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In this work, we investigate the isospin breaking decay X, — 7'y, and the isospin conserved decay
X, — mmyyy, where X, is taken to be the heavy quark flavor symmetry counterpart of X(3872) in the
bottomonium sector as a B*B molecule candidate. Since the mass of this state may be far below the BB*
threshold and the mass difference between the neutral and charged bottom meson is small compared to the
binding energy of the X, the isospin-violating decay channel X, — %, would be highly suppressed.
The calculated partial width of X, — nzmy,, is found to be about tens of keVs, 1-2 order(s) of magnitude
larger than those of X, — zzy,, and X, — zzy,,. Taking into account the fact that the total width of X,
may be smaller than a few MeV like X(3872), the calculated branching ratios X, — nzy,; may reach to
orders of 1072, which makes it a possible channel for the experimental searching of the X,.
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I. INTRODUCTION

In the past decades, a large number of so-called XY Z states
has been discovered on the experiments, and tremendous
effort has been taken to unravel their nature beyond the
conventional quark model [1-7]. In 2003, a narrow structure
X(3872) (y.1(3872)) was reported in the J /yxt ™~ invariant
mass distribution in BT — KVJ/wxTn~ process by the
Belle Collaboration [8]. Subsequently, it was gradually
confirmed in the e e~ collisions by BABAR Collaboration
[9], and in the pp/ p p collisions by DO [10], CDF [11], and
LHCb Collaborations [12,13]. Its quantum numbers were
pinned down to J?¢ = 17+ [14]. The X(3872) may be the
most renowned exotic candidates with two salient features.
One is its very narrow decay width compared to the typical
hadronic width, I'[X(3872)] < 1.2 MeV; the other is its
mass is close to the DD* threshold [15], M 3g72) — M po—
Mpo = (=0.12 £+ 0.24) MeV. Based on these two features,
it is naturally suggest that the X(3872) might be a DD*
hadronic molecule [16,17].
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The observation of the X (3872) [8] shows that the meson
spectroscopy is far more complicated than the naive
expectation of the quark model. It is natural to search
for the posited bottomonium counterpart of the X(3872)
with JP€ = 17+ (called X, hereafter) [18,19]. As the heavy
quark flavor symmetry (HQFS) partner of the X(3872), X,
should share some universal properties with the X (3872).
The search for X, can provide us with important informa-
tion on the discrimination between the compact multiquark
configuration and the loosely bound hadronic molecule
configuration for the X(3872) [20]. The existence of the X,
is predicted both in the molecular interpretation [21-24]
and the tetraquark model [25], with a mass coincide with
the BB* threshold [2,21-23,26-32], or in the 10 to
11 GeV/c? range [18,25,33,34], respectively. Such a heavy
mass of X, makes it less likely to be discovered in current
electron-positron collision facilities, although the Super
KEKB may provide an opportunity for searching it in the
radiative decays of the T(5S, 6S) [35]. The production of
the X, at hadron colliders such as LHCb and Tevatron
[31,36] have been extensively investigated [37-42] and
shows sizeable production rate. Therefore, a suitable decay
mode from which the X, state can be reconstructed is
imperatively called for. Unlike the X(3872), the isospin
breaking decay of the X, to z7z~ Y (1S) should be highly
suppressed since the X, may be far below the BB*
threshold and the mass difference between neutral and
charged bottom mesons is very small, which may explain
the null result reported by the CMS, ATLAS Collaborations
[43,44] for searching the X, in the ztz~Y(1S) final state.

