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Abstract We consider a recent T-matrix analysis by
Albaladejo et al. (Phys Lett B 755:337, 2016), which
accounts for the J /7 and D* D coupled-channels dynam-
ics, and which successfully describes the experimental
information concerning the recently discovered Z.(3900)*.
Within such scheme, the data can be similarly well described
in two different scenarios, where Z.(3900) is either a res-
onance or a virtual state. To shed light into the nature of
this state, we apply this formalism in a finite box with the
aim of comparing with recent Lattice QCD (LQCD) simu-
lations. We see that the energy levels obtained for both sce-
narios agree well with those obtained in the single-volume
LQCD simulation reported in Prelovsek et al. (Phys Rev D
91:014504, 2015), thus making it difficult to disentangle the
two possibilities. We also study the volume dependence of
the energy levels obtained with our formalism and suggest
that LQCD simulations performed at several volumes could
help in discerning the actual nature of the intriguing Z.(3900)
state.

1 Introduction

Since the discovery of the X (3872) in 2003 [1], the charmo-
nium and charmonium-like spectrum are continuously being
enlarged with new so-called XY Z states [2—4], many of
which do not fit properly in the conventional quark mod-
els [5]. The relevance of meson—-meson channels can be
grasped from the fact that all the charmonium states pre-
dicted below the lowest hidden-charm threshold (D D) have
been experimentally confirmed, but above this energy most
of the observed states cannot be unambiguously identified
with any of the predicted charmonium cc states.

Among the XY Z states, Z.(3900) was simultaneously
discovered by the BESIII and Belle collaborations [6,7] in
theete™ — Y (4260) — J /¥ T~ reaction, where a clear
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peak very close to the D*D threshold, around 3.9 GeV,
is seen in the J/¢¥m spectrum. Later on, an analysis [8]
based on CLEO-c data for a different reaction, ete™ —
V¥ (4160) — J /¥t~ confirmed the presence of this res-
onant structure as well, although with a somewhat lower
mass. The BESIII collaboration [9,10] has also reported a
resonant-like structure in the D*D spectrum for the reac-
tion ete™ — D*Dm at different eTe™ center-of-mass
(c.m.) energies [including the production of Y (4260)]. This
structure, with favored quantum numbers J P — 17, has
been cautiously called Z.(3885)E, because its fitted mass
and width showed some differences with those attributed to
Z.(3900)*. Whether both sets of observations correspond
to the same state needs to be confirmed, though there is a
certain consensus that this is indeed the case, and the peaks
reported as Z.(3885)* and Z.(3900)* originate from the
same state seen in different channels. Moreover, evidence
for its neutral partner, Z.(3900)°, has also been reported
[8,11].

The nature of Z. (3900)i is intriguing. On one hand, it
couples to D*D and J /vy, and therefore one assumes it
should contain a constituent cc¢ quark—anti-quark pair. On the
other hand, it is charged and hence it must also have another
constituent quark—anti-quark pair, namely ud (for Zh). Its
minimal structure would then be ccud, which automatically
qualifies it as a non-gg (exotic) meson. Being a candidate
for an exotic hidden-charm state, it has triggered much the-
oretical interest. An early discussion of possible structures
for Z, (3900)jE was given in Ref. [12]. The suggested inter-
pretations cover a wide range: a D* D molecule [13-20], a
tetraquark [21-27], an object originating from an attractive
D*D* interaction [28], a simple kinematical effect [29,30],
a cusp enhancement due to a triangle singularity [31], or a
radially excited axial meson [32]. In Ref. [33], it was argued
that this structure cannot be a kinematical effect and that it
must necessarily originate from a nearby pole. Consequences
from some of these models have been discussed in Ref. [34].
The non-compatibility (partial or total) of the properties of Z,.
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deduced in different approaches clearly hints why the actual
nature of this state has attracted so much attention.

