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As a hot issue, exploring exotic pentaquarks is full of challenges and opportunities for both theorist and
experimentalist. In this work, we focus on a type of pentaquark with the Q Qqqg (Q = b, c;q = u, d, s) config-
uration, where their mass spectrum is estimated systematically. In particular, our result indicates that there may
exist some stable or narrow exotic pentaquark states. Obviously, our study may provides valuable information
for further experimental search for the Q Qgqg pentaquarks. With the running of large Hadron collider beauty
(LHCDb) and forthcoming Belle II, we have a reason to believe that these predictions presented here can be tested.

DOI: 10.1103/PhysRevC.98.045204

I. INTRODUCTION

Since the proposal of the quark model [1,2], it is pop-
ular to identify multiquark states from both theoretical and
experimental sides. Many exotic XY Z states observed by
experiments in recent years [3—15] are considered as pos-
sible tetraquark candidates [16-24]. With one more quark
component, intriguing pentaquark states were also studied in
various colliders. Although the subsequent experiments [25]
did not confirm the light ®* pentaquark with component
uudds as claimed by the LEPS Collaboration [26], the large
Hadron collider beauty (LHCb) experiment brought us new
findings in the heavy quark realm in 2015 [27]. Two hidden-
charm pentaquark-like resonances P.(4380) and P.(4450)
are extracted in the J/vp invariant mass distribution of the
Ag decay into J/W K~ p. This observation stimulated further
studies on pentaquark states [20,28,29]. In this paper, we pay
attention to the Q Qqgqg systems, where Q = b, c and g =
u,d, s, and roughly estimate the masses of such pentaquark
states.

In the quark model, the doubly charmed baryon E.. (J© =
1+

3 oOr %+) is in a 20-plet representation of the flavor SU(4)
classification [30]. Although its study started 40 years ago
[31], its existence has been confirmed very recently [32-34].
The confirmation from LHCb motivates further theoretical
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studies on the possible stable Tp (Q QFg) states, which had
been predicted in various models. Both the E.. baryon and
the Tpp meson contain a heavy diquark. Now we would like
to add one more light quark component and discuss the spectra
of the doubly heavy pentaquarks within a simple model.
The so-called heavy diquark-antiquark symmetry was used to
relate the mass splittings of QQqg and QQgg in Ref. [35].
We hope that the present investigation can also be helpful for
further study on such a symmetry in multiquark systems.

Compared to the Q Qg baryon, the QQgqg pentaquark
state should be heavier. However, the complicated interac-
tions within multiquark systems may lower the mass, which
probably makes it difficult to distinguish experimentally a
conventional baryon from a pentaquark baryon just from the
mass consideration. One example for this feature is the five
newly observed €2, states [36,37]. They can be accommo-
dated in both 3¢ configuration [38—46] and 5¢ configuration
[47-53] and much more measurements are needed to resolve
their nature. As a theoretical prediction, the basic features for
the pentaquark spectra may be useful for us to understand
possible structures of heavy quark hadrons.

For the doubly heavy five-quark systems, we have a com-
pact QQqqq configuration and two baryon-meson moleu-
cle configurations, (QQq)(gg) and (Qqq)(Qg). As for the
latter molecule configuration, there are theoretical studies in
the meson exchange methods [54-56]. Here, we discuss the
mass splittings of the compact Q Qgqg pentaquark states by
considering the color-magnetic interactions between quarks
and estimate their rough positions. It is still an open question
how to distinguish the two configurations. For example, if
we compare the prediction for the A-type hidden charm
state in the molecule picture [57] and the estimation for the
mass of the lowest ccuds compact pentaquark [58], one gets
consistent results. However, the numbers of possible states
in these two pictures are different. The present study should
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be useful in looking for genuine pentaquark states rather than
molecules.

This paper is organized as follows. In Sec. II, we construct
the flavor ® color ® spin wave functions for the QQgqqg
pentaquark states. In Sec. III, the relevant Hamiltonians for
various systems are presented. In Sec. IV, we give numerical
results and discuss the mass spectra of the pentaquark states
and their strong decay channels. Finally, we present a sum-
mary in Sec. V.

II. COLOR-MAGNETIC INTERACTION
AND WAVE FUNCTIONS

The few-body problem is difficult to deal with and there are
scarce dynamical studies on pentaquark systems without sub-
structure assumptions [59,60]. To understand systematically
the basic features for the properties of multiquark states, as the
first step, we here adopt a color-magnetic model and mainly
focus on the mass splittings of the S-wave pentaquark states.
For the pentaquark masses, we just present some estimations.
Their accurate values need further dynamical calculations. For
the ground-state hadrons with the same quark content, e.g.,

J

= 1P 0+ T (m

A and N, their mass splitting is mainly determined by the
color-magnetic interaction (CMI). The Hamiltonian in this
model reads

H = Zmi + Hew,
i

HCM = —ZC,-,)\; . )»j&,» . 5j = —ZC;jAfAj'olbab

i<j i<j

ey

where A{ (@ =1, ..., 8) are the Gell-Mann matrices for the
ith quark and o]'? (b =1, 2, 3) are the Pauli matrices for the

jth quark. For antiquarks, the A is replaced with —X;" The
effective mass m; for the ith quark includes the constituent
quark mass and contributions from color-electric interactions
and color confinements. The effective coupling constants C;;
depend on the quark masses and the ground-state spatial wave
functions.

The model is an oversimplified one of the realistic quark
interactions. We may check its relation with the leading-order
Hamiltonian in nonrelativistic approximation in Ref. [31]
(ignore the electromagnetic part):

)i,

l>j

Here, L is responsible for quark binding and 7;, p;, and my; are the position, momentum, and mass of the ith quark, respectively.

S;; has the form

1 1 p:-pi Ir-(F-p)p; 1 4G; - ;
Sij = — — (pl _)pj + ( _)fl)pj> 8 ( )( _Z+#)
7| 2moimo; \ 7] |7 mi; mgy;  3moimo;
1 7Xﬁi~5’i FXﬁj-aj 1 N N - N N N N N (5,7)(517)
- — - + 2Fr X pi-0; —2r x pj-0; —0; - 0; + 3——=>—— | ¢, 3
4|r|3{ m}; mg; mo;mo; pi~9j pj o Y HE €)

where 7 = 7; — 7;. For S-wave hadrons, the last two lines (spin-orbit and tensor parts) have vanishing contributions. By
calculating the average value with the orbital wave function ¥, (L = 0), one may write the Hamiltonian as

H = (Vo H| W)

- {<%|[L(r1, Fa) + Z (’”0' * 2_>}|%

1 (ﬁi o
2moimo; \ |7

i>]

For states with the same quark content, M, is a constant and it
can be expressed as the summation of effective quark masses
Moy =}, m;. Then the model Hamiltonian we will use is
obtained. In principle, the values of m; and C;; should be
different for various systems. However, it is difficult to exactly
calculate these parameters for a given system without know-
ing the spatial wave function. In the present study, they will
be extracted from the masses of conventional hadrons. That
is to say, we use the assumption that quark-quark interactions

I r- (r|?|l37l)pj>:||\p0)} — Z G (Wol o 8 (r)|\I'()>

1 1
Ai )» (Wolors + 83
7 D ik (Wola L . (m%l 0]>2 7)

l>_]

N
¥ o, oj
no;mo;

i>j

“

(

are the same for various systems. This assumption certainly
leads to uncertainties on hadron masses. The uncertainty cause
by m; does not allow us to give accurate pentaquark masses
while the uncertainty in coupling parameters has smaller
effects and the mass splittings should be more reliable. In
order to reduce the uncertainties and obtain more appropriate
estimations, we will try to use an alternative form of the
mass formula. Whether this manipulation gives results close
to realistic masses or not can be tested in future measurements.
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FIG. 1. SUQ3); weight diagrams for the QQgqg pentaquark
states. (a) The two light quarks belong to 3, and (b) The two light
quarks belong to 6.

Obviously, we can calculate the color-magnetic matrix
elements and investigate the mass spectra for the Q Qgqg sys-
tems if the wave functions were constructed. Now we move on
to the construction of the flavor-color-spin wave function of a
system, which is a direct product of SU(3) s flavor wave func-
tion, SU(3), color wave function, and SU(2), spin wave func-
tion. We construct these wave functions separately and then
combine them together by noticing the possible constraint
from the Pauli principle. We will use the diquark-diquark-
antiquark bases to construct the wave function. In principle,
the selection of wave function bases is irrelevant with the final
results since we will diagonalize the Hamiltonian in this CMI
model. Here, the notation “diquark” only means two quarks
and it does not mean a compact substructure.

In flavor space, the heavy quarks are treated as SU(3)
singlet states and the light diquark may be in the flavor
antisymmetric 37 or symmetric 6, representation. For the
case of the antisymmetric (symmetric) light diquark, the rep-
resentations of the pentaquarks are 6, and 37 (37 and 15/).
We plot the SU(3) s weight diagrams for the Q Qqqg systems
in Fig. 1. The explicit wave functions are similar to the
qqq O tetraquark states presented in Ref. [61]. Because of the
unequal quark masses, we consider SU(3) ; symmetry break-
ing and the flavor mixing among different representations
occurs. The resulting systems we consider are QQ,nni,
Q10onns, Q1Qonsi, Q10Qonss, Q1Qassi, and QQss3,
where n represents u or d.

In color space, the Young diagrams tell us that the pen-
taquark systems have three color singlets. Then we have three

color wave functions. The direct product for the representa-
tions can be written as

(Bc®3:)® (B ®3.)® 3,
= (3c ) 6c) &® (éc ©® 6c) ® 3c
=G ®3.03.)® B Q6. ®3.)D (6, ® 3 R3).
(5)

In the last line, the representations in the parentheses are for
the heavy diquark, light diquark, and antiquark, respectively.
Then the color-singlet wave functions can be constructed as

M = [(0102)*(g392)* 7],
" = [(0102)*(q392)* 71, (6)
% = [(0102)%(q394)* 71,

where A (S) means antisymmetric (symmetric) for the di-
quarks. Explicitly, we have

P = z—j/g[(rbbg —rbgb + brgh — brbg + gbrb — gbbr
+bgbr — bgrb)l; + (rbrg — rbgr + brgr — brrg
+ grrb — grbr + rgbr — rgrb)r + (gbrg — gbgr
+bggr — bgrg + grgb — grbg +rghg — rggh)gl,
@)
p4S = %[(ngbb — 2grbb — rbgh — rbbg + brgb
+brbg + gbrb + gbbr — bgrb — bgbr)b + (2gbrr
—2bgrr —rbrg —rbgr 4 brrg + brgr
—grrb — grbr +rgrb +rgbr)r + (2brgg
—2rbgg + gbrg + gbgr — bgrg — bggrg — grgb
—grbg +rggh +rghg)gl, ®)
$5 = %[(%bgr — 2bbrg + gbrb — gbbr + bgrb

— bgbr — rbgh + rbbg — brgb + brbg)b

+ (2rrbg — 2rrgb +rgrb — rgbr + grrb

— grbr +rbgr —rbrg + brgr — brrg)r

+ (2ggrb —2ggbr — rggb +rgbg — grgb + grbg
+gbgr — gbrg + bggr — bgrg)g. )

The spin wave functions for the pentaquark states are

)

x1 = [(Q102)1(g3g4141; ,

1 = [(Q102)1(g3g:d
X% 1 s = 101021 (g3q:13);
1o = [(Q102)1(g3g:14 1},

x5 = [(O1 Q2)1(43CI4)167]§,

10)
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TABLE I. Defined variables to simplify the CMI expressions.

Variable Definition Variable Definition

o Cip+Cxy B Ci3+Ciy+Cp+Cy
A Ci5s + Cos 4 Ci3+Ciy—Cp3—Cy
2 Ci5 — Cas ) Ci3—Ciy+Cp—Cy
v Css + Cis n Ci3—Ciy—C;3+Cxn
P Ciys — Cys

0 Cip—3C3

T 3C1 — Cy

o |xe = 10101 @an0a1;,

X ! (11)
x7 = [(Q102)1(g394)0G1; ,
ey xs = [(Q1 Q2)0(43614)1Q]1l, (12)
xo = [(Q102)0(q3g4)141;
X x10 = [(Q102)0(g394)0G 13 - (13)
Here in the symbol [(Q1Q2)sin(q394)sping 17 ", j is the

total spin of the first four quarks. The superscript SA of
x means that the first two quarks are symmetric and the
second two quarks are antisymmetric. Other superscripts are
understood similarly.

