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Medium-assisted enhancement of x.,(3872) production from small to large colliding systems
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Studies of exotic hadrons such as the x.;(3872) state provide crucial insights into the fundamental force
governing the strong interaction dynamics, with an emerging frontier to investigate their production in high
energy collisions where a partonic medium is present. The latest experimental measurements from the Large
Hadron Collider show an intriguing evolution pattern of the x.(3872)-to-1(2S) yield ratio from proton-proton
collisions with increasing multiplicities toward proton-lead and lead-lead collisions. Here we propose a mecha-
nism of medium-assisted enhancement for the x.; (3872) production, which competes with the more conventional
absorption-induced suppression and results in a nonmonotonic trend from small to large colliding systems.
Realistic simulations from this model offer a quantitative description of all available data. Predictions are made
for the centrality dependence of this observable in PbPb collisions as well as for its system-size dependence from
OO and ArAr to XeXe and PbPb collisions. In both cases, a nonmonotonic behavior emerges as the imprint of
the competition between enhancement and suppression and can be readily tested by future data.
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Introduction. The overwhelming majority of the energy
and mass in the visible component of our universe comes
from the strongly interacting elementary particles, or hadrons,
such as protons, neutrons, and pions. According to the funda-
mental theory of elementary particles known as the Standard
Model, these hadrons are themselves made from quarks and
antiquarks whose interactions are governed by a basic theory
of strong interaction—the quantum chromodynamics (QCD).
While the QCD equations are known, their full consequences
are difficult to decipher. One of the outstanding challenges is
the so-called exotic hadrons, whose quark (antiquark) config-
urations do not follow the established normal patterns of three
quarks forming a baryon (such as the protons and neutrons)
and a quark-anti-quark pair forming a meson (like pions).

A most notable example of such states is the x.;(3872)
particle, also commonly known as X (3872), discovered by
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the Belle experiment [1] in 2003. Its quark content consists
of a pair of charm and anticharm quarks as well as another
pair of light flavor quark and antiquark, i.e., ccgg. Subse-
quently, extensive efforts [2—17] have been made to measure
its quantum numbers as well as to find many other candidates
of exotic hadrons. There are many open questions in this
very active research frontier: What kinds of exotic hadrons
could exist? What are the internal structures and properties
of them? What are their production and decay mechanism?
While properties of x.1(3872) have been studied at multi-
ple colliders, physicists remain puzzled by the nature of this
particle despite 20 years past its initial discovery, with mul-
tiple interpretations being proposed for its internal structures,
such as a large-size hadronic molecule versus a compact-size
tetraquark state. See recent reviews in, e.g., Refs. [18-28].
Another avenue of investigating exotic hadrons has recently
emerged and is rapidly developing, namely, to study their
formation in high-energy hadron and nuclear collisions where
a partonic medium is present. In such collisions, a fireball
with many light flavor quarks (antiquarks) (on the order
of hundreds to thousands depending on colliding systems)
is created together with a considerable number of charm
quarks (antiquarks). This provides an ideal environment for
creating heavy flavor exotic states and probing their proper-
ties, as demonstrated in the latest theoretical works [29—49].
Most importantly, experimental measurements of x.;(3872)
production in these collisions have started to arrive in the
last few years, including LHCb data from high multiplicity
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FIG. 1. Individual contributions from absorption-induced sup-
pression (red) and medium-assisted enhancement (green) as well as
the overall R 4. (blue) are plotted as functions of the QGP “brick”
length (in fm unit). The QGP is set at a temperature of 360 MeV
corresponding to an entropy density of 105 fm~. The dashed line
represents a baseline of Rq. = 1 in the absence of any medium
effect.

proton-proton (pp) collisions [50] and proton-lead (pPb) col-
lisions [51], as well as CMS data from lead-lead (PbPb)
collisions [8] at the Large Hadron Collider (LHC). Already,
this first batch of empirical information shows an unusual
pattern of the partonic medium’s influence on the x.;(3872)
yield with respect to the yield of another particle called v (25),
which is a normal hadronic state serving as a benchmark for
comparison by virtue of its similar heavy flavor content and
decay channel (J/Wrm) as well as close mass value to the
exotic x.1(3872). (These data points are shown in Fig. 2.) The
LHCDb pp results suggest the yield ratio of x.;(3872) relative
to ¥ (2S5) decreases with increasing event multiplicity, which
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FIG. 2. A comparison of the x.(3872) yield relative to ¥ (25)
between model simulation results (blue curve) and experimental data
from LHCb pp collisions at +/Syy = 8 TeV (red circle), LHCb pPb
collisions at +/Syy = 8.16 TeV (orange triangle), and CMS PbPb
collisions at /Syy = 5.02 TeV (green box) [8,50,51]. The model
parameters are determined from the global fitting analysis with the
blue band showing the 1o level uncertainty. (See text for details.)