Published by the American Physical Society


https://orcid.org/0000-0002-7133-189X
https://orcid.org/0000-0001-6072-5378
https://orcid.org/0000-0002-5227-8296
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.034017&domain=pdf&date_stamp=2024-02-20
https://doi.org/10.1103/PhysRevD.109.034017
https://doi.org/10.1103/PhysRevD.109.034017
https://doi.org/10.1103/PhysRevD.109.034017
https://doi.org/10.1103/PhysRevD.109.034017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

JIA, ZHANG, QIN, and LI

PHYS. REV. D 109, 034017 (2024)

The isospin conserved hidden bottomonium decay X, —
@Y (1S) has been investigated in Ref. [45] with the
intermediate meson-loop (IML) contributions, but no
significant signal is observed in the experiments [20,46].
The partial widths of the radioactive decays X, — yY(nS)
was calculated in Ref. [29] and their magnitude is about
1 keV. In this work, we will focus on the isospin conserved
decay of X, — zzy,; (J =0, 1, 2), which could have
sizeable branching fractions and be possible channels for
the X, reconstruction.

The X, — nny,; decays are studied in the bottom IML
mechanism. The impact of the IML on the heavy quarkonium
transitions has been investigated in the Y decay processes
Y(4S) = hy(1P,2P)n"n~, Y (4S) — Y(18,28)x "z, and
Y(28,3S,4S) - Y(18,2S)zz [47-49], and gave results
consistent with the experimental data. In this work, the
partial decay widths of X, — 7°2%,,(1P) and X, —
atxty,;(1P)(J = 0, 1,2) are calculated by using the heavy
hadron chiral perturbation theory (HHyPT), including the
contribution from the box IML.

The rest of this paper is organized as follows. In Sec. II,
we introduce the effective Lagrangians and Feynman
diagrams for the hadronic decays of the X, to 7%, and
zmyy,y. Our numerical results are presented in Sec. III, and a
brief summary is given in Sec. IV.

II. EFFECTIVE LAGRANGIANS AND
POWER COUNTING

In this section, we will give the effective Lagrangians and
Feynman diagrams for the hadronic decays of X, to 7y,
and zzy,;. The X, is assumed to be an S-wave molecular
state with J€ = 17+ given by the superposition of B’B*" +
c.c. and B~B*" + c.c. hadronic configurations as [45]

1 - - 1
X)) = —=cos ¢(|B°B*) + |B**B%)) + 72sin o(|B*B*)

V2
+|BB)). (1)

S . C -
where the charge conjugation conventions B*—B* and

BSB is used, and ¢ is a phase angle describing the
proportion of neutral and charged constituents, which will
be settled in Sec. III by the cancellation of the neutral and
charged meson loops in the isospin-violating processes
X, — 7%,,. The effective Lagrangian for the X, coupling
to the B*B can be written as

Ye

[/ = - .0
L e Xl} B*OZBO BOB*Ot )'dl
XBB \/z ( ) 2

x (B*"'B~ + B*B*7') + H.c., (2)
where g,, and g.. denote the coupling constant of the X, to the

neutral and charged bottom meson pairs, respectively. As an
isoscalar B* B molecular state, the X, state appears as a pole

on the real axis in the complex energy plane of the
B**B~ — B*'B? coupled channel T matrix with C = +,
and the effective couplings g,, and g. can be derived from the
residues of the T matrix elements at the X, pole and read
[50,51]

N
= rn cos @, (3)
Hn
N
9ge = ﬂSin @, (4)

c

where y, = \/2u,Ey, and y.=/2uEy, with Ey =
mpo +mgo —my, , Ey = mpe + mpe —my, the binding
energies of the X, relative to the BB*? and B*B*~ thresh-
olds, respectively, and p,, = mgompgo/(mgo + mgo), p, =
mpmp-/(mg+ + mp-) are the reduced masses.

The leading-order heavy hadron chiral perturbation
theory (HHyPT) Lagrangian for mesons containing heavy
quarks or antiquarks at rest is [52]

53(*)3*(/; = —gTr[HEHbE ’ Xba] + gTr[HZE-Kabe]
+ Tr[H} (iDy) ,,H,) + Tr[HL(iDy), Hy.  (5)

where 6 denote the Pauli matrices and a is the light flavor
index, the bottom mesons are given by the two-component
notation [53] as H, = V, -3+ P, with P = (B~, B") and
V = (B*~, B*") denote the pseudoscalar and vector heavy
mesons, respectively, and the field for the antimesons is
H,=-V,-6+P, with P = (B*,B°) and V = (B**, B*).
The first two terms in Eq. (5) give the interaction between
the heavy mesons and pions. The field Za,, = —?d)ab /
[+ - is the axial current in the chiral perturbation theory
(¢PT) and couples to the heave mesons with the axial
coupling g = 0.54 [50], where f, = 130 MeV is the pion
decay constant, and the @ field contains the Goldstone
bosons as components,

cp:(fj: _: 0). (6)

