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We study the relation between the (4160) and the Y (4260) within
an unitarized effective Lagrangian approach. The Y (4260) arises as a
manifestation of the ¥ (4160), when a loop-driven decay of the type of
¥(4160) — D:D* — J /1 f0(980) is enhanced by the proximity of the pole,
corresponding to the (4160), to the almost closed D:D?* decay channel.
Other fy resonances that may add a non-negligible contribution, by the
same mechanism, are not included for simplicity, but they are not expected
to change the main conclusion. Within this picture, the Y (4260) is not,
therefore, an independent resonance, but rather a variation of the 1(4160),
which also explains why it is not seen in OZI-allowed decay channels in the
experiment.
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1. Introduction

The Y “states” are enhancements in the vector charmonium mass distri-
bution that: (i) are seen in the suppressed modes only (viz. Okubo—Zweig—
lizuka (OZI)-suppressed), whereas the regular v are not; (ii) are not seen
in the dominant modes with open-charm (viz. OZI-allowed), whereas the v
are; (4ii) their mass is very close to, yet not coincident with, the mass of
the ¥. Such characteristics are intriguing, as they point out non-perturbative
phenomena outside of the quark model, that cannot accommodate so many
states with the same quantum numbers and similar mass. The v excitations,
up to about 4.5 GeV, have been known from general fits to R data [1, 2].
The Y signals have shown in modes such as J/yntn™ [3, 4], ¥(29)n 7~ [3],
hert ™ [6], and wyeo [7]. To each peak, in each one of these channels, a
different Y has been assigned [8]. Such a separation is made due to the fact
that, in different modes, the Breit—Wigner fits of the signals lead to different
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parameters of mass and width, yet it is very plausible that some of these
peaks actually correspond to the same resonance. Different manifestations
of the same pole in different channels is a known phenomenon, since the
interference with the background will be different. As an example, the cross
sections of the v excitations in channels DD, DD* + c.c., and D*D* [9, 10|
present different line-shapes.

There is a clear enhancement in the J/¢7+ 7~ invariant mass distribu-
tion, with mass between 4.22-4.28 GeV and width between 40-140 MeV,
namely the Y'(4260) [3, 4]. Its average mass and width is 4230 + 8 MeV and
55+19 MeV in the latest version of PDG [8]. There have been indications of
a similar enhancement in the mode J/¢ KK~ [11]. On its turn, the mass
of the 1(4160) has average mass and width 4191 +5 GeV and 70 £ 10 MeV,
correspondingly, thus only about 40 MeV below the mass of the Y (4260).
The branching fraction of the 1(4160) to J/¢mT7~ is no more than 0.3%,
in spite of the large phase-space available, so it is practically not seen in
this channel. Also intriguing is the recent observation of a clear signal in
7t DOD*~ channel with mass and width of about 4.23 GeV and 77 MeV,
respectively, but with no traces of the ¥ (4160) [12] (it is ,however, not clear
if the resonance found in this work shall be assigned to the Y (4260) or to
another novel state, such as the Y'(4220)).

The nature of the Y (4260) has been explored in different approaches. In
Refs. [13-15], the Y (4260) enhancement is seen as the result of interference
phenomena between the channels D*D* and J/v fo(980), thus it is not re-
garded as a true resonance. In Refs. [16, 17|, a similar non-resonant hypoth-
esis is analyzed, but through an interference between the vectors 1)(4160)
and 1(4415), including the DD, DD* + c.c. and D*D* loops, successfully
reproducing the line-shape of the Y (4260). A different approach considers
a hadrocharmonium, i.e., a charmonium embedded in a sea of light quarks,
where the Y (4260) is a mixture between 38; and 'P; charmonium states,
with the Y (4360) as its pair [18]. Other approaches consider the Y (4260)
to be a resonance of “molecular” type, where a ¢c core is coupled mainly
to the DD; + c.c. channel, see Refs. [19-24], thus with an important decay
to channel Z(3900)7T — J/¢m 7. Dynamical generation is also studied
in Ref. [25], using both the J/¢ntn~ and J/K+tK~ systems, with the
emergence of a resonance around 4.15 GeV, rather closer to the 1(4160)
state. Tetraquark models may be found in Refs. [26, 27]. Reviews on the YV
resonances are found in [28-30)].

In this work, we present a new idea according to which the state Y (4260)
and the state 1(4160) correspond to the same resonance; there is a single pole
in the complex plane, but there are two different peaks in different channels.
The mechanism for the generation of the Y (4260), within this study, is the
decay process ¥(4160) — DD} — J/fo(980) — J/yntm~. We stress,
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however, that other channels can lead to the final state J/¢¥7" 7™, namely
all those involving scalar mesons, such as the fy(500), fo(1370), fo(1500),
and fp(1710), yet we do not include them for simplicity (the fp(980) is
expected to give the biggest contribution among the fy family, for reasons
that we shall explain in the next sections). This process is enhanced by two
factors: (i) the mass 1)(4160) lies just below the D*D?* threshold and (7i)
the contribution of the D*D* loop is enhanced just at its threshold. Both
properties, when simultaneously realized, can shift the peak produced by the
pole of the 1(4160) to a value close to 4.23 GeV, in the J/¥n 7~ channel.
Although other fp mesons, excluding the fy(980), may play a non-negligible
role, the main point is that the contribution of the D* D? loop is enhanced at
its threshold (this is a property of the real part of the loop), thus all fy should
give rise to a similar peak position in the final J/¢7 "7~ channel, shifted
from the original 1/(4160) position to a value of about 4.23 GeV. Such a result
might explain the excess of vectorial resonances seen in the experiments,
while it also helps to understand the effects of the unquenching of the vector
charmonia. Our main result shows the generation of an amplitude peak with
a “shifted” mass that manifests in a certain channel. Preliminary studies of
the current work may be found in Refs. [31, 32]. This idea is also aligned
with the phenomenology of a recent analysis from JPAC group, where it was
found that, subjacent to the m(1400) and 71 (1600) resonances, there is only
one pole [33].

