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Abstract: We investigate the pseudopotential of hybrid mesons in a holographic anisotropic background within the

AdS/CFT correspondence. Hybrid states are modeled by introducing a defect, and we analyze the associated force-

balance condition in the string configuration. From this setup, we derive the balance equation and compute key phys-

ical quantities, including the separation distance, pseudopotential, and binding energy of the hybrid mesons. We find

that increasing the anisotropy parameter a@ decreases the separation distance for both ground and excited states.

However, while the ground-state potential decreases, the pseudopotential of the hybrid state increases. Additionally,

the pseudopotential of hybrid mesons exhibits significant sensitivity to variations in the angular parameter a.
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I. INTRODUCTION

The quark-antiquark potential plays a fundamental
role in understanding the interaction between a quark and
an antiquark [1, 2]. Its study is essential not only for de-
scribing the formation of heavy quarkonia but also for ex-
ploring the properties of the quark-gluon plasma (QGP)
[3—5]. It is generally understood that the static quark-anti-
quark potential consists of two main contributions: a
short-distance Coulomb-like term, which can be derived
from perturbative QCD, and a long-distance linear poten-
tial associated with confinement [6—10]. The interaction
potential between quarks and antiquarks is commonly
evaluated by calculating Wilson loop expectation values
within the non-perturbative regime of Ilattice QCD
[11-18]. Effective field theory approaches, such as poten-
tial non-relativistic QCD (pNRQCD), offer an alternative
perspective by systematically incorporating the relevant
energy scales [19—23]. However, both approaches have
limitations. For example, lattice QCD calculations are
performed in Euclidean time and therefore do not provide
direct access to real-time transport coefficients [24].
These quantities must be extracted indirectly through the
reconstruction of spectral functions, a numerically chal-
lenging inverse problem. By contrast, perturbative QCD
is restricted to the weak-coupling regime and cannot cap-
ture the strongly coupled nature or the infrared physics of
the QGP. Given these challenges, the AdS/CFT corres-
pondence offers an alternative approach by mapping the
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problem of strong coupling in gauge theory to a weakly
coupled classical gravity description in a higher-dimen-
sional spacetime [25—29]. This duality provides a theoret-
ical framework for investigating non-perturbative phe-
nomena, thereby allowing the computation of the quark-
antiquark potential under strong-coupling conditions.

Ref. [30] applies the AdS/CFT correspondence to
compute the static quark-antiquark potential using the
Wilson loop. This approach extends to the study of both
the static potential and the pseudopotential under various
conditions. The static potential corresponds to the
ground-state energy of the quark-antiquark pair, whereas
the pseudopotential describes the energy of an excited
state. For instance, Ref. [31] examines the quark-anti-
quark potential in a background magnetic field and finds
that increasing the field strength reduces the potential. In
a rotating background, the potential also decreases as the
angular velocity increases [32]. Other studies explore the
potential under various extreme conditions, thereby
providing further insights into quark confinement and
screening effects [33—49].

Hybrid mesons differ from conventional mesons in
that the flux tube connecting the quark and antiquark car-
ries gluonic excitations [50]. These excitations modify
the meson spectrum and permit quantum numbers that are
forbidden to ordinary states. Studying hybrid mesons elu-
cidates the behavior of the gluonic sector in hadronic dy-
namics. Allowed decay patterns have been investigated
via lattice QCD in Ref. [51], and the impact of these
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gluonic excitations on the mass spectrum has been sys-
tematically mapped out in Ref. [52], particularly within a
quenched QCD framework. A study of light-quarkonium
hybrid mesons with various spin-parity quantum num-
bers is presented in Ref. [53]. Further studies of hybrid
mesons, covering different aspects of their properties, can
be found in Refs. [54—63].