The last two terms in Eq. (5) describe the BYB® zx

interaction, where Dy = 0y — Vo, V, = 3 (u'0,u + ud,u’)

is the vector current in the yPT with u = exp(i®/f,).
The Lagrangian couples the y,; to heavy mesons reads

. . . c ) .
L p0g0 = Z%Teraa’Ha] i %Trb(’THaabe}eijkA];b

+H.c., (7)

where the y,; field is expressed as [52]
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YA B 5
){l — (7])(1] = o/ ()(;]]2 —+ ﬁguk){]gl + 7§1b0> ’ (8)

with the coupling constant g; = 0.53713 GeV~1/2 [47].

The Feynman diagrams of X, — 7%, and X, — zxy,,,
are shown in Fig. 1 with all the possible combination of the
intermediate particles in the loops of each diagram listed in
Table 1. In Table I, the first particle in each square bracket
denotes the top (in the two-point bubble), or top left (in the
triangle and box) intermediate bottom meson in the
corresponding diagram, and the other intermediate bottom
mesons in the same diagram are listed in the square bracket
in counterclockwise order along the loop.

Since the X, is close to the BB* threshold, the velocity of

the intermediate heavy meson vy, = \/|Ey, |/mp. should
be smaller than 1 (in units of the speed of light) and become a

natural small quantity for the power counting of the diagrams
in Fig. 1. The diagrams can be counted in the powers of v and

TABLE L.

XbJ

XbJ

Feynman diagrams for calculating the partial decay width of X, — 7%, and zzy,,.

P Where p, =~ (my, —m, )/2 is the momentum of the
external pion, and v = (vx, + v,,,)/2 with vy, ~0.03 and
v,,, = 0.40 derived from taking the X;, binding energy to be
EY, =5 MeV. In each diagram, the nonrelativistic energy
counts as v%, each loop integral is at »°, and each non-
relativistic propagator contributes at v~2. For the vertices, the
B") B™) 1z vertex is proportional to the square of the energy
of the pion E2 ~ p2, the P-wave B*Bry,, and B*)B®)x
vertices are proportional to p,, while the X,B*B*) and
B®BM)y, . vertices are in S-wave and count at v°p2. The
diagrams of X, — 7%, shown in Figs. 1(a) and 1(b) scales
asv’p,/(v?)? = pyrand v’ p,/(v?)? = p, /v, respectively.
For the decay X, — zmy,;, the box diagrams Figs. 1(c)
and 1(d) scales as v°p2/(v?)* = p2/v?, and the triangle
diagrams in Figs. 1(e) and 1(f) scale as v°p2/(v?)? = p%/v
and v°p2/(v?)? = p2/v, respectively. One can see the
contrlbuuons from the two-point bubble diagrams to the

All the possible combinations of the intermediate heavy mesons for the diagrams in Fig. 1. The first particle in each square

bracket denotes the top (in the two-point bubble), or top left (in the triangle and box) intermediate bottom meson in the corresponding
diagram, and the other intermediate bottom mesons in the same diagram are listed in the square bracket in counterclockwise order along

the loop.

