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In this study, we analyze the cross-section data from the e™e™ — yJ/ww process to explore both short-
distance and long-distance interactions for the radiative transition Y (4200) — yX(3872). We investigate
the short-distance effects through the E1 transition among the c¢ components, and the long-distance effects
via hadronic loop diagrams. Our numerical analysis reveals that short-distance interactions play a
significantly larger role in the radiative transition than that of the long-distance interactions. This finding
underscores the importance of the compact ¢¢ components in both the initial and the final states for
accurately understanding the cross-section o[e™e™ — yJ/ww]. Furthermore, with the help of relative
branch ratio R we estimate the ['[Y(4200) — yX(3872)] implied in the experimental study. Finally, we also
discuss the possible existence of the w(4040) signal within the cross-section data.
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I. INTRODUCTION

As early as 2014, the BESIII Collaboration analyzed the
ete™ — yJ/wrrm process, revealing a resonant peak around
4.2 GeV and the X(3872) in its radiative decay process [1].
This measurement was the first observation of the X(3872) in
a radiative decay process within the J/wzz invariant mass
spectrum, which offered an unprecedented opportunity to
probe the internal structure of the X(3872). Subsequently,
a more comprehensive analysis conducted in 2019 with
an expanded dataset [2] studied the process ete™ —
Y(4200) — yX(3872) — ywJ /y across the energy range
4.0076 GeV < /s < 4.5995 GeV. This analysis identified
a resonant peak attributed to ¥(4200) which was charac-
terized by a mass My 4200) = 4200.6:7'3?3 + 3.0 MeV and a
width Ty(g00) = 115535 & 12 MeV. The X(3872) in the
J /ww invariant mass spectrum is outstanding in the radiative
decay of Y(4200), which further emphasizes the e*e™ —
vJ /w process is important for understanding exotic hadron
structures.

In addition to the radiative process, the X(3872) has been
observed in a variety of production channels [1-12], with
its mass and width accurately measured at Mx(3g72) =
3871.65 £0.06 MeV  and T'y(g72) = 1.19 £ 0.21 MeV,
respectively [13]. This positions the X(3872) as a shallow
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bound state, with a mass notably below the predicted value
for the y.;(2P) charmonium state and very close to the
threshold of the DD* channel [14,15]. Such observations
challenge the identification of X(3872) as a pure charmo-
nium state, but support the hypothesis of a DD* molecular
structure [16—18]. According to Weinberg’s compositeness
theorem, the X(3872) could be a hybrid of loosely bound
DD* pairs and a compact c¢ core [19]. This compositeness
scheme of the X(3872) is supported by the significant
production rates of X(3872) in B meson decays and pp
collisions [20-22]. Theoretical studies, including coupled
channel analyses and lattice QCD calculations, suggest that
to understand the experimental data of the X(3872), it is
necessary to consider both the ¢ and the DD* components
[14,15,23-29]. For example, an analysis of LHC data
within the nonrelativistic QCD framework estimates the
cc core’s contribution to the X (3872) structure is from 28%
to 44% [30]. Additionally, analysis of the X(3872)’s line
shape in the DD* invariant mass spectrum from the B —
KX (3872) — KDD* process suggests a ¢c¢ component of
0.19 £ 0.29 [31]. These findings reveal the significant role
of the ¢¢ component in understanding the nature of
the X(3872).

Following the measurement of X(3872) in ete™ —
yX(3872) in 2013, theorists analyzed the radiative decay
width of Y (4260) — X(3872)y using hadronic loops within
the compositeness framework, and can explain the data
available at that time [32,33]. Nonetheless, the emergence
of new experimental data in 2019, including the refined
resonance parameters for the vector structure Y (4200) and
the cross-section measurements for eTe™ — yJ/ww, sup-
ports an updated examination of the radiative decay process
to accommodate these latest experimental data.

