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Annortanmsi. B sxcniepumente LHCD B 2017 r. Obutn 00HApYKEHBI TETPAKBAPKH — PE30HAHCHBIC COCTOSHHS C KBAPKOBBIM
cocraBoM SSCC . B jmanHO# paboTe mpearaeTcs oJHa U3 BO3MOXHBIX TEOPETUUECKUX MOJEINEH, 0OBICHAIOMNX BOSHHKHOBE-
HHUE TaKMX COCTOSHUM. B NpeuiokeHHOi MO/eNu TeTpakBapK MpeICTaBIseT COOO0M CBSI3aHHOE COCTOSIHHE (-ME30Ha M YapMOHHS
y(2S). Cesi3bIBaHUE TIPOUCXOJINT 3a CYET XPOMODIIEKTPHIECKON TOJISIPU3YEMOCTH CC — COCTOSHHMS B TI0JI€ JIEFKOTO Me30Ha. MBI
nokasbiBaeM, uto terpakBapk X(4274), nabnronaeMblii B pacnane Jy—¢, Xopolo ONUCHBAETCS B PaMKaX Hallero Gopmanusma.

Kpome Toro, Mbl JeaeM HEKOTOPBIE MPEACKA3aHMUs Il HOBBIX TETPAKBAPKOBBIX COCTOSHHM, IIOMCK KOTOPBIX HAa 3KCIEPUMEHTE
MI03BOJIUT NIPOBEPUTH IPABOMEPHOCTH HAIlel TEOPUH B JaTbHEHIIEM.

KiroueBsble cjioBa: TETpaKBapK, TCH30P SHEPIruUu-UMITYyJIbCa, XPOMOSJIEKTPUYECKAs IMOJAPU3YEMOCTD, aIPOH, IIEHTAKBAPK.

Abstract. Some resonance SSCC states called tetraquarks were observed by LHCb in 2017. In this work we offer the one of
the possible theoretical models explained their existence. We consider tetraquark as a bound state of ¢ meson and charmonium
y(2S). Their binding is provided by the chromoelectric polarizability of the cc state and energy-momentum-tensor densities of

the light hadron. We show that the tetraquark X(4274) observed in the Jhy—¢ spectrum is a good candidate for a bound state of

y(2S) with a ¢ meson. We also make predictions which will allow testing our model.

Keywords: tetraquark, energy-momentum-tensor density, chromoelectric polarizability, hadron, pentaquark.

In the heavy quark limit, when the quarkonium size
is much smaller than the size of the considered hadron,
here ¢, the effective interaction Ve of an s-wave quar-
konium with the ¢-meson is described in terms of the
quarkonium polarizability o and the energy-momentum
tensor (EMT) densities of the ¢-meson,
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Here Too(r) and p(r) are the energy density and pres-
sure [Polyakov, 2003] inside the ¢-meson, which satisfy
respectively

J‘dsrTOO(r)zm(P,Id3rp(r)=0, )

and b=(11/3N-2/3Ny) is the leading coefficient of the
Gell-Mann-Low function, g(gs) is the strong coupling
constant renormalized at the scale p(ps) associated with
the heavy quarkonium (¢-meson). The parameter & de-
notes the fraction of the hadron energy carried by glu-
ons at the scale ps [Novikov, Shifman, 1981]. It is ap-
proximately g.~gs and v=1.5 [Eides at al., 2016].

Very little is known about the EMT densities in the
¢-meson. These densities are defined in terms of Fourier
transforms of the EMT form factors A(t) and D(t) [Poly-
akov, 2003]. The energy density Tqo(r) and the pressure
p(r) entering the effective potential (1) are expressed in
terms of form-factors A(t) and D(t) as follows:
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Obviously the normalization conditions (2) are satis-
fied automatically. Almost nothing is known about the
D-terms of any meson [Polyakov, Schweitzer, 2018],
except for the recent first phenomenological information
on n° EMT form factors [Kumano, 2018]. But n° is a
Goldstone boson, and its D-term does not need to be
good guideline for a vector meson like ¢.

In a very simple description one may assume simple
generic forms, e.g., dipole and quadrupole Ansatz. We
chose the quadrupole Ansatz for D(t) in order to avoid a
divergent pressure at the origin. However, we checked
that our results are only moderately affected if one uses
a singular at the origin pressure p(r). In this case we
describe the EMT densities in the ¢-meson in terms of 3
parameters:
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where M; is the dipole mass of A(t), D is the value of
the D term, and M, is the quadrupole mass of D(t). The

mass parameter M; can be related to the mean square
radius of the energy density in the ¢-meson as

1’ =12/ M/ whereas the mass parameter M, is related
to the mechanical mean square radius of the ¢-meson as
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r =12/l\/|22 [Polyakov, Schweitzer, 2018]. The radii

mech

and D term of the ¢-meson are not known. Therefore
here we shall assume wide ranges of values for these
parameters (with i=E, mech):

0.05<r’<1 fm*, -15<D<O0. 5)

With the parameters in above mentioned intervals
we obtain a set of effective potentials whose form varies
considerably.

