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Abstract: Gauge/gravity duality is used to study the properties of the doubly heavy baryon (QQq) at finite rapidity

and temperature in heavy-ion collisions. We investigate the impact of rapidity on string breaking and screening of
0Qq and compare these effects with the results for Q0 in detail. Computations reveal that the string-breaking dis-

tances of QQq and QQ are close in the confined state, and the effects of rapidity and temperature on the string

breaking are not significant. An interesting result shows that QQq cannot be determined at sufficiently high temper-

atures and rapidities. However, Q0 can exist under any conditions as long as the separation distance is sufficiently

small. Furthermore, the screening distances of QQq and QQ are compared at finite rapidity and temperature. Based

on the above analysis, we infer that QQ is more stable than QQgq at finite rapidity and temperature.
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I. INTRODUCTION

In the recent LHCb experiment at CERN, researchers
reported an exciting discovery of a particle known as =
[1, 2]. This groundbreaking finding has sparked signific-
ant interest in the exploration of double charm baryons.
Specifically, the E*' particle is formed by the combina-
tion of two heavy quarks with a single light quark, result-
ing in a highly distinctive structure. In this study, we ad-
opt an assumption of potential models, which suggests
that the interaction between heavy quarks and anti-quarks
within hadrons can be described by a potential energy [3].

Although lattice gauge theory remains a fundamental
tool for studying non-perturbative phenomena in
Quantum Chromodynamics (QCD), its investigation of
the doubly heavy baryon potential has been relatively
limited to date [4, 5]. In contrast, gauge/gravity duality
provides a new theoretical tool for studying strongly
coupled gauge theories. Furthermore, in Ref. [6], the
holographic potential of quark-antiquark pairs was com-
puted for the first time. Based on the study in Ref. [6], the
potential was further investigated in Refs. [7, 8] to exam-
ine the potential at finite temperature. In recent years, the
methodology of utilizing holographic theories to study
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multi-quark potentials has been increasingly refined. The
obtained multi-quark potentials from holography are in
good agreement with lattice calculations and QCD phe-
nomenology [9—20]. The techniques employed to extract
the QQq potential in our study are analogous to those
used in lattice QCD [21].

The creation of quark-gluon plasma (QGP) via high-
energy heavy-ion collisions allows us to simulate the high
temperature and density conditions of the early universe
[22—25]. The formation of this QGP is crucial for our un-
derstanding of the early stages of cosmic evolution and
the fundamental properties of quark color dynamics. At
low temperatures, quarks and gluons are confined within
hadrons. As the separation between quarks increases, the
strong interaction force becomes stronger. When the sep-
aration reaches a limit, new quark-antiquark pairs are typ-
ically produced, resulting in the confinement of quarks
within hadrons. This behavior is manifested as string
breaking in this study. Under extreme conditions, the
strong interaction between hadrons diminishes at long
range, allowing quarks to move freely over larger dis-
tances [26—28].

In heavy-ion collision experiments, heavy ions col-
lide at speeds close to the speed of light, forming QGP
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[25]. Similar to the early universe, this substance does not
remain stationary but rapidly expands. Therefore, when
studying the doubly heavy baryon, the effect of rapidity
should be considered. This is crucial for understanding
the interaction between QQq and the medium, as well as
the transport properties within the QGP. By examining
the behavior of moving QQgq, more comprehensive in-
formation about the QGP can be obtained, leading to fur-
ther investigation into the properties of QCD. Further-
more, by studying the variation in string breaking under
different temperature and rapidity conditions, we can in-
vestigate decay rates of different hadrons under varying
conditions [29].

Gauge/gravity duality was initially proposed by Mal-
dacena [30] for conformal field theories, and it was later
extended to include theories resembling QCD, establish-
ing a connection between string theory and heavy-ion
collisions in some manner [31—33]. The study of moving
heavy quarkonium can be found in Refs. [34—50].

The remaining sections of this paper are as follows. In
Sec. II, we construct string configurations considering the
effects of finite temperature and finite rapidity. In Sec.
II1, we discuss the computation of the model's potential
energy. At first, we calculate the influence of rapidity on
the string breaking of QQq. Then, we discuss its screen-
ing and provide a comprehensive comparison with QQ.
Additionally, we plot their state diagrams in the 7 -7
plane. Finally, we summarize these findings in Sec. V.

II. MODEL SETUP

First, the background metric at a finite temperature
can be expressed as [13, 14, 51-53]:

1
ds? = w(r) ( —f(NdP +dP + ——dr?) +e™ gl dw du’, (1)

S
where
esrzRZ
wir)=—73—,
],.4
fn=1--. (2)
Ty

The metric represents a one-parameter deformation of
Euclidean AdSsxSs space, parametrized by s and with a
radius R. It comprises a five-dimensional compact space
(sphere) X with coordinates w“, a blackening factor f(r),
and a black hole horizon (brane) at r,. The Hawking tem-
perature of the black hole 7 is defined as follows:

- L (3)

r=ry ry

L

_1|df
s

dr

T

In this study, we investigate the motion of a particle

comprising two heavy quarks and one light quark in a
thermal medium. We divide the particle's spatial coordin-
ates into three directions: x; (connecting the heavy quark
pair), x,, and x; (perpendicular to the heavy quark pair).
We determine that the coefficients of x; and x, in the
metric are the same, which implies that the presence of
the heavy quark pair at either x; or x, does not affect the
calculation results. Given that temperature and rapidity
are constant, we can consider the doubly heavy baryon to
be in a state of force equilibrium. Furthermore, energy
loss is not considered in this study. Hence, it can be dis-
cussed in future studies.