Published by the American Physical Society


https://orcid.org/0000-0002-2612-949X
https://ror.org/03v8tnc06
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.110.034027&domain=pdf&date_stamp=2024-08-21
https://doi.org/10.1103/PhysRevD.110.034027
https://doi.org/10.1103/PhysRevD.110.034027
https://doi.org/10.1103/PhysRevD.110.034027
https://doi.org/10.1103/PhysRevD.110.034027
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

MING-XIAO DUAN

PHYS. REV. D 110, 034027 (2024)

J (4160)
200 O BES:e*e—hadrons
O BES:e*e’—hadrons
A LHCb:B '—K'u'w A BESll:e'e—'DD"
<& DASP:e*e—hadrons| V¥ BESll:e*e—=n'wh,
160 | ® BESIle*e -’y
* BESIlll:e*e—=n'nJhp
@ BESIlle'e—n'wh,
® BESlle’e—wy,,
B BESIlll:e'e =y,

= e
a0} ﬁé@%ﬁ*

4140 4160 4180 4200 4220 4240 4260
Mass (MeV)

y (4230)
B BESll:e'e—a'ny(2S)
® BESll:e’e—=nJhp

|

Width (MeV)
8

FIG. 1. The comparisons of the measured masses and widths of
w(4160) and w(4230) across different channels with Y (4200).

In the latest experimental datasets, the Y (4200) structure
is observed to have a relatively wide decay width according
to experimental fits, which position it close to two vector
charmoniumlike states y(4230) and y(4160) [13,34]. This
proximity introduces the possibility that either or both of
these charmoniumlike states could be the original source of
the Y (4200) structure. To clearly depict this scenario, we
present a comparison of the resonance parameters of
w(4160), w(4230), and Y(4200) in Fig. 1 [35-47].

When comparing the experimental data plotted in Fig. 1,
it becomes apparent that the Y(4200) structure cannot be
definitively identified as either the y(4160) or the y(4230)
state with the current dataset. Consequently, this study will
explore both possibilities. In the framework of potential
models, y(4160) and y(4230) are recognized as the y(2D)
and y(4S) charmonium states, respectively [48-50]. This
classification indicates the presence of a compact c¢ com-
ponent in the initial state of the Y(4200) — yX(3872)
process. Given the existence of c¢ components in both the
initial ¥ (4200) structure and the final X (3872) state, the E1
transition becomes a crucial process, especially as it is in the
leading order comparing with the long-distance interaction.
Therefore, our analysis incorporates the El transition from
the w(2D) component within the ¥ (4200) structure to the
Xc1(2P) component within the X (3872). Additionally, we
also calculate the radiative transition involving long-distance
interactions. Through this comprehensive analysis, we aim to
present the decay width of ¥ (4200) — yX(3872) alongside
the numerical cross-section cle™e™ — ywJ/y], trying to
understand the corresponding experimental data.

The paper is organized with four parts. Following the
Introduction, the formalism is given in Sec. II to illustrate
the numerical calculations for the radiative transition in the
short-distance and long-distance interactions. Then, we
discuss the numerical results in Sec. III. Finally, a summary
in Sec. IV is shown at the end of this work.

II. FORMALISM

The Feynman diagram of the scattering process e™e™ —
vJ/ww [2] is depicted in Fig. 2. This diagram includes the
radiative transition Y (4200) — yX(3872). As discussed in
the Introduction, current cross-section data are insufficient
to determine whether the vector structure Y(4200) origi-
nates from y(4160) or y(4230). Therefore, we will discuss
both scenarios in the subsequent sections.

In Fig. 2, the coupling between the intermediate photon
and the vector structure ¥ (4200) is expressed by the vector
meson dominance (VMD) vertex [51]. The Lagrangian of
the VMD vertex is

M2
_eTYVﬂAw (1)

E},y —

where the V¥ and A, are the fields of the vector meson and
photon. My and fy are the mass and decay constant of the
vector state, respectively. With the above Lagrangian,
the gauge invariance can be maintained directly [52]. In
the calculation, fy =44 and fy, = 24" are fixed by the
central value of 'y (4160) — eTe™] = 0.48 +0.22 keV
and Ty (4230) — ete™| ~T[p(4230) - ptpu~| = 1.53+
1.26 £ 0.54 keV, respectively [13]. For the interaction of
X(3872) with J/ww, the vertex is given by the effective
Lagrangian

L= gXJ/y/weﬂbaﬁaval//awﬂv (2)

where X,, y,, and w; are the fields of X(3872), J/v,
and w, respectively. The coupling constant gy, = 0.135
can be determined by the experimental data directly.
The remaining unknown coupling between Y (4200) and
yX(3872) in Fig. 2 can be described by the Lagrangian, i.e.,

L = iegyx,€uapF" Y XP. (3)

Taking into account the long-distance DD* component
and the short-distance y. (2P) component, the X(3872)
can be written as

|X(3872)) = \/Zxlr1(2P)) + /1 = Zx|DD*). (4)
Then, the physical propagator of X(3872) is [31]
iZy