This paper is built as follows: In Sec. 2, the unitary effective Lagrangian
model, that includes meson—meson loops in the propagator function is de-
scribed. In Sec. 3, the model is utilized for the description of the vector
state 1(4160). In Sec. 4, the decay of the 1(4160) to channel J/1 fo(980)
is investigated, both in the case of the direct decay, Sec. 4.1, and via D*D?*
loops, in Sec. 4.2, where one can find the main result of our work. In Sec. 5,
we present the conclusion.

2. The model

The unitary effective Lagrangian model that we employ here is described
in detail in Refs. [34-36] and [37], respectively, to systems a((980) and
K, ¢(3770), 1(4040), and X (3872). A similar formalism is also found in
Ref. [38]. A single vector meson, e.g. produced in an annihilation exper-
iment, is propagating in momentum space. Yet, rather than a simple gq
system, the vector meson is dressed with OZI-allowed meson—meson loops,
according to the scheme in Fig. 1. Each loop j is a different meson—meson
channel in a total of N channels (¢f. Table I). The sum over n is the equiv-
alent to the Born series within scattering theory, thus it obeys a geometric
progression. The first term on the right-hand side of the figure represents
the propagation of the undressed gq seed state with mass mg. The scalar
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Fig.1. Scheme of the propagator with one seed and N channels. See the text for
details.

part of the full propagator of the dressed seed state is written as

1
A T ) W

where s is the invariant mass squared of the vector meson, and I7;(s) is the
loop function of channel j, that for s real is given by

IT;(s) = 2i(s) +ivsl(s), 2, I €Re, (2)

where the real part 2;(s) = Rell;(s) is given by the dispersion relations

o0
PP [ VST;(s)
T s’ —s
Sth,j

24(s) = ds’, 3)

with “th” as the abbreviation for threshold. The imaginary part in Eq. (2)
is given by

k;(s .
I(s) = gis)wwﬁ(mlmmf, with (4)
2 —
‘Ml/)—%mlmz)j‘ = V¢—>(m1m2)j(5) f/21 <k32> . (5)

In Eq. (4), kj(s) = k(s, (m1, m2);) is the relativistic center-of-mass momen-
tum of channel j depending on the masses m; and meo of the meson—meson
pair. In Eq. (5), V are the 3-vertex amplitudes, represented by black circles
in Fig. 1, which are computed using the Feynman rules given the interaction
Lagrangians. The function f is a vertex form factor that depends on a cutoff
parameter A and on the momentum, and it is here defined by an exponential

function as - o
fa (RP) =R, (6)

We note that f is only a partial form factor since the full vertex amplitude
in Eq. (5) is given by the product of V with f2. Therefore, it cannot be
directly compared to form factors that represent the whole charge distribu-
tion of a certain composite particle, such as the Sachs electric, magnetic, or
quadrupole form factors that have been used in lattice QCD calculations,
as for instance in Ref. [39]. For a detailed treatment of the form factor, see

Ref. |35] and references therein.
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The full spectral function is given by
2¢/s
4y(v5) = - 2LIm A, (s), 7)
which due to the unitarity comes automatically normalized to 1, i.e.

Jo~ dy/s dy(y/s) = 1. Explicitly, dy(y/s) reads

N
2 S Ii(s
e e e I
[s—m3+ SN 29)] + [Vs XY 13(9)]
whereas each partial spectral function is given by

2s I(s)
s (myma), (V'5) = T 5 N 2 N 2
s—md+ 3N )] + [V 1)
i.e. dy(v/s) = Z;V Ay (mymy); (V/$ ). It can be noticed that, since the de-

nominator is the same for each partial spectral function, the line-shape in
each channel will vary solely through the shape of the decay function I7(s).

9)

Typically, but not always, the peak is centered at about mzeak for each
partial spectral function.

The poles are computed through the analytic continuation to the com-
plex plan of s, i.e. s — z? (where z, and hence s, are complex number) by
solving

N
z2—m3+ZHj(22):0, z€C, (10)
J

where the function I7;(s = 2?%), in its first Riemann sheet, reads

o0
1 s’ (s

II;(s) = - \/;i(s) ds’, seC. (11)

Sth,j
One may note that II;(s) is regular everywhere on the complex s-plane:
apart from the cut from s, ; to oo on the real axis, there is no pole or
other singularity. Note, this is true for any chosen form factor including
the exponential one introduced previously. In particular, IT;(s — oco) — 0
in all directions. In this context, it is important to recall that, in the first
Riemann sheet, the function I7;(s) is an utterly different complex function
than fﬁ(k‘f) o e 2K /A%, Namely, Im I1;(s) = /sIj(s) is solely valid for s
being real. This fact is also clear by noticing that, while I7;(s — oco) — 0

in any direction, this is not the case for the form factor, which, in the
exponential case, has an essential singularity for s — oo.



1718 S. Coiro, F. GiAcosA

On the second Riemann sheet, for the j*' channel, the loop function
reads

Hj’H(S) = Hj(S) + 22\/5]}(8) . (12)

There is in this respect a simple subtle point: the complex function /sI(s) o
V/5\/5 = stn,; has two cuts, from —oo to 0 and from s, ; to +oo. When
II;11(s) is taken in the second Riemann sheet, one should take \/sIj(s) on
its II Riemann sheet as well. As a consequence, for s = 22 +ie, Im IT j(x2) =
Vz2lj(x%) > 0, while Im IT;11(2%) = —V22T;(2?) < 0