In Ref. [35], which is the theoretical basis of the present
manuscript, a J /¥ m—D*D coupled-channel scheme was
proposed to describe the observed peaks associated to the
Z.(3900), which is assumed to have I(JF¢) = 1(1t7)
quantum numbers.! Within this coupled-channel scheme,
it was possible to successfully describe simultaneously the
BESII Jym [6] and D*D [10] invariant mass spectra, in
which the Z,(3900)F structure has been seen. Interestingly,
two different fits with similar quality were able to reproduce
the data. In each of them, the origin of the Z.(3900)* was
different. In the first scenario, it corresponded to a resonance
originating from a pole above the D* D threshold, whereas in
the second one the structure was produced by a virtual pole
below the threshold (see Ref. [35] for more details).

Hadron interactions are governed by the non-perturbative
regime of QCD and, for this reason, Lattice QCD (LQCD) is
an essential theoretical tool in hadron physics. In particular,
one of the aims of LQCD is to obtain the hadron spectrum
from quarks and gluons and their interactions (see e.g. Ref.
[36] for a review focused on the light sector, and Refs. [37—
40] for results concerning the charmonium sector). For such a
purpose the Liischer method [41,42] is widely used. It relates
the discrete energy levels of a two-hadron system in a finite
box with the phase shifts and/or binding energies of that sys-
tem in an infinite volume. Appropriate generalizations rele-
vant for our work can be found in Refs. [43—46].

LQCD simulations devoted to finding the Z.(3900) state
are still scarce [47-52]. Exploratory theoretical studies for
hidden-charm molecules have been performed in Refs. [53,
54], while actual LQCD simulations [47-51] find energy
levels showing a weak interaction in the Z.(3900)* quan-
tum numbers sector (either attractive or repulsive), and no
evidence is found for its existence. The work of Ref. [52]
employs LQCD to obtain a coupled-channel S-matrix, which
shows an interaction dominated by off-diagonal terms, and,
according to Ref. [52], this does not support the usual res-
onance picture for Z.(3900). This S-matrix contains a pole
located well below threshold in an unphysical Riemann sheet,
i.e., a virtual pole. It is worth to note that this possibility
could be in agreement with the second scenario advocated in
Ref. [35], and mentioned above.

Our objective in the present manuscript is to implement
the coupled-channel T-matrix fitted to data in Ref. [35] in a
finite volume and study its spectrum. Thus, we will be able
to compare the energy levels obtained with this finite volume
T -matrix with those obtained in LQCD simulations, in par-
ticular those reported in Ref. [48]. This work is organized
as follows. The formalism is presented in Sect. 2, while the

! Through all this work, charge conjugation refers only to the neutral
element of the Z.(3900) isotriplet.
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T-matrix of Ref. [35] is briefly discussed in Sect. 2.1, and its
extension for a finite volume is outlined in Sect. 2.2. Results
are presented and discussed in Sect. 3, and the conclusions of
this work, together with a brief summary are given in Sect. 4.

2 Formalism
2.1 Infinite volume

We first briefly review the model of Ref. [35] (where the
reader is referred for more details) that we are going to
employ here. There, the Y (4260) decays to DD*m and
J /¥ are studied with a model shown diagrammatically
in Fig. 1 of that reference. Final state interactions among the
outgoing D D* and J /v 7 produce the peaks observed by the
BESIII collaboration, which are associated to the Z.(3900)
state. The two channels involved in the 1(17) 7-matrix are
denoted as 1 = J/y¥m and 2 = DD*. Solving the on-
shell version of the factorized Bethe—Salpeter equation (BSE)
allows one to write:

T7Y(E) =V YE) - G(E), 4))

where E is the c.m. energy of the system. The symmetric V
matrix is the potential kernel, and its matrix elements have
the following form:

_K2/A2 —k2 /A2
Vij = 4 /mimiam;m;a Cij e fi/Aie KI8T, (2)

with m; | and m; , the masses of the particles of the ith chan-
nel and kl.2, the relative three-momenta squared in the c.m.
frame, implicitly defined through:

E = wy (k1) + g (k1), 3)
E = O)D*B(kZ) ) (4)
where

wy(q) =/m7,, +4q2, )
wr(q) = \/m3 +q*, (6)

mp +mpx ,
() = o LD DT 7
wp«p(q) =mp +mp+ + S e — @)

