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Recently, the LHCb Collaboration reported on the evidence for a hidden charm pentaquark state with
strangeness, i.e., P (4459), in the J/wA invariant mass distribution of the &; — J/wAK~ decay. In this
work, assuming that P,,(4459) is a D*E, molecular state, we study this decay via triangle diagrams
g, » D\VE, > (DWK)E. — P.,K — (J/wA)K. Our study shows that the production yield of a spin 3/2
D*Z, state is approximately one order of magnitude larger than that of a spin 1/2 state due to the
interference of D,=. and D:E, intermediate states. We obtain a model independent constraint on the
product of couplings gp_ pr= and gp_ss,A. With the predictions of two particular molecular models as
inputs, we calculate the branching ratio of Z, — (P, —)J/wAK™ and compare it with the experimental
measurement. We further predict the line shape of this decay that could be useful to future experimental

studies.
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I. INTRODUCTION

In 2015, two pentaquark states P.(4380) and P.(4450)
were observed in the J/y p invariant mass distribution of the
A, = J/wpK~ decay by the LHCb Collaboration [1],
which have long been anticipated theoretically [2-11].
Since then, a large amount of theoretical works have been
performed to understand their nature. The most popular
interpretations include D(*)Z(C*) molecular states [12-20],
compact pentaquark states [21-23], and kinematical effects
[24,25]. The experimental results were updated in 2019 with
a data sample of almost ten times larger [26]. A new narrow
state, P.(4312) was discovered. More interestingly, the
original P.(4450) state splits into two states, P,.(4440)
and P.(4457). The masses and widths of these states are
tabulated in Table I. After the 2019 update, the pentaquark
states look more like D(*)ZE*) molecules [27-40], but again
nonmolecular interpretations are possible, such as compact
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pentaquark states [41-43] and even double triangle singu-
larities [44].

Most recently, the LHCb Collaboration reported on the
first evidence for a structure in the J/wA invariant mass
distribution of the 5, — J/wAK™ decay [45], hinting at
the existence of a pentaquark state with strangeness, i.e.,
P.;(4459). Tt should be noted that the existence of
pentaquark states with strangeness was predicted together
with their nonstrange counterparts in the molecular
picture [2,3]. The P.,(4459) state is located close to
the D*E, threshold, leading naturally to a molecular
interpretation [46-51]. One interesting point to be noted
is that in addition to the four P_s discovered experimen-
tally, there may be three more candidates which strongly
couple to D*X; with J¥ =17,37 .3 as dictated by the
heavy quark spin symmetry [30,35,36,39]. As for penta-
quark states with strangeness, one expects 10 of them
[47,50,52,53].

In addition to the masses and widths of the pentaquark
states, the LHCb Collaboration also reported the produc-
tion yields of P.(4312), P.(4380), P.(4440), P.(4457),
and P_,(4459), which are collected in Table I. One notes
that the production yield for P.(4380) is one order of
magnitude larger than that of P.(4312), which provides
an explanation why P.(4312) was not observed in 2015.
However, we note that the sum of the production yields of
P.(4440) and P.(4457) is only half of that of P.(4450),
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TABLE L.
R — BA(Ep)=Pe(Pei) K)B(Pe(Pes)>J [y p(A))
B(Ay(E,)—=KJ/wp(A)) )

Resonance parameters of the newly discovered pentaquark states and their production ratios, defined as

State Mass (MeV) Width (MeV) R(%)

P.(4312) 4311.9 £0.7558 9.8 £2.71}] 0.30 £ 0.07-539 [26]

P(4380) 4380 + 8 £ 29 205+ 18 + 86 8.4+07+42(1]

P(4440) 4440.3 £1.313, 20.6 + 4.9%8(4;1 111+ 0.33i§;22 [26] 41+05+1.1[1]
P, (4457) 44573 + 0.6 6.4 4+2.01) 0.53 + 0.16f0;]}3 [26]

P.(4459) 4458.8 + 2.9j;‘;? 17.3 +6.5750 2.7 0107 [45]

=

SRV )
Y
S
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FIG. 1.

which may indicate that something is missing, maybe a
new resonance as suggested in several works [19,54-56].
Clearly, understanding the production yields, particularly
the pattern shown in Table I, will greatly improve our
understanding of the pentaquark states.'

