PHYSICAL REVIEW D 109, 036011 (2024)
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In this paper, the new particle X(3842) discovered by the LHCb Collaboration is identified to be
the y3(13D5) state. We study its strong decays with the combination of the Bethe-Salpeter method
and the 3P, model. Its electromagnetic (EM) decay is also calculated by the Bethe-Salpeter method within the
Mandelstam formalism. The strong decay widths are T'[X(3842) — D°D°] = 1.27MeV and I'[X(3823) —
D*D~] = 1.08 MeV, and the ratio is B[X(3842) — D*D~]/B[X(3823) — D°D°] = 0.84. The EM decay
width is (X (3842) — y.,y] = 0.29 MeV. We also estimate the total width to be 2.87 MeV, which is in good
agreement with the experimental data 2.79703¢ MeV. Since the used relativistic wave functions include
different partial waves, we also study the contributions of different partial waves in electromagnetic decay.
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I. INTRODUCTION

It is a known fact that spectra of charm mesons have been
experimentally mapped with great precision since the
discovery of the J/y resonance [1,2]. Theoretically, the
potential models [3] can well describe the spectra and
properties of these states. Charmonium, a bound state
composed of charm and anticharm quarks that is useful
for testing the validity of phenomenological models, such as
the quark potential model [4], and which has foreseen rich
and meaningful quarkonium spectra, plays an important role
in quantum chromodynamics (QCD). In recent decades,
Belle, BABAR, and BESIII Collaborations have observed
many new charmoniumlike states, commonly known as
the XYZ states [5], such as X(3872) [6], X(3930) [7.8],
X(3940) [9,10], X(3915) [11], X(3860) [12], etc. Some of
them are traditional excited charmonia, others are consid-
ered to be exotic in nature. Interest in charmonium spec-
troscopy was renewed as more of these states were
discovered.

Recently, the LHCb Collaboration discovered a new
narrow, but very high statistical significance, resonance
state, named X (3842), in the decay modes X(3842) —
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DD and X(3842) — D* D~ [13]. The mass and width of
this state are measured to be

MX(3842) =3842.71 £0.16 £0.12 MCV,
Fy(sssn) = 2.79 % 0.51 +0.35 MeV,

where the first uncertainty is statistical and the second is
systematic. Based on observed mass and narrow natural
width, this new state can be interpreted as the unobserved
w3(13D3) charmonium state with J*¢ = 3=, The BESIII
Collaboration confirmed this particle in the process
ete” - 7777 X(3842) - xtx~ DD, and evidence with
a significance of 4.2¢ was found [14].

At present, the experimental data of X(3842) are rela-
tively sparse. However, theory had predicted the y3(1°D5)
state to have a natural width 0.5-4 MeV [15-17] and mass
in the range 3806-3912 MeV [4,18-24]. These studies
show that its dominate decay channel is decay to D™D~ and
DPDC. In addition, the radiative decay of X(3842) decay to
Xe2v 1s not negligible [17]. As is well known, these open-
flavor strong decays closely relate to the nonperturbative
properties, and our knowledge is rather poor in this region.
A complete understanding of the QCD vacuum is necessary
to fully solve this problem. Although we can expect lattice
QCD calculation to provide us with more reliable theoretical
predictions in the future, for now, we still need to build
phenomenological models to study properties of this kind of
decay, e.g., the 3P, model [25-27], the flux-tube mode [28],
the Cornell model [3,29] with a vector confinement
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interaction, the model in Ref. [30] with a scalar confinement
interaction, and the field correlator method [31].

In previous studies [32,33], we found that the relativistic
effect of a highly excited state is very large; we need to
choose the relativistic method to calculate. The Salpeter
equation [34], which is the instantaneous version of the
Bathe-Salpeter (BS) equation [35], is suitable for the heavy
meson, especially the double-heavy meson. We have solved
the complete Salpeter equations for different states; see
Refs. [36-39] or the summary papers [40,41]. We have
also improved this method to calculate the transition
amplitude [42] with the relativistic wave function as input.
Using this improved BS method, we can get relatively
accurate theoretical results, which are in good agreement
with the experimental data, see Refs. [43—45] for examples.
The 3P, model (quark pair creation model) is a nonrelativ-
istic model. This model is widely used in the Okubo-Zweig-
lizuka allowed strong decays of a meson [17,30,46]. In
Refs. [47-49], the 3P, model is extended to the relativistic
case, where the input relativistic wave functions come from
the strict solution of the Salpeter equation. So in this paper,
the strong decay of X (3842) as the y5(13D5) state is studied
by the combination of the Salpeter equation and the 3P,
model, and its main electromagnetic (EM) decay is also
studied by the improved BS method. In addition, since the
relativistic wave function contains different partial waves
[41], we also study the contributions of different partial
waves in EM decay.