Recently, following the proposal of Andreev et al.,
holographic approaches have been employed to study
quark-antiquark potentials and pseudopotentials within
the framework of ten-dimensional string theory [64, 65].
Unlike the static Q0 and QQQ potentials analyzed in
Ref. [66], determining the pseudopotential for hybrid
mesons requires introducing a defect. The contribution of
this defect can be effectively captured by the action of a
five-dimensional brane, which in turn enables a descrip-
tion of the gluon field in an excited state. The defect is as-
sumed to be embedded in the ten-dimensional string
spacetime [67]. In their study, Andreev et al. examined
the pseudopotential for the excited £ meson and the stat-
ic potential for the ground-state ¥ meson [67]. Their res-
ults align well with lattice QCD calculations, thereby
demonstrating the reliability of this model.

However, to the best of our knowledge, the quark-an-
tiquark pseudopotential for hybrid mesons in an aniso-
tropic background has not yet been explored. Initial-state
geometric asymmetry in relativistic heavy-ion collisions
naturally gives rise to non-uniform pressure gradients as
the system undergoes hydrodynamic expansion. Previous
studies indicate that the physics in anisotropic back-
grounds differs markedly from that in isotropic systems.
Motivated by these considerations, we investigate the
pseudopotential for hybrid mesons within a ten-dimen-
sional anisotropic string model. In Sec. II, we introduce
the ten-dimensional model, explain the rationale for in-
cluding defects, and show how to compute their contribu-
tion to the hybrid-meson pseudopotential. This sets the
foundation for deriving the hybrid-meson separation dis-
tance and pseudopotential, which are discussed in detail.
Sec. III presents a comparative analysis of the standard
quark-antiquark potential and the hybrid-meson pseudo-
potential. Finally, in Sec. IV we summarize our results
and discuss their physical implications within this aniso-
tropic framework.

II. THEORETICAL COMPUTATION OF HYBRID
MESON PSEUDOPOTENTIALS

In this section, we briefly outline the string configura-
tion used to describe excited quark—antiquark pairs. In the
ground-state configuration, the quark pair is connected by
a fundamental string with a smooth, U-shaped geometry.
For excited states, however, it is necessary to introduce
an additional object—referred to as a defect—which cap-
tures the excitation of the color flux tube. Physically, this

defect represents excited gluonic fields between the quark
and antiquark. As a result, the string profile in the ex-
cited configuration develops a cusp at the defect, render-
ing the solution non-smooth, as illustrated in Fig. 1 [68].
In this setup, the quark and antiquark are symmetrically
located on opposite sides of the u-axis, with the funda-
mental strings extending from these endpoints toward a
common defect situated on the wu-axis. Consequently,
string 1 makes a nonzero angle a with respect to the x-ax-
is, in contrast to the ground-state configuration, where
this angle vanishes.

The present study investigates the behavior of ex-
cited mesons in the presence of anisotropy. The aniso-
tropy arises from a finite-temperature deformation of
N =4 SYM, whose gravity dual is obtained by including
the backreaction of D7-branes. These branes induce a
nontrivial profile for the axion field y along one spatial
direction, explicitly breaking rotational invariance. This
setup is holographically dual to a gauge theory with a
spatially varying 0-term [69]. The corresponding five-di-
mensional gravity action in the Einstein frame is given by

1 1 1
S=—5 [ dxyg {R+ 12— ~(3¢)? — =e*(0x)*| +Scn,
2% 2 2
ey

where R is the Ricci scalar, «* the gravitational coupling,
and ¢ the dilaton. The constant term 12 corresponds to
setting the AdS radius to unity (L = 1). This action arises
from a consistent truncation of Type IIB supergravity on
S35, where Sgy denotes the Gibbons-Hawking boundary

Q 0 Q X

Fig. 1. (color online) Geometric setup of the hybrid meson
model [68]. The quark and antiquark are shown as red mark-
ers along the x-axis, whereas the holographic defect is repres-
ented by a black symbol on the u-axis. The black lines con-
necting the defect to the quarks represent fundamental strings.
The quantities ¢; and e, denote the tensions of strings (1) and
(2), respectively. The angle between string (1) and the x-axis
is denoted by a.
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term. The Einstein-frame metric takes the form [69—71]

2
ds? = (—TBdtz +HAR +dy? +d2 + dl)