In the present work, we study the branching ratio of
5, = PCSK‘.2 The present work differs from those of
Refs. [64,65] in two ways. First, the weak production
formalism is different from that of Ref. [64] (see also
Ref. [66]), which allows for a prediction of the absolute
branching ratio of the E, — P K~ — J/wAK~ decay
within a molecular model. Compared to Ref. [65], we
use different parametrizations of form factors and predict
the line shape of the Z; — P, K~ — J/wAK~ decay.
Taking two molecular models for the P, (4459) state
[47,51], we compare the so-obtained branching ratios with
the experimental data. In the present work, we assume that
the P, state is dominantly a D*E. bound state.
Contributions from coupled channels with E or E} are
suppressed in the weak decay of 5, due to their light axial-
vector diquark. We also neglect the contributions from
other channels such as DE, and D'”A, because of the
relatively larger gaps between the thresholds and the mass
of P.. We note that the studies based on the unitary

'We note that recently the electromagnetic properties of the
pentaquark states have been studied [57-62], which, if measured,
could also help improve our understanding of these states.

In Ref. [63], a similar mechanism has been applied to study
the Dy — 7l'+7l'07 decay and it is shown that both the branching
ratio and the 79y line shape are well described. In particular,
the large branching ratio of D} — ajz®(adx™) is naturally
explained, while for a pure W-annihilation process one would
expect a much smaller value.

(b)

External W-emission (a) and internal W-conversion (b) mechanism for the =, decay.

approach [47] and the one-boson-exchange model [51]
have shown that the couplings of the P, state to D=, and
DA, are much smaller than that to D*E,..

The present work is organized as follows. In Sec. II, we
explain in detail the mechanism for the P (4459) pro-
duction in the E;’ decay, which involves a weak interaction
part and a strong interaction part. In Sec. III, we present the
numerical results and compare with the experimental data,
followed by a short summary in Sec. IV.

II. THEORETICAL FRAMEWORK

Assuming that P, (4459) is a molecule mainly com-
posed of D*E,, the &, — P. K~ decay can proceed as
shown in diagram (a) of Fig. 1. The &, state first decays
into E, by emitting a W~ boson which is then converted
into a pair of ¢s, which after hadronization turns into a DE*).
Next the D£*> meson emits a kaon and a D*. The final state
interaction of D*Z, dynamically generates the P,(4459)
state which then decays into J/yA, as shown in Fig. 2.

In addition to the W-emission diagram discussed above,
the & decay can also proceed via the internal W-exchange
mechanism shown in Fig. 1(b). The ssd cluster can either
directly hadronize into a 2~ or, by picking up a pair of gg
from the vacuum, hadronizes into AK~. The former is
indeed a main decay channel of E; [67], while the latter has
been studied in Ref. [64].

A. Branching ratio of &, - P, K~

In the following, we describe how to calculate the
diagrams of Fig. 2. The effective Lagrangian responsible
for the B, — EcDﬁ*) decay reads
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—_— P(;s
(a) (b)

FIG. 2. Triangle diagrams for the &, — P K~ decay.

Lz,= p =iZ.(A+Bys)E,D;, where 4 = G—\/‘%VChV_Csal with a; = 1.07 [70]. The decay

. » » constants f . for D, and Dy are set to be 0.247 GeV and

Lz= p: =2, (Alyﬂys +A, "2y +Blyﬂ+32ﬁ) =,D. m,my,m, refer to the masses of =, D!, and E,
mn mn respectively.

