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Inspired by the recent observation of e*e™ — @wX(3872) by the BESIII Collaboration, in this work we
study the production of the charmonium y,;(2P) by e*e™ annihilation. We find that the eTe™ — wy o (2P)
and ete™ > wy,(2P) have sizable production rates, when taking the cross section data from ete™ —
wX(3872) as the scaling point and treating the X (3872) as the charmonium y,; (2P). Considering that the
dominant decay modes of y,, and y.,(2P) involve DD final states, we propose that e*e~™ — @wDD is an
ideal process to identify y.o(2P) and y.,(2P), which is similar to the situation that happens in the DD
invariant mass spectrum of the yy — DD and BY — D™D~ K™ processes. With the continued accumulation
of experimental data, these proposed production processes offer a promising avenue for exploration by the

BESIII and Belle II collaborations.

DOI: 10.1103/PhysRevD.108.094046

I. INTRODUTION

Very recently, the BESIII Collaboration announced the
observation of the charmoniumlike state X (3872) produced
through the e*e™ — wX(3872) process [1]. The line shape
of the cross section suggests that the final state wX(3872)
may involve some nontrivial resonance structures. Indeed,
there is already evidence for new resonances in the 4.7—
4.8 GeV energy range in several channels. In the ete™ —
KOK%J/w (2], a state around 4.71 GeV is seen with a
statistical significance of 4.2¢. In the measurement of the
cross section from ete™ — DIt D~ [3], the inclusion of a
resonance around 4.79 GeV is necessary to describe the
data. A vector charmoniumlike state with a mass of M =
4708"]7 £ 21 MeV and a width of ' = 12673] +30 MeV
is reported in the process ete™ - KTK~J/y [4] with a
significance of over 5¢. The accumulation of data around
472 GeV in the eTe™ — wX(3872) process is consistent
with this observed resonance. Preliminary analysis indicates
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that the reported event cluster around 4.75 GeV in the
®X(3872) invariant mass spectrum aligns well with the
predicted w(6D) state [5]. However, we should emphasize
that the present experimental data cannot conclusively con-
firm it, and more precise data is required to draw a definite
conclusion in near future.

The charmoniumlike state X (3872) has garnered signifi-
cant attention among the reported charmoniumlike states. Its
initial discovery occurred in the B — J/wrn"z~K decay
channel [6]. The low-mass puzzle of the X(3872) has
sparked extensive discussions, leading to considerations of
it as an exotic state (for more in-depth information, refer to
review articles [7-12]). In an unquenched picture, the
X(3872) can be identified as a y.(2P) state, representing
the first radial excitation of the P-wave charmonium [13-15].
It is part of a triplet of 2P states of charmonium, along with
the observed charmoniumlike states X(3915) = y.,(2P)
[16-19] and Z(3930) = y.,(2P) [17-20].

The recent observation of the X(3872) in the process
ete” — wX(3872) ignites our curiosity and prompts us to
explore the production of the remaining y.(2P) and
X (2P) states, accompanied by the @ meson, through
ete” annihilation. This endeavor holds the promise of
shedding further light on the properties and characteristics
of these fascinating charmoniumlike states.

In this study, we focus on the e e~ — wX(3872) process,
wherein electrons and positrons annihilate into intermediate
vector charmoniumlike state, which subsequently transits
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into the final state wX(3872) through the hadronic-loop
mechanism. Assuming the intermediate state as a charmo-
niumlike state, we investigate its decay into the wy.;(2P)
channels. We calculate the ratios of partial width I',,, (>p)
among different 2 P states and these ratios then are applied to
evaluate the cross sections of the e™e™ — wy ((2P) and
ete™ — wy.»(2P) processes if taking the experimental cross
section data of e" e~ — wX(3872) as the scaling point with
the consideration of X(3872) = y.;(2P). We obtain sizable
cross sections of the ete™ — wy.(2P) and ete” —
Wy (2P) processes comparable to the cross section of
ete” = wy.1(2P), which can provide valuable insights
for future experimental searches involved in these two
channels.