T F
+Zdok, (2)
x=ax, ¢=¢u. 3)

Regarding the internal geometry, the factor Z(«) rescales
the internal five-sphere, S°, whose unit metric is denoted
by dQi;. The anisotropy of the dual 4D plasma is intro-
duced via the axion field y = ax in the 5D gravity action.
Physically, the parameter a corresponds to the constant
axion gradient. Through holographic renormalization of
the stress-energy tensor (7)), Ref. [69] established that
this setup leads to pressure anisotropy, with the trans-
verse pressure Pr and the longitudinal pressure P; re-

P
lated by A= FT — 1. In the limit of small a/T, this rela-
L 2

tion becomes A = T2 [72]. The metric functions can

be expanded perturbatively in powers of a. For the aniso-
tropic setup, the metric components ¥ (), B(u), and
H (u) take the following forms [69—71]:

4
Fuy=1- % + @ F>(w)+0 (a*), 4)
h
Bw)=1+a’B,w)+0 (a*), ®)
Hwu) =, with ¢(u) = a’d,(u). 6)

Although the analytic expressions are derived for small
a/T, we have verified their accuracy by comparison with
fully numerical solutions of the governing equations. It
has been demonstrated that the saddle-point approxima-
tion for the Nambu-Goto action remains robust and ac-
curate for anisotropies as large as a/T ~ 12 [72]. Our
largest value (a/T ~7 at T =0.1 GeV) lies well within
this numerically verified bound. The second-order coeffi-
cients are determined by boundary conditions at the hori-
zon.

1
Fo(u) = pYm {8”2 (ui - uz) —10u4* log?2
02
+ (3uy +7u) log(l +?>} (7
h
2 2 2
_ uj, [ 10u u
Bz(u)——ﬂ {W‘Flog(l-’-u%)}’ (8)

2 2
¢2(u)=—%log(1+u—2>. 9)

h
Thus the temperature is given by

1 5log2-2
= azlxlhiog +

uy, 48

0.5 W) VB
i

T =

0(a").
(10)

u=uy,

The plasma considered in this work is homogeneous yet
anisotropic. While translational invariance is preserved,
rotational symmetry is explicitly broken by the axion
field. Consequently, the temperature, set by the Hawking
temperature of the black brane, is uniform and independ-
ent of the spatial coordinate x.

Following Ref. [67], we construct the total action for
the pseudopotential of the excited meson by combining
the Nambu-Goto term with an additional contribution due
to the defect:

2
S =ZS§NG)+Sdef7 (11)

i=1

where SN denotes the Nambu-Goto action of the i-th
string segment that stretches from a heavy quark (or anti-
quark) on the boundary to a defect in the bulk. The two
string segments reflect the hybrid meson configuration, in
which the quark and antiquark are connected by an inter-
mediate gluonic excitation. In the static limit, we de-
scribe the string trajectory via the embedding u = u(x)
with the gauge choice 7=¢ and o = x. The correspond-
ing Nambu-Goto action for each string segment is given
by

1
NG /deO’ \/ —detgu, (12)

2na’

Here, g., denotes the worldsheet metric induced from the
bulk spacetime metric G, via g, = G,,0,X"9,X".

The main difficulty lies in determining the defect con-
tribution. Following the holographic framework of Ref.
[67], the defect is modeled as a fivebrane-antifivebrane
pair embedded in a ten-dimensional background. The
leading-order dynamics of these fivebranes are governed
by the Dirac-Born-Infeld (DBI) action, which is propor-
tional to the world-volume of the branes, g~
J d%¢ \J/=gs, where g is the induced metric [67]. By eval-
uating the induced metric g in the string frame and integ-
rating over the compact dimensions, one finds that the ac-
tion for this configuration reduces to an effective contri-
bution localized at the turning point u, [67, 73]:
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0

Consequently, the complete holographic action is given
by:

S =2¢T / dx “i(”) VF@H W) + @)