. - . K2 /A2 .
with ¢ = |q |. The Gaussian form factors e K'/A7 are intro-

duced to regularize the BSE, and thus, for each channel, an
ultraviolet (UV) cut-off A; is introduced. In this work, we
have used A = 1.5 GeV and two values for A, = 0.5
and 1 GeV [55,56]. The C;; matrix stands for the S-wave
interaction in the coupled-channel space, and it is given by
[35]:
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Table 1 Values of the parameters employed in Eq. (8), taken from Ref. [35], together with the Z,. pole positions found in that work. The errors
account for statistical (first) and systematic (second) uncertainties (see Ref. [35] for details)

A (GeV) Ciz (fm?) b (fm?) C (fm?) Mz, (MeV) I'z./2 (MeV)

1.0 ~0.19 £ 0.08 £0.01 —2.0+0.7+£04 0.39 £ 0.10 +0.02 3894+ 6+ 1 30+12+6

0.5 0.01 +£0.21 £0.03 ~7.0+04+ 1.4 0.64 £ 0.16 £+ 0.02 38864+ 1 2+6+4

1.0 —0.27 £ 0.08 £ 0.07 0 (fixed) 0.34 £0.14 £0.01 3831 2611 Virtual state

0.5 —0.27+0.16£0.13 0 (fixed) 0.54 £ 0.16 + 0.02 3844 + 197)? Virtual state

c— 0 C ) where 11 7 take the values O or 1. The physical Riemann sheet
C Cxn(E)]| is thus denoted by (00).

In Eq. (8) the J/Y¥ym — J/ym interaction is neglected,
C11 = 0, the inelastic transition one is approximated by a
constant, C, while the D*D — D*D potential C2(E) is
parametrized as:

Cn(E)=Ciz+b(E—mp—mpx). 9)

In a momentum expansion, the lowest order contact potential
for this elastic transition would be simply a constant, Cyy =
C1z. However, it is easy to prove that two coupled channels
with contact potentials cannot generate a resonance above
threshold. Thus and for the sake of generality, the model of
Ref. [35] allows for an energy dependence in Eq. (9), driven
by the b parameter. The G matrix in Eq. (1) is diagonal, and
its matrix elements are the J /vy and D* D loop functions,

g wy (@) +wr(q)
G11(E) =
11(E) [1;3 2n)? 2wy (@)wx(q)
o 2@ —k7)/ AT

x — (10)
E? — (wy(q) + wr(q))” + i€
1 Bg e 2A-K)/A3
Gxy(E) = , (11
2(E) 4m pm p+ /R.% Q) E —wpp(q) + i€ (h

which account for the right-hand cut of the T-matrix, which
satisfies in this way the optical theorem. The D* D channel
loop function G7; is computed in the non-relativistic approx-
imation.

Resonances, bound states or virtual states are found as
poles in one or more of the different Riemann sheets of the
amplitude, which are reached by analytical continuation of
the loop functions (Egs. (10) and (11)) that enter in the evalu-
ation of the T -matrix (Eq. (1)). The different Riemann sheets,
each one denoted (n112), are defined by the following con-
tinuations:

k1(E
G11(E) — G1i(E) + i 41( )| (12)
T E
) ka(E)
G (E) = Go(E) + mpi ————— (13)

Am(mp + mp+)

The free parameters in the interaction matrix C (C, Ciz
and b) were fitted in Ref. [35] to the experimental J/ym ™
and Dt D*~ invariant mass distributions in the Y (4260) —
J/¥am and Y (4260) — DD*m decays [6,10]. The fitted
parameters are compiled here in Table 1, where we can see
the two different scenarios investigated in Ref. [35]. In the
first one, b # 0, Z. appears as a D*D resonance, i.e., a
pole above the D*D threshold in the (11) Riemann sheet,
connected with the physical one above this threshold. In the
second one, where b = 0, a pole appeared below the D D*
threshold in the (01) Riemann sheet, which gives rise to the
Z.(3900) structure, peaking exactly at the D*D threshold
in this case [35]. As mentioned above, the pole is placed
below the D D* threshold, but it is above the J /¥ one, so
it has a small imaginary part (about 8 MeV). We still regard
it as a virtual pole, since, if the J /7 channel is switched
off (by setting the DD* — J /vy transition potential to
Zero, C = 0), it moves to the real axis in the unphysical
Riemann sheet of the D D* elastic amplitude, 75, (see also
Ref. [57]). In both scenarios, b # 0 and b = 0, only one
pair of complex-conjugate poles appears, and it does appear
in only one Riemann sheet.