The paper is organized as follows. In Sec. II, we show the
relativistic wave functions of initial and final mesons. The
formula to calculate the strong and EM decay of X(3842) is
also present in this section. In Sec. III, we give the results
and make comparisons with other theoretical predictions
and experimental data. Finally, we give the discussion and
conclusion.
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FIG. 1. The Feynman diagram for the two-body strong decay
process with a 3P, vertex.
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II. THE THEORETICAL CALCULATIONS

For the sake of brevity of the paper, the detailed
introduction to the BS equation and 3P, model, as well
as their combination, is not provided here. Interested
readers may refer to [25-27,34,35] or our previous papers,
for example, [47,49].

A. Transition amplitude of strong decay

The 3P, model [25] is nonrelativistic. Its core idea is that
the quark and antiquark gg pair excited by the operator
g [ dXy yl,one [50] from vacuum, carry vacuum quantum
number, namely, J” € = 0**, which corresponds to a pair of
quark and antiquark with 2/*!L, = 3P, quantum number,
so it is called the *P, model. In order to combine with the BS
wave function, we extend this operator to the relativistic
covariation form —ig f d*xypy (a similar form of interaction
is also used in Refs. [31,51]), where g can be written as
2mgy and m, is the constitute quark (u, d, s) mass. y is the
dimensionless interaction strength, and we take y = 0.4 in
this paper.

For the two-body strong decay A — B + C, the Feynman diagram is shown in Fig. 1. Within the Mandelstam formalism
[52], the transition amplitude of the strong decay A — B + C process can be written as

<P1fP2f|S|P>3P0 = (2”)454(1) - Plf — PZf)M}Po

. 44 d'q -1 - - -1
— —ig(2m)*5H(P — P\, — Pyy) / i Tl )53 (P2, (@270, (@) (0. (1)

where yp(q), x Py (q17)x Py (g2y) are the relativistic BS wave functions for initial and final mesons, respectively. The internal
relative momenta of the initial and final mesons are g, ¢, 7, and g, , respectively. p;, p,, Si(py), and S,(—p,) represent the
momenta and propagators of the quark and antiquark, respectively.

Since we solve the complete Salpeter equation, not the BS equation, the instantaneous approximation has been used for
the BS equation, and the Salpeter wave functions are obtained. So we make an instantaneous approximation to the upper
amplitude, namely, integrate over the g,. Then we obtain the transition amplitude with the Salpeter wave functions as
input [47,49],

M, =g [ el Loptan Lot om0 (1- 2

M — W — Wy
(2z)? (M M |

26012
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where M is the mass of initial state, and ¢, " and ¢}, " are the

positive energy wave functions of initial and final mesons,
respectively. We have defined ¢/| = ¢* — (P - q/M>)P*.
The relation between the relative momenta in initial and
final mesons is ¢;; = g + (—=1)""!(a;P — a;;P;s), where

i=1,2,a = ml'i’mz, @i = ’i’m , and subscript f means

this quantity belongs to the final state. w; = \/m? — g% and
w1y = \/m3, — p3,,. Considering M ~ @, + w,, the sec-
ond term in parentheses can be ignored (when |q | is large,
this approximation is not true, but at this time, the value of the
wave function is also very small, thus greatly reducing the
contribution of this part).