Considering the Pauli principle, we obtain twelve types
of total wave functions: [¢p*4 ® x 55184, ¢4 ® x54185,,

J

[0 @ x 5181285y, [¢* @ x 4181283, (9% ® x 55183,
[0 @ x34183y,  [9%° ® x"5181285,,  [9"° ® x 1181283,
(654 ® x5%18128%,, (05 ® x54181283,, [¢°* ® x 45184, and
[¢54 ® x44183,. Here, 8;o =0 when the first two quarks
are identical, or else §; = 1. When the two light quarks
are antisymmetric (Symmetric) in the flavor space, 5?4 =0
(85, = 0), or else 84, =1 (85, = 1). Then the considered
pentaquark states are categorized into six classes:

(1) the (ccnn)'='q, (bbnn)'='g, (ccss)g, and (bbss)g
states with 81, = 8§4 =0;
(2) the (ccnn)'=%G and (bbnn)'=g states with 8, =

854 =0;
(3) the (bcnn)'='g and (bcss)g states with 8;, = 1 and
85, =0

(4) the (benn)'=0g states with 81, = 1 and 8%, = 0;

(5) the (ccns)g and (bbns)q states with §;, = 0 and 8354 =
8§‘4 =1;and

(6) the (bcns)q states with 81, = 5?4 = 8§4 =1

In the following discussions, we also use the nota-

tion [(Q Qz)§3}3f(q3q4)§;’}gfq1‘;"al P to denote the total wave
function.

III. THE HAMILTONIAN EXPRESSIONS

With the constructed wave functions, we calculate color-
magnetic matrix elements on various bases. In this section,
we present the obtained Hamiltonians in the matrix form.
To simplify the expressions, we use the variables defined in
Table I.

A. (ccnn)'='gq, (bbnn)'='q, (ccss)q, and (bbss)j states in the first class

Three types of basis vectors are involved in calculating the relevant matrix elements: [¢44 ® x55184,, [¢*5 ® x54184,, and

[ ® x 45183,

- 5 < 3
For the J¥ = % states, there is only one basis vector [(Q Q)f(q3q4)?q]22. The obtained Hamiltonian is

(Hom)y_3 = 5(4a + B + 21 +2v).

(14)

For the J¥ =3 states, we have four basis vectors, [(Q0)(g3g3313, [(QO) (9331, [(Q0)i(g3¢4)34];, and

< 2
[(QQ)g(q3q4)?q]12. The resulting Hamiltonian is

da+B—304+v)  Sv—1) 350 3/52
— 4o — — _
(How) s = 2 V35— 1) a—B+Ar+v 3(B—v) 3x—p) (15)
3 3V/5v 38 —v) 19a —6) -1 -3p
351 30 — B) -3p 10 +1)—v

_ . - s 1 - 1 s 1
For the JP=% states, the basis vectors are [(QQ)?(q3q4)?q]f, [(QQ)?(q3q4)8q],2, [(QQ)S(q3q4)?q]f, and

[(O Q)? (9394 )?q]é and the Hamiltonian reads

4o — B —2(L+v) 3(B +2v) “3(B+2%) 24200 —2)
2 19a — 2X -3 —3J2
(Howd yos = 2 3(B+2v) 39 — 0) + 5 3V2v 6
3 =3(B+21) 3 19a+1)+2v =342
272 = A) —32v —32x 4o — 2B
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B. (ccnn)'="g and (bbnn)'="g states in the second class
In this case, we also have three types of basis vectors to consider: [q)AA 54185,, [0S x55183,, and [¢54 x24155,.

For the J P % states, the involved basis vector is [(Q Q)3 (nn)8 q]2 and the obtained Hamiltonian is

(Hem) —s = (3T — o+ 58 — 24 + 10v). (17)

3 . 3 3
For the J© = 2 states, there are three basis vectors: [(QQ)(nn)$G13, [(Q Q) (nn)8G]7, and [(Q Q)3 (nn)ig]; . We can get
the following Hamiltonian:

3t —a+58+31—15v V500 + 5v) 6+/5v
1
(Hom) =3 = 3 V5, + 5v) 3t—a—-58—-2+5 6(B—v) | (18)
64/5v 6(8 —v) 420 4+ 1)

_ 1 _ o o
For the J” =1 states, we have four basis vectors: [(QQ)i(nn)$Gl;, [(QQ)i(nn)gli, [(QQ)§(nn);gl;, and
[(QQ)?(nn)lq]0 . Then the Hamiltonian

3t —a—58+21—10v 6(8+2v) 0 27200 + 5v)
1 6(B + 2v) 8(6 — 1) 661 —64/2v
(Hem) =1 = = (19)
>3 0 661 330 + ) 3438
242(1 + 5v) —6+/2v 3V38 3t —a—108

can be obtained.

C. (cbnn)'='g and (chss)q states in the third class

Now, one does not need to consider the constraint for the heavy diquark from the Pauli principle and we then have six types
of basis vectors, [¢pA4 x 55184, [ x 45181284y, [¢™5 x 54184, [0S x 4181284, [ ¢SA 55181284, and [¢54 x 45184,

' For the J¥ = %7 states, two basis vectors, [(cb)?(q3q4) q]2 and [(cb)6 (q3q4) q]2 , are involved and the obtained Hamiltonian
is

1
(HCM)j:% = 5( (20)

2040 + B 4 21 +2v) 3V2(y —2u)
3V2(y —2p) S84+ 10r —2v —a — 30/

3 . . 3 . L 3
For the J? :% states, there are seven basis vectors, [(cb)3(q3q4) ql;, [(cb)3(q3q4)3q]f, [(cb)g(q3q4)§q]f,
. 3 . 3
[(cb)? (ng4)8q]l2 s [(cb)?(q3q4)?q]22 s [(cb)?(q3q4) q]l ,and [(cb)o(q3q4) ] One obtains the Hamiltonian as follows:

(_1?:+ﬁv)> V5w —2) —V10u 350 S +3m) W10, 3451
V50— 2) (iﬁ) 2y +w 3B 00y -+ 30.- )
—/10u —V2(y +v) 2w —21) 3y 33 30— B) 0
(Hem) =3 = % 350 3(B-v) %y 192 —6) -2 0 ,%y _3p
A+ o 3V5h 0 é<35:3_—a15_1:9) — 3 (5h+v) —10
3V5h 30-= ) 0 -38 —i0y, St dOatT v
2
For the J¥ = l_ states, elght basis Vectors are involved, [(cb) (q3q4) q]1 , [(cb)3(q3q4)1q]0 , [(cb)?)(q3q4)?q1f,

[(cb)3(q3q4)0q]1 . [(cb)o(Q3q4)0q]O [(ch)%(q3q4)’ al: Z, [(Cb)6(C13q4)1q]o, and [(ch)(q3q4)} q]1 The resulting Hamiltonian is

045204-5
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(Hem) -

1
2
4o — B—
20 —2v
2V/2(0 = 1)
V2@u—y)

3(8 +2v)
0

W

H@u—-y)

6
=3(B +2A)

[¢54 x 54181285, and [¢54 x 44165,

2/2(v — 1)

2Qa — B)
—342v
—#y
—¥V

342y

-3V2y
—342x

V2Qu - y) 3(8 +2v)
2u —3/2v
—4(t +v) 14
%y 39 — 0) + 21
3/6v V3p
=3(8 +22) v 14
—34/2x 0
0 -3p

0 5Qu—y) 61 —3(B+21)
—2f5y 61 —32y —34/22
3/6v =3(B +2x) —3v2x 0
V3u ~ 5V 0 -3

3(a = 31) 0 g 0
1
—La+30)-

0 2 —V2(5x > u—
g —V2(Si+v)  —L@+30)-5p su

0 %(2#—;/) 5u 3 + 1)+ 2v

D. (cbhnn)'=g states in the fourth class

In this case, we also have six types of basis vectors, [¢pA4x54183,, [ x 44181285, (¢S x55185,, [9A5 x 5181285,

- < 5
For the J© = % states, there is only one basis vector, [(cb)?(nn)?ci]zz. The obtained Hamiltonian is

(Hem)y—s = 53T —a + 58 — 24 + 10v).

(22)

(23)

_ . = 2 . 3 . 3 . 3
For the J¥ = 3 states, the involved basis vectors are [(cb)] (nn)3g]7 . [(cb); (nn)$q13 . [(cb); (nn)$q17 . [(cb)y(nn)$g]; , and

. 2
[(ch)$(nn)}g1} . The Hamiltonian can be written as

<HCM>j:%

For the J* = %_

40 + 2 3v/5v 3(8 =) %y —32u
31 —a+58
35 1 B+ 50 N 0
e 2<+3A—15v> 2 ( ) 2 M
3t —a—35B8 .29
_ A 1 Ly — _3

3(B—v) > (A +5v) 2( s ) 7 —=35y) 7Y

3y 40, Ss=5y)  5v— 30+ 57) -3p
-3V2u 0 ~ 5V 3B 5h+ 3(50 — 9a)

- 1 5 1 5 1
[(ch)y(nn)8q1?, [(ch)®(nn)igl;, and [(ch)§(nn)3G]¢ - The obtained Hamiltonian reads

(Hem) j=1

40 — 1)
—2/3u

3(8 +2v)
—3/2v

24

632
361

[SSIN S

045204-6

—23u 3(8 +2v) —32v
—12a 0 —#y
3t —a—58
0 ) 200 +5
2<+2A—10v> V204 50)

Y V20 + 5v) 1Bt —a)-58
3J/6v — 56y +2) -
3461 —%y 0

0 0 g

. s a1 . 1 . 1
states, we have seven basis vectors, [(ch);(nn)ygl:, [(chb)j(nn)igle, [(cb);(nn)$ql:, [(cb);(nn)$GlZ,

%y 6211 3461
3/6v 3/6x 0
— 70y +2m) v 14 0
v . (25)
1 0 Mg
—19a + 57) — 10v -3p 0
-3 150 —9a) — 10» =53
0 —531 230+ a)
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E. (ccns)q and (bbns)q states in the fifth class

In this case, again we have six types of basis vectors, [¢44 x 55184, [¢24 x54185,, (925 x 55185, (675 x5A184,, [954 x 25184,
and [¢54 x 44]85,.

_ . a3 . s
For the J¥ = 2 states, the basis vectors are [(Q Q)] (n5){4]; and [(Q Q)3 (ns)$7]; and the Hamiltonian is

2 (4 + B+ 2x+2v (8 —-2p)
(How)yo: ==, o . (26)
23 56— 2p) 53T —a+58 —21+ 10v)

For the JP=%_ states, the involved basis vectors are [(QQ)?(ns)?q]Z%, [(QQ)?(ns)?cj]%, [(QQ)?(ns)gq]lg,
[(Q0)}(n5)5G13, [(Q )} (1n5)0G1}, [(Q Q)3 (ns)571; , and [(Q Q)§(ns)3G]; . Then one can get

<HCM>1=%
4o + B—
50— —V/10 2@+3 — M 33/5 3./51
(3(A+U)> V500 —2) V10p 56 +3p) 10, V5v V&
4o —p 3/10 3
V30 = 1) V265 + p) —310p ~56+p) 38— ) )
+A+v
5 —/10p V26 + p) 46 + 21 3v/5v 3(8 —v) 0 L
== 3t —a+58 . (@n
3 Z6+3m) -2 34/50 ;<+3/\—15v> B+ 5v) — 310, 0
—:¥0p  —3@+e) 3B-v) T+ %(3_’5;‘123) 56+0) 39
34/5v 3(B—v) 0 — 310, iCRal) L9a —6) — 1 —3
351 3 —B) 58 0 59 -3p 1Qa+1)—v

For the J” =1 states, the basis vectors are [(QQ)?(ns)?q]%, [(QQ)?(nsﬁq]é, [(QQ)?(ns)gq]f, [(QQ)?(ns)?q]f,
[(QQ)(ns)$G12, [(QQO)(ns)8G17, [((QQ)5(ns)3G]; , and [(Q Q)§(ns)3q]3 . The derived Hamiltonian reads

<HCM>J:%
( oo b ) 2V20 =2 V26 -2p) 2(2p—8) —6p 3(8 +2v) —=3(B+21) 0
—2% —2v V2
220 =2 2Qa—p) 2 —6p 3428 —32v —3v2x — s
V25 —2p) 2p 40 — 1) 3(B +2v) —32v 0 %a 3/6
- % 329 —6p 3(8 +2v) %Ciz_xo:osvﬁ) V304 5v) 26-20) 25 0
—6p —34/268 —32v V2(A +5v) 1Bt —a)—58 5p 0 %ﬂ
3(B+2v) —342v 0 %(5—2@ 5p 19 — 0) 421 -3 0
=3(B+22) —3v2A 59 550 0 -3 19 + 1)+ 2v V3p
0 ~3f55 361 0 ey 0 V3p 130 +a)

(28)

F. (cbns)q states in the sixth class
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TABLE II. The extracted effective coupling parameters.

