1(a) and
1(b) for different jet rapidity ranges also indicate that the QGP
background in these two cases is nearly identical. In Figs. 1(c)
and 1(d), we subtract the theoretical background which is
obtained by running the CoLBT-hydro model with the same
initial conditions but without jets. The valley in rapidity on top
of the hadron distribution from MPI is caused by the diffusion
wake as shown in the previous study [49]. One can clearly see
that the position of the valley changes with the rapidity of the
jet.

To avoid background subtraction which is difficult in
experiments, we propose to calculate the rapidity asymmetry
as the difference between the two hadron rapidity distributions
[in Figs. 1(a) and 1(b)] for events with two different cases of
jet rapidity as shown in Fig. 2. The QGP background should
be canceled in this asymmetry. In the left panel [Fig. 2(a)], the
black curve represents the asymmetry for soft-hadrons with
1 < ph <2 GeV/c. For jets with 7 > 0.0, the diffusion
wake induces a depletion of soft hadrons near n, ~ 0.8, while
for njer < 0.0 the depletion occurs around 7, ~ —0.8, as seen
in Figs. 1(c) and 1(d). The difference between these two
rapidity selections thus produces an asymmetric soft-hadron
rapidity distribution, an unambiguous signal of the diffusion
wake in high-energy heavy-ion collisions without background
subtraction. In 2 < p}} < 4 GeV/c range (blue curve), the
medium-response effect is small and there is no clear
distinction between the hadron rapidity distributions for
different jet rapidity selections. Therefore rapidity asymmetry
is very small.

In the right panel of the figure [Fig. 2(b)], we also sub-
tract the corresponding hadron rapidity distributions in p + p
collisions to obtain the pure medium modification. We find
that the p + p baseline has a negligible effect, confirming that
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FIG. 1. Rapidity distributions of soft hadrons in the opposite direction of jet within p/ € (1,2) GeV/c (a), (c) and p € (2,4) GeV/c
(b), (d) in 0-10 % Pb + Pb collisions at 5.02 TeV. The upper panel includes hydro background and lower panel has the hydro background
subtracted. The red band is from the case of n;,; > 0.0 and blue band is from the case of n;,; < 0.0, respectively.
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FIG. 2. Rapidity asymmetry between soft hadron rapidity distributions in the opposite direction of the jet (A@jen > 7 /2.0) in two different
classes of y jets: (1) njer > 0.0 and (2) mjer < 0.0 for p € (1, 2) GeV/c (black lines with gray bands) and p! € (2, 4) GeV/c (blue lines with
blue bands). The left panel is for 0-10 % Pb + Pb collisions and right panel has the p + p baseline subtracted.
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FIG. 3. Rapidity asymmetry between soft hadron rapidity distributions in the direction of the leading jet (A@je, n < 7/2.0) in two different
classes of dijets: (1) Mjet, Mjet, > 0 and (2) Mjer, Njer, < 0, for p’} € [1.0,2.0] GeV/c (black lines with gray bands) and p’} € [2.0,4.0] GeV/c
(blue lines with blue bands). The left panel is for 0-10 % Pb + Pb collisions and the right panel has the p + p baseline subtracted.

the asymmetric rapidity distribution is indeed caused by the
jet-induced diffusion wake.

Such an analysis can also be performed using the pho-
ton direction as the azimuthal reference for hadron selection.
Since the photon and the leading jet are nearly back-to-back in
azimuthal angle, using the photon as the reference is expected
to yield very similar results, with only minor differences
in hadron selection. Therefore, in future experimental mea-
surements, one can choose the reference that best suits the
experimental setup when searching for signal of the diffusion
wake.

Rapidity asymmetry in dijets. The above analysis can also
be applied to dijet events in high-energy heavy-ion collisions.
We again use the CoLBT-hydro model to simulate transport of
dijets in QGP and calculate the rapidity asymmetry in central
0-10 % Pb + Pb collisions at 4/s = 5.02 GeV. We select dijets

with the transverse momentum p';t‘ > 120 GeV/c for the

leading jet and Tetz > 90 GeV/c for the subleading jet. The
rapidity cut of dijet is |njey, jer,| < 1.6. In addition, we impose
| Aiet, jet, | > /2 to ensure that the leading and subleading
jets are approximately back-to-back.

We treat the leading jet as a trigger, analogous to the y
trigger in y-jet events, and require Agje, v < 7 /2.0 to select
particles on the away side of the subleading jet. The rapidity
distribution of these soft hadrons should contain information
about the diffusion wake from the subleading jet. As a con-
vention in the calculation, we require 7;e;, > 0 and invert the
rapidity when nj, < 0. We divide events into two classes
according to the relative positions of the two jets in rapidity:
(1) Njet, Mjer, > 0, for two jets in the same hemisphere with
small dijet rapidity gap and (2) njet, jer, < 0, for two jets in the
opposite hemisphere with large dijet rapidity gap. This strat-
egy allows us to position the diffusion wake of the subleading
jet in different rapidity regions in the two classes of events,
while ensuring the soft-hadron enhancement induced by the

leading jet happens in the same rapidity region. Consequently,
in the rapidity asymmetry or the difference between the rapid-
ity distributions of the selected soft hadrons in the two classes
of events, not only the hydrodynamic background is canceled
but also soft hadrons from the wake front and medium-
induced gluon radiation of the leading jet are suppressed.

As shown in Fig. 3(a), a similar rapidity asymmetry is
observed for p}} € [1.0, 2.0] GeV/c. The dip near n;, ~ —1.0
mainly comes from the diffusion wake of the subleading
jet in the nje, Njer, < O configuration, while the enhancement
around 1, & 1.0 is due to the diffusion wake of the subleading
jet in the njer, jer, > O class. Such an asymmetric structure
serves as a robust signal of the diffusion wake in dijet events
without any background subtraction. This asymmetry is com-
pletely negligible for ph € (2.0,4.0) GeV/c, as effects of
the medium response diminish with increasing hadron pr. In
Fig. 3(b), we again show that subtracting the p + p baseline
does not have any visible effect on rapidity asymmetry, con-
sistent with our observations in y -jet events.

Summary. In this work, we introduce a novel strategy to
identify jet—induced diffusion wake in y-jet in high-energy
heavy-ion collisions. By examining the hadron rapidity dis-
tributions along the opposite direction of the associated jet
and their dependence on hadron pr and jet rapidity, we find a
distinctive asymmetry that emerges when contrasting distribu-
tions between different jet rapidity. Crucially, this observable
is intrinsically free of uncorrelated background, offering a
clean and experimentally accessible signal of the diffusion
wake.

We further validate this background-free approach in dijet
events, where it remains equally effective. This straightfor-
ward extension enables a systematic search for diffusion-wake
across different jet topologies in high-energy heavy-ion
collisions, without the need for background subtraction,
greatly facilitating the experimental exploration of diffusion
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wakes and jet-induced Mach-cone in high-energy heavy-ion
collisions.
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