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The simultaneous observation of strong sequential bottomonium suppression and small azimuthal anisotropy
constrains the time scale and geometry of quarkonium dissociation in relativistic heavy-ion collisions. This
work investigates an early-time contribution in which strong pre-equilibrium color fields generate an effective
proper-acceleration scale and an associated causal length. The maximal acceleration is fixed through the
phenomenological anchoring assumption 7™ 2~ T, without identifying the kinematic Unruh scale with an
equilibrium temperature. The survival probability is described by an event-averaged one-scale exponential
ansatz. With no state-by-state adjustment, the resulting horizon component gives a quantitatively reasonable
description of the LHC centrality dependence. For the directly measured Y(2S)-to-Y(1S) double ratio, the
fixed horizon term supplies a substantial part of the relative suppression, while the data require an additional
state-dependent late-stage factor. A minimal one-parameter effective quark-gluon plasma (QGP) attenuation
gives a quantitative multistage description. At RHIC, the absolute R44 central values lie below the isolated
horizon component, while the relative 25-to-1S suppression remains compatible with the predicted state-size
hierarchy within present uncertainties. Because the proposed early factor is local and scalar, it gives the exact
leading-order null contribution vy = 0 within this construction, consistent with current CMS measurements.
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I. INTRODUCTION

Heavy quarkonia are among the most extensively studied
probes of strongly interacting matter in relativistic nuclear
collisions. Because the heavy-quark mass provides a hard
production scale while the subsequent bound-state evolution
is sensitive to the surrounding color environment, quarkonium
observables connect initial hard production, pre-equilibrium
dynamics, and the later quark-gluon plasma (QGP). The
sequential ordering of bottomonium nuclear modification
factors Raa(1S) > Raa(25) > Raa(3S) reflects the different
binding energies and spatial sizes of the states and has long
been used to constrain in-medium dissociation mechanisms
[1-4].

Precision measurements by CMS [5,6], ALICE [7], AT-
LAS [8], and STAR [9] now provide centrality-, momentum-,
and collision-energy-dependent information. The measured
bottomonium elliptic flow is small within present uncertain-
ties, while the suppression is strong and sequential. These
two observations jointly constrain how much suppression is
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generated locally at early time and how much is accumulated
along trajectories through the later anisotropic medium.

The contemporary theoretical landscape contains several
complementary approaches. Transport calculations combine
dissociation, feed-down, regeneration, and hydrodynamic
space-time evolution [10,11]. Potential-based and real-time
quantum-evolution frameworks follow the in-medium heavy-
quark wave function, including finite-temperature screen-
ing and dynamical decoherence [2,12—14]. Open-quantum-
system (OQS) formulations describe the reduced density
matrix of the heavy pair and systematically organize singlet—
octet transitions and medium-induced noise [15-18]. These
modern treatments can reproduce important features of bot-
tomonium suppression and can also yield very small v,. The
near-zero anisotropy therefore does not by itself indicate a
failure of conventional QGP descriptions.

Nevertheless, the present data do not uniquely determine
the time ordering of the suppression. A small final-state v,
is compatible with a late-time mechanism whose anisotropy
remains weak, but it is also compatible with a non-negligible
local suppression component established before substantial
transverse hydrodynamic response develops. This motivates
asking whether strong pre-equilibrium color fields can supply
an additional geometric survival factor that precedes the con-
ventional QGP evolution.

This work examines such a possibility through a causal
scale associated with strong-field acceleration [19,20]. The
objective is not to replace transport or OQS calculations, nor
to claim that an exponential functional form uniquely iden-
tifies a causal mechanism. Rather, the analysis tests whether
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FIG. 1. Schematic organization of the multistage bottomonium evolution. Here, Scnm denotes cold-nuclear-matter modifications associated
with the nuclear initial state, Sy is the proposed pre-equilibrium causal-horizon factor, and Sqcp denotes subsequent in-medium evolution.
Feed-down modifies the final inclusive yields. The diagram is conceptual and does not imply an exact microscopic factorization or a strict

temporal separation of all nuclear effects.

one early geometric scale can simultaneously account for the
LHC state hierarchy, the centrality-dependent double ratio,
the weak pr dependence, and the absence of an additional
elliptic-flow component. Figure 1 summarizes how this con-
tribution is embedded in a multistage picture.