(1) Following the double-pole parametrization proposed in

Ref. [71], one can rewrite the form factors as

The Ay, A,, By, B,, A, and B can be expressed with the six
form factors describing the E, — E,. transition [68] as’

yoomi oy V/A, 2 V/A A A3
A:/lng (m—mz)fl +;f3 s fl (q):Fz (O)qQ_A% Z—A% (3)
m2
B=IAfp [(m + my) f4 —ﬁf?],
Ay = —afpomy | £ — f4 m— my Fitting to the results of the relativistic quark-diquark model
1= O ER R ’ [69], we can obtain the values of F(0), A, and A,, which

are tabulated in Table II. )
_ The effective Lagrangians for the P, — D*E. and
D' = D*K read

m-+m
B1=/1fD;m1[fY+f¥ 2]*

Ay =2Afp:myf4, By = =2Afp:-mfy, (2)
|

m

= PulPv\ , ¥
‘CPNIE(D* = 9P 5.D"=cV5 (gyv - 2 Y'Pos1 D™,

= - Xk
‘CPNZECD* 9p .5 D cPcsZyD K,

LP(‘SZ‘]/WA = ‘gPCSZJ/u/A[_\PCSZﬂJ/WM’
Lgp,pr = igKDSD*DW[DSauK - (aﬂDS)K} +H.c.,
Lip:p = —gkp:p €?[0,D;0,DyK + 9,D;0,D74K] + H.c., (4)

where P, and P, denote the P (4459) state with J¥ =
TABLE II.  Parameters F(0), Aj, A, in the form factors of the

%‘ and %‘, respectively. The ggp p- and ggp:p- are the - = ar
kaon meson couplings to D,D* and D*D*, respectively. =t~ =¢ transition form factors.
Ff Fy FY F F F5
F(0) 0.467 0.145 0.086 0.447 -0.035 -0.278
T3 A ( GeV 5.10 489 6.14 4.69 4.97 4.58
*Here we adopt the convention for the form factors of Ref. [69] AIE GZV; 9.03 5.46 628  12.20 5.05 7.08

in which there exists an extra minus in front of f4 and fY.
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We take ggp p- =5.0 and ggp:p = 7.0 GeV™' in the
present work, which are extracted from Ref. [72]. The
9p., 5.0 9P gp,1/wns and gp g, are the cou-
plings between P, and its components, whose values are
not known a priori, but they can be computed with the
|

= D%

cs2=c

compositeness conditions [73-75] or in molecular mod-
els, e.g., Ref. [47,51], or in lattice QCD.

With the effective Lagrangians above, the decay
ampliades  for &, (p) = DJ (p1)E(pa) (D" (q)] =

K(p3)Pcsl(p4) read

MPU] :M%:-l +Mg%“’
d4
P _ 23 q _ = v p4,up4y
Myt =i @ﬂd%ﬁﬁme%@w_nu>km+mﬁ
. . Wq
x [i(A + Bys)u(p)ll=9kpp,(P1 + P3)al | =" +
E
1 1 1
X F(q* m%),
p —mi p}—m} ¢* —mj, £
d*q PauPay
Mt =43 PAMWDLKPUVVS<%W— . (#2 + my)
s (27 ) m4

[(Al}’alfs + Az

X [—QKD*D;gpzmquﬂ <—9’”1

V4
J’s + By, + anzla) (P)}

H oA
L2 ) <_g +p1p1>
mg mi

1 1 1
x F(q* mg) (5)
pi—mips—m;q* —mg .
The decay amplitudes of Z,(p) — D\ (p))E(p2)[D*(q)] = K(p3)Pesa(ps) read
MPC.YZ = Mgzﬂ + Mg?z’
P('rZ 3 d4q : = ;
MDJ_ =r W [—lgp(.ﬂsc[)* MM(P4)](112 + my)[i(A + Bys)
. 4"q 1 1 1
X u(p)][_gKD*Dx(pl +p3)u] <_gﬂ + ) 2 2 2 2 2 2 F(q27m%€>7
py—myp; —myq- —mg
P('A‘Z 3 d4q ; by
MDj =1 W [_lgpm,zECD* uo‘(p4)](ﬁ2 + m2)
KAN’,;}’S +A2—75+317p+32 ) ]
a ” P P
X [~9kD* D Euwapd” PS] <—90 + > ( P +H 1)
1 1 1
X F(q*,m%), (6)
pi —mi p3 —m; q* — my F

with my the mass of the exchanged D* mesons.

