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Abstract: The b-factories, such as Bellell, BarBar, and LHCb, emphasize the increasing importance of exotic had-

ron research. In this paper, we discuss the possible production of singly anti-charmed pentaquark states cqgqq from
B mesons in a b-factory under SU(3) symmetry analysis. Discussions of both possibilities have been driven by the
hypothesis that the pentaquark state considered in this work, known as the lowest lying state Pz, could be bound or

unbound. We find the golden channels for the production of the pentaquark ground states, such as B® — PO 50,

csudu

We further estimate the branching ratios for the production of the ground states Pz from B meson decays. Thus, mul-

tiple channels are available for experiments, which may remove certain obstacles to the discovery of new pentaquark

states.
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I. INTRODUCTION

The search for pentaquark states has emerged as a
highly significant investigation within the quark model in
recent years. Recent theoretical and experimental
achievements in this field have been outstanding [1—-23],
particularly b-factory experimental efforts. In 2015, ob-
servations of P.(4380)* and P.(4450)* [20] in the
A) — J/ypK~ decay were first announced by the LHCb
collaboration. By analysing the J/yp invariant mass dis-
tribution of AY — KJ/yp, three pentaquark candidates
P.(4440)*, P.(4457)*, and P.(4312)" were found in 2019
[21]. The split into two new overlapping peaks was then
confirmed by analysis of the Z; — J/WwAK~ channel [22].
Using data collected from 2011 to 2018, LHCb per-
formed an amplitude analysis of BY — J/ypp in 2021 and
found evidence for a new structure P.(4337)* [23]. This
finding suggests that, in addition to the b-baryon system,
B decays could be a valuable research area for studying
the pentaquark [24—27]. The large number of accumu-
lated B mesons and their greater decay branching ratio
may support the new route, which can simultaneously ad-
vance our probe research into the charmed pentaquark
states. The b-factory, where a number of charmed

hardrons have been discovered [20, 28—37], has been a
discovery factory for exotic charmed hadrons. If the ex-
pected integrated luminosity of b-factories could reach
around 300fb'—50ab”', then 10°-10" pairs of
B°B°(B*B~/B°B%) will be produced in the future [38—44].
Therefore, with the continuous improvement of experi-
mental detection capability, more charmed pentaquark
states will be discovered by b-factory experiments in the
future.

To date, the majority of P. states, also known as hid-
den charmed pentaquarks, have been found in the J/yp
invariant mass distribution. Their thresholds are determ-
ined by a baryon and meson close to the mass of the P,
states. For example, the threshold of £.D is close to the
pentaquark P.(4312)*, and that of Z.D* is close to the
states P.(4450)* and P.(4457)*. For the five-quark sys-
tem, its diversified composition will depend on different
production mechanisms. Assuming that the pentaquark
state is compact, it can be bound by gluon exchange [18,
45]. Fortunately, the mass spectrum and decay properties
[46, 47] indicate that this compact configuration is not in-
compatible with the observed P, state. If several particles
interact appropriately with each other, they can form a
weakly bound molecular state. To produce the loose mo-
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lecules, the energetic quarks can first fragment into mul-
tiple hadrons, and then the strong interactions between
these hadrons can produce some possible hadronic mo-
lecules. Therefore, the production of pentaquark states
can be studied at the hadron level [48]. However, the in-
ner structure has been credibly described by high-energy
experiments, which may be far more complex than those
of conventional hadrons, and the spin-parity is still un-
known. There have been several theoretical approaches to
describe the pentaquark states, including quark models
[45, 49—-52], meson-based model [7, 53, 54], hadro-char-
monium model [55-57], QCD sum rules [58, 59], kin-
ematical effects [60], chiral quark model [61], heavy
quark symmetry [62], and complex scaling method [63].
By assuming that the pentaquark state is a bound state of
two diquarks and an anti-quark, the authors calculated the
masses of the pentaquark ground state [64]. They used
the Bethe-Salpeter equation, with the potential energy of
quark interaction given by logarithm, linear, and spin de-
pendent potentials.

In addition, the open charmed pentaquark state will
provide a new opportunity for the current study of the
charmed pentaquark system. Based on the difference of
charmed quark, the open charmed pentaquark state can be
divided into two types: anti-charmed pentaquark state
(¢g9qqq) and charmed pentaquark state (cgqqq). In this
work, we focus on the anti-charmed pentaquark states,
which have already been discussed by different ap-
proaches [65—76]. The descriptions of the inner structure
from different approaches disagree with each other, so
further research is required. Accordingly, we force the
production of the singly anti-charmed pentaquark, pre-
dicting the adopted channels for future experiments. In
return, the discussion may help us understand the interac-
tions between inner particles and the confinement mech-
anism. In this work, we will discuss the production of
anti-charmed pentaquark states via B meson decays at the
b-factories, using the SU(3) symmetry analysis approach.
The flavor SU(3) symmetry [77—80] is a convincing tool
to analyze the production and decay behaviors of had-
rons.