II. EFFECTIVE ACCELERATION AND CAUSAL SCALE

Heavy quark-antiquark pairs are produced through hard
partonic scatterings on time scales T ~ 1/(2M}) < 0.1 fm/c.
Immediately after production, the pair is embedded in rapidly
evolving longitudinal color fields characteristic of the Glasma
stage [21,22]. In a simplified local picture, the force acting
on a heavy color charge defines a proper-acceleration scale of
order ocr /Mg, where o denotes an effective field or string-
tension scale. The microscopic field is neither homogeneous
nor stationary, so this relation should not be interpreted as an
eternally constant acceleration.

An early-time effective acceleration is therefore intro-
duced,

At Oerr (T.X 1)
fO dt w('L')M—Q

fOAI dt w(r)

where w(t) represents the temporal sensitivity of the pre-
hadronic pair. Equation (1) is a coarse-grained definition
of the scale entering the phenomenological model. A first-
principles evaluation of w(t) and o (T, x 1) would require
real-time classical-field and heavy-pair evolution and is be-
yond the present proof-of-concept treatment.

The corresponding causal length is

ey

alx,) =

ry=a . )

For comparison with standard acceleration notation, one may
introduce Ty = a/(2w) and write ry = QrTy)~"' [23]. In
the nonstationary environment considered here, 7Ty is only a
kinematic acceleration scale. It is neither identified with the
thermodynamic temperature of an equilibrated QGP nor taken

to imply that the pair observes an exact stationary Unruh
spectrum. The use of this notation is intended to emphasize
the causal length associated with a large proper acceleration.

III. EVENT-AVERAGED SURVIVAL ANSATZ

For a bound state to form, the color correlation required
across its characteristic spatial extent must remain dynami-
cally connected. A literal classical implementation in a single
event could be represented by a threshold ®(ry — 7,5). Such
a step function, however, treats both the causal boundary and
the bound-state size as sharp quantities. In practice, r,s is an
rms scale of an extended quantum state, while the effective
causal length varies with transverse position, proper time, and
event-by-event field fluctuations.

The experimentally relevant survival factor is therefore
modeled as an ensemble average,

s = / dry P(ruy) ©(rg — ras). 3)
0

To retain a minimal one-scale construction, the model as-
sumes the positive distribution

1 I"H
P(ry) = — eXp , “4)
Ty
which gives
weew(-2) epcany. ©)
Ty

This construction makes explicit why an ensemble-averaged
quantum survival probability need not vanish abruptly when
a characteristic rms radius exceeds the mean causal length. It
remains a phenomenological one-scale realization rather than
a unique microscopic derivation. Other fluctuation distribu-
tions, explicit wave-function overlaps, or real-time quantum
evolution would test the robustness of the functional form.
The experimentally relevant nuclear modification is nor-
malized to the pp reference. Here aus = a(Npart, /SNN)
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denotes the ensemble-averaged effective acceleration scale
for the selected nucleus—nucleus centrality class, while a,, =
a(Npp, «/snn) denotes the corresponding reference scale eval-
uated for pp collisions at the same energy, with N, = 2. The
horizon contribution therefore enters as

SAA
i S’;Sg = expl—rus(@aa — app)]- (6)

A similar exponential dependence can arise in a reduced de-
scription of color screening if the causal length is replaced
by an in-medium screening length. The exponential form is
therefore not mechanism specific. The physical hypothesis
tested here concerns the origin and space-time evolution of the
controlling scale: in the present framework it is established
locally during the prehydrodynamic stage, whereas conven-
tional in-medium suppression evolves with the subsequent
QGP background.