Hadron CMI Hadron CMI Parameter (MeV)
N —8Cpn A 8Con Cpn =184
b 8Cum — 2C = 8Cum + 2C, Cn =124
B0 qcy, —4Cy) E* 8(Cy + Cuy)

Q 8C,, Cyy =65
A —8C,,

70 —16C,; P LCpn C,: = 30.0
K —16C,; K* LCy C,; =187
D —16C,; D* LC. Coi = 6.7
D, —16C.; D} B Cis =6.7
B —16Cy; B* B¢y Cps =2.1
B, —16Cy; B* By Cps =23
B. —16Cy; B [63] LYo Cpe =3.3
ne ~16C. I/ PCe Cee =53
m —16C,; Y By Cp; =29
. $Cumn — 2Ca = $Cum + RCo Con = 4.0
g, 8¢, —C., — B, O 8Cu + 8Cen + 3C, Cy =48
zp 8Cum — ZCha T 8Cn + LCpy Con =13
E) $Cus = §Cou — FCo g 8Cu + 8Cp + 2C), Cpy =12

Since the Pauli principle has no effects in this case, the most basis vectors are involved. There are twelve types of bases,
[0 % 55184y, (9™ x 54185y, [0 x*5181284;, [¢AAXAA]51233S4, [0 x 55183, (975 %5185y, [0S x 5181283, (9% x 181283,

[¢54 X 85]512534, (¢34 x
For the J¥ = 2

A]8125;4, [ x %183y, and [¢** x AA](S

- . s
2 states, the basis vectors are [(ch) (ns)} q]z, [(cb)3(ns)1q 13, and [(ch)®(ns)}G]; and the Hamiltonian is

1 2(4a + B + 21 +2v) 342(8 — 2p) 3V2(y —2p)
(Hom)y—g = 3 342(8 — 2p) 3t —a+58—21+10v —3p (31)
3V2(y —2u) —3n 58 + 104 — 2v — (o + 30)

For the JP=%7

states, the basis vectors are [(cb)3(ns)1q]2, [(cb)}(ns)3g ]1%, [(cb)3(ns)0q]1, [(cb)(ns)3g ]1%,

(b (ns)eq1;. bV ms)gli. [(ehyns)qle, (b ns)eals. [(ch)ms)gh. [eb)o(nsiqli. [(ch)(nsigl:. and

[(cb)g(ns)?ci]i%. The resulting Hamiltonian is given in Eq. (29).
For the J© =
[(Cb)o(nS)OCI]S [(cb);(ns)S q]l, [(Cb)3(nS) 4]0, [(Cb)?(nS)OQ]l,

[(ch)$(ns)iq];

IV. THE Q Qqqq PENTAQUARK MASS SPECTRA

Now, we determine the values of the seventeen coupling
Parameters (Cnm Cnse Css, Ccns Cbn’ Ccs, Cst Cbc’ Ccca Cbba
Cnﬁ, C_gﬁ = Cng, ng, Ccﬁ, Cbﬁ, ch, and Cbg) and the four
effective quark masses (m,, ms, m., and mp) in order to
estimate the pentaquark masses. The procedure to extract
the parameters has been illustrated in Ref. [62]. From the
calculated CMI matrix elements for ground-state hadrons and
their mass splittings, we can get most values of the coupling
parameters, which are shown in Table II. To determine Ci;,
one needs the mass of a ground pseudoscalar meson having
the same quark content with ¢. Since there is no such a
state, here we adopt approximately Cy; = Cj,. Similarly, we

- T - -
1 states, the fifteen basis vectors are [(cb)3(ns) q]l, [(cb)} (ns)} q]O, [(cb);(ns)igli, [(ch)y(ns)igli,

[(Cb)é(nS)oq]l ; [(Cb)o(nS)ﬂ]l ,and [(ch)§(ns)1

- 1 -
. (bR nsali.  [ehRns)aly. [(ch)ins)ig];.
1. We present the obtained Hamiltonian in Eq. (30).

(

use the approximation Cgg = Cpp (Cpp, = Cpp = 2.9 MeV,
Cee = Co; = 5.3MeV, and Cp. = Cpz; = 3.3 MeV) since only
one doubly heavy baryon E. is observed. In Table II, the B}
has not been observed yet and we take its mass from a model
calculation [63]. The effective quark masses can be extracted
from the ground-state baryons after the determination of the
coupling parameters, and we present them in Table III.

With these parameters, we can estimate the pentaquark
masses in two ways. In the first method, one substitutes the
relevant parameters into M =) ; m; + (Hcm). In the sec-
ond method, we employ the formula M = M.t — (Hem)rer +
(Hcem), where Miee = Mparyon + Mimeson 1S a reference mass
scale and (Hcm)rer = <HCM>bary0n + (HcM) meson- The  ref-
erence baryon and meson system should have the same

045204-10
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TABLE III. The effective constituent quark masses extracted
from conventional baryons.

Mass formula Quark mass (MeV)
My =3m, — 8C,, m, = 361.8
Mq = 3m,; + 8Cy, my; = 540.4
Ms, = §C‘rm - QC’ZL‘ 2 n c

T3 3 Cne b2 m. = 1724.8
ME(*.‘ = gcnn + ?Cnc +2mn +m.
Ms, =8C,, — 2C,, +2m, +m

B T 3am 3 nb n my, = 5052.9
ME; = gcnn + ?Cnb + zmn + my

constituent quarks as the considered system [64]. Although
the mass formula in the second method is from that in the
first method, one should note the difference in adopting them.
When applying the first formula to conventional hadrons, the
resulting masses are usually higher than the experimental
measurements, which is illustrated in Table IV. This indicates
that the simple model does not incorporate attraction suffi-
ciently. As a result, we may treat the pentaquark masses esti-
mated with the first method as theoretical upper limits. In the
second method, we use the realistic values rather than the cal-
culated values for the hadron masses of the reference system.
The attraction that the model does not incorporate is somehow
phenomenologically compensated in this procedure. The esti-
mated masses in the second method should be more reason-
able than those in the first method. In the following parts, we
will present numerical results obtained in both methods. To
understand the decay properties in the following discussions,
we will adopt some masses of the not-yet-observed doubly
heavy baryons, which were obtained from several theoretical
calculations. They are presented in Table V.

A. The ccnng, ccssq, bbnng, and bbssg pentaquark states

For the ccnng (g = n, s) systems, we can use two types
of threshold to estimate their masses: (charmed baryon)-
(charmed meson) and (doubly charmed baryon)-(light me-

TABLEIV. Mass differences (AM = M7, — Mg, ) between the
calculated values and experimental values for conventional hadrons
in units of MeV.

Hadron AM Hadron AM Hadron AM Hadron AM
T 109.5 0 107.2 N 0 A 0
K 110.6 K* 105.3 x —124 z* —-54
w 99.8 ¢ 96.0 ) 9.4 z* -7.3
D 112.2 D* 113.7 A 1.1 Q 0
Dy 189.7 Dy 188.7 pI 0 P 0
B 101.6 B* 101.2 A, 14.7 B 58.4
By 189.6 B} 190.2 g 35 ar 37.6
Ne 3809 J/¢y  381.0 Q. 76.5 - 82.6
N 660.0 T 661.0 pA 0 b 0
B, 450.0 Ay 9.7 Ep 62.7
g, 39.8 g 45.0
Q, 92.1 Ece 161.5

TABLE V. The adopted masses of the not-yet-observed dou-
bly heavy baryons from several methods: RQM (relativized quark
model), ECM (extended chromomagnetic model), FH (Feynman-
Hellmann mass formulas), and NRM (nonrelativistic potential
model).

Baryon Mass Theoretical model
B 10138 RQM [65]
E:, 10169 RQM [65]
Qe 3715 RQM [65]
Q, 3772 RQM [65]
Qs 10230 RQM [65]
QL 10258 RQM [65]
Eeb 6922 ECM [66]
g, 6948 ECM [66]
E", 6973 ECM [66]
Qep 7011 ECM [66]
Q, 7047 ECM [66]
Q, 7066 ECM [66]
Epp 10340 FH [67]
E:, 10370 FH [67]
Epp 10340 NRM [68]
E:, 10367 NRM [68]

son). We will use Mg, = 3621.4 MeV from the LHCb Col-
laboration [34] in the latter case. For the bbnng systems, we
only use the (bottom baryon)-(bottom meson) threshold since
no doubly bottom baryon has been observed. For the ccssg
and bbssq systems, only (heavy baryon)-(heavy meson)-type
thresholds are adopted because of the same reason. We present
the estimated masses for the ccnng, bbnng, ccssg, and bbssg
pentaquark states in Tables VI, VII, VIII, and IX, respectively.
From these tables, it is obvious that different estimation
approaches give different masses. The reason is that the model
does not involve dynamics and contributions from other terms
in the potential are not elaborately considered. For the ccnnn
and bbnnn systems with [, = 1, we get the same spectra for
the case of the total isospin I = % and %, which comes from
the fact that the color-magnetic interaction for a quark and an
antiquark is irrelevant with the isospin.

Table VI shows us that the pentaquark masses obtained
with E..m and Z..K are lower than those with X.D
and X.D;, respectively. This feature is consistent with
the observation that more effects contribute to the effec-
tive attractions in the former systems, which can be seen
from the inequalities AMg, + AM, > AMs, + AMp and
AMz, + AMkg > AMs, + AMp, according to Table IV. If
the adopted model could reproduce all the hadron masses ac-
curately, all the mentioned approaches would give consistent
pentaquark masses. At present, we are not sure which type of
threshold results in more appropriate pentaquark masses. For
a multiquark hadron, the effective attraction is probably not
strong and maybe a higher mass is more reasonable. We plot
the relative positions for the ccnnii, ccnns, bbnnii, bbnns,
ccssii, ccsss, bbssin, and bbsss systems in Figs. 2(a)-2(h).
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TABLE VI. The estimated masses for the ccnng systems in units of MeV. The values in the third column are obtained with the effective
quark masses and are theoretical upper limits. The masses after this column are determined with relevant thresholds.

Jr Eigenvalue Mass (=.D) Bl Jr Eigenvalue Mass (Z.Dy) (BeeK)
cennin(l,, = 1,1 = % %) cenns (I =1)
%7 171.7 4706.7 4591.3 4436.7 %7 141.6 4855.2 4664.6 4584.4
288.6 4823.6 4708.2 4553.5 205.9 4919.5 4728.9 4648.7
5 127.7 4662.7 4547.3 4392.6 3 98.8 4812.4 4621.8 4541.6
2 35.6 4570.6 4455.2 4300.5 2 54.9 4768.5 4577.9 4497.7
-314.3 4220.7 4105.3 3950.6 —176.8 4536.8 4346.3 4266.0
350.5 4885.5 4770.1 4615.4 271.5 4985.1 4794.5 4714.3
- 197.9 4732.9 4617.5 4462.8 - 162.7 4876.3 4685.7 4605.5
2 40.1 4575.1 4459.7 4305.0 2 12.5 4726.1 4535.5 4455.3
—336.1 4198.9 4083.5 3928.8 —194.2 4519.4 4328.8 4248.6
cennii (I,, = 0,1 = %) cenns (I =0)
%7 207.3 47423 4626.9 4472.3 %7 132.0 4845.6 4655.0 4574.8
191.6 4726.6 4611.2 4456.6 118.8 4832.4 4641.8 4561.6
%_ 46.5 4581.5 4466.1 4311.5 %_ —12.1 4701.5 4510.9 4430.7
—565.2 3969.8 3854.4 3699.7 —358.4 4355.2 4164.7 4084.4
169.4 4704.4 4589.0 4434.3 96.7 4810.3 4619.8 4539.5
- 43.4 4578.4 4463.0 4308.3 1- —11.0 4702.6 4512.0 4431.8
2 —134.5 4400.6 4285.2 4130.5 2 —134.2 4579.4 4388.8 4308.6
—665.0 3870.0 3754.6 3600.0 —462.8 4250.8 4060.3 3980.0

Here we select the masses obtained with the thresholds of
>.D, ¥.D,, X,B, ©,B,, Q.D, Q.D;, QB, and Q, B, re-
spectively. The thresholds relevant with rearrangement decay
patterns are also displayed in the figure. The following discus-
sions are based on the assumption that the obtained positions
in this figure are all reasonable. For the figures in the other
systems, we will also adopt pentaquark masses estimated with

higher thresholds. One should note that the figures show only
rough positions of the pentaquarks. Their properties may be
changed accordingly once the positions for states in a system
are determined by an observed pentaquark. However, the mass
splittings should not be affected.