2.2 Finite volume

LQCD simulations are carried out in a finite volume cubic
lattice. Since rotational symmetry is broken in the box, partial
waves can mix in general. We are concerned in this work
with the S-wave (¢ = 0) amplitude, for which the lowest
partial wave it could mix with is the G-wave (£ = 4), since
we are considering pseudoscalar—vector scattering with zero
total momentum. (Non-zero total momentum could lead to
mixing with other, lower waves.) The G-wave is high enough
so that its effect is expected to be small, and hence we neglect
it in this work. (For further discussion about this issue in a
context similar to that of this work, see e.g. Refs. [46,58].)
In this section, the coupled-channel 7T-matrix explained
in Sect. 2.1 is studied in a finite volume. The consequence
of putting the interaction in a box of size L with periodic
boundary conditions is that the three-momentum is no longer

@ Springer
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a continuous variable, but a discrete one. For each value of
L, we have the infinite set of momenta g = 2%17, ne 73.
The integrals in Egs. (10) and (11) will be replaced by sums
over all the possible values of g:

wy (q) + o (q) e~ 2a*—k7)/AT

2wy (Q)wr(q) E2 — (wy (@) +wn(c1))2 ’
(14)

~ 1
GiuE) =23
n

1 1 o207 —k3)/A3

S 15
4(mDmD*) LS;E—CODE*(C]) ( )

Gn(E) =
(see Ref. [53] for further details). The 7-matrix in a finite
volume is then:

T-YE)=VYE)-G(E), (16)

where the G matrix elements are given by Egs. (14) and
(15). The discrete energy levels in the finite box are given by
the poles of the T-matrix. If the interaction is switched off,
V — 0, the free (or non-interacting) energy levels are given
by the poles of the G;; functions,

=2
EY) ). = wy(qLn) + ox(qLn) . (17)
ES) = wppqn) (18)
D*D — @Wpp=gLn),

where we use the shorthand ¢; = 27/L, and n = Vi 2.
The effect of the interaction is to shift these non-interacting
energy levels.

Our purpose is to make contact with the results reported in
the LQCD simulation of Ref. [48], and hence we will employ
the masses and the energy-momentum dispersion relations
used in that work. For the J /v channel the dispersion rela-
tion in Eq. (3) is still appropriate, but for the case of the
D*D channel, in Egs. (4) and (7), w, 5« (q) must be replaced
by [48,59]:

lat

mpp2+mp+2 ,
DD*

w; =, (q) =mp | +mpx1+

2mpompx
m%,zt + m%*,zx 4
T3 3 (19)
8mp 4mp 4

This lattice energy of the D* D pair suffers from discretiza-
tion errors and it must be used in Eq. (15). The non-interacting
energy levels in Eq. (18) should also be modified accord-
ingly. Notice that, because of the factor e~¢ 2/ Az, the sum in
Eq. (15) is exponentially suppressed in 7 2. For the range of
energies considered in this work, it is sufficient to add terms
up to 7 2 = 6.% Finally, the discrete, interacting energy levels

2 We have checked that the numerical differences are negligible if larger
values, say 71 2 — 8, are used.

@ Springer

Table 2 Lattice parameters taken from Refs. [48,59], and employed in
this work

Lengths (fm)

a 0.1239 (13)
L = 16a 1.982 (21)
Masses (lattice units)

amy 0.1673 (16)
amgjy 1.54171 (43)
amy, 1.47392 (31)
amp,| 0.9801 (10)
amp 1.107 (12)
amp 4 1.107 (27)
amp 1.0629 (13)
ampx 2 1.267 (21)
ampx 4 1.325 (68)

reported in Ref. [48] are actually the result of applying the
following shift:

exp

E— E*=E —m™ + md¥, (20)

where the spin-average mass myg, 1S given by mg, =
%(mm, + 3m y ). For this reason, we will also present our
energy levels shifted as in Eq. (20). The parameters involved
in our calculations, taken from Refs. [48,59], are collected
in Table 2. In particular, one has m, = 266 £ 4 MeV and
L =16a = 1.98 £ 0.02 fm, where a is the lattice spacing.