CE+B+E(EZx) i

P(E) : (5)

where the propagator is given in the nonrelativistic limit,
since the binding energy of X(3872) to the DD* channel is

"The subscripts ¥, and Y, correspond to w(4160) and
y(4230), respectively.
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FIG. 2. The Feynman diagram of the eTe™ — yX(3872) —
yJ/ww scattering process.

very small. X(E,Zy) is the self-energy function of
X(3872), which is expressed as [31]
|

M

l( gu¢+qq

‘)

\/ +”*/~ E-B)|. (6)

X(E.Zx) —gx

In the equation, u represents the reduced mass of the DD*
pairs, and the binding energy B is determined by
B = mp + mp- — mx(3s72). The variable E denotes the
energy of the X(3872) relative to the threshold of the
DD* channel.

With the above preparation, the total amplitude of
ete™ — yJ/ww can be written as

g%Xy

=7 —iey")u 1_ig”” —i
= 5(p) (ierulp1) (

i(_gwﬂ_f_k“’lzcl)zx
E+B+3X(E Zx) +i'%

where gf/xy and 9])7)(;/ denote the coupling constants for the
short-distance interaction among c¢ components and the
long-distance interaction resulting from the DD* compo-
nent of X(3872), respectively. To estimate gyy,, we
compute the E1 transition between the charmonium com-
ponents from the initial Y (4200) structure to the final
X (3872) state. Meanwhile, gyy, is derived from the decay
width through detailed calculations of hadronic loop
diagrams. These calculations are presented in detail in
the following subsections.

A. The E1 transition to the ¢c¢ component in X(3872)

In this subsection, we examine the radiative production
of X(3872) via short-distance interactions. In the charmo-
nium family, the vector states 33S;, 2°D,, 43S, and 3D,
are approximately around 4.2 GeV, which is close to the
Y(4200). Hence, we calculate the El radiative decay from
these states to yX(3872). The decay width, denoted as
g, [w(mS)/w(nD) — yy.(2P)], is determined using the
following formula [53-56], i.e.,

4 .
= —Cfl'(SSS’e%a|<f|r|l>|ZE3’

FEl(nZS“LJ b n/ZSHL/J/ +7> 3

(8)
where the charges of the charm quark and the fine structure
constant are e, = +3 and a = 735, respectively. n, L, S, and
J (', L', S, and J') are the radial quantum number, orbital
angular momentum, spin, and total angular momentum of
initial states (final states). E, is the energy of the final

eM2>
fv/)a _my+l\/_r

a\ B xS
gXJy/m 11/1/)’5( ik*)ey" ey,

(\/ ZXgYXy + —Zx \/Z) gnﬂﬁw(ipgg;ﬂ - "Péggﬂ)

(7)

[
photon. Cy; is a matrix element corresponding to the
angular momentum, which is defined as

Loy S}Z‘ )

Ci = max(L,L')(2J + 1
p=mae e+ nd T

The (f|r|i) is an overlap of radial wave functions of initial
and final charmonium states, which is

i = [T R R R (10)
In the overlap, R(r) represents the radial wave functions
of charmonium states, which can be obtained from the
potential model in Ref. [57]. We calculate the E1 transition
and list the corresponding results in Table I.

TABLE 1. The decay widths of El transitions in y(mS)/
w(nD) = yy.1(2P) processes. M, o) = 4.040 GeV is em-
ployed as the mass for initial y(3S) states. I''[y(2D) —
vxe1(2P)] and T2[y(2D) — yy.1(2P)] are obtained by employing
My 4160) = 4.191 GeV and M, (4230) = 4.222 GeV as the initial
mass of the y(2D) state, respectively [13]. Meanwhile, the
M, 4230) = 4.222 GeV is employed to estimate the mass of
the initial w(4S/3D) state in the calculation.

Processes Decay width [keV]
Ty (3S) = rxe1(2P)] 62
[y (2D) = yx1(2P)] 262
2[w(2D) = yx1(2P)) 342
Iy (4S) = rxa1 (2P)] 0.08
I'ly(3D) = yx1(2P)] 0.43
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With the above results, we find that the ') [y/(2D) —
vxe1(2P)] = 262/342 keV is significantly larger than the
other channels in Table I, which suggests the y(2D) —
yw(2P) process dominates the short-distance interaction
among the different possible E1 transitions. Consequently,
the short-distance coupling constant is determined as

Gy, =275 by the T'Cy(2D) — 171 (2P))

B. Radiative production of X(3872) through
the long-distance contributions

Since the molecular DD* component is included in the
X(3872), the Y(4200) — yX(3872) process can take place
through the meson loop diagrams, which represents the
long-range interaction in the radiative decay process. The
Feynman diagram of the long-range process is shown
in Fig. 3.