In our study, we consider that QQg is moving with a
constant rapidity # along x; direction [34-36, 43, 46].
For convenience, let us consider a new scenario in which
QQq 1is at rest, while the surrounding medium is in mo-
tion relative to it. We then introduce the Lorentz trans-
form to reflect the effect of rapidity # on it and obtain the
new metric:

gi1(r)
82(r)

ds* = w(r)( — g1(r)d7® — 2 sinh(17) cosh(y) (1 - )dx3dt

+ g3(r)dx§ + dxf + dx% + g?g; dr2> ye gfb)dw“da)b,
4)
where
g1(r) = f(r)cosh*(y) — sinh*(z),
_ &)
g2(r) - f(r) )
g3(r) = cosh®(m) — f(r) sinh* (). (5)

The Nambu-Goto action of a string can be expressed
as follows:

1
Sy =-— /d§0d§1 V/ —detga, (6)

2ra’

where o’ denotes a constant, (£°, &') denote worldsheet
coordinates, and g,, denotes an induced metric. We intro-
duce the baryon vertex and heavy and light quarks to con-
struct the QQg configuration. Then, we know from
AdS/CFT that the vertex is a five brane [54, 55]. At lead-
ing order in o', the baryon vertex action is Syeq =
75 [d° \/¥® where 75 denotes the brane tension and &
denotes the worldvolume coordinates. Given that the
brane is wrapped on X interior space, it looks point-like
in AdSs. We select a static gauge &0 =r, £ = 8% with 6 as
the coordinates on X. Hence, the following holds.

—2sr2
€
S vert = Tv/dt \/m, (7)

r
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where 7, denotes a dimensionless parameter defined by
7, = TsRvol(X) and vol(X) denotes a volume of X.

Finally, we consider the light quark at the end of the
string as a tachyon field, which couples to the worldsheet
boundary by S, = [dreT [56, 57]. This term is typical for
strings propagating in an open string tachyon back-
ground and T is its background scalar [56]. The integral
over a worldsheet boundary, parameterized by 7 and e,
represents the boundary metric. In this study, we can as-
sume T to be a constant T, and the integral reduces to a
coordinate integral of ¢. Thus, the the following holds.

srz
e
Sg=m [ di—/gi(1), ®)

where m = RT,. This shows that a particle with mass T is
at rest, while the surrounding medium with temperature 7

moves relative to it with rapidity #. The selected paramet-
R? T,

ers are as follows: &= =0.176, k= — = -0.321,
2na’ 3g

n="=3057,s=045GeV2, c = 0.623GeV [20].
3

A. Small L
As shown in Fig. 1, the heavy quark pair, light quark,

r/
rn

rw

€2

Fig. 1.
tion distance of heavy quark pair. We use the line connecting

(color online) String configuration at a small separa-

two heavy quarks Q as the x;-axis, while the baryon vertex v
and light quark ¢ are on the r-axis. The rapidity # is along the
x3-axis direction. The heavy quark, light quark, and baryon
vertex are connected by blue strings. The black arrows repres-
ent generalized forces. Furthermore, r, denotes the position of
the black hole horizon. r, denotes the position of an imagin-
ary wall when QQq is confined.

and baryon vertex are connected by three strings. Spe-
cifically, the separation distance between the heavy quark
pair is denoted as L. Therefore, we can express the total
action as follows:

3
S=> SU+Swn+S, 9)
i=1

According to a previous discussion, given that the results
obtained from x; and x, are the same, we directly desig-
nate the line where the heavy quark pair is located as x;.
Furthermore, the rapidity perpendicular to the x; direc-
tion corresponds to x;, as shown in Fig. 1. Hereafter, we
refer to x; as x. Then, in this configuration, we choose the
static gauge where & =1, ¢' =r, and we consider x as a
function of ». Therefore, the total sum of the Nambu-Goto
action can be expressed as:

3 t Iy
Y SG=2 / dr / W(r) /g1 (7@, + ga(r)dr
i=1 0 0

e / ar / ) @ T, (10)
0 ry

Ox
where 9,x=— and x(r) satisfy the following boundary

or
conditions:
L
x(0) == 5 x(r,) = x(rg) =0,
0,x)* =cot’(a), r=r,
(11
(0,07 =0, re(r,r,l.