We follow Ref. [37] and introduce a monopole form
factor to depict the off-shell effect of the exchanged D*
mesons,
m2 _ AZ
A (7)
g — A

where A = m + alqcp With Agep = 220 MeV, and o is a
model parameter. In this way, the triangle diagrams are free of

Flq* m?) =

|

any ultraviolet divergence. Collecting all the pieces
together, the decay width for =, - P, K could be
expressed as

1 1

e — 2’ 8
2J+18ﬂméb (8)

|ﬁ| Z |MPL'51/P<'52

where | p| denotes the momentum of K or P, in the rest frame
of Eb .
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B. J/wA invariant mass distribution of the £, — K~ P, — K~ J/yA

With the weak decay vertices described in Egs. (1) and (2), we can further work out the invariant mass distribution of the

B, — J/wAK~ decay. Parametrizing the intermediate P ,(4459) state with a Breit-Wigner resonance, the amplitudes of
Fig. 3 read

d4
Ap, = l/ (2r) iw(ps)e" (pa)Auap,, p., - (Po +my) - Az, = p u(P)

A?(D D (=Gua + Lf)
X
(Pz - mz)(Pl )(fl - mE)

[ d'q _
AD: = l/(2ﬂ_)4 u(pS)eﬂ(p4)~’4ﬂaPm/Pc\2 (ﬂZ + mZ) Ag = D*M(P)

]—'(q mE)

5 v tgh
Al (=g + 2E) (=g + £2)

(p3 —m3)(pi

F(q? mp), ©)
—mi)(q* — mp) :
where (ps + ps)? = Pis = Mﬁs denotes the invariant mass of the J/wA final state and

Asz,z p, = i(A+ Bys).

E,E,

P2
Aﬂg =D — =A17,7s +A2—}’5 + By, + Bz L,
AKD o = —9kp.p- (P} + ).

-AKD* = _gKDjD*eﬂyaﬂ(qﬂp?)’

9P, E.D* 9P /yA Phsp Pisp
A/;’i] = i 51 /v <guu _ Pys 45) 7, (1145 + mPa) <gab 45 45)7;;7
pys —mp + il P(-smPCY mp,, mp

9p,,=.0* 9P, 0 JyA }/”y " DPlis — 7' Phis d-2
Aﬂ” — cs2%¢ 2 m v u oy )
Fea ™ pis —mps, +iTp mp, Was mp, )\~ 1t (d=1)mp, N (d—1)mp_ PasPss

The partial decay rate for Z, — J/wAK as a function of the invariant mass M, /wa then reads

dr 1 |
M, 2J+1643 P

(10)

(a) b)

FIG. 3. Feynman diagrams for the B, — (P., —)J/wAK~ decay.
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o

FIG. 4. Dependence of the branching ratios Br[E, — P K]
on a.

with
O, = k=M ) (2, = (g + My )
P3= 2ms, )
\/(Mg/l,,,\ - (ml/l// —my)?) (Mg/l,,/\ - (mJ/x// +my)?)
P4= .
¢ 2M jn

(11)
III. RESULTS AND DISCUSSIONS

In this section, we explore the decay mechanism pro-
posed in this work. We divide our discussions into two
categories, those which only depend on the decay mecha-
nism explored and those which depend on a particular
molecular model.

In our framework, the parameter « is not known, though
its value is often assumed to be about 1 [76-79]. Therefore,
we first study how the calculated branching ratios depend
on the value of a. Varying « from 0.8 to 1.2, we plot the
values of Br[2), — P, (Pep)K]/g; 5. in Fig. 4. One
can see that the branching ratios fé)lf'uf’”l and P, are
moderately sensitive to the value of « in the range studied.
As a consequence, in the following, we will take a =
1.0 £ 0.1 to take into account the uncertainties from a.

