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Abstract: Using gauge/gravity duality, we study the potential energy and the melting of triply heavy baryon at fi-

nite temperature and chemical potential in this paper. First, we calculate the three-quark potential and compare the

results with quark-antiquark potential. With the increase of temperature and chemical potential, the potential energy

will decrease at large distances. It is found that the three-quark potential will have an endpoint at high temperature

and/or large chemical potential, which means triply heavy baryons will melt at enough high temperature and/or large

chemical potential. We also discuss screening distance which can be extracted from the three-quark potential. At last,

we draw the melting diagram of triply heavy baryons in the 7 —u plane.
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I. INTRODUCTION

Triply heavy baryons are systems of great theoretical
interest, since they may help us to better understand the
interaction among heavy quarks in an environment free of
valence light quarks [1]. The challenge is to explain the
structure and properties of such baryons from a theoretic-
al perspective. It is expected that the potential models
would be useful to gain important insights into under-
standing how baryons are put together from quarks. The
three-quark potential is one of the most important inputs
of the potential models and also key to understanding the
quark confinement mechanism in baryons [2].

The interest in studying the interquark potential for a
three-quark system has a long history due to its import-
ance in the spectroscopy of baryons. It is also interesting
to investigate how the three-quark potential is different
from or the same as the two-body quark-antiquark poten-
tial. The first studies date back to the mid '80s [3, 4] and
after more than a decade a new phase of research started
around the year 2000, which continues to date [5—-9]. In
particular, the three-quark potential has been widely in-
vestigated in the lattice QCD [10- 23]. In the SU(3)
quenched lattice QCD, 3-quark potentials are found to be
well reproduced by
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Here, ri,r;, and r; are the positions of the three quarks,
and Ly, is the minimum flux-tube length connecting the
three quarks. The strength of quark confinement is con-
trolled by the string tension o3¢ of the flux tube. The
form of Eq. (1) is called the Y ansatz. These functional
forms (1) indicate the flux-tube picture on the confine-
ment mechanism. Valence quarks are linked by the color
flux tube as a quasi-one-dimensional object [12].

The difficulty in deriving quark confinement directly
from QCD is due to the non-perturbative features of
QCD. With the discovery of AdS/CFT correspondence,
using the classical gravitational theory to solve the non-
perturbative QCD problems becomes possible [24—26].
The holographic quark-antiquark potential was first stud-
ied in Ref. [27]. Then, Ref. [28] extended the quark-anti-
quark potential at finite temperature. In Refs. [29-32], a
deformed factor was introduced to reproduce the Cornell
potential of the quark-antiquark pair. After that, the
quark-antiquark potential in extreme conditions was in-
vestigated in Refs. [33—40].

Recently, effective multi-quark potential models from
holography have been proposed by Oleg Andreev at van-
ishing temperature and chemical potential [2, 41-46]. As
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we know, an environment of high temperature and dens-
ity is formed in relativistic heavy-ion collision experi-
ments [47,48]. Based on the above discussion, we re-
cently studied the doubly heavy baryon at finite temperat-
ure from holography [49]. In this paper, we continue the
previous work and investigate the potential energy of the
triply heavy baryon at finite temperature and chemical
potential.

The remaining parts of this paper are organized as fol-
lows. In Sec. II, we review the quark-antiquark potential
and introduce the calculation of the three-quark potential.
In Sec. III, we present the numerical results and compare
the quark-antiquark potential with the three-quark poten-
tial. A summary and conclusion are given in Sec. IV.

II. SETUP

In this section, we first briefly review the calculation
of quark-antiquark potential at finite temperature and
chemical potential. Then, we extend the calculation to the
case of the three-quark potential. The possible configura-
tions of the quark-antiquark pair and triply heavy baryon
are shown in Fig. 1. Since the ground state is dominated
by the most symmetric string configuration [43], we will
focus on the symmetric configurations in this paper. The
study of various asymmetric configurations for QQQ is
an interesting topic, which we may leave for future work.