+2kgT 4/ 77((”0)2;%)6# : (14)
0

Here, g and k& are phenomenological parameters that char-
acterize the strength of the gluonic defect contribution in
the hybrid configuration. Consistent with Refs. [67, 73],
we set g=0.176. 7 denotes the temporal extent of the
Wilson loop. Following the structure of Eq. (14), the Lag-
rangian for the first part is given by:

VB(u)
2

L= VF@H W) + @) (15)

Given that the Lagrangian does not explicitly depend on

the coordinate x, the Hamiltonian-like quantity £ —u’ o

serves as a first integral of the equations of motion. By
evaluating this conserved current C at the defect junction
D (located at u = up) and imposing the geometric condi-
tion 0,u =tana, we find that, at the defect D located at

ug, we have [71]

Bz(u) F (u)H (u) N
1 = 5— VF (o)H(up).  (16)

VF@Hw) +@u)

After applying this matching procedure and rearranging
the terms to isolate the spatial gradient, we obtain the fol-
lowing relation for the trajectory of the holographic

string:

BU0) o g 12 1)
0

0,x=

B(u)

7¢2(u)7{2(u)7—‘ (o) H (uo) —

The mechanical stability of the junction is governed
by the force-balance equation e; +e,+ f =0, as depicted
in Fig. 1. Here, e; denote the string tensions, and f ac-
counts for the gravitational effect at the defect, which is
defined via the variation f=—6FEy/6u. Due to trans-
verse symmetry in the x-direction, we only need to con-
sider equilibrium in the holographic direction. Therefore,
each force and its components are given by [68]

F (o) Blug)e?

u?

f=1 0,-2gkd,,

:g@%x_ F (uo)H (1)
! uj VF (o) H (up) +tan’a’

1
1+ F (o) H(ug) col a/> ’
=g VB(MO) T(Mo)?‘{(uo)
2 u3 /F (uo)H (up) + tan a ’

1
- . 18
V1 +F (o) H (o) cot® 0/) (18)

Bluy) a7

A
Uy

2 oY H2 ) F (Y H )

[
By symmetry, the transverse components of the force in
the x-y plane cancel identically. Accordingly, the condi-
tion of mechanical equilibrium reduces to the following
transcendental equation for uy:

VB(uo) 1 F (uo)Blug)e3*
2 + k uo B — = O
Uy \/l +F (w)H () cot? @ up

19)
Solving Eq. (19) yields u, directly. The separation

distance can be computed by integrating Eq. (17) as fol-
lows [66, 74]:

Uy
L= / d—xdu
Jo du

w 81(4110)7'—2(140)'7{2(“0)
— 0
‘/U \| Bw Bluo) du.

F 2 H () (uo)H (o) - F 2 (uo) H?(uo)F () H ()

(20)

u ug

When d,u=tana =0, the equation reduces to the one
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used to compute the separation distance of a standard
quark-antiquark pair. Within the AdS/CFT correspond-
ence, the static energy of a quark-antiquark configuration
is related to the on-shell classical action through the rela-
tion E =S/7, where S denotes the total action evaluated
on the string configuration. To obtain a finite potential
energy for the hybrid meson, the Nambu-Goto action
must be regularized by subtracting the ultraviolet (UV)
divergence. This is typically achieved by removing the
self-energy contribution of the bare quarks, which corres-
ponds to the term g fom 4 du. Consequently, the renormal-
ized potential energy is given by [71]:

E2g [ YE® V1+F@HwW @0 -~ ) du
0 u? u?

2 / 3¢
_28 gk F (uo)‘Bz(uo)e .
Up Uy

In accordance with Refs. [67, 73], the model parameter is
taken to be ¢ =0.71GeV. Following the definition of the
binding energy in Refs. [38, 75, 71], the binding energy
of the quark-antiquark pair is given by

21)

Epina = E-2E
_2g / ' ( “fz(”) V1 +F @ Hw) 0,5 - ulz) du
0

2 30
_28 gy [T L)Bl)e
Ugp Uy

N m) 1 1
_g(/ < uz(”) VF @ Hu —u2> du—u}).
0 h

(22)