Now, we combine the baryon vertex and light quark
as follows:

s =gi(2 / W) V&1 (D@57 + g2
0

+/qw(r)\/g2(r)dr

v

P,y
e 2sr

+3k

Ve Va®). (2

r

It is easy to observe that the first term is divergent.
Hence, we obtain the potential energy according to
E = S/t after normalization as follows:
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ry 1 )
Egoq = g(z/ (w(r) /8110, + g2(r) — ﬁ)dr— -
0 .
+ /’q w(r) v/ g (r)dr
—Zsr‘z, ﬁ
+3kS M+ne— \/81(7”1))‘“20
ry Vq (13)

where r, denotes the independent variable at fixed 7" and
n. By substituting the first term of the unnormalized en-
ergy into the Euler-Lagrange equation, we obtain:

— w(r)g:i(r)0,x
) ’ (14)
V&1(N@,x) + (1)
Given that H is a constant, we obtain the following.
ﬂ'r:rv — W(rv)gl(rv) COt((I) (15)

V&1 (r)col(@) +&(r)
According to H =H|,-,,,

0,x =

w(r,)2g1(r,)2g2(r)
w(r)2g1(r)? (g1(r) + g2(r) tan?(@)) — g1 (w(r,)2g 1 (r,)?
(16)

Now, we determine the position of the light quark r,
and angle a between the string and x-axis at the baryon
vertex. The generalized force equilibrium equations at the
baryon vertex and light quark must be equal to zero. First,
we consider the variation of their respective action quant-
ities to obtain their generalized forces as follows:

o —gwiry(= BT a1(r) )
L8 fro+an’e’ frcol(@)+ f(r))’
(17)
e = W(}")( gl(rv)f(rv) _ gl(rv) )
2OV S rane’ T f(nReol(a) + f(r))
(18)

es = gw(r) (0, /&), (19)
ey = gw(ry) (0, — \/82(ry)). (20)

fu= (0.gnd,, (5= Vi) ). 1)

—2sr2

£,=(0.-3gka,,

Vain)), (22)

v

where e; denotes the string tension, and f, and f, denote
the forces provided by the light quark and baryon ver-
tices, respectively [20].

It is evident that the generalized force equilibrium
equation at the light quark is solely a function of r, and
can be expressed as follows:

Jaté; _

PO ety ="

(23)

Additionally, we can solve for r, based on this equation
by changing T and 5. The force balance equation at the
vertex is as follows:

fv+€3+€1+€2=0. (24)

In addition to 7 and #, the equation has only two un-
knowns, r, and a, By solving the equation, we can obtain
the function of « as a function of r,. Then, we can ex-
press distance L as a function of #,:

X (25)

L=2
o Or

Together with Egs. (13) and (25), we can numerically
solve the energy at small L.

B. Intermediate L

According to Fig. 2, when compared to small L, inter-
mediate L is only missing a straight string from r, to r,,
and the sum of the action can be expressed as

2
S =) Sl6+Swn+S,. (26)
i=1

We chose the same static gauge as selected earlier. It is
easy to show that the sum of Nambu-Goto action be-
comes:

2 1 Ty
> SNe=2 / dr / w(r) V/gi(N(@,x) +g:(rdr. - (27)
i=1 0 0

Then, the boundary condition becomes:

L
x(()) == 5,

Xr) =0, @3, =col@.  (28)

Therefore, the potential energy can be expressed as
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r h

r'w

Fig. 2. (color online) String configuration at an intermediate
separation distance of a heavy quark pair. We use the straight
line between two heavy quarks Q as x-axis, and baryon ver-
tex and light quarks are in the same position on the r-axis.
Rapidity # is along x3-axis direction. The black arrows repres-
ent generalized forces. Furthermore, r, denotes the position of
the black hole horizon. Additionally, r, denotes the position
of an imaginary wall when QQq is confined.

ry 1 2
Ego, = 8(2 / (40 V£GP + 8t~ 5 )dr— =
0 v
—2sr,2, #
+3ker \/m+ner Vai(n)) +2c.
' ' (29)

Finally, we can write the equation for the equilibrium
of generalized force at the coincidence of the light quark
and the baryon vertex as

St fate+ex=0, (30)

and each force can be expressed as

_ g1(r)f(r)
“= gw(rv)(— f(ry) +tana’

81 (rv) )
f(r,)?cot’(@) + f(r)
€2y

er = W(I")( gl(rv)f(rv) _ gl(rv) )
28V ey vana’ T f(r ) col(@) + f(r)

(32)

s
Ty

fo= (00, (S V). &

v

—2sr2

fr=(0.-3gkd,, (

Vaim)). (34)

v

According to Egs. (25) and (29), we can obtain the
energy at intermediate L:

C. LargeL

As observed in Fig. 3, the configuration comprises
two strings, the vertex, and the light quark. However, due
to the presence of smooth turning points on the strings,
we can utilize a new static gauge that simplifies the cal-
culations. In this gauge, we set £ =1¢,¢' = x,and con-
sider r as a function of x. Accordingly, we can express the
total action as follows:

0
S =gt(/ w(r) \/g1(r) + g2(r)(d,r)*dx

L
2

+/ w(r)
0

g2
eZsr

I~

g1(r) + g2(rn(0,r)*dx

Ve V). 69

+3k

,
Furthermore, the boundary condition of r(x) is as follows:

ax 2 _ 2 , —
r(x é) 0,0y =r,, J O 7@ (36)
2 ((9,(7')2 — 0, —

The generalized force balance equation at r, is the
same as for intermediate L. We can use this equation to
relate r, to a. Additionally, we need to find the function-
al relationship between ry and r, due to inflection points.
To accomplish this, we can employ the Euler-Lagrange
equation and incorporate the action of the string to derive
the first integral.