Next, the full loop function in the first Riemann sheet reads II(s) =
Z;V:l II;(s), where it is useful to use the ordering s, ; < s¢n; for @ < j. For
each term II;(s), one can take the I or the II Riemann sheet, for a total
of 2N possibilities. Most of the Riemann sheets, however, are not useful
for our analysis. The interesting poles (close to the real axis) for a certain
energy interval of Re[s| are typically obtained by considering the second
Riemann sheet for all the channels IT;(s) which are located below and the
first Riemann sheet for all the channels located above. More specifically, for
Re[s] C (Sth,ns Sthyn+1) We consider the (n + 1)-Riemann sheet for the whole

function I1(s) as defined as
N

Hiny1yrs(s Z Tiu(s)+ Y I(s). (13)

j=n+1

The prescription does not mean that there are not interesting poles on other
sheets (see e.g. Ref. [34]), but that those characterizing the resonance(s)
is (are) typically in one of the N sheets above. As a last remark, while
in the first Riemann sheet IT1(s) = II(s) does not have any pole, this is
not the case for other Riemann sheets. When searching for the poles of
s —mg + I, 11)(s) = 0, besides the poles describing the property(s) of
resonance(s), other poles due to the form factor can emerge. In our work,
we could not find any of these spurious poles in any of the studied Riemann
sheets: it means that those poles are safely far from the real axis to have
any physical significance. For completeness, we further study this problem
and test a different form factor in Appendix A, to which we refer for more
details.

3. The (4160)

We consider the vector charmonium t(4160). The system includes a
éc seed state with quantum numbers 23Dy (the next radial excitation of
the 1(3770)), dressed by the meson-meson loops in Table I, which include
pseudoscalar (P) and vector (V') fields. Clearly, all loops are on shell except
the D} D?, whose threshold falls into the width of the 1/(4160) (4216 < [my+
I'y/2] < 4236 MeV). With the definitions ¢ := ¢(4160), P := D%, D+, D,
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TABLE 1

Meson—meson internal loops and respective thresholds.

j (mlmg)j Th [MGV]
1 | DYDO 3729.66
2 | DtD~ 3739.18
3 | D°D*0 +c.c. 3871.68
4 | DYD* 4+c.c. | 3879.85
5 | D¥D;7 3936.54
6 | D*°D*0 4013.70
7 | D**D*- 4020.52
8 | DfD~ +cc. | 4080.4

9 | D D*~ 4224.2

and V := D*¥ D*T DT three types of 3-vertex are involved, viz. ¥ PP,
Y PV, and ¥ VV. The corresponding Lagrangian densities are taken as

Lypp = 19pPP Yu (8“PP—6“PP)+h.G., (14)
Lypy = gypv Y PVM +hec., (15)
El/)VV = ingv Wp,u (V“V’/ — VVVM) + h.c. , (16)
with the definitions
~ 1
g = 8’%” — 8”@/)”, W,uy = 56;;1/04,8&065 . (17)

From Egs. (14)—(17), we obtain the following amplitudes, in the 1 rest frame,
- 2
ie. s=my:

Y

4 o
Vy—(ppP); = 395;PP k7 (18)
1 -
Vis(pv,(5) = 395pv 8 (3m2v + ij2) : (19)
16 , kj 2
Vysvv), (8) = 3 9uvy <m%/ + Qm—%/ : (20)

Having the amplitudes in Eqgs. (18)—(20) inserted in Eq. (5), the spectral
function for the ¢(4160) in Eq. (7) or (8) is fully defined, except for five free
parameters: the seed mass mg in Eq. (1), the cutoff parameter A in Eq. (6),
and the partial coupling constants gypp, gypv, and gyyy entering in the
amplitudes. Four of these parameters are constrained by four experimental
quantities in Ref. [8]: first, we impose mg to be such that the mass of the
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peak in the spectral function (7) or (8) is equal to the average mass of
the (4160), i.e. Mpeax =~ 4191 MeV; secondly, for a fixed A, we constrain
the value of the three partial couplings by imposing the total width of the

peak Ipeak = Z;V Fj(mieak) to fall in the average width for the v (4160),

i.e. Ipeak ~ 70 MeV, and the ratios FDD(mieak)/FD*D* (mf)eak) ~ 0.02 and
Tpepice (M2ea) /T b= (M7eqy) = 0.34, using Egs. (4)-(6) and (18)-(20),
assuming flavor-independent decays. With this setup, we are left with only
one free parameter, the cutoff A. In Fig. 2, we show the variation of the
line-shape of the 1(4160) given by Eq. (7) or (8) for A = 400, 450, 500, and
550 MeV, having the remaining parameters listed in Table II. From Fig. 2, it
can be seen that in the energy region of our problem, i.e. around 4.2 GeV,
the qualitative line-shape is weakly dependent on the specific value of the
cutoff. Since we do not include the ¢)(4040) as a second seed, the spectral
function at lower energies is inaccurate. In Table II, we also show the pole
position corresponding to the (4160) for each A value computed through
Egs. (10)—(13). For each case, only one pole is found, coming from the seed
state. The seed mass is generally lower than the physical mass of the v
showing that the “unquenching” pulls the seed pole upwards.

TABLE II

Variation of the free parameters with A, and pole positions for the 1(4160) (see
the text for details).

A MeV] | mg [MeV] | gppp | gupv [GeVTY] | gpvy | Pole [MeV]
400 4127 52.9 6.30 4.07 | 4198.3 —127.2
450 4153.6 23.8 4.04 3.76 | 4199.2 —32.7
500 4170 12.5 2.72 3.29 | 4200.0 —736.4
550 4180 7.38 1.94 2.84 | 4198.1 —340.2

In Fig. 3, we show the partial spectral functions in Eq. (9) for A =
450 MeV. The peak position is approximately the same for each partial
spectral function, although the specific form of the line-shape varies, as a
function of the kinematics and amplitude. In fact, this can be expected from
Eq. (8) since the denominator is common for all channels and the numerator
is a regular function. Therefore, the one-loop effect alone cannot reproduce
any mass shifting in a particular channel only, as it was already concluded
in Ref. [31].