IV. CENTRALITY AND COLLISION-ENERGY SCALING

To connect the local causal scale with collision geometry,
a mean-field centrality parametrization is adopted. Glauber
geometry provides the standard relation between centrality,
Npart, and the characteristic nuclear overlap [24]. Motivated
by the growth of a nuclear linear scale and average thickness,
the cube-root proxy is used:

A
_ /SNN
a(Npart, /SNN) = KLHC <\/ﬁ> Nplzfr?- )

Equation (7) is a phenomenological geometric ansatz, not
an exact consequence of the Glauber model. Its energy de-
pendence is motivated by small-x saturation phenomenology,
with A € [0.2,0.3] adopted here [22,25]. Because related
initial-state scalings are also used in hydrodynamic and trans-
port calculations, neither power is exclusive to the causal
interpretation.

The overall scale is fixed by the explicit phenomenological
anchoring condition

T[;nax — a(]vpart,m;x» 2V SLHC) ~T. (8)
s

for central Pb + Pb collisions. This is a model postulate that
relates the maximal acceleration scale to the characteristic
QCD deconfinement scale; it is not a thermodynamic identity.
For T. ~ 140-150 MeV and Nya,max = 380, Eq. (8) gives
krme ~ 0.62-0.66 fm~'; the representative value 0.63 fm~!
is used. Thus the normalization is fixed before comparison
with individual bottomonium states.
The pp-normalized attenuation scale in Eq. (6) is

_ A/SNN g 1/3 1/3
Aa = KLHC(W (Npart _Npé ),

The calculation uses the representative potential-model radii
ris = 0.28 fm, rs = 0.56 fm, and r3s = 0.78 fm [26]
These are phenomenological size inputs rather than model-
independent experimental radii.

Np=2. (9
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FIG. 2. Horizon-baseline expectation for the ratio of survival
probabilities between RHIC (200 GeV) and the LHC (5.02 TeV).
The bands correspond to A € [0.2, 0.3].

The resulting leading energy-scaling expectation is

SpstC (Npart)

_ 1/3 1/3
= exp | ruskruc(Nyw — N
SEHC (Npart) [ pstnc (Noar = N

A
{1 (—VSRHIC ) . (10)
+/SLHC
Figure 2 shows this one-scale expectation. It is a falsifiable

consequence of the assumed energy dependence, although not
a mechanism-exclusive signature.

V. PHENOMENOLOGICAL COMPARISON
AND MULTISTAGE SCOPE

In a realistic collision, quarkonium production and survival
receive contributions from several stages. Cold-nuclear-matter
(CNM) modifications affect the nuclear initial state and
preresonance propagation; feed-down changes the inclusive
yields; and the later QGP produces screening, dissociation,
decoherence, and possibly regeneration. As schematic book-
keeping in a separated-stage limit, the contributions can be
written as

Stbs = Sekm SH S6p- (11)

Equation (11) is not a precision factorization theorem. Its
purpose is to identify the proposed Sy as an early component
without excluding established CNM or QGP physics.

Figure 3 compares the causal-horizon component alone
with the official CMS and STAR measurements. Statistical
uncertainties are shown by bars and point-to-point systematic
uncertainties by boxes; the quoted global normalizations are
listed in the panels but not folded into the points. At the
LHC, the same scale gives the observed ordering and a quan-
titatively reasonable centrality dependence. Using statistical
and point-to-point systematic errors in quadrature only as an
indicative diagnostic gives x2/ndf = 16.7/9 for Y(1S) and
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(a) LHC, Pb+Pb v Sy = 5.02 TeV

(b) RHIC, Au+Au /syy =200 GeV
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FIG. 3. Causal-horizon component compared with official (a) CMS Pb + Pb data at 5.02 TeV and (b) STAR Au + Au data at 200 GeV.
Bars denote statistical uncertainties and boxes point-to-point systematic uncertainties. Global normalization uncertainties are quoted in the
panels and are not shown on each point. No additional CNM or QGP correction is applied to the curves.