I = w(r)g:1(r) 37)

Ve (r) + (@)

H is a constant. We bring the boundary conditions to the
first integral.

W(rv)gl (rv)

(}{lr:rv = ’
Vg1 (r) + g (r,) tan’(@)

(3%)
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Fig. 3.
tion distance of a heavy quark pair. We use the straight line

(color online) String configuration at a large separa-

between two heavy quarks Q as the x;-axis, and baryon ver-
tex and light quarks are in the same position on the r-axis. The
rapidity # is along the x;-axis direction. There is a smooth
turning point on each of the two strings. The black arrows rep-
resent generalized forces. r, denotes the position of the black
hole horizon. r, denotes the position of an imaginary wall
when the QQq is confined.

7{|r:ro = W(FO) \/M (39)

Hence, we obtain

w(r)?g(r)? = g1 (Nw(ry)*g:(ro)
w(ro)?g1(r0)g2(r)

d.r = (40)

Given that the correspondence between a and r, has been
established in the generalized force equilibrium equation,
we can determine the correspondence between ry and r,
by using the following relationship:

W(rv)gl (rv) )
Vei(r,) + ga(r,) tan’(@)

w(ro) \/gl("o = (41)

1
Furthermore, 0,x = 7 To simplify the calculations, we

can obtain the energy after performing the integral equi-
valent transformation and renormalization as follows:

ry 1
Eoo,=2(2 / (W) V&I DGAP + 820~ 5 )
0

+2/r0 w(r) v/ 81(r)(0,x)? + g>(r)dr

v

s’

25r‘2, ‘2
— Ve +n"— /() +2c.

p
(42)

5 )
A YA

ry

Referring to Fig. 3, the separation distance of the heavy-
quark pair L should be:

L=2( rV%dr+/m %dr>. (43)

o Or or

Combining Eqs. (42) and (43), we can obtain the poten-
tial energy at large L.

IIT. NUMERICAL RESULTS

At low temperatures and low rapidities, QQqg is con-
fined, and there is an imaginary wall r, [58—62].
However, as the temperature or rapidity increases, QQq
will also become deconfined. When QQgq is confined, the
separation distance L and potential energy E will in-
crease with r,. Furthermore, at a certain point, L will in-
crease sharply until infinity. However, in reality, the sep-
aration distance L does not continue to increase infinitely.
When the potential energy of QQq reaches a certain crit-
ical point, the string connecting the quarks breaks, which
is termed as string breaking. This leads to the excitation
of light and anti-light quarks in the vacuum. When the
0Qq is deconfined, the imaginary wall disappears. As r,
increases, the separation distance reaches a maximum,
and simultaneously, the potential energy reaches a max-
imum at this point. This implies QQq screening at this
point.

This section examines the properties of QQq at finite
rapidity based on different research perspectives. It can
be divided into three parts. First, it involves analyzing the
influence of rapidity on the string breaking of the con-
fined state. Second, it involves investigating the effect of
screening when the QQg is deconfined. Finally, it in-
volves conducting a comprehensive comparison with
Q0. Additionally, we construct a state diagram of QQq
and QOQ in the T -7 plane to graphically represent their
behavior.

Based on Eq. (23), we can solve for the light quark
position corresponding to (7,n). There are two solutions
to this equation within the valid interval, and only the
smaller solution satisfies our requirements. We consider
this equation as a function of r, with different 7" and 5
shown in Fig. 4. We solve for r, in these cases at T = 0.1
GeV and obtain the following results: n=0.3, r, =
1.1487 GeV™"'; n=0.6, r, = 1.1587 GeV™'; =09, r, = 1.1823

GeV'; = 13865, r, = 1.4582 GeV~".
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2

1 3 -
Lo
<8

-1F -

/
) .
0 0.5 1 3.5
Fig. 4.  (color online) F; as a function of r, for various

rapidities at 7 =0.1GeV. The blue line represents =0.3, the
red dashed line represents 7 =0.6, the black dot-dashed line
represents n=0.9, and the green line represents n=1.3865.
Only the green line has one zero point, and the other three
lines have two zero points.