B. Transition amplitude of EM decay

For the EM decay of A — By, the transition amplitude
can be written as

<ZcJ(Pf7€2)7(kv€0)|X(P’€1)>:(2”)454(P—Pf—k)€0§/\/l§’

(3)

where €, €1, and ¢, are the polarization vectors (tensor) of
the photon and initial and final mesons, respectively. P, Py,
and k are the momenta of the initial meson, final meson,
and photon, respectively. From the quantum number
perspective, we know that the electromagnetic processes
of 3D; = 3P,y (J =0, 1, 2) are all E; dominant decays.
But in nonrelativistic limit [16,53], the E; decay widths of
X(3842) to y.or and y.y are zero, so they are actually
the M, dominant decays [54] and have very small partial
widths. In addition, the channels X(3842) — 5.y and
X (3842) — c¢('D,)y are M, dominant modes and will
not have large partial widths. Therefore, in this paper, we
only calculate the E; dominant channel X(3842) — y .y
and ignore other electromagnetic modes.

From Fig. 2, we can see that invariant amplitude M¢
consists of two parts, where photons are emitted from the
quark and antiquark, respectively. In the condition of
instantaneous approach, the amplitude can be written as [42]

p1 P/1

my ol "’/1
X(4) Xe, (a,)

'
ma my

P2 P

X ()

{Qleﬁ(pf (g1 +aaPr )r*ei*(q.)

e[

+ Q02007 (gL — a1 Py)) £§0;r+(%_)7’5 : (4)

M

where Q; and Q, are the electric charges (in unit of e) of the
quark and antiquark, respectively. go ¥ is the positive energy
wave function, and i, f stand for 1n1t1a1 and final states,
respectively.

C. The relativistic wave functions

In the calculation, we use the relativistic Salpeter wave
function for X(3842), which is a 37~ state [55],

»3-(91) = €uad' 1 41 [Ch (fl + ’)fz +élfz ’%lﬂ)

+M70’(f5+§f6+4Lf7+P¢hfs)} (5)

where €, is the third-order polarization tensor of the state
X(3842). Radial wave function f; (i=1,2,...8) is a
function of —g?, and its numerical value will be obtained
by solving the Salpeter equation. In our method, not all
radial wave functions f;s are independent; only four of
them are. The relationships between them are given in the
Appendix.

We now show that every term in 37~ state wave function
has negative parity and negative charge conjugate parity.
When we perform parity transformation, P’ = (P, —1_5),
q' = (90, —4), and set

@3- (P.q.) = npyops—-(P'.q!1)v0,

where 77p is the parity. In the center of mass system, we

have P =P, ¢, =—q,, and
b1 I’l
my my

Xr, (4)

. /
my ~¢ My
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FIG. 2. Feynman diagram for the transition yp — y.;7. The diagrams on the left and right show that photons come from the quark and

the antiquark, respectively.
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704"3” (Ql)}’o = €,wa€i‘]¢ [ 4970 <f1 + = P fz i{;f Pél f4> 1)

P, P f)]

My _
+ Myoy (fs +M 6~y l71™
= —@3— (P» QL)’ (6)

so np = —1.
When we take the charge conjugate transformation,

03-(q1) =ncCpl—-(—q,)C",

where T is the rotation transform, C is the charge conjugate transform, and Cy”C I = = =¥, Nc 18 the charge conjugate
parity. We have

M
T T
+M<f5+ fﬁ—*lf7 f) }}C_l

~Cwad1 41 {Q‘i<(f1+2f7)+£(2fs f2) +"jlf3 Pélﬂ)

+M}’a<f5+£f6 ‘hf7+%fg>]

= —3-(q.), (7)

T s r
Coi--(—q,)C" = C{Gﬂmqli‘u [ q1 <f1 +ifo—TE - f4>

so ¢ = —1. Since only quarkonium has C parity, we have used m; = m,, @, = w», f» = fg, and f7 = 0in Eq. (7), see the
Appendix.

Further, we show that the relativistic wave function in Eq. (5) for the 37~ state is not a pure D wave. In terms of spherical
harmonics Y,,, we can rewrite

. [bm
€uad19197 = 2i\/ §|61|3(Y32 - Y;3,), (8)
so f1 and f, terms are F wave. Similarly, for the f3 and f, terms,

o4 Br 2 J6r
€wad' 419541 = i3]* [7 5 —(=Yort +Yoy) 42 7 \/?(—Yzz + Yooo)r®

2 2z 4 2r 2w
4‘7\/?(1/41}’+ =Y 4y7) +§ Vs (Y + Yoyt + 24/ g(Ym’_ - Y4—37+)] , )

where y© = — ”lf/g’z, Yy = 71\_/%72 and y* = y3. So f5 and f, terms include D wave and G wave, so they are D — G mixing.

