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We study the three-body Ajp decays of Ay — J/¥pM with M = K~ and 7—. The two new states
P = Pc(4380)* and P = P.(4450)* observed recently as the resonances in the J/yp invariant
mass spectrum of A, — J/¥pK~ can be identified to consist of five quarks, uudcc, being consistent
with the existence of the pentaquark states. We argue that, in the doubly charmful Aj decays of
Ap — J/¥pK~ through b — ccs, apart from those through the non-resonant A, — pK~ and resonant
Ap — A* — pK~ transitions, the third contribution with the non-factorizable effects is not the dominant
part for the resonant Ay — K~ Pc1,c2, Pei,c2 — J/¥p processes, such that we propose that the P12
productions are mainly from the charmless A decays through b — uus, in which the cc content
in Pci 2 arises from the intrinsic charms within the A, baryon. We hence predict the observables
related to the branching ratios and the direct CP violating asymmetries to be B(Ap — 7~ (Pe1.c2 =)
J/Up)/B(Ap — K™ (Petca —)J/¥p) = 0.58 £ 0.05, Ap(Ap — T~ (Per.c2 =) J/¥p) = (=74 £ 0.9)%,
and Acp(Ap = K~ (Pe1.c2 =) J/¥p) = (+6.3 £ 0.2)%, which can alleviate the inconsistency between the
theoretical expectations from the three contributions in the doubly charmful A, decays and the observed
data.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

the pentaquarks are considered as the molecular states [4-6]. In
spite of the non-factorizable diagrams shown in Fig. 1c, which
may get enhanced when the strong FSI interactions occur near the
threshold to explain the pentaquark productions, we propose an-
other possibility based on the factorizable effects. We note that
this type of the processes in Fig. 1c has not been observed in the
previous searches of the lighter pentaquarks than P.. For exam-
ple, the resonant Bt — p®(1710)™+, ®(1710)t+ — pK*t decay
is measured to be B(Bt — p®(1710)**, ®(1710)T+ — pK*) <
9.1 x 10~% with the upper bound about 60-70 times smaller

1. Introduction

According to the recent observations of the three-body b-baryon
decays of Ap — J/¥ypM with M = K~ and m— [1-3], apart
from the non-resonant Ap, — J/¥pM and resonant A, — J/yB*,
B* — pM (B* = A* (N*) for M = K~ (")) contributions, de-
picted in Figs. 1a and 1b, respectively, there can be another res-
onant process in A, — J/¥pM as shown in Fig. 1c. The LHCb
Collaboration has presented the compelling evidence for the new
resonant states, being consistent with the existence of the pen-

taquark states as the five-quark bound states, while the P, (4380)"
and P.(4450)" states are observed as the two resonances in the
J/¥p invariant mass spectrum of A, — J/¥ K~ p, with the sig-
nificance for each state to be more than 9 standard deviations,
which can be regarded to be composed of uudcc. We note that,
in the same principle, the two new states should also exist in
Ap— J/¥pm™.

The processes of P. — J/vp in Fig. 1c are theoretically known
to be dominated by the non-factorizable effects, calculated non-
perturbatively with the scatterings of the soft hadrons, such that
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than the observed branching ratio of Bt — ppK* [7,8], while
B(B® — p@®(1540)*, ©(1540)* — pKk?) <5 x 10~ is measured
with the upper bound around 50 times smaller than B(B® —
p[)K?) [8,9]. Similar to the charmless B — ppK decays, the upper
bound on B(B® — O:prt, ®, — D™~ p) is expected to be about
30-40 times smaller than B(B° — ppr*D™~) [10]. In contrast,
since the resonant Ay, — K~ P, P — J /¥ p decays can contribute
to the branching ratio as much as 10%, this leads to the question
that if there can be other processes, which are responsible for the
resonant P. — J/y¥ P decays, other than the ones in Fig. 1c.
In Ref. [1], the LHCb Collaboration has given

Rk = B(Ap— J/¥pm™)
T B(Ay— J/YpK™)

=0.0824 £ 0.0025 £ 0.0042,
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Fig. 1. Doubly charmful Aj decays of Ay — J/WpM from (a) non-resonant Ay, — J/WpM, (b) resonant Ay — J/W¥(B* —)pM with B* = A* - pK~ (N* — pm~) for

q =s(d), and (c) resonant A, — M(P. —)J/¥p contributions, respectively.
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Fig. 2. The new contributions to the resonant A, — M(P. —)J/Wp from the factorizable charmless A, decays, where (a) and (b) are known as the tree and penguin
contributions, respectively, while the c¢ contents are coming from the intrinsic charm within the A, baryon.