The formalism allows for the inclusion of off-shell loops that also influence
the ¥(4160), namely the DD +c.c. and DD’ +c.c. loops, however we exclude
them for simplicity to avoid the introduction of additional free parameters
through the partial couplings. Their inclusion is not expected to be, anyhow,
significant.
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Fig. 2. Spectral function of the 1)(4160) as a function of the “running” mass m, =
/s, varying with A: long-dashed line, A = 400 MeV; solid line, A = 450 MeV;
short-dashed line, A = 500 MeV; dotted line, A = 550 MeV. In each case, the peak
is at about 4.191 GeV.

i <« total

38

Fig. 3. Total and partial spectral functions for A = 450 MeV. Numbers correspond
to channels in Table I. Solid bold line: total; solid lines: channels 5, 8, and 9, respec-
tively; dotted lines: channels 6 (down) and 7 (up); short-dashed lines: channels 3
(down) and 4 (up); long-dashed lines: channels 1 (down) and 2 (up).
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4. The Y (4260)

In the previous section, we described the resonance 1 (4160) using a uni-
tary model with internal loops chosen according to the OZI-allowed rule. In
this section, we study the cross section of the 1(4160) in the OZI-suppressed
channel J/v fp(980) that subsequently decays into J/¢rt7~. In Fig. 2, we
have seen that the specific choice of the cutoff parameter does not change
the general result. Here, we take the value A = 450 MeV.

4.1. Direct decay: v — J/v f,(980)

Let us include the new decay channel J/v f,(980) exactly in the same
way as the decay channels in Table I, by defining the new interaction La-
grangian as

ﬁwaO = gTZJJfO !puyJ'quO + h.c. y (21)

with J = J/¢ and fo = fo(980). With s = mi, it leads to the amplitude
v — g2 2k 3m? 22
v fo(8) = gglﬁJfo § (s,mg,my,) + m]/zp} . (22)

Furthermore, we consider that due to the different decay mechanism and par-
ticipation of light mesons, the cutoff parameter relative to channel
J/1 f0(980), that we define as A, may differ from the general one A. Now,
we compute the cross section for the ete™ — 1 — J/1 fp(980) production,
through

T
O-e"’e—ﬁJfo(\/g) = 27\/5 gie+e— dw—ﬂ]fo(\/g)7 (23)
using Eq. (9), with

k(s,mg,myg,)

Fw%J/wfo(S) = Vw—h]fo(s)f/zi (k2(57mJ’mfo)) : (24)

8rs

The coupling gye+.- in Eq. (23) may be estimated from the experimental
decay I'y(4160)—ete- = 0.44 4 0.22 keV [8], using

4 k(s,me)

F¢(4160)—>e+e* (s) = prﬁef 3 (3 + ng) . (25)

8ms

It gives gyete— =~ 1.989 x 1073, In Fig. 4, we compare the theoretical cross
section in Eq. (23) with the J/yn"7~ data in Ref. [3] by adjusting the
parameters A and gy, as following:

A = 450 MeV,  gyss, =~ 0.110 GeV ™,
A = 1GeV, GuJfo = 0.054 GeV 1,
A = 10 GeV, 9pif = 0.051 GeV L. (26)
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Since the value of the parameter A is not known, we test three different
scenarios: a ‘small’ A = 450 MeV (similar to the value of A), an intermediate
value A =1 GeV (typical when light mesons are involved), and a very large
value A = 10 GeV (in practice, ‘infinite’). In each case, the coupling constant
9uJfo, 1s a test value used to generate Fig. 4: the corresponding cross section
has a peak at the mass of 1)(4160) that has not been seen in experiments.
Hence, the values quoted in Eq. (26) can be also seen as an estimate of the
maximal value for such couplings (since, if it were sizably larger, one would
have seen it in experimental data).

0.154 2
1% Data: J/yrTn~

Lines: J/1 f(930)

0.101

0057 +
EMM Y

410 420 430 440
Vs(GeV)
Fig. 4. Cross section for the process ete™ — 1 — J/1 f0(980) — J/¢pmT 7w~ . Data

points from BESIIL in Ref. [3]. Dashed line: A = 450 MeV; dotted line: A =1 GeV;
solid line: A =10 GeV. No description of data, using Eq. (21), is possible.

We observe that, independently of the parameters set, the peak in the
cross section always comes at about 4.19 GeV, i.e., at the mass of the
1(4160), which is determined by the corresponding underlying pole (cf. Ta-
ble II). Then, it is not possible that the interaction in Eq. (21) describes
the data in the J/¢m "7~ decay mode: the peak is too small and placed at
too small /s. The coupling parameters in (26) are illustrative of how much
the direct decay ¢ — J/1 f,(980) that occurs through gluon emission and
subsequent conversion into quark—antiquark pairs (OZI-suppressed process)
is suppressed. From Fig. 4, we conclude that the peak at about 4.23 GeV in
the data cannot be described within the simple one-loop mechanism we pre-
sented so far. In the next section, we explore a different production process

for the J/1 f,(980) that changes this result.
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4.2. Loop-driven decay: 1) — D*D¥ — J /1 fo(980)

Let us consider the production process ¢ — DD* — J /1 fo(980) ac-
cording to the scheme in Fig. 5. Such an interaction is possible because
the quark content of the DD} and J/v fo(980) is the same, i.e. {c,¢, s, 5},
given that the fy(980) has a sizable s§s component in its wave function.
Furthermore, the pole corresponding to the 1 (4160) (c¢f. Table II) is very
close yet below the D D? threshold (see line 9 in Fig. 3). The fact that the
pole is below the threshold makes the DD} mostly off shell, which means
that while a decay through a string-breaking mechanism, i.e. OZI-allowed, is
strongly favored, the fact that the phase space for the decay is very limited
enhances the possibility of an internal quark recombination into a lighter
meson—meson system.