would hint at a suppression effect due to the medium. On
the other hand, the LHCb pPb results and the CMS PbPb
results, for which the generated medium is expected to be
larger in terms of parton density and system size as compared
with pp collisions, show a strong increase in this observable,
which would indicate an opposite trend to the pp results. So
far, there has lacked a consistent explanation that reconciles
this intriguing behavior of x.1(3872) production from small
to large colliding systems. In this Letter, we present a phe-
nomenological model for the partonic medium attenuation
effects on the production of x.;(3872) in high energy hadron
and nuclear collisions. In particular, a mechanism of medium-
assisted enhancement effect will be proposed which competes
with the more conventional absorption-induced suppression
effect. Based on this important feature, it will first be demon-
strated qualitatively how the competition leads to a nontrival
pattern in the yield ratio of x.;(3872) relative to the ¥ (25)
while the partonic medium evolves from the smaller to the
larger systems. We will then utilize realistic simulations to
show how such a model offers the first quantitative description
of all available experimental data. Predictions will also be
made for observables that can be verified in the future.

Method. In the high pr region where recent CMS and
LHCb measurements were made, the production of 1 (25)
and x.;(3872) should dominantly come from virtual c¢ pairs
generated in the initial hard scatterings. Suppose the num-
ber of such pairs that would eventually turn into 1 (2S) and
Xc1(3872), in the absence of any medium effect, would be
Ny@s) and Ny, respectively. However, in nucleus-nucleus
(AA) or high-multiplicity pp and proton-nucleus (pA) colli-
sions, these pairs will need to first travel through the created
partonic medium before producing those final hadrons. The
influence of the medium on the evolution of such c¢ pairs is
the focus of our analysis.

The first important effect is the medium absorption. Ran-
dom collisions with quarks and gluons from the medium result
in the dissociation of the correlated comoving c¢ pair, which
is akin to the well-known J/W suppression as well as jet
quenching that have been observed in AA collisions [52,53].

We model this effect as the geometric absorption along the
in-medium path of a ¢¢ pair,

dn; N !

i a;n(x)N;j, ey
where i — ¥ (25), x.1(3872). The n(x) is the local parton
density of the medium along the path of a surviving c¢ pair.
The coefficient «; describes the likelihood of a given state
to be dissociated, with the dimension of a cross section.
In the studies of production for normal charmonium and bot-
tomonium states, it is often assumed that higher mass states
with less binding energy would suffer stronger absorption
effect [52-57]. However, given the theoretical uncertainty
concerning x.1(3872) structures, let us not assume the relative
relation of absorption effect between y.;(3872) and ¥ (25)
and use experimental data to determine this. As is typically
done in geometric models for jet energy loss or for charmo-
nium suppression, one can evaluate the overall suppression
by first integrating the above equation along any given path,
then averaging over all possible in-medium paths, and finally
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averaging over collision events. This leads to the following
expression for the suppression factor of 1 (25):

R\//(2S) — <<e—01¢(2S) .fpalh n(X)dX»’ (2)

where the notation ((...)) means ({...)pam)event. We note that
such a suppression effect applies similarly to the y.(3872)
production. For y.;(3872), however, there is another medium
effect that can actually help enhance its production. In
addition to the cc, the formation of x.(3872) requires
two light quarks (antiquarks). Scatterings with the partonic
medium, which serves as a reservoir of numerous light
quarks (antiquarks), could lead to “picking up” of light
quarks (antiquarks) which then comove with the c¢ pair.
This enhances the probability to form the y.(3872) state
in the end. One could consider this as a two-step process,
in which the c¢ pair picks up the first needed light parton
and subsequently a second needed light parton. Therefore,
one can model such a medium-assisted enhancement effect
as follows:

dN,,

Tﬁ = ﬁxn(x)[/o ﬁxn(y)dyi|Nx, 3)

where fx is a parameter characterizing the probability of
picking up a single light parton, which also has the di-
mension of a cross section. An important feature of this
effect is that it scales as square power of the medium parton
density. We note the enhancement mechanism here differs
from the so-called regeneration or recombination mechanism
[52,57-61] in several aspects. The former utilizes light par-
tons from thermal plasma to help the formation of exotic
states while the latter generates normal charmonia states with
individual ¢ and c-bar quarks that are produced in initial
hard scatterings and evolve along with bulk medium. The
regeneration occurs at the instance of hadronization while the
enhancement mechanism here happens through the continu-
ous interactions between the c¢ pairs with thermal partons
along their whole paths traversing the medium. The proposed
mechanism bears similarity with the recombination effect in
the comovers-interaction model (see, e.g., Ref. [59]) in the
sense that they both can bring difference to the production of
Xc1(3872) and ¥ (2S). However, the recombination effect is
more significant in the low p7 region, while our mechanism
is dominant in the high pr region.

Combining this enhancement together with the previous
suppression effect, one obtains

RX — <<efpmh[—otxn(x)+ﬂ§n(x) fox n(y)dy]dx»' (4)

The two parameters «y and By quantify the suppression and
enhancement due to dynamical interactions with medium.
Their values should be sensitive to whether the x.;(3872)is a
hadronic molecule or a tetraquark state. Thus, extracting them
from experimental data can help shed light on the microscopic
structure of yx.1(3872).

Now we can compare the production of x.;(3872) relative
to ¥ (2S). This is quantified by the ratio of their baseline
pp production cross section, modulated by their respective
suppression (enhancement) effects along the in-medium

paths:
NX o RX o » )
= X =~ X
v (2S) ¥ (25) ¥ (25) ¥ (25) med. s
N Opp R Opp

Rined. = ((efpam[_(o‘x —ays)n)+BEn() [y n(v)d,V]dX». (6)

In the above, the pp baseline o, /o ¥*% could be inferred
from experimental data. We will focus on analyzing the
medium attenuation factor Rpeq.. Clearly, Rpeq. > 1 implies
an overall medium enhancement while Rq. < 1 means an
overall medium suppression for the y.;(3872) production rel-
ative to the ¥ (25). While the individual yield of x.;(3872)
and v (2S) separately could provide useful information, we
focus on their yield ratio in the present study, which is the
observable measured by LHCb and CMS and which could
help reveal unique features of exotic hadron production by
comparison with ¥ (2S5).

Let us first examine the qualitative feature of the partonic
medium effect under the assumption of oy > ay 25y and thus
ay — oy 2s) > 0, in which case the first term in the expo-
nential of Rpeq. 1S a suppression term (— note though in
the later fitting analysis we do not assume this). Its contri-
bution grows linearly with the medium parton density and the
path length. The second term is an enhancement term and its
contribution grows quadratically with the parton density and
path length. As a result, for relatively low medium density
and/or small medium size, the first term will dominate and
therefore the overall medium effect would be a suppression of
Xc1(3872) relative to ¥ (25). On the other hand, for relatively
high medium density and large medium size, the second term
will dominate and therefore the overall medium effect would
be an enhancement, instead. This nonlinear feature, arising
from the competition between suppression and enhancement,
points to a nonmonotonic evolution of medium effect that can
help explain and provide a unified interpretation of the recent
measurements by both LHCb and CMS from small to large
colliding systems. For a simple illustration, let us assume that
the average medium effect can be approximated by an average
parton density 7 and average path length L. Further defining a
medium thickness parameter W = ii - L, the factor Rpeq. can
be simplified as

Runea, = el (@x—avas W+3537°], %)

The above result clearly suggests that changing from pp with
increasing multiplicities through pA eventually to AA colli-
sions, the medium thickness W will monotonically increase
so that the medium attenuation factor R4, should first de-
crease and then increase, for which a minimum would occur
at W =il = % To further demonstrate this feature,

let us compute theXRmed. for such a simple partonic medium,
essentially a QGP brick [62] with constant and homogeneous
temperature which extends along a given direction with a
fixed width. In Fig. 1, the individual contributions from sup-
pression term (red) and enhancement term (green) as well as
the overall Rp.eq. (blue) are plotted as functions of the QGP
brick length, showing the nontrivial decrease-then-increase
behavior of Req. due to the competition between suppression
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and enhancement. This behavior already qualitatively agrees
with the trends seen in experimental data.

