Chinese Physics C Vol. 43, No. 11 (2019) 113101

The X(4140) and X(4160) resonances in the e*e~ — yJ /Yy ¢ reaction”

En Wang(E/&)"  Ju-Jun Xie(iE %)

Li-Sheng Geng(¥ks7 71)"*"

Eulogio Oset’

'School of Physics, Zhengzhou University, Zhengzhou, Henan 450001, China
*Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
3University of Chinese Academy of Sciences, Beijing 101408, China
*School of Physics and Nuclear Energy Engineering and International Research Center for Nuclei and Particles in the Cosmos,
Beihang University, Beijing 100191, China
5Departamento de Fisica Tedrica and IFIC, Centro Mixto Universidad de Valencia-CSIC Institutos de Investigacion de Paterna,
Aptdo. 22085, 46071 Valencia, Spain

Abstract: We investigate the J/y¢ invariant mass distribution in the e*e™ — yJ/iy¢ reaction at a center-of-mass en-

ergy of v/s = 4.6 GeV measured by the BESIII collaboration, which concluded that no significant signals were ob-

served for ete™ — yX(4140) because of the low statistics. We show, however, that the J/y¢ invariant mass distribu-

tion is compatible with the existence of the X(4140) state, appearing as a peak, and a strong cusp structure at the

DD’ threshold, resulting from the molecular nature of the X(4160) state, which provides a substantial contribution to

the reaction. This is consistent with our previous analysis of the B* — J/y¢K* decay measured by the LHCb collab-

oration. We strongly suggest further measurements of this process with more statistics to clarify the nature of the

X(4140) and X(4160) resonances.
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1 Introduction

Since 2003, many charmonium-like states were ob-
served experimentally, usually referred to as XyZ states.
Most of these states have quite unusual properties, bey-
ond the expectations from the classical quark model. On
the theoretical side, various interpretations have been pro-
posed regarding the nature of these states [1-3]. One of
the most popular is that they are molecular-like states, be-
cause the masses of most of these states are close to the
threshold of some hadron-hadron channel [1, 2].

A molecular state that couples to several hadron-had-
ron channels may develop a strong and unexpected cusp
in the invariant mass distribution in one of the weakly
coupled channels at the threshold of the channels which
are the main components of the state [4, 5]. For example,
the X(4160) state is predicted in Ref. [6] to be mostly a
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D:D* state with quantum numbers [°9(JF€)=07(2*"),
which couples weakly to J/y¢ as well. As a result, one
can expect a strong cusp in the J/y¢ mass spectrum at the
D:D: threshold. Indeed, the B* — J/y¢K* decay was in-
vestigated in Ref. [4], where both the molecular state
X(4160) and the X(4140) resonance were taken into ac-
count. It was found that the low J/y¢ invariant mass dis-
tributions were better described than the analysis in Refs.
[7, 8], where only the X(4140) resonance was considered.
In addition, it was found in Refs. [7, 8] that the fitted
width of the X(4140) resonance is much larger than the
average value quoted in PDG [9]. On the other hand, it
was also found in Ref. [4] that there is a strong cusp in
the J/y¢ mass spectrum around the threshold of D% D*.
Recently, the BESIII collaboration has performed a
search for the charmonium-like state X(4140) in the
ete” - yX(4140) — vJ/y¢ process at a center-of-mass
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(c.m.) energy of v/s =4.6 GeV, and concluded that there
is no significant signal from e*e™ — yX(4140) because of
the low statistics [10]. Indeed, the BESIII collaboration
has carried out the search for the X(4140) state in the
same process at /s = 4.23, 4.26, 436 GeV [11], and con-
cluded that no significant signal was observed. Since the
data points of Ref. [11] have much larger uncertainties,
we do not take into account the results of this reference.
However, looking at the J/y¢ mass distribution in the
process ete” — yJ/w¢ shown in Fig. 5 of Ref. [10], we
see that the J/y¢ mass distribution, although it may look
featureless on first sight because of the poor statistics, is
not incompatible with a peak from X(4140) at 4135 MeV
and the cusp around the D:D? threshold of 4230 MeV,
found in the J/y¢ mass distribution in the B* — J/y¢K*
decay [4].

In passing, we note that the LHCb collaboration re-
cently showed that with 9 times more data, a fluctuation
assumed in 2015 [12] turned into a well established res-
onance, P.(4312) [13]. In retrospective, many of the mo-
lecular models incorporating heavy-quark spin symmetry
should have predicted the existence of this state (for more
recent works see, e.g., Refs. [14,15]). By analogy, the
seemingly featureless BESIII data might indeed hint at
the contributions of X(4140) and X(4160), and await fu-
ture clarification.