The 3-vertex 1 D¥ D* interaction in Fig. 5 is given by Eq. (16), providing
that VV = D*D?, and the 4-vertex D}D?.J/1 fo(980) interaction is given
by the Lagrangian'

ED;‘D;—>JfO =1\ (D:,U,D:V - D:I/D;u,) fOJuV + h.c. 3 (27)

with the definitions in Eq. (17). A detailed calculation of the diagram in
Fig. 5 is given by the product of the 3-vertex amplitude (16), the DD?
loop integral, and the 4-vertex amplitude (27). The result is an effective
amplitude similar to Eq. (22), but where in the place of the coupling strength
9yJ fo, it comes a new effective energy-dependent coupling that includes the
D D7 loop, which is given by
MIp+p=(s)

a(ys) = PR (25)
where IIp. p- (s) is the loop function, that includes the coupling strength
9y Dx D of the left vertex in Fig. 5, A is the coupling in (27), and s regularizes

! The transition DI D} — Jfo is modeled by Eq. (27): this is the Lagrangian whose
interaction term has the least number of derivatives and represents a suitable way to
parametrize this transition with only one free parameter, the coupling A\. The shape
of the corresponding cross section for the J/¢7 "7~ production (see later on and in
Fig. 6) does not depend on the value of the constant A (only the height does). As we
shall see, a peak at about 4.23 GeV, just where Y (4260) sits, emerges (independent
of A\), thus the possibility to describe this state as a shifted peak of 1(4160) seems
appealing. The possible numerical value(s) of A is (are) obtained by requiring that
the height of the cross section is in agreement with the data, see below for details.
Moreover, the contribution of the small direct decay studied in the previous section
generates an interference phenomenon which improves the description of data. In
the future, the inclusion of more terms that describe the D} D; — Jfo transition (as
well as other subleading but possible mechanisms leading to J/¢7w "7~ in the final
state) would be interesting, but the proliferation of coupling constants as well as the
technical involvement would make such a task valuable once much more precise data
will be available.
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Dy J/
¥(4160)

D; f0(980)

Fig. 5. Final-state interaction, which accounts for the mass-shift effect in Fig. 6.

the dimensions. The total ¢ — J/1 fp(980) amplitude is written as

V—sgfo(s) = g‘a(\/g) ingfOFS (2K (s,my,myp,) + 3m3] . (29)
The complex coupling term |a(y/s) = gy, |? includes the pure loop-driven
process in Fig. 5, the direct process, and an additional interference term
between the two. The sign + represents the case in which Re(a(4/s)) and
gypJf, have the same sign (4) or opposite sign (—). We shall see below
that only the opposite sign leads to a good agreement with the data. The
amplitude (29) enters into the new decay width as

k(s7mj,m ) - s o .
Tfo X Vs sg0() x e R (smrmy) /42 (30)

Lysipe(s) =
where we use the notation V and I” to distinguish from the direct process in
Egs. (22) and (24). As in the direct decay case, we note that the cutoff A,
in the above equation, is different than the one used for the OZI-allowed
loop vertices. The computation of the cross section for the eTe™ — ¢ —
J/1 f0(980) production is done through Egs. (9), (23), (25), and (28)—(30).
The total cross section in channel J/1 fo(980) will be

- __direct loop—driven interference
Oy—Jfo _U¢—>Jf0+a¢—>D;‘D;‘—>Jfo+a . (31)

In Fig. 6, we plot the total cross section 7y, /4 1,(980) in the above equation
for the following parameters:

A = 450 MeV, A=15.2 GeV !,
A = 1GeV, A=6.1GeV!,
A = 10 GeV, A=49 GeV!, (32)

where each A is adjusted for comparison with data in Ref. [3]. We use the
corresponding gy, values as in Eq. (26). The results are depicted for the
case where the interference between the direct and the loop-driven processes
is negative, i.e., minus sign in Eq. (29), which are those that describe data
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the best. The results are in very good agreement with data if we allow a
larger value for A. The most striking feature of Fig. 6 is that the peak clearly
shifts from its position, around 4.19 GeV, to about 4.23 GeV, matching the
structure of the Y (4260). The function (/s ) is responsible for this shift. In
fact, from Fig. 3, we can already see that channel D*D* (line 9) reaches its
maximal value around 4.26 GeV. In Fig. 7, we draw the function |a(y/s )%,
for A =10 GeV, and A\ = 4.9 GeV~! (¢f. (32)). It reaches a maximal value
for \/s ~ 4.27 GeV at about 9.10 x 1072 GeV~2, which is much smaller than
the square of the couplings in Table I. The maximal width in Eq. (30) comes
at

Ly ro(oso) (8 =~ 4.30% GeV?) ~ 7.21 MeV, (33)

which we determine graphically. However, at the physical mass of the

(4160), it is
fw_)J/lbe(gSO) (8 ~ 41912 GeV2) ~ (.29 MeV, (34)

a value that is close to the upper limit given in Ref. [8] of 3 x 1073 x 70 MeV
= 0.21 MeV. For simplicity, we do not include Eq. (30) in the denominator
of Eq. (8). As a consequence, there is a small violation of unitarity of about
1.5%, which we consider to be negligible, thus confirming a posteriori our
approximation. In fact, for consistency, if the J/ f(980)D: D} 4-vertex

o
&
L
o(nb)

Data: J/yrtn~
Lines: J/¥ f,(980)

VE(GeV)

Fig.6. Cross section for ete™ — ¢(4160) — DD} — J/¢ fo(980), using the
loop-driven decay in Fig. 5, compared with the experimental cross section ete™ —
J/¢mtr~ in Ref. [3]. Dashed, dotted and solid line: A = 450 MeV, 1 GeV, and
10 GeV, respectively. See the text for details.
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interaction was included in the denominator, all other 4-vertex interactions
should also be included. This would unnecessarily increase the complexity
of our problem without changing the outcomes sizably.

