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Possible mixing of a diquark-antidiquark with a pp hadronic molecule
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We discuss the possibility that the two nearby resonances observed by BESIII partially below the pp
threshold might be due to mixing between two metastable states with the same J’¢ = 0=+ quantum
numbers, but rather different internal structure. One is a p p hadronic molecule and the other a bound state
of alight-quark diquark and an antidiquark, both with spin 1 and isospin 0, a composite color antitriplet and
triplet, respectively. The doubling of resonances, one of which may be interpreted as a hadronic molecule,
while the other arises from ¢g annihilation in a state with vacuum quantum numbers, may be a more general

feature than the specific case considered here.
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I. INTRODUCTION

Reference [1] reports an anomalous line shape of the
X (1840) resonance observed in the invariant mass recoiling
against the photon in the decay J/yw — y3(z*z~). A
significant distortion at 1.84 GeV in the line-shape of
the 3(z*z~) invariant mass spectrum is observed for the
first time, which could be resolved by two overlapping
resonant structures, X(1840) and X(1880). The new state
X(1880) is observed with a statistical significance larger
than 106. The mass and width of X(1880) are determined
tobe 1882.1 £ 1.7 = 0.7 MeV and 30.7 £ 5.5 2.4 MeV,
respectively, while the mass and width of the X (1840) are
found to be 1842.27]% MeV and 83+ 144 11 MeV,
respectively. The region of +15 MeV around the central
value of 1882 MeV extends down to 1867 MeV, i.e., about
10 MeV below the pp threshold at 1877 MeV. This might
indicate the existence of a pp bound state.

The history of pp bound states goes back at least as far
as the Fermi-Yang interpretation of the pion [2]. Attempts
were made (superseded by the quark model and quantum
chromodynamics) to describe the resonance spectrum [3]
using hadron-antihadron interactions. Our more modest
aim is to explain the two overlapping resonances, X (1840)
and X(1880), in terms of dominant components of their
wave functions.
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Such doubling may have a broader context, applying to
general cases of two-hadron molecules such as those
discussed in Ref. [4]. In addition to the states in
3(zTn~) there is a broad state X(1835) in the #/'z*z~
channel [5] with mass M(X) = 1826.5735° MeV, I'(X) =
2421L11§ MeV, whose participation in the two-state inter-
ference we do not consider. We also restrict our attention to
S-wave proton-antiproton states, ignoring states with rel-
ative angular momentum ¢ > 0.

We first discuss behavior of wave function components
under discrete symmetries (Sec. II). We then (Sec. III)
interpret the observed spectrum in terms of two states:
a proton-antiproton molecule and a diquark-antidiquark
bound state, whose masses we calculate in Sec. IV. Other
examples of similar two-state systems are noted in Sec. V,
while we conclude in Sec. VI.

After the first version of this report had been issued, a
parallel set of interpretations appeared in Ref. [6].

II. QUANTUM NUMBERS

We begin by identifying the likely J*¢ quantum numbers
of the two resonances. Both J/y and the photon have
charge-conjugation eigenvalue C-parity C = —1. Therefore
both X(1840) and X (1880) must have C = +1. The JC of
X (1840) is well-established to be 0~ [5]. If one interprets
X(1880) as a pp resonance, its charge parity is given by

Cpp = (~1)HS (1)
where L and § are the orbital and spin angular momentum of

the pp system, respectively. X(1880) is very close to the pp
threshold, so L must be zero, because orbital excitations cost
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significant energy. We have L + S = S = even. For pp one
can have S = 0 or § = 1. It follows that S = 0 and therefore
J = 0. The parity of a pp system is (—1)c*! = —1. So
finally

JPE[X(1840)] = JPC[X(1880)] = 0. (2)

III. TWO-STATE INTERPRETATION

If one interprets either X(1840) or X(1880) as a
metastable pp bound state, a question arises immediately
as to the physical nature of the other state. If one of the two
states is a hadronic molecule, it is hard to come up with a
plausible scenario in which the other state is also a hadronic
molecule. With only light quarks and antiquarks in the
game, it is hard to generate such a large splitting between
below-threshold states. We are therefore led to search for
some completely different configuration for the state which
is not a hadronic molecule, yet has the same quantum
numbers and a similar mass.