The remainder of this paper is organized as follows.
In Sec. II, we present the tensor representations of anti-
charmed pentaquark states and argue whether the ground
states exceed the threshold for strong decay. In Sec. III,
we debate both the strong and weak decays of the
pentaquark ground states. In Sec. IV, we provide the po-
tential production Hamiltonian of the pentaquark ground
states from B meson decays and select the golden produc-
tion channels for ground states. We examine the produc-
tion of the ground states from bottomed mesons and bary-
ons at the b-factory. In Sec. V, a short summary is given.
In Sec. VI, the production of the pentaquark exotic states
15 and 15’ from B meson decays is demonstrated in de-
tail.

II. PENTAQUARK c¢qqqq

In this section, we mainly discuss the representation
of singly anti-charmed pentaquark state with 1/2~ spin-
parity. The singly anti-charmed pentaquark states cqqqq
can be decomposed into multiplets: 3, 6, 15 and 15". The
exotic states 15 and 15" can strongly decay into ground
states 3 and 6, so the focus of this work is on the anti-
charmed pentaquark ground states 3 and 6, denoted by
Pz and Pg. Their representation in flavor ® color ®
spin space, satisfying Fermi statistics, should be global
antisymmetry.

In flavor space, the matrices of the pentaquark ground
states ¢[[qqlslqqls], and &{[gqlslgqls}; can be given as
follows:

ellsulldull P

(Pa)=| clldslldull | =| Prwuw |- M
E'[[ds][su]] Pga’ssu
clldslldsly clldsllsul}  c{lds]ldul}

(P) = c{ldsllsul}  c{lsullsul} c{[sulldul}
c{ldslldul}  c{[sulldul} c{[dulldul}
P ;d;d; P :.“;ssu P é;ixdu

= Pglssu P(Z)'susu Pé‘?‘udu ’

/— 70 0
PEdsdu Pi‘sudu PZ‘dudu

2)

where the curly braces and square brackets indicate the
symmetry (S) and antisymmetry (A) of the four light
quarks, respectively. The superscript of the pentaquark
state P denotes the charge, and the index represents the
flavor constituent.

According to the good diquark scheme [81], in color
space, the good diquark should be antisymmetric as
[g4]3(A), and in spin space, the good diquark is a spinless
boson, making it antisymmetric as [gq] — 0,(A). Thus,
under flavor ® color ® spin space, the wave function of
the singly anti-charmed pentaquark ground states 3 and 6
can be written roughly as follows:

¢ [[qq]s[qqls] s

Utlavor =
! E{Mq]s[qq]s} i

s

Yeolor = C3 [[qq]?:[qQ]i] 3

Y = { ¢ [[qq]o[qq]o]o

. 3
ci {[qq]o[qq]o}o ©
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The masses of the ground states have been calculated
by various methods [67, 69, 70, 74]. Several representat-
ive results are listed in Table 1, and among them, those
predicted by QCD sum rules [75] are all lower than
3 GeV. If the pentaquark ground states are below their re-
spective strong decay thresholds, they will decay weakly.
Otherwise, they will decay strongly. In the chromomag-
netic interaction model (CIM), PY, . is above the strong
decay threshold DN by approximately 66 MeV, but the
quark model (QM) shows the opposite conclusion, with
PY,... below the threshold by approximately 94 MeV. The
same controversy exists in the cases of PV . PU"  and

csudu> * cdsdu>

PY)- . In the simple and constituent quark models, PV,
and P{)., are believed to be stable and all below the
threshold Dp of approximately 326 MeV and 75 MeV, re-
spectively. In contrast, it is slightly higher than their
threshold of approximately 52 MeV in the CIM method.
Moreover, the mass of P!).  should be above the strong
decay threshold D;A of 32 MeV in the constituent model
but below the threshold in the simple quark model and
CIM method. It is worth noting that the QCD sum rules
predict that all pentaquark ground states can be lower
than 3 GeV, which contradicts the CIM method in the
discussion of the PY, , and P, states. In this work, we

fully consider all possible decay modes of the pentaquark
ground states.