In the process, the vector structure Y (4200) couples with
a pair of D)D) and then the D) D™*) pair scatters into a
photon y and an X(3872). The vertexes depicting the vector
state Y coupling with D)D) in Fig. 3 are determined by
the effective Lagrangian [58-61], i.e.,

<a
Lypeper = +igyppD 9 DY,
< < .
+ gypp- €D} 0,D" — D9, D;'0;Y,,
+igypep Yol D*0,D + D0 Dt
<a
—Dj;0 D*7], (11)

where the heavy quark symmetry is considered in the
Lagrangians. From F.t,%meo) =70 MeV, the coupling con-
stants of the above Lagrangians can be determined as
ngDD - 1.66, gYIDD* - 0.41, and gYID*D* — 1.79. If
F;?E4230) =48 MeV is employed, the coupling constants
can be evaluated as gy,pp = 1.17, gy,pp- = 0.29, and
ngD*D* =1.27. _

The vertex of y and D™D is expressed by the
Lagrangians, i.e.,

Lpipe, = ieA, D=9 D,

e =
Lop, = —gD;D L emef F,, D D™

e N+ -
9p°Doy é‘”yaﬁFMDDZ%DO,
Lpyepeey = ieA,[¢" Dy 0 Dyt + ¢ DDy
— ¢“d DDy, (12)

*The different decay widths between I''[y(2D) — yy.,(2P)]
and [y (2D) — yy.1(2P)] come from the different phase spaces
of the initial y(4160) and y(4230), as a result the short-distance
coupling constant gixy = 2.75 is found to be same.

NV Y (p3)

D(q)

FIG. 3. The long distance decay of Y(4200) — yX(3872)
through the charmed meson loops. Here, (a)-(d) show that the
DD*[D], D*D[D*], DD|D*], and D*D*[D] intermediate mesons
are considered in the hadronic loops, respectively.

where Dg, represents D, = 0,Dp — 03D;. gpopo, and
Jp+p—y are estimated as [62]

gpopo, =2.0 GeV™', gpip-, =—=05GeV~l. (13)

The probability of finding the DD* molecular state and a
cc compact state in an X(3872) are expressed as 1 — Zy
and Zy, and then the coupling between X(3872) and the
DD* pair is expressed as [31]

,  2n\/2uB
9x = qu

(1-2y). (14)

In Eq. (14), B is the value of the binding energy and u
is the reduced mass of D and D*. The Lagrangian
expressing the coupling between X(3872) and the DD*
pair is

1 . .
‘CXDI_)* = EQXX”(D]D*" —D*ﬂ[D). (15)

With the above preparations, the amplitudes of Fig. 3
can be written as

a d4q : Jpvof
M = —(_l>9YDD*€ PAﬂEAa(Pl—P2)y

(2m)*
* 9x *p pZﬂPZ/)
xeey - (p1+q)=ze (—g + )
3 \/§ 4 Hp m%
]:'2 2
X — (@) (16)

(pi = mi)(p3 —m3)(q*> —mg)’
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v(ps)

dq , .
MP = /W(_l)gYDD*{:‘”DaﬂpAﬂgAa(pl - pZ)u

x eey, [ (p1 + q)" + 9" pf + 97 q°]

9x s 9545 P1,4P1T)
X —=¢€ 55 T —Gur +
\/i N ( oo mq ) ( I m%

8 F(q%)
W= - — )’ (17)

Y

d'q ¢9pp*
MC_/( ) 7L9yDDEA - (p1 = Pz)Tygﬂmﬂ

2n
X (p3ygy0' - p3u9/m)(‘1agﬁ1 - Qﬂga‘r)
*o’-g_X ‘L'p q q[) (h) X
X €5 \/584p -+ 2
q FIG. 4. The remaining contact terms for the Y(4200) —
F2 (%) yX(3872) process. In the subgraphs (e)—(h), the YDD*y,
x (p? —m?)(p3 — m3)(q* - mé)’ (18) YD*Dy, XDD*y, and XD*Dy vertexes are considered in the

contact terms, respectively.