Let m,, m;, m, denote the masses of y(2S), JAy, ¢-
meson. The mass of the tetraquark state is defined as
M=m,,+my+Eping. The binding energy Eying<0 is obtained
from solving the non-relativistic Schredinger equation
with the effective potential defined in terms of the y(2S)
chromoelectric polarizability a(2S) [Eides at al., 2016]:
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where p, is the reduced mass u;l = m\;l + m;l of the

bound particles and W(rF) — the bound state wave

function. The decay of the tetraquark into ¢ and Jhy
requires that M>mj+m, and is governed by the same
effective potential but rescaled, since now the
a(2S—1S) polarizability is relevant. The formula for the
decay width is given by [Eides at al., 2016]:
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where py is the reduced mass p," =m+m’ of the

decay products, and |g| = \/Zul(M -m, —m,) corre-

sponds to the center-of-mass frame momentum of the
decay products. The bound-state wave function W(F)

corresponding to the binding energy Eping=M-m,—m, is
normalized to unity, [ d*r|¥(F)|*=1.

To evaluate the binding energy and width in Eg. (6)
and (7) we use the value a(25)=17 GeV 3, which was
shown to yield a robust description of the pentaquark
state P,(4450) interpreted as a N—y(2S) bound state un-
der varying assumptions of different chiral models for
nucleon EMT densities [Eides at al., 2016; Perevalova
et al., 2016]. For the transitional chromoelectric polar-
izability we use |a(2S—1S)[=2 GeV*® from [Voloshin,
2008].

Not surprisingly, we obtain a wide range of masses
M for the corresponding tetraquarks: practically every
M in the allowed range m;+my,<M<m,+m, is realized for
some choices of parameters M;, M,, D in the range (5).
Also the results for 7" vary considerably.

The mass and width are functions 7(M;, M,, D) and
M(My, M,, D) of parameters M;, M,, D which are varied
randomly in the ranges (5). At first glance one would
expect a scatter plot of 7 (Mg, M,, D) versus M(Mz, M,
D) to yield a random I'-M distribution filling out the
whole M-I" plane. But surprisingly we find that the

points lie more or less on one curve, see Fig. 1 [Pantel-
eeva et al., 2019]. This is remarkable: even though we
know nothing about the structure of the ¢-meson, we
can predict that M and [ of candidate w(2S)-¢
tetraquarks are systematically correlated. The crosses on
the M-axis indicate the bounds m;+my<M<m,+m,. For
comparison we show the four tetraquarks in the J/iy—¢
resonance region with their statistical (thin lines) and
systematic (shaded areas) uncertainties and spin parity
assignments [Aaij et al.,, 2017]. The state X(4274)
emerges as a candidate for the description as a hadro-
charmonium. This method can be used to identify other
possible hadroquarkonia.

Interestingly, the state X(4274) observed in the Jhy—¢

channel has a width of T'=56+11"° MeV [Aaij etal.,

2017] exactly in the range predicted by our scatter plot,
see Fig. 1. The LHCb collaboration obtained for this
state the quantum numbers J°°=1"*. If one interprets this
state as a y(2S)—¢ bound state, one should expect two
further nearly mass-degenerate resonances with spin 0
and 2 in this energy region. It would be interesting to
check this hypothesis in partial wave analysis.

It is important to stress that adopting this interpreta-
tion for X(4274) implies that the X(4140), X(4500),
X(4700) cannot be s-wave y(2S)—¢ bound states. These
states could be other hadrocharmonium states, possibly
with I>1, which might be possible in specific regions of
the parameter space. Or their explanation may require
different binding mechanisms. Addressing this question
goes beyond the scope of this work.

Assuming that the state X(4274) is a hadrocharmo-
nium allows us to gain some (very vague) information
on the EMT densities of the ¢-meson. The y(2S)-¢
bound state with the mass around X(4274) appears for
the following range of parameters;

r’ e[0.1, 0.55] fm*, r’ <[0.08, 0.5] fm’, and D™
™ [-5, 0]; the smaller radii correspond the larger values
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The scatter plot of the decay width 7(M;, M,, D) vs mass
M(M;, M,, D) of tetraquarks obtained from varying the param-
eters My, M,, D, which describe the unknown ¢-meson EMT
form factors (4), within a wide range of the values (5). In this
plot 310 different points are shown
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of |D|. This is a very reasonable range of parameters for
EMT densities in the ¢-meson: for example, in the anti-

de Sitter QCD model one finds r” €0.21 fm* for the p-

meson [Abidin, Carlson, 2008]. This approach would
yield similar results for other vector mesons such as ¢.
Other interesting questions concern whether also
other y(2S)—¢ resonances can be described as bound or
resonant states in the hadrocharmonium picture, and

whether hadroquarkonia with the heavier bb states can
exist. The chromoelectric polarizabilities of bottomonia
are smaller than for charmonia, and the corresponding
Ve is in general weaker. The formation of hidden-
bottom tetraquarks in the hadrocharmonium picture may
therefore be more difficult. But these interesting topics
deserve dedicated studies and will be addressed else-
where.
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