Figure 1(a)
Figure 1(b)
Figures 1(c) and 1(d)

Figures 1(e) and 1(f)

[B*, B, [B*, B]

[B*, B, B], [B*, B, B], [B,B*,B*], (B, B*, B*], [B*, B, B*], [B*, B, B¥|
[B*, B, B*, B, [B*, B, B, B*],

[B*,B,B*, B, [B*,B,B*,B
[B,B*,B,B*|, [B,B*,B, B*
[B*, B, B*|, [B*, B, B], [B*, B,

B*,B*), [B*, B, B*,B*], [B*, B, B*, B], |B*, B, B*, B]
*], [B*, B, B*, B*|, |[B, B*, B*, B*], B, B*, B*, B*]
B B*], [B,B*, B*,B*], B, B*,B*,B*], [B, B*, B, B*|
*.B,B), [B.B*.B*], B, B*, B, [B.B*, B*|, |B, B*. B|

B
5. 5
| B
B*

034017-3



JIA, ZHANG, QIN, and LI

PHYS. REV. D 109, 034017 (2024)

X, — my,, decays are suppressed by »? relative to

the triangle diagrams, and the contributions from the triangle
diagrams to the X, — zzy,, decays are suppressed by v?
comparing with the box diagrams. Thus, for a rough estimate
of the partial decay width, we only consider the contribution
of the triangle diagrams to the decay widths of X;, — 7y,
and the box diagrams to the decay widths of X;, — zzy,; in
this work, and a evaluation of the omitted contributions from
the bubble diagrams to the decay widths of X;, — zy;; and
the triangle diagrams to the decay widths of X, — zzy,; is
given in Appendix B.

Based on the Lagrangians given above, the loop tran-
sition amplitudes in Fig. 1 can be expressed in a general
form as follows:

A[Xy = myp,] = ViVaVs x Imy, my, m3],

©)

AXy = mryy ] = ViVa ViV x Imy my,ms,my],  (10)
where V,, (n = 1, 2, 3, 4) represent the vertex functions for
the initial X, final y,; and 7, respectively. The expressions
of the 3-point and 4-point integral functions I[m, m,, ms],
and I[my, m,, ms, my] are given in the Appendix A, where
m; (i = 1,2, 3, 4) represents the mass of ith particle of each
combination of the intermediate states listed in Table I and
all the combinations in each diagram should be summed
to get the final amplitude. Note that these amplitudes

must be multiplied by a factor of | /my, m,, mm,ms, or

/M, My, mmymsmy to account for the nonrelativistic
normalization of the HHyPT. With all the amplitudes, the
decay rate for the X, decay is given by

1 1

or=——" 249, 11
2SM2j—|—IZ|A| " (11)

X, — n"n "y, j is the total spin of the initial particle, and
there is a sum over all the polarizations of the final-state
particles. The d®, (n = 2, 3) is the two-body phase space
or three-body phase space, which can be obtained from
Refs. [54,55].

III. NUMERICAL RESULTS

In this section, we give the partial decay widths of the
X, = 7%y, 7°7%,, and 7577 y,,;. As the binding energy
of the X, is uncertain, covering the mass range of the X,
predicted by the molecular and tetraquark model in
Refs. [21-23,25] could be a good approximation for calcu-
lating the decay widths and might be applicable. In Ref. [25],
the mass of the lowest-lying 1** b g bq tetraquark was
predicated to be 10504 MeV. In the molecular interpretation,
it was predicted to be 10562 MeV, which is approximately
42 MeV below the BB* threshold [21], and (105807¢) MeV
with a binding energy of (24°5) MeV [23]. Thus, we
performed the calculations up to a binding energy of
100 MeV, and choose several illustrative values of E;‘(b =
(2,5,10,25,50,100) MeV (ES, = E%, — 1.2 MeV) for
discussion.

It is likely that the X, is below the B* B threshold and the
mass difference between the neutral and charged bottom
meson is small compared to the binding energy of the X,
[21-23,25], the isospin violating decay mode X, — 7’
would be greatly suppressed. Based on this point, we can
determine the charged and neutral bottom meson compo-
nents of X, to some extent. If we assume that the proportions
of the neutral and charged components are the same. i.e.,
@ = /4 in Eq. (1), the calculated partial decay widths are

spins F[ﬂ())(bo] =13.10 keV, (12)
where the symmetry factor S is taken to be 2 in the X, — C[z%01] = 8.64 keV, (13)
7972, decays considering the identical 7°z° particles in o
the final states, and to be 1 in the decays X, — 7'y,, and Cln%p] = 12.83 keV, (14)
3.0p 6
25 5
X0 TTTXb2] MTmXpolMriXb2]
L = Tt /M 7X62] ) S B = TrXpt )T X2
8 g
515 g

1.0 J
_________________ I

0.5

0.0 0

070 075 080 0.85 090 095 1.00 0.810 0.812 0.814 0.816 0.818 0.820
[ ¢
(@) (b)

FIG. 2. T[n%0]/T[7°% 1] and T[7%:,]/T[7%>] as a function of ¢.
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TABLE II.
column are MeV.