d4
M? =/ 219vp b (P = P2)agpy + (P1 = P2) pYa
(2n)* e “h peer The Lagrangian of the contact vertexes in Fig. 4 is

€9dppr . written as
_(pl - p2)yg(l/1]8£ T}/Sﬂﬂ (p?mgmf - p3pg;40')
X (Prare = P1edae) 2X 5384/7( &+ plpl) Lyppy = —iegypp A, [D,D — DD;J0sY,,  (21)
V2 mi i < g
< gﬁ p2p2> }‘2( 2) EXDD*y = _ﬁefXDD*yAﬂBa(D; arzD - Da(zD;) (22)
P+ .
(Pt = m)(g* = my)(p3 — m3)

With the above contact Lagrangians, the amplitudes of

(19) the Feynman diagrams are

In the amplitudes, &, represents the polarized vector of

C . .. a*
the initial Y state. The form factor F(g?) is introduced to Me = / anpr (=i)egypp, e, pase
involve the off-shell effects and the inner structures of the (27)* e wApA
exchanged mesons and also to remove the UV divergence_s PP (9ypD
of the loop integrals of the triangle loop diagrams. In this Gup T 2 /2 €y
work, the monopole from the factor is employed [63]: w 22)
F eom (P
m2 _ A2 % cont\ /'] , (23)
Fla) = p (20) (P} = m?)(p3 — m3)
where m, and ¢ are the mass and momentum of exchanged f_ vaf
q M = e v P e €

charmed meson, respectively. The cutoff A is parametrized ( Degroby wPipera
as A = mq.+ algcp, Where Agep = 22.0 MeV [63]. p » plp GypD

We notice that the above long-distance processes /2 €y

depicted in Fig. 3 cannot ensure the gauge invariance of
the photon field. Therefore, another kind of process with « F cont(pl) (24)
contact terms should also be involved in our calculations (p3—m3)(p3—m3)’

[64].> Their Feynman diagrams are shown in Fig. 4.

g d4p 1 . vaf

3 . . . M = /ﬁ (=) gypp-€" PApEaa
'We also need to mention that the interaction between hadrons (27)

and photons can be studied with the nonlocal Lagrangians. In

many studies, the finite size of a hadron is considered by X (p1—p2), < Gus +

introducing the correlation function and the relative displacement 2

between the inner components in a nonlocal Lagrangian, where 72 (p )

the gauge field is introduced through the gauge field exponential. X (p2—pi1), 5 contA 1 s

The approach is discussed in detail in Refs. [65-68]. (Pl - m1)(1’2 mz)

szpza> efxpby g0

\/E 3“4

(25)

034027-5



MING-XIAO DUAN

PHYS. REV. D 110, 034027 (2024)

h _ d4p1 : _ puvaf
M = W(_Z)QYDD*‘? PA/}f?Aa(Pl —Pz)u

P]yP1p> efXDl__)*y 0 xo
x | =g, + e
< gy/ m% \/i 3 %4
fgom(p%)
X (P2 = P1)s . (26)
7 (pt = mi)(p3 — m3)

In the amplitudes M!e~h) an additional form factor
Feoni(p?) is introduced to guarantee the gauge invariance
of the photon field for the long-distance interaction shown in
Figs. 3 and 4. As a result, F ., (p?) is not an independent
entity; it is determined by the gauge invariance condition.

The gauge invariance of the photon field is expressed
through the Ward-Takahashi identity. We have noticed that
the amplitudes M¢ and M satisfy the Ward-Takahashi
identity directly, while the Ward-Takahashi identity is

|

TABLE II. The long-distance contribution of the radiative
decay from M¢“ to M". Here, Y, and Y, denote y(4160) and
y(4230), respectively.

a [eV] 10 15 20 25 3.0 35 40

Fl“°P[Y11—>2X(3872)] 0.7 1.1 16 23 32 45 57
X

Fl““"[Yzl—*VZX(3872)] 04 07 10 15 19 29 38
—EX

broken in the amplitudes M?, M?, M¢, MS, M9, and
M". By summing over all the amplitudes M¢ ~ M", the
total amplitude will satisfy the relation p5 M} = 0, where
Mt is the total amplitudes without the polarlzed vector of
the photon &;. After dealing with loop integrals, the Lorentz
structure of the amplitudes can be expanded as

M = Aleyvaﬁpggggzég + A28uvaﬁpligggzgz + A3£ﬂyaﬁp§piezéﬁp4 " €3,

B B B B
Mb = Bleﬂuaﬂpgegegeg + BZ‘E'yuaﬂpZegeg‘E{A + B3€yuaﬂp}3lngg€{4p3 c &y + B4€Mvaﬂpgpzeg‘€{4p4 €3,

M =M/ = E,
MI =M =

where the parameters have the relations, i.e., A| = A,,
B] = Bz, El = Ez, and G] = GQ.