In this work, we will analyze the process
ete™ - yJ/y¢ at \s = 4.6 GeV by taking into account the
contribution of the X(4140) state and of the D*%D* molecu-
lar state X(4160). As a test of our interpretation, we also
predict the DiD% mass distribution in the process
ete” - yDiD:.

The paper is organized as follows. In Sec. 2, we
present the mechanisms for J/y¢ and D*D? production in
the ete™ — yJ/y¢ and ete” — yDiD? processes. Our res-
ults and discussion are given in Sec. 3 and Sec. 4, where a
simplified coupled channel approach with D*D*, J/y¢,
and ¢¢ is used for X(4160) to assess the inherent theoret-
ical uncertainties. Finally, a short summary is given in
Sec. 5.

2  Formalism
2.1 J/y¢ production mechanism

J/yé, a system of two vector mesons containing a c¢
pair, interacts strongly with other vector-vector systems,
in particular with those containing a c¢ pair. This interac-
tion is addressed in Ref. [6], and several states were
found that are dynamically generated by the interaction in
the coupled channels p*D*, DiD:, K*K*, pp, ww, ¢¢,
JIWIN, wlly, ¢J/, wp, pw, pp, and pJ/y. One finds
three states to which J/y¢ couples: the 07(0*) state de-
noted as Y(3940), the 0" (2**) state denoted as Z(3930),

and the 07 (2**) state denoted as X(4160). Y(3940) couples
mostly to D*D*, Z(3930) also couples mostly to p*D*, and
X(4160) couples mostly to D*D*. The coupling to J/y¢ is
also three times stronger for X(4160) than for the other
two states. This feature, plus the fact that the two light
resonances are about 200 ~ 300 MeV below the range of
invariant mass of the J/y¢ system Mi,, (J/y¢) in the BE-
SIII experiment, means that the X(4160) state is the only
one playing a relevant role in this reaction.

In Ref. [4], the J/y¢ invariant mass distribution in the
B* — J/y¢K* reaction from the threshold to about 4250
MeV [7,8] is described by considering the contributions
of the X(4140) and X(4160) states, which means that both
X(4140) and X(4160) play an important role in J/y¢ pro-
duction. Thus, we extend in the present work the mechan-
ism developed in Ref. [4] to the following J/y¢ produc-
tion reaction,

et +e” oy (e)

—v(€) +J/Y(e) + Plep), (1)
where €,, €, €, and ¢ are the polarization vectors for the
virtual photon y*, outgoing photon y, J/¢, and ¢, respect-
ively. The BESIII collaboration measured the process
ete” — ypJ/ at \s = 4.6 GeV, which determines the en-
ergy of the virtual photon. The Feynman diagrams for the
process are depicted in Fig. 1. This reaction can proceed
through the D:D? interaction, which dynamically gener-
ates the X(4160) resonance, as depicted in Fig. 1(a), and
also through the intermediate X(4140) resonance of Fig.
1(b). Obviously, in the neighborhood of the X(4140) and
X(4160) resonances, the tree level term, proportional to
the phase space, is small compared to the resonance
terms, and therefore we neglect its contribution.

Let us look at the amplitude of the process depicted in
Fig. 1(a). We have,

. . i . .
M =it o5 D @0 e ()
pol

. d*
xiA f S D0 (D5, (P=g)

x> e(D)ey (DY) ) (D})en (DY)
pol pol

X (_i)tD;D;,¢J/¢E/3(¢)67(J/¢)’ (2)
where A’ is an unknown constant for the vertex
yy* - DiD%:, P (= +/s) is the e*e” total momentum,
tp.D: gsyy 18 the transition matrix element from D{Dj to
#J/y, which is evaluated with coupled channels in Ref.
[6] and contains the resonant structure of the state, and ¢
is the momentum of D}. D(q) is the vector meson propag-
ator, without the (-g,» +g,q,y /M%):) term, which comes
from the sum over polarizations €,e,, and #., is the
e*e"y* vertex given in Ref. [16],
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Fig. 1. (color online) Feynman diagrams for the
ete” — yJ/y¢ process. (a) the contribution of the DD} mo-
lecular state X(4160) contained in the D:D* — J/y¢ vertex,
(b) the contribution of the X(4140) resonance.