Predicted partial widths (in units of keV) of the X, decays. The units of the binding energy EY, in first

PBan%p0]  TPa2%m]  TPa%2°%]  TPlata~p] TPlatapm] TPtz ym)
EY% =2 MeV 0.13 10.00 2.07 0.24 18.36 3.89
EY% =35 MeV 0.18 14.60 3.11 0.33 27.61 5.85
E% =10 MeV 0.19 16.98 3.62 0.35 32.09 6.80
E% =25 MeV 0.15 16.52 3.50 0.27 32.16 6.57
E% =50 MeV 0.09 12.54 2.54 0.15 23.51 4.74
E% =100 MeV 0.02 5.62 1.10 0.04 10.41 2.03

which are too large for the isospin breaking processes as the
neutral and charged meson loops are not canceled properly.
The cancellation can be arranged by finely tuning the angle ¢
to adjust the charged and neutral mesons components of X,
[50]. The ratios T'[z%0]/T[7%s] and T[z%:1]/T [z 4]
with ¢ €[0.7,1.0] are shown in Fig. 2. One has
Ca%0) /T17°%p2] 2 1.0 and T’y ] /T[7°xp,] 2 0.7 for
most values of ¢ except for ¢ €[0.81, 0.82] where the
charged and the neutral loops cancel with each other.

After the careful arrangement of the charged and neutral
components in X, we give the partial widths of the X, —
zry,; process with ¢ = 0.813 &£ 0.005, which are isospin
conserved and not sensitive to the angle ¢ in the neighbor-
hood of ¢ = 0.813. The partial widths of the X;,, — zzy,;
with Ey =(2,5,10,25,50,100) MeV are listed in
Table II, where the partial decay widths of X, —
amy,;(J = 1,2) are about tens of keVs, while the partial
decay widths of X, — zmy,, is two orders of magnitude
smaller because it is in higher partial waves as analyzed in
the follows. The quantum numbers of the identical particle
(%% system are [9(JPC) =0T (L*)(L = even).
Considering the conservation of the angular momentum
and the P-parity, in the X, = 7°2%,, and X, = 7°2%,
processes, the two pions in the identical particle system
should be at least in D-wave, and this system should also be
at least in D-wave and S-wave with the y,o and y,,,
respectively. While in the X, — 7°72%,, decay, both the

two pions and the two-pion system with the y,; can be in S-
wave, therefore the partial widths of X, — 792%,, are
supressed by the higher partial waves comparing with those
of X, decaying into 7°2%,, and 7°2%,,. For the decays
X, - ntn7y,;, the quantum numbers of the (zz7)
system satisfy L 4 I = even with [ the total isospin of
the (z"z~) system. For I = 0, the discussions are same as
the decays to 7°2%,,,. For I = 1, the two charged pions can
be in P-wave and the two-pion system and the y, can also
be in P-wave, and the partial width of the X, — #7770
process is still suppressed as it is isospin violated. And one
can see that T'[z7y,,|/T[x°2%,] ~2, same as the
X(3872) case [52].

To see the relation between the partial widths of X, —
aryy;(J =0,1,2) and the binding energy of the X;, more
precisely, the partial widths versus the binding energy
E%, €[2,100] MeV are demonstrated in Fig. 3, where the
partial widths first increase and then decrease with the E%,
increases. This is because the binding energy dependence
of the partial width can be influenced by the coupling
strength of X, in Egs. (3) and (4), and the threshold effects.
As the binding energy EY increases, the coupling strength
of X, increases, while the threshold effects decreases. In the
small EY% region, the contribution from the coupling
strength of X, is dominant, while that from the threshold
effects plays an important role in the large E% region.