In Fig. 4, it can be observed that, at a constant tem-
perature, the function F,(r,) decreases as the rapidity in-
creases until it no longer has any zero values. For each
temperature value, there is a corresponding rapidity that
results in the function having exactly one solution. We
can obtain solutions by solving the following equations:

Fl(rq,T3n) :0’
OF (ry, T,1m) 0 (44)
r, ’

We calculate the angle at different rapidities using Eq.
(24) as a function of r, at a temperature of 7 =0.1 GeV.
The resulting plot is shown in Fig. 5. It is evident that re-
gardless of the parameters, the angles are always greater
than zero, and as the rapidity increases, the angle de-
creases. The transverse axes of the angles all start at zero
and end at their respective light quark positions r,. When
the baryon vertex coincides with the light quark, denoted
by r, =r,, it indicates that the configuration has entered
the second stage, which corresponds to intermediate L.
Subsequently, the light quark and baryon vertex increase
together. Specifically, the stage where r, <r, is referred
to as the first stage, termed as small L.

At the intermediate L, we can solve Eq. (30) to obtain
the relation between angles o and r,. Then, we draw this
plot at different rapidities, as shown in Fig. 6. It can be
observed that, when the rapidity is small, the angle de-
creases with r, linearly, and when it decreases to less than
0, we consider that QQq transitions from the second
stage to the third stage, which corresponds to large L. Ad-
ditionally, as the rapidity increases, the angular plot of the

0.4 T T
0.3}
302F 02
<
o1 015
1 1.05 1.1
0 e —— 1
0 05 1 15
r,(GeV1)
Fig. 5. (color online) Relation between the positionr, of the

baryon vertex and angle a, which is between the string and
horizon at 7 =0.1GeV and various rapidities. Among them,
the blue line represents n = 0.3, the red dashed line represents
n=0.6, the black dot-dashed line represents n=0.9, and the
green line represents 7 = 1.3865.

1
0.8F
06
c 4
04F /.’
4
0.2F
0 . : .
1 1.2 1.4 1.6 1.8 2
7,(GeV 1)
Fig. 6. (color online) Relation between the position r, of the

baryon vertex and angle a, which is between the string and
horizontal at 7 =0.1GeV and various rapidities. Among them,
the black line represents n = 0.3, the red dashed line repres-
ents n=0.9, the blue dot-dashed line represents n=1.2, and
the green line represents n = 1.3865.

second stage changes significantly. The curve of a al-
ways moves upwards, does not continue to monotonic-
ally decrease, and gradually bends upwards from a
straight line to a curve. Hence, ultimately it monotonic-
ally increases. Based on these results, when the rapidity is
large, the third stage configuration of the model is not
possible.

Figure 7 shows the relation between angles o and the
r, in the third stage. This result is obtained through Eq.
(30). Their transverse axes all start at the end point of
their respective second stages, and the longitudinal axes
start at 0. It can be seen that, as the rapidity increases, the
range of configuration in the third stage continues to de-
crease until it no longer exists. This dovetails with our
analysis in the second phase. Since the string configura-
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-0.01F N

3 -0.02 f

-0.03

-0.04 . . . .
1.46 1.48 1.5 1.52 1.54

r,(GeV1)
Fig. 7. (color online) Relation between the position r, of the
baryon vertex and angle a, which is between the string and
horizontal, at 7 =0.1GeV and various rapidities. Among them,
the black line represents 5 =0.3; the red dashed line repres-
ents 1 =0.6.

tion features smooth turning points during the third stage,
we obtain the relation between r, and ry using Eq. (41),
as shown in Fig. 8. From the calculated results between o
and r, in each stage, it can be observed that a is smooth
between the two stages.

In Fig. 9, we present the results of L as a function of
r, based on Egs. (25) and (43). At T=0.1GeV and
n=0.3, O0qg will be confined, and the separation dis-
tance can tend to infinity. Subsequently, we use Eqgs. (13),
(29), and (42) to obtain a plot of £ and L as shown in Fig.
10. In the confined state, the potential of QQq is also the
Cornell potential with finite temperature and rapidity.

A. Confined state

When QOQgq is confined, string breaking occurs when
potential energy E reaches a certain value, exciting posit-
ive and negative light quarks in the vacuum. The pattern
of string breaking is as follows:

00q — Qqq+ 0q. (45)

The schematic diagram after the string breaking is
shown in Fig. 11. It can be observed that the action of
Qqq is provided by three strings, a baryon vertex, and
two light quarks. The action of Qg comprises a string and
light quark. Therefore, the total action after the string
breaking is as follows:

3
SQqq = ZS;?G"'SVen"'ZSqa (46)

i=1

SQqZSNG'f'Sq. (47)

1.53 . . : .
152}
151}

T L

L 15

S

= 149}

=
1.48}

1.47

1.46 . . . .
1.46 1.47 1.48 1.49 1.5 1.51

r,(GeV1)
Fig. 8. Relation between the smooth turning point ry on the
string and position r, of the baryon vertex at 7 =0.1GeV and
n=0.3.

1.5

L(fm)

0.5

0 0.5 1 15
r,(GeV1)
Fig. 9. Separation distance L between pairs of heavy quarks
as a function of the position r, of the baryon vertex at

T =0.1GeV and n=0.3.