The transition to a final state near p p threshold is governed
by the following regularity, illustrated in Fig. 1 [7]: If
two hadrons have at least one gg pair in common, they
should form at least one resonance via g annihilation
when the center-of-mass (c.0.m.) 3-momentum is less than
some critical value p;j. For meson-meson scattering

psMM =350 MeV, while for meson-baryon scattering

piMB = 250 MeV. Extrapolating to baryon-antibaryon scat-
tering, one estimates pj®® =200 MeV [7]. Acceptable
intermediate states include any below strong threshold.
Motivated by analogy to the system of the y.(3872)
meson [X(3872)], it has been noted (see, e.g., the dis-
cussion in Ref. [8]) that the unusual properties of this
meson can be understood if one assumes that the physical
x1(3872) is a mixture of two very different objects which
have the same J’¢ = 17+ quantum numbers and happen to
be close in mass: a DD* hadronic molecule and a P-wave

HH

FIG. 1. Systems involving contribution of 3P, amplitude (the
symbol +) to proton-antiproton annihilation into a diquark-
antidiquark resonance.

charmonium, also known as y.;(2P). (One estimate of the
¥c1(2P) mass is 3920.5 MeV [9].)

We now argue that in the X(1840)-X(1880) system the
analogs are a pp hadronic molecule and a P-wave
excitation of a narrow diquark-antidiquark system. The
possibility of narrow high-mass exotic states has been
raised in [10-12]. There it was pointed out that narrow
high-mass states can arise despite large phase space when
two nearly degenerate states are coupled to the same
dominant decay mode. A necessary condition for such a
proposal is that the P-wave diquark-antidiquark system
must have the same quantum numbers and a mass close to
the pp threshold. Conservation of angular momentum
demands that the quark-antiquark pair which annihilate
to leave the diquark-antidiquark system must have the
quantum numbers S =1, L =1, and J =0, or 3P, in a
flavor singlet. The role of production of a flavor-singlet 3P,
pair in quarkonium decay has been recognized for many
years [13—15]. In the following we check the quantum
numbers and estimate the mass of the diquark-antidiquark
ground state using the standard toolbox of the nonrelativ-
istic quark model.

Let us start from the quantum numbers. We have two
spin-1 diquarks, which are each other’s antiparticles: ud (or
uu) @t d (or it it), obviously with isospin = 1, also known as
“bad diquarks.” Their color representations are 3, and 3,,
respectively. It is clear that they can be combined to a color
and isospin singlet.

Next, we have to make sure that we can obtain a bound
state with JP¢ = 0~*. The intrinsic parity of the two-
diquark system is +1. To get a negative parity, we need to
put them in a P-wave, i.e., L = 1. Then to get the total
angular momentum J = 0, we combine the two vectors to

S=1,s0that J=L+5=0. The consistency check is
whether the charge parity comes out right. For two spin-1
bosons with S =1 and L = 1 we indeed have C = 1, as
illustrated by, e.g., 7(1270) with J*¢ = 0~ which has a
pTp~ decay mode [5].

IV. MASSES

The calculation of the mass of the diquark-antidiquark
system is straightforward. The mass of each “bad” diquark
is just the constituent mass of the two light quarks (we
ignore isospin breaking), plus color-hyperfine repulsion in
spin-1 state

Miqs5—1 =2m,+ayr=2x363+50=776 MeV. (3)

The mass of the diquark-antidiquark state is just the sum of
the masses of the two diquarks, plus the cost of the P-wave
excitation. The latter is estimated using a method previ-
ously employed in Ref. [16]. The residual energy difference
AEy after accounting for quark masses is found to be
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approximately linear in reduced mass pp of the two-body
system

AEg = 417.37 — 021414 (4)

The reduced mass of the diquark-antidiquark system is
ugr = (1/2)(776) = 388 MeV, so AEp =334 MeV and
we estimate the mass of the diquark-antidiquark configu-
ration with J°€ = 0=+

Mdiq—diq =2x776 + 334 = 1886 MeV. (5)

In order for the molecular proton-antiproton state to be
near the threshold of 2m,, = 2(938.27) = 1876.5 MeV, we
must identify it with the X(1880), leaving the X(1840) to
be the state predicted in Eq. (5). This is probably accept-
able, given the crude nature of the approximation (4). The
opposite order, with X(1840) identified as the pp molecule
and X(1880) taken as the diquark-antidiquark candidate,
implies an unexpectedly large molecular binding energy.