0.5 . . . . . 50 10
0.4 — X100 x0] 40 — MXp-»71°m0x1] 8 — X710 0xp0]
g o~ X =77 7T Xpo) E) """ MXp =7 71T X1] E, ———————————— X =TT 1T Xp2]
=03 :5 :g 6
£ 3 3
g g
102 L T4
2 3 X
0.1 2
0.0 0 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Exy [MeV] Exy [MeV] E}y [MeV]
(a) (b) ©

FIG. 3. The partial decay widths of X, — #my,,; as a function of the binding energy EY, .
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One can see that unlike the X, - #"7z~Y which is
suppressed by the isospin symmetry, the partial decay
widths of the isospin conserved process X, — @y, is at
the same order of magnitude with the partial width of X, —
T(1S)w calculated in Ref. [45], and it could be better
channel for the X, searching as the ® needs to be
reconstructed through the zzz or 7% final states.
Therefore, our results can be helpful for hunting the X,
in the experiments.

IV. SUMMARY

In this work, we investigated the isospin breaking decay
X, — 7%, and the isospin conserved decay X, — nmy,),
where X, is taken to be the HQFS counterpart of X(3872)
in the bottomonium sector as a meson-meson molecule
candidate. Since the mass of this state may be far below the
BB* threshold, the isospin-violating decay channel X, —
7%, would be highly suppressed and stimulate the
importance of the isospin-conserved decay channel
X, = zmy,;. The isospin-violating decay channel X, —
7%, can helps us determine the charged and neutral
components of X, to some extent. For the isospin con-
served processes, the calculated partial widths of X, —
armyy;(J =0,1,2) are about less than 1 keV, tens of keVs,
and a few keVs, respectively. The partial width of X, —
nryy, 1s found to be about tens of keVs, 1-2 order(s) of
magnitude larger than those of X, — zmy,, and
X, — nmy,o. Taking into account the fact that the total
width of X, may be smaller than a few MeV like X(3872),

1

the calculated branching ratios X, — zzy;,; may reach to
orders of 1072, which makes it a possible channel for the
experimental searching of the X,. These studies may help
us investigate the X;, deeply. The experimental observation
of X, will provide us further insight into the spectroscopy
of exotic states and is helpful to probe the structure of the
states connected by the heavy quark symmetry.
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APPENDIX A: 2-POINT, 3-POINT, AND 4-POINT
LOOP INTEGRALS

In this section, we derive the 2-point, 3-point, and
4-point loop integral in the rest frame of the decay
particle (p = (M,0)). The 2-point loop integral can be
written as [56]

4
I[mlvmﬂ :l/(dl

20)* [P = m3 + ie][(p — )* — m3 + ie]

1

o /d“l
4mym; (2”)4[zo—ml—%lﬂe}[M—zO—mz—iﬂe}

&l 1

2my

_ /
74m1m2

&l 1

_ 2up /
4m1m2

_ H2
477.'2m1 my

(27[)372 + cL— ie

A
[A _ e eta™! ()]
¢, —ie

3 7 .
(271-) bl2 +2}I¢T— 1€

(A1)

where y;; = m;m;/(m; + m;) are the reduced masses, b, = m; + my — M, and ¢; = 21,b},. The cutoff A is taken to be

1 GeV.
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FIG. 4. Kinematics used for calculating 4-point integrals.

The scalar 3-point loop integral is ultraviolet (UV) convergent and can be worked out as [56]