For the ccnnii system, the I,, = 0 states are generally
lower than the I,, = 1 states and the lowest state is around

TABLE VII. The estimated masses for the bbnng systems in units of MeV. The values in the third column are obtained with the effective
quark masses and are theoretical upper limits. The masses after this column are determined with relevant thresholds.

Jr Eigenvalue Mass (=,B) Jr Eigenvalue Mass (=,By)
bbnnii(ly, = 1,1 =1,3) bbnns (I = 1)
2" 145.9 11337.1 11234.9 2" 1163 11486.1 11296.0
291.7 11482.9 11380.7 207.2 11577.0 11386.9
. 131.1 11322.3 11220.1 - 101.2 11471.0 11280.9
2 21.2 11212.4 11110.2 2 36.5 11406.3 11216.3
—316.8 10874.4 10772.2 —173.3 11196.5 11006.4
309.7 11500.9 11398.7 226.4 11596.2 11406.1
- 157.3 11348.5 11246.3 - 128.0 11497.8 11307.8
2 104.2 11295.4 11193.2 2 71.9 11441.7 11251.6
—326.0 10865.2 10763.0 —181.2 11188.6 10998.6
bbnnii (I, =0,1 = 1) bbnns (I = 0)
2" 189.1 11380.3 11278.1 2 113.5 11483.3 11293.2
180.7 11371.9 11269.7 105.9 11475.7 11285.7
" 475 11238.7) 11136.5 i -84 11361.4 11171.4
—592.9 10598.3 10496.1 —386.1 10983.7 10793.6
174.2 11365.4 11263.2 99.6 11469.4 11279.3
. 432 11234.4 11132.3 - -12.6 11357.2 11167.1
2 —136.4 11054.8 10952.6 2 —136.6 11233.2 11043.1
—624.1 10567.1 10464.9 —418.9 10950.9 10760.8
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TABLE VIII. The estimated masses for the ccssg systems in units of MeV. The values in the third column are obtained with the effective
quark masses and are theoretical upper limits. The masses after this column are determined with relevant thresholds.

JF Eigenvalue Mass (2.D) JP Eigenvalue Mass (Q:Dy)
cessin(l = %) cesss (I =0)
3" 112.0 5004.2 4813.1 3 79.5 5150.3 4875.5
163.7 5055.9 4864.8 85.5 5156.3 4881.5
. 62.4 4954.6 4763.5 . —82.7 5132.1 4857.3
2 26.3 4918.5 4727 4 2 61.3 5095.5 4820.8
—212.5 4679.7 4488.6 24.7 4988.1 4713.3
240.1 5132.3 4941.2 166.8 5237.7 4962.9
- 126.6 5018.9 4827.8 - 77.0 5147.8 4873.0
2 —24.7 4867.5 4676.4 2 —33.3 5037.5 4762.7
—238.8 4653.4 4462.3 -107.3 4963.5 4688.7

the .. threshold. This pentaquark is in the mass range of
excited Z., states [65]. It is highly probable that an observed
excited E.. gets contributions from coupled channel effects.
An inverted mass order that the I,, = O state is heavier is
observed for the J = % states. This feature exists because
of the stronger n#i interaction in the [,, = 0 state, which
can be understood from the comparison between Egs. (17)
and (14). The bbnnn system should have similar proper-
ties. From the mass distributions in Figs. 2(a) and 2(c), we
may guess roughly the mass of &y, mg,, & 10465 — 135 =
10330 MeV, a value consistent with Refs. [67,68]. Replacing
the antiquark with an 5, we get the spectra of QQnn§ in
Figs. 2(b) and 2(d). The difference from the Q Qnnn case
lies only in the interaction strengths between the antiquark
and other quarks. The remaining systems are obtained by
exchanging s and n. All the lowest states have the quantum
numbers J¥ = %_. In these systems, the Q Onns, Q Qssii,
and [ = % Q Onni states are explicitly exotic.

Now we move on to the possible rearrangement decays of
the pentaquarks, which may occur through S wave or D wave,
depending on the conservation laws. The mass, total angular
momentum, isospin, and parity all together determine whether
the relevant decay channels are open or not. For convenience,
we label in Fig. 2 the spin and isospin of the baryon-meson
states in the superscripts and subscripts of their symbols,
respectively. From the quantum numbers of the decay product,

it is possible to find pentaquark candidates. First, we take

a look at the ccnnii system. In the case of I(JF) = %(g_),
the possible S-wave decay channel is just X’ D*. In the case
of IJP) = %(%7), the possible S-wave channels are X7 D*,
2.D*, £*D, A.D*, E..p, and E. . In the case of I(J") =
%(%7), the possible S-wave channels are X} D*, £.D*, £ D,
A.D*, A.D, E.ep, Beew, Beel), and E .. More channels
will open if one includes the D-wave decay modes. However,
only the observation of these decay patterns cannot prove the
existence of a pentaquark state consisting of ccnnii because
the initial state may also be an excited E... In this case, the
mixing between 3¢q state and 5¢q state is probably important.
In the case of I = %, an observed state would be a good
pentaquark candidate. The J” = 2™ state with either isospin
is probably not a very broad pentaquark. For the bbnnn
system, the situation is similar to the ccnnii system. For the
ccsss and bbsss systems, the identification of a pentaquark
state is not so easy. On the contrary, the pentaquark states
ccnns, cessii, bbnns, and bbssn are easier to identify since
the quantum numbers are not allowed for the conventional
baryons. For example, if we observed a state in the decay
pattern B..K, E..K*, A.Dy, A.D}, £.D,, £.D}, ¥ D,
or XDy, it would be a good candidate for a ccnns pen-
taquark state. From the diagrams in Fig. 2, the lowest ccnns

pentaquark may be stable and the lowest one with J = % is

TABLE IX. The estimated masses for the bbssg systems in units of MeV. The values in the third column are obtained with the effective
quark masses and are theoretical upper limits. The masses after this column are determined with relevant thresholds.

JP Eigenvalue Mass (2 B) JP Eigenvalue Mass (2, By)
bbssii(l = 1) bbsss (I = 0)

%7 83.7 11632.1 11438.5 %7 51.7 11778.7 11515.2
165.6 11714.0 11520.3 75.1 11802.1 11538.5

3- 69.8 11618.2 11424.6 3- 38.8 11765.8 11502.3
S 4.6 11553.0 11359.4 2 22.1 11749.1 11485.6
—-210.4 11338.0 11144.4 —58.4 11668.6 11405.1

183.3 11731.7 11538.1 95.6 11822.6 11559.1

1- 94.6 11643.0 11449.4 1- 60.7 11787.7 11524.2
S 43.1 11591.5 11397.9 2 9.4 11736.4 11472.9
—217.8 11330.6 11136.9 —62.5 11664.5 11400.9
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FIG. 2. Relative positions (units: MeV) for the ccnng, bbnng, ccssg, and bbssq pentaquark states labeled with solid and dashed lines.
The dotted lines indicate various baryon-meson thresholds. The / = % and % cennii states with 1, = 1 have the same mass spectrum and
are shown in the diagram (a) with solid lines. The doubly bottom analog is shown in the diagram (c). When the isospin (spin) of an initial
pentaquark state is equal to a number in the subscript (superscript) of a baryon-meson state, its decay into that baryon-meson channel through
S or D wave is allowed by the isospin (angular momentum) conservation. We have adopted the masses estimated with the reference thresholds
of (a) . D, (b) Z. Dy, (¢c) B, (d) Zp By, () 2D, (f) Dy, (8) 2B, and (h) Q, By.
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TABLE X. The estimated masses for the bcnng systems in units of MeV. The values in the third column are obtained with the effective
quark masses and are theoretical upper limits. The masses after this column are determined with relevant thresholds.

Jr Eigenvalue Mass (=.B) (=,D) Jr Eigenvalue Mass (Z:By) (=,Dy)
bennin(l,, = 1,1 = % %) benns (I = 1)

5- 156.9 7993.0 7917.4 7905.1 5- 127.2 8141.9 7978.4 7978.8
2 51.4 7887.5 7811.9 7799.5 2 67.0 8081.7 7918.2 7918.6
288.4 8124.5 8048.8 8036.5 204.9 8219.6 8056.1 8056.4

161.1 7997.2 7921.6 7909.3 131.2 8145.9 7982.4 7982.8

131.4 7967.5 7891.8 7879.5 102.3 8117.0 7953.5 7953.9

2" 73.0 7909.1 7833.5 7821.2 2" 52.9 8067.6 7904.1 7904.5
37.6 7873.7 7798.0 7785.7 46.3 8061.0 7897.5 7897.8

—46.4 7789.7 7714.1 7701.7 -31.2 7983.5 7820.0 7820.3

—319.6 7516.5 7440.9 7428.6 —181.9 7832.8 7669.3 7669.7

330.0 8166.1 8090.5 8078.2 248.3 8263.0 8099.5 8099.9

266.9 8103.0 8027.4 8015.0 186.5 8201.3 8037.7 8038.1

178.8 8014.9 7939.3 7926.9 146.1 8160.8 7997.3 7997.7

= 117.1 7953.2 7877.6 7865.2 = 85.7 8100.4 7936.9 7937.3
2 69.6 7905.7 7830.1 7817.7 2 39.8 8054.5 7891.0 7891.4
—68.4 7767.8 7692.1 7679.8 —46.5 7968.2 7804.7 7805.1

—-333.8 7502.3 7426.7 7414.3 —-191.3 7823.4 7659.9 7660.3

—364.2 7471.9 7396.3 7384.0 —228.1 7786.6 7623.1 7623.5

bennit (I, = 1,1 = 1) benns (I =0)

2" 196.1 8032.2 7956.6 7944.2 2" 120.6 81353 7971.8 7972.2
183.5 8019.6 7944.0 7931.6 109.4 8124.1 7960.6 7961.0

150.4 7986.5 7910.9 7898.5 75.8 8090.5 7926.9 7927.3

2" 45.1 7881.2 7805.6 7793.3 2" —-124 8002.3 7838.8 7839.2
—123.0 7713.1 7637.4 7625.1 —122.4 7892.3 7728.8 7729.2

—581.4 7254.7 7179.1 7166.7 —374.7 7640.0 7476.4 7476.8

170.1 8006.2 7930.6 7918.2 96.3 8111.0 7947.5 7947.9

41.9 7878.0 7802.4 7790.1 -13.0 8001.7 7838.1 7838.5

15.2 7851.3 7775.7 7763.3 -39.9 7974.8 7811.3 7811.7

- —128.6 7707.5 7631.9 7619.6 - —129.6 7885.1 7721.6 7721.9
—221.1 7615.0 7539.4 7527.0 —218.6 7796.1 7632.6 7633.0

—623.0 7213.1 7137.5 7125.2 —418.0 7596.7 7433.2 7433.6

—663.8 71723 7096.7 7084.3 —462.1 7552.6 7389.1 7389.5

TABLE XI. The estimated masses for the bcssg systems in units of MeV. The values in the third column are obtained with the effective
quark masses and are theoretical upper limits. The masses after this column are determined with relevant thresholds.