A. Model independent predictions

To compute the absolute branching ratio Br[Z, — P_,K],
we need to know the coupling constants gp = p- and
9p,,= b+~ They can be determined model independently
with the compositeness conditions [73-75], as was done in,
e.g., Ref. [32] for the pentaquark states. With the exper-
imental mass of P, the couplings read gp = p- = 1.59
and gp = p- = 2.76, corresponding to a cutoff A =
1.0 GeV (more details can be found in the Appendix).
With these couplings, we find, surprisingly, that the
branching ratio for the P, state with J® =3/27 is
approximately one order of magnitude larger than that
for the P, state with J* = 1/2~, which are

Br[E, — P, K] = (9.84 & 1.04) x 1075,
Br[E, > P,oK] = (948 £ 1.08) x 1074, (12)

In addition, using the experimental branching ratio
Br[E, — J/wAK] = (231 £1.37) x 10 (see  the
Appendix on how to derive this), the mass, width, and
branching ratio R of the P, state given in Table I as inputs,
we can provide a model independent constraint on the
product of the two couplings in Eq. (4), gp p-=, and
9p..1/yn» Within the decay mechanism studied in the present
work. The experimental branching ratio given in Table I is
R = 2.773%. Using the formalism detailed in Sec. 11 B,
we obtain

0.10
0.187 048

1
2

9p, =.0*9P,JjwA = { 0.10 E (13)
0.17f0.08 %

The above product can be used to constrain molecular
models.

B. Comparison with models

In order to produce the branching ratio R defined in the
introduction, in addition to the information derived above,
we need to know the partial decay width of P, into J/wA.
For this, we turn to specific molecular models. In the
following, we study the unitary approach of Ref. [47] and
the one-boson-exchange (OBE) model of Ref. [51], cal-
culate the branching ratio R, and compare with the LHCb
measurement.

First, we focus on Ref. [47]. Note that the difference
between the definition of their couplings and ours (see the
Appendix for details) and with the branching ratios
Br[P., — J/wA] = 3.31% for P, and 14.68% for P,
from Ref. [47], we obtain the couplings as gp_, j/,a = 0.07
and gp_,7/,n = 0.27. The branching ratios R for the spin-
parity assignment 1/2~ and 3/2~ are found to be

_ Br[E‘b - Pcslk]Br[Pcsl - J/WA]
et Br[E, — J/wAK]
Br[E‘b - chYZI_{]Br[PLxYZ - J/WA]

R, — _ = 60.3 £ 36.4%.
Pe Br[E, — J/yAK] ’

= 1.4+ 0.8%,

Ry

(14)

In the OBE model of Ref. [51], the P.,(4459) state is
interpreted as a J* = 3/2~ molecular state and the partial
decay width of P, — J/wA is estimated to be 0.06—
0.2 MeV. The main decay mode is found to be
P., » K*E(wA), which accounts for 80% of the total
decay width. These numbers lead to an even smaller
branching ratio Br[P., — J/wA] = 0.6% — 0.8% corre-
sponding to the total decay width ranging from 10
to 25 MeV. For the coupling between the P, state with
JP =3/27 and its components, we adopt the value

034022-6
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HEH
—e
—A—
o = P_(J°=1/2)LHG
e P_(J°=3/2)LHG
4 P_(J=3/2)0BE
¢ LHCb
5 10 15 20 25 30
Fit fraction R(%)
FIG. 5. Branching ratios R for P, (Jf=1/27) and

P (JP =3/27). The red square and blue circle denote our
results given in Eq. (14), while the black diamond denotes the
LHCDb measurement [45]. The results with the partial decay width
obtained from the OBE model of Ref. [51] (green triangle) is also
shown for comparison.

gp,,=, b = 2.76 obtained from the compositeness condi-
tion. Using 0.7% as the central value for Br[P., — J/wA]
and 0.1% as its error, we obtain

R, — Br[2, = PeoK|Br[Pegy = J/wA]
Pea = Br[Z, — J/wAK]
= 2.87 + 1.75%. (15)

All these numbers are compared with the LHCb meas-
urement in Fig. 5. It is clear that the result of the OBE
model seems to agree with the experimental measurement,
as well as the J* = 1/2 case of the unitary approach.’ The
predicted branching ratio for J* =3/27 in the unitary
approach is however much larger than the experimental
number. Alternatively, one can also compare the product of
gp,z,p+ and gp_ s/, obtained from the two models with the
values predicted model independently in Eq. (13). With the
couplings of the P, state to the components obtained in the
Appendix, the products in the unitary approach read

1_
gP(s]EcD*chxl«]/WA = 0111 fOI' JP = 5 ’

3_
9p. 5.5 9p, 1 pn = 0.745  for J¥ = 3 (16)
while in the OBE model, one has

*We note that in the QCD sum rule approach of Ref. [80], it
was shown that the assignment of the P (4459) state as a
diquark-diquark-antiquark structure with J© = 1/2~ is possible
by studying its strong decay to J/wA.