d*l 1
Iimy,my,my| =i - : :
o] = | A T T AP T
o a1 1
= 1
§mymyms ) (2x) [lo—ml—z%l—i—ie} [ —lo—mz—ziﬂe} {lo—qo—m3—(2m3 +l€}
1 d’l 1
— . —
8mymams | 27" (p,, + % — ie) [b23 + 27272 + % B ie}
_ Apiopn &l 1
- . -
8mymyms ) (27) (?4‘01 — i) (?_22_?1.674_%_,'6)
_ Aupopns / / 1
- 8mymymy —ax*+ (cy = ¢))x + ¢; — ie]?
1 Apropas (1 / 2
r dx]—ax? - -
8m1m2m3 (4n) " 3) ), x[—ax* + (¢, — ¢y |x + ¢; — i€]
H12M23 1 1<C2 1> _1<2G+C1 —02>]
= ———— |tan~ -+ tan —_— ||, A2
16zm myms \/a [ 2y/ac 2+/a(c, — a) (42)

where y;; = m;m;/(m; + m;) are the reduced masses, by, = my + my — M, byz = my + m3 + q° — M, and

2

Ha3 \ %~ Hs =

N (£> q. c1 = 2p12b4,, 2 = 2pbyy + 2 G (A3)
ns ny

The four-point integrals in the box diagrams are given in Ref. [47]. For Fig. 4(a), the initial particle at rest [p = (M, 0)]
reads
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d*l 1
I b 9, b E ) . . . .
R / Q) [B=m+iel(p—1)2 —m3+i€|[(I—q1 — q2)2 —m2 + i€l [(I— q, ) — m2 + ie]

—1

:7
16m] Mmoniz iy

x/ d*l 1
4 T2
(27) [ZO—%—m] +ie} [IO—M—F%—FmZ—ie} [lo—q?—qg—m—m3+i€}

1 2m;
1
X —
[lo—qﬁ)——( 251:) —m4+ie}
- d’l 1
= Hi2M23M24 / e — — = — , (A4)
mymanizmy ( ”) [l +C12—i€] |:l +2%lq; +C23—i€:| |:l —2”—?1‘q1—|—624—l’€i|
where
_ _ 0 0 ‘13
1o = 2upp(my + my — M), €23 = 2yin3 m2+m3—M+q1+q2+2—m3 ,
=2
q m;m;
024E2ﬂ24<m2+m4—M+q?+2n;>, ,uij:ﬁ_ (A5)
i J

The m | denotes the mass of the top-left intermediate-bottom mesons, and the mass of the other intermediate bottom mesons
are labeled as m,, ms3, and my, in counterclockwise order.
As the crossed diagram of the Fig. 4(b) with p; <> p,, the scalar integral of the Fig. 4(b) reads

— d’l 1
I/l [mlﬁm27m3vm4} = u12ﬂ23”24 / 3 - - ’ (A6)
2mymymymy | (22 [ 4 e, —ie] [Zz—&—Z”%l-q}—l—CB—ie} [?—2%1-@%’24—14
where 72
C/24 = 2#24 <m2 + my — M + qg + 2—’;4) . (A7)
For the Fig. 4(c),
b ] / d*l 1
2|my, My, M3, My | =1 : ; ; :
Q@m)* [P = mi + ie][(p = 1)* —m3 + i€][(p = = q2)* = m3 + ie][(I = q1)* — m] + ie]
N —i
- 16m1m2m3m4
y / d*l 1
3 —
Qo110 — By il [l = M + L my — ie][10 + ¢§ — M — G 4y — ]
1
X —
10— g =507 — g+ e
__ THik3 / &l 1
2mymamymy | (22)* [P 4 ¢y, — ie] [P —2,’,;—3:1 g +%l "Gy + 3y — €]
H24 Hi3
X = + = , A8
l[?—%l‘§1+cz4—i€] [?JFZ,’,‘TI;Z'EDJFCB—Z'G} A9

where
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i &
03452ﬂ34<m3+m4—qg+2—m+2—m3),

APPENDIX B: EVALUATION OF THE
TRIANGLE DIAGRAM CONTRIBUTION TO
X, — nmy,; AND THE BUBBLE DIAGRAM
CONTRIBUTION TO X, — my;;

In this section, we give a rough estimate of the contribu-
tions of the omitted triangle diagrams in Figs. 1(e) and 1(f)
and the omitted two point bubble diagrams in Fig. 1(a) to the
decay widths of X, — zzy,; and X, — my,;, respectively.