Jr Eigenvalue Mass (Q.B) (QpD) Jr Eigenvalue Mass (QeBy) (QDy)
bessn(l = %) besss (I =0)

5— 95.9 8289.2 8137.9 8109.8 5— 64.0 8435.9 8196.7 8181.3
2 37.2 8230.5 8079.2 8051.1 2 53.7 8425.6 8186.4 8171.1
163.8 8357.1 8205.8 8177.7 85.2 8457.1 8217.9 8202.6

100.4 8293.7 8142.4 8114.3 62.2 8434.1 8194.9 8179.6

70.5 8263.8 8112.5 8084.4 449 8416.8 8177.6 8162.2

%_ 24.77 8218.0 8066.7 8038.6 %_ 36.4 8408.3 8169.1 8153.7
9.2 8202.5 8051.2 8023.1 —11.6 8360.3 8121.1 8105.8

—61.9 8131.4 7980.1 7952.0 —24.9 8347.0 8107.8 8092.5

—-2194 7974.0 7822.6 7794.5 —105.8 8266.1 8026.8 8011.5

211.3 8404.6 8253.3 8225.2 129.7 8501.6 8262.4 8247.1

148.7 8342.0 8190.7 8162.6 89.8 8461.7 8222.5 8207.1

111.1 8304.4 8153.1 8125.0 49 .4 8421.3 8182.1 8166.7

= 46.3 8239.6 8088.3 8060.2 - 10.3 8382.2 8143.0 8127.6
2 5.6 8198.9 8047.6 8019.5 2 —17.5 8354.4 8115.2 8099.8
—78.9 8114.4 7963.1 7935.0 —31.5 8340.4 8101.2 8085.9

—232.2 7961.1 7809.8 7781.7 —87.8 8284.1 8044.9 8029.6

—266.1 7927.2 7775.9 7747.8 —148.4 8223.5 7984.3 7968.9
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FIG. 3. Relative positions (units: MeV) for the bcnng and bessg pentaquark states labeled with solid and dashed lines. The dotted lines

3

indicate various baryon-meson thresholds. The / = 5 and % bennin states with I, = 1 have the same mass spectrum and are shown in

2

the diagram (a) with solid lines. When the isospin (spin) of an initial pentaquark state is equal to a number in the subscript (superscript)
of a baryon-meson state, its decay into that baryon-meson channel through S or D wave is allowed by the isospin (angular momentum)
conservation. We have adopted the masses estimated with the reference thresholds of (a) %.B, (b) Z.B;, (c) B, and (d) Q.B;.

also relatively stable. Because of the difference in coupling
constants, the lowest two I = 0 bbnns pentaquarks, J P =
1/27 and 3/27, probably both have strong decay patterns.
This can be seen with the values mg,, = 10138 MeV and
mg,, = 10169 MeV obtained in Ref. [65]. If such masses are
not far from the realistic values, the decay into Z,, K or &, K
may occur. Once the E, (Ej,) state is observed, the search
for pentaquark candidates in the E,, K (E},K) channel may
be performed. For the exotic ccssii and bbssn pentaquarks,
only the isospin I = 1/2 is allowed. The lowest J = 1/2 state
and the lowest J = 3/2 state in both systems are lower than
the (Qss)-(Qn)-type thresholds and such decay patterns are
forbidden. However, one finds that the decay for the J =

1/2 (3/2) cessii pentaquark into Q..K (2F,K) is possible if
the mass mgq,, = 3715 MeV (mgq: = 3772 MeV) obtained in
Ref. [65] is close to the realistic mass. Similarly, the decay for
the J = 1/2 (3/2) bbssii pentaquark into Qp,K (22}, K) is
possible if one checks the threshold with mg,, = 10230 MeV
(mg;, = 10258 MeV). With the (Q Qs)-(sit)-type channels,
the identification of ccssin and bbssn pentaquarks may be
performed in the future measurements.

B. The bcnng and bcssq pentaquark states

To estimate the masses of the bcnng and bcssg states
(g = n, s), we can also use two types of thresholds: (charmed
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TABLE XII. The estimated masses for the ccnsg systems in units of MeV. The values in the third column are obtained with the effective
quark masses and are theoretical upper limits. The masses after this column are determined with relevant thresholds.

JP Eigenvalue Mass (E.D) (BeeK) JP Eigenvalue Mass (E.Dy) (o)
censin(l =0, 1) censs (I = %)

. 200.3 4913.9 4764.1 4643.1 s 143.2 5035.4 4810.5 4777.9
2 <121.7) (4835.3) (4685.5) (4564.6) 2 < 69.2 ) (4961.4) (4736.4) (4703.9)
230.9 49445 4794.7 4673.7 151.7 5043.9 4818.9 4786.4

173.6 4887.2 4737.4 4616.4 106.9 4999.1 4774.2 4741.7

88.2 4801.8 4652.0 4531.0 62.9 4955.1 4730.2 4697.7

2" 46.5 4760.1 4610.3 4489.3 2" 452 4937.4 4712.5 4680.0
29.5 4743.1 4593.3 44723 -133 4878.9 4653.9 4621.4

—231.9 4481.7 4331.9 4210.9 —89.6 4802.6 4577.6 4545.1

—473.9 4239.7 4089.9 3968.9 —275.6 4616.6 4391.6 4359.1

296.1 5009.7 4859.9 4739.0 219.1 5111.3 4886.3 4853.8

169.8 4883.4 4733.6 4612.6 126.4 5018.6 4793.7 4761.2

140.7 4854.3 4704.5 4583.5 76.2 4968.4 4743.4 4710.9

- 48.9 4762.5 4612.7 4491.7 - -55 4886.7 4661.8 4629.3
2 5.3 4718.9 4569.1 4448 1 2 —14.8 4877.4 4652.5 4620.0
—89.6 4624.0 44742 4353.3 —80.3 4812.0 4587.0 4554.5

—263.2 4450.4 4300.6 4179.7 —135.0 4757.3 4532.3 4499.8

—575.8 4137.8 3988.0 3867.0 —375.7 4516.5 4291.5 4259.0

baryon)-(bottom meson) and (bottom baryon)-(charmed me-
son). The results and relevant reference systems are presented
in Tables X and XI. The masses obtained with the two types
of thresholds are slightly different. We use results estimated
with the (charmed baryon)-(bottom meson)-type threshold for
further discussions. In Fig. 3, the relative positions for these
pentaquark states and relevant baryon-meson thresholds are
plotted. For the bcssii and bcesss states, only one value of
isospin is possible and we do not label the subscripts of the
baryon-meson states into which the pentaquarks may decay.

From Figs. 3(a) and 3(d), we see that the bcnnn system
has more than 12 possible rearrangement decay channels and
the bcsss system has more than 6. However, one cannot
simply distinguish a pentaquark from a conventional baryon
or from a 3¢ and 5¢ mixed state just from these decay
channels if the isospin is not 3/2. The discussions are similar
to the previous systems. On the other hand, in the bcnns and
bessii cases, good pentaquark candidates may be searched
for in their relevant decay patterns shown in Figs. 3(b) and
3(c). If we use mg, = 6922 MeV, mg = 6948 MeV, and

TABLE XIII. The estimated masses for the bbnsg systems in units of MeV. The values in the third column are obtained with the effective
quark masses and are theoretical upper limits. The masses after this column are determined with relevant thresholds.

Jr Eigenvalue Mass (8,B) Jr Eigenvalue Mass (2, B,)
bbnsii(I =0, 1) bbnss (I = 1)

5— 175.5 11545.3 11400.7 5— 116.4 11664.8 11432.3
2 (98.2) (11468.0) <11323.4) 2 (47.9) (11596.3) (11363.8)

231.0 11600.8 11456.2 144.8 11693.2 11460.7

166.8 11536.6 11392.0 105.8 11654.2 11421.7

85.7 11455.5 11310.9 41.2 11589.6 11357.1

%7 55.2 11425.0 11280.4 %7 28.2 11576.6 11344.1

12.6 11382.4 11237.8 4.9 11553.3 11320.8

—233.8 11136.0 10991.4 —83.3 11465.1 11232.7

—502.8 10867.0 10722.4 —-301.6 11246.8 11014.3

248.5 11618.3 11473.7 163.5 11711.9 11479.4

162.7 11532.5 11387.9 109.2 11657.6 11425.1

118.3 11488.1 11343.5 74.1 11622.5 11390.0

- 65.0 11434.8 11290.2 - 21.6 11570.0 11337.5

2 51.5 11421.3 11276.7 2 3.4 11551.8 11319.3

—89.5 11280.3 11135.7 —80.8 11467.6 11235.1

—245.4 11124.4 10979.8 —104.1 11444.3 11211.8

—-529.9 10839.9 10695.3 —328.0 11220.4 10987.9
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FIG. 4. Relative positions (units: MeV) for the ccnsg and bbnsg pentaquark states labeled with solid lines. The dotted lines indicate
various baryon-meson thresholds. The / = 0 and I = 1 ccnsn states have the same mass spectrum and are shown in the diagram (a). The
doubly bottom analog is shown in the diagram (c). When the spin of an initial pentaquark state is equal to a number in the superscript of a
baryon-meson state, its decay into that baryon-meson channel through S or D wave is allowed by the angular momentum conservation. We
have adopted the masses estimated with the reference thresholds of (a) E;D, (b) E;Ds, (©) E;,B, and (d) E;,Bs.

mg; = 6973 MeV [66], one finds that the lowest two bcnns
pentaquarks should be stable and the lowest J© = 3/2~ state
is probably narrow. Since the three I = 3/2 bcnnn states
are more than 350 MeV lower than the A, D threshold and
just above the Ej.m threshold, they probably have narrow
widths and we may use the E,.7 channels to identify such
pentaquarks. Similarly, the €,.K channels may be used to
identify the bessii pentaquarks if mg,, is around 7011 MeV
[66].

C. The ccnsg and bbnsg pentaquark states

In the mass estimation for the ccnsg (¢ = n, s) system,
we use two types of thresholds: (charmed baryon)-(charmed
meson) and (doubly charmed baryon)-(light meson). For the
bbnsg system, we only adopt the (bottom baryon)-(bottom
meson)-type threshold. The pentaquark masses estimated with
the help of the doubly charmed baryon are smaller than those

with the (charmed baryon)-(charmed meson)-type threshold.
We present the numerical results for the ccnsg and bbnsg
systems in Tables XII and XIII, respectively. The relative
positions for these pentaquark states and the relevant rear-
rangement decay states are shown in Fig. 4. From the figure,

we can see that both the heaviest state and the lightest state
are the J* = { pentaquarks in each system. Because all
these systems contain a quark-antiquark pair, it is not easy
to distinguish a pentaquark state from a 3g baryon state if the
isospin of the decay product is less than 1. Also, the widths
of the lowest pentaquark states are probably not narrow if
we take mg, = 3715 MeV and mgq,, = 10230 MeV [65]. In
Ref. [69], a bound state with I = 0 below the E..K threshold
is predicted. If experiments observed one state with the quark
content ccnsii, irrespective of its nature, its partner states
could also be searched for in the Q..7, Q..K, Qu,m, and
QK channels and whether they exist or not can test the

simple model we use.
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TABLE XIV. The estimated masses for the bcnsg systems in units of MeV. The values in the third column are obtained with the effective
quark masses and are theoretical upper limits. The masses after this column are determined with relevant thresholds.

JP Eigenvalue Mass (E.B) (E,D) JP Eigenvalue Mass (E.By) (8,Dy)
bensin (I =0,1) benss (I = %)

185.8 8227.5 8088.3 8073.1 127.8 8348.1 8121.0 8118.6

" 108.0) 8149.7 8010.5 7995.4 - 61.2 8281.5 8054.4 8051.9
442 8085.9 7946.6 7931.5 55.8 8276.1 8049.0 8046.6

229.0 8270.7 8131.5 8116.3 147.0 8367.3 8140.2 8137.8

169.4 8211.1 8071.8 8056.7 107.6 8327.9 8100.8 8098.4

144.8 8186.5 8047.3 8032.1 102.9 8323.2 8096.1 8093.7

119.1 8160.8 8021.5 8006.4 66.2 8286.5 8059.4 8057.0

84.3 8126.0 7986.8 7971.6 48.0 8268.3 8041.1 8038.7

. 50.9 8092.6 7953.4 7938.2 . 33.6 8253.9 8026.8 8024.4
2 34.7 8076.4 7937.2 7922.0 2 13.1 8233.4 8006.3 8003.9
28.6 8070.3 7931.1 7915.9 —10.0 8210.3 7983.2 7980.8

—54.2 7987.5 7848.3 7833.1 —345 8185.8 7958.7 7956.3

—77.1 7964.6 7825.4 7810.2 —78.2 8142.1 7915.0 7912.6

—238.7 7803.0 7663.8 7648.6 —104.6 8115.8 7888.6 7886.2

—490.7 7551.0 7411.8 7396.6 —291.3 7929.0 7701.9 7699.4

272.1 8313.8 8174.5 8159.4 189.9 8410.2 8183.1 8180.7

209.2 8251.0 8111.7 8096.6 137.1 8357.4 8130.3 8127.9

160.8 8202.5 8063.3 8048.1 107.7 8328.0 8100.9 8098.5

132.5 8174.2 8034.9 8019.8 71.7 8292.0 8064.9 8062.5

83.9 8125.6 7986.4 7971.2 52.1 8272.4 8045.3 8042.8

50.4 8092.1 7952.8 7937.7 3.0 8223.3 7996.2 7993.8

33.4 8075.1 7935.8 7920.7 -3 8216.6 7989.5 7987.1

- 22.1 8063.8 7924.6 7909.4 - —13.3 8207.0 7979.9 7977.4
—73.8 7967.9 7828.7 7813.5 —51.6 8168.7 7941.6 7939.1

—83.1 7958.6 7819.4 7804.3 —79.7 8140.6 7913.5 7911.1

—171.6 7870.1 7730.9 7715.7 —110.5 8109.8 7882.7 7880.3

—258.1 7783.6 7644 .4 7629.3 —144.4 8075.9 7848.8 7846.4

—287.5 7754.2 7615.0 7599.8 —186.4 8033.9 7806.8 7804.3

—530.0 7511.7 7372.5 7357.4 —330.8 7889.5 7662.4 7660.0

—5743 7467 .4 7328.2 7313.0 —375.5 7844.8 7617.7 7615.2

D. The bcnsq pentaquark states

For the bcnsg states, the wave functions do not get con-
straints from the Pauli principle and the number of wave
function bases for a given quantum number is bigger than
that for other systems. After diagonalizing the Hamiltonian,
one gets numbers of possible pentaquark states. Here we use
two types of thresholds to estimate their masses: (charmed
baryon)-(bottom meson) and (bottom baryon)-(charmed me-
son). The results are presented in Table XIV. One finds that
these two types of thresholds lead to comparable values. With
the masses from the (charmed baryon)-(bottom meson)-type
thresholds, we plot the relative positions for these pentaquarks
and their relevant decay patterns in Fig. 5. The quantum
numbers of the heaviest state and the lightest state are both
JP = %_. The mass of the lightest state for the bcnsii system
is around 7313 MeV, which is above the thresholds of 2,.7,
chn, and Q; 7 and is much lower than other two-body
baryon-meson thresholds if we adopt the masses obtained in
Ref. [66]. This feature is helpful for us to identify compact
I =1 pentaquarks once the bcs-type baryons can be used to
spectrum reconstruction. On the other hand, the identification

of a benss pentaquark is not easy since it may share the same
decay products with an excited E,. baryon.

