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Z:(3900): Confronting theory and lattice simulations
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We consider a recefit-matrix analysis by Albaladejet al, [Phys. Lett. B755 337 (2016)] which accounts
for the J/y andD*D coupled—channels dynamics, and that successfully desdtie experimental information
concerning the recently discovergg3900) . Within such scheme, the data can be similarly well desdribe
two different scenarios, where tAg(3900) is either a resonance or a virtual state. To shedilghthe nature of
this state, we apply this formalism in a finite box with the afrtomparing with recent Lattice QCD (LQCD)
simulations. We see that the energy levels obtained for bo#marios agree well with those obtained in the
single-volume LQCD simulation reported in Prelovsalal. [Phys. Rev. D91, 014504 (2015)], making thus
difficult to disentangle between both possibilities. We alsdysthe volume dependence of the energy levels
obtained with our formalism, and suggest that LQCD simafegiperformed at several volumes could help in
discerning the actual nature of the intriguiBg3900) state.

I. INTRODUCTION theoretical interest. An early discussion of possiblecttes
for the Z; (3900* was given in Ref. [2]. The suggested in-
terpretations cover a wide range:DaD molecule [L3-20],

a tetraquark§1-27], an object originated from an attractive
¥O*D* interaction pg], a simple kinematicalféect [29, 3(], a
cusp enhancement due to a triangle singulafiiy,[or a radi-

relevance of meson-meson channels can be grasped from t gy excited axial mesorif]. In Ref. [37, it was argued that
¢ . : is structure cannot be a kinematicélleet and that it must
act that all the charmonium states predicted below the low- v be originated from a nearby pole. Consequences
est hidden-charm threshol®D) have been experimentally necessarily 9 y POIE. N5€9
confirmed, but above this energy most of the observed stat from some of thgsg_ model; have been discussed n Raf. [
cannot be,unambiguously identified with any of the predicteeﬁqe non-compatibility (partial or total) of the propertisithe
oz ch deduced in dterent approaches clearly hints why the ac-
charmoniuntc states. . '
tual nature of this state has attracted so much attention.
Amongst theXY Zstates, th&:(3900) was simultaneously  |n Ref. [35], theoretical basis of the present manuscript,
discovered by the BESIII and Belle CO”abOfatiOﬁS—/[l inthe a J/lﬁﬂ'—D*D Coup|ed_channe|s scheme was proposed to de-
e'e” — Y(4260) —»_J/yn*n~ reaction, where a clear peak scribe the observed peaks associated t@¢t2900), which is
very close to theD"D threshold, around.8 GeV, is seen in  assumed to haviJPC) = 1(1*~) quantum numbers Within
the J/ym spectrum. Later on, an analysid pased on CLEO-  thjs coupled channel scheme, it was possible to successfull
¢ data for a dierent reactione’e” — y(4160)— J/ym*n™,  describe simultaneously the BESWlx [6] and D*D [10]
confirmed the presence of this resonant structure as well, alnvariant mass spectra, in which t#g(3900) structure has
though with a somewhat lower mass. The BESIII collaboraheen seen. Interestingly, twofiirent fits with similar quality
tion [9, 10] has also reported a resonant-like structure in theyere able to reproduce the data. In each of them, the origin
DD spectrum for the reacticete” — D*Dr at differente*e”  of the Z,(3900) was diferent. In the first scenario, it corre-
center-of-mass (c.m.) energies [including the productibn sponded to a resonance originated from a pole abovBtBe
Y(4260)]. This structure, with quantum numbers favored tothreshold, whereas in the second one the structure was pro-
be J” = 1*, has been cautiously calléti(3885), because duced by a virtual pole below the threshold (see R&f] for
its fitted mass and width showed soméeatiences with those mqre details).
attributed to theZ¢(3900). Whether both set of observations  Hadron interactions are governed by the non-perturbative
correspond to the same state needs to be confirmed, thougi?ime of QCD and, for this reason, Lattice QCD (LQCD)
there is a certain consensus that this is indeed the case, aidan essential theoretical tool in hadron physics_ In par-
the peaks reported as tEg(3885) andZ,(3900)" are origi-  ticular, one of the aims of LQCD is to obtain the hadron
nated by the same state seen iffietent channels. Moreover, spectrum from quarks and gluons and their interactions (see
evidence for its neutral partneZ(3900Y, has also been re- e g. Ref.[36] for a review focused on the light sector, and
ported B, 11]. Refs. 3740 for results concerning the charmonium sector).
The nature of theZ. (3900* is intriguing. On one hand, For such a purpose the Luscher methéd, [47] is widely
it couples toD*D and J/yn, and therefore one assumes it used. It relates the discrete energy levels of a two-hadren s
should contain a constitueet quark—anti-quark pair. On tem in a finite box with the phase shifts gadbinding ener-
the other hand, it is charged and hence it must also have an-
other constituent quark—anti-quark pair, namedy(for Z;).
Its minimal structure would be theectud, which automati-
cally qualifies it as a nomg (exotic) meson. Being a candi- 1 Through all this work, charge conjugation refers only torikatral element
date for an exotic hidden charm state, it has triggered much °f theZc(3900) isotriplet.