Contrary to the y.;(2P) state, the y.o(2P) and y.,(2P)
states can dominately decay into DD final states [17,18].
Hence, we further investigate the processes e'e™ —
wy.0(2P) —» wDD and e*e” — wy.,(2P) - wDD. As
these two processes share the same final state, the DD
invariant spectrum can be utilized to identify the y.o(2P)
and y ., (2P) states. However, this task is challenging due to
the mass similarity between y.o(2P) and y.,(2P). Similar
to the situation in observing the y.o(2P) and y.,(2P) in the
BT — DTD™K™ decay [21,22], precise data is imperative
for successful identification. This work addresses relevant
discussions and considerations in this regard. Further exper-
imental advancements and improved data will be essential to
discerning these intriguing processes accurately.

This paper is organized as follows. After the introduc-
tion, we illustrate how to calculate the cross sections of
ete” = wy.;(2P) in Sec. II, where a main task is to
introduce the hadronic loop mechanism to study the decay
of a vector charmonuimlike Y state decaying into
wy.;(2P). In Sec. III, we discuss the contribution of the
2c0(2P) and y.,(2P) states to the DD invariant mass
spectrum of the ete™ = @y, — wDD channels.
Finally, this paper ends with a short summery.

IL. THE e*e~ — wy,;(2P) PROCESSES

The BESIII data of ete™ — wX(3872) show that the
wy,.; final state may be attributed to some nontrivial
resonance structures, since there exists evidence cluster
around the energy range 4.7-4.8 GeV [1]. In fact, similar
phenomena have been observed in other processes such as
ete” - KSKOJ/y [2] and et e~ — D" D;~ [3]. This data
accumulation may be due to the predicted charmonium
states, specifically the y(7S) or w(6D) [5]. In this context,
our primary aim is not to delve into the intricacies of these
resonance phenomena. Instead, we briefly highlight that the
process eTe” — @wX(3872) may occur through an inter-
mediate vector charmoniumlike state denoted as Y. This
serves as a foundation for our subsequent discussions.

Upon recognizing that the process ete™ — wy.;(2P)
proceeds through an intermediate charmoniumlike Y state

e ol ()
r Y
e Xe)(2P)
FIG. 1. The schematic diagram of the production of the y.;(2P)

via et e~ annihilation.

as depicted in Fig. 1, we can formulate its cross section
olete” > Y - wy.;(2P)) as
olete” > Y - wy.(2P))
12Ty Ty
s —my +imyTy?

BR(Y - wy.;(2P)), (1)

which is abbreviated as o|wy,;] in the following discus-
sion. Here, T "¢ is the dilepton width of ¥ and BR(Y —
wy.;(2P)) is the decay branching ratios of ¥ — wy;(2P).
I'y and my are resonance parameter of the charmoniumlike
Y state.

In the subsequent discussion, our focus shifts to the
calculation of the decay width of Y — wy.;(2P). To
elucidate the peculiar hadronic transition behavior observed
in the T states, one employed the concept of the hadronic
loop mechanism. This effective approach serves as a
valuable tool for modeling the coupled channel effect
[23-25], where a loop comprised of bottom mesons acts
as a bridge connecting the initial and final states, as
illustrated in Refs. [26-36]. Drawing inspiration from this
framework, we can construct schematic diagrams repre-
senting the decay process Y — wy,;(2P), as illustrated in
Fig. 2. These decay diagrams involve charmed-meson
loops. The general form of the decay amplitudes can be
expressed as follows:

4
M:/%D(‘ipmql)D(%ﬂqu)D(q’mQ)V‘VzV} (2)

Here, D(p,m) = (p?> — m?)~! represents the propagator,
and it involves three interaction vertices denoted as Vy, V>,
and V5 in each diagram. These vertices are associated with
their corresponding Lorentz indices, which are appropri-
ately contracted in the calculation.

In order to explicitly formulate the decay amplitudes
associated with the diagrams depicted in Fig. 2, it is essential
to define the various interaction vertices, denoted as V;.
These vertices encapsulate the dynamics of the interactions
involved. Taking into account heavy quark symmetry, we can
establish the Lagrangian that characterizes the interaction
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FIG. 2. The allowed diagrams of the ¥ — wy,.;(2P) decays by
considering the hadronic-loop mechanism.