The pure G wave in Eq. (5) is

=12
q
G”uaqliqu_qi (%l f’% P#L f4> 7 uyaQquMy | | < 3 _g 4> .

MZ

The f5 and f¢ terms are D wave, because

L2z _
€yu:xfliqu_7’{i =2i B|Q|2[\/§(Y21y+ - Y2—ly ) + (Y22 - YZ—Z)YA]' (10)
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FIG. 3.
respectively.

Then the complete D wave in Eq. (5) is
H v a P
€uwad 1 41 My (fs + MfG)

3 i P
—7€ﬂm(]liCIiM7aW f3_M 4 -

The f; and fg terms are F wave, since
Houoa e 2 _ -2
Cwad g1 ridL = 20141 |24 [ZY30 (T =177

1 /6br
tz 7( Yir™ + Yy )r®

2z

+ 105(Y32 Y30)2rty™ —v22)
2n _ VA
+ §(Y33}’ - Y35 )r2 . (11)

So, it can be concluded from our relativistic wave
function that the widely used representations of P =
(=1)E*1 and € = (=1)E*5, as well as 25*IL;, can only
be strictly used in a nonrelativistic condition.

For strong decay final states, they can only be 0~ state

pseudoscalars D° and DO (or D' and D). The relativistic
wave function of a 0~ state can be written as [36]

P q Prd
@0‘(QfL)—Mf<Vj;gl+92+]é;gz+ ]];/IQfl94 . (12)

where the subscript f indicates that the quantity is in the
final state. The radial wave functions g; and g, are not
independent, they are related to g; and g,. We show their
relationship in the Appendix. Similarly, the relativistic 0~
state wave function is not a pure S wave (the terms
including g; and g,), but also contains a small component
of P wave (terms including g; and g,).

lal Gev

1Q7| GeV

The radial wave functions of the 37~ state X(3842), 0~ states D+ (D~) and D° (D), and 2+ state y,, from left to right,

The final state of EM decay is the charmonium 2+ state
X, and its relativistic wave function can be written as [39]

I8 4 Prd
P2++(qr,) = €udy, [qffl<h + fhz+]é;h3+ Dl h )

Pr,
+Mf}’y<h5+—h6+ lh7
My~ My
i
+ Ehse”aﬂfo,,qflﬂﬂ’S} , (13)

where €, is the second-order polarization tensor, and €, 45
is the Levi-Civita symbol. Four radial wave functions #5,
hy, hs, and hg are independent, others are related to them;
see the Appendix. The wave function of the 27 state is P
wave dominant, but also contains other partial waves. In
Eq. (13), the terms including s5 and hg are P waves, those
including /5 and h4 are P — F mixing waves, others are
D waves.

We do not show the details of solving the complete
Salpeter equations and only give the numerical values of
independent radial wave functions in Fig. 3. From Fig. 3,
we can see that fs~—f¢, 9; ~ ¢y, and hs ~ —hg. These
equality relations under the nonrelativistic condition con-
firm the correctness of our method.

D. The form factors

Inserting Eqgs. (5) and (12) into Eq. (2), where we
integrate internal momentum ¢, over the initial and final
state wave functions, and finishing the trace, then we obtain
the strong decay amplitude described using the form factor,

M(X(3842) > DD) = ¢, PiP5P%t,,  (14)

where ¢, is the form factor.

In the same way, inserting Egs. (5) and (13) into Eq. (4),
the EM transition amplitude described by the form factors
is obtained as
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ME(X(3842) = y2(1P)y)

_ & ¢
= Péep,p,p,€r.ppS1 + P €pp p € psa + €p,p €r.PPS3 T €p PP € pS4

+ Poeyop,€f 55 + €§P‘[€?Ps6 + eppfpfefc/)S7 + eﬁ,,e?”ss, (15)

where s; is the form factor. We have used some abbrevia-
tions, for example, €p,p,p,Ef.PP = eﬂwPfPfPffxefﬁyPﬂP}’.
Since the expressions of #; and s; are complex, the details
are not shown here.

