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In the hadrocharmonium pictureastate and a light hadron form a bound stébe effective
interaction is described in terms olie chromoelectric polarizability tfie cc state and energy-
momentum-tensor densities of the light hadTdiis picture is justified in the heavy quark limit,
and may successfully account for a hidden-charm pentaquark state recently observed by LHCb.
In this work we extend the formalism to the description bfdden-charm tetraquarkand ad-
dress the question afhether the resonant states observed by LHCb in the J/y-¢ spectrum can
be described as hadrocharmoniBhis is a non-trivial question because nothing is known about
the ¢ meson energy-momentum-tensor densit¥@h rather generadssumptions about energy-
momentum-tensor densities in the ¢-meson we show that a w(2S)-¢ bound state can &axdst,
obtain a characteristic relation between its mass and widtbhow that the tetraquark X(4274)
observed by LHCb in J/y-¢ spectrum is a good candidate for a hadrocharmW@eiorake predic-
tions which will allow testing this pict@er method can be generalized to identify other potential
hadrocharmonia.

I. INTRODUCTION Lattice data on the J/y-nucleon potentigd3]support
this interpretation [24The formalism makes also pre-
dictions for bound states of w(2S) with A and hyperons

Many evidencedor tetraquark stateswith hidden [22, 25] which will allow testing this appealing approach

charm were recently fourske Refs[1-3]for reviews. . : . ; ;
In particular, states with hidden strangeness and cha{ﬂr?i(perr'r?et?tfor Stru;j'ﬁ ofggj/zu;interactlon with

were discoveretihe most comprehensive analysis of tHEC ea' atte W? ete ) 0 ’ :

J/w-@ system was performed by the LHCDb collabora- [N this work we investigate whether the hadrocharmo-

tion [4].Four tetraquark states with quantum numbefUm picture can also describe some of the hidden-charm
JPC =@+, I"* were observed. tetraquarksWe will show that the tetraquark X(4274)

. . is ood candidate for a bound stateydR2S) with a
Various theoretical approaches have been suggested (gsonWe will also make predictiongdwhi)ch will allow

interpret such tetraquark states, for instance in term o

hadronic molecules formed of D-mesons or their excit® est this picture.

states [5-7] or in the diquark picture [848 jas also

suggested that the observed structure at m = 4140 MeV

is a manifestation of rescattering [12 Thg|fit of the |, THE EFFECTIVE QUARKONIUM-HADRON
LHCb data on X(4140) in terms ofescattering effects INTERACTION

in the model of Ref. [12] gives a slight preference to this

model over a Breit-Wignher resonahte state X(4274)
with J P¢ = 1** cannot be described as a molecular
state or rescattering effelect[14] it was proposed that
X(4274) may be a conventiona] (3P ) state.But the
couplings of charmonia to J/y-¢ and J/y-w systems
can be naturally expected to be similand the mass
spectrum of J/y-w in the decays of B = J/y w K shows
no structures analog to those in the J/y-¢ spectrum.
This is a strong argument against an interpretation for

In the heavy quark limit, when the quarkonium size is
much smaller than the size of the considered hadron, here
@, the effective interactiqs &f an s-wave quarkonium
with the ¢-meson is described in termstb& quarko-
nium polarizability a and the energy-momentum tensor
(EMT) densities of the ¢-meson,

any of the states X(4140¥(4274),X(4500),X(4700) __ AP _ _14.£b9¢
as conventionaharmoniaFor detailed discussions seeVEﬁ(r) “b 02 VTooln)=3 plr), v =1+§ 8’
the reviews [1-3]. (1)

Here we investigate the possibility of whether somﬂfgfe Tolr) and p(r) are the energy density and pressure

these tetraquarks can be interpreted as bound state . : : :
. ) inside the p-mesonyhich satisfy respectively (see
a g-meson and y(25) in the formalism of Refs. [15_1i 9%for a reviev(C on EMT form factoyrs olﬁ%drons gr&d