3_
9p. 5.0 9P 1y = 0.180  for J¥ = 3 (17)

where we have adopted gp_ = p- = 2.76 determined via the
compositeness condition as was done in Eqs. (14) and (15)
because it was not given in Ref. [51]. We find that both the
two products for the J¥ =1/2= and 3/2- P, states
obtained from the unitary approach [47] are not quite
consistent with the predicted values. The product for the
JP =1/27 case locates close to the lower limit and,
correspondingly, the central value of the predicted branch-
ing ratio is also close to the lower edge of the experimental
measurement, as is shown in Fig. 5. For the J© = 3/2~
case, the product is over four times the size of the model
independent estimate.” Thus, a much larger branching ratio
is naturally foreseeable. On the other hand, the product
from the OBE model is in good agreement with the model
independent estimate. We note that the OBE model [51]
differs from the unitary approach [47] in that they consid-
ered different coupled channels. In the OBE model, the
lighter channels such as wA and K*ZE account for about
80% of the total decay width of P, while in the unitary
approach, the J/wA and D:A, modes dominate the
decay width.

Finally, in Fig. 6, we show the J/wA invariant mass
distribution of the E; — J/wAK~ decay with all the
relevant couplings provided by the unitary approach of
Ref. [47] (see the Appendix for more details). They might
be useful for future experimental searches.

IV. SUMMARY

In this work, we studied the decay of 2, — P, K~ —
J/wAK~ via a triangle mechanism. The decay consists of
three steps. First, £, decays weakly into D(Y*) and E. via the
external W-emission diagram. Using the relevant form
factors determined in the relativistic quark-diquark model,
this weak interaction part can be computed without any free
parameters. Followed by the creation of DS*) and E. in the
first step, the D' state then emits a kaon and a D*. The D*
and E, interact with each other to dynamically generate the
P.(4459) state, which then decays into J/wA. From such
a decay mechanism, we derived a constraint on the product
of couplings of the P (4459) state to the D*E, and J/wA
channels. Determining the coupling between P, and the
D*E, channel using the compositeness condition, we
predicted the branching ratio Br[E; — P.K~]. These
can be useful to understanding the nature of P, (4459)
as a molecular state.

Using the predicted couplings by the unitary approach
[47] and the one-boson-exchange model of Ref. [51], we
calculated the branching ratios Br[Z, — (P, —)J/wAK™].

Note that the decay width of P_; obtained from the two
models are not exactly the central value of the experimental data
with which the model independent products are derived.
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FIG. 7. Mass operators of the P..

We found that in the unitary approach, the J¥ = 1/2~
assignment is preferred, while the J¥ = 3/2~ assignment
gives a branching ratio much larger than the experimental
measurement. On the other hand, the 3/2 assignment in the
one-boson-exchange model of Ref. [51] yields a branching
ratio in agreement with the LHCb data. This can be traced
back to the drastically different partial decay width
of P, — J/wA.

In principle, the present formalism can also be utilized to
study the A, — J/wpK~ decay, where the four pentaquark
states, P.(4312), P.(4380), P.(4440), and P .(4457), were
discovered. This has been explored in Ref. [37], which,
however, suffers from the fact that the weak decay A, —
D§*>ZC is suppressed because the ud quark pair in A, has
spin O, but that in X. has spin 1. As a result, the relevant
transition form factors are not known and therefore one
could not arrive at a quantitative determination of the
branching ratios. In addition, compared to the present case,
the suppression of the A;, — DE* X transition indicates that
other mechanisms may play a role in addition to the
external W-emission studied in the present work, which
complicates the study a lot.
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Invariant mass distribution of E; — P, K~ — J/wAK~ for P, with J* = 1/2~ (left) and J* = 3/2 (right).
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APPENDIX A: COUPLINGS FROM THE
COMPOSITENESS CONDITIONS

For P,,, the ratio of the binding energy over the reduced
mass is approximately Bp /pp-z ~ 1.7%, which, though
larger than that for the deutron with B,/ Hom,, ~ 0.4%, is
still a small number. In Refs. [81,82], it was shown that the
compositeness condition works for the D¥;(2317) state,
whose binding energy is 45 MeV as a DK bound state. We
thus believe that the compositeness condition is applicable
in the present work.