The self-contribution E, of a single quark is given by the
action of a vertical string segment connecting the UV
boundary (u = 0) to the black hole horizon (u = u,). After
implementing UV regularization to obtain a finite physic-
al energy [38], one obtains:

1 B 1 1
EQ = 5 (A ( (u) \V 7:(14)7'((1/! - uz) du— ) .

u? u,
(23)

III. NUMERICAL ANALYSIS

Building on the theoretical formalism introduced in
the previous section, we investigate the behavior of exot-
ic hybrid pseudopotentials in anisotropic backgrounds.
Unlike conventional heavy-quarkonium systems, exotic
hybrid mesons incorporate a topological defect D. We

a
1.25¢

100F === T=0.1,a=0
1.15¢ ’
1.10¢ N
1.05¢ .
1.00¢

0.95}

0.5 1.0 1.5
Fig. 2. (color online) Angular profile « as a function of the

bulk turning point uy for the isotropic case (a =0), evaluated
at the thermal scale 7 =0.1GeV.

U (Gev™"

f
SO
N T=0.1,a=0
3%
2
1t
‘Q
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Fig. 3. (color online) Numerical dependence of f on the bulk
turning point o in the isotropic case (a=0) at 7 =0.1GeV.

first quantify the dependence of the angular parameter «
on the defect coordinate uy, as shown in Fig. 2. The nu-
merical results indicate a monotonic increase of a with
increasing uy, consistent with the geometric configura-
tion in Fig. 1. As u, increases, the angular separation
between the principal axes e;(e;) and the X-axis, which
defines a, increases accordingly. The presence of the de-
fect D motivates a detailed analysis of its mechanical re-
sponse. As shown in Fig. 3, we examine the dependence
of the force acting on this defect on the parameter u,. The
results reveal a clear trend: the force magnitude diverges
at small uy, and asymptotically approaches zero as uy in-
creases.

The maximum screening distance is the greatest sep-
aration at which a quark-antiquark pair can remain
bound; beyond this distance, the pair becomes unstable
due to the medium screening effects, ultimately leading to
dissociation. In Fig. 4, we calculated the separation dis-
tances of X7 and X, as functions of the anisotropy para-
meter a at fixed temperatures. The results show that: (1)
As a increases, the maximum screening distances of both
Xy and ¥, decrease monotonically. This indicates that the
presence of anisotropy weakens the binding force
between quark-antiquark pairs, making them more prone
to dissociation. (2) Under identical conditions (7 =
0.1 GeV and the same a), the maximum separation dis-
tance of X, is significantly smaller than that of . For
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0d” o
02k T=0.1,a=0 T e T=0.1,a=0
0'10 ..... T=0.1,a=0.5 e, 0.5 _ 120.1,0=05
008l """ T=0.1,8=07,+* 0.4f _ 120.1,0=07
5 0.3F
0.06} o, Y
0.04 *"’::::.. 0“‘ ‘.‘ 0.2F
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8o 05 G0 15 20 %@V T 1 2 3 440

Fig. 4.

(color online) Dependence of the separation distance on ug for the T} and ¥ channels at T =0.1GeV and for different values

of the anisotropy parameter a. (a) X, : Dashed blue, black, and red curves correspond to anisotropy parameters a =0, 0.5, and 0.7, re-
spectively. (b) Z;: Solid blue, black, and red curves correspond to anisotropy parameters a =0, 0.5, and 0.7, respectively.

example, at 7 =0.1 GeV and @ =0.1, the maximum sep-
aration distance of X, is approximately 0.04 fm, while
that of X7 is approximately 0.25 fm. This shows that X,
dissociates more easily than ¥} under the same condi-
tions.

Our results indicate that hybrid mesons are more
sensitive to anisotropy than ground-state quarkonia. This
stems from the excited color flux tube in hybrid states,
modeled holographically as a worldsheet defect. The sta-
bility of this defect rests on a delicate balance between
string tension and background geometry. Anisotropy
raises the energy cost of maintaining this excited config-
uration, disrupting the equilibrium and triggering an earli-
er onset of instability relative to the ground state.