III. DECAYS OF THE GROUND STATES

In this section, we discuss the strong and weak de-

cays of the pentaquark ground states in detail. The ground
states can be unbound states, which are unstable and de-
cay immediately through the strong interaction. The
Hamiltonian of the decays at the hadronic level can be
directly driven as follows:

H, = ar(Pe3)i(D)j(Pg)" + A1 (Pg)ian(D)i(Pg)se™ . (4)

where the a; (A;) term represents the pentaquark ground
states 3(6) decaying into the D meson and light baryon.
Light baryons consist of three light quarks, which can
form an SU(3) octet Py [78, 80]. In SU(3) flavor space,
the octet has the following matrix:

1 1
— 304 —A ¥+
V2 6 | ] b
Pg: > —@ZO‘F%A n

2
- =0 —\/ZA
Vi

The expansion of the Hamiltonian can lead to amp-
litudes for the strong decays of unbound states. Consider-
ing the detection efficiency, some channels with less im-
portant contributions can be excluded from Table 2. We
focus on final states that are most likely to be detected in
experiments and disregard those that are difficult to de-
tect. All channels with the hadrons #° n,X*(— pn?),

[1]

)

Table 1. Masses of the pentaquark ground states.
Mass/GeV Pl Po 9 Pt Psusu Prasas
Quark model 2.580[70] 2.580[70] 2.77[70] 2.71[74] - -
Constituent model [52, 67] 2.958 [67] 2.958 [67] 3.116 [67] 2.895 [52] - -
Chromomagnetic Interaction model [69] 2.831 2.831 3.026 2.87 3.22 3.22
QCD sum rules [75] <3.0

Table 2. Amplitude for the strong decays of the pentaquark ground states Pz3 and P into a D meson and one light baryon.

Channel Amplitude Channel Amplitude Channel Amplitude
Pli ™ DA L\/]E P = D'xf % Pt > DE ai
Poutu = Prp “ Pasan = D'z a@ Pryqu = D™A° 3
Prysau = D7E° _L\/li Prysan = Dsn ai o = D'e- ai
Pessou = DE @ Py = DA -/ 3a
Pt D'n Al Pliuiu = DP —Al P ™ DA 341
P84 — D' _% Pau = D7 -4 P = D3P Ay
P D' o PN /I i3 -
Plgsa, = Dsn -Al P2, — D'E° A PO = DyE* Ay
Plasu—D'Z" - Pl = DE° A Pl = D7E Vin,
Plasas = D™E” A P — Dy —A4

123105-3



Xiao-Hui Hu, Ye Xing

Chin. Phys. C 48, 123105 (2024)

Y (= nr), and E%— An°) inthe final states are re-
moved, and the processes with #* X%(— Nry),
E (— An7), and A(— pr7) are kept.

0 - ()0
P("dudu_)D P> P;

csudu

— D{p,

- EOA, pvo - EOZO),

csudu

(P(r)()

csudu

- = p)- - 0)- —50
P[rdsds - DE ’ PEdsdu - D A’ (PEdsdu - DX )’
P

o = DIZ0 PO, - D'EN P 5 DAL (6)

cdssu cdssu

Meanwhile, 2 —3 channels are prepared for the exper-
imental reconstruction of PV, . PV~ and P! . We
consider the strong decays of the ground states PY,..
P, PO, P and PY . Once the amplitudes of
the different modes are obtained, ignoring the phase
space effect, the relationships between the different de-
cay channels are immediately deduced.

F(Pgsudu - D:p) = 6F(P2sudu - EOA) = 2r(P2Sudu - EOZO)
=6I'(Py,,,, — D™ A) = 2T(Py,, — D°Z°)
3
= F(P('_'dssu - EOE_) = 7F(PZ_'dssu - D:AO)’
| 2 @)

F(Pgdudu - D_I’) = F(P{O

csudu

2
—D[p)= gl"(Pgisdu — D™ A)

2

= (Pl = D'A) = 0P, — D'E’)

= F(ch;sds - DiEi) = zr(P/E;l'sdu - D*z())
1

=T (Py,, »D'E) = ST Phs = D;x).