Since the discovery of th€(3872) in 2003 {], the charmo-
nium and charmonium-like spectrum are being continuousl
enlarged with new so-calledY Zstates —4], many of which
do not fit properly in the conventional quark modéeig [The
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gies of that system in an infinite volume. Appropriate gekhera where:
izations relevant for our work can be found in Refs3{46].

LQCD simulations devoted to find th&,(3900) state are _ /mz 42 5
still scarce { =57]. Exploratory theoretical studies for hidden i@ AR ®)
charm molecules have been performed in RéfS. 4], while _ + Q2 6
actual LQCD simulations/[/-51] find energy levels showing wn(@) URLE ©
a weak interaction in th&;(3900)" quantum-numbers sector wp-5(q) = Mp + Mp- + Mo + Mo- - 7)
(either attractive or repulsive), and no evidence is folomndté 2mpMmp-

existence. The work of Ref5P] employs LQCD to obtain a
coupled-channes-matrix, which shows an interaction domi- with q = |q|. The Gaussian form factoes*/A" are intro-
nated by df-diagonal terms, and, according to RefZ], this  duced to regularize the BSE, and thus, for each channel, an
does not support a usual resonance picture foZtfi@900). ultraviolet (UV) cut-df A; is introduced. In this work, we
This S-matrix contains a pole located well below threshold inhave used\; = 1.5 GeV and two values fok, = 0.5 and 1

an unphysical Riemann shekeg,, a virtual pole. Itisworthto  GeV [55, 56]. The Cj; matrix stands for th&-wave interac-
note that this possibility could be in agreement with the section in the coupled-channels space, and it is givenday: [

ond scenario advocated in Ret], and mentioned above.

Our objective in the present manuscriptis to implement the o C
coupled channel -matrix fitted to data in Ref.J5] in a fi- C= [é sz(E)]'
nite volume and study its spectrum. Thus, we will be able to
compare the energy levels obtained with this finite voldme
matrix with those obtained in LQCD simulations, in parteul
those reported in Ref4f]. This work is organized as follows.
The formalism is presented in Sdt, while the T-matrix of
Ref. [35] is briefly discussed in SubsdtA , and its extension
for a finite volume is outlined in SubsetB . Results are pre-
sented and discussed in Sé¢t, and the conclusions of this
work, together with a brief summary are given in Sikt.

(8)

In Eq. 8) the J/yr — J/ym interaction is neglecte@;; = 0,
the inelastic transition one is approximated by a constant,
while theD*D — D*D potentialCy,(E) is parametrized as:

C22(E) =Cyz + b(E - mp —mp-). )

In a momentum expansion, the lowest order contact poten-
tial for this elastic transition would be simply a constant,
C,, = C1z. However, it is easy to prove that two coupled chan-
. FORMALISM nels with contact potentials cannot generate a resonaowe ab
threshold. Thus and for the sake of generality, the model of
Ref. [39] allows for an energy dependence in E§), driven

by theb parameter. Th& matrix in Eq. () is diagonal, and

its matrix elements are th# s andD*D loop functions,

A. Infinite volume

We first briefly review the model of Ref3f] (where the

reader is referred for more details) that we are going to em- 3 (K2} /A2

ploy here. There, th&/(4260) decays t®D*x and J/yar  Gyy(E) = g wy(Q) + wn(9) e 2F )N ,
are studied with a model shown diagrammatically in Fig. 1 rs (27)° 2wy (Qr(d) g2 _ (ww(q) + wn(Q))z +ie
of that reference. Final state interactions among the eutgo (10)
ing DD* andJ/yn produce the peaks observed by the BESIII 5 (k)2

collaboration, which are associated to 2¢3900) state. The gy — 1 f d°q e 2 (11)
two channels involved in the 1{]1 T-matrix are denoted as 4mpmp: Jgs (27)° E — wpp(Q) + i€’

1 = J/ym and 2= DD*. Solving the on-shell version of the
factorized Bethe-Salpeter equation (BSE) allows to write:  which account for the right-hand cut of tAiematrix, that sat-
isfies in this way the optical theorem. TBeD channel loop
TYE) = V'X(E) - G(E). (1)  function Gy, is computed in the non-relativistic approxima-
tion.