For the EM decay, we note that not all the form factors are
independent, due to the Ward identity (P; — Py ;)M =0,
we have the following relations

53 = (M* — ME;)s| + 54, s = (M* — ME;)s, + s7,
sg = (M?* — ME)ss. (16)

The two-body decay width formulation is

I'(X > AB) =

22J+1Z (17)

where [P 7| = /(M2 = (M= Moy 2] [M2 = (M + Moy ]/
2M is the three-dimensional momentum of the final meson,
J = 3 is the total angular momentum of the initial meson,
and A represents the polarization of both initial and final
mesons.

III. RESULTS AND DISCUSSIONS

In our model, the following constituent quark masses are
used, m, = 0.305,m; = 0.311,m, = 1.62 GeV. Other
model dependent parameters can be found in Ref. [40],
where we choose the Cornell potential [3], a linear scalar
potential plus a Coulomb vector potential, since the
predicted mass spectrum may not match very well with
the experiment data, and a free constant parameter V is
usually added to the linear scalar potential to fit data [4].
So by varying the V|, [40], we fit the experimental meson
masses My (3g40) = 3.8427, Mp+ = 1.8697, Mo = 1.8648,
M, , = 3.5562 GeV [5] and obtain the numerical values of
the corresponding wave functions.

|
A. Strong decay widths of X(3842) as the 13Dj; state

The strong decay widths of X(3842) decays to D°D° and
D' D™ are calculated as

I'[X(3842) - D°D] = 1.27 MeV,
I'[X(3842) - D*D~] = 1.08 MeV. (18)

For comparison, we show our results and other model
predictions [15-17,23,56] and experimental data [13] in
Table 1. Here we also present the choice of the mass of the
initial state X(3842) by the different working groups.
Eichten et al. calculated the decay widths of 13D; — DD
though the refined Cornell coupled-channel model [15] and
the Cornell coupled-channel model [56], respectively.
Barnes et al. used the P, model [16,17] to estimate the
strong decay width of 1°D;(377). Reference [16] took
the mass 3849 MeV of 13D;, which is obtained through the
relativistic Godfrey-Isgur model (GI model). The mass
3872 MeV is also utilized in Ref. [16], because they consider
X(3872) as a candidate for 1°D5. Reference [17] used mass
3806 MeV, which is obtained by the nonrelativistic method
(NR model). Yu and Wang [23] studied 1°D5 strong decay
with QCD sum rules and the 3P, model.

From Table I, one can see that our prediction of the
strong decay width, 2.35 MeV, is close to the center value
of the experiment, 2.79f8‘§66 MeV, and is consistent well
with the result of Ref. [16], 2.27 MeV, and we all used
similar masses for 1°D5. In Table I, the ratio between two
strong decay channels X(3842) — D"D~ and X(3842) —
D°DY is also shown. Our result

B[X(3842) - D* D"
B[X(3842) — D°D"]

= 0.84 (19)

is consistent well with others shown in Table I. The reason
for the good agreement between different theoretical
results is simple, as the ratio between the decay width of

TABLE 1. The strong decay widths (MeV) of the X(3842) — DD and the ratio of %

[15] [16] [17] [23] [56] Ours EX [13]
Msp,) (MeV) 3868 3849 3872 3806 3762-3912 3872 3902 3842.7 3842.71755%
I'(X(3842) —» D*D") 2-3 0.39 0.72 1.08
I'(X(3842) — D°D) 2.5-3.5 0.47 0.84 1.27
I'(X(3842) — DD) 0.82 2.27 4.04 0.5 4.5-6.5 0.86 1.56 2.35 2.79108
L(X(3842)>D"D") 0.85-0.90 0.83 0.86 0.84

I'(X(3842)—D’D")

036011-6



DECAY PROPERTY OF THE X(3842) AS THE ...