®)

The stable pentaquark states are widely accepted and
dominated by weak decays. At the quark level, the
Cabibbo-allowed transition should be ¢ — 5dii. Thus, the
Hamiltonian for the weak decay of the ground states Pz
and P can be constructed as follows:

Ho = by(Pe3)i(He), M} (P5)', + by(Pe3)i(He)y " M (Py),

+b3(Pea)i(He) " MY (Ps) + by(Pea)i(He), " ME(Ps)'
+ B1(P) ™ (He)" Mi(Ps) € ot

+ By(P) ™ (He)!" Mi(P)" €

+ B3(P)™ (He)" M, (Ps) €0t

+ By(Pe)"" (He)," MI(P5)" € ot

+ Bs(Pe)"" (He)" MY (Ps)}' € am

+ Bo(Py) ™" (He)\J M{(Ps) & 0i

+ B7(P56)(ai}(H6)%kJM;(Ps);nb‘akl +Hg — His.
)

The transition operator ¢ — 5dii can be composed as
3®3®3=3®306®15. Because there is no penguin dia-
gram of the transition ¢ — 5di, the contribution of Hj
will vanish. Then, we only consider the other two
Cabibbo-allowed non-zero tensor components: (Hg)3! =
—(Hg)*=1 and (Hys)3' =(Hi5)Y> =1. Based on the
Hamiltonian, the decay amplitude can be calculated, as
given in Table 3. We choose some golden channels to
help the experiment find the ground states.

P~ p, P

csudu csusu

PY" S A, (P - 30, (10)

cdssu cdssu

— K p, (P

+ ==
- K'E)
csusu K'E >

Accordingly, the states P9, PV, , and P!). can
occupy the largest potential in the experimental search.
Therefore, in this work, we would force the weak decays
of the states P, P, and P{). .In addition, a can-

didate channel has been prepared for the reconstruction of
PY_ or PV in brackets.

csusu cdssu

IV. PRODUCTION FROM b HARDRONS

In this section, we investigate the production of the
pentaquark states from the b hardrons. When the produc-
tion is calculated with SU(3) symmetry analysis, the rep-
resentation of the initial and final states is an essential in-
put. The initial states of b hardrons include B mesons and
b baryons. The representations of the anti-light baryons
can be obtained from those of the light baryon [82, 83].
The current b factories, such as the LHC in Europe and
SuperKEKB in Japan, have achieved significant progress
in studying exotic hadrons. The Belle detector at KEKB
and BABAR detector at PEP-II have integrated luminos-
ities of approximately988 fb™' and 518 fb™', respectively
[39, 84]. These detectors mainly operate at the energy of
the 7(4S) resonance. In the future, Bellell is expected to
record 50 ab™' of data [85]. As 7'(4S) can decay into a BB
pair, this will provide ample opportunities to study B
mesons and b baryons.

A. Production from B mesons

The production of the ground states can be achieved
by B meson weak decays, which can be induced by
b — cud/s and b — ucd/s. We write down the possible
Hamiltonian for the production of the pentaquark ground
states directly from a B meson (bg), denoted by B =
€’*By iy, or an anti-B meson (bg), denoted by B;:

8H, = c1B'(Hy)](P3)i(Ps)} + 2 B (Hy)} (Pe3)i( Py’
+¢3B'(Hy)[(Pe3) j(P3)} + € Bi(H3) (Po3)(Py),
+ & B(H3)"'(Pe3)i(Pg)] + T Bi(He)" ' (Pea )i (Pg)]
+24By(Hg)"V (P3)i(P3), + €1 Byijy(Hs),(Ps) " (Pg)}
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Table 3. Cabibbo-allowed channels for the ground states to decay into light meson and baryon states. The parameters b; and B; are
the coefficients for the terms of the operator His.
Channel Amplitude Channel Amplitude
P —n'n 75 (01 =b3=b1 +b3) P> TD ~by — by +by +by
P — KTET —by+b3+by+D3 P2 i — KOAO %(Zbl*hz +by—2b1 +by+by)
P2 — K050 %(bz +by—by+by) PO = Mg %(—bl +2by — b3 +by —2by +b3)
Pisay =71 —b3—by+b3+by Py — K027 b3 +by+b3+Dy
Py =TT %(—bl +by—by +by) Py > A° %(bl +by +2by +by +by —2by)
Py = 70 7501 =b2+b1=by) P, — K5 by +by+by +bs
P> Kn by — b3 +5y +bs Py = g% e (b1 +b2 =203 +by +b2 = 2b3)
P an — Ko By+Bs+Bg+B7+By+Bs+Bg+B; PP = m0n *%(31+B3+B4+BG+B7*I_31+B3+B4+Be*l§7)
P = 7P Bi+B3—Bs— By +B3+Bs PO o KTET By +By—Bg+B +By+Bg
PP — KOA° %(34—31 +By~2B3+3Bs5+ By~ Bi + By ~2B3 +3B4+3Bs + By)| | PO — K050 —%(Bl +By +By+Bs+By+ By +By— By+ Bs + By)
0 e = gl %(34—31—232+B3+BB6+B7+1?1—232+33+B4+336+3B7) P TN By +Bs+Bg+By+ By~ Bs+ Bs— B
P — K%~ By+Bs+Bg+By—By+Bs—Bs+B; P mET ~B3— B+ B3+ Bs
PO — 1OA° —ﬁ(ZBl +By+B3+By+B;—2B;—By—B3+3B4—By) P — X0 $(=By~B3+Bs+B;+By+B3~By—By)
P oLt ~By—Bs+By +Bs P — KTE” ~Bi—-By-B3—B-By+B;
P2y — KOZ° ~By—Bs— By~ Bs P K ~B3 — B~ B3 - Bg
Pl —Kp B —-By-B3+Bi+B,-B; P2 = gAY L(By—4By —5B,—5B3+B; 3B, —3B3+3B4+3B7)
PO = 10 —ﬁ(ZBl +By+B3+By+B;+2B)— By~ By — By +3B7) Pl = 7% %(32—33—B4—236—B7—BZ+B3+B4+236+B7)
Pl 1 A° %(231 +By+B3+By+B;—2B— By~ B3 +3Bs— By) P~ L %(33 ~By—B4—2Bs—B7+By— By + By +2Bs + By)
P — K=" By +B3—Bs+B; - By - Bs Pl Kn Bi+By—Bs—Bi—B,—Bs
Pl > TgET %(231 +By+B3+By+B;+2B, —By— By — By +3B7) Py oL By+Bs+Bg+By—By—Bs—Bg— By