0.006 & la(Vs)?
[}
S
0.004+
0.002+
1 1 1
4.2 44 4.6

VA(GeV)

Fig. 7. Modulus square of the loop in Eq. (28) that acts as an energy-dependent
coupling. We can observe that the function arises around 4.2 GeV, which is the
reason why the amplitude in Eq. (29) and subsequent equations are enhanced at
that energy.

The theoretical peak in Fig. 6, which is the main result of our study, is
actually a variation of the 1)(4160) itself, when shifted by the influence of the
loop-driven effect. The direct decay contribution, with peak at the nominal
mass of the 1)(4190), is still present, but its partial cross section to channel
J/intw~ is, on the one hand, very small (see Fig. 4), and on the other
hand, it suffers negative interference with the loop-driven decay, in such a
way that it is dominated by it. Since the fy(980) also has a component
of u and d quarks (hence its strong decay to 7m), a contribution of other
4-vertices, e.g. the J/1 fo(980)D* D*, is also present, but in those cases, the
corresponding « function (28) has its peak around the threshold mass of the
corresponding OZI-allowed meson—meson pair, becoming very small around
4.23 GeV. On the other hand, the peak at about 4.23 GeV in Fig. 6 is also
present in the other OZI-allowed channels that couple to the D*D?* channel
through the same sort of final-state interaction as in Fig. 5, but it is not
seen in those channels due to the dominance of the direct process in such
cases. We remark that the existence of the structure at 4.23 GeV is, within
our approach, intrinsically related to the existence of an off-shell threshold
very close to the pole of the ¢ (4160).
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In this work, we consider the resonance fp(980) as an intermediate state
for the D*D* — J/WnTn~ production for mainly three reasons: (i) it cou-
ples strongly to kaons, assuring a strong coupling to an Ss pair, necessary
in the formation process (indeed, the fy(980) is often interpreted as a four-
quark object in which §s enters in its wave function); (i) it couples strongly
to pions, necessary for the production of a 77 pair in the final state; (i) it
is kinematically favoured, since m ;g + m g, (980) < My (4160)-

Yet, there are other resonances of the fy type that can also contribute
to the decay channel and, in principle, one should perform the sum over
all of them: the light state fy(500) [40] couples strongly to pions and is
kinematically even more favored than f;(980), but its coupling to Ss is
not known and could not be large if fp(500) is predominantly non-strange;
the state fp(1370), which couples to both §s and pions; finally, the cou-
pling to fo(1500) and also fy(1710) could have a non-negligible influence.
Note, fo(1360), fo(1500), and fo(1710) are kinematically not allowed for
an on-shell decay, but they clearly contribute as a virtual state to the final
J/Wrtn product.

The PDG does not present yet a fit or average for the contribution of
f0(980) to the final state J/¥nTm~ (it is surely seen and sizable, yet the
fraction is unknown). The experiment in Ref. [41] finds that this ratio is
0.17 £ 0.13. Our argumentation suggests that it should be larger. Future
experimental results on this ratio would be very welcome.

While the detailed inclusions of all these fy resonances is left for future
works (one would need a way to estimate the coupling to all these states and
also take into account possible interference phenomena), it should be noted
that the main idea presented here, the D}D? loop as intermediate state,
would be very similar in those channels as well and the J/¥nt7~ would
peak at very similar values of /s ~ 4.23 GeV. Hence, the study of f,(980)
presented in this work represents the prototype for all other fy resonances.

In Appendix A, we discuss the possibility of using a different cutoff func-
tion, namely with a quadripolar form. While a shift in the peak is still seen,
the result is less striking, and thus we conclude that the exponential function
works better for the current problem.

Other discussions, concerning other contributions to the J/¢r+ 7~ final
state, a comment on the experimental result in channel DD*r in Ref. [12],
and on the cross section for the direct decay ¢ — D¥D¥, may be found in
Appendices B, C, and D, respectively.

5. Conclusion and perspectives

We have presented a novel possible interpretation of the Y(4260), which
emerges from a loop-driven decay involving the D*D¥ and the J/4 fo(980)
meson pairs, with only one underlying pole, that corresponds to the 1(4160)
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resonance. The effect is manifest due to the close proximity of the pole to the
mostly closed threshold D*D?. While the coupling between the 1)(4160) and
this OZI-allowed channel is high, the lack of phase space for the decay en-
hances the possibility of recombination of the quark content of the D? D¥ into
an OZI-suppressed decay mode, viz. J/¢ fo(980), with a lot of phase space
available. Furthermore, a negative interference between the loop-driven de-
cay and the direct decay enhances the peak arising at about 4.23 GeV. The
conditions for the formation of the Y (4260) structure are, therefore, very
precise. Without changing the position of the 1(4160) pole, the effective
line-shape dy_, y/y f,(980), and consequently the cross section, undergoes an
“energy shift” upwards, a result that we consider as quite remarkable, and
that opens new possibilities to address the enigmatic Y enhancements.