V. OTHER SYSTEMS

The doubling of resonances, one of which may be
interpreted as a hadronic molecule while the other arises
from gg annihilation in a state with vacuum quantum
numbers, i.e., 3P, may be a more general feature than the
case considered here. One would then expect such reso-
nances as f((980), A(1405), and D(2317) (see Table I of
Ref. [4]) to be accompanied by a partner at a nearby mass.

A. £,4(980)

The f((980) is a spin-zero isospin-zero resonance with
couplings to 7z, K K, uii, dd, ss, nrm, nucleon-antinucleon,
vy, and tetraquark configurations. These final states are
sorted out in an extensive section of the Particle Data
Group’s Review of Particle Physics [17]. Analogy with
the doubled-resonance picture would regard it as a combi-
nation of a KK molecule with small binding energy and a
quark-antiquark 3P, state with a mixture of 3P, configu-

rations (uit +dd)/+/2 and s5. The doubled-resonance
structure of the f((980) is consistent with the analysis
of Ref. [18]. However, recent reviews of the status of the
f0(980) region ([19,20]) need only one pole. The former
summarizes: “...the f(980) is close to the K°K" threshold
(995 MeV) and the width is near 40 MeV. There is always
only one pole in ... the zz — KK coupled channels and it
is most likely to be a KK molecule.” The latter finds a
f0(980) pole at 996 + 7 — i2511° MeV.

B. A(1405)

The A(1405) is one of the first hadron resonances,
making its appearance before 1960 [21]. It couples to the
open channel zX (threshold ~137 + 1193 = 1330 MeV)

TABLE 1. Predictions of M(D,(°Py)) ([27])(MeV).
2409 2484 2509 2380 2344 2409
[27] [28] [26] [29] [30] [31]

and the closed channel KN (threshold ~495 + 939 =
1434 MeV). It is represented by a two-pole structure
[22-25], with pole 1 very close to the KN threshold and
imaginary part corresponding to a rather narrow resonance.
There is less agreement about the position of pole 2 but its
real part is below 1400 MeV and its imaginary part
corresponds to a broader resonance than pole 1.

Proceeding by analogy with the system X(1840-1880),
we would identify pole 1 (narrow, near threshold) as an
analog of X(1880), and pole 2 (broader, some distance
below threshold) as an analog of X(1840).

C. D,(2317)

A relativistic quark model of charmed nonstrange and
strange meson masses [26] predicts all S-wave and P-wave
masses to a satisfactory extent with the exception of the
spin-zero D(2317) and spin-1 D (2460). Its prediction
of M(D,(*Py)) is compared with others in Table III of
Ref. [27], summarized in Table 1.

Reference [26] finds the relativistic D, mass higher than
any other calculation, and farther from the observed value of
Dyy. We propose that D((2317) be accepted as the analog
of X(1840) while there should exist a distinct molecular
state near D°K ™ threshold (1864.8 + 493.7 = 2359 MeV)
which would be the analog of X(1880).

VI. CONCLUSIONS

Our treatment of the doubled resonance around 1840 and

1880 MeV has several features:

(a) The JP€ quantum numbers work out for both proton-
antiproton (molecule, narrow, X(1880), near thresh-
old) and diquark-antidiquark [broader, X(1840)].

(b) The masses work out almost by construction for
proton-antiproton and rather nontrivially for diquark-
antidiquark.

(c) We have identified a simple and nontrivial mechanism
allowing the transition between the two configurations.

A consequence of our conjecture is that the spin-parity of
the 3(z*7~) system must be determined to be 0~ without
interference from the broad 7'z z~ state or others around

1835 MeV.
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