+e,Byijy(Hs).(P) " (P5)] + e3 B, (Hg )L (P=5) ™ (Pg)]
+2,B(H3) (P5) ™ (Pg)] + &,Bi(H3) ;(P)"™ (),

+2;Bi(He)" (P)' ™ (Pg)}, €ajt- (11)

The parameters c¢;, ¢;, ¢;, and e;, with i =1,2,3,4, are
the non-perturbative coefficients. The operator Hg repres-
ents the transition b — ¢ud/s, which is Cabibbo-allowed,
while H; and Hg represent b — ucd/s [86], which is
Cabibbo suppressed. As the pentaquark ground states are
the final states, they are denoted by Pz and P.. At the
quark level, the productions of singly charmed
pentaquark multiple states can be described with Feyn-

r T T r

man diagrams, as shown in Fig. 1. In particular, the
Hamiltonian with the coefficient e;(i=1,2,3) corres-
ponds to the diagrams inFig. 1(a) and (b). By comparison,
the diagrams in Fig. 1(c—¢) correspond to the Hamiltoni-
an with the coefficient ¢;(i = 1,2,3).

We expand the Hamiltonian of Eq. (11) and harvest
the possible amplitude results, aggregating them in Table
4. Based on the amplitudes relationship, while disregard-
ing the impact of phase-space integrals and utilizing the
mass spectrum of the pentaquark states from the CIM
[69] and that of the B mesons and light baryons from the
Particle Data Group [87], we can calculate the rates of
various channel widths. For the transition b — ¢ud/5, the
rates of the different decay widths are given as follows:

worn, S Cong, 5 Dpopy 2 = 12030 D 2 D i = 1220
Ly P H . P H I PO S H po = Tpp == 1:2:36:2:30, T, P ) U P 18:1,
FB?”PEJW? ) I P 1:22, Ty P E :T Bp, 5 1:18, FB?"”?dmﬁ : FBO*P?W?) =14:1,

Bop 2 :FBQ - g FBo_)Pgduduﬁ : FBMP;Mf =1:1:25:22, FBO*PQZW? : FB?_) P50 :FBQ—>P;;,W? =1:9:18.

This shows that the difference between the decay

1231

(12)

widths of different production processes is relatively
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b
S . d/s

:

@]

q

() (d)

(color online) Production topographies of the singly anti-charmed pentaquark ground state, starting from the B mesons g and

Fig. 1.

b ¢
' U d/s 3
(e)

bq. (a) and (b) show the production processes of the singly anti-charmed pentaquark multiple states and anti-light baryons from the B
meson decays bg, all of which are Cabibbo-allowed. (c—¢) show those from the anti-B meson bg, all of which are Cabibbo-suppressed.
For these, different decay mechanisms are involved; for the transition b — ¢ud/5 the rates of the different decay widths are given as fol-
lows: outer ¥ emission (a), W exchange (b, d), inner /¥ emission (c), and annihilation (e).