PHYS. REV. D 109, 036011 (2024)

TABLE II.  The radiative partial decay widths (keV) of the X DS)(3842) = YV

[17] [22]

[56]

Model NR GI NR Vv S

RE sC3 c

Mpp,) (MeV) 3806 3849 3815

[(X(3842) > yooy) 272 296 252 163 170

3815 3868 3972 3815 3868 3972
156 199 329 341 179 286 299

[57] [58] [59] [60] Ours
Model NR SNy SN, NR MNR Ccce, NR RE BS
Msp,) (MeV) 3799 3815 3813 3520 3653 3831 3805 3842.7
['(X(3842) = y.07) 272 284 223 340 302 138 246 432 271 298 288

X(3842) » DTD~ and those of X(3842) — DD is
mainly determined by the phase spaces. In Eq. (14), the
decay amplitude of X(3842) — DD is written as M =
eﬂmP?P;P?tl, )

2

2 —
IMJ? = §|P,f|6f%v

the form factor #; is an overlapping integral of initial and
final radial wave functions, and from Fig. 3, it can be seen
that there is not much difference in the radial wave functions
between D* and D° mesons. Then using Eq. (17) of the
decay width, we obtain

N

(1Pslp)
—

(I P flpo)’

I'(X(3842) - D*D")
I(X(3842) — DDY)

=0.735.  (20)

This estimation is very close to our calculated value 0.84,
indicating that the difference between the decay widths of
X(3842) — D'D and X(3842) — DT D is almost purely
from the phase space difference, and the isospin symmetry
breaking effect is small.

Since the very small mass difference (2Mp+ —2M )
causes a large difference in partial decay widths, and the
1°D5 state X(3842) just lies above the threshold of two
charmed mesons, we draw a conclusion that the mass of
X (3842) has a significant impact on the value of its strong
decay widths. Therefore, accurate experimental mass mea-
surements are crucial for theoretical study on strong decays.

B. EM decay width of X(3842) as the 13D; state

According to Refs. [17,53], only y3(13D3) = y(1P)y
is dominant in the EM decays of y3(13D;). Therefore, we
only calculate the decay width of this channel, and the
result is

T[X(3842) > y.,(1P)y] = 288 keV. (21)

We show this result and other model predictions
[17,22,56-60] in Table II for comparison, where the label
NR represents the nonrelativistic potential model, the
relativistic potential model is labeled RE; V and S denote
the relativistic with vector and scalar potential model; C?
and SC? are Cornell coupled-channel model and single
channel potential model; SN, (with the zeroth-order wave
functions) and SN, (with first-order relativistically cor-
rected wave functions) signify the screened nonrelativistic
potential model; CCP, represents Coulomb plus power
form of the interquark potential with exponent v. As can be
seen from Table II, different models led to different results.
Most of these results are distributed between 150-350 keV.
Our result, 288 keV, is in good agreement with the 296 keV
of the GI model [17], the 286 keV of the C? model [56], and
the 298 keV of the relativistic model [60].

In a previous paper [41], we pointed out that, in the
complete relativistic method, the relativistic wave function
of a state is not a pure wave. This conclusion is also valid for
the charmonium [54]. For the X(3842) as the 37~ state
w5(13D3), the D partial wave that survives in the non-
relativistic limit is dominant, while the F and G partial
waves that are the relativistic correction are small. Similarly,

TABLE III.  The EM decay width (keV) of different partial waves for X(y3p,)(3842) — yo(1P)y.

o+t
37 Complete P wave (Dy_, Dy, ) D wave (Dy,,Dy,.Dy)) F wave (Dy,,Dy,)
Complete 288 215 18.2 0.197

D wave (Fs, Fg) 234 232 13.9 0.186

F wave (Fy, F,, Fq) 13.7 13.4 0.180 0.0187

G wave (F3, F,) 0.540 0.245 0.00373 0.000358
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for the y.,(1P), as the 2" state, beside the main non-
relativistic P wave, it also contain a small part of
relativistic D and F partial waves. To see these clearly,
we study the contribution of different partial waves in the
decay y3(1°D3) = y.2(1P)y. The results are presented in
Table III, where “complete” means the complete or whole
wave function is used, “D wave” means only the D partial
wave has contribution and other partial waves are deleted.

From Table III, we can see that, for the initial state,
compared to F and G waves, the D wave has the dominant
contribution. The main contribution of the final state comes
from the P wave, which provides the nonrelativistic result,
and the relativistic correction (D and F waves in 2 state)
contribution is relatively small. Using the nonrelativistic
result, 232 keV, and the relativistic one, 288 keV, we obtain
the relativistic effect is 19%.