V. DISCUSSIONS AND SUMMARY

Up to now, some candidates of the tetraquark states have
been confirmed by different experiments. The observation of
the P.(4380) and P.(4450) at LHCb gave us significant evi-
dence for the existence of pentaquak states and opened a new
door for studying hidden-charm exotic states. More possible
pentaquarks have been predicted in various theoretical calcu-
lations and await further confirmation. In this paper, motivated
by the P.(4380) and P.(4450) and the observation of the
E.. at LHCb, we have discussed the doubly heavy Q Qqqg
pentaquark states in a CMI model and shown their possible
rearrangement decay patterns. Although the model we adopt
is simple and is not a dynamical model, it may give us some
qualitative properties with which the experimentalists may be
used to search for such exotic baryons. In the early-stage stud-
ies of the multiquark properties, chromomagnetic effects were
also intensively considered as the primary contribution in an

045204-19



ZHOU, CHEN, LIU, LIU, AND ZHU

PHYSICAL REVIEW C 98, 045204 (2018)

8175

8132
8112
8063 8072 5088
8035 ————— 8047
8022——
7986 7987 so11
(:*E*)1/2,3/2,5/2
=
(EZD*)1/2’3/2’5/2
7953 7953 7947 (&, D)2
7936 oo ——=7931 E 52
G522
=
=' /2
(EcB)
620 7848 ¢
7825 e
7819 EpD)
(E},D)l/z
(EhD*)1/2,3/2
(=.5")V232
=c
= /2
=.B
7731 (EcB)
7664 (EbD)l/z
7644
7615
7412
7373
7328

1~ -
2

(a) I =0and I = 1 (solid) bcnsn states

(Y[98}

s
2

8183 8140
8130 8121
8101 8101 8096
_E %
@ D125
8065 (& BHV23252
=c*s
8059
(&, D522 8054 ———g0u9
I 1 A
8027 *= 32
(E¢By)
8006 i
7996 = 2302
7090 ——_ 2083 (EcBs)
7959 L
7942 (EeBs)
__*
Eip,)Y2
7914 7915 (:hD*)I/2,3/2
. = s
(Est )1/2
7889 -
- (@ B2
7849 =
.5,
7807
@02
7702
7662
7618
1 37 3
2 2 2

b I= % (solid) bcnss states

FIG. 5. Relative positions (units: MeV) for the bensg pentaquark states labeled with solid lines. The dotted lines indicate various baryon-
meson thresholds. The / = 0 and I = 1 bcnsn states have the same mass spectrum and are shown in the diagram (a). When the spin of an
initial pentaquark state is equal to a number in the superscript of a baryon-meson state, its decay into that baryon-meson channel through S or
D waves is allowed by the angular momentum conservation. We have adopted the masses estimated with the reference thresholds of (a) E;,D

and (b) 8, D,.

attempt to explain the narrow hadronic resonances [70]. In
recent years, this model as a widely used method was adopted
to study the multiquark states, such as the investigations in
Refs. [71-78].

In the estimation of the rough masses, we have used two
approaches for comparison: one with the quark masses and
the other with a reference threshold. The results obtained
with the former approach are larger and can be treated as
theoretical upper limits. In the estimation with the latter ap-
proach, we mainly adopt the (heavy baryon)-(heavy meson)-
type thresholds. Although no enough experimental data for
the doubly heavy 3g baryons are available, we may employ
the masses calculated in the quark model [65,66]. For the
investigated systems, we find that stable pentaquarks with I =
0 are possible in the bcnns case. The lowest threshold of the
rearrangement decay product is for the E,.K state while the
lowest pentaquarks can be below such thresholds. The typical
examples are the two lowest I = 0 bcnns states in Fig. 3(b)
and the I = 0 ccnns state in Fig. 2(b). In the Q| Q>nnii and
Q1 0snsn cases, the lowest threshold of the rearrangement
decay product is for the Eg, 9,7 or Qp, 0,7, but the lowest
pentaquarks we obtain are hard to be below such thresholds.
The good news is that the lowest pentaquark may be below the
(heavy baryon)-(heavy meson) threshold and one may search
for such pentaquarks with the strong decay modes containing
a pion. In the Q1Q,ssii and Q;Q,nss cases, the lowest

pentaquarks may be above the Qg 0, K or ¢, 0, K threshold
and can be discovered with the decay modes containing a
kaon. Contrary to the above systems, the strong decay chan-
nel with lowest threshold in the QQ,ss§ case may be the
(heavy baryon)-(heavy meson)-type. Since the doubly heavy
baryons are very difficult to use to reconstruct pentaquark
spectra, maybe one should notice the Q; 0,555 pentaquarks
experimentally. Alternatively, the J = 5/2 pentaquarks may
be searched for first since they have many D-wave decay
modes but one or two S-wave decay modes and probably are
not broad. This feature is similar to that of the hidden-charm
pentaquarks [58].

In the study of multiquark states, the number of color-spin
structures may be more than ten. The mixing or channel-
coupling effects could be important. The lowest pentaquarks
we obtain get significant contributions from such effects.
More studies are needed to determine whether there are sub-
structures in multiquark states and whether the configuration
mixing effects are that important. In the near future, further
experimental and theoretical studies on pentaquarks are still
important, especially with running LHC at 13 TeV and the
forthcoming Bellell.

In summary, we have preliminarily studied the mass spec-
tra of doubly heavy pentaquark states in a color-magnetic
model. We find candidates of possible narrow states. If they do
exist, the identification may be not difficult from their exotic
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quantum numbers. We hope that the present study may inspire
experimental exploration to exotic states.

ACKNOWLEDGMENTS

Y.R.L. is thankful for the hospitality from Prof. M. Oka
and other colleagues at Tokyo Institute of Technology, where

the draft was completed. This project is supported by Na-
tional Natural Science Foundation of China under Grants
No. 11775132, No. 11222547, No. 11175073, and No.
11261130311 and the 973 program. X.L. is grateful for the
support of the National Program for Support of Top-Notch
Young Professionals.

[1] M. Gell-Mann, A schematic model of baryons and mesons,
Phys. Lett. 8, 214 (1964).

[2] G. Zweig, An SU(3) model for strong interaction symmetry
and its breaking, version 1, CERN-TH-401, CERN, Geneva,
Switzerland (unpublished).

[3] M. Ablikim et al. (BESIII Collaboration), Observation of a
Charged Charmoniumlike Structure Z.(4020) and Search for
the Z.(3900) ineTe™ — m*m~h,, Phys. Rev. Lett. 111, 242001
(2013).

[4] S. K. Choi et al. (Belle Collaboration), Observation of a
Resonance-Like Structure in the w*1’ Mass Distribution in
Exclusive B — Km*' Decays, Phys. Rev. Lett. 100, 142001
(2008).

[5] R. Mizuk et al. (Belle Collaboration), Dalitz analysis of B —
Knty’ decays and the Z(4430)", Phys. Rev. D 80, 031104
(2009).

[6] K. Chilikin et al. (Belle Collaboration), Observation of a new
charged charmoniumlike state in B — J/y¥K~m* decays,
Phys. Rev. D 90, 11, 112009 (2014) .

[7] R. Aaij et al. (LHCb Collaboration), Observation of the Res-
onant Character of the Z(4430)~ State, Phys. Rev. Lett. 112,
222002 (2014).

[8] R. Mizuk et al. (Belle Collaboration), Observation of two
resonance-like structures in the 7% x.; mass distribution in
exclusive B® — K~m* ., decays, Phys. Rev. D 78, 072004
(2008).

[9] M. Ablikim et al. (BESIII Collaboration), Observation of a
Charged Charmoniumlike Structure in ete™ — xtm~J /v at
/s = 4.26 GeV, Phys. Rev. Lett. 110, 252001 (2013).

[10] Z. Q. Liu et al. (Belle Collaboration), Study of ete™ —
atw~J/¢¥ and Observation of a Charged Charmoniumlike
State at Belle, Phys. Rev. Lett. 110, 252002 (2013).

[11] T. Xiao, S. Dobbs, A. Tomaradze, and K. K. Seth, Observation
of the charged hadron Zf(3900) and evidence for the neutral
Z%(3900) in eTe™ — mwJ /Y at /s = 4170 MeV, Phys. Lett.
B 727, 366 (2013).

[12] M. Ablikim et al. (BESIII Collaboration), Observation of
Z.(3900) in ete™ — 7°7°J /4, Phys. Rev. Lett. 115, 112003
(2015).

[13] M. Ablikim et al. (BESIII Collaboration), Observation of a
Charged (D D*)* Mass Peak in e*e™ — n DD* at /s = 4.26
GeV, Phys. Rev. Lett. 112, 2, 022001 (2014).

[14] M. Ablikim et al. (BESIII Collaboration), Confirmation
of a charged charmoniumlike state Z.(3885)F in eTe™ —
7+ (D D*)T with double D tag, Phys. Rev. D 92, 092006 (2015).

[15] M. Ablikim et al. (BESIII Collaboration), Observation of a
Neutral Structure Near the DD* Mass Threshold in ete™ —
(DD*)°7° at /s = 4.226 and 4.257 GeV, Phys. Rev. Lett. 115,
222002 (2015).

[16] E. S. Swanson, The new heavy mesons: A status report, Phys.
Rep. 429, 243 (2006).

[17] S. L. Zhu, New hadron states, Int. J. Mod. Phys. E 17, 283
(2008).

[18] M. B. Voloshin, Charmonium, Prog. Part. Nucl. Phys. 61, 455
(2008).

[19] N. Drenska, R. Faccini, F. Piccinini, A. Polosa, F. Renga, and
C. Sabelli, New hadronic spectroscopy, Riv. Nuovo Cimento
33,633 (2010).

[20] H.-X. Chen, W. Chen, X. Liu, and S.-L. Zhu, The hidden-charm
pentaquark and tetraquark states, Phys. Rep. 639, 1 (2016).

[21] A. Hosaka, T. lijima, K. Miyabayashi, Y. Sakai, and S. Yasui,
Exotic hadrons with heavy flavors: X, Y, Z, and related states,
PTEP 2016, 062C01 (2016).

[22] J. M. Richard, Exotic hadrons: Review and perspectives, Few-
Body Syst. 57, 1185 (2016).

[23] R. F. Lebed, R. E. Mitchell, and E. S. Swanson, Heavy-quark
QCD exotica, Progr. Particle Nucl. Phys. 93, 143 (2017).

[24] A. Esposito, A. Pilloni, and A. D. Polosa, Multiquark reso-
nances, Phys. Rep. 668, 1 (2017).

[25] K. H. Hicks, On the conundrum of the pentaquark, Eur. Phys. J.
H 37,1 (2012).

[26] T. Nakano et al. (LEPS Collaboration), Evidence for a Narrow
S = +1 Baryon Resonance in Photoproduction from the Neu-
tron, Phys. Rev. Lett. 91, 012002 (2003).