In the contact amplitudes (M€~ M"),
E€,,apPie5€5€) and G e,,qpp'se45€), guarantee the gauge
invariance of the photon field. Thus, the total contribution
from the contact amplitudes in Fig. 4 can be written as

only

Mot = (2F, + 2G1)5;4m/3pl34£l3/828§’ (28)

where the parameter 2E; +2G; can be expressed by
2E,+2G, =-Ay - Bz +A3(pa-p3) +Ba(psa-p3), based
on the relation p5Mj* =0. And only the Aje,, ;%
p

P353€4“/A’ Bleﬂya/3p383€4€{47 and Bse llWl/"p3p4€3eﬁp3 &4
terms can guarantee the gauge invariance of the photon field
in M“ and M?. Therefore, combined with M¢ and M,
these Ward-Takahashi identities allowed terms in the triangle
diagrams of Fig. 3 to be collected as

M= M+ M+ (A + By + B3(p3 - &)
X € uaﬂp363€48ﬂ (29)

With the above treatment, the gauge invariance of the
photon field has been guaranteed. The loop amplitude of
the ¥ — yX(3872) process shown in Figs. 3 and 4 can be
written as

n 1
EuuapPAESETEN + Entyappiesese).
5
G18apPyE5E5EY + Gotuap P48,

(27)

Mloop :Mcont_‘_Mm" (30)
Finally, with the amplitude M!°°P, the corresponding
decay width can be expressed as

11 |P3|

ToP[¥ (4200) ~ 7X (3872)] = 3~

FIMeR. 1)

The dependance of I'°°P[Y(4200) — yX(3872)] on « is
shown in Table II, where the parameter Zy is not determined.

The threshold of the D, D channel is around 4.289 GeV
(mp = 1.867 GeV and mp, = 2.422 GeV), which is close
to 42 GeV. Meanwhile, the DD pair could form a
molecular state with J© = 1~ [69,70], which should be
included in the ¥ (4200) structure. The D;D can naturally
couple to JP€ =17~ through an S-wave interaction,
and the D;D*y vertex is an S-wave interaction as well.
Therefore, the radiative decay process in Fig. 5 through the
DD channel ought to be significant, which should be
considered in our calculations.

The vertexes of YD, D coupling and D; D*y coupling in
Fig. 5 are depicted by the Lagrangians, i.e.,

Lypp, = (D”D DD”)

\/_ H

‘CDID*;/ = lengD*yeﬂyaﬂF"”D*“'}'D/{. (32)
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y

FIG. 5.
channel.

The long-distance radiative decay through the DD

With the Lagrangian in Eq. (32), the amplitude of the
process in Fig. 5 can be expressed as

P B
PP

MDDI :/ d4q (—l)ﬂg

(2xz)* V2 Ap 1
H vy IX
X egp,p*yEuwap(P3€3 — P5E; )5841
. <_ga, +cf’q’) F(q*)
my ) (p}—m?)(g* —m3)(p3 —m3)

(33)

where the coupling constant of the D D*y vertex is deter-
mined as gp p+, = 0.875 by fitting the calculated width
I'p,~p+ =166 keV from Ref. [71]. gy is the physical
coupling constant for the molecular state Y with its compo-
nent D, D, which was fixed through the study on the et e~ —
Y(4260) —» DD*z process in Ref. [70]; therefore, we
employed the coupling constant gy = 3.94 GeV~!/2,

Finally, with the above amplitude the decay width through
the D,;D channel is calculated. Combining M and
MPD we can get the total amplitude for the long-distance
part of the Y (4200) — yX(3872) process. We calculate the
decay widths from the total amplitude of long-distance
interactions and present them in Table IIL

Since only the long-distance interaction is included
in T[Y —yX(3872)], the coupling constant gpy,
can be estimated by T'“[Y) — yX(3872)]/(1 — Zx) =
24.1(29.8) eV. Here, by using the larger results obtained
with a = 4, we artificially overestimate the decay width in

TABLE III.  The radiative decay widths from a molecular D, D
initial state and the total radiative decay widths I'” in the long-
distance interaction. Here, Y| and Y, represent y(4160) and
w(4230), respectively.

a [eV] 10 15 20 25 30 35 40
oy xes 47 66 8.0 94 106 116 125
er{yggsnn 50 7.5 100 134 167 207 24.1
oy, xes) 49 68 84 97 108 119 128
r’-[vzirggmn 75 108 141 178 21.1 258 298

order to outstand the contribution of the long-distance
interaction sufficiently. As a result, the coupling constant is
determined as gy, = 0.026/T—Zy."

