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Rethinking the X(3872)

T. J. Burns

INFN Roma, Piazzale A. Moro 2, Roma, 1-00185, Italy

Abstract. The BaBar analysis which favours 2~ quantum numbers for the X (3872) implies that it may be none other than
the 1'D, charmonia state. In that case the isospin breaking in closed flavour modes may be the result of re-scattering from
open flavour. However, the observed production cross section in proton-antiproton collisions is much larger than expectations,
while the mass of the state, compared to the predictions of a string model, is too large. The 'D, assignment would imply a
3D, partner nearby in mass, which may be the X (3875). In the tetraquark interpretation the 2=+ assignment implies a rich
spectrum of partner states, although the X (3872) may be among the few which are narrow enough to be observable. This talk

is based in part on ref. [1].
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INTRODUCTION

In a recent paper the BaBar collaboration claims [2] that
the quantum numbers of the X (3872) are not 17, as had
generally been accepted, but 2. Although a high statis-
tics analysis by CDF [3] allowed both possibilities, an
earlier conference paper by Belle [4] favored 17, and
most theoretical work has been based on this assumption.
The new result from BaBar therefore provokes a revision
of theoretical ideas concerning the X (3872). If this quan-
tum number assignment is confirmed, the molecular in-
terpretation of the X (3872) as a loosely bound state of a
DY and a D*° meson seems unlikely. Whereas a 17 state
can be formed in relative S-wave, a 2~ state would re-
quire a relative P-wave, and it is unlikely that 7 exchange
could bind such a state, given that even in S-wave it is not
clear that the attraction is sufficiently strong [5].

THE 'D, INTERPRETATION

With the molecular interpretation rendered less likely, the
BaBar result revives the possibility that the X (3872) is
a conventional 1'D, charmonium state. The main chal-
lenge is the strong violation of isospin: the X (3872) de-
cays to J/yp and J/yo with approximately equal mag-
nitude [6]. It was noted long ago [7] that due to its prox-
imity to the threshold, the X (3872) ought to couple more
strongly to D®*D° +c.c. than to D¥* DT, which lies some
8 MeV higher. In the molecular interpretation this leads
to hidden light quark content uz, which is a state of
mixed isospin:
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In the limit that the dd component is completely sup-
pressed and that the p and ® have equal mass and
width, one thus predicts equal magnitude isospin one
and isospin zero J/yp and J/y® modes. Even if the
X (3872) is a standard c¢ meson, however, an essentially
very similar argument may explain the observed isospin
breaking.

Suppose that the X(3872) lies slightly above the
D% DO threshold. The strong decay X (3872) — D**D° +
c.c. is allowed, while X (3872) — D**DT is forbidden;
this is a maximal violation of isospin, which would re-
quire neutral and charged modes in equal measure. The
produced D% D° + c.c. could then re-scatter into a char-
monia plus light meson, and the flavour content of the lat-
ter would thus be an equal admixture of isospin zero and
isospin one. Moreover, since their thresholds are remark-
ably similar to the X (3872) mass, at 3872.41 MeV and
3879.57 MeV respectively, the J/yp and J/y® pairs
have small momenta, and thus the re-scattering would re-
quire very little momentum transfer from the small mo-
mentum D% DO 4 c.c. pair. A similar mechanism could
be in place if the X (3872) is slightly below threshold, in
which case the dominance of the neutral charmed mesons
(and hence the maximal isospin violation) is due to the
large energy denominator; this is essentially the idea pro-
posed in ref. [5] in the context of the 17 X (3872).

As has been widely discussed in the literature poten-
tial models typically predict a 1'D, state lying some 50-
100 MeV lighter than the X (3872) [8, 9, 10]. In a string
model one obtains a similar prediction; in the heavy
quark limit one finds an expression for the mass E of
a meson in terms of its orbital angular momentum L,
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where m is the quark mass and 7T the string tension. The
corresponding result for light quarks yields the standard
Regge trajectories E ~ +/TL [11].

Assuming that the L = O state of the string is described
by the spin-weighted average of the 'Sy and 3S; states,
there is a linear relation among the masses,

1722/3

M('Dy) =2*3m('Py) + (M('S0) +3(°S1))

3
and a parameter-independent prediction of the mass of
the 'D, state in terms of the masses of the A, J /v and
MNe>

M('Dy) = 3795 MeV. )

In agreement with potential model predictions, this is
difficult to reconcile with the observed X (3872) mass.
The validity of the mass formula can be tested in the
bottomonia spectrum, using as input the experimental
values for the 7, and Y masses, and for the h; the
centre of gravity of the Y0, Xp1 and Xpp; the formula
yields a predicted mass for the unobserved 'D, state
M(np) = 10168.72fi:§ MeV, to be compared with the
spin-weighted average M (1) = 10165.84 + 1.8 MeV
of the recently observed [12] 3D1‘2_,3 states of the upsilon
sector.

In addition to its discovery mode in B decays, the
X (3872) has been observed in proton-antiproton colli-
sions by both CDF [13] and DO [14]. Ref [15] consid-
ered the hypothesis that the X (3872) is a loosely bound
molecule of DY and D**, and found that the predicted
cross section is considerably smaller than that which is
observed, consistent with expectations that it is difficult
to produce a loosely-bound S-wave molecule in a high
energy hadron collision environment. If the X (3872) is a
1'D, standard charmonium, the production cross section
is also expected to be small. The fragmentation function,
which describes the probability that quarks and gluons
hadronise into bound states, can be expressed as a per-
turbative expansion in the quark velocity v. For a 1'D,
state the function begins at order O(v’), and so one ex-
pects a smaller cross section than for 1P states, for which
the function is O(v?), which are themselves suppressed
with respect to 1S states, O(v3).