Of course, the partonic medium created in those collisions
is much more complicated than the simple approximation
here, due to nontrivial initial conditions, event-by-event fluc-
tuations, dynamical expansions, etc. To fully verify the
feasibility of this idea, one needs to perform quantitative and
realistic simulations, which we report next.

One important issue not discussed so far is the kinematic
factors such as transverse momentum. The geometric path
approach here is suitable for describing a rapidly traversing
probe. The exact value of the probe’s momentum does not
affect its path too much, therefore the momentum dependence
of the enhancement (suppression) effects here is ignored as a
first approximation.

Results. To quantitatively evaluate the medium effect on
the x.1(3872) production relative to the ¥ (2S), we uti-
lize event-by-event simulations based on the iEBE-VISHNU
hydrodynamic model [63], which has been well tested by
experimental data from small to large colliding systems
[64-107]. The iEBE-VISHNU provides eventwise time-
dependent evolution information of the bulk medium as well
as initial conditions for pp, pA, and AA collisions. We gen-
erate cc pairs at different spots on the event plane according
to the initial binary collision density profiles. The pairs then
move along straight paths whose directions are randomly
chosen, and along each path the bulk medium is evolving in
time. At each spacetime point, the local entropy density can
be read from the iEBE-VISHNU hydrodynamic evolution,
which is directly related to active degrees of freedom in the
thermal medium and thus can be used to represent the local
parton density up to a proportionality constant. In this paper,
we simulated a total of 500 000 events for pp collisions at
V' Syny = 8 TeV, 200 000 events for pPb collisions at /Syy =
8.16 TeV, and 100 000 events for PbPb collisions at «/Syy =
5.02 TeV. Model parameters of the hydro code were set in the
same way as previous studies based on the same package in
the literature, see, e.g., Refs. [66,83,89]. The bulk properties
such as multiplicity and elliptic flow from our simulations
compare well with experimental measurements for all collid-
ing systems. For each event, we further simulate about 100
to 10 000 in-medium paths depending on the medium size.
Due to the substantial amount of needed computing time, we
chose to simplify the calculations by first performing average
over the path integrations in each event and then computing
the exponential for the ratio between x.;(3872) and ¥ (25).
That is,

0 1 —a-P+B2P:
7?rmed. ~ (E wFitp 2>evema (8)

where
P = < / s(x)dx> , ©
path path

P, = </ s(x) </‘A s(y)dy)dx> , (10)
path 0 path

where we introduce s(x) as the entropy density, and
o' = (ax —ayes)(5), B/ = Bx (%), whose definitions absorb

the proportionality constant between parton density and en-
tropy density.

To determine the two key parameters o’ and 8’, we take
the LHCb pp (at /Syy = 8 TeV) and preliminary pPb (at
Syy = 8.16 TeV) as well as the CMS PbPb (at /Syy =
5.02 TeV) data for a global fitting analysis, with results shown
in Fig. 2. The best fit, with Xz/d.o.f = 1.78, gives the follow-
ing numbers with 1o level uncertainty: o' = (5.7 +2.2) x
1073 fm?, B/ = (5.740.7) x 1073 fm?, and o;‘p/a]‘fp@s) =
0.162 £ 0.037. Note that the data from LHCb and CMS have
different py regions (with py > 5 GeV for the former and
15 GeV < pr < 50 GeV for the latter), but as mentioned
above, this would not affect our current model simulation.
As one can see, our model with just two parameters charac-
terizing a competition between suppression and enhancement
can well describe the quantitative trends of all global data
from small to large systems. The proposed medium-assisted
enhancement is particularly important for understanding the
rapid increase of x.;(3872) yield relative to ¥ (2S) in the
pPb and PbPb collisions. It would be interesting to com-
pare the obtained medium effect in this model with that
from the comover-interaction model in Ref. [35]. In our
model, the medium effect is controlled by the «’, 8/ coef-
ficients multiplied by local entropy density and in-medium
path length, with an average estimate ~0.6. In the model
of Ref. [35], the control quantity is the product of velocity,
cross section, and transverse comover density, with an average
estimate ~0.7. The two demonstrate qualitative consistency.
The phenomenological extraction of the two parameters from
experimental data can serve as important constraints on the
nature of x.1(3872). Microscopic calculations of these param-
eters based on different assumptions (e.g., hadronic molecule
versus tetraquark state) could then be compared with the
empirical values obtained here to help decipher its internal
structures.