AAcp = Acp(Mp = J/Ypr™) — Ace(Ap — J /¥ pK™)
=(5.7+24+1.2)%, (1)

where the first and second errors are from the statistical and sys-
tematic uncertainties, respectively. The data in Eq. (1) indicate
some new A — MP.,P. — J/¥p processes beyond the non-
factorizable ones in Fig. 1c with reasons as follows.

First, we note that B(Ap — pmt~)/B(Ap — pK~) =0.84+0.09
has been theoretically reproduced in Ref. [11], both B(A, —
D%pK~)/B(Ap — D°prr~) = 0.073 £ 0.00875:595 and B(Ap —
AFK™)/B(Ap — Af7™)=0.0731 £ 0.0016 £ 0.0016 can be un-
derstood by the relation of (Vys/Vua)®(fx/fr)? ~0.075 [12], and
B(Ap — AFD7)/B(Ap — AFD;) = 0.042 £ 0.003 £ 0.003 is not
far from the relation of (Veg/Ves)?(fp/fp,)? = 0.035 [13]. How-
ever, Rrx ~0.08 in Eq. (1) apparently deviates from (Voq/Vs)? >~
0.05 given by the doubly charmful A, decays in Fig. 1. To explain
this difference, some new thinking is needed.

Second, AAcp ~ 5.7% in Eq. (1) with the significance of 2.20
suggests that a new contribution must proceed with V,; to pro-
vide the weak CP phase, otherwise AAcp =0 as the case in the
doubly charmful Ap decays in Fig. 1, in which such a phase is van-
ishingly small.

We hence propose that the resonant Ay — MP., P. — J/¥p
processes can be the new contributions to the charmless A} de-
cays as depicted in Fig. 2, where the cc content comes from the
intrinsic charm (IC) in the Ap baryon. In the followings, we will
assume that these new processes in Fig. 2 are the dominant ones
for Ay > MP., Pc — J/¥p.

It is not surprising that the Ap baryon contains the ICs, which
are presented in the Fock state decomposition [14,15] as |Ap) =
Wydlbud) + Wpygce|budec) + - - -. In fact, the existence of the IC was
first suggested in the proton to explain the large D* and A} pro-
ductions at large energies in the proton-proton scattering [14,15].
In addition, as a possible solution to the so-called p-m puzzle [16],
the IC in p for J/y — ptm~ allows a strong decay not through
the J/ annihilation suppressed by the Okubo-Zweig-lizuka (OZI)
rule. For a heavier hadron, since the gluon fluctuation, such as
gg — cc, can easily occur without costing a large energy [21], it
is expected that [22] the IC component in Ap (mp, > mp > mp)
can be larger than the proton and the B mesons, estimated to be
1% and 4%, respectively. Consequently, in the A, — p transition,
we only consider the ICs in Ajp since the heavier baryon would
contribute a larger cc production. Note that, to distinguish the IC

in the proton from that in Aj, the J/v photoproduction can be
useful [17-19], which is in accordance with Ref. [20]. While the
study of the ICs in the B decays has been done extensively in the
literature [21-24], it is not well examined in Ajp, which should be
a suitable scenario.

In this paper, since we propose that the two new resonant P
states, i.e. the pentaquark states, in the mj/y, spectrum of the
Ap — J/¥pK~ decay can be traced back to the charmless A} de-
cays from b — uus, while the cc content in J/v is from the IC in
the Ajp baryon, we will study the branching ratios and the direct
CP violating asymmetries, and check if our results will be able to
understand the inconsistency between the theoretical estimations
in the doubly charmful Aj decays and the observed data in Eq. (1).

2. Formalism

In terms of the effective Hamiltonian for b — ccq at the quark
level, the amplitude of A, — J/¢¥pM from Figs. 1a and 1b is given
by

Aceq(Ap = ]/ pM)

= O Ve U/ Ey ™A — ys)cl)
V2 “

x (pM|qyu (1 — y5)b|Ap), (2)

where Gr is the Fermi constant, V stands for the CKM mixing ma-
trix, q = s(d) corresponds to M = K~ (7w ™), (pK|[Syu(1 — y5)b|Ap)
contains the contributions from the non-resonant A, — pM and
resonant A, — B* — pM transitions, and (J /¥ |cy* (1 — y5)c|0) =
myy f1pe?* with my,y, fj/y and €** being the mass, the decay
constant and the polarization of J/v, respectively. Subsequently,
the matrix elements of the combined A, — pM transition can be
parameterized as

(PM|G@y, (1 = y5)bIAp) = Fye iy (1= ys)un, , (3)
where §; is the strong phase from the on-shell resonant B* — pM
decay and F), is the parameter with Fr/Fgx >~ (fr/fk) represent-
ing the flavor SU(3) symmetry breaking. As a result, we rewrite
the amplitude in Eq. (2) as