7.8/8 for Y(2S), without fitting either state. The agreement,
particularly for 25, shows that the one-scale state-size depen-
dence is nontrivial; it does not imply that CNM, feed-down,
or QGP effects vanish, since different mechanisms can be
degenerate in inclusive Ru4.

At RHIC, the absolute horizon-only curves lie above the
STAR central values, especially for 1S. However, the 25-to-15
suppression ratio is more compatible with the data. For the
0-60% integrated values, STAR reports R44(1S) = 0.40 and
R44(2S5) = 0.26, giving a central ratio of 0.65, while the hori-
zon baseline predicts 0.68-0.75 for A = 0.2-0.3. Within the
current uncertainties, the main RHIC difference is therefore
compatible with an additional approximately state-common
suppression component rather than a failure of the predicted
size ordering. No stronger feed-down contribution at RHIC is
invoked. The interpretation must also account for the sizable
normalization uncertainty of about 20% and for the broad
uncertainty bands of current transport and OQS calculations,
arising, for example, from CNM inputs and transport coeffi-
cients; STAR finds those calculations compatible with the data
even though their central 1§ predictions tend to lie above the
measurements [9].

The mathematical similarity between Eq. (6) and sim-
plified screening or absorption models is acknowledged.
Likewise, the cube-root centrality dependence and CGC-
inspired energy scaling do not uniquely identify a causal
mechanism. The proposed distinction is one of space-time
origin: Sy is established locally before substantial hydro-
dynamic transverse response, whereas transport and OQS
descriptions accumulate an important part of the suppression
during QGP evolution. The two contributions can coexist,
and the double-ratio analysis below makes the additional

state-dependent late-stage contribution explicit rather than
setting it to unity.

VI. RELATIVE STATE SUPPRESSION
AND THE DOUBLE RATIO

The directly measured double ratio

DS — [Y(2S)/T(18)Ipvpo (12)
[Y2S)/T(AS)],p

is especially useful because luminosity, N, the overall
pp production normalization, and many common accep-
tance and efficiency effects cancel. State-common CNM and
medium-normalization effects are also strongly reduced. The
state-dependent part of QGP suppression, however, does not
cancel and must be retained.

The fixed early-time contribution is

28

Dy = s = expl—(rs — ris)Aal. (13)
H
It is controlled directly by the radius difference and contains
no additional state normalization. In a multistage description

the observed ratio is instead

DSy ~ D DSMMDEY. (14)

Because most common CNM effects cancel in this ratio, a
minimal effective late-stage factor is used:
1/3 1/3
G = Ny = Ny
15)
to quantify the additional state-dependent attenuation required

by the data. This is not a microscopic QGP calculation; yégp

DI = exp [ — ¥§GpGWpun)].
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FIG. 4. (a) Direct CMS T(2S5)-to-Y(1S) double ratio [27]. The dashed curve is the fixed horizon contribution, Eq. (13); the solid curve
includes the fitted effective late-stage factor in Eq. (15). (b) Residual factor obtained by dividing the measured double ratio by the fixed horizon
contribution. Bars and boxes denote statistical and point-to-point systematic uncertainties, respectively. The effective QGP factor is a reduced
phenomenological description, not a replacement for transport or OQS calculations.

may also absorb residual noncanceling CNM and feed-down
effects. Its purpose is to avoid incorrectly identifying the
horizon-only curve with the complete double ratio.

Figure 4 uses the directly measured CMS values rather
than a ratio reconstructed from independent Ry, tables. The
fixed horizon curve already produces a substantial part of
the observed decrease but lies systematically above several
central values. Fitting the single residual coefficient gives

= 00811338,

Yocp =

(16)

with x2/ndf = 3.5/8, using statistical and point-to-point sys-
tematic uncertainties and excluding the common 3.1% pp
uncertainty. The fixed horizon coefficient in the exponent is
kruc(ras — ris) = 0.176, so the fitted late-stage coefficient is
about 46% of the early coefficient in this reduced exponen-
tial decomposition. The horizon component therefore remains
the larger contribution to the centrality-dependent exponent,
while an additional state-dependent QGP effect is quantita-
tively required.