In Fig. 5, we present a detailed analysis of the de-
pendence of the pseudopotentials in the X¥ and X chan-
nels on the quark-antiquark separation distance L. The
results reveal the following characteristics: (1) In the
short-distance regime, the pseudopotential in the X7 chan-
nel exhibits Coulomb-like behavior. Furthermore, as the
anisotropy parameter a increases, the magnitude of this
pseudopotential decreases monotonically. (2) In contrast,
the pseudopotential in the X, channel deviates signific-
antly from a Coulomb-like form and is well described by
a quadratic dependence on L. This behavior can be attrib-

E(GeV)
401 .
(a) : ----- T—0.1,a—0 7
3.5 S e T=0.1,2=0.5
3_0, ',0" ----- T=0.1,a=0
25
2.0’-- ‘o‘
T e ‘ ‘ L(fm
0.00 0.05 0.10 0.15 (frm)

Fig. 5.

uted to the presence of flux-tube excitations, where the
color field configuration corresponds to higher vibration-
al modes of the gluonic field. In this regime, the energy
stored in the flux tube behaves analogously to that of a
harmonic oscillator, naturally leading to a quadratic po-
tential profile with respect to the interquark separation.
Additionally, this pseudopotential increases with the sep-
aration distance and grows larger as the anisotropy para-
meter a increases.

The hybrid meson potential exhibits a characteristic
L? dependence, driven by the restoring force of the
gluonic defect. In an anisotropic medium, the back-
ground geometry alters the effective string tension and
thus the stiffness of this force. This modification causes
the quadratic growth to collapse earlier than in the iso-
tropic limit, explaining why hybrid mesons show higher
sensitivity to anisotropy than ground-state quarkonia.

In the previous discussion, we examined how the
pseudopotential characterizes the excited state. However,
the binding energy plays a more crucial role in determin-
ing whether the excited state can form a stable bound
state or remains in an unstable configuration. Specific-
ally, when the binding energy is negative, the excited
state is stable and can form a bound state, whereas a pos-
itive binding energy indicates that the state cannot bind
and is likely to dissociate. In Fig. 6, we show how the

E(GeV)
04,
(b)
02
. : : L(f
0.0 1 02 03 0.4
_02 L
_04f = T=0.1,a=0.7
- T=0.1,a=0.5
~0.6]
= T=0.1,a=0
~0.8"

(color online) Behavior of the static potential for the ¥, (a) and T} (b) channels as a function of the separation L at

T =0.1GeV. (a) In the =; channel, the dashed curves correspond to anisotropy parameters a =0 (blue), 0.5 (black), and 0.7 (red). (b) In
the =} channel, the solid curves follow the same color scheme for the corresponding a values.
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Eping(GeV)
4.01 .
: P e T=0.1,a=0
3.5¢ S e T=0.1,a=0.5
30;..»"' L e T=0.1,a=0.7
250 .
2.0 eee”
15— s s —— L(fm)
0.00 0.05 0.10 0.15
Fig. 6. (color online) Evolution of the binding energy of the

Z,
Dashed blue, black, and red curves represent anisotropy val-

ues a =0, 0.5, and 0.7, respectively.

state as a function of the separation L at T =0.1GeV.

binding energy evolves with the anisotropy parameter a.
As a increases, the binding energy in the X, channel re-
mains positive and grows larger, which suggests that the
corresponding excited state becomes progressively more
unstable and increasingly prone to dissociation. The fact
that the binding energy of the X, hybrid state is consist-
ently positive in Fig. 6 implies that, within the explored
temperature and anisotropy range, this hybrid state does
not form a stable bound configuration. Physically, this
behavior is expected, since hybrid mesons involve expli-
cit gluonic excitations that are more sensitive to color
screening effects in a hot and anisotropic plasma. Con-
sequently, such states tend to dissociate more readily than
conventional quark-antiquark bound states.