—itt.,. = —iev,(p1)Y*ur (p2), 3)

with u,- (p2), v, (p1) the four spinors (momenta) of ¢~ and
e*, respectively. We immediately find for the average

over e*e” polarizations

F L = = A

2m, 2m,

and neglectmg the electron mass m,,

1 Lo @
Z leel*e’(te*e’) = W

[Pps+pirh -2 p1-p2)|. (5)

The i

function GD D Wthh is a function of M, (¢J/¥). Since
we know the DD’ — ¢J/y transition amplitude and loop
function in the ¢J/y rest frame, we shall work in that
frame in what follows. In Eq. (2), we have written the
generic polarization vectors for the external particles y, ¢,
J/y. Next, we look at the spin structure. Since the reson-
ance X(4160) is 2++ coming from the vector in s-wave, the
generic polarization vector for D*D% — ¢J/y becomes,

, 1
P _ {5 (65(0)e, (J/0) + (@I 1)]
1
_gfm(ﬁﬁ)fm(‘l/ 111)557}
1 _ _
X {E [eﬁ(D’;)ey(Df,) + Ey(Dﬁ)Eﬁ(D:)]

1 _
_gfm’ (Dj)em’ (Dﬁ)éﬁy} s (6)

where the indices 8, y, m and m’ are now spatial (1,2,3),
since we are neglecting the €’ component of these vec-

tors. This can be done because the three momenta of
these vectors are much smaller than their masses. A de-
tailed evaluation of the accuracy of this approximation is
done in Ref. [17] (see Appendix A of that work), with the
conclusion that, for a problem like the present one, the er-
ror omitting €’ is of the order of 1%. This approximation
can be extended to the vector polarizations in the DD*
propagator, since d*7 is restricted to momenta |7 | < gmax,
Wwith gmax = 600 ~ 700 MeV. Furthermore, most of the
contribution to the integral comes from momenta lower
than gmax [18-20].

For the D} propagator, we can now write the struc-
ture of the polarization vectors,

> e (Dey (D) =05, pop' =1,23, ™
pol
and as a consequence, the tensor structure ege, of Eq. (6)
is translated to €,¢, of Eq. (2) that couples to y y*. For y
and v*, we can also have the s-wave and this forces the
structure,

1 1
5 [60em+ 60 M| - 3a0)aMds.  ®)

where 8, y, n are also spatial indices.
The v* propagator in Eq. (2), after summing over po-
larizations (virtual photon), gives,

2,660 = g5, = 3, 9)
pol
with spatial indices 8, y.
In principle, conserving the total spin and parity, we
can also have [ = 2 and spin zero, which corresponds to a
structure,

1
(pﬁpy - gﬁz(sﬁy) Em(V*)fm(Y), (10)

where p is the y momentum in the rest frame of the sys-

tem ¢J/y

AV2(5,0,M2, (¢71))
2Miny(pJ /) ’

with A(x,y,2) = x> +y? + 7% = 2xy - 2yz—2xz. To compare

with the former structure, we must make the amplitude of

Eq. (10) dimensionless, which means that 7 — /M, or
P/Mp., or p/My. In either case, the contribution of this

term to IM(J% oI* is very small (~ 1072 ~107%) and can be
neglected. This conclusion leads to the general rule that
reactions proceed with the smallest possible value of L.
This is a consequence of the factor > that introduces a
Min(¢J/¥) dependence in Eq. (11), apart from the one we
shall discuss next, but is in any case smooth and does not
distort the resonant shapes induced by the resonances.

With the above conclusion, the amplitude of Eq. (2)
takes the form,

-

7l= an
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. A (1
M(]/z/,q) _P2 {E [te*e’,lej(')/) + te*e’,jel(')/)]

1
- gte*e,mfm(')’)(slj} X GDij Ip:D: gy

1
* {5 la@eiT1v) +€@a/v)]

1
_gfn(¢)6n(J/W)5ﬂ}’ (12)
which by symmetry can be simplified to,
A’
My = ptere ,e,m{ |a(@)eiT1w) + e patI /)]
1
—3&a(Pel/ lﬁ)éﬂ} XGp.p:!p:D;.ps1w
M(;;m(“)(w/w lee 1€5Y); (13)
with,
Mg/; s=AGpptp b a1y (14)
PLNII0) = [el(as)e,u/w) +ei(@eall/p)]
- gen<¢)en(1/w>6ﬂ, (15)
and,
Z| el =7 wae Hoe szle,m?’;? =
po!
x |M<;;;¢|2e, PP, (16)

where the sum over repeated indices is implied. We sum

P1-P)(P2-P)

2p1-Pa+3(p1-p2) -2 72

or for the case of 26,
(23)

As mentioned, the calculations are done in the ¢J/y
reference frame, hence, pi, ps, E1, E> in the former equa-
tions are evaluated in that frame. It is easy to relate them
with the momenta p/, p} of e, ™ in the e*e™ rest frame.
Indeed, to pass from this frame to the ¢J/y rest frame, we
use the velocity of ¢J/y in the e*e™ frame,