With the assumption that the P, state observed by the
LHCb Collaboration can be interpreted as a molecular state
of D*E, with JP = 1/27 or J¥ = 3/2~, we can calculate
the couplings between the P, state and its components
with the compositeness condition, which is quite similar to
what was done in Refs. [32,82].

According to the compositeness rule [73-75], the cou-
pling constant 9p.,,E.b can be determined from the fact
that the renormalization constant of the wave function of a
composite particle should be zero. That is,

i dZp_ (ko)

Zp = =0,
i

(Al)
5/o=um

where Xp ~denotes the self-energy of P, and Pg,.
Applying the effective Lagrangians listed in Eq. (4), the
self-energy Xp_ | n reads (see Fig. 7)
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d*k,

Zp (ko) =9p = p 2 [—(ky —
Pm( 0) g%m:.[D /l(27‘[) [ (
v d4kl
(ko) = G = b / i) [—(k,
with
mE{
g =—
- mE[: + mp-
Kbk
b =75 <9W -5 0) Vo (A3)
Mp.,
The ®[—p?] = exp(p?/A?) is the Fourier transformation of

the correlation in the Gaussian form with A being the size
parameter which characterizes the distribution of compo-
nents inside the molecule. With all the formula above and
taking A = 1.0 GeV, we obtain the couplings between the
P, states and D*E,, which are gp.,zp = 1.59 for JP =
1/27 and gp_,z p- = 2.76 for J* = 3/2‘

APPENDIX B: DETERMINATION OF THE
BRANCHING RATIO Br[E, — J/wAK]

Experimentally, the branching ratio of 2, — J/ywAK has
been measured to be [83]

] Kok
kows )AL o
v
0wz, )| Ap B—me P =,
K
AR
kOwEL) ] 2 (A2)

while the branching ratio of A, — J/ywA has been mea-
sured by the CDF Collaboration [85]

Br[A, —» J/wA] = (3.7+£1.7+£0.7) x 1074, (B3)
With all the ratios given above, one can compute the
branching ratio of Z;, — J/wAK

Br[E, — J/wAK] = (2.31 £1.37) x 1074 (B4)
The large uncertainty can be traced back to the exper-
imental uncertainty in the branching ratio Br[A, — J/wA],
which accounts for about 50%, and the large uncertainty in
the ratio of fragmentation fractions coming from the
estimation of SU(3) breaking effects [84].

APPENDIX C: COUPLINGS FROM THE
UNITARY APPROACH

In our convention, the J/wA partial decay widths of the

j:Eb « B];[?‘K - J‘;I/VA[S] = (419 +£0.29 £ 0.15) x 1072, P, state with J* = 1/2 and 3/2~ are expressed as
Ay Ay, = J/y
(Bl) 1 gP(‘lJ A 1
Upoipn = /W 3 |q| Z |Apm ’
where fz, and f, refer to the b quark fragmentation
fractions 1nto = and AY, the ratio of which is [84] 1 913” J/wA
b b Tp spyn = 427/‘/’m_ Fl Z |Ap_,|°, (C1)
S5 (67405405420)x102,  (B2)
Ay where the modules of amplitude squared are
|
Sy 0 ) = ) 2 (5 =)+
chl 2m3/wm%)cs 9
Z |A o ((m/\ + mPCS)z - m%/y/)((mg/l// - mlz\)z + 2m%05 (Sm.%/lll - mi) + mé})cs) 2
P(\2| - 2 ) ( )

in which ¢ denotes the momentum of J/y in the rest frame
of the P, state. With the expressions above, one can match
the couplings obtained in Ref. [47] to those in Eq. (4), the

2
SR

values of which are gp  ;/,n =0.07, gp_,7/,n = 0.27,
ch\'lEcD* - 125, and gP(',\'ZEcD* - 217
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