Table 4. Production from B mesons of the pentaquark ground states.

Channel Amplitude Channel Amplitude Channel Amplitude
B — P?szwiuf+ (c2+c3)Vua B" - PEsmlu E (c2+c3)Vus B’ > P?mduKO %
B" - P(c)suduio (61;\/35)‘/“ B’ — Pgruduéo €3Vus B> P;deMZJr (cr+c2)Vua
B - P;dm%r c2Vus B'—>p;, E = 1V BY - P?mduﬁ) %
BO P?Auduio % B - PZ‘mdu7 c3 Vud B - PZdeuZJr C1 Vu.v
BY — P;dmfr 2Vua B —p, = (c1+c2)Vus
B> P a;zua/u2+ —e3Vus Bt — Pémduf —e3Viud Bt - PO du§+ e3Vys
Bt — P?vurt(:+ €3V B’ > PfduduA % 0 — P?dudu EB\‘/%“'V
B - P Edudu —e1Vua B - P Zgudux (zcz_el%)vm B - P ;(;udufo %
B> pY duﬂ —(e1+e2)Vius B - P, E —(e1+ez+e3)Vuy I —e1Vua
B — P?muf) —e2Vua B> P m? —(e2+e3)Vua B> P, .7 e Vus
BO P;(zudux (62_281\/_663)\/”& BO P:?uduio - +j;2)vw BO - P:(z”d"7 (61 * eZ)Vud
BO P,c;’sduEJr (e2+e3)Vus BO - P(r)ruvuX (el+52\’r§3)vud BO — Pumuéo e1Vus
BR-P, 5 - (sl B —-py (e1+ex+e3)Vug B Py E €1V

large, but they are related. As soon as any decay channel
is detected in the future, we can give other decay widths.
Moreover, if two decay widths can be measured, our pre-
diction can also be verified. Typically, the Cabibbo-al-
lowed (CA) production channels, which are mainly in-
duced by the transition b — ¢ud/3, can receive the largest
contribution. In addition, the Cabibbo-suppressed (CS)
channels b — ucd/s are shown as diagrams in Fig. 1(c—e).
Furthermore, as the detection efficiencies of the light ba-

ryons are different, the production channel containing an
efficiently detected baryon may have a larger number of
production events of the pentaquark states. In this work,
we prefer the channels with N, A(— pn), Z%(— Ay),
(= pn), and Z*(— Ax*) to those with other light bary-
ons. Consequently, we extract the golden channel for
each ground state (P, PYC s POuws Plrss P> and

P_;..), as given by Eq. (13), and propose to study them in
future experiments.
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. RO 0 A pod 0 30 p+ 0 =
CA . BS - PEsusuA’Bs - PZ'.yusuz ’B - Pi'xusu“‘ ’
0 0 - R0 (10—
B" — PEdudun’Bs - PEsudun’
B*— P, B - PV A, B — PO, 5

csudu

B' PO 3T (13)

cdssu

csudu

0 (N- 3+ po (- =+
B _>PEdsduE ’B —P; =

cdssu= >

csudu

Among them, the state P_; , cannot be produced by
the Cabibbo-allowed channels, as the states generated by
these channels contain at least one u quark, as shown by
Fig. 1(a) and (b). In the next section, we discuss the pro-
duction modes for these ground states. Eq. (14) lists the
relationships between decay widths, ignoring the phase
space differences:

CA:T(B"— P

Csudu

1 _
) = Er(Bg? - PLE),

N,

I(B"—»P° T)=[(B"—P°

csudu csusu

T(B® = Py = T(B" = Py, ),

B -prL, 3

csudu

1 _
EF(B(Y) - Pé;xduz-'—)’

1 _
F(B(Y) _>P(E)xusuio) = EF(B(Y) - P/E;ssuz-'—)’
(B — P, E ) = T(BY > Pl B,
F(B+ - Pgtiztdui+) = F(B+ - P22L41[11§+)
=2r(8" > P2, 3. (14)

Similarly, for the exotic states 15 and 15’, their pro-
duction channels and relationships of decay widths can
also be obtained by expanding the corresponding pos-
sible Hamiltonian. For convenience, the rest of Hamilto-
nian and decay width relations between different produc-
tion channels are also reorganized in Appendix VI. The
possible Hamiltonian is given by Eq. (18).