Except for the Zy, the coupling constants of the total
amplitude in Eq. (7) are all fixed through the above
calculations. Then, the total cross section can be calculated
with the equation

1 1

8(27)* 4lk.[\/s

where k9 and k! are the energy of the J/y and y in the final
states. In the next section, we will show the numerical
results of the cross section.

|M©2dkddkd cos Odn,  (34)

III. RESULTS AND DISCUSSIONS

At this stage, the remaining undetermined variable is Zy,
defined in Eq. (4). Theoretically, the value of Zy is
restricted in the range [0, 1] to denote the fraction of the
c¢ component in the X(3872). For numerical analysis, the
value of Zy will be deduced by comparing our calculated
results for oleTe™ — yX(3872) — ywJ/w] with the exper-
imental data in Ref. [2]. We illustrate both the theoretical
and experimental results in Fig. 6.

Figure 6 presents data points with error bars, which are
collected from experimental data in the supplemental
material of Ref. [2]. In the experiment, the X (3872) particle
is identified via the J/ww decay channel, which enables
the measurement of the cross section for the process
ete” - yX(3872) - ywJ/y. To determine the most accu-
rate value of Zy based on the data depicted in Fig. 6, we
employ a minimization approach, defining y> = (67" —
o$1)? as the error function to quantify the discrepancies
between experimental and theoretical cross sections. With
this method, we can compare the numerical predictions for
various Zy values against experimental data directly.

If assigning the y/(4160) resonance as the source of the
Y (4200) structure, we yield a Zy value in the range of 0.25
to 0.28, with the minimized ;(2 value at 1.21’&'92. This
scenario is illustrated by the left peak highlighted with a
blue band in Fig. 6. Conversely, when the y(4230)
resonance is used to describe the Y(4200) structure, Zy
1s determined between 0.12 and 0.14, with the minimized
7% at 1.33:2 . This finding is illustrated by the right peak,
marked with a red band in Fig. 6. Both descriptions of the
Y(4200) have an obvious uncertainty of a small ¥ in the
results, which reflect the significance of the present exper-
imental errors in the eTe™ — ywJ/y process. Meanwhile,
the small y? in the results also indicate y/(4160) and y(4230)
are the proper explanation for the ¥ (4200) structure.

“The two decay widths I'"[Y) ) — yX(3872)]/(1 - Zy) =
24.1(29.8) eV will give two similar gjy s around
0.0264/1 — Zy. Their tiny differences can be ignored in our study.
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FIG. 6. The cross section of eTe™ — yJ/ww. The black dots
with error bars are the experimental data copied from Ref. [2].
The two peaks with colored bands are the numerical results when
w(4160) and w(4230) are assumed to be the original source
of ¥(4200).

Since the El decay width TE [y (2D) — yy.(2P)] is
significantly larger than TI'’[Y(4200) — yX(3872)], the
short-distance coupling strength is far stronger than the
strength of the long-distance coupling. As a result, if only
the long-distance interaction is involved in the calculation,
it is difficult to explain the experimental cross-section data
in Fig. 6. By adjusting the value of Zy, the short-distance
contribution of the Y(4200) — yX(3872) process is
involved. We find the magnitudes and line shapes of our
numerical results can explain the experimental data points
of o[ete™ — ywJ /y] successfully, after the short-distance
contribution is considered. In detail from the study, we
arrive at the following five conclusions:

(1) The short-distance and long-distance interactions
exist in the ete™ — yX(3872) process simultane-
ously. Comparing to the long-distance interaction,
the strength of the short-distance interaction induced
by the E1 transition is much larger.

(i) Although the strength of the short-distance inter-
action is much larger in the radiative production of
X(3872), the Zy value derived from the experimen-
tal data suggests that there is only a 12% to 28%
likelihood of identifying an X(3872) as a short-
distance y,. (2P) state. The results imply that the
X(3872) is still mainly composed of the DD*
molecular component.