This formalism provides a successful description oftiagr densities)
pentaquark state(B450) observed at LHCb [18-20] as a ya ya
bound state of the nucleon and @(2S) [21, 22] if the chro- 3 3
moelectric polarizability of @(2S) is a(2S) = 17 GeV d°r Too(r) = my, drp(r)=0, (2)



and b = &N — 2N¢) is the leading coefficient tofe
Gell-Mann-Low functiorg. (gs) is the strong coupling
constantrenormalized athe scale ¢ (us) associated
with the heavy quarkonium (@p-mesofe parameter
& denotes the fraction of the hadron energy carried
gluons at the scaleg (§30].1t is approximately g= g
and v = 1.5[21]. The derivation ofEq. (1) is justi-
fied in the limit that the ratio ofthe quarkonium size

in terms of 3 parameters:

_ 1 _ D
(1 - /M) (1 - M3
b

w¥1ere M is the dipole mass &t(t), D is the value of

(t) D(t) (4)

the D-term, and Mis the quadrupole mass of Dihe

mass parameten Man be related to the mean square ra-

is small compared to the effective gluon wavelength §iks| of the energy density in the p-megom d2/M7,
and a numerically small term proportional to the curiéfgreas the mass parametes Melated to the mechan-

masses of the light quarks is neglected.
With the value ofa(2S) obtained in [2122]and a
model for EMT densities, energy dengity) Bnd pres-

sure p(r), in the p-meson one in principle is in the po
tion to apply the formalism to the description of bou

states of ¢p-mesons with y(2S).
It should be remarked that in our situation mixing

effects betwess andcc components are negligible, be-

ical mean square radius of the g-meson (for the definition
and discussion of the mechanical radius see Ref. [29]) as
r2 12/M3.

mech —
i_The radiiand D-term of the ¢-meson are not known

rzaee e.g. [31]). Therefore here we shallssume wide

ranges of values for these parameters (withmeelt):

0.05frh<rP<1fm, -15<D<0. (5)

cause the binding energy of a hadrocharmonium is sallp_term is expected to be negates e.g. the dis-

In fact, in the heavy quark limit gn- « the mass of
system is of O(m) but its binding energy is of O

cussion in [29].The intervalof D in (5) includes the
value ofD = —1 which corresponds to the D-term for

and hence much small®rus, in the heavy quark limit,5 hon_interacting point-like vector particle [BBthe

which justifies the validity of Eq. (djixing effects be-

parameter space (5) we include on purpose realistic as

tween the light- and heavy-quarkonium components,gaf) a5 rather exotic values.

be consistently neglected.

I1l. EMT DENSITIES IN THE ¢-MESON

Very little is known about the EMT densities in the

@-meson [31]These densities are defined in terms of

Fourier transforms ofhe EMT form factors A(t) and
D(t) [28]. The energy densityod(r) and the pressure
p(r) entering the effective potenfialare expressed in
terms of form-factors A(t) and D(t) as follows:

Z g
Too(r) =my 2np err A(—p?),
_ 1 1d,d” o or o2
P = &y 2ar dr amp © PP 03)

Obviously the normalisation conditions (2) are satisfied

automaticallyWe recallthat the form factor A(t) sat-
isfies the constraint A(0¥ 1, while the value ofthe
D-term D = D(0) is not fixed [29].Almost nothing is
known about the D-terms of any meson E2@gpt for
the recent first phenomenological informatfbBEMh
form factors [32But n® is a Goldstone bosomand its

D-term (see [34] and references therein) does not negallﬁ'eté

be good guideline for a vector meson like ¢.

With the parameters in above mentioned intervals we
obtain a set of effective potentials whose form varies con-
siderably.For illustrative purposes we plot in Fig. 1 ex-
amples ofhe resulting effective potentiddue to the
normalisation conditions (2) all effective potentials in the
set are normalised by the condition:

4
AP g2
& Vesrl(r) = — a=- g; v M.

In the next sections we study the possible w(2S)-¢ bound
states and their partial decay width to ¢ and J/y.

(6)

Vest/GeV
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: Examples of the effective potentials obtained from
nt values of the parameters in the intervals (5) in our
Ansatze for ¢-meson EMT densities.

In a very simple description one may assume simple

generic forms.g.dipole and quadrupdlénsatze. In

this case we describe the EMT densities in the g-meson

1 We chose the quadrupole Ansatz for D(t) in order to avoid a
divergent pressure at the origindowever,we checked that our

IV. MASS AND PARTIAL DECAY WIDTH OF
THE ¢(2S)-¢ HADROCHARMONIUM

Let my, m;, m, denote the masses ¢£25), J/y,

results are only moderately affected if one uses a singular at the?-mesonThe mass of the tetraquark state is defined as

origin pressure p(r).