4P - Pr+6(p1-p2) =6E\Ey —2p - Po.

next over the polarizations of ¢, J/i, but not y, and the
indices j, /. One can do the explicit exercise, but it is un-
necessary because the only indices that remain are / and s,
and the only polarization vectors left are the two e(y).
There can be only two possible combinations,

a(y)es(y), (17)
and
6ls6m(7)€m(y)’ (1 8)
so that we have,
Z e(y)e(y) =615 — Pil;s s (19)
pol
Z(Slsfm(y)em(y) = 26ls, (20)

pol

where the external y momentum g in the rest frame of
the ¢J/y system is given by Eq. (11), and we have taken
explicitly into account the two transverse polarizations of
the external photon.

Thus finally,
Z|M(;;L¢|2 [Pupzs + p1spa+6i5(p1 - p2)]
pol
PiPs (@) 12
x(é‘ls - ) SN @
with & — Pips replaced by 26; in the second case of Eq.

(20). The c%ntrlbutlon of the two parentheses of Eq. (21)
gives,

—(p1-p2) = 2B, E> - (’“2#’7) 2
12,0, M2, (¢J/1)

=14 inv 25

17’ = G , (25)

E} = M2 (@I 0)+ (5. (26)

For the average of M(¢J/y) in the range of our study,
we find [] ~ 0.09. This is a non-relativistic velocity in the
sense that ¥ can be neglected, and V1 -2 ~ 1. Actually
we find,

., P =p|+EV, 27)
‘7¢]/¢ ’ ’ (24) - =7 7> =/ ’r =3
E‘N/'ﬁ p2:p2+E2 = _p1+E1v' (28)
with Coming back to Eq. (22), we find,
71 P) (- 2 2 |BIHEW)-P||(-PI+EW)-P
pi - PO k(54 £17) (-7 7 MUAL ]p[z L o

which, neglecting m? and v, becomes,
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2 2
(87) + (1) cos’. (30)
where 6 is the angle between j| and . After the phase
space integration, cos’6 becomes 1/3. What matters from
this result is that since,

2 (A5
) =(%) - &)

and the square of the photon propagator 1/P* in Eq. (21)

is 1/s2, |M<;;)¢¢|2 from Eq. (16) goes as 1/s and the only
(@ 2
|

Min(¢J/¢) dependence comes exclusively from IM I
For the term 6EE, — 27, - p» in Eq. (23) we find the same

result, and neglecting m2 and #? it becomes

6(171' )2 + Z(ﬁl’ )2, independent of My (¢J/y).

In Ref. [6], dimensional regularization was used for
the G loop function appearing in Eq. (12). It was pointed
out in Ref. [21] that the G function in the charm sector
can eventually become positive below the threshold and
give rise to the pole (V-! —G) with a repulsive potential,
which is physically unacceptable. This is not the case in
Ref. [6]. Here, we use the cut-off method with a fixed
gmax = 630 MeV such that it gives the same value at the
pole position as G with the dimensional regularization
used in Ref. [6]. We also use the dimensional regulariza-
tion form to evaluate uncertainties in the formalism.

With the couplings of X(4160)(= X;) to D:D: and
J/y¢ obtained in Ref. [6], the amplitude for the
DD — J/y¢ transition has the following form,

8D:D:81/wé
M, (J]y) = My +ilx My,

mv

where gp.p. = (18927 -5524i) MeV and gy = (—2617—
5151i) MeV, My, =4160 MeV [6], and,

l—‘X1 = 1"0+1"J/¢¢+FD:D;, (33)

where I'y accounts for the channels of Ref. [6] not expli-
citly considered here, and,

ID.D:.J 1o = (32)

B lgswsl®
Lyjyg = FETYoRTIN M2 (00 Py (34)
|gD’D‘|2
5= ——>———Pp: e - ), (35
I'pp SRM;V(J/l//gb)pD‘@(M (J/y¢p)—2Mp:), (35)

where py and pp. are the ¢ and D} momenta in the rest
frame of J/y¢ and D’ D%, respectively,

] _ﬂl/z(Mﬁw(l/W)’m%/w’mé)

- , (36)
Pe 2Miny (J /)
172 pg2 2 2
5y A( mV(J/W),mD;,mD;). 37)
' Zva(J/W@

Let us mention in passing that the couplings in Eq.
(32), as obtained in Ref. [6], are complex. This is a con-
sequence of the use of a unitary scheme in the coupled

channels, but not in the individual channels. This is com-
mon to all unitary coupled channel studies [6,18-20,22-
26]. Hence, it should not be surprising that individual di-
agonal amplitudes are not unitary. Nevertheless, note that

in the non-diagonal amplitude of Eq. (32), the imaginary
(@) 2
|

parts are small and their role in M, o

gible.