between charmonium states and charmed mesons. These
Lagrangians [37-39] read as

Lg = igsTr[S©QO F@Dyig D] + He.,
Lp = igpTr[PUHQDy QD] + Hee., (3)

with 3 —0— 5, where H is related to the doublet field of

charmed meson field H = (#)(D*"yﬂ%—iDh) by

H = yoH'y,. The S22 and P(QOk are the S-wave and
P-wave multiplets of quarkonia,

o _1+7 1- ¢

S(QQ) T (l//ﬂ}’” - ’15'7/5) 2 (4)
o L+ e L
PO — — )(gz}/a + ﬁeﬂ ﬁy”ayﬁ)(cly
1 -/
+— (" = vy + He . 5
\/g(y teo + Hers| — (5)

The Lagrangian describing the interaction between charmed
mesons and light-vector mesons is given by [37,38,40]

Ly = iﬁTr[H(QQ)jUM(_pﬂ)lz}.I:[l(_Qt?)]
+ i/1Tr[H<Q‘7)jaﬂvFW (p;'_)gl(Qt?)] ()

with Pu = lgVVﬂ/\/2 and F;u/ = 0Py — avpﬂ + [p;upv]'
Here, the light-flavor vector meson matrix ) reads as

% (pO + 0)) p+ Kt
v=| o, L +w) K| ()
K I_{*O ¢

We can now get the Feynman rules governing the interaction
vertices that are crucial for getting the decay amplitude.
These rules have been collected in Table 1.

The decay amplitudes of the process ¥ — wy,;(2P) can
be readily derived by employing the interaction vertices
specified earlier. To illustrate this, let’s explicitly express
the amplitudes for the specific case of ¥ — wy, . (2P);
namely,

M((l;l)()q = i3/ d4q4 2 : 2 2 : 2 = —2|_ qﬁqZ/m%¥
(27)* g1 = mp, g5 — my q - — mp-
X [—QWDDd;/(C]lﬂ - l]z,;)]
X [=2f pprwEurss€ay P(G] + q7)]
X [—ig;(chD*e;*(i gﬁy]fz(QZ)’ (8)

M® —i3/ dq 1 —g"+qqh/mp 1
OYer ( 2

) qi—mp @G —mp. gy —mp
X [9ypp-€y P’ (a5 — 4)|l9ppots (10 + q.)]
X [igxchD*€;f199p]-7:2(q2)’ )

_op a P 2
M, = i3/ dg 97 LD My,
¢ (2r)* g3 — m3,. g3 —m3,
_ 07 S 7 2
9" +q°q" /mp,
X 2 2 = [gy/DD* €K6/4a€/l/l/pa(q’1< - qg)]
q* — m3,.
X [9p D o€ 9ps(q109,) + 4f DD €l

X (gwspl/z - gu/}plé)]

X [_ig;(l.lDD*e;Zgﬂy]fz(qz)’ (10)
MD / d'q o + qid)/mpy ~g" + g5/ mi
WY1 — 4 2 2 2 2
(27) qy — Mp« qy — mp-
1
X —YyD* cepy(— a -
qz _sz[ 9wD*D ll/( g ﬂ(qm QZy)
+ 9o 12 = 94292)][2f DD 0€urpoCi P (@7 + 47)]
X [ig)(l.lDD*e;?lgep]]:Q(qz)‘ (11)
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TABLE I. Feynman rules for the interaction vertexes.

Feynman rules

Feynman rules

<D(41)D(612)"l’(17)> = _gy/DDell;/(QI/x - 512/4)

(D*(q1)D(q2)lw(P)) = 9y Eapesy P’ (45 — q5)e.
(xc0(P2)ID(9)D(92)) = ig,.,0D

(xe1(P2)ID*(9)D(q2)) = =igy, pp- €/ €} G
(e2(p2)ID(q)D(q2)) = —ig,.,pDEL 4420
(xe2(p2)|D(q)D*(92)) = =iy, DD Eupaprs Prq209" €%,
(0(p1)D(q)|D(q1)) = =9ppwen (1, + 4,)
(@(p1)D(q)ID*(q1)