2.3 Further comments

With all the ingredients presented in Sect. 2.2, we can com-
pare our predictions for the energy levels in a box with those
reported in Ref. [48]. But before presenting our results we
would like to discuss some technical details concerning two
differences that could affect the comparison.

First, we would like to note that the LQCD simulation
in Ref. [48] includes the J /v and D*D channels that are
present in our 7-matrix analysis, but it also includes other
channels, like n.p or D*D*, the thresholds of which are
located 120 MeV below and 140 MeV above the D D* thresh-
old, respectively. However, according to Ref. [35], it is suf-
ficient to include the J /v and D* D channels to achieve a
good reproduction of the experimental information concern-
ing Z.(3900). For this reason, we expect that, in first approx-
imation, these other channels could be safely neglected in
the calculations. It must be stated that there are also three-
meson channels with thresholds below the D*D one, like
newrmw (~ 3260 MeV) or J/yrmm (~ 3370 MeV) among
others, and also above the D*D threshold, such as D* Dx
(~4015 MeV), which could give rise to energy levels in the
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region we are exploring. These channels are neither explicitly
taken into account in Ref. [48] nor in the present approach.

Next, we would like to briefly mention the m, dependence
of our predictions and of LQCD simulations. In general, the
properties of resonances vary, to a larger or lesser extent,
with the quark masses. LQCD simulations are usually per-
formed with quark masses different from the physical ones,
and hence the resonance parameters extracted from them can
also be different from the experimental ones.? From a the-
oretical point of view, the pion mass dependence (in gen-
eral, the quark mass dependence) will manifest itself both
in the kinematics of the processes and in the dynamics of
the interactions. In our particular case, there could be a pion
mass dependence in the parameters of the potential, Eq. (8).
Nonetheless, the LQCD simulation of Ref. [48] is performed
for a relatively low pion mass, m, = 266 =4 MeV, and we
thus expect the eventual dependence to be mild, so we have
ignored it. Furthermore, we are going to compare several sets
of these parameters (presented in Table 1), which somewhat
compensates this effect.

3 Results and discussion

In Fig. 1, we show the L dependence of some energy lev-
els close to the D*D threshold. They have been computed
from the poles of the finite volume T—matrix, Eq. (16), by
using the parameters of Table 1 for A, = 1 GeV, and the
lattice setup given in Table 2. The levels obtained in the
Z.(3900)* resonance (virtual) scenario, calculated using the
entries of the first (third) row of Table 1, are displayed in
the left (right) panel. The blue dashed lines stand for the
J /Y m—D*D coupled-channel-analysis results, and the red
solid lines show the energy levels obtained when the inelas-
tic J/ym—D*D transition is neglected (C = 0). This lat-
ter case corresponds to considering a single, elastic chan-
nel (D*D). The error bands account for the uncertainties on
the energy levels inherited from the errors in the parameters
of Ref. [35], quoted in Table 1 (statistical and systematical

3 Asan example, let us consider the recent work of Refs. [60,61], where
LQCD simulations concerning the light sector are performed for pion
and kaon masses m; = 391 MeV and mx = 549 MeV. Although
the spectrum found there cannot easily be compared with the physi-
cal (experimental) one because of the large masses used, qualitative
comparisons can still be made, which are in good agreement with the
observed spectrum or with theoretical expectations. In particular, in
Ref. [61] the nm, K K interaction is studied and a cusp behavior in
the nm elastic amplitude is traced back to the ao(980) resonance. In
Ref. [60], where the nK, 7 K interactions are considered, resonances
are found alongside with a virtual state and a bound state. The virtual
state in the sector J© = 0% is expected to evolve to a resonance with
decreasing quark masses, and may thus be identified with the k reso-
nance. This is in agreement with the theoretically expected behavior for
the « resonance [62], and also for the o [63,64], the I = 0 member of
the octet.

errors are added in quadrature for the calculations). The green
dashed (dotted-dashed) lines stand for the non-interacting
D*D (J/ym) energy levels. In Fig. 2, the same results are
shown but for the case A = 0.5 GeV. The qualitative L
behavior of both Figs. 1 and 2 is similar, so we discuss first
Fig. 1 and, later on, the specific differences between them
will be outlined.