IV. DISCUSSION AND CONCLUSION

In a previous paper [55], we have estimated the anni-
hilation decay (including ggg and ggy final states) width of
X(3842), which is about 26.5 keV. From the work of
Barnes and Godfrey [16], we get the partial decay width
[ws(?D3) — J/wrr] ~ 210 keV, which is a dominant
E, — E; multipole hadronic transition, and ignore other
multipole transitions that have smaller contributions com-
pared with the E| — E; transition, like the M; — M, and
E, — M, mode X(3842) — J/yn, etc. Then the total decay
width of X(3842) can be estimated as

I'[X(3842)] ~I'(DD) + T'(y oy) + T'(J /wzn)

+T(g999) +T(ggy) = 2.87 MeV. (22)

This result is in good agreement with the experimental
data 2.79f8.'§g MeV.

In conclusion, we study the strong and EM decays of
X(3842) as the w3(1°Ds) state by using the relativistic
Bethe-Salpeter method and the 3P, model. Our results are
['[X(3842) - D°DY]=1.27MeV, I'|X(3823) - D*D~| =
1.08 MeV, TI'[X(3842) — y.,(1P)y] = 288 keV, and the
B[X(3842)>D*D7] _
B[X(3842)=D"D"] —
the EM decay is not small, which is expected to be detected
by experiment. In addition, we calculated the contributions
of partial waves for X(3842) — y.,(1P)y and obtained the
relativistic effect 19%. These results may provide useful
information for X(3842) as the charmonium y5(°D5).

ratio 0.84. Compared with strong decay,
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APPENDIX

1. Constrained conditions of radial wave function

For the 37~ state, we have the following relations between radial wave functions [55]:

_ 43 f3(o) + @y) + 2M* fsm,

_ qifa(@) — @) + 2M? few,

/i M(myw, + myw,) 2= M(m @, + myo,)
M(w; — w,) M(w, + @)
fr=—"T1—2f5, fy=——1—2L (A1)
miw,; + myw; miw, + myw;
For the 0~ state, we have [36]
GMs(w;, — o) giMs(0;, + @)
93 = ) 94 = — . (A2)
(m1,w2, + mszlf) (mlfwzf + mz_[wlf)
For the 21 state, the relations are [39]
h = (47, hs + Mhs) (@), + @) = Mjhs(o;, = o,,) by = (47, ha = Mhe)(@), — @)
My (my @y + my @) My (my @y + my @)
M (0w, —w M (w, + w
hy = #( 1 2f) hs. hy = #( 1 2f) h (A3)

Mm@y, + 0,

my @y, + My 0
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2. The positive energy wave functions
The positive energy wave function for the 37~ state is [55]
P di,  Pd i

035(q1) = €uad’ 4" 4% | F) +MF2 +ﬁF3 +MzF4] + Me,ar'q' 4 [Fs +MF6 +MZF7}’ (A4)

where

1
= Mm,m, (4% (015 4+ myfa) + M*(0,f5 — mf6)].

IM( a)lfS ”llf6) 1 ny Iwz
F = F = —
2 L@ s 3 2 3 f6 ’

Fy

1 2 1
F4:§(%f3+f4— M f5>, F5:—(f5—ﬂf6>,
! m

mywy

1 m M w
F6:§<__1f5+f6>’ F7:_<_f5+_lf6>-
(] 26()1 mi

The positive energy wave function of the 0~ state is [36]

Pfi

M

sz +

po-(qp,) = {Gf, +

where

The positive energy wave function for the 27 state y., is [37]

Pro Ay P

lH _"_ P
M; My MG

Pr

My

Pf%fL

Hy + e

Hf5+

@;th (QfL> = €f,ﬂuq/;“J_Q;'J_ |:Hf1 + Hf4:| +Mf€fvlﬂ/yﬂq;j_ |:Hf5 + Hf7:| ’ (A6)

where

1

M 1 m M>
f f f
H:, = mrhs — wshg), He == hy+—hy — he |,
f ) fwf( s — Wy 6) f < 3 A 4 . 6)

1/ M3 1 ®
Hf'AZ—(—fh3+h4— ! /’15>, Hf5:_<h5_m_jfch6)a
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