M = my + my + Eping. The binding energyfq < 0



3

is obtained from solving the non-relativistio8iigér tions, e.g. higher multipoles.Very similar results are

equation with the effective poterdgdined in terms of obtained also with EMT densities o “smeared out”

the w(2S) chromoelectric polarizability a(2S) [21] point-like boson [34dr with a simple square welpo-
tential. Notice that the same values for ) can be

2 obtained from different combinations of the parameters

Y Vel — Esing WA =0,  (7)

21k in the intervals (5).
where g is the reduced mas§ u= mq—jl + ”1;1 of the In the remainder of this section we will clarify the ques-
bound particles. tion why M and I are correlated in this characteristic

The decay of the tetraquark into ¢ and J/y requiresWay: In the next section we will address the implications
that M > m +m, and is governed by the same effectRfhis finding.

potential but rescaled, since now the a(2S - 1S) polar- .
izability is relevanffhe formula for the decay width is .The bound state problem ar]d the_vyldth can be conve-
given by [21, 25] niently solved and evaluated in position 3paaeder-

stand the I'-M -relation it is convenient to work in mo-
Z 2 mentum spacéssuming that the bound state problem

2
r = kgl a(25 - 15) &Br W(r) Vig(r) d9r is solved (in position space) and the wave function W(r)
n a(2S) is known, we define the momentum-space wave function
(8) as
where g is the reduced masg = m* + mj,* of the z .
decay productand |g|= " 2w(M — m, — m,) corre- ®(p) = dreP W(r), (9)

sponds to the center-of-mass frame momentum of the de-
cay productsThe bound-state wave function W(r) corand introduce the form facte#(p) = Ferr(—p?) as the
responding to the bipding energys =M —my — m,
is normalised to unityPr |W(r)|?> = 1.

To evaluate the binding energy and width in Egs. (7, 8)
we use the value a(2S) = 17 GeV which was shown
to yield a robust description ofthe pentaquark state
P-(4450) interpreted as a N -@(2S) bound state under
varying assumptions dafifferentchiral models for nu- 150}
cleon EMT densities [2122]. In a recent study [383 X(4500) 0
wide range of values was estimated I8 Ge{2S) . X(4140)1
270 GeV” by inferring a(1S) from available results for ) g
nucleon-//y scattering lengths and exploring the rela-
tion a(2S)/a(1S) = 502/7 derived in the heavy-quark 100}
and large-Nlimit by treating quarkonia as Coulomb sys-
tems [39].Interestinglythe lowest value dhis range X(4274)1
is compatible with a(2S)= 17 GeV3 from [21,22].
For the transitional chromoelectric polarizability we use ke
|a(25 - 1S)| = 2GeV-3 from Ref.[16]. The p-meson sot L& T X(4700) D
EMT densities are modeled as described in Sec. Il with s
parameters varied in the wide intervals of Eq. (5). !

Not surprisingly, we obtain a wide range of masses M
for the corresponding tetraquarksactically every M . .
in the allowed rangge+m, < M < my +m, is realized ol L e
for some choices of parametersWh, D in the range 4.1 42 43 44 45 4.6 M/GeV
(5). Also the results for I vary considerably.

The mass and width are functions I{{M#,, D) and  FIG. 2: The scatter plot of the decay width [{M, D) vs
M(M 1, M5, D) of parameter#M1, M,, D which are  mMass M(M, M;, D) of tetraquarks obtained from varying the
varied randomly in theranges(5). At first glance parameters ¥ M,, D, which describe the unknown g-meson

one would expect a scatter plot of (M, D) versus EMT form factors (4), within a wide range of the values (5).