Let us now discuss the role of the other resonance.
J/w¢ can also be produced via the X(4140) (1*+) reson-
ance, as depicted in Fig. 1(b). Taking suitable operators
for the vertex of X(4140) [= X,] to y*y

is basically negli-

[€(y") x €y)] - €(Xa), (38)
and to J/y ¢,
€X2)-[ép) x €U )], (39)
we get
PO =" [y x €] - @X)HEX) - [E@) x U/}
0l
= [p?(y*) X &(y)]-[é(p)x /)],
(40)
with
Zei(Xz)ej(X2) = 5yj. 1)

pol

Thus, the amplitude for the diagram in Fig. 1(b), up to the
t.,- and y* propagator of Eq. (2), can be written as,

B My xP®
(J/y¢) - My +iMxTx,
x PO, (42)

) _
e = pp2

inv

— A
_MJ/W

where My, =4135 MeV and T'y, = 19 MeV, the same as
those of Ref. [4], and B’ corresponds to the strength of the
contribution of the X(4140) resonance term.

We can now proceed as in the former case and show
also that after the boost, Y, 1., ", of Eq. (5) only de-

ete “eten

pends on s and not on M, (¢J/¥). In this case, one could
have a p-wave coupling to y*y, which introduces a factor
p in the M(Jb/)w 4 amplitude that depends smoothly on
Miw(¢J /). For the same reasons as before, this term
should be very small and we neglect it. Also, since the
X(4140) resonance is very narrow, the change of p in the
range of the resonance is very small and its effect in the
Min(¢J/¥) dependence would anyway be negligible.

Another relevant aspect for the present work is that
the two structures ¢§3?(¢J/1,//) and P® do not interfere
when one sums over polarizations of all final states, since
€(@) x e(J /i) is antisymmetric in the vectors, while @EZ? of
Eq. (15) is symmetric.

Finally, the J/y¢ invariant mass distribution in the
process e*e” — yJ/y¢ can be written as,
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do 1 i
dMin (J/y¢) — (2m)3 4s

where pg is given in Eq. (36), and k" is the momentum of
the outgoing photon in the c.m. frame of e*e™,

) AV2(5,0,M2, (T/y9))

K Bo |IMG) P+ IMT) P, (43)

K= ) (44)
2+/s
and,
M(Ja/)w =AGp.p.'p.D:.Jjyes (45)
BM?
(b) X, (46)

M2 (@I [) - M3, +iMy Ty,

where we incorporate in 4 and B the factors A’ and B, the
terms from the e*e™ vertex and photon propagator, the
factors from the sum over vector polarizations, and the
factors of the formula for the cross-section of e*e™, all of
which are independent of My, (¢J/¢).

It should be pointed out that we neglect the mechan-
ism for J/y¢ produced primarily from the virtual photon
decay, with the J/y¢ intermediate state instead of DD in
Fig. 1(a), which would involve an extra factor g,/y4/8p.p:
in the amplitude of Fig. 1(a). We expect that it provides a
small contribution compared with that of Fig. 1(a).

2.2 D:D: production mechanism

As the X(4160) state mainly couples to the DD’ chan-
nel according to Ref. [6], it is interesting to predict the
D:D* mass distribution in the process e*e™ — yD:D*,
which can be used to test the relevance of the X(4160)
resonance.

The mechanism of this process is depicted in Fig. 2.
In addition to the contribution of the D*D* molecular state
X(4160), as shown in Fig. 2(b), we also take into account
the tree level term of Fig. 2(a), which is small compared
to the D*D* interaction term in the region around the
X(4160) resonance. Since the threshold of D*D? is about
60 MeV higher than the X(4160) mass, we will keep the
tree level term in our calculation.

In analogy to the process e*e™ — yJ/y¢, the D:D*
mass distribution in the process ete™ — yD*D* can be
written as,

do 1 1

dMin(D}D3) — (27)° 45

with k¥’ given by Eq. (44) with M;,,(J/y¢) substituted by
My (D:D?), and,

MD*D* =A [Ttrec + TX(4160)]
=A[1+Gp,p, (Min(D; D))
Xtp:py . (Min(D3D}))] (48)

where the factor 4 and the loop function G are the same
as those of Eq. (45). The transition amplitude . p. p.p. s

"o IMp. i I, (47)

Fig. 2.
the tree level term, (b) the contribution of the DD molecu-
lar state X(4160).

