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Why quarkonium hybrid coupling to two S-wave heavy-light mesons is not suppressed
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We examine the couplings of quarkonium hybrids to heavy-light meson pairs in the Born-Oppenheimer
approximation for QCD. The lowest hybrid multiplets consist of bound states of the I, and X, potentials.
We find that the Z;, potential can couple to pairs of S-wave mesons through string breaking, while the IT,,
potential cannot. From this observation, we derive model-independent selection rules that contradict
previous expectations that quarkonium hybrids are forbidden to decay into pairs of S-wave mesons. These
Born-Oppenheimer selection rules are consistent with the partial decay widths of the lowest charmonium

hybrid with exotic quantum numbers J7¢
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While most observed hadrons can be accommodated
as conventional quark-model states composed of three
quarks or a quark-antiquark pair, QCD allows for the
existence of exotic hadrons whose constituents include
additional quarks, antiquarks, or gluons. The simplest
exotic hadrons that contain a heavy quark-antiquark
(QQ) pair also include a gluonic excitation and are called
quarkonium hybrid mesons.

It is widely believed that hybrid mesons are forbidden to
decay into two S-wave mesons. This idea, which was first
proposed by Tanimoto in 1982 [1], is rooted in constituent
gluon models and flux tube models [1-9]. The origin of this
expectation was traced back by Page in a 1997 paper
entitled “Why hybrid meson coupling to two S-wave
mesons is suppressed” [7]. He derived a selection rule
under the assumption that the QQ pair is nonrelativistic
using solely the symmetries of the decay amplitude. Page’s
selection rule states that the decay of a QQ (quarkonium or
quarkonium hybrid) meson into a pair of S-wave heavy-
light mesons is suppressed if the CP parity of the decaying
meson, the total spin S, of the QQ pair, and the total spin
S, of the light quark-antiquark (gq) pair created in the
decay process satisfy

CP = (—1)S00t5a !, (1)

Since a quarkonium hybrid meson has CP = (—1)%0, as
explained later, Eq. (1) implies that quarkonium hybrid
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= 17" recently calculated using lattice QCD.

decays into two S-wave heavy-light mesons are suppressed
if §,; = 1, which is the assumption of most hybrid meson
decay models.

Albeit motivated by models only, the hypothesis that
S, = 1 in hybrid decays has somehow risen to the stage of
conventional wisdom, and nowadays it is widely believed
that quarkonium hybrid mesons are forbidden to decay into
two S-wave mesons; see, for instance, Refs. [10,11] and
references therein. This belief seemed to have been vali-
dated by lattice QCD calculations of decays of the lightest
hybrid meson with exotic quantum numbers J°¢ = 1=+ in
the cases of two light quark flavors [12] and three light
quark flavors with SU(3) symmetry [13]. Its decay widths
into two S-wave mesons are significantly smaller than its
decay widths into a P-wave meson and an S-wave meson.
However, a recent calculation of the decays of the lowest
17" charmonium hybrid using lattice QCD refutes this
conventional wisdom [14]. The widths for its decays into the
pairs of S-wave charm mesons D*D and D*D* are smaller
than but comparable to its width into the P-wave charm
meson D, and the S-wave charm meson D. This surprising
difference between light hybrids and quarkonium hybrids
calls out for a theoretical explanation.

In this paper, we derive selection rules for transitions of
quarkonium hybrids into pairs of S-wave heavy-light
mesons in the Born-Oppenheimer (BO) approximation
for QCD. These model-independent selection rules reveal
that decays into two S-wave heavy-light mesons are allowed
for many but not all quarkonium hybrid J¢ quantum
numbers. In particular, they are allowed for J°€ = 17+,

The BO approximation for QCD provides a simple
physical picture of quarkonium hybrids [15,16]. A quar-
konium or quarkonium hybrid meson is composed of a QQ
pair interacting with the light QCD fields for gluons and
light quarks and antiquarks. Given that the masses of the O
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and Q are much larger than the nonperturbative QCD
energy scale Agcp, the light QCD fields respond adiabati-
cally to the motion of the Q and Q. The Q and Q therefore
act as static color sources with separation r. The energy
levels of light QCD with static sources can be calculated
numerically using lattice QCD. They provide potentials
that determine the QQ meson spectrum through a (multi-
channel) Schrodinger equation. Rigorous effective field
theories following the BO philosophy have been developed
in recent years [17] and successfully applied to the
spectrum of quarkonium hybrids [17-20] and to their
inclusive decay rates into quarkonium [18,21].

The static sources break the SO(3) symmetry of QCD
down to a cylindrical symmetry. The traditional BO
quantum numbers of the light QCD fields in the presence
of two static sources are Aj, with A = |Jjgn 7| the
modulus of the projection of the light QCD angular
momentum Jj;, Onto the QQ axis 7, =g or u for
(CP)jighy = + or —, and € = + for the symmetry under

reflections through a plane containing QQ in the case
A =0. The values of A=0,1,2,... are conventionally
labeled with capital Greek letters, X, I1, A, and so on.