A. Quark-antiquark potential

Despite the fact that the deformed AdS-RN metric is
not a self-consistent solution of the Einstein equation, we
can still gain some insights into problems for which there
are no predictions from phenomenology and the lattice.
Besides, the results provided by this model on the quark-
antiquark and three-quark potentials are consistent with
the lattice calculations at vanishing temperature [2].
Moreover, analytic formulas can be obtained at vanish-
ing temperature in this model. The deformed AdS-RN
metric [2, 29] is given by
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Here, ¢ is the black hole charge, and r;, is the position of
the black hole horizon. The Hawking temperature of the
black hole is defined as
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where Q=gr; and 0< Q < V2. The relation between the
parameters in the deformed AdS-RN metric and the
chemical potential can be obtained. It is observed that, on
dimensional grounds, the low » behavior of the bulk
gauge field Ay(r) is Ag(r) = u—nr* with n=«q and x is a
dimensionless parameter. Together with the condition
that Ay vanishes at the horizon Ay(r;,) =0 and Ay(0) = u,
we can determine a relation between u and the black-hole
charge g:

Q
,u:qu‘/% =Kr—, “4)

n

and we fix the parameter x to 1 in this paper. According
to the AdS/CFT dictionary, u is the baryon number chem-
ical potential. Thus, we can get
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The quark-antiquark pair is connected by a U-shaped
string in the confined phase. If we choose the static gauge
&'=1t and & =r, then the boundary conditions for x(r)
become

r T r
e
N v y
L
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- /
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Fig. 1. (color online) String configurations for the 00 and QQQ systems. The heavy quarks are at the vertices of the equilateral tri-

angle for QQQ. (A) and (B) are different configurations for QQQ.
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Using the static gauge t =7,0 = x, the Nambu-Goto ac-
tion of the U-shape string is

1
S = T— f drdo (/detg,s, @)

with

ox* ox¥
8ap = Gﬂv%ﬁ, (3

where X* and G, are the target space coordinates and the
metric, respectively, and o® with @ =0,1 parameterizes
the worldsheet. Combining Eq. (7) and Eq. (2), we can
get

S = ? I dee:zr VF) + @ )
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We choose the model parameters as follows:g =
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,
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and identify the Lagrangian as

and
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Using the conservation of energy, we have
w(r)f(r)

=w(rog) v/f (ro) at the maximum point ry

\F) +(@:r)?

of the U-shape string. Thus, we get
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Finally, the separation length of the quark-antiquark pair
can be expressed as

L=2 f " 6, xdr
0
w2 (ro) f2(ro)

=2 ' d
fo \/wz(r)fz(r)f(ro)—wz(ro)fz(ro)f(r) "

(13)

Considering E =TS, the regularized potential energy is

In our model, there is a dynamic wall in the confined
phase. The string of the quark-antiquark pair cannot go
beyond the wall and the system is in the confined phase.
In the deconfined phase, the dynamic wall disappears and
the quark-antiquark pair can melt. Thus, we discuss the
small black hole/large black hole phases that correspond
to the specious-confined phase/deconfinement phases in
our model. Then, the metric is valid in these different
phases. More discussions can be found in Refs. [50, 51].

B. Three-quark potential(A)

The total action of the three-quark potential is the sum
of the three Nambu-Goto actions plus the action of a ver-
tex and boundary action S 4l,=o

3
S'= > S+ Sver+3S 4. (15)
i=1

7o w2 (ro) f2 (r0) 1 g
E=2 1 - |dr-2-.
g fo [W(’)\/ O D0 o) - w2 o) P F ) rZ] ’

ro

(14)

The baryon vertex is given by [49, 52]

i, )
e 2sr

VS0, (16)

Svert =7, | dt
r

where 7, is a dimensionless parameter defined by 7, =

TsRvol(X), and vol(X) is a volume of X. We redefine
Ty

k=—.