Feynman diagrams for the e*e™ — yD: D} process. (a)

given in terms of the coupling g, 5. obtained in Ref. [6] ,

&5

DD+

i iy = e ) 49)
PPDPT M2 (D3D;) - M}, +iTy, My,

nv

2.3 Considerations on gauge invariance

We would like to make an observation concerning the
gauge invariance of the model. We recall that we have
taken spin structures consistent with having the process
proceeding in s-wave, with the implicit assumption that
the lowest partial wave amplitudes give the largest contri-
bution to the process. We even estimated that the effects
of higher partial waves are very small. As a result, we
also simplified the formalism and made it manifestly non-
covariant, which makes the nontrivial calculations easier.
Given these facts, the test of gauge invariance, which re-
quires the amplitude to vanish under substitution of €,(y)
by pu(y), cannot be done. In addition, when taking the
lowest angular momentum contribution, while this is a
good approximation for the amplitude, one is omitting
terms that can be essential for the test of gauge invari-
ance, which means that in such a case the test of gauge
invariance would not be satisfied. However, we are rely-
ing on a specific gauge, the Coulomb gauge, where
photons are transverse and have null time polarization
component [see Eq. (19) for the sum over the transverse
polarizations]. This situation appears in some physical
processes, like the radiative capture of pions by nuclei
[27], where one considers only the manifestly non-gauge
invariant Kroll-Ruderman term, because the pion pole
term required for gauge invariance is null in the Cou-
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lomb gauge [28]. The same situation appears when using
vector meson dominance to evaluate amplitudes for
photon processes, where removing the longitudinal vec-
tor components before vector-photon conversion is sug-
gested as a method which is implicitly consistent with
gauge invariance [29,30].

3 Results and discussions

As discussed above, there are three free parameters in
our model for the process e*e™ — yJ/w¢: (1) A, an overall
normalization factor, (II) B, the strength of the contribu-
tion of the X(4140) resonance term, (III) 'y, accounting
for the channels of Ref. [6] not explicitly considered in
this paper. In our previous work [4], a similar mechan-
ism for J/y¢ production was used to describe the J/y¢
mass distribution in the B* — J/y¢K™* decay measured by
the LHCDb collaboration [7, 8], and I'j was extracted as
67.0+9.4 MeV. We take this value of I'y and fit the other
two parameters (4 and B) to the BESIII data for the J/y¢
mass distribution in the process e*e™ — yJ/y¢ from the
threshold to 4250 MeV at /s = 4.6 GeV [10]. The result-
ing y?/d.o.f.~6.1/(12-2)=0.61 is very small, mainly
because of large errors in the data. We present the J/y¢
mass distribution in Fig. 3, where we see that there is a
significant peak around 4135 MeV, associated with the
X(4140) resonance. This is in agreement with the BESIII
measurements, although the BESIII collaboration con-
cluded that there is no structure in the J/y¢ mass distribu-
tion because of low statistics. In addition, we also find a
broad bump around the mass of the X(4160) resonance,
and a sizeable cusp structure around the D*D? threshold,
both resulting from the dynamically generated X(4160)
resonance. This is also compatible with the low statistics
measurements of the BESIII collaboration [10].

It should be noted that the peak around 4135 MeV,
and the cusp structure close to the D%D? threshold, if con-
firmed by more accurate measurements, should be associ-
ated to the X(4140) and X(4160) resonances. In Fig. 4, we
present our results by increasing A2, and find that the
broad bump and the cusp become clearer. The cusp
comes from the factor Gp.p., and reflects the analytical
structure of this function with a discontinuity of the deriv-
ative at the threshold. The bump and the cusp structure
appearing in Fig. 3 are due to the D*D* molecular nature
of the X(4160) resonance. Thus, we strongly suggest that
the BESIII collaboration measures this process with bet-
ter statistics.

Before the BESIII measurements [10], the process
ete” — yJ/y¢ was analyzed around the c.m. energy of the
thresholds of Dy D%, DD and D D* in Ref. [31], which
suggested that the anomalous triangle singularity can
provide a resonance-like peak in the J/y¢ invariant mass

i 68CL ||

— == X(4160)

A TP X(4140) |1
— Full

i —— BESIII ]

N W~ 000 N
T

do/dM;,,, (J/wo) (arb. units)

L —r

)

- raa,,
L WLLE LAY PETEETETTENS PRTTETY

4100 4120 4140 4160 4180 4200 4220 4240
Miny () MeV

Fig. 3.
the process ete™ — yJ/y¢. The magenta dashed line and the
blue dotted line show the contributions of the X(4160) [Fig.
1(a)] and X(4140) resonances [Fig. 1(b)], respectively. The
red solid line corresponds to the full contribution. The ex-

(color online) The J/y¢ invariant mass distribution in

perimental data are from the BESIII measurements [10].
The band reflects the uncertainties in 4 and B from the fit,
and represents the 68% confidence level.