Using fragmentation functions of Cho and Wise [16]
and recent gluon distribution functions we find a pre-
dicted cross section

o(pp— 1'Dy +all) = 0.6 nb, 5)
some 50 and 120 times smaller than the estimated experi-
mental cross section. It is difficult, therefore, to reconcile
the observed production cross-section of the X(3872)
with the expectations for a 1'D, state. Other difficulties
associated with the ' D, interpretation of the X (3872) are
discussed in refs. [17, 18].
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A feature common to most potential models, as can be
seen by the comparison of mass predictions presented in
ref [8], is that the 'D, is accompanied by a 3D, partner
whose mass is within a couple of MeV. Is it possible that
this state has already been observed? Both Belle [19] and
BaBar [20] have observed a second state, the X (3875),
with a mass a few MeV higher than, and inconsistent
with, that of the X (3872). The interpretation of the ex-
perimental data is a subtle issue [21] and it is possible
that the two states are one and the same [22]. Supposing,
however, that the two states are distinct: what is known
about the heavier one? Whereas the radiative decays of
the lighter X (3872) fix its charge conjugation to be posi-
tive, the heavier X (3875) is observed only in DDO70, a
mode allowed for both positive and negative charge con-
jugation states. This raises the intriguing possibility that
the X (3875) is the 27~ state 3D;.

Being above threshold, such a state ought to decay
dominantly to D°DO7% consistent with observations.
Moreover the proposed mechanism for the enhanced
closed flavour modes J/wp and J/yo in the X(3872)
need not imply a large J/ymn in the X (3875), since the
momentum transfer would be large, and this is consistent
with the current (weak) upper limit [23]. A critical test of
the 3D, scenario would be the observation of X (3875) in
X17- The current experimental upper limit on this mode
is not yet strong enough to exclude the possibility, as can
be deduced from the arguments of ref [8] in the context
of the lighter X (3872).

THE TETRAQUARK INTERPRETATION

The 2~ assignment also changes the outlook for the
tetraquark interpretation of the X (3872), since it would
have a unit of orbital angular momentum. The existence
of such a state would imply the existence of a rich
spectrum of partner states, formed of combinations of
spin 1 (axial vector) and spin O (scalar) diquarks coupled
to the L = 1 orbital angular momentum to give various
total angular momenta J. This leads to one each of 0~
and 37—, twoeachof 27,0~ ", 17" and 2=, and four
17~ There ought presumably also to exist a set of lighter
S-wave states, two each of 07+ and 17—, and one each
of 17F and 2+F. Moreover for each J¥C there would
be various flavour combinations: two neutral and two
charged states formed out of [cu] and [cd] building blocks
and the corresponding antidiquarks, and a further four
strange states if one considers strange diquarks.

In the absence of experimental evidence for the many
predicted partner states a tetraquark explanation for the
X (3872) is only tenable if one can explain why it, among
all the possible configurations, is unique. One possibility
is that most of the states are so broad as to be effectively
unobservable, while the X (3872) is among the few which



are narrow and thus observable. Because of its unnatural
parity the X (3872) cannot decay to 1.7, .1 or DD; its
observed decays into J/wp, J/w® and D% D° are all P-
wave with very little phase space, implying a small width
in accordance with the experimental data.

The pattern of allowed decays for the 0~ states is
very similar to those of the 2™ states, and one therefore
expects that the 0~ states should exist and will be as
narrow as the X (3872). Like the X (3872), they should
decay radiatively into J/yy, and there is apparently no
signal in the data [24]. The 0~ and 27~ states will
presumably be broader than the corresponding 0~ and
2~ states due to the much greater phase space available
toJ/ym and J/yn compared to J/yp and J/y®; these
may be too unstable to be identified. The remaining 1™,
37~ and JPC-exotic 1~ states have many decay modes
available and with ample phase space, so we expect
that they should be the least stable of all the possible
L =1 tetraquark configurations. This may be helpful
from a phenomenological point of view, since there is
no evidence of an overpopulation of states in the well-
studied 17 sector in the 3800-3900 MeV mass region.

The positive parity states are difficult to accommodate
with data, insofar as they are as light or even lighter
than the corresponding h. and ). states, sharing the
same quantum numbers and hence decay modes, and yet
there is apparently no experimental evidence for their
existence. The 0™" and 17~ can decay in S-wave to
Nem and J/ym respectively, and one could argue that
they simply “fall-apart” broadly in such a way as to
be effectively unobservable. The remaining L = O states
cannot be dismissed in this way. The 17 states cannot
decay into 1.7 and should be comparatively narrow,
while the 277 states could decay to 7.7, but only in D-
wave and with the non-conservation of heavy quark spin.
In the tetraquark picture one thus expects light, narrow
17+ and 277 states in the y. mass region decaying into

New and J/yy.

CONCLUSIONS

The BaBar result which favours 2=+ quantum numbers
for the X (3872) implies a serious revision of theoretical
interpretations is required. If the X (3872) is a 1'D, state
both its mass and production cross section at the Tevatron
are larger than expected. In any case, the 3D, partner
state should exist within a few MeV and may be the
X (3875). If the X (3872) is, instead, a P-wave tetraquark,
there ought to exist a series of S-wave states with masses
comparable to P-wave charmonia, and this is difficult to
reconcile with data.
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