> =2fppw ymx[iem P (qﬁ + ql)eD*

(D(q1)D*(92)lw(P)) = Gypp* Eapets P’ (45 — a4}
(D*(q1)D*(92)lw(P)) = =9yp b €4 (= 9up(@1 — 424)
+ Jau1p = Ipud2a) €5 67‘3[1
<)(c0(P2)|D*(Q)D* (92)) = _ig)(coD*D*ea[)*ef)*gaﬁ
(xe1(P2)ID(9)D*(42)) = 19y, DD €1 €% Gy
(2 (P2)ID*(@)D(q2)) = iy, 00 Eupapss P, ToEY
(xe2(P2)ID*(9)D*(q2)) = iQX,ZD*D*GXzyeaD*%*gﬂagyﬁ
(0(p1)D*(q)|D(q1)) = _szD*wfﬂmﬁeZ»”P'f(fo + 4¢P e
(@(p1)D*(q)ID*(91)) = €4 (90 D' wYap(Q1 + 4,0)

+ 4fD‘D*w(g;4/3p1a - gﬂapl/i))e%* 6'*D/i

In the above amplitude expressions, a form factor 72(g?) is
introduced to account for the off shell effect of the
exchanged charmed mesons and to circumvent the diver-
gence issue in the loop integral. This form factor takes on a
?) = )’
q°—A
are the mass and four-momentum of the exchanged
mesons, respectively. The cutoff parameter have the form
A =mg + algep with Agep = 220 MeV and «a being a
dimensionless parameter in the model, which is expected to
be of order 1 [41].
The total amplitude is

dipole form defined as F (g where myg and ¢

Mg =4 3™ Ml (12)

where the factor 4 comes from the sum over the isospin
doublet and charge conjugation of charmed-meson loops.
The differential partial decay width of this decay process is

drw)(cl _ 1 Ip || Total |2
(9] 0)}(c1

, (13)

where p; represents the center-of-mass momentum of the
final state @ meson, when the initial state Y is unpolarized,
we can integrate the angular distribution out and we have

For, = **fZIMZ,?(E?‘ (14)

38 m?

where the factor of 1/3 is a result of the averaging over the
polarization of the initial vector state.

Using a similar approach, we can investigate the partial
widths for the decays Y — wy.o(2P) and Y — wy,(2P).

To calculate the partial widths of the decays
Y - wy.;(2P), we need to determine various coupling
constants appearing in Table I. The coupling of quarkonium
multiplet with charmed mesons in Eq. (3) shares common

coupling constants gg and gp. Thus, the coupling
constants g, pep() and 9, ,ppt are related to gy and

gp by [40]
gl[/DD o .gy/DDx ml// o g«//D*D*
mp \/ M pMp« mpx

Gy V390D
_ = 2./, gp,
\/ng mD /Y(UgP

9y..DD* = Zﬂ\/mDmD*m;((.,gP»
9y .,D*D*
= GyoDDVMpMpNy ), ==

4mD*

= 2951/m 5

= \/m,_,gp.
(15)

9y DDMD

For the charmed-meson couplings to vector meson, we

have gppy = gppy = Bav/V2, fooy = fopv/mp =
Agy/ V2 with =09, 1 = 0.56 GeV~', g, = m,/ fr, and
f= =132 MeV [42-45]. In the calculation, the mass of the
intermediate charmonium state is taken as my = 4745 MeV,
and the masses of y.o(2P) = X(3915), y.,(2P) = X(3872)
and y.,(2P) = Z(3930) are taken from PDG [19], i.e.,
my op) = 3921.7 MeV and m,,,;p) = 3922.5 MeV.
With these preparations, the ratios of different ', = can
be calculated now. The calculated ratios of different decay
channels are shown in Fig. 3. For our calculations, we
consider a range of values for the cutoff parameter a
spanning from 3 to 5. It is worth noting that our selection of
a falls within a safe range that avoids introducing branch
points in the loop integrall‘ within this range of a, the ratios
of the decay widths ', (,p) exhibit only gradual variations
in response to changes in the cutoff parameter a.

"The dipole form factor F (g*) resembles a propagator, and the
cutoff parameter A effectively acts as a mass term. This choice
prevents the introduction of additional branch cuts in the loop
integral, which could occur when specific mass conditions are
met, such as A + mpe) = m,
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FIG. 3. The dependence of the ratios of partial widths of three

decay channels Y — wy,.;(2P) on a.

Considering a range of a values from 3 to 5, we obtain the
following ratios for the different decay widths:

Fw)&-o(ﬂ’) :Fw)(‘.](ZP) = 3.0-6.0,
Loyaep) Loy, 2p) = 0.7-1.6. (16)

In this context, the partial widths of the three decay
channels Y - wy.;(2P) (J =0, 1, 2) exhibit a similar
magnitude, with I, = being slightly greater than I’
and T',, .