. 2 : .. In this plot 310 different points are shokerharkably, even
M(M 1, My, D) to yield a random I'-M -distribution fill- though we randomly scan a large parameter space, the '-M -

ing out the whole M -T plan&ut surprisingly we find ,,5/yes lie approximately on a characteristic cupes, text.
that the p0|ntS lie more or less on one curve, see F|gTae crosses on the M -axis indicate the bounds-v:n’n(p <

This is remarkableven though we know nothing abowy < m, +m,. For comparison we show the four tetraquarks
the structure ofthe p-mesonwe can predict that M in the J/y-¢ resonance region with their statistical (thin lines)
and I of candidate @(25)-¢ tetraquarks are systematand systematic (shaded areas) uncertainties and spin parity
ically correlated.This is not a feature ofa particular assignments [4]he state X(4274) emerges as a candidate
that it is also the case for other form factor parametrigaused to identify other possible hadroquarkonia.

I'/Mev




Fourier transform of the effective potential as V. DISCUSSION OF RESULTS AND
7 CONCLUSIONS
d’p 4
Veri(r) = =3 Fert(p) €P" . (10) L
(2nP The EMT densities in the ¢-meson are noknown.

This prevents us from making explicit predictions for the

If we take the Scbdinger equation in momentum SPACE s ofthe w(25)-¢ bound state in the hadrocharmo-

P YA RESY nium picture.With physically very broad assumptions
ST Ebina ®(p) = - @y Fert(p — P®(P?) about the EMT densities in the ¢-meson and taking the
e m (11) value ofthe chromoelectric polarizability pf2S) to

be a(2S) = 17 GeV> as needed to describe(3450)

and multiply it by its complex conjugate, we obtain pentaquark as a bound statetbf nucleon and y(2S)

e 2 Z P 2 [21,22],we obtained that a w(2S)-¢ bound state can
P’ _E. ® — F @ . form. Although we cannot make precise predictions for
2Lk ond [P(P)P (2mp (P9 (P the mass of such statege obtained a characteristic re-

(12) lation between mass tiie state and its partiatlecay

At the same timethe formula for the decay width canwidth to J/y and ¢.

be expressed as In our approach the s-wave bound state thfe two

vector mesons @(2S) and ¢ witR9 = 17~ has posi-

tive parity and positive C-paritgnd corresponds to a

mass-degenerate multiplét = 0**, T+, 2'*. The

degeneracy is lifted by the hyperfine interaction which is
o (13)_ suppressed by the inverse of the heavy quark mass and

Thus we see thatthe binding energy and the partial expected to be sm&écent lattice studies of the J/w-N

z 2
_ a(25-15) * pulql” &P _
TrT) v G PR

width of the hadrocharmonium are related as effective potentials [23] showed that the hyperfine inter-
2 2 action is very small.
M= (25 >15) * tulq| i — Evind  |9(q)F, Interestingly, the state X(4274) observed in the J/y ¢

a(25) mo 2 channehas a width of I = 56 + 1% MeV [4]exactly

) p ) (14)  in the range predicted by our scatter plesge Fig. 2.

with |g| = = 2ta(Ebina + my — m ). Notice that the  The LHCb collaboration obtained for this state the quan-

center-of-mass momentum of the decay products is IQQH—{]ﬁumbersF)C = I**. If one interprets this state as

as 0 < g< 2u(my — m). a w(2S)-¢ bound statepne should expect two further
Consider a class of potentials obtained from  nearly mass-degenerate resonances with spin 0 and 2 in

continuously-differentiabl@diabatic) variations of  this energy regiomt would be interesting to check this

certain parameterEhen ®(p), and hence als®(q)F, hypothesis in partial wave analysis.

will vary in a continuously differentiablenanneras It is important to stress that adopting this interpre-

the parameter space is scannelfi.we varied a single tation for X(4274) implies that the X(414%)4500),

parameterin a potential, we would obtain a unique X(4700) cannot be s-wave @(25)-¢ bound st3tesse

I'-M -curve. In our case we vary multiple parameters states could be other hadrocharmonium siatesibly

in the potential,and obtain familiesof '-M -curves. with / = 1 which might be possible in specific regions of

Notice,howeverthat only those deformations @f(F)  the parameter spac®r their explanation may require

are possible which preserve the normalization conditiifferent binding mechanismsddressing this question

(6). This explains why the results for (I, M) all occupgoes beyond the scope of this work.