For both resonant and virtual scenarios, there is always
an energy level very close to a free energy of the J/vym
state, E y /)1// » which reveals that the interaction driven by this
meson pair is weak. Furthermore, the energy levels for the
coupled-channel T -matrix basically follow those obtained
within the elastic D* D approximation, except in the neigh-
borhood of the J /¢ 7 free energies. This also corroborates
that the role of the J /vy is not essential.

Let us pay attention to the levels placed in the vicinity of
the D* D threshold. For simplicity, we first look at the single
elastic channel case. There appears always a state just below
threshold, as it should occur since we are putting an attractive
interaction in a finite box. As the size of the box increases,
and since there is no bound state in the infinite volume limit
(physical case), this level approaches the threshold.* When
the J/ym channel is switched on, the L—behavior of this
level will be modified, specially when it is close to a discrete
J /¥ free energy. Note that the slopes of the J/¢m free
levels, in the range of energies considered here, are larger
(in absolute value) than those of the D D* ones, because the
threshold of the J /¢ channel is far from the region studied.

From the above discussion, one realizes that the next
coupled-channel energy level, located between the two D* D
free ones (E gl)[) and E l()l*)[)), could be more convenient to
extract details of the Z.(3900)* dynamics. Indeed, in the
resonance scenario, this second energy level is very shifted
downwards with respect to E [()1*) B since it is attracted towards

the Z. resonance energy.’ In this context, it should be noted
that the presence of Z.(3900)* does not induce the appear-
ance of an additional energy level, but a sizable shift of the
energy levels with respect to the non-interacting ones. There-
fore, even if no extra energy level appears, it would not be
possible to completely discard the existence of a physical
state (resonance). The energy shift, however, can be quite
large and, only in this sense, one might speak of the appear-
ance of an additional energy level. The correction of the sec-
ond energy level in the virtual state scenario is much less
pronounced. We should note here that the elastic phase shift
computed with the 7-matrix in Ref. [35] does not follow the

4 This is also discussed, in more detail, in Ref. [53].

5 For physical pions (m, ~ 140 MeV), the Z. resonance mass, ignoring
errors, is 3894 MeV (3886 MeV) for A = 1 GeV (0.5 GeV), as seen
from Table 1. For m, = 266 MeV as used in Ref. [48], and taking into
account the shift in Eq. (20), one might estimate that mass to be around
3912 MeV (3902 MeV).

@ Springer
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Resonance, As =1 GeV

4100 g T T T T <3 _
\ DD
4050 1 J/¢m-D*D
2 4000 EY
= £
% 3950 .
K
3900 | _ e eeeoecerereececeeeen
3850 ‘ b ‘
15 175 2 2.25 2.5
L (fm)

Fig. 1 Volume dependence of some energy levels located close to the
D* D threshold, and obtained when Z,. is described as a resonance (left)
or as a virtual state (right) in the L — oo limit. The blue dashed lines
have been obtained from the J/ym—D*D coupled-channel analysis,
and the red solid lines show the single elastic channel (D*D) case, in

Resonance, Ay = 0.5 GeV

4100 _
\ D*D

4050 1 J/ym-D*D
% 4000 Eglﬁ
N i
¥ 3950 v
S

3900 ke

3850

1.5

L (fm)

Fig. 2 Same as in Fig. 1, but for the case A, = 0.5 GeV

pattern of a standard Breit—Wigner distribution associated
with a narrow resonance. Indeed, the phase shift does not
change quickly from O to 7 in the vicinity of the Z.(3900)
mass, and actually it does not even reach 57 /2. This is mostly
due to a sizable background in the amplitude.