7
6
5
4L
3
2

do/dM;,, (J/wo) (arb. units)

1 L

4100 4120 4140 4160 4180 4200 4220 4240
Miny(J/0) MeV
Fig. 4. (color online) The J/y¢ invariant mass distribution in
the e*e™ — yJ/y¢ process by increasing A% to 1.24% (magenta
dashed line) and 1.542 (blue dotted line). The other paramet-
ers are the same as in Fig. 3.

distribution around the D?D? threshold. Thus, a more ac-
curate measurement of this process can also be useful to
distinguish the different interpretations of the structure
around the D*D* threshold.

Finally, as a test of the interpretation given here, we
also present in Fig. 5 the D:D? invariant mass distribu-
tion in e*e” — yD:D* with the same parameters as above.
It is seen that there is an enhancement close to the
threshold, significantly different from the phase space
(labeled as 'tree'). The peak is the reflection of X(4160)
and should not be misidentified as a new resonance. We
also stress that the strength of this distribution is pre-
dicted relative to Fig. 3 . This distribution could be meas-
ured experimentally and hence produce a further test of
the ideas presented in this work.
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Fig. 5. (color online) The D;D7 invariant mass distribution in

the process e*e™ — yD:D?. The results are normalized to the
same area around the D:D* threshold at 4350 MeV. The
blue dotted line and red solid line correspond to the contri-
butions of the tree level term [Fig. 2(b)], and the full contri-
bution, respectively. The band reflects the uncertainties of
parameter B in the fit, and represents the 68% confidence-
level.

4 Alternative method

Equation (32) is valid around the resonance peak but
we are extrapolating it to the D*D? threshold. It would be
interesting to have the amplitude in the coupled channel
unitary approach [6] and see if there are changes which
could help estimate the uncertainties. We reproduce the
result of Ref. [6] in a simplified way here, using at the
same time the dimensional regularization for the G func-
tion. The most important channels for the X(4160) reson-
ance in the range of the J/y¢ invariant masses of the
present reaction are the DD} and the J/y¢ channels. We
consider these two channels and take the full strength of
the light vector channels in the most important one, the
¢¢ channel. The purpose is to generate the I'y width of
Eq. (33), which is otherwise kept constant in the range of
invariant masses considered. In fact, given the large
amount of the phase space available for the decay, its rel-
ative change in the region of interest is small. The
coupled channel method gives rise automatically to Iy,
and I, 5., and we do not need to evaluate them since the
method provides directly the transition matrices tp.p. ;545
incorporating I'jyy, and the Flatté effect produced by
I'pp

We solve the Bethe-Salpeter equation in coupled
channels,

T=[1-VG]'V, (50)

where G is the diagonal matrix diag(Gp.p.,G g Gegls
and V is the matrix,

Vii Vi a
V= Vai Vn O (51)
a 0O O

where the channels 1, 2, 3 are DiD%, J/y¢ and ¢p. Vi,
Vi2, Va1, Vo, are taken from Ref. [6], and the magnitude
a =110 is chosen such that,

Fyy = B0 My (52)

¢ 8 M)2( Po s

where p, is the ¢ momentum in the X(4160) — ¢¢ decay,
and g44 the coupling at the X, pole of the X(4160) reson-
ance. The subtraction constants in G are ap.p. = —2.19
and a4 = —1.65 , respectively for the D:D% and J/y¢,
taken from Refs. [6, 32]. Since we are only interested in
the I'y width, it is sufficient to take iImGy With,

ImG pg(Miny) = — (53)

87 Mim,
with g, =/11/2(Mi2nv,m§,,mé)/2va. This simplified ap-
proach to a more enlarged coupled channel problem has
proven successful in Ref. [33]. The method provides the
G function and the transition amplitudes directly.