We note that we are not including here other ¢ resonances, such as the
1(4040) and the 1(4415), that surely have influence in a more comprehensive
study. Notwithstanding the conclusions of other works, namely [16, 17], the
interference among different ) is, within the present approach, not necessary
to explain the bulk of the structure seen in the data, viz. the Y (4260). The
direct comparison made in Fig. 6 between the J/¢7 "7~ and the J/v fo(980)
is not quantitatively strict. On the one hand, the J/¢7 "7~ may result from
other decays, such as from the Z.(3900)Tn . In fact, according to experi-
ment [8], and also certain analysis [42], such a contribution is significant. Its
ratio w.r.t. the total J/¥ntn~ channel is 0.215 4 0.033 £ 0.075 (suppressed
but not negligible). On the other hand, the f(980) also decays into 7%7°
and to K K. The channels J/¢7%7° and J/¥ K™K~ [11] are, therefore, can-
didates for future studies of the Y (4260). Furthermore, the J/¥7" 7~ may
result from other scalar resonances, such as fo(500), fo(1370), fo(1500), and
fo(1710). In future studies, one should repeat the calculation performed
in this work for all these channels and take properly into account even-
tual interference effects. To this end, a model for the coupling to all these
scalar states is needed. Yet, the peak of this reaction is determined by the
D D? loop and would be very similar also when including all these scalar
states. Within the present effective Lagrangian approach, the orbital an-
gular momentum is not explicit, however, we consider the 1(4160) to be a
dominantly d-wave state, in which case the Y (4260) enhancement should
also be in d-wave. A similar mechanism, involving the s-wave counterpart
of the 1(4160), i.e. the 1(4040), has been studied by one of us in Ref. [36],
to explore the possible Y (4008) enhancement. For the present work, other
possible effects are the interference between DDj +c.c. and DD} +c.c. loops
and the Z,m channel. Such effects shall be, however, significantly smaller
than the one in Fig. 5, since the corresponding thresholds, about 4.29 GeV,
are far enough from the peak of the 1(4160). One should also notice that the
actual mass of the Y (4260) is now around 4.23 GeV, thus further away from
the DD; threshold than what was initially measured. Another interesting
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mechanism, also involving DD; + c.c. and DD’l + c.c. loops, that should
be studied in the future is the decay chain (4160) — DDy — DD*x.
In order to properly perform such a study, one should take into account the
couplings between 1 (4160) and both channels DD; and DD} (for consis-
tency, one should include not only the D?(2420), but also the D] = D{(2430)
as its pair). Moreover, a finite width for the D$(2420) should be considered,
as well as for the very broad (although unconfirmed) resonance D?(2430). In
this respect, future experimental and theoretical studies along this direction
are definitely needed.

This work was supported by the National Science Centre, Poland (NCN)
through the project OPUS No. 2015/17/B/ST2/01625.

Appendix A
Quadripolar cutoff

In this appendix, we study the case in which, instead of the Gaussian
cutoff function in Eq. (6), we use the quadripolar form given by

. e
fa (kf) = (1 + /1]4) : (35)

The procedure to adjust the free parameters is as described for the Gaussian
case, and in the same way, the final behavior does not change qualitatively
for the specific choice of A. As before, we choose the value A = 450 MeV.
The corresponding partial couplings and seed mass are

gypp ~ 1.910,
gppv =~ 0.881 GeV™!,
gypvy ~ 1.992,
mo = 4245 MeV , (36)

that lead to a peak in the total spectral function with mass and width
4191 MeV and 70 MeV, respectively, simulating the ¢ (4160). In order to get
an amplitude in the J/v f,(980) channel similar to Fig. 4, i.e., enough small
not to be seen in the data, we choose gy 7, ~ 0.0134 GeV~! and, finally,
in order to compare the effect described in Sec. 4.2 with data, we adjust
A = 1.5 GeV™! that is defined in Eq. (28). The parameter A which enters
in the Eq. (35) above for channel J/1 f;(980) was varied between 450 MeV
and 10 GeV, giving very similar results. We set it to be 1 GeV~!. The final
cross section, computed using the same equations as to Fig. 6, is plotted in
Fig. 8.
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Fig.8. Cross section for ete™ — ¢(4160) — D:D! — J/1f5(980), using the
loop-driven decay of Fig. 5, compared with the experimental cross section eTe™ —
J/ntn~ in Ref. [3], for the hard cutoff case. See the text for details.

Figure 8 shows a shift in the peak upwards, form 4.191 GeV (correspond-
ing to the total cross section) to about 4.2 GeV, which is not as striking as
the shift seen in Fig. 6, using the exponential cutoff function. This might
be due to the fact that the underlying pole position is now

4192.4 — i39.2 MeV | (37)

which is about 7 MeV lower than the corresponding pole in Table II. We
stress that, although not as significant as the shift seen in Fig. 6, the effect
of the loop-driven decay discussed in Sec. 4.2 is still seen, and thus worth
further studies.

The exponential form factor utilized in the main text emerges quite nat-
urally from different microscopic models. Yet, our results do not depend
sizably on the details of the cutoff (or vertex) function, under the conditions
that it is smooth and decreases sufficiently fast. A so-called hard cutoff (a
step function) is not admissible, since it would mean that the spectral func-
tion falls abruptly to zero above a certain value; this behavior is not physical
and does not lead to any acceptable description of experimental data, see
e.g. Ref. [35]. Moreover, the use of subtraction constants is also not a good
strategy for our model: one needs at least three-time subtraction scheme,
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see details in Ref. [35] (the 3 subtraction constants are subject to uncer-
tainties); moreover, the fact that the interaction in the low-energy domain
is non-local corresponds to the finite dimension of mesons. A smooth form
factor is a simple and useful possibilities to take the features listed above
into account).

It should be stressed that our approach is a model of QCD, hence the
numerical value of A should not be seen as the maximal value of the momen-
tum k (the quantity A is not — in a strict sense — a high-energy cutoff).
When the momentum k£ is larger than A, that decay channel is small as a
(rather physical) consequence of the non-local interaction/overlap between
the unstable meson and its final products (all of them being extended ob-
jects). The quantity k can assume any value from 0 to oo and can be much
larger than A. The normalization of the spectral function (a crucial property
of our model) results from an integral up to k& — o0o. On the other hand,
even if it is mathematically possible to consider k as large as desired, our
approach has physical limitations, because only a single decaying resonance
is present; we then expect that the model is valid around the mass of that
resonance, in our specific case up to 4.3 GeV.

Appendix B

On the J/rtn™ final state of the Y (4260)

The latest PDG entry for the Y (4260) enhancement reports that it is
“seen” in channel J/1 f(980) — J/¢mT 7™, but no average or fit is given
for its branching ratio. The only presented measurement is 0.17 4+ 0.13,
from Ref. [41], but it is also stated that the systematic error for this value
is lacking at present, showing that a future experimental determination is
needed.