The free parameters in the interaction matﬂx(é, Ciz
andb) were fitted in Ref. 5] to the experimental/yn~ and
D*D* invariant mass distributions in th§4260) — J/ynr

B I2/AZ k2 /A2 andY(4260) —» DD*r decays §, 10]. The fitted parameters
Vij = 4Mamzm;m;z Cij e ite . (2)  are compiled here in Tablewhere we can see the twofidir-
ent scenarios investigated in Ref]. In the first onep # 0,
theZ; appears as B*D resonancd,e., a pole above th®*D
Shreshold in a Riemann sheet connected with the physical one
above this energy. In the second one, where 0, a pole

_ appeared below thBD* threshold in an unphysical Riemann
E = wylke) + wnlka), (3) sheet, which gives rise to th#%(3900) structure, peaking ex-
E = wpplka) , (4) actly at theD*D threshold in this case&[] (see also RefH7]).

whereE is the c.m. energy of the system. The symmeéitic
matrix is the potential kernel, whose matrix elements hhee t
following form:

with m 1 andm; » the masses of the particles of ittlke channel
andk?, the relative three-momenta squared in the c.m. fram
implicitly defined through:



TABLE I. Values of the parameters employed in E§), {aken from Ref. $5], together with theZ. pole positions found in that work. The
errors account for statistical (first) and systematic (sdyaincertainties (see Reg] for details).

Az (GeV) Cyz (fm?) b (fm?®) C (fm?) Mz, (MeV) TIz/2 (MeV)
10 -019+008+001 —20+0.7+04 039+0.10+ 002 3894+ 6+1 30+12+6
05 001+0.21+0.03 -7.0+£04+14 064+016+0.02 3886:4+1 22+ 6+4
10 -027+008+0.07  O(fixed)  034+0.14+ 001 3831+ 26, virtual state
05 -027+016+013  O(fixed) 054+ 0.16+0.02 3844+ 19712 virtual state

B. Finite volume .
TABLE II. Lattice parameters taken from Refsld 58], and em-

. . . ployed in this work.
In this subsection, we study the previous coupled channel

T-matrix in a finite volume. The consequence of putting the
interaction in a box of sizé& with periodic boundary condi-
tions is that the three-momentum is no longer a continuous
variable, but a discrete one. For each valu¢ ofve have the

Lengths (fm)
a  0.1239(13)
L = 16a 1.982(21)

Masses (lattice units)

infinite set of momentq = z{ﬁ, fi € Z3. The integrals in Egs. am, 0.1673(16)
(10) and (1) will be replaced by sums over all the possible amy, 1.54171(43)
values ofg;: am,, 1.47392(31)
amp; 0.9801(10)
Eu(E) 1 Z wy(Q) + we(Q) e 2(eP-1)/A amp, 1.107(12)
1(E) = = 5 amps 1.107(27)
L5 200@er(@ E2  (w,(q) + welq)) amp.; 1.0629(13)
(12) amp-, 1.267(21)
o213 /A2 amp-4 1.325(68)

(13)

4(momo) L% 24 E—wpp (@)

~ 1 1
Gol®) = L
i _
This lattice energy of th®*D pair sufers from discretization
errors and it must be used in EQ.3J. The non-interacting
energy levels in Eq.J(6) should be also modified accordingly.
2y ey & Notice that, because of the face®/A*, the sum in Eq.13)
TE=V(E)-CE), (14) is exponentially suppressed iitf. For the range of energies
where theG matrix elements are given by Eq&2j and (L3). c02n5|_dered in this work, itis ficient to add terms up 6 =
The discrete energy levels in the finite box are given by thé-~ Finally, the discrete, interacting energy levels repoited
poles of theT-matrix. If the interaction is switchedfoV — Ref. [48] are actually the result of applying the following shift:

0, the free (or non-interacting) energy levels are givenhey t

(see Ref. §3 for further details). TheT-matrix in a finite
volume is then:

~ * t exp
poles of the5; functions, E—E =E-mf+nmly, (18)
2 here the spin-average m is given b =1
EC = wy(an) + wslan) (15 W pin-average massa,is given byms.s = 3(m, +

3my,,). For this reason, we will also present our energy levels
E(Dﬁf% = wpp-(qLn) , (16) shifted as in Eq.X8). The parameters involved in our calcu-
lations, taken from Refs4B, 5¢], are collected in Tablél.

where we use the shorthand = 2r/L, andn = VA2, The In particular, one hasy, = 266+ 4 MeV andL = 16a =
effect of the interaction is to shift these non-interactinggpe ~1.98+ 0.02fm, beinga the lattice spacing.
levels.

Our purpose is to make contact with the results reported
in the LQCD simulation of Ref.4g], and hence we will em- C. Further comments
ploy the masses and the energy-momentum dispersion rela-
tions used in that work. For thé/yn channel the dispersion  With all the ingredients presented in Subsg&, we can
relation in Eq. @) is still appropriate, but for the case of the compare our predictions for the energy levels in a box with

D*D channel, in Egs.4) and (), wpp- () must be replaced those reported in Ref4f]. But before presenting our results
by [48, 58]

Mp2 + Moz 5 my 4+ M. 4

lat
WA, (C]) =Mp1+Mp-1+ .
bD 2mD,sz*,z 8m§) 4m%* a 2 We have checked that the numericafeliences are negligible if larger val-
’ ’ (17) ues, sayi? = 8, are used.
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we would like to discuss some technical details concerningphysical case), this level approaches to threshaihen the
two differences that couldizct the comparison. J/yr channel is switched on, thie-behaviour of this level
First, we would like to note that the LQCD simulation in will be modified, specially when it is close to a discréfg/x
Ref. [48] includes thel/yr andD*D channels that are present free energy. Note that the slopes of thgn free levels, in
in our T-matrix analysis, but it also includes other channelsthe range of energies considered here, are larger (in a@bsolu
(like nco or D*D*). However, according to Ref3f], itis suffi-  value) than those of thBD* ones, because the threshold of
cient to include thel/ym andD*D channels to achieve a good the J/yr channel is far from the region studied.
reproduction of the experimental information concerning t From the above discussion, one realizes that the next cou-
Z.(3900). For this reason, we expect that, in first approxipled channel energy level, located between the DAD free
mation, these other channels could be safely neglecteein thones Egjl andE®.), could be more convenientto extract de-
calculations. tails of theZ;(3900) dynamics. Indeed, in the resonance sce-
The second point to be noted is that we are ignoring theario, this second energy level is very shifted downwardis wi
possiblem, dependence of the parameters in the potentialespect taE (', since it is attracted towards tég resonance

Eq.f ®). ﬁ(;nethellest'_s, tlhel LQCD simulati_or;GOf;‘ Rff\fI\i/S energy? In this context, it should be noted that the presence of
pe(rjormteh orare atltl\f:e y owtplolndmasma N ti b e.ld’ F Z-(3900Y) does not induce the appearance of an additional en-
and we thus expect the eventual dependence to be mild. ué’rgy level, but a sizeable shift of the energy levels witpezs

thermore, we are goﬁng to compare several sets of these PR the non-interacting ones. Therefore, even if no extragne
rameters (presented in Talilewhich somewhat compensates level appears, it would not be possible to completely discar