According to Eq. (1), the relative ratios of the production
cross sections for different y.;(2P) states can be expressed as

DY ¢l

oloyo(2P)]:0lwy 1 (2P)]: o[wy 2 (2P)]

= Loy o2p) Loy 2p) Tago2p)- (17)

We employ these ratios in Eq. (16) combined with Eq. (17) to
estimate the cross sections for eTe™ — wy.o(2P) and
ete” = wy(2P), utilizing the BESIII data of the cross
section of eTe™ — wX(3872) as the reference scaling point.
To begin, we assume the existence of an intermediate
charmoniumlike state ¥ with mass my = 4745 MeV and
width T'y = 30 MeV. We then fit the experimental data of
ete™ - wX(3872) using Eq. (1) for eTe™ — ay.(2P).
The fitting result is shown in Fig. 4. Subsequently, leveraging
the obtained ratios of partial widths as described in Eq. (16),
we proceed to estimate the cross sections for ete™ —
@y .0(2P) and eTe™ — wy»(2P). These calculations reveal
that the cross sections for the e™e™ — wy,;(2P) processes
are of a comparable magnitude, with ete™ — wy.o(2P)
being slightly larger than the others.

Through this study, we underscore the promising pros-
pects for the exploration of the e*e™ — wy.o(2P) and
ete” = wy(2P) processes at BESIII and Belle II in the
upcoming years.

8or B ®m  BESHIolete —wX(3872)] ]
: Tloxg 2P)
oo} B W ceaan
P olwx,2P)

40

ole*e™>wxc,(2P)] (pb)

20

o 2
4.65 4.70 4.75 4.80 4.85 4.90 4.95
Vs (GeV)

FIG. 4. The predicted cross sections of ete™ — wyo(2P)
and e*e” = wy,(2P). Here, we take the experimental data of
ete” > wX(3872) [1] as the scaling point, treating
X(3872) =y, (2P).

III. THE DD INVARIANT MASS SPECTRUM
IN e*e™ — wye2(2P) - wDD

We should emphasize the importance of analyzing the DD
invariant mass spectrum to establish the y .o (2P) and y ., (2P)
states. As a good candidate for the charmonium y ., (2P) [17],
charmoniumlike state Z(3930) in yy — DD was reported by
the Belle Collaboration [20]. Later, Belle observed a char-
moniumlike state X (3915) inyy — J/w® [16]. The Lanzhou
group proposed the y .o (2P) assignment to the X (3915) [17].
In establishing the y.o(2P) and y.,(2P) states, we should
answer several serious questions [46,47]: 1) Why is the
signal of the X (3915) signal missing in the experimental data
of the DD invariant mass spectrum from yy — DD?;2) Why
is the mass gap between the X (3915) and Z(3930) so small?
Faced with these questions, the Lanzhou group pointed out
that the measured DD invariant mass spectrum of yy — DD
may contain both the y.,(2P) and y ., (2P) signals [48]. And
the small mass gap between the X(3915) and Z(3930) can be
well-explained by considering the coupled channel effect and
node effect [18], especially the narrow width of the y .o (2P)
can also be explained. In 2020, the LHCb Collaboration
found the y.(2P) and y.(2P) in the Bt - DD K+
decay [21,22], where both y.(2P) and y.(2P) were
observed in the D" D~ invariant mass spectrum, confirming
these predicted properties of the y.(2P) and y.,(2P)
[17,48-50]. From this brief review, we can realize that the
DD invariant mass spectrum plays an important role in
deciphering the nature of the Z(3930) and X(3915) and in
establishing the y.,(2P) states.

More observations of the y.q(2P) and y.,(2P) will help
us understand the properties of y.;(2P) better, and e*e™ —
wy.;(2P) seems to be a promising process. The dominant
decay channels of y.,(2P) are DD and (DD* + H.c.)
[17,48-50], and the DD channel can account for 60% of
its decay width [49]. For y.o(2P), DD is the only allowed
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FIG. 5. (a) The predicted invariant mass spectrum of DD of
ete” — wDD. (b) The calculated angular distributions of
Y — wy.02(2P). Here, the results are properly normalized.

open charm decay channel [17,48-50]. So the ete™ —
wDD is a good process to observe y.o(2P) and y.,(2P)
simultaneously.