In Fig. 6, we show the modulus squared of the trans-
ition amplitudes 1p.p. p-5. 1% VD5 1109l VD5 gol>> given
by Eq. (50). As can be seen, the peaks are around 4160
MeV, and two cusp structures are found at the thresholds
of J/y¢ and D:D:, respectively. With the above formal-
ism, we make again a fit of the data by changing the para-
meters A and B, with a resulting y?/d.o.f.~ 6.6/(12—
2) = 0.66. We present the J/y¢ mass distribution in Fig. 7,
where we find a clear peak around 4135 MeV, and a
broad bump around the mass of X(4160). There is also a
cusp structure around the D*D* threshold, which is softer
than in Fig. 3. We also present the D:D* mass distribu-
tion with the new fit parameters in Fig. 8, where the en-
hancement of the mass distribution close to the DD
threshold is not as strong as in Fig. 5, but is clearly differ-
ent from the phase space distribution (labeled as ‘tree’).

20 :

18 | [ —— DrDr-Dibr

e D2D2-Jhyo
D:B-00

14 |

12 |

10

Itj? x 10°

------
-------
......
--------

4050 4100 4150 4200 4250
M;,(D:D?) (MeV)
Fig. 6. (colon online) The modulus squared of the transition
amplitudes ltp:p: pepel®s Vp:pe spugls 1tp: 5z gel> given by Eq.
(50).
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Fig. 7.
the process ete™ — yJ/y¢ with the new fit parameters. The

(color online) The J/y¢ invariant mass distribution in

explanation of the curves is the same as in Fig. 3.
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Fig. 8. (color online) The D:D? invariant mass distribution in

*

the process e*e™ — yD:D} with the new fit paramteres. The
explanation of the curves is the same as in Fig. 5.

The alternative method serves to show the uncertain-
ties in the theoretical analysis of the data that we have
carried out. The method allows for a more realistic extra-
polation at high J/y¢ invariant masses. A comparison of
Figs. 7 and 3 shows indeed that the differences appear in
the region of My, (J/y¢) ~ 4220 MeV. We also see differ-
ences in the strengths between Figs. 8 and 5, although
they are compatible within the estimated errors. Yet, the
basic features are the same in both approaches: a peak
contribution at low J/y¢ invariant mass coming from a
narrow X(4140) and a broad bump resulting from the
X(4160) resonance, together with a cusp structure around
the D*D* threshold with a more uncertain strength. In
summary, we show that the data are compatible with the
interpretation given for the B* — J/y¢K* reaction in Ref.
[4], with a narrow X(4140) and a broad X(4160) respons-
ible for the J/y¢ invariant mass distribution at low invari-
ant masses. A significant improvement of the data for this

reaction is necessary to further test the ideas presented in
this work.

In addition, it is interesting to note the different inter-
pretation of the data offered here and in Ref. [10]. In Ref.
[10], admitting large errors from the lack of statistics and
systematic uncertainties, it was shown that the processes
ete” > gy1(xv2) followed by x.1(yr2) decaying into
J/yy, can account for some fraction of the process
e*e” — ¢J/yry, but there is no clear contribution from
vX(4140). On the other hand, in the present work we
showed that the mechanisms discussed, albeit with un-
known strength, are also unavoidable. We should note
that all these mechanisms have a different spin structure
and in principle are distinguishable. The satisfactory in-
terpretation of the B™ — J/y¢K™* reaction along the lines
exposed here makes us believe that it should be respons-
ible also for a good fraction of the e*e™ — ¢J/yy process.
Yet, what is clear is that a much better statistics is needed
to make any firm conclusions, and the main purpose of
this paper is to encourage the experimental effort in this
direction.

5 Summary

Recently, the BESIII collaboration studied the J/y¢
invariant mass distribution in the process ete™ — yJ/y¢
at the c.m. energy of s = 4.6 GeV, and pointed out that
there is no structure because of the low statistics.
However, based on our previous work on the decay of
B* — J/y¢K*, we anticipate three bump structures in the
J/w¢ invariant mass distributions in the e*e™ — yJ/y¢
process around 4135 MeV, 4160 MeV, and 4230 MeV.
Such features seem to be compatible with, or at least not
ruled out by, the low statistics of the BESIII data.

In this work, we analysed the process ete™ — yJ/y¢
by considering the contributions of the X(4160) reson-
ance, as a D:D* molecular state, and of the X(4140) reson-
ance. Because of the large errors of the BESIII data, the
x?/d.o.f. of the fit is very small. We found a peak around
4135 MeV, associated with the X(4140) resonance, and a
broad bump and a cusp structure, which appear as a con-
sequence of the D:D* molecular structure of the X(4160)
resonance. Thus, we strongly suggest a measurement of
this process with higher precision. Finally, as a test of our
interpretation, we predicted the DD mass distribution in
the process e*e™ — yD:D? at /s = 4.6 GeV, and found an
enhancement close to the threshold, which is the reflec-
tion of the X(4160) resonance and should not be misiden-
tified as a new resonance.
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