Nevertheless, as explained in the main text, a more comprehensive study
of the J/v fo — J/¢ntn~ decays should include not only the fy(980), but
other scalar mesons such as the fy(500), fo(1370), fo(1500), and fo(1710)
as well. Given that all decay chains

¥(4160) — DED* — J/fo — J/yntn™ (38)

contribute to the final spectrum, one should perform a coherent sum involv-
ing all fo’s. However, the involvement of the D?D? loops in decays (38)
guarantees that the final peak is expected to be close to the D* D} threshold
in each case.

There is another important point concerning the J/¢7 "7~ final state.
At present, the resonant and non-resonant contributions for the Y (4260)
signal in the J/¢ntw~ channel are not clearly estimated, although it is
known that they both exist. In Ref. [41], it is stated:
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The mass distribution near 1 GeV /c* suggests coherent addition
of a non-resonant 7w~ amplitude and a resonant amplitude
describing the fo(980). If the peak near 950 MeV/c? is attributed
to a non-resonant amplitude with phase near 90°, the coherent
addition of the resonant fo(980) amplitude, in the context of
elastic unitarity, could result in the observed behavior, which is
similar to that of the I = 0 w7~ elastic scattering cross section
near 1 GeV (Fig. 2, p. VIL.38, of Ref. [26]). However, we have

no phase information with which to support this conjecture.

One should, therefore, consider that the non-resonant background plays
an important role for the Y (4260) structure in the J/¥nt 7~ channel and,
in particular, the presence of the D* D threshold could introduce the ~ 90°
phase required to explain the signal, together with the .J/v f,(980) contri-
bution. This would further support our claim that it is not the decay to
J /1 fo(980) alone that generates the signal at about 4.23 GeV but its “inter-
ference” with the threshold. In such background, the heavy scalar resonances
fo(1500) and fo(1710), off-shell decays in combination with J/¢, could be
also included.

With relation to other resonant contributions to the J/¢m "7~ signal at
about 4.23 GeV, the PDG only refers to one more as “seen”, the Z.(3900),
estimated to be a little higher than the J/v f,(980) (~ 22%). Even if we do
not estimate the Z.(3900)7 contribution in our approach, we nevertheless
think that it may be generated by a similar mechanism, but rather involving
the nearby DD; thresholds. In the future, the analogous decay chain

¥ (4160) — DDy — Z.(3900)7 — J/yatn~ (39)

should be studied. Quite interestingly, the corresponding threshold is at
about 4.28 GeV that is quite close to the peak of the Y (4260), and therefore
may even contribute to the overall signal.

Appendix C

Comment on the signal seen in D*Dm

The DD*r channel that does not stem from the D*D* is an OZI-
suppressed mode for the (4160), which was seen in the experiment (cf.
1(4160) decays in PDQG), although its contribution is not quantified. We
do not include it because in our approach we only include OZI-allowed de-
cays, making the exception for the J/¢ fy(980). In Ref. [12], the DD*x
distribution is a complex superposition of several enhancements, to which
the Y (4260) contributes with a cross section of about 100 pb, which is com-
parable with the cross section of the J/¢r 7~ distribution at 4.23 GeV in
Ref. [3].



1734 S. Coiro, F. GiAcosA

The process ete™ — DD} — DD*r is strongly OZI-suppressed and
is, therefore, expected to be small within our picture (in fact, the quark
content is different in the initial and final states, contrarily to the case
DiD* — J/9f5(980)). It is, however, possible that the enhancement ob-
served in the D D*r distribution, around 4.23 GeV, could be generated by a
similar loop-effect as the one we present in our manuscript, involving how-
ever the DD1 (D) and/or the D* D§ modes, rather than the D*D?*. Similar
Y enhancements could be produced with a similar mass, but not necessarily
coincident with 4.23 GeV. It would be crucial to know the value of the cross
section to DD (D) and the D*Df channels at the Y (4260) mass. Although
these thresholds are a bit further from the 1(4160)’s seed pole, they have
large widths and, since they are S-wave decays, their cross sections could
still be sizable at lower masses, and eventually high enough to generate
loop-effects, e.g. involving the DD*7, at the Y (4260) mass.

Appendix D

Concerning the D; D7 cross section

Finally, we would like to discuss a delicate aspect concerning the pro-
duction of the D} D? pairs in our problem. Intuitively, the total production
of D*D? pairs has to be large enough so that a fraction of the pairs will
take part in the loop-effect that leads to the Y (4260). Namely, in the frame-
work of a pertrurbative expansion, the cross section of the direct process
¢ — D:D? (which is a tree-level process) is expected to be larger than
Y — D:DY — Jifp(980) (which is a one-loop process), as it is the case
within our approach, as shown in Fig. 9. According to our own results, the
cross section value for D D? at about 4.23 GeV (which is computed using
Eq. (23), using the corresponding spectral function d,,_, D D;) is very close
to the D¥D* — J/v f(980) value, and about 4.26 GeV it is approximately
the double. In order to experimentally verify such a case, by quantifying the
cross section to D*D*, one has to assume further that most of the produced
D D? pairs do not recombine into other mesons. Indeed, since the D D? is
an OZl-allowed decay channel, it is natural to expect that its cross section
is higher that other type of decays.

Likewise, if the final state DD*r should come from DD; or DD}, via
a similar mechanism, their production rate would have to be larger than
for the DD*m, and their respective cross sections expected to be higher.
The Y (4260) might indeed be a composed signal which results from the
superposition and interference of different enhancements, with origin in the
same 1(4160) (the only pole in the vicinity). Such phenomena are not in
contradiction with our presented ideas, but they are out of the scope of the
present manuscript.
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Fig. 9. Cross section for e*e™ — 1(4160) — DD (higher curve), and for ete™ —
1(4160) — D D¥ — J/1¢£5(980) as in Fig. 6 — bold line (lower curve).
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