Utilizing the calculated ratios of I, p) and consider-
ing the DD decay channel of y.,(2P) and y.,(2P), we can
make a rough prediction of the cross section of
ete” — wDD. As in the previous section, assuming that
there is a charmoniumlike state at the position
my = 4.75 GeV, the cross section of ete™ — wDD at
\/s = my is estimated to be

o(ete™ = wy.(2P) - wDD) = (43-86) pb,
o(ete™ = wy,(2P) - wDD) = (6-14) pb. (18)

The corresponding DD invariant mass spectrum of
ete” — wDD is shown in Fig. 5(a). Here, the ratios of
the partial width of different wy,;(2P) channels are taken to
be Fumﬂ(zp) :Fa);((.,(2P) ~ 4.0 and Fw)(cz(zp) ZF,”XL_] (2P) ~ 1.0,
these values serve as a typical value of our predicted range in
Eq. (16). The partial width of the DD channel of the y .o (2P)
and y.,(2P) channels are set to be 100% and 60%,
respectively. The small mass gap, m, op) —m,,op) <
5 MeV according to the LHCb measurement [21,22], make
it not an easy task to distinguish the y.o(2P) and y.,(2P)
states directly from the DD channel, we suggest that future
experiments like BESIIT and Belle II focus on this issue with
the accumulation of more precise data.

We also consider the angular distributions of the proc-
esses ¥ = wy.(2P) and Y — wy.,(2P), which may be a
way to discriminate the y.o(2P) and y.,(2P) states in this
process. The angular distribution of ¥ — wy.;(2P) will be
uniform if the produced charmnoniumlike state Y is
unpolarized, as indicated by rotational invariance. But
the JP¢ = 17~ state produced directly from e*e~ annihi-
lation is polarized, its polarization state is characterized by
the spin density matrix py =35>, |l.m)(1,m|. As a
result of this polarization of the vector state Y, the decay
process Y — wy.;(2P) will have angular distribution of the
form; 2 1 + ay cos> 6, where 6 denotes the polar

Ndcos @
angle of w in the center of mass frame of the eTe™ system

and ay is a coefficient determined by the decay amplitude.
Considering the spin density matrix py, the angular dis-
tribution parameter ay can be calculated directly from the
differential partial width in Eq. (13).

In Fig. 5(b), we show the angular distribution of ¥ —
wy.02(2P) at \/s = my. These angular distributions are
given when the cut-off parameter « is taken as a typical
value of 4. The angular distribution of the ¥ — wy.(2P)
process is almost uniform, while that of the Y — wy ((2P)
process is not. However, the difference between the two
types of angular distribution is not obvious, which can be
distinguished based on large data example in experiments.

IV. SUMMARY

Building upon the recent observation of ete™ —
®X(3872) process by the BESIII Collaboration [1], we
postulate that the process ete™ — wy.;(2P) may occur
through an intermediate charmoniumlike state denoted as
Y. To derive the cross sections for these discussed proc-
esses, our primary objective is to calculate the decays
Y — wy.;(2P), which are facilitated by the hadronic-loop
mechanism [26-36].

Our results reveal that the widths T, »p are of compa-
rable magnitude. Treating the X(3872) to be y.;(2P), we
further estimate the cross sections for ete™ — wy . (2P) and
ete” = wy.(2P) by employing the experimental data from
ete” - wX(3872) as the reference scaling point. This
information strongly suggests that e™e™ — wy(2P) and
ete” = wy»(2P) could indeed be within the reach of
experiments like BESIII and Belle II, especially with
enhancements of experimental data.

Given that the DD final state is the dominant decay channel
for both y.o(2P) and y ., (2P) [17,48], we further delve into
the process e™e™ = wy ., (2P) — wDD. By providing the
cross section for eTe™ — wy.0,(2P) - wDD, along with
information about the DD invariant mass spectrum and the
angular distribution of @y ., (2P) system, we can effectively
reflect the contributions of y.(2P) and y.,(2P) to the
process ee™ — wDD.

Consequently, we propose that the process eTe™ —
oDD may serve as a new avenue for accessing the
charmonium states y.o(2P) and y.,(2P), paralleling these
two reported channels such as yy — DD [20] and BT —
DD K+ [21,22].
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