Aceq(Ap — J/¥pM)
Gr

NG (4)

VepVeqaz My 1w Fue® up ¢ (1= ys)uy, .
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with g= ¢"* . y,. From Fig. 2, which depicts the charmless Ajp
decays of Ay - P:M,P. — ]J/¥M decays, with cc in P, coming
from the IC in Ap, the amplitudes of A, - MP., P. — J/¥p can
be derived as [25]

Gr

V2

Ap, =i—=mp fm [Olzvz(]/lﬁplﬂblf\b) +ﬁM(]/¢PIﬁ7/5bIAb>] ,

(5)

where fy is the meson decay constant, defined by (M|q1y,.¥54210)
= —ifmq, with the four-momentum q,. The constant oy (Buy) in
Eq. (5) is related to the (pseudo)scalar quark current, given by

am(Bm) = VupVyqa1 — Vi Vi (as £=rmae) (6)

fori=

odd (even) are composed of the effective Wilson coefficients cfff

defined in Ref. [25]. In Eq. (5), the matrix elements for the resonant
Ap — Pe, Pc — J /¢ p transition can be given as

where ry = Zmﬁ/,/[mb(mq +my)] and a; = cieff + cfgl/Néeff)

(J/¥plulys)b|Ap) = (J/¥pIPc)Rp. (Pclu(ys)b| Ap) , (7)

where the Breit-Wigner factor Rp, for P is described as an in-
termediate state, given by

i
(t—m% ) +impTp,

(8)

Rp,

with mp, and I'p, the mass and the decay width for the P state,
respectively. Despite the fact that there is no sufficient information
for the detailed parameterization of (J /vy p|P¢)(Pclt(ys5)b|Ap), the
matrix elements of (J/yp|u(ys)b|Ap) in Eq. (7) can still be re-
duced as

(J/¥plub|Ap) =Rp. (¢ -q)Fsiipun,,
(J/¥pluysb|Ap) =Rp (€ - qQ) Fplipysuna, . 9)

This is due to the fact that, after the summations of the intermedi-
ate P, spins with spin =3/2 or 5/2, all Lorentz indices are in fact
coupled to be a scalar quantity, which can be parameterized as Fs
and Fp. In general, Fs p are momentum dependent, but they can
be taken as nearly constants around the threshold area of t >~ m%,c,
at which the threshold effect dominates the decay branching ra-
tio. Besides, we take Fs = Fp = Fp, as a consequence of the A
transition [11]. We hence obtain Ap, >~ i%mbeRpc Fp up(ay +
Bmys)up,, such that the total amplitude for the two resonant P
states is in the form of

ANy = M(Pe1, P2 =) J /¥ p)

.GF i5) -
= Ap, + Apy, = i—=mpy fuF2e" tip(am + fuys)ua, , (10)

V2

with F2e? = Rp_ Fp, + Rp,Fp,. where §; is the strong phase
from the on-shell P. — J/¢¥p decays, and P.4 and P de-
note P.(4380)" and P.(4380)", respectively. Note that Peq 2
have been observed to have the masses and the decay widths
as (m,T) = (4380 + 8 + 29, 205 & 18 & 86) MeV and (4449.8 +
1.7£2.5,39+5+19) MeV, respectively, while their quantum num-
bers for JP can be (3/27, 5/2%) or (3/2%, 5/27). However, the
information of P, can be cast into the to-be-determined pa-
rameters Foe!®2, without losing generality.

Table 1
The experimental inputs for the fitting, where the numbers are taken from [1,2].
Data Fitting results

Rk (8.24 +£0.49)% (8.38+0.77)%
AAcp (5.7£2.7)% 2.9+1.4)%
104B(Ap — K~ J /¥ p) 3.0440.55 3.214+0.44
108B(Ap — K~ (Pe1 =) ] /¥Dp) 25.6+13.8 10.3+£3.9
10°B(Ap = K~ (P2 =) J/¥p) 12.5+4.2 10.94+2.7

3. Numerical analysis and discussions

For the numerical analysis, the theoretical inputs of the meson
decay constants and Wolfenstein parameters in the CKM matrix
are taken as [26,27]

(fypps frs fx) =(418%9, 130.4+£0.2, 156.2 £ 0.7) MeV,

A, A, 0, 1)
=(0.225, 0.814, 0.120 + 0.022, 0.362 + 0.013), (11)

while the parameters aj 46 can be adopted from Refs. [11,28],
along with a; = 0.2 [29]. The data in the fitting are given in Ta-
ble 1. As a result, we obtain