E(GeV)

0 0.5 1 1.5 2
L(fm)

Fig. 10. Relation between QQgq potential energy E and

heavy-quark pair separation distance L at 7 =0.1GeV and

n=0.3.
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r Ih
rw
q4q q
————— 0O - —@-——-—-
n
v /
X3
o 0 X1

Fig. 11.
ing. Rapidity # is along the x;-axis direction. r, denotes the

(color online) Schematic diagram after string break-

position of the black hole horizon. r, denotes the position of
an imaginary wall when QQq is confined.

We select the gauge as £° =¢, &' = r. Therefore, we ob-
tain that the boundary condition of x(r) is as follows:

(0,x)?% =0. (48)
Hence, the total action can be expressed as

S = gt(/ ' w(r) \/gz(r)dr+2/ qw(r) v/ & (r)dr
0 ry
+ / ' w(r) /g (r)dr
0

e—Zsr\z,

2
q

Vi) 430 /ai). (49)

q

sr

+3k

ry,

A simple analysis shows that the generalized force
equilibrium equation at light quarks does not change after
string breaking, i.e., the positions of the three light quarks
will be consistent with the one before breaking. However,
the force configuration at the baryon vertex of Qgq
changes, and we can denote it as follows:

63—€3+ﬁ, _ €3+f;) _

2
Bl == ey T e

0, (50)

where e; and f, coincide with Eqgs. (19) and (22). There
is only one unknown quantity, r,, in the aforementioned
equation, Hence, we can solve for its value. This equa-

tion usually solves for two values within the range
wherer, has physical significance, and we consider the
smaller value here. We solve for r, in these cases at
T =0.1GeV as follows: n=0.3,r,=0.4088GeV~!; n=
0.6, 7, =0.4049GeV~"';7=0.9, r, = 0.3987GeV~"'.

Then, we consider the renormalization to determine
the potential energy after string breaking:

ry 1
Epreax = g(/ (w(r) /g2(r) - ﬁ)dr
0
Tq Tq ]
+2 / W) V/g2(ndr+ / (w(r) VV&a() = 5 )dr
r 0

v

12
249

\egi(r)+ 3ner—2 A\ /gl(rq)> +2c.
q
(51)

- — 43k

ry I,

11 e2sn
q v

r

We calculate the potential energy at 7'=0.1 GeV after
string breaking and obtain the following: 7=0.3,
Ebreax = 3.0040 GeV; 7= 0.6, Epyeax = 2.9983 GeV; = 0.9,
Ebreak =2.9857 GeV.

The potential energies of QQg are shown in Fig. 12.
From Fig. 12, it can be observed that a higher rapidity
leads to a lower potential energy of QQq. The calculated
data are as follows: 1=0.3, Lyex = 1.2812 fm; 1 = 0.6,
Loeax = 1.2874 fm; n=0.9, Lyea = 1.3037 fm. Based on
these results, we conclude that the string-breaking dis-
tance is enhanced and potential energy is decreased in the
presence of increased rapidity.

B. Deconfined state

The confined or deconfined state of the QQg can be
determined by analyzing the plots of L—r, and the effect-
ive string tension. It has been observed that the results ob-
tained from both methods are consistent [61]. We calcu-
late the plots of L—r, for different rapidities at the same

E(GeV)

2.9
-2 124 126 128 1.3 1.32 1.34

0 02 04 06 08 1 12 14 16 18
L(fm)

Fig. 12. (color online) Curves in the figure are the potential

energy of 0Qq at T =0.1GeV, and the straight lines denote the

potential energy at T = 0.1GeV after string breaking. The black

dot-dashed line represents n = 0.9. The red dashed line repres-

ents n = 0.6. The blue solid line represents 7 = 0.3.
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temperature, as shown in Fig. 13. As the separation dis-
tance L of the QQq increases, it approaches infinity. In
contrast, when it is deconfined, the L-r, plot has a max-
imum value. Specifically, QQqg will become free quarks
above the maximum value.

Figure 13 illustrates the transition of the QQq from a
confined to a deconfined state at a critical rapidity and
temperature. When QQgq is deconfined, it is observed
that, as the rapidity increases, the screening distance and
r, decrease. This implies that, as the rapidity increases,
QQq becomes easier to screen. When T =0.1GeV,
n = 1.3865 is the maximum rapidity that the QQg model

15F
—~ 1}
£
3
05F
o L . . . .
0 0.5 1 1.5 2
r,(GeV1)
Fig. 13. (color online) Separation distance L between pairs

of heavy quarks as a function of the position r, of the baryon
vertex at T =0.1GeV. The solid line represents in confined
state, while the dashed line represents in deconfined state. The
blue line represents 7 = 0.3, the red line represents 5 = 0.6, the
black line represents n = 0.9, the green line represents n = 1.2,
and the yellow line represents n = 1.3865.