The separation distance of the X, state is shown in
Fig. 4. Its temperature dependence for fixed anisotropy
a = 0.5 is further illustrated in Fig. 7. We observe that the
maximum separation distance L, decreases from about
0.055 to 0.045 fm as the temperature increases. This in-
dicates that higher temperatures promote the dissolution
of the X, state, consistent with Ref. [73]. In Fig. 8, we in-
vestigate the temperature dependence of the potential en-
ergy of the X state. In our numerical analysis, we focus
on T =0.10, 0.15, and 0.16 GeV, values that lie near the
QCD deconfinement crossover. In this range, color
screening becomes significant and strongly impacts the
stability of heavy-quark bound states. The results show
that, with increasing temperature, the pseudopotential of
¥ remains positive and gradually increases. This im-
plies that the X excited state becomes increasingly un-
stable and more susceptible to thermal excitation, leading
to dissociation. In the quark model, a key difference
between X! and X, is the presence of the angle a in the
I, state, whereas a =0 for =¥ (see Fig. 1). Accordingly,
Fig. 9 examines how the separation distance L varies with
a for ;. We find that L is not monotonic in a: it in-
creases to a maximum and then gradually decreases, in-
dicating a nonlinear relationship between L and a. We

L(fm)
0.08;
----- T=0.1,2=0.5
0.06} T20.15,=0.5
T=0.2,a=0.5
0.04} 5
0.02} :
0.0Q : L ih ‘ v
00 05 10 15 20 Uo (GeV™)

Fig. 7. (color online) Separation distance L as a function of
the bulk turning point uy (a =0.5). The black, green, and or-
ange dashed lines correspond to thermal scales of 0.1, 0.15,
and 0.2GeV, respectively.

E(GeV)
350  aaeas T=0.1,a=0.5
T=0.15,a=0.5
3.0 T=0.16,a=0.5
2.5¢
205 — | (fm)
0.00 0.01 0.02 0.03 0.04
Fig. 8. (color online) The potential energy £ of the ¥, state

as a function of L for a=0.5. The curves represent temperat-
ures of 0.1GeV (black dashed), 0.15GeV (green dashed), and
0.16GeV (orange dashed).
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Fig. 9. (color online) The separation distance L as a func-
tion of anisotropy « for the ¥ state at 7 =0.1GeV.

next analyze the effect of @ on the X, pseudopotential in
Fig. 10. As a increases, the pseudopotential falls rapidly
from about 25 GeV to roughly 3 GeV, approximately fol-
lowing an exponential decay, demonstrating strong sens-
itivity to a.
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Fig. 10.  (color online) Potential energy £ as a function of
separation L for the ¥ state at 7 =0.1GeV.

We study the excited-state pseudopotentials for
quark-antiquark systems in an anisotropic background.
Unlike the ground state, the excited configuration re-
quires the introduction of a defect point D. The angle « at
this point is fixed by a force-balance condition and in-
creases as the defect is placed deeper in the bulk geo-
metry. The excited-state separation length is then ob-
tained using the same formalism as for the ground state.

Our results show that increasing the anisotropy paramet-
er a reduces the maximal separation length in both
ground and excited channels, suggesting that anisotropy
enhances color-force screening and promotes quark-anti-
quark dissociation. At short distances, the excited-state
pseudopotential deviates from the Coulombic behavior of
the ground state, instead scaling quadratically with the in-
terquark distance. This feature reflects the nature of the
excited flux tube, consistent with a vibrating system en-
dowed with an effective restoring force. We also analyze
the temperature dependence: as the temperature rises, the
maximal separation length decreases while the pseudopo-
tential increases, consistent with stronger thermal screen-
ing. Finally, we examine the dependence on the angle a:
the pseudopotential decreases rapidly with increasing o,
exhibiting an approximately exponential decay. This
strong sensitivity to geometric deformation highlights the
nontrivial structure of the excited configuration.

While this work focuses on mesonic excitations, sim-
ilar methods can be applied to more complex systems,
such as triply heavy baryons. Extending this analysis to
excited baryonic configurations in anisotropic media re-
mains an open and interesting direction for future work.
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