[27] R. Aaij et al. (LHCb Collaboration), Observation of J /v p Res-
onances Consistent with Pentaquark States in A) — J/¥ K~ p
Decays, Phys. Rev. Lett. 115, 072001 (2015).

[28] R. Chen, X. Liu, and S.-L. Zhu, Hidden-charm molecular
pentaquarks and their charm-strange partners, Nucl. Phys. A
954, 406 (2016).

[29] R. Aaij et al. (LHCb Collaboration), A search for weakly
decaying b-flavored pentaquarks, Phys. Rev. D 97, 032010
(2018).

[30] C. Patrignani et al. (Particle Data Group), Review of particle
physics, Chin. Phys. C 40, 100001 (2016).

[31] A. De Rujula, H. Georgi, and S. L. Glashow, Hadron masses in
a gauge theory, Phys. Rev. D 12, 147 (1975).

[32] M. Mattson et al. (SELEX Collaboration), First Observation of
the Doubly Charmed Baryon EY, Phys. Rev. Lett. 89, 112001
(2002).

[33] A. Ocherashvili et al. (SELEX Collaboration), Confirmation of
the double charm baryon E}(3520) via its decay to pDT K,
Phys. Lett. B 628, 18 (2005).

[34] R. Aaij et al. (LHCb Collaboration), Observation of the Doubly
Charmed Baryon E7*, Phys. Rev. Lett. 119, 112001 (2017).

[35] T. D. Cohen and P. M. Hohler, Doubly heavy hadrons and
the domain of validity of doubly heavy diquark-anti-quark
symmetry, Phys. Rev. D 74, 094003 (2006).

045204-21


https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1103/PhysRevLett.111.242001
https://doi.org/10.1103/PhysRevLett.111.242001
https://doi.org/10.1103/PhysRevLett.111.242001
https://doi.org/10.1103/PhysRevLett.111.242001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevD.80.031104
https://doi.org/10.1103/PhysRevD.80.031104
https://doi.org/10.1103/PhysRevD.80.031104
https://doi.org/10.1103/PhysRevD.80.031104
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevD.78.072004
https://doi.org/10.1103/PhysRevD.78.072004
https://doi.org/10.1103/PhysRevD.78.072004
https://doi.org/10.1103/PhysRevD.78.072004
https://doi.org/10.1103/PhysRevLett.110.252001
https://doi.org/10.1103/PhysRevLett.110.252001
https://doi.org/10.1103/PhysRevLett.110.252001
https://doi.org/10.1103/PhysRevLett.110.252001
https://doi.org/10.1103/PhysRevLett.110.252002
https://doi.org/10.1103/PhysRevLett.110.252002
https://doi.org/10.1103/PhysRevLett.110.252002
https://doi.org/10.1103/PhysRevLett.110.252002
https://doi.org/10.1016/j.physletb.2013.10.041
https://doi.org/10.1016/j.physletb.2013.10.041
https://doi.org/10.1016/j.physletb.2013.10.041
https://doi.org/10.1016/j.physletb.2013.10.041
https://doi.org/10.1103/PhysRevLett.115.112003
https://doi.org/10.1103/PhysRevLett.115.112003
https://doi.org/10.1103/PhysRevLett.115.112003
https://doi.org/10.1103/PhysRevLett.115.112003
https://doi.org/10.1103/PhysRevLett.112.022001
https://doi.org/10.1103/PhysRevLett.112.022001
https://doi.org/10.1103/PhysRevLett.112.022001
https://doi.org/10.1103/PhysRevLett.112.022001
https://doi.org/10.1103/PhysRevLett.112.022001
https://doi.org/10.1103/PhysRevD.92.092006
https://doi.org/10.1103/PhysRevD.92.092006
https://doi.org/10.1103/PhysRevD.92.092006
https://doi.org/10.1103/PhysRevD.92.092006
https://doi.org/10.1103/PhysRevLett.115.222002
https://doi.org/10.1103/PhysRevLett.115.222002
https://doi.org/10.1103/PhysRevLett.115.222002
https://doi.org/10.1103/PhysRevLett.115.222002
https://doi.org/10.1016/j.physrep.2006.04.003
https://doi.org/10.1016/j.physrep.2006.04.003
https://doi.org/10.1016/j.physrep.2006.04.003
https://doi.org/10.1016/j.physrep.2006.04.003
https://doi.org/10.1142/S0218301308009446
https://doi.org/10.1142/S0218301308009446
https://doi.org/10.1142/S0218301308009446
https://doi.org/10.1142/S0218301308009446
https://doi.org/10.1016/j.ppnp.2008.02.001
https://doi.org/10.1016/j.ppnp.2008.02.001
https://doi.org/10.1016/j.ppnp.2008.02.001
https://doi.org/10.1016/j.ppnp.2008.02.001
https://doi.org/10.1393/ncr/i2010-10059-8
https://doi.org/10.1393/ncr/i2010-10059-8
https://doi.org/10.1393/ncr/i2010-10059-8
https://doi.org/10.1393/ncr/i2010-10059-8
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1007/s00601-016-1159-0
https://doi.org/10.1007/s00601-016-1159-0
https://doi.org/10.1007/s00601-016-1159-0
https://doi.org/10.1007/s00601-016-1159-0
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.physrep.2016.11.002
https://doi.org/10.1016/j.physrep.2016.11.002
https://doi.org/10.1016/j.physrep.2016.11.002
https://doi.org/10.1016/j.physrep.2016.11.002
https://doi.org/10.1140/epjh/e2012-20032-0
https://doi.org/10.1140/epjh/e2012-20032-0
https://doi.org/10.1140/epjh/e2012-20032-0
https://doi.org/10.1140/epjh/e2012-20032-0
https://doi.org/10.1103/PhysRevLett.91.012002
https://doi.org/10.1103/PhysRevLett.91.012002
https://doi.org/10.1103/PhysRevLett.91.012002
https://doi.org/10.1103/PhysRevLett.91.012002
https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1016/j.nuclphysa.2016.04.012
https://doi.org/10.1016/j.nuclphysa.2016.04.012
https://doi.org/10.1016/j.nuclphysa.2016.04.012
https://doi.org/10.1016/j.nuclphysa.2016.04.012
https://doi.org/10.1103/PhysRevD.97.032010
https://doi.org/10.1103/PhysRevD.97.032010
https://doi.org/10.1103/PhysRevD.97.032010
https://doi.org/10.1103/PhysRevD.97.032010
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1103/PhysRevD.12.147
https://doi.org/10.1103/PhysRevD.12.147
https://doi.org/10.1103/PhysRevD.12.147
https://doi.org/10.1103/PhysRevD.12.147
https://doi.org/10.1103/PhysRevLett.89.112001
https://doi.org/10.1103/PhysRevLett.89.112001
https://doi.org/10.1103/PhysRevLett.89.112001
https://doi.org/10.1103/PhysRevLett.89.112001
https://doi.org/10.1016/j.physletb.2005.09.043
https://doi.org/10.1016/j.physletb.2005.09.043
https://doi.org/10.1016/j.physletb.2005.09.043
https://doi.org/10.1016/j.physletb.2005.09.043
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevD.74.094003
https://doi.org/10.1103/PhysRevD.74.094003
https://doi.org/10.1103/PhysRevD.74.094003
https://doi.org/10.1103/PhysRevD.74.094003

ZHOU, CHEN, LIU, LIU, AND ZHU

PHYSICAL REVIEW C 98, 045204 (2018)

[36] R. Aaij et al. (LHCb Collaboration), Observation of Five New
Narrow Q¥ States Decaying to EFK~, Phys. Rev. Lett. 118,
182001 (2017).

[37] J. Yelton et al. (Belle Collaboration), Observation of excited €2..
charmed baryons in e*e™ collisions, Phys. Rev. D 97, 051102
(2018).

[38] H. X. Chen, Q. Mao, W. Chen, A. Hosaka, X. Liu, and S. L.
Zhu, Decay properties of P-wave charmed baryons from light-
cone QCD sum rules, Phys. Rev. D 95, 094008 (2017).

[39] M. Karliner and J. L. Rosner, Very narrow excited €2, baryons,
Phys. Rev. D 95, 114012 (2017).

[40] K. L. Wang, L. Y. Xiao, X. H. Zhong, and Q. Zhao, Understand-
ing the newly observed 2. states through their decays, Phys.
Rev. D 95, 116010 (2017).

[41] W. Wang and R. L. Zhu, Interpretation of the newly observed
Q? resonances, Phys. Rev. D 96, 014024 (2017).

[42] M. Padmanath and N. Mathur, Quantum Numbers of Recently
Discovered £ Baryons from Lattice QCD, Phys. Rev. Lett.
119, 042001 (2017).

[43] H. Y. Cheng and C. W. Chiang, Quantum numbers of 2. states
and other charmed baryons, Phys. Rev. D 95, 094018 (2017).

[44] Z. G. Wang, Analysis of 2.(3000), €.(3050), 2.(3066),
©.(3090) and 2.(3119) with QCD sum rules, Eur. Phys. J. C
77, 325 (2017).

[45] B. Chen and X. Liu, New 2 baryons discovered by LHCb as
the members of 1P and 2§ states, Phys. Rev. D 96, 094015
(2017).

[46] Z. Zhao, D. D. Ye, and A. Zhang, Hadronic decay properties of
newly observed €2, baryons, Phys. Rev. D 95, 114024 (2017).

[47] G. Yang and J. Ping, The structure of pentaquarks Q0 in the
chiral quark model, Phys. Rev. D 97, 034023 (2018).

[48] C. S. An and H. Chen, Observed Q0 resonances as pentaquark
states, Phys. Rev. D 96, 034012 (2017).

[49] G. Montaiia, A. Feijoo, and A. Ramos, A meson-baryon molec-
ular interpretation for some €2, excited baryons, Eur. Phys. J. A
54, 64 (2018).

[50] V.R. Debastiani, J. M. Dias, W. H. Liang, and E. Oset, Molecu-
lar 2, states within the local hidden gauge approach, Phys. Rev.
D 97, 094035 (2018).

[51] C. Wang, L.-L. Liu, X.-W. Kang, X.-H. Guo, and R.-W. Wang,
Possible open-charmed pentaquark molecule €2.(3188)—the
D E bound state—in the Bethe-Salpeter formalism, Eur. Phys.
J. C 178,407 (2018).

[52] J. Nieves, R. Pavao, and L. Tolos, 2, excited states within a
SU(6),¢ xHQSS model, Eur. Phys. J. C 78, 114 (2018).

[53] Y. Huang, C. J. Xiao, Q. F. Lii, R. Wang, J. He, and L. Geng,
Strong and radiative decays of DE molecular state and newly
observed €2. states, Phys. Rev. D 97, 094013 (2018).

[54] Q. Xu, H.-y. Jin, and T. G. Steele, Possible bound state of the
double heavy meson-baryon system, Phys. Rev. D 86, 114032
(2012).

[55] R. Chen, A. Hosaka, and X. Liu, Heavy molecules and one-
o /w-exchange model, Phys. Rev. D 96, 116012 (2017).

[56] Y. Shimizu and M. Harada, Hidden charm pentaquark P.(4380)
and doubly charmed baryon &%.(4380) as hadronic molecule
states, Phys. Rev. D 96, 094012 (2017).

[57] J. J. Wu, R. Molina, E. Oset, and B. S. Zou, Prediction of
Narrow N* and A* Resonances with Hidden Charm Above 4
GeV, Phys. Rev. Lett. 105, 232001 (2010).

[58] J. Wu, Y. R. Liu, K. Chen, X. Liu, and S. L. Zhu, Hidden-charm
pentaquarks and their hidden-bottom and B.-like partner states,
Phys. Rev. D 95, 034002 (2017).

[59] E. Hiyama, A. Hosaka, M. Oka, and J. M. Richard,
Quark model estimate of hidden-charm pentaquark resonances,
arXiv:1803.11369 [nucl-th].

[60] E. Hiyama, M. Kamimura, A. Hosaka, H. Toki, and M. Yahiro,
Five-body calculation of resonance and scattering states of
pentaquark system, Phys. Lett. B 633, 237 (2006).

[61] Y. R. Liu, S. L. Zhu, Y. B. Dai, and C. Liu, DJ;(2632): An
excellent candidate of tetraquarks, Phys. Rev. D 70, 094009
(2004).

[62] J. Wu, Y. R. Liu, K. Chen, X. Liu, and S. L. Zhu, X (4140),
X(4270), X(4500) and X(4700) and their c¢sC5 tetraquark
partners, Phys. Rev. D 94, 094031 (2016).