5
al |
3 /
2=z odli 1
> ///‘4
(]
o
|
R ol
-1
-2
3 . . .
0 0.5 1 1.5
L(fm)
Fig. 14.  (color online) Relation between the potential en-

ergy E and separation distance L at 7 =0.1GeV. The solid line
represents a confined state, while the dashed line represents a
deconfined state. The solid blue line represents n=0.3, the
green dot-dashed line represents n=1.2, and the red dashed
line represents 7 = 1.3865.

can allow, and its corresponding screening distance is
Liei = 0.4218fm. Then, r, = 1.5682GeV~!.

We also calculate the plots of £ and L as shown in
Fig. 14. Based on the figure, it can be observed that the
potential energy of the confined QQq steadily increases
with L until string breaking occurs. There is a maximum
value for the potential energy of the deconfined state.
When E reaches the maximum value, L also reaches the
maximum value, which is the apex of L in Fig. 13. As
rapidity increases, the potential energy of QQq decreases,
and the screening distance becomes smaller. Figure 14
also illustrates that, regardless of whether it is in the con-
fined or deconfined state, as the rapidity increases at a
fixed temperature, the potential energy becomes smaller.
The calculation results about the screening of QQgq in the
deconfined state are as follows: at n=12, L =
0.7304 fm, Egpeen = 2.3547 GeV; at n=1.3865, Lyeen =
0.4219 fm, Egeen = 2.0317 GeV.

We will briefly introduce the method for determining
confined and deconfined states. If the maximum value of
the screening distance is smaller than the distance of
string breaking, it indicates that QQq is in the deconfined
state; otherwise, it is in the confined state. Using this
method, we perform calculations to determine the critical
points, and these results are plotted in Fig. 15.

In Fig. 15, QQqg cannot exist in a medium with tem-
peratures and rapidities above the dashed line. Specific-
ally, QQq is in the deconfined state between the dashed
and solid lines. In this state, QQg become free quarks at
long distances due to screening. When QQgq is in the de-
confined state and the rapidity increases at a fixed tem-
perature, the screening distance decreases. Below the sol-
id line, QQgq is in the confined state. In this state, when
the separation distance reaches the string-breaking dis-
tance and string breaking occurs, it transitions into a new
configuration.

0.15 =

0.14} ~

0.13 AN
%0.12- e
= 011} S

01} AN

0.09 F 3

0.08 - - -
0 0.5 1 15

n
Fig. 15. (color online) Dashed line consists of the maxim-
um (n, T) points determined via Eq. (44), and the solid line
consists of the critical points that distinguish the confined
state from the deconfined state.
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C. Comparison with Q0 configuration

Research on QQ through holographic models is suffi-
ciently mature [46, 62—69]. We mainly examine the dif-
ference between Q0 and QQg under the influence of
rapidities.

First, we can write the metric after adding the rapid-
ity effect of QQ through the Lorentz transformation:

ds* = w(r)( - g1(r)dr* ~ 2sinh(p) cosh(n) (1 - 1) )dxsde
82(r)
+g3 (r)dx% + dx% + dx% + 82(r) drz) s
&1(r) (52)

where w(r), g,(r), g2(r), and g3(r) are consistent with the
previously derived Egs. (2) and (5).

We select the static gauge £° =1, &' = x, and the ac-
tion of QQcan be expressed as

0
S =gt( / w(r) \/81(r) + g2(r)(0xr)*dx

L
2

I~

+ / w(r) /g1(r) +g2(r)(@.r)? ) dx. (53)
0
Furthermore, the boundary condition of r(x) is as follows:
r(+£)=0 r(0) = ros (Byrlrery)’ =0 (54)
= 2 5 0s xllr=rg .

The string configuration of QQ is U-shaped, where r, de-
notes the smooth turning point of the U-shaped string.
With the Euler-Lagrange equation, we obtain the follow-
ing:

w(r)?g1(r)? — g1 (Nw(ro)*g:(ro)
w(r0)?g1(70)g2(r)

0,r = (55)

By renormalizing, we can obtain the potential energy of
0Qas follows:

rO ]
Epg = 8(2/ (W(V) V &1(r@,x) + g2(r) - rj)dr
0
2

-2 ) +2e. (56)
ro
Furthermore,
’U i)
L=2 / ar, (57)
0 81’
here dr= % = |
where 0,x = == = o

We can calculate the potential energy of QQ at differ-

ent rapidities at the same temperature and compare it with
QQq. The result is presented in Fig. 16, indicating that
the potential energy of QQq is higher than that of QQ.
Furthermore, it is observed that increasing rapidity con-
sistently leads to a decrease in the potential energy of Q0
and 0Qq. When QQ is in the confined state, the Q0
string breaks when the separation distance becomes suffi-
ciently large. Let us consider the pattern of QQ string
breaking as

00 — 04+ 0Qq. (58)

Evidently,

rq 1
Epreat = 28( / (w() /20 = 5 )dr
0

sz

1 q

—*'f'}'lie ’ gl(}’q))'l'ZC. (59)
r 7

q q

Based on this, we can generate the plot in Fig. 17. As
shown in the figure, it is evident that increasing rapidity
leads to a greater separation distance at the point of string
breaking for both Q0 and QQq. The calculated data
are 7= 0.3, Epeax = 2.3906 GeV, Lyea = 1.2331 fm; 17 = 0.6,
Ebreak = 23868 GeV, Lbreak = 12382 fm, n= 09, Ebreak =
2.3784 GeV, Lyea = 1.2474 fm. It can be observed that the
breaking distance of QQ is slightly less than QQgq.
However, the difference between the two is not signific-
ant.