B. Production from b baryon

In our previous work [88], we studied the production
of the singly anti-charmed pentaquark ground states Pz
and P, from bottomed baryon decay. For each ground
state, several golden decay modes can be selected from
Cabibbo-allowed channels, which can be easily recon-
structed from their corresponding final states. At the
quark level, these decays involve the dominant weak pro-
cess b — ucd/s.

0 0 0 0 (7)0 — 0 - _+
Ay = Prya K™ Ny = Proa K™ Ay = Prggg, s

csudu

e —— + = 0 —
, By = P, By = Py - (15)

=0 (/)—
=p Py n csusu

cdssu
The Bellell collider iL?xpected to produce 5.4 x 10
BB’/B*B~ and 6x 10° BB, pairs when the integrated lu-

minosity at Y(4S) and 7(55) is 50ab™' and Sab”', re-

spectively [38, 39, 43]. Moreover, KEKB and PEP-II can
provide a large number of charm samples, including those
produced from B meson decays via b — ¢ and many colli-
sion-produced samples with good reconstruction effi-
ciency, offering more opportunities to study the anti-
charmed pentaquark. Bellell is uniquely positioned to in-
vestigate heavy exotic hadrons [39, 85]. Fruitful results
on charm physics have been achieved by LHCb experi-
ments based on datasets with an integrated luminosity of
approximately9.6 fb™' [84, 89, 90]. In the future, the in-
tegrated luminosity of LHCb will reach 300 fb™', and
there will be 3 x 1013 pairs of BB /B*B~, 1x 10" pairs of
BYB., and 2x 10 pairs of A,A, [38, 40-44].

By estimating the magnitudes of the CKM matrix ele-
ments, it is possible to determine that the production of
the pentaquark ground state from bottom quark decay is
dominant. The typical branching fraction of bottom quark
decay may be less than 1073. In addition, the reconstruc-
tion of the final charm pentaquark state requires another
factor of 10~ and a few percent for the reconstruction of
the light baryon. Therefore, the branching ratio of the
exotic state generated by the BB pairs is expected to be
large enough (of the order of 1078) to give a good chance
of finding it. We calculate the production of the
pentaquark ground state from the weak decay of the b
hadrons, taking into account the weak and strong decays
of them. To find them experimentally, some golden chan-
nels have been selected and arranged by Eq. (16), in-
volving the dominant weak process b — ¢ud/5 and
b — ucd/s. After considering the corresponding weak and
strong decays of the pentaquark ground states, the golden
modes for the reconstruction of them are collected in
Tables 5 and 6.

V. SUMMARY

In this discussion, we will explore the production of

Table 5.
and reconstruction through the strong and weak decays. S.1

Pentaquark signatures in bottomed baryon decays

and S.2 represent the reconstruction through strong and weak
decays, respectively.

Ground states Production mode Experimental signatures

P Ap = P4, (= D PK® M(Dp)
PO A= Pio (= DipK- M(D; p)
S.1 P A)— P (= DNt M(D™A)
Porw B PU (> DOt M(D;%0)
Paisas B = Pea (> D7EDT M(D"E")
PO A= Pl (=7 pIK™ Mz p)
S2 PO, By PUL(oa A0 M(rA°)
Dsusi &, = Plyu(= K p)n™ M(K~p)
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Table 6.
construction through the strong and weak decays. The S.1 and

Pentaquark signatures in B meson decays and re-

§.2 represent the reconstruction through strong and weak de-
cays respectively.

Ground states Production mode Experimental signatures

P B — PV

Cdudu edudu (™ D™ P M(D™p)

o P BoPGLODEE Mo
Pl B = P> DIpE M(D; p)
P B P (- D AT M(D™A)

Pluw  B* = Pl (o K p)E M(K™p)

S2 Pf;)l?du BY > PEA)IS W= p)f0 M(n™p)
Pl B = PL (o nAOE M A?)

the ground state of the singly anti-charmed pentaquark
through B decays using light quark SU(3) symmetry ana-
lysis. To construct the possible Hamiltonian of produc-
tion for the ground states, we use the representations of B
mesons and final states (P, P, and Pg) given by Eq.
(11). We will obtain the amplitude of different channels,
as given by Table 4, and also collect the relations
between different channels given in Eq. (14). To ensure
clarity, we suggest several dominant channels for the
search for the singly anti-charmed pentaquark ground
states in b-factory experiments.

B—P A B >pP, E

csusu csusu=

B* > PO E B > PO

Csudu csudu'?