(iii) Comparing TPP[Y —yX(3872)] and T'°°P[y —
yX(3872)], we find the S-wave interaction of the
molecular DD pair will significantly enhance the
contribution to the long-distance radiative decay
process. However, the contribution remains much
smaller than that of the leading-order E1 transition.

(iv) The present analysis indicates that the Y(4200)
structure in the ywJ/w spectrum is not an indepen-
dent and novel state, but a resonance peak from the
nearby y(4160) or y(4230) states.

(v) Based on the numerical results, the present exper-
imental data are insufficient to clarify which state
the Y(4200) structure originates from: y(4160) or
w(4230). Consequently, more detailed measurement
of the process is necessary.

Besides the above numerical calculations, we also carry

out some simple estimations with the remaining experimen-
tal information. In Ref. [2], the relative branch ratio R

and T, (Zzo_o)i/ v are measured directly, where R is defined

as R = B[X(3872) - wJ/w]/B[X(3872) - ntn~J/y],
and T <j2(;)”/‘”’”’ re'e x B[Y(4200) — yX(3872)] x
B[X(3872) — n'tz~J/w]. With the above definitions, the
decay width of ¥(4200) — yX(3872) can be estimated by

T(Y(4200) — yX(3872)]

ete =yl /yrnta~
R- F Y (4200) 1—‘t)?(t4200)

B[X(3872) = wJ/y]’

(35)

T (fzoo)

where R = L6705, Ty oo """ =457 x 1072 eV
and B[X(3872) —» wJ/y| =4.3+£2.1% are determined
by experiments directly [13]. Here, I ¢

w(4160) —
0.48 £ 0.22 keV, F‘°E4160> =70+ 10 MeV, and T, =
48 +8 MeV, T

(4230) =T (4230 =1.53+1.26+0.54 keV

are employed separately to roughly evaluate T*[Y ;) —
yX(3872)]. The results can be obtained, i.e.,

oY, — yX(3872)] = 2441158 keV,
ey, — yX(3872)] = 5373/ keV. (36)

Through the above estimation, the present experimental
data from either y(4160) or y(4230) all suggest that
'Y (4200) — yX(3872)] falls within the order about
10-100 keV, which is in accordance with the E1 transition
result in Table I and far different from the decay widths
induced by the long-distance interaction shown in Tables II
and III. The above estimations also suggest that the cross-
section data of the e "e™ — yX(3872) process are dominated
by the short-distance interaction between c¢ components.
Besides the w(2D) — y.;(2P)y process listed in Table I,
the w(3S) — y.1(2P)y transition also exhibits a notable
decay width in the El radiative transition. Therefore, the
resonance signals that belong to w(4040) should exist
around 4.040 GeV in the cross-section data. However, as
depicted in Fig. 6, there is only a single experimental data
point below 4.15 GeV, which is insufficient for a compre-
hensive analysis around the 4.0 GeV region. Specifically,
the solitary data point at 4.0076 GeV cannot match with the
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current cross-section analysis of the Y(4200). But if the
v (4040) is involved in the olete™ — yX(3872)], it could
be understood directly. Nevertheless, without additional
data collected between 4.0076 and 4.1783 GeV, we are
unable to make a further study on whether the y(4040)
peak exists in the olete™ — yX(3872)].

IV. SUMMARY

After the X(3872) is found by the Belle Collaboration,
theorists make many efforts to make clear the nature of the
X(3872). Along with the progress of the different experi-
ments, experimentalists accumulated plenty of data of the
X(3872) across different processes, which support the deep
theoretical research to its structure. Focusing on the cross-
section data of the Y (4200) — yX(3872), we study the
long-distance and short-distance interactions in this process
through calculating the E1 radiative transition and hadronic
loop diagrams.

Comparing with the experimental results, the El tran-
sition makes osleTe™ — yX(3872) — ywJ /w] possible to
reach the measured cross-section data, which clearly

reveals the short-distance interaction is crucial in the
process. And the compact ¢¢ components are necessary
to understand the structure of X(3872) and Y(4200).
Through this study, we notice that the present mass
and width for Y (4200) still have large uncertainties in the
experiment, which should be promoted in the future.
Besides, the missing cross section between 4.0076 GeV
and 4.1783 GeV in the experiment may be noteworthy,
since the potential presence of the y(4040) peak within this
interval will help us understand the Y (4200) more clearly.
We hope that future experiments can obtain more com-
prehensive and precise data, which will enhance our
understanding of this process and the relative topics.
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