this dfect. the existence of a physical state (resonance). The eneiftyy sh
however, can be quite large and, only in this sense, one might
speak of the appearance of an additional energy level. The
correction of the second energy level in the virtual state sc
nario is much less pronounced. We should note here that the
In Fig. 1, we show thel dependence of some energy lev- elastic phase shift computed with tAematrix in Ref. 5]
els close to thed*D threshold. They have been computed does not follow the pattern of a standard Breit-Wigner distr
from the poles of the finite volum&-matrix, Eq. (4), by  bution associated to a narrow resonance. Indeed, the phase
using the parameters of Tablefor A, = 1 GeV, and the  shift does not change quickly from 04dn the vicinity of the
lattice setup given in Tablél. The levels obtained in the Z.(3900) mass, and actually it does not even regth This
Z¢(3900) resonance (virtual) scenario, calculated using thes mostly due to a sizeable background in the amplitude.
entries of the first (third) row of Table are displayed in the We now compare the cases, = 1 GeV (Fig. 1) and
left (right) panel. The blue dashed lines stand fordter— A, = 05 GeV (Fig.2). For A, = 0.5 GeV, the relevant
D*D coupled-channel-analysis results, and the red solid linefsecond) energy level is more shifted with respedfg- in
show the energy levels obtained when the inelaBior-D*D  the resonance scenario (FRyleft) than in the virtual scenario
transition is neglectedX = 0). This latter case corresponds to (rig. 2, right). This is the same behaviour already discussed
consider a single, elastic channBl'D). The error bands ac- for A, = 1 GeV. However, the shift for the resonance scenario
count for the uncertainties on the energy levels inheritethf s smaller in theA, = 0.5 GeV case (Fig2, left) than in the
the errorsin the parameters of Ref], quoted in Tablé (sta- A2 = 1 GeV one (Figd, left). This is due to the fact that the
tistical and systematical errors are added in quadratuithéo Z.(3900¥ is closer to the threshold and the couplingttD
calculations). The green dashed (dotted-dashed) linesl sta s smaller for theA, = 0.5 GeV case. Another important dif-
for the non-interactind>*D (J/yx) energy levels. In Fig2, ference between th&, = 1 GeV andA, = 0.5 GeV results
the same results are shown but for the cagse= 0.5 GeV. s that the error band of the relevant energy level is smaller
The qualitativel. behavior of both Figsl and2 is similar, S0 \hen the lighter cutfis used. This is due to theftérent rel-
we discuss first Figl and, later on, the specificftiéirences ive errors in both cases, and the fact that¥er= 0.5 GeV,

Ill. RESULTS AND DISCUSSION

between them will be outlined. _ _ the relevant level is closer to tH&)) free energy than in the
For both resonant and virtual scenarios, there is always aR, - 1 GeV case.
energy level very close to a free energy of the/r state, After having explored the volume dependence of the energy

ES),.. which reveals that the interaction driven by this mesonievels predicted with ouf -matrix and scrutinized its physical
pair is weak. Furthermore, the energy levels for the coupled meaning, we can now compare our results with those reported
channelT-matrix basically follow those obtained within the in Ref. [48]. The energy levels in the latter work are obtained
elasticD*D approximation, except in the neighborhood of thefrom a single volume simulatiorl, = 1.98 + 0.02 fm, and
J/yr free energies. This also corroborates that the role of the
J/yr is not essential.
Let us pay attention to the levels placed in the vicinity of g ) ) o

the D*D threshold. For simplicity, we first look at the single , |1 IS also discussed in more detail in Ref| o

. . For physical pionsr, ~ 140 MeV), theZ. resonance mass, ignoring
elastic channel case. There appears always a state just belo ¢y s is 3804 Mev (3886 MeV) fok, = 1 GeV (05 GeV), as seen from
threshold, as it should occur since we are putting an aleact  Tablel. Form, = 266 MeV as used in Ref4], and taking into account
interaction in a finite box. As the size of the box increases, the shiftin Eqg. {8), one might estimate that mass to be around 3912 MeV
and since there is no bound state in the infinite volume limit (3902 MeV).
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FIG. 1. Volume dependence of some energy levels locatee ¢ttotheD*D threshold, and obtained when thgis described as a resonance
(left) or as a virtual state (right) in the — co limit. The blue dashed lines have been obtained fromJfiger—D* D coupled channel analysis,
and the red solid lines show the single elastic chanbéD] case, in both cases, has been fixed to 1 GeV. The error bands are obtained
from the uncertainties of the parameters introduced in ltkeretical model of Ref.3[] (Table I(?, adding in quadratures the statistical and

systematic errors. The green dashed (dotted-dashedjpiiadte freeD*D (J/yr) energy levels€l) s (EF) ).
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FIG. 2. Same as in Fid, but for the casé\, = 0.5 GeV.