B - PE,A)I?(ILlA/Z BO - P?a’udun B - PE:331114§+’
B'—PLE Bl - PULE (16)

We have taken into account both strong and weak de-
cays of the P and P states to prepare the reconstruc-
tion modes for experimental research, as shown in Table
6. For example, P{?, can be reconstructed via its strong
decay mode P — D;p, and P?,, canbe reconstruc-
ted via its weak decay channel P2, — Kp. This result
can help in optimizing experimental resources and detect-
ing the P, and P states via their corresponding produc-
tion channel.

It is expected that the production induced by the de-
cay of b — cud/5 will be much greater in comparison to

that caused by the decay of b — ucd/s. This is because
the former decay channels, which involve the CKM ele-
ment V,V,,, are Cabibbo-allowed. In contrast, the latter
decay channels, which involve the CKM element V,,V,,,
are Cabibbo-suppressed. Future research is anticipated to
focus on the weak three-body decay process of the B
meson, which will provide further insights into the pro-
duction and detection of Pz and P for experimental ref-
erence.

APPENDIX A: PRODUCTION OF PENTAQUARK
STATES FROM B DECAYS

Above, we discussed the production of pentaquark
ground states from B decays. Next, we will explore the
production of the excited pentaquark states 15 and 15,
which are denoted as Tys and Ts, respectively. In flavor
space, the two diquarks of the excited pentaquark state 15
have mixed symmetry, i.e., {[gq]3{9q}e}1s or [{gq}6{qq)elis,
while those of 15" have full symmetry, i.e., {{gqlelqqtshs
According to the good diquark scheme [81], in color
space, the good diquark should be antisymmetric as
[g4]3(A), and in spin space, the spin of antisymmetric
diquark is [gq] — 0,(A), while that of the symmetric
diquark is {gq} — 1,(S). Thus, the spin of T}s should be
1/2 or 3/2, and that of T,5 should be 3/2 or 5/2. Thus,
under flavor ® color ® spin space, the wave function of
the singly anti-charmed pentaquark states 75 and Tis
can be written as

¢|lgalelagls)
c{laalstaqls} ;-
E{{qq}s{qq}s}

Yhavor =
15

Yeotor = &3 [4q 1519 |
El [ 1fqq 1}0
¢ {[qq]o (gah}, (A1)

1

¢ {laghlagh },

Here, the curly braces and square brackets indicate
the symmetry (S) and antisymmetry (A) of the four light
quarks, respectively. The corresponding Hamiltonian for
their production can be given as follows:

d’spin =

H' =His +His = fi B (Hs)](T15 )i (P9 ™ + f,B (Hg)/ (T 15) 1y (P3),
+ fiB' (Hy)((T 1)) (P3)}; + fiB'(Hs)/(T 1)}y, (P + fsB'(Hg) (T 5){ 1 (Pg);
+ fiBi(He) ™ (T 1)) juam) (P3)o ™™ + o Bi(H3)N(T 1),y (Ps); + s Bi(H3)" (T 15){jy (Ps)}

+]F4§5(H6)(ij}(Tls)fjk;(Pg)f + J@E(Hﬁ){ﬂ)(Tls)fjk}(Pg)f + f_‘(lgi(Hﬁ){jk)(TIS):jk](P§)§~ (A2)
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arranging the decay width relation as follows:

1 1
F(P(E)sudu - EOAO) = gr(P(E)sudu - 5020) - EF(PQ

csudu

1 1 1
= F(Pgdsdu - DiAO) = 7F(Pgdsdu - Dizo) = 7F(Pgdsdu - D;I’l) - EF(Pj

3
1
D E) = —T(P;
- ) 4(

cdssu

6
1

= -I'(P;
6(

cdssu

— DS_AO),

1
- DT = EF(P‘?

For simplicity, we present a useful reference for reconstructing the strong decays of the pentaquark ground states by

1
- D:p) = gr(P;d.vdt¢ - BOZ_)

csudu

- D’E)

cdssu

(A3)

—0

2
F(Pga'udu _>50n) = F(Pga'udu - D_p) = F(PZ_zst.s - D_E_) = F(Pi_d_sds - Ds_z_) = gr(Pio —-D A)

= 2F(Pé0mdu _)5020) = F(P;(zudu csudu

= zr(Pé:ivdu —)D_ZO) = F(Pé:ixdu —)D:n) = F(PQ

csusu

=T (Pl - D3

cdssu

1
D EY = EF(PC’

-D'E) =1(P

csusu

Csudu

2
=D E) = (Pl Dy p) = T(Phiog,— D E) = TT (P~ DA)

— DY) =P, —D =)

cdssu

(A4)
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