VII. MOMENTUM DEPENDENCE, ELLIPTIC FLOW,
AND GEOMETRIC TESTS

A realistic production spectrum does not, by itself, gen-
erate a pr dependence in a strictly factorized scalar survival
model. If

dNaa

_ S ( )dNPP
dpr = Neoll VH\PT dpr ,

a7

then
Raa(pr) = Su(pr). (18)

Consequently, multiplication by the same pp spectrum can-
cels in the ratio when Sy is momentum independent.

Figure 5(a) shows the CMS measurements with both statisti-
cal and systematic uncertainties. Constant fits give x2/ndf =
1.81/5 and 0.16/2 for 1S and 2§, respectively. This supports
a weak pr dependence, although it does not fix the abso-
lute normalization of the causal component. Formation time,
feed-down, CNM effects, production-position—-momentum
correlations, and QGP trajectories can all generate additional
momentum dependence in a complete calculation.

The local horizon factor is scalar with respect to the
transverse production direction and therefore generates no
additional elliptic anisotropy at leading order,

ol = 0. (19)

Within the idealized local-scalar construction this is an exact
structural null result, not a fitted quantity, and no intrinsic
parameter uncertainty is assigned to it. Nonzero corrections
can arise once correlations between the fluctuating initial field,
production geometry, event plane, and subsequent QGP evo-
lution are included; such effects belong to a more complete
calculation rather than to the leading horizon factor itself.

Figure 5(b) compares the null contribution with the CMS
Y(1S) pr-differential measurement and also displays the
integrated 1S and 2§ results. Combining statistical and
point-to-point systematic uncertainties in quadrature gives
x%/ndf =7.70/4 for the four differential 1S points rela-
tive to vgl = 0. For the integrated values v,(15) = 0.007 £
0.011 £0.005 and v,(2S) = —0.063 £ 0.085 £ 0.037, the
corresponding null test gives x2/ndf = 0.80/2 [6]. The 2S
result is available only in integrated form, which is why it is
shown in the inset rather than as a pr-differential series. Equa-
tion (19) is not a complete prediction for the final observed
flow: later transport and OQS dynamics can also yield a small
vy. It states only that the proposed early scalar factor does not
itself add an anisotropic component.
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(a) pr dependence
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FIG. 5. (a) CMS Ry, versus pr with constant shape references. (b) CMS T(15) elliptic flow versus pr compared with the exact leading
local-scalar result vi = 0; the inset shows the integrated 15 and 2S measurements. Bars denote statistical uncertainties and boxes systematic

uncertainties.

Because reduced centrality scaling is shared by several
mechanisms, more differential tests should condition on event
geometry. At fixed centrality or multiplicity, event-shape en-
gineering changes eccentricity and path-length distributions
while keeping the overall system size approximately con-
trolled. A predominantly local early-time component should
be less sensitive to these later path variations than suppression
accumulated during propagation. Initial field fluctuations are
themselves correlated with final event shape, so a quantitative
event-shape calculation is required before this becomes a de-
cisive discriminator. Rapidity- and energy-differential double
ratios provide complementary constraints.

VIII. CONCLUSION

This work develops a one-scale early-time contribution
to bottomonium suppression in which strong pre-equilibrium
color fields define an effective acceleration and causal length.
A sharp event-level causal condition, averaged over a fluctuat-
ing horizon scale, leads to the exponential survival ansatz. The
overall normalization is fixed by the phenomenological pos-
tulate 7,"** ~ T, while the bottomonium-state dependence is
determined by representative vacuum radii.

The present framework makes three concrete phenomeno-
logical statements. First, the same scale gives the LHC
sequential hierarchy and a quantitatively reasonable centrality
dependence without state-by-state tuning. Second, the directly
measured 25-to-1S double ratio cleanly separates much of
the common normalization while retaining state-dependent
QGP suppression. The fixed horizon contribution supplies the
larger part of the centrality-dependent exponent in a reduced

multistage decomposition, and one additional effective QGP
coefficient brings the double ratio into quantitative agreement.
Third, the local scalar factor produces no additional elliptic
anisotropy and is consistent with the observed small v,, while
the measured pr dependence is compatible with a constant
survival shape.