are shown in Fig3 with black squares. In the figure, we also the agreement is also very good fap = 0.5 GeV, and
show the results obtained in this work for= 2 fm, for both it is not so good forA, = 1 GeV. However, in the latter
the resonance (filled circles) and virtual state (emptylesic  case, we findey, = 4000j‘3‘ MeV, while the lattice energy is
scenarios for th&;(3900). Besides, the energy levels calcu- E;;; = 4070+ 30 MeV [4€], and hence this non-compatibility
lated withA, = 1 GeV andA, = 0.5 GeV are represented is small, the diference beingg st — Exn = 70+ 40 MeV. The

in blue and green, respectively. We provide twffetient er- comparison of our results with those of Refd] support the

ror bars for our results, considering only the uncertaintie  conclusions given in the latter work: from the energy levels
the parameters entering in tfiematrix (Tablel), or addition-  found in that LQCD simulation one cannot deduce the exis-
ally taking into account the errors of the lattice paranwter tence of a resonance (a truly physical state, instead of-a vir
(Tablell). We clearly see three distinct regions, the lowest entual state), namel¥(3900). But also from this comparison,
ergies are very close to tHeD* threshold E(DO*)IS) and to the  putting this conclusion in the other way around, one cannot

first J/yr free energy levelS) ). These free energies are discard its existence either.
shown in Fig.3 with red solid horizontal lines. As expected,
the two lowest lattice levels agree well with our results for

both cutdfs and the twZ(3900) state interpretations exam-
ined in this work. The hlghgr energy levels are the relgvan rtual scenario forA, = 1 GeV (blue empty circle) shows
ones, and, as a'readY mer?tloned, our r?sults are Slgnli'Camthat, within theoretical uncertainties (the smallest ebars),
shifted o Iow_er energies W'th respectiy.; for the resonant i cases are indistinguishable. This fact can alreadgde s
scenario, while this shift is much smaller for the virtuadtst by comparing the left panel of Fig and the right panel of
one. In general, the lattice results are in very good agreéme Fig. 1 aroundL ~ 2 fm. These energy levels are shown to-
with the virtual state scenario level for botty = 0.5 GeV ether in Fig4. It can be seen that, although these two sce-

andAz = 1 GeV cases, whereas in the resonance scenariyjos cannot be distinguishedlat 2 fm (the volume used

Finally, as can be seen in Fi@, a comparison of the
relevant energy level obtained in the resonance scenario fo
€2 = 0.5 GeV (green filled circle) with that obtained in the

i
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FIG. 3. Comparison of the energy levels of Refd]} shown with
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Fig. 4 (ESZ/?M). Notwithstanding these fliculties, our work
should stimulate this kind of studies.

IV. SUMMARY

With the aim of shedding light into the nature of the
Z.(3900) state, we have implemented th&/x, D*D cou-
pled channell-matrix of Ref. 5] in a finite volume, and
we have compared our predictions with the results obtained
in the LQCD simulation of Ref.4fd]. The model of Ref. 35
provides a similar good description of the experimental in-
formation concerning th&.(3900) structure in two dlierent
scenarios. In the first one, tl&(3900) structure is due to a
resonance originating from tHe*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 Refi§]. However, the
agreement is similar in both scenarios (resonant and Vjrtua

scenario for theZ,(3900) state. On the other hand, the energy levelsang hence it is not possible to privilege one over the other.
for the A, = 1 GeV (05 GeV) case are shown by blue (green) cir- Therefore and in order to clarify the nature of tB¢3900)

cles. The energy levels calculated in this work are displayi¢h two
types of error bars: the smaller ones have been obtainediieoimg
only the errors of the parameters entering in Thenatrix (Tablel),
whereas the larger ones additionally take into account ttogseof
the lattice parameters (Tahlg.

4100 ———=
4080

4060

state, we suggest performing further LQCD simulationsfat di
ferent volumes to study the volume dependence of the energy
levels.

=
]
2 4040
& Vir., Ay = 1.0 GeV
4020 - Res., Ay = 0.5 GeV ]
D
4000 + &P
EJ/W -
3980 Il Il Il Il Il
1.9 2 2.1 2.2 2.3 2.4 2.5
L (fm)

FIG. 4. Comparison of the relevant energy level for tge= 1 GeV
virtual state (solid purple lines) and thle, = 0.5 GeV resonance
scenarios (dashed blue lines) around- 2 fm. The green dashed
and dashed-dotted lines represefft; andE;) non-interacting en-
ergies, respectively.

in Ref. [4§)]), they lead to appreciably fierent energies al-
ready atL ~ 2.5 fm. This means that one cannot elucidate
the nature of this intriguin@.(3900) state with LQCD sim-
ulations performed in a single volume. Rather, it would be
useful to perform simulations atfié&rent values of the box
size, to properly study the volume dependence of the energy
levels. Of course, as discussed in Réf]|[ this would bring

in a technical problem —the appearance of mber free en-
ergy levels in the energy region of interest, as can be seen in
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