We now compare the cases Ay = 1GeV (Fig. 1)and Ay =
0.5 GeV (Fig. 2). For Ay = 0.5 GeV, the relevant (second)
energy level is more shifted with respect to E(Dlz 5 in the
resonance scenario (Fig. 2, left) than in the virtual scenario
(Fig. 2, right). This is the same behavior already discussed for
Ay = 1 GeV. However, the shift for the resonance scenario
is smaller in the Ay = 0.5 GeV case (Fig. 2, left) than in the
A> = 1 GeV one (Fig. 1, left). This is due to the fact that
Z.(3900)* is closer to the threshold and the coupling to D* D
is smaller for the A> = 0.5 GeV case. Another important
difference between the A = 1 GeV and A, = 0.5 GeV
results is that the error band of the relevant energy level is
smaller when the lighter cut-off is used. This is due to the
different relative errors in both cases, and the fact that, for
Ay = 0.5 GeV, the relevant level is closer to the E (Dli 5 free
energy than in the Ay = 1 GeV case.

After having explored the volume dependence of the
energy levels predicted with our T-matrix and scrutinized

@ Springer

Virtual state, Ay = 1 GeV

O
4050 F

1.5 1.75 2 2.25 2.5

both cases A, has been fixed to 1 GeV. The error bands are obtained
from the uncertainties of the parameters introduced in the theoretical
model of Ref. [35] (Table 1), adding in quadratures the statistical and
systematic errors. The green dashed (dotted-dashed) lines are the free

N @) @)
D*D (J/yrm) energy levels E 5 (EJ/Wn)

Virtual state, A2 = 0.5 GeV
4100 T T T
]

R

4050

4000

3950

E* (MeV)

3900

3850 E—
1.5

its physical meaning, we can now compare our results with
those reported in Ref. [48]. The energy levels in the lat-
ter work are obtained from a single-volume simulation,
L = 1.98 + 0.02 fm, and are shown in Fig. 3 with black
squares. In the figure, we also show the results obtained in this
work for L = 2 fm, for both the resonance (filled circles) and
the virtual state (empty circles) scenarios for the Z.(3900).
Besides, the energy levels calculated with A = 1 GeV and
A> = 0.5 GeV are represented in blue and green, respec-
tively. We provide two different error bars for our results,
considering only the uncertainties of the parameters enter-
ing in the 7T-matrix (Table 1), or additionally taking into
account the errors of the lattice parameters (Table 2). We
clearly see three distinct regions, the lowest energies are very
close to the D D* threshold (E (Doi D) and to the first J /7 free

energy level (E (Jl/)wn ). These free energies are shown in Fig. 3
with red solid horizontal lines. As expected, the two lowest
lattice levels agree well with our results for both cut-offs
and the two Z.(3900) state interpretations examined in this
work. The higher energy levels are the relevant ones, and,
as already mentioned, our results are significantly shifted to
lower energies with respect to E(Dlz 5 for the resonant sce-
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Fig. 3 Comparison of the energy levels of Ref. [48], shown with black
squares, with our results for L =~ 2 fm. Full (empty) circles stand
for the energy levels obtained in the resonance (virtual state) scenario
for the Z.(3900) state. On the other hand, the energy levels for the
Ay = 1 GeV (0.5 GeV) case are shown by blue (green) circles. The
energy levels calculated in this work are displayed with two types of
error bars: the smaller ones have been obtained considering only the
errors of the parameters entering in the 7-matrix (Table 1), whereas
the larger ones additionally take into account the errors of the lattice
parameters (Table 2)

nario, while this shift is much smaller for the virtual state
one. In general, the lattice results are in very good agreement
with the virtual state scenario level for both A, = 0.5 GeV
and A» = 1 GeV cases, whereas in the resonance scenario
the agreement is also very good for A, = 0.5 GeV, and it
is not so good for A, = 1 GeV. However, in the latter case,
we find Ey, = 40001%3‘ MeV, while the lattice energy is
Ea = 4070+£30MeV [48], and hence this non-compatibility
is small, the difference being Ejor — Eqn = 70 = 40 MeV.
The comparison of our results with those of Ref. [48] sup-
ports the conclusions given in the latter work: from the energy
levels found in that LQCD simulation one cannot deduce the
existence of a resonance (a truly physical state, instead of a
virtual state), namely Z.(3900). But also from this compari-
son, putting this conclusion the other way around, one cannot
discard its existence either.