[63] S. Godfrey and N. Isgur, Mesons in a relativized quark model
with chromodynamics, Phys. Rev. D 32, 189 (1985).

[64] T. Hyodo, Y. R. Liu, M. Oka, K. Sudoh, and S. Yasui, Produc-
tion of doubly charmed tetraquarks with exotic color config-
urations in electron-positron collisions, Phys. Lett. B 721, 56
(2013).

[65] Q.-F. Lii, K.-L. Wang, L.-Y. Xiao, and X.-H. Zhong, Mass
spectra and radiative transitions of doubly heavy baryons in a
relativized quark model, Phys. Rev. D 96, 114006 (2017).

[66] X. Z. Weng, X. L. Chen, and W. Z. Deng, Masses of doubly
heavy-quark baryons in an extended chromomagnetic model,
Phys. Rev. D 97, 054008 (2018).

[67] R. Roncaglia, D. B. Lichtenberg, and E. Predazzi, Predicting the
masses of baryons containing one or two heavy quarks, Phys.
Rev. D 52, 1722 (1995).

[68] W. Roberts and M. Pervin, Heavy baryons in a quark model,
Int. J. Mod. Phys. A 23, 2817 (2008).

[69] Z. H. Guo, Prediction of exotic doubly charmed baryons within
chiral effective field theory, Phys. Rev. D 96, 074004 (2017).

[70] L. Montanet, G. C. Rossi, and G. Veneziano, Baryonium
physics, Phys. Rep. 63, 149 (1980).

[71] H. Hogaasen, J. M. Richard, and P. Sorba, A Chromomagnetic
mechanism for the X(3872) resonance, Phys. Rev. D 73, 054013
(20006).

[72] S. Q. Luo, K. Chen, X. Liu, Y. R. Liu, and S. L. Zhu, Exotic
tetraquark states with the gg O O configuration, Eur. Phys. J. C
77,709 (2017).

[73] Y. Cui, X. L. Chen, W. Z. Deng, and S. L. Zhu, The possible
heavy tetraquarks ¢ 0G0, qgO0 and ¢ Q0 0, High Energy
Phys. Nucl. Phys. 31, 7 (2007).

[74] F. Buccella, H. Hogaasen, J. M. Richard, and P. Sorba, Chromo-
magnetism, flavour symmetry breaking and S-wave tetraquarks,
Eur. Phys. J. C 49, 743 (2007).

[75] L. Zhao, W. Z. Deng, and S.-L. Zhu, Hidden-charm tetraquarks
and charged Z, states, Phys. Rev. D 90, 094031 (2014).

[76] J. Wu, Y.-R. Liu, K. Chen, X. Liu, and S.-L. Zhu, Heavy-
flavored tetraquark states with the Q Q O O configuration, Phys.
Rev. D 97, 094015 (2018).

[77] K. Chen, X. Liu, J. Wu, Y. R. Liu, and S. L. Zhu, Triply heavy
tetraquark states with the Q Q Qg configuration, Eur. Phys. J. A
53,5 (2017).

[78] S. G. Yuan, K. W. Wei, J. He, H. S. Xu and B. S. Zou, Study
of ggqgcc five quark system with three kinds of quark-quark
hyperfine interaction, Eur. Phys. J. A 48, 61 (2012).

045204-22


https://doi.org/10.1103/PhysRevLett.118.182001
https://doi.org/10.1103/PhysRevLett.118.182001
https://doi.org/10.1103/PhysRevLett.118.182001
https://doi.org/10.1103/PhysRevLett.118.182001
https://doi.org/10.1103/PhysRevD.97.051102
https://doi.org/10.1103/PhysRevD.97.051102
https://doi.org/10.1103/PhysRevD.97.051102
https://doi.org/10.1103/PhysRevD.97.051102
https://doi.org/10.1103/PhysRevD.95.094008
https://doi.org/10.1103/PhysRevD.95.094008
https://doi.org/10.1103/PhysRevD.95.094008
https://doi.org/10.1103/PhysRevD.95.094008
https://doi.org/10.1103/PhysRevD.95.114012
https://doi.org/10.1103/PhysRevD.95.114012
https://doi.org/10.1103/PhysRevD.95.114012
https://doi.org/10.1103/PhysRevD.95.114012
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1103/PhysRevD.96.014024
https://doi.org/10.1103/PhysRevD.96.014024
https://doi.org/10.1103/PhysRevD.96.014024
https://doi.org/10.1103/PhysRevD.96.014024
https://doi.org/10.1103/PhysRevLett.119.042001
https://doi.org/10.1103/PhysRevLett.119.042001
https://doi.org/10.1103/PhysRevLett.119.042001
https://doi.org/10.1103/PhysRevLett.119.042001
https://doi.org/10.1103/PhysRevD.95.094018
https://doi.org/10.1103/PhysRevD.95.094018
https://doi.org/10.1103/PhysRevD.95.094018
https://doi.org/10.1103/PhysRevD.95.094018
https://doi.org/10.1140/epjc/s10052-017-4895-5
https://doi.org/10.1140/epjc/s10052-017-4895-5
https://doi.org/10.1140/epjc/s10052-017-4895-5
https://doi.org/10.1140/epjc/s10052-017-4895-5
https://doi.org/10.1103/PhysRevD.96.094015
https://doi.org/10.1103/PhysRevD.96.094015
https://doi.org/10.1103/PhysRevD.96.094015
https://doi.org/10.1103/PhysRevD.96.094015
https://doi.org/10.1103/PhysRevD.95.114024
https://doi.org/10.1103/PhysRevD.95.114024
https://doi.org/10.1103/PhysRevD.95.114024
https://doi.org/10.1103/PhysRevD.95.114024
https://doi.org/10.1103/PhysRevD.97.034023
https://doi.org/10.1103/PhysRevD.97.034023
https://doi.org/10.1103/PhysRevD.97.034023
https://doi.org/10.1103/PhysRevD.97.034023
https://doi.org/10.1103/PhysRevD.96.034012
https://doi.org/10.1103/PhysRevD.96.034012
https://doi.org/10.1103/PhysRevD.96.034012
https://doi.org/10.1103/PhysRevD.96.034012
https://doi.org/10.1140/epja/i2018-12498-1
https://doi.org/10.1140/epja/i2018-12498-1
https://doi.org/10.1140/epja/i2018-12498-1
https://doi.org/10.1140/epja/i2018-12498-1
https://doi.org/10.1103/PhysRevD.97.094035
https://doi.org/10.1103/PhysRevD.97.094035
https://doi.org/10.1103/PhysRevD.97.094035
https://doi.org/10.1103/PhysRevD.97.094035
https://doi.org/10.1140/epjc/s10052-018-5874-1
https://doi.org/10.1140/epjc/s10052-018-5874-1
https://doi.org/10.1140/epjc/s10052-018-5874-1
https://doi.org/10.1140/epjc/s10052-018-5874-1
https://doi.org/10.1140/epjc/s10052-018-5597-3
https://doi.org/10.1140/epjc/s10052-018-5597-3
https://doi.org/10.1140/epjc/s10052-018-5597-3
https://doi.org/10.1140/epjc/s10052-018-5597-3
https://doi.org/10.1103/PhysRevD.97.094013
https://doi.org/10.1103/PhysRevD.97.094013
https://doi.org/10.1103/PhysRevD.97.094013
https://doi.org/10.1103/PhysRevD.97.094013
https://doi.org/10.1103/PhysRevD.86.114032
https://doi.org/10.1103/PhysRevD.86.114032
https://doi.org/10.1103/PhysRevD.86.114032
https://doi.org/10.1103/PhysRevD.86.114032
https://doi.org/10.1103/PhysRevD.96.116012
https://doi.org/10.1103/PhysRevD.96.116012
https://doi.org/10.1103/PhysRevD.96.116012
https://doi.org/10.1103/PhysRevD.96.116012
https://doi.org/10.1103/PhysRevD.96.094012
https://doi.org/10.1103/PhysRevD.96.094012
https://doi.org/10.1103/PhysRevD.96.094012
https://doi.org/10.1103/PhysRevD.96.094012
https://doi.org/10.1103/PhysRevLett.105.232001
https://doi.org/10.1103/PhysRevLett.105.232001
https://doi.org/10.1103/PhysRevLett.105.232001
https://doi.org/10.1103/PhysRevLett.105.232001
https://doi.org/10.1103/PhysRevD.95.034002
https://doi.org/10.1103/PhysRevD.95.034002
https://doi.org/10.1103/PhysRevD.95.034002
https://doi.org/10.1103/PhysRevD.95.034002
http://arxiv.org/abs/arXiv:1803.11369
https://doi.org/10.1016/j.physletb.2005.11.086
https://doi.org/10.1016/j.physletb.2005.11.086
https://doi.org/10.1016/j.physletb.2005.11.086
https://doi.org/10.1016/j.physletb.2005.11.086
https://doi.org/10.1103/PhysRevD.70.094009
https://doi.org/10.1103/PhysRevD.70.094009
https://doi.org/10.1103/PhysRevD.70.094009
https://doi.org/10.1103/PhysRevD.70.094009
https://doi.org/10.1103/PhysRevD.94.094031
https://doi.org/10.1103/PhysRevD.94.094031
https://doi.org/10.1103/PhysRevD.94.094031
https://doi.org/10.1103/PhysRevD.94.094031
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1016/j.physletb.2013.02.045
https://doi.org/10.1016/j.physletb.2013.02.045
https://doi.org/10.1016/j.physletb.2013.02.045
https://doi.org/10.1016/j.physletb.2013.02.045
https://doi.org/10.1103/PhysRevD.96.114006
https://doi.org/10.1103/PhysRevD.96.114006
https://doi.org/10.1103/PhysRevD.96.114006
https://doi.org/10.1103/PhysRevD.96.114006
https://doi.org/10.1103/PhysRevD.97.054008
https://doi.org/10.1103/PhysRevD.97.054008
https://doi.org/10.1103/PhysRevD.97.054008
https://doi.org/10.1103/PhysRevD.97.054008
https://doi.org/10.1103/PhysRevD.52.1722
https://doi.org/10.1103/PhysRevD.52.1722
https://doi.org/10.1103/PhysRevD.52.1722
https://doi.org/10.1103/PhysRevD.52.1722
https://doi.org/10.1142/S0217751X08041219
https://doi.org/10.1142/S0217751X08041219
https://doi.org/10.1142/S0217751X08041219
https://doi.org/10.1142/S0217751X08041219
https://doi.org/10.1103/PhysRevD.96.074004
https://doi.org/10.1103/PhysRevD.96.074004
https://doi.org/10.1103/PhysRevD.96.074004
https://doi.org/10.1103/PhysRevD.96.074004
https://doi.org/10.1016/0370-1573(80)90161-1
https://doi.org/10.1016/0370-1573(80)90161-1
https://doi.org/10.1016/0370-1573(80)90161-1
https://doi.org/10.1016/0370-1573(80)90161-1
https://doi.org/10.1103/PhysRevD.73.054013
https://doi.org/10.1103/PhysRevD.73.054013
https://doi.org/10.1103/PhysRevD.73.054013
https://doi.org/10.1103/PhysRevD.73.054013
https://doi.org/10.1140/epjc/s10052-017-5297-4
https://doi.org/10.1140/epjc/s10052-017-5297-4
https://doi.org/10.1140/epjc/s10052-017-5297-4
https://doi.org/10.1140/epjc/s10052-017-5297-4
https://doi.org/10.1140/epjc/s10052-006-0142-1
https://doi.org/10.1140/epjc/s10052-006-0142-1
https://doi.org/10.1140/epjc/s10052-006-0142-1
https://doi.org/10.1140/epjc/s10052-006-0142-1
https://doi.org/10.1103/PhysRevD.90.094031
https://doi.org/10.1103/PhysRevD.90.094031
https://doi.org/10.1103/PhysRevD.90.094031
https://doi.org/10.1103/PhysRevD.90.094031
https://doi.org/10.1103/PhysRevD.97.094015
https://doi.org/10.1103/PhysRevD.97.094015
https://doi.org/10.1103/PhysRevD.97.094015
https://doi.org/10.1103/PhysRevD.97.094015
https://doi.org/10.1140/epja/i2017-12199-3
https://doi.org/10.1140/epja/i2017-12199-3
https://doi.org/10.1140/epja/i2017-12199-3
https://doi.org/10.1140/epja/i2017-12199-3
https://doi.org/10.1140/epja/i2012-12061-2
https://doi.org/10.1140/epja/i2012-12061-2
https://doi.org/10.1140/epja/i2012-12061-2
https://doi.org/10.1140/epja/i2012-12061-2