Ing the presence of a background gauge field, the
string endpoints with attached quarks couple to it. Hence,
the worldsheet action includes boundary terms that are
given by

1
Sy= ¢§fth0. (17)

The minus and plus signs correspond to a quark and an
antiquark, respectively.
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Thus, the action can now be written as

2517
fdx i@+ X et
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The Lagrangian as

L= )+ @GP, (19)

and
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At the points ry and r,, we have
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= constant. (20)
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The relation of rg,r, and a can be determined from the
above equations. We can also obtain

V.f (ro)- 21

2er

/2 (r0)
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and

\/f(ro A f () +tan?a = 0. (23)

The force balance equation at the point r = r, is

2 f(rv)

e1+e2+e3+fV:0. (24)

Here e; is the string tension, and f, is a gravitational
force acting on the vertex. The presence of this force is
the main difference between string models in flat spaces
and those in curved spaces. In this model, f, only has one
non-zero component in the r-direction. A formula for this
component can be derived from the action Eyer = T - S vert -
Explicitly, f; = —6Eyer/6r and 7 is the coordinate of the

vertex. Each force is given by

—2sr?

fo = (o, 0,-3gkd,,

i
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ry Vi) +tan2a 1+ f(r,)cota

(25)

Considering the symmetry in x and y, we only need to
consider the force balance in the r direction. The force
balance equation leads to

2

e’ 1 —ZAF
i T+ f(ry)cola

Therefore, L and E can be calculated as

0 0
L= \/g(f 6,xdr+f Brxdr)
0 r,

Vf(n)=0.  (26)
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C. Three-quark potential (B)

We continue to discuss a connected collinear config-
uration of the triply heavy baryon. Following the proced-
ures in the last section, we can obtain the force balance
equation

esrf 1 esrf e—ZSrf

_— 3k0, Vf(r)=0.
r} \/1+f(rv)cot2a'+ r} i Ty fin)
(29)

Together with Eq. (23), the relation of ry, r, and a can be
determined. 9,x in this configuration can be found in Eq.
(21). Thus, we can similarly obtain the inter-quark dis-
tance

L= f O, xdr+ f 0, xdr
0 r,

2sry
. - f*(ro)
= 0 dr
j()\ eZer eZsri
=20 f (o) = rg o) f()
251y
ro r4 f2 (rO)
V| dr. (30)
, e2sr e2sr0
— P (r0)— 2 (ro) £(7)
r ro

and the potential energy

o esrl
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+ f e2 J1+£0) (6,x)2dr)
2g

%

Iy AS1
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ro 0 r r ry

T +3c-p. 31)

III. NUMERICAL RESULTS

In this section, we present the results based on the dis-
cussion above. First, we use this model to calculate the
potential energy of the triply heavy baryon and quark-an-
tiquark pair in Fig. 2. The parameters are fixed by the
two-quark potential and three-quark potential of lattice
results at vanishing temperature and chemical potential.

Next, we investigate the behavior of separation dis-
tance at finite temperature and chemical potential in Fig.
3 and Fig. 4. The behavior of the three-quark separation
distance of configuration A is similar to the quark-anti-

E(GeV)
6r..._. 3 quarks(B) —
— 3 quarks(A) z
4 }---- 2 quarks

Fig. 2.
triply heavy baryons as a function of separation distance at
vanishing temperature. The dots are the results of lattice QCD
[22, 53]. Here s = 0.450 GeV, g=0.176, k = -0.102 and ¢ =
0.623 GeV.

(color online) Potential of quark-antiquark pair and

L (fm

2om

1.5

1.0

0.5 2.

0. -=- T=0.2% GeV-
00 05 10 15 261V

Fig. 3.
tion of r, at vanishing chemical potential. The unit of temper-
ature is GeV.

Separation distance of triply heavy baryon as a func-

L (fm)

— p=0

-
",— ~.,

N,
I p:O.4“‘

CO0O0 A==
NBOOOND

r,(Gev™)
0O 05 10 15 20

Fig. 4. Separation distance of triply heavy baryon as a func-
tion of r, at 7=0.12 GeV. The unit of x is GeV.

©
oo

quark potential qualitatively. With increasing temperat-
ure and chemical potential, the triply heavy baryon will
melt. The screening distance can be read from the max-
imum of the dashed line.