Fx=28+02, Fp, =19.6+3.1,
Fp,=55+10, 6; = (54.8 £31.9)°, (12)

with the fitted numbers in column 2 of Table 1 to be consistent
with the data. First, for the three-body Ajp decays only from the
resonant Ay, - MP., P. — J/¥p contributions in Fig. 2, we ob-
tain

B(Ap >~ (Pet,c2 >)J /¥ p)
B(Ap = K= (Pet,c2 =) ] /¥ p)

where the parameters Fye'%2 in Eq. (10) have been canceled by the
ratio. In the doubly charmful A decays, since the three contri-
butions are all through b — ccq at the quark level (see Fig. 1), the
ratio of Rk defined in Eq. (1) should be (V.q/Ves)% ~ 0.05, which
is not approved by the data in Eq. (1). However, by adding the con-
tributions from the charmless decays of Ay, — K~ (P, —)]J/v¥p,
the doubly charmful B(Ap, — J/¥pm™) is getting close to the
charmless B(Ap — J/¥(P: —)pm ™), so that the value of Ry
is able to increase from 0.05 to a larger one to meet the data in
Eq. (1), as the fitted result of (8.38 £0.77)% in Table 1.

Second, the direct CP violating asymmetries from the resonant
Ap — MP, P. — J/¥p parts are evaluated to be

—0.58 £0.05, (13)

Acp(Ap = T~ (Per,c2 =) ] /¥ p) = (=7.4+0.9)%,
Acp(Ap = K™ (Pe1,c2 =) /¥ p) = (+6.3 £ 0.2)%. (14)

However, since the measurement by the LHCb in Ref. [2] has
suggested that the doubly charmful A, — J/¥pK~ mode dom-
inates the corresponding decay, it leaves little room for the in-
terference effects with the charmless ones of Ap — K~ (P,
P2 =) J /4 that provide the weak CP phase, of which A% (Ap —
J/¥pK™) = (1.1 £ 0.9)% from the LHCb [1] agrees with the
fitted result of Acp(Ap — J/¥pK™) = (—0.22 £ 0.16)%. Note
that AAc =0 from b — ccq to be different from the data of
AAcp =5.7% in Eq. (1) requires the interference between the two
compatible Ay — 7~ (Pe1.co —)J/¥p and Ap — J /¥ (N*(1440),
N*(1520) —)pm~— channels. It is found that the contributions
from b — ccd with the strong phase §; = 54.8° and the contri-
butions from b — uiid with the weak phase by V;, gives AAcp =
(2.9+1.4)%, which is in good agreement with the data. Finally, the
branching ratio for A, — J/v¥pm~ is predicted as



YK. Hsiao, C.Q. Geng / Physics Letters B 751 (2015) 572-575 575

B(Ap— J/¥pr™) = (2.68£0.34) x 1072, (15)

which includes the compatible contribution from A, —
T~ (Pe1c2 —)J/¥p to agree well with B(Ap — J/ypr~) =
(2.51 £ 0.08 £ 0.137532) x 107> measured by the LHCb [3],
whereas the contributions only from the doubly charmful A, de-
cays give B(Ap, — J/¥pmw~) = (1.68 £ 0.24) x 10~>, which is
around 0.05B(Ap, — J/¥pK~), borne by the relation of [V¢q/Vs|2.

In sum, the charmless processes of A, — M(Pc1, P2 =) ] /¥
provide us with a possible way to understand the CP asymmetry
in Eq. (1) due to the origin of the weak phase from V. Further-
more, to realize the ratio of R;g in Eq. (1), which is unable to
be explained from b — ccq, the contributions apart from the non-
perturbative processes in Fig. 1c have to be included.

4. Conclusions

Since the non-factorizable effects for the doubly charmful Ap
decays through b — ccs may not be suitable to understand the res-
onant Ap — K~ P, P — J/¥p decays, while the new P, states
observed in mj/y, spectrum can be identified as the pentaquark
states with five quarks, uudcc, we have proposed that these reso-
nant processes could proceed as the charmless A decays through
b — uus, while the cc content in the 7P, states is from the in-
trinsic charms in the A, baryon. As a result, we predicted that
B(Ap = 77 (P2 =) /¥p)/B(Ay — K™ (Pe,ea =) J/¥p) =
0.58 £0.04, Acp(Ap > T~ (P12 =) J/¥p) = (=7.4£0.9)%, and
Acp(Ap = K= (Pe1.c2 =) J/¥p) = (+6.3 £ 0.2)%, which could al-
leviate the inconsistency between the theoretical expectations of
(Rxk, AAcp) = (0.05, 0) in the doubly charmful A, decays and
the observed data of (Ryk, AAcp) ~ (0.08,5.7%).
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