When the rapidity continues to increase, QQ will also
change from the confined state to the deconfined state.
For this purpose, we calculated the results in Fig. 18.
When we calculated the potential of QQq at n = 1.3865
and T =0.1 GeV, the results show L =0.4219 fm and
Epe =2.0317 GeV. When QQ is at 5=1.3865 and

5
5]
o
S
2 286 4—0=r 23 b2 .
1.15 1.2 125 115 1.2 1.25
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
L(fm)
Fig. 16. (color online) Potential energies of 00 and QQq are

depicted at 7 = 0.1GeV. In the graph, the black dot-dashed line
represents n=0.9, the red dashed line represents n = 0.6, and
the blue solid line represents = 0.3.
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5 T T T T T T T T
4t J
3F /______.—-
—2f ]
2
SRl 1
= oo/ L0 ==z E
1 = 4
2.3
-2 1.2 122 124 1.26 1.28 1.3 )
3 L L L L L L L L

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
L(fm)
Fig. 17.
energy of Q0 at T =0.1GeV, and the straight lines are the po-
tential energy at 7 =0.1GeV after string breaking. Where the
black dot-dashed line represents n=0.9, the red dashed line
represents n = 0.6, and the blue solid line represents n=0.3.

(color online) Curves in the figure are the potential

4 T T T
3 3
2 3
=1
v |
S |
S
[ ]
Afl
|
|
2f
|
3l . . .
0 0.5 1 1.5
L(fm)
Fig. 18. (color online) Higher curves represent QQq, and the

lower curves represent QQ. The black line represents
n=12,T=0.1GeV, and the green line representsn = 1.3865,
T=0.1GeV.

T=0.1 GeV, we obtain L, =0.8944 fm and E, . =
1.9640 GeV. It can be observed that the difference in
screening distances is significant. We infer that QQ is
more stable than QQq at the same temperature and rapid-
ity.

Figure 19 shows that QQq is confined below the
black line, which implies that the separation distance of
heavy quarks can be infinite if we ignore the string break-
ing. QQq can still be found below the black dashed line
even when QQq is in the deconfined state. This implies
that QQqg can screen at a certain distance. Furthermore,
0QQq cannot be found anymore above the dashed line. As
a comparison, we show QQ in the same figure with a
blue line. The situation differs for Q0. Additionally, QQ
is confined below the blue line. Above the blue line, Q0
is deconfined. However, we can still find Q0 at any con-
ditions because it can still exist at a small separation dis-
tance.

0.15
0.14
0.13
=042
[
S
= 0.11F
0.1}

0.09F

0.08 - - -
0 0.5 1 1.5

n
Fig. 19. (color online) Solid black line distinguishes the con-
fined state and deconfined state of QQg, the dashed line rep-
resents the maximum conditions allowed by QQq, the blue
line distinguishes the confined state and deconfined state of

00.

IV. CONCLUSION

In this paper, we mainly discuss the properties of
QQq in some aspects at finite temperature and rapidity
using the 5-dimensional effective string model for the
first time. When QQgq is in the confined state, it can un-
dergo string breaking at a large separation distance. We
consider the breaking mode to be QQg — Qqgq+ Qg and
observe that higher rapidities make the string breaking
more difficult to occur. Under high temperature and
rapidity conditions, QQgq transitions into the deconfined
state. In this state, it becomes the free quarks if the separ-
ation distance is larger than the screening distance, and
color screening becomes easier with increasing rapidity.
Using potential analysis, we constructed a state diagram
for QQq in the T —n plane to differentiate between the
confined and deconfined states.

We compared the properties of QQq and Q0. As ex-
pected, the potential energy of QQq is always greater
than that of QQ, and the qualitative effects of temperat-
ure and rapidity on QQq and QQ are consistent. In the
confined state, it is determined that the string-breaking
distance of QQq and QOQ are very close. This implies that
the sizes of the different hadrons are potentially similar.
In the deconfined state, there is a significant difference in
the screening distance between QQqg and Q0. It is de-
termined that the screening distance of QQgq is smaller
than that of QQ under the same conditions, which indic-
ates QQq is less stable than QQ. Furthermore, an interest-
ing result shows that QQq cannot be found above certain
temperatures and rapidities. However, QQ can be found
at any temperature and rapidity as long as the separation
distances are sufficiently small. This study mainly fo-
cuses on qualitative analysis and can be extended to yield
more accurate results in the future.
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