a relatively narrow region in the I'-M plane. Assuming that the state X(4274) is a hadrocharmo-
The specific shape dhe '-M -curves can be under- nium allows us to gain some (very vague) information

stood as followsFor M - m; + m, we have |gp O, on the EMT densities of the ¢-meson. The y(2S)-¢

i.e. the phase space of the decay naturally suppressdsothel state with the mass around X(4274) appears for

decay width as I' =14q|for smallq|. The dimension- the following range gfarametersZr € [0.1, 0.55i7,

less coefficient is of order unity and weakly dependent ., € [0.08, 0.5]4and D € [-5, 0], the smaller radii

on the details of the wave functices AppA. In the  correspond the larger values of |Dhis is a very rea-

opposite limit M -» mp+m, we deal with a bound statesonable range gfarameters for EMT densities in the

problem in the threshold limikigg = 0. In a weakly ¢@-mesonfor example, in the AdS/QCD model one finds

bound case many properties ®fuantum system are rZ = 0.21 fifor the p-meson [3This approach would

largely insensitive to the details of the specific potenyiald similar results for other vector mesons such as ¢.

see e.g. the pioneering work of Wigner on deuteron [354e also note that if we consider the chromoelectric po-

This implies a suppression of the momentum-space wa¥gability a(2S) as a free parameter, the (25)-¢ bound

function in the limit ofifa — 0, such that I approachesstate appears for a(25% a «it(25) € [2, 41GeV3 if

zero, see Appendix A. we vary the parameters of EMT densities in above men-
In summary, in the hadrocharmonium picture the rtiased rangeNote that this range of criticadlues for

and partialwidth I' of a tetraquark decaying into J/wy the chromoelectric polarizability is just slightly above the

and ¢ are correlated in a characteristic way. polarizability a(1S) = 1.5 + 0.6 GeV of J/y deter-
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mined in Ref. [24] from the lattice data of Ref. J[28]. Appendix A: The partial decay width I' in extreme
remark that @i (1S) is larger (for the same potential) limits

than @it(2S) due tou< k. Thus, bound states of J/y

and ¢ most probably are not possible in the hadrocharin the limit |q| = 0, where Bing - m; —m, ap-
monium picturehis is in line with lattice QCD studiesproaches its maximal value, we obtain from (14)
where the J/p-¢ potentialvas found too weak to form

bound states [36]. Fr=cilq| +0(d),
Using the example ¢he w(2S)-¢ hadrocharmonium a(25 - 15) 2
we demonstrated that the partigle decay width is a= ——_——"" 4umimy,—m)*>hr?i%. (A1)

correlated in a characteristic way with the mastef a(25)

state.This interesting “approximate universality” of the ! . Re
r-M dependence is a generic feature of the approach,%rﬁt]ﬁ]' (Al) we defined #fi =" drru(r). Here u(r)
can be expected to hold also for other hadroquarkon|g the radial part u(r) of the (s-wave) ground-state wave
The implications of this observation will be studied ef&fiction W(r) = u(r)/r Yoo. W/e define u(r) to be real,
where. positive,and normalized as, dru(rf = 1. Notice

Other interesting questions concern whether also cﬂ?ﬂ%r}ﬂr) has dimension (length). One has naturally
J/w- resonances can be described as bound or resonf3Rt i° = @ Rj. Here R, is the characteristic hadronic
statesin the hadrocharmonium pictur@nd whether radius of the problem associated with the range of the po-
hadroquarkonia with the heabiestates can exihe  tential ¥x(r) and set by the radius of the ¢-meson, and
chromoelectric polarizabilities of bottomonia are smaltels @ numericafactor oforder unity. Quark models
than for charmonia [373nd the corresponding#/is indicate that the ¢-meson is about the size of the proton
in generalweaker. The formation ofhidden-bottom Or somewhat smalletf we use this as a guideline and
tetraquarks in the hadrocharmonium picture may th@&gsume for the characteristic radius 8.8 fm, we find
fore be more difficultBut these interesting topics de- for the slope;c~ 1.

serve dedicated studies and will be addressed elsewhelethe opposite limit whenpkq — 0 the size of the
baynd-state wave function in coordinate space grows as ~

1/ 2ib|Ebind|. This implies that the momentum-space
Vl. ACKNOWLEDGMENTS wave functio®(p) becomes more and more narrow and
henced(q)f in Eq. (14) goes to zero for fix&dhg.can
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