Finally, as can be seen in Fig. 3, a comparison of the rel-
evant energy level obtained in the resonance scenario for
N> = 0.5 GeV (green filled circle) with that obtained in the
virtual scenario for A, = 1 GeV (blue empty circle) shows
that, within theoretical uncertainties (the smallest error bars),
the two cases are indistinguishable. This fact can already be
seen by comparing the left panel of Fig. 2 and the right panel
of Fig. 1 around L ~ 2 fm. These energy levels are shown
together in Fig. 4. It can be seen that, although these two
scenarios cannot be distinguished at L ~ 2 fm (the volume
used in Ref. [48]), they lead to appreciably different energies

4100
4080 |
= 4060 R
[}
E 4040 .
Eﬂ Vir., Ay = 1.0 GeV
4020
Res., Ay = 0.5 GeV {7}
4000 |- B -~
@ \
T/
3980 L L L L L
1.9 2 2.1 2.2 2.3 2.4 2.5

Fig. 4 Comparison of the relevant energy level for the A, = 1 GeV
virtual state (solid purple lines) and the A, = 0.5 GeV resonance
scenarios (dashed blue lines) around L =~ 2 fm. The green dashed

and dashed-dotted lines represent Egi 5 and E;Z/)wn non-interacting
energies, respectively

already at L ~ 2.5 fm. This means that one cannot elucidate
the nature of this intriguing Z.(3900) state with LQCD sim-
ulations performed in a single volume. Rather, it would be
useful to perform simulations at different values of the box
size, to properly study the volume dependence of the energy
levels. Of course, as discussed in Ref. [48], this would bring
about a technical problem—the appearance of more J /¢
free energy levels in the energy region of interest,® as can be
seen in Fig. 4 (Egz/{/m). Notwithstanding these difficulties,
our work should stimulate this kind of studies.

It must also be stated that there are certainly other ways
to perform LQCD simulations to gain further insight on the
nature of Z.(3900) that do not require the use of several
volumes. One can perform, for example, simulations in a
single volume but with the two-meson systems moving with
several non-zero momentum [65-68] (examples of such type
of simulations can be found e.g. in Refs. [60,61,69]). Results
of such approaches could not be directly compared, however,
with our results presented in Sect. 3, where we have focused
on the volume dependence of the discrete spectrum obtained
in LQCD calculations. Although it is beyond the scope of
this work, we would like to mention that it is also possible
to make predictions from unitary effective field theories for
such simulations [58].

4 Summary

With the aim of shedding light into the nature of the Z.(3900)
state, we have implemented the J/ymw, D*D coupled-
channel 7-matrix of Ref. [35] in a finite volume, and we
have compared our predictions with the results obtained in

6 1t should be noted that recent analysis of LQCD simulations (e.g.
Refs. [60,61]) are able to obtain detailed spectra involving a large num-
ber of energy levels, overcoming this difficulty.
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the LQCD simulation of Ref. [48]. The model of Ref. [35]
provides a similar good description of the experimental infor-
mation concerning the Z.(3900) structure in two different
scenarios. In the first one, the Z.(3900) structure is due to a
resonance originating from the D* D interaction, while in the
second one it is produced by the existence of a virtual state.
We have studied the dependence of the energy levels on the
size of the finite box for both scenarios. For the volume used
in Ref. [48], our results compare well with the energy levels
obtained in the LQCD simulation of Ref. [48]. However, the
agreement is similar in both scenarios (resonant and virtual)
and hence it is not possible to privilege one over the other.
Therefore and in order to clarify the nature of the Z.(3900)
state, we suggest performing further LQCD simulations at
different volumes to study the volume dependence of the
energy levels.
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