The RHIC absolute R4 values lie below the isolated hori-
zon baseline, but their relative 25-to-1S suppression remains
compatible with the predicted hierarchy within current un-
certainties. This indicates that an additional approximately
state-common contribution may coexist with the early ge-
ometric factor; it does not require an enhanced feed-down
fraction at RHIC. A complete extraction will require CNM,
feed-down, and QGP evolution to be treated together with the
pre-equilibrium stage. More precise RHIC data, direct double
ratios at several energies, and event-shape-differential mea-
surements can determine whether the early causal component
is non-negligible.
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DATA AVAILABILITY

The numerical experimental data used in Figs. 3-5 are pub-
licly available through the HEPData records associated with
Refs. [5,6,9,27]. The numerical results of the causal-horizon

model can be reproduced from the equations and parame-
ter values provided in the manuscript. No additional data or
specialized software are required to reproduce the theoretical
results.

[1] T. Matsui and H. Satz, J/y suppression by quark-gluon plasma
formation, Phys. Lett. B 178, 416 (1986).

[2] A. Rothkopf, Heavy quarkonium in extreme conditions, Phys.
Rep. 858, 1 (2020).

[3] A. Andronic et al., Heavy-flavour and quarkonium production
in the LHC era: From proton—proton to heavy-ion collisions,
Eur. Phys. J. C 76, 107 (2016).

[4] N. Brambilla ez al., Heavy quarkonium: Progress, puzzles, and
opportunities, Eur. Phys. J. C 71, 1534 (2011).

[5] A. M. Sirunyan et al. (CMS Collaboration), Measurement of nu-
clear modification factors of Y(1S), Y(2S), and Y(3S5) mesons
in PbPb collisions at ,/sxy = 5.02 TeV, Phys. Lett. B 790, 270
(2019).

[6] A.M. Sirunyan et al. (CMS Collaboration), Measurement of the
azimuthal anisotropy of Y(1S) and Y(2S) mesons in PbPb col-
lisions at \/sxy = 5.02 TeV, Phys. Lett. B 819, 136385 (2021).

[71 S. Acharya et al. (ALICE Collaboration), Measurement of
T(1S) elliptic flow at forward rapidity in Pb-Pb collisions at
J/Snn = 5.02 TeV, Phys. Rev. Lett. 123, 192301 (2019).

[8] M. Aaboud et al. (ATLAS Collaboration), Prompt and non-
prompt J/y elliptic flow in Pb+Pb collisions at /sy =
5.02 TeV with the ATLAS detector, Eur. Phys. J. C 78, 784
(2018).

[9] B. E. Aboona et al. (STAR Collaboration), Measurement of
sequential Y suppression in Au + Au collisions at /syy =
200 GeV with the STAR experiment, Phys. Rev. Lett. 130,
112301 (2023).

[10] R. Rapp et al., Extraction of heavy-flavor transport coefficients
in QCD matter, Nucl. Phys. A 979, 21 (2018).

[11] X. Du, R. Rapp, and M. He, Color screening and regeneration
of bottomonia in high-energy heavy-ion collisions, Phys. Rev.
C 96, 054901 (2017).

[12] M. Strickland, Thermal Y(1s) and x; suppression at /sy =
2.76 TeV Pb-Pb collisions at the LHC, Phys. Rev. Lett. 107,
132301 (2011).

[13] A. Islam and M. Strickland, Bottomonium suppression and
elliptic flow from real-time quantum evolution, Phys. Lett. B
811, 135949 (2020).

[14] H. Alalawi, J. Boyd, C. Shen, and M. Strickland, Impact of
fluctuating initial conditions on bottomonium suppression in

5.02 TeV heavy-ion collisions, Phys. Rev. C 107, L031901
(2023).

[15] N. Brambilla, M. A. Escobedo, M. Strickland, A. Vairo, P.
Vander Griend, and J. H. Weber, Bottomonium suppression in
an open quantum system using the quantum trajectories method,
J. High Energy Phys. 05 (2021) 136.