Then, the two-quark and three-quark potential (A) are
investigated at different temperatures and chemical po-
tentials as shown in Fig. 5. With increasing temperature
and/or chemical potential, the triply heavy baryon and
quark-antiquark pair dissolve. The melting temperature of
the triply heavy baryon is 0.136 GeV, which is very close
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to the melting temperature (0.138 GeV) of the quark-anti-
quark pair. The screening distance r; of the triply heavy
baryon is 1.14 fm at the temperature 0.14 GeV and r, is
0.45 fm at the temperature 0.18 GeV in Fig. 5(a). The
screening distance r; of the quark-antiquark pair is 1.3
fm at the temperature 0.14 GeV and r; is 0.5 fm at the
temperature 0.18 GeV in Fig. 5(b). It is found that the
screening distance of the quark-antiquark pair is larger
than that of the triply heavy baryon. Thus, we infer that
the quark-antiquark pair may be more stable than the
triply heavy baryon. Similarly, we fix the temperature
and study the effect of chemical potential on the three-

EQQ%(GGV)
(@)
4
T=0.18

2t T=0.14

/ === T=0.1

I | —_— T=0
i 05 10 15 -

ot

Fig. 5.

quark potential in Fig. 6. It is found that the triply heavy
baryon will also melt at large enough .

To be clearer, we show the screening distance as a
function of temperature/chemical potential in Fig. 7. It is
found that the screening distance becomes smaller with
increasing temperature/chemical potential. Figure 7(a)
shows that the screening distance decreases quickly at
temperatures below 0.2 GeV and then decreases slowly at
high temperatures. Compared with Fig. 7, we conclude
that the effect of temperature on screening distance is
more significant than that of chemical potential.

Finally, the melting diagram of quark-antiquark pair

Eqo(GeV)
: (b)
3
2
1
0 L (f
05 1.0 1. (fm)
-1}
_ot

(color online) Three-quark potential (A) as a function of separation distance L at different temperatures. (b) Quark-antiquark

potential as a function of separation distance L at different temperatures. The chemical potential is vanishing and the unit of temperat-

ure is GeV.

EQQ% (GeV)

u=0.4
2 g E§§1?
0 f
o5 10 15 24
_2 L

Fig. 6.

(color online) Three-quark potential energy (A) as a function of separation distance L at different chemical potentials. The

temperature is fixed as 0.12 GeV and the unit of chemical potential is GeV.

T(GeV
02 03 04 05 06 (&)

Fig. 7.
pnatT=02GeV.

rq (fm)
0.40 b)
0.35
0.30

GeV
0203040506 (V)

(a) Screening distance r, as a function of temperature 7 at u = 0. (b) Screening distance r, as a function of chemical potential

013106-6



Three-quark potential at finite temperature and chemical potential

Chin. Phys. C 47, 013106 (2023)

T(GeV)
0 po_
0.12
0.10
0.08
0.06
0.04f— 3aquarin
0.02177 5 ”

0.0 GeV
80 01 02 03 04 o5 MGV

Fig. 8.  (color online) Three-quark and two-quark melting
diagram in the T -y plane.

and triply heavy baryon are shown in Fig. 8. The melting
temperature and chemical potential of the quark-anti-
quark pair are close to those of the triply heavy baryon.
Even so, the three lines in Fig. 8 are not totally over-
lapped. Thus, we again infer that the quark-antiquark pair
should be more stable than the triply heavy baryon.

IV. SUMMARY AND CONCLUSION
We study the potential energy of the triply heavy ba-

ryon at finite temperature and chemical potential in this
paper. First, the calculation of three-quark potential is
presented. With these in hand, numerical results are ob-
tained in the next part. At the vanishing temperature, we
fit the lattice results of potential energy and then calcu-
late the separation distance of quarks at finite temperat-
ure and chemical potential. The potential energy of triply
heavy baryon is shown in the confined and deconfined
phases. From the figures of potential energy, we can de-
termine the screening distance. It is found that the screen-
ing distance of the quark-antiquark pair is larger than that
of the triply heavy baryon at the same temperature and
chemical potential. Finally, the melting diagram of the
heavy quark-antiquark pair and triply heavy baryon are
shown. Although the three lines in the melting diagram
are close, we can see the triply heavy baryon is easier to
dissolve than the quark-antiquark pair. Moreover, in-
volving the light quarks is an interesting topic. We can
continue to discuss the string breaking of QQQ at finite
temperature and chemical potential. In the presence of
light quarks, we can investigate the string breaking of
0Q0Q. The possible decay channels include QQQ —
00q+0q, Q00— 0qq+20G and QQQ — qqq+307.

We will give detailed discussions for future work.
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