Unfortunately, the bubble diagram in Fig. 1(a) and the
triangle diagram in Fig. 1(e) contain an unknown coupling
c,. Hence, we can only give a quantitative estimate of their
contributions based on the power counting and naturalness.
In our power counting scheme, the ratio of the contributions
from the box diagrams to those from the triangle diagrams is

1:0%. (B1)

More specifically, considering the effective couplings ¢; and
g1, the ratio reads

Mp+Cq
1. —8"02,

9 (B2)

where the my. comes from the difference between the
triangle and box IML to match the dimensions of ¢; and g;.
To be consistent with this power counting, it is natural to take
¢y =~ gy/mp to estimate the contributions from the triangle
diagrams, and the results are shown in Table IIl. The
X, — nmy,; decay also contains the contributions of the

—
01352/113(’"1 +m3—M+qg+£>.

= (A9)

[

triangle diagrams in Fig. 1(f), which is free of the
unknown c;. The contributions of Figs. 1(e) and 1(f) to
the decay widths are at the same orders of magnitude in
our power counting, which demands ¢; ~ g,/ (v/10my.).
The decay widths with such a coupling are shown in
Table IV. From these evaluations, the contributions of
the triangle diagrams to the decay widths are estimated
to be 1-3 magnitude smaller than the box diagram
contributions.

For the contributions of the bubble diagrams to the
X, — my,; decay width, in our power counting scheme, the
contributions from bubble diagrams are suppressed by 22
compared with the triangle diagrams and therefore the
bubble diagrams are not considered in the X, — my,;
decay in our calculations in Sec. IIL.

The 2-point integral I[m, m,| given in Appendix A is
regularization dependent, and the cut-off dependence of the
two body decay widths from the bubble diagram contri-
bution is shown in Fig. 5 with A =0.5-1.5 GeV,
¢ = 0.813, and Ey =5 MeV. The coupling constant ¢,

is also taken to be g;/mp- and g,/(v/10mg:) to roughly
estimate the contributions from the bubble diagrams, and
the results are about 3—4 orders of magnitude smaller than
the contributions of the triangle diagrams. The cutoff
dependence of the decay widths is not significant for A
below 1 GeV.

TABLE III.  Predicted partial widths (in units of keV) of the X, decays with ¢, = g,/mp-.
[M2%72%0)  THa%2%u]  TMa%7%]  T'ata ] Ttz p,]  Tatay)

EY =2 MeV 0.003 0.754 0.408 0.006 2.273 0.770
E%, =5 MeV 0.005 1.214 0.659 0.009 2.296 1.242
EY, =10 MeV 0.005 1.516 0.824 0.009 2.946 1.551
EY =25 MeV 0.004 1.687 0.915 0.008 3.403 1.784
EY, =50 MeV 0.003 1.433 0.770 0.005 2.938 1.438
E%, =100 MeV 0.001 0.783 0.409 0.002 1.624 0.753

TABLE IV. Predicted partial widths (in units of keV) of the X, decays with ¢; = g;/(v/10mp:).

MM2%2%0)  TMa%2%u]  TTa%7%) etz ] Tratap,] T etz y,)
EY =2 MeV 3x 10 0.075 0.041 6x107* 0.990 0.077
Ey, =5 MeV 5x 107 0.121 0.066 9x 1074 0.230 0.124
E% =10 MeV 5x 107 0.152 0.082 9x 1074 0.366 0.155
E%, =25 MeV 4x107* 0.169 0.092 8 x 10~ 0.539 0.178
E%, =50 MeV 3x 107 0.143 0.077 5x 107 0.518 0.144
E%, =100 MeV 1x107* 0.078 0.041 2x 107 0.317 0.075
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The contribution from the 2-point diagrams to the decay widths of X, — zy,; (J =0, 1, 2) with A =0.5-1.5 GeV,

@ =0.813, and E} =5 MeV. The effective coupling c, is taken as ¢; = g;/mp- in (a) and ¢; = g,;/(v/10mp:) in (b).
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