[16] Y. Akamatsu, Quarkonium in quark-gluon plasma: Open quan-
tum system approaches re-examined, Prog. Part. Nucl. Phys.
123, 103932 (2022).

[17] X. Yao et al., Coupled Boltzmann transport equations of heavy
quarks and quarkonia in quark-gluon plasma, J. High Energy
Phys. 01 (2021) 046.

[18] M. Strickland and S. Thapa, Bottomonium suppression at RHIC
and LHC in an open quantum system approach, Phys. Rev. D
108, 014031 (2023).

[19] P. Castorina, D. Kharzeev, and H. Satz, Thermal hadronization
and Hawking—Unruh radiation in QCD, Eur. Phys. J. C 52, 187
(2007).

[20] S. W. Hawking, Particle creation by black holes, Commun.
Math. Phys. 43, 199 (1975).

[21] T. Lappi and L. McLerran, Some features of the glasma, Nucl.
Phys. A 772, 200 (2006).

[22] F. Gelis, E. lancu, J. Jalilian-Marian, and R. Venugopalan, The
color glass condensate, Annu. Rev. Nucl. Part. Sci. 60, 463
(2010).

[23] W. G. Unruh, Notes on black-hole evaporation, Phys. Rev. D
14, 870 (1976).

[24] M. L. Miller, K. Reygers, S. J. Sanders, and P. Steinberg,
Glauber modeling in high-energy nuclear collisions, Annu. Rev.
Nucl. Part. Sci. 57, 205 (2007).

[25] D. Kharzeev and M. Nardi, Hadron production in nuclear col-
lisions at RHIC and high-density QCD, Phys. Lett. B 507, 121
(2001).

[26] F. Karsch, M. T. Mehr, and H. Satz, Color screening and decon-
finement for bound states of heavy quarks, Z. Phys. C 37, 617
(1988).

[27] A. M. Sirunyan et al. (CMS Collaboration), Suppression of
excited Y states relative to the ground state in Pb-Pb col-
lisions at ,/syy = 5.02 TeV, Phys. Rev. Lett. 120, 142301
(2018).

034904-7


https://doi.org/10.1016/0370-2693(86)91404-8
https://doi.org/10.1016/j.physrep.2020.02.006
https://doi.org/10.1140/epjc/s10052-015-3819-5
https://doi.org/10.1140/epjc/s10052-010-1534-9
https://doi.org/10.1016/j.physletb.2019.01.006
https://doi.org/10.1016/j.physletb.2021.136385
https://doi.org/10.1103/PhysRevLett.123.192301
https://doi.org/10.1140/epjc/s10052-018-6243-9
https://doi.org/10.1103/PhysRevLett.130.112301
https://doi.org/10.1016/j.nuclphysa.2018.09.002
https://doi.org/10.1103/PhysRevC.96.054901
https://doi.org/10.1103/PhysRevLett.107.132301
https://doi.org/10.1016/j.physletb.2020.135949
https://doi.org/10.1103/PhysRevC.107.L031901
https://doi.org/10.1007/JHEP05(2021)136
https://doi.org/10.1016/j.ppnp.2021.103932
https://doi.org/10.1007/JHEP01(2021)046
https://doi.org/10.1103/PhysRevD.108.014031
https://doi.org/10.1140/epjc/s10052-007-0368-6
https://doi.org/10.1007/BF02345020
https://doi.org/10.1016/j.nuclphysa.2006.04.001
https://doi.org/10.1146/annurev.nucl.010909.083629
https://doi.org/10.1103/PhysRevD.14.870
https://doi.org/10.1146/annurev.nucl.57.090506.123020
https://doi.org/10.1016/S0370-2693(01)00457-9
https://doi.org/10.1007/BF01549722
https://doi.org/10.1103/PhysRevLett.120.142301