A natural next step would be testing our model predictions
for which experimental data are not yet available and can
serve as a future validation. To do that, we further investigate
the centrality dependence of the medium effect in the PbPb
collisions. In Fig. 3, we show the yield ratio of x.(3872)
to ¥ (2S) in three centrality bins: 60 — 90%, 30 — 60%, and
0 — 30%. Interestingly, the results again show a nonmono-
tonic behavior. In peripheral collisions, the ratio is about 0.1,
while in the middle-centrality class it will drop to around 0.02,
which is comparable to that in the pPb collisions. Finally, in
the central collisions, it rockets up to be as high as 3. This
finding also suggests that the most central collisions actually
contribute most of the yx.(3872) particles observed in the
minimal bias measurements from CMS. We emphasize that
the model parameters were already fixed in the aforemen-
tioned fitting analysis, so the highly nontrivial centrality trend
predicted by the model here will be an important verification
by future measurements.

Finally, the system size scan for AA collisions could
offer yet another independent validation of our model pre-
dictions. For that purpose, we have computed the x.;(3872)
to ¥ (28) yield ratio for the following systems: OO collisions
at /Syy = 6.5 TeV, ArAr collisions at 4/Syy = 5.85 TeV,
and XeXe collisions at /Syy = 5.44 TeV. These results
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FIG. 3. The predicted centrality dependence of the x.,(3872)
yield relative to ¥(2S) in PbPb collisions at /Syy = 5.02 TeV
collisions. The blue uncertainty band is from the same source as in
Fig. 2.

are shown in Fig. 4 in comparison with PbPb collisions at
/Syn = 5.02 TeV. Again, one observes a nontrivial trend that
first decreases and then increases when changing from smaller
to larger colliding systems. Such prediction of the system size
dependence in AA collisions can be readily tested with future
measurements.

Conclusion. To conclude, we present a phenomenological
model for the partonic medium attenuation effects on the
production of x.;(3872) and ¥ (2S) particles in high energy
hadron and nuclear collisions. In particular, a unique mech-
anism of medium-assisted enhancement effect is proposed
for the x.1(3872) production, which leads to a competition
with the more conventional absorption-induced suppression
effect and becomes more dominant for higher parton densities
and larger medium size. As a consequence of this important
feature, the yield ratio of x.;(3872) relative to the ¥ (25)
develops a nontrivial pattern, first decreasing then increasing,
when the partonic medium evolves from small to large collid-
ing systems. Utilizing realistic simulations, we show that this
model offers a quantitative description of all available exper-
imental measurements, including the LHCb pp (at /Syy =
8 TeV) and preliminary pPb (at /Syy = 8.16 TeV) as well as
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FIG. 4. The predicted trend of the x.(3872) yield relative to
¥(2S) in AA collisions from small to large systems, including OO
collisions at /Syy = 6.5 TeV, ArAr collisions at /Syy = 5.85 TeV,
XeXe collisions at /Syy = 5.44 TeV, as well as PbPb collisions
at \/Syy = 5.02 TeV. The blue uncertainty band is from the same
source as in Fig. 2.

the CMS PbPD (at /Syy = 5.02 TeV) data. We further make
predictions for the centrality dependence of the y.;(3872)-
to-(2S) yield ratio in PbPb collisions as well as for its
system size dependence from OO and ArAr to XeXe and PbPb
collisions. In both cases, a nonmonotonic pattern emerges
as the imprint of the competition between enhancement and
suppression. Given the expected abundance of experimental
data from planned runs as well as anticipated upgrades at the
LHC, it would be exciting to test these predictions with future
high-precision measurements. Last but not least, while the
present paper focuses on y.(3872) production, the medium-
assisted enhancement mechanism could be applicable to the
production of other similar exotic hadrons.
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