In pure SU(3) gauge theory, the ground-state static
energy level with BO quantum numbers Z; is identified
with the conventional quarkonium potential. It approaches
an attractive Coulomb potential at short distances and it
increases linearly at long distances, similarly to the phe-
nomenological Cornell potential for quarkonium [22].
Many of the excited-state static energy levels, associated
to quarkonium hybrid potentials, were first calculated in
pure SU(3) gauge theory in Ref. [15]. The two lowest
hybrid BO potentials, with BO quantum numbers II, and
Y-, are degenerate at short QQ distances, where they
behave like a repulsive Coulomb potential, then decrease to
different minima at intermediate distances, and finally
increase linearly at long distances. There have been several
more recent calculations of the hybrid potentials in pure
SU(3) gauge theory [23-26]. The II, potential below the
string-breaking radius has also been calculated using lattice
QCD with two flavors of light quarks in Ref. [27].

In QCD with dynamical light quarks, the ground-state
2; static energy level approaches an attractive Coulomb
potential at short distances but at long distances it
approaches a constant equal to twice the energy of a static
meson. This change in the behavior at long distance is
referred to as string breaking, because it can be attributed to
the breaking of a color flux tube connecting the Q and Q by
the creation of a light ¢g pair. The effects of string breaking
on the lowest X/ potentials for quarkonium have been
calculated using lattice QCD in Refs. [28,29]. The Z;{
potentials with string breaking of Ref. [28] have been used
in Refs. [30,31] to calculate the masses of bottomonium
states and their widths into pairs of S-wave heavy-light
mesons under the assumption of exact heavy-quark spin

symmetry (HQSS). We denote pairs of S-wave heavy-light
mesons by B*)B™), where B is the pseudoscalar meson
B or the vector meson B*. The effects of B®*) B*) thresholds
on the masses and widths of QQ mesons can be calculated
in a BO effective field theory [32]. In Ref. [33], it was
shown that the transition rate between quarkonium and
BB BO configurations can be expressed as the product
of a string-breaking rate accessible by lattice QCD calcu-
lations and a multiplicative coefficient determined by
the BO symmetries, that is, cylindrical symmetry, CP,
and HQSS.

The decay of a QQ meson into B*B™ can proceed
through the breaking of the flux tube connecting the Q and
O by the creation of a ¢ pair, resulting in the formation of
two heavy-light mesons Qg and ¢Q. If lattice QCD
calculations of hybrid BO potentials with string breaking
were available, they could be used to calculate the B*)BX)
decay widths of quarkonium hybrids. There are as yet no
such lattice QCD calculations. However, one can apply the
techniques of Ref. [33] to the BO channels for quarkonium
hybrids to extract selection rules for their decays into
B®B™ fixed solely by the BO symmetries.

Let us begin by considering a static QQ pair with
separation r in the presence of light QCD fields with
general BO quantum numbers Aj. Let Jyio be the light
QCD angular momentum and Jy,p its corresponding
quantum number. In the case of zero QQ separation,
r = 0, the light QCD states can be grouped in multiplets
with definite values of Jiigp, Piigni, and Ciigy, Which are the
quantum numbers corresponding to the light O(3) ® C
symmetry. Although these quantum numbers do not apply
to the system of two static quarks with nonzero separation,
they will become useful to determine the symmetries of the
system when the motion of the heavy quarks is taken into
account.

The value of Jy,p, can be inferred by looking at the
degeneracy of the static energy levels in the limit r — O.
The quarkonium BO potential X is nondegenerate and has
Jiignt = 0. The two lowest hybrid BO potentials, I, and X,
(Jiighi - 7 = *1 and 0), are degenerate for r — 0 and
correspond to Jy.p = 1. Parity and charge conjugation
are not, in general, symmetries of the light QCD fields in
presence of two static sources. Only their combination CP
is. However, one can define quantum numbers Py, and
Ciigh corresponding to these symmetries in the case r = 0.
The value of Py, can be determined from the reflection
quantum number € of the A = 0 member of the light QCD
multiplet:

Piigne = € (=1 ) en, (2a)

Then, since (CP);,y,, = + or — corresponds to 7 = g or u,
respectively, Ci,p, 18 easily determined as
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Clight = 1Plight = ne(—1)7a, (2b)

Following this prescription, it is shown that the hybrid BO
potentials I1, and X, with ¢ = — and # = u belong to the
17 representation of the light QCD symmetry group
atr = 0.

From these BO quantum numbers, static BO quantum
numbers that include the total QQ spin Spp are automati-
cally determined. We define the static angular momentum

Jstatic = Jlight + SQQ (3)

whose quantum number is J ;.. The CP quantum number
of the QQ meson is

CP= WPsource(_l)SQQ’ (4)

where P, 1S the intrinsic parity of the sources given by the
product of the intrinsic parities of each individual source.
Since a quark and an antiquark have opposite intrinsic
parities, for quarkonium hybrids one has CP = (—1)502,
CP = + corresponds to Sop =0, and the quarkonium
hybrid BO configurations have Jg,;. = 1. CP = — corre-
sponds to Syp = 1, and the quarkonium hybrid BO con-
figurations have J,. = 0, 1, 2.

One can define the spin J of the QQ meson by
introducing the motion of the heavy quarks. The total
angular momentum of the QQ system in its rest frame is

J :L+Jstatic» (5)

where L is the relative orbital angular momentum of the
QO pair and J ;. is the static angular momentum defined
in Eq. (3). We denote the corresponding quantum numbers
by J, L, and Jg,;.. The parity and charge-conjugation
quantum numbers of the heavy quark-antiquark system are
determined by the transformation of both the QQ pair and
the light QCD fields under these symmetries. Continuity at
r = 0 implies that the light QCD state corresponding to a
light Aj BO channel, |{x:(r)), transforms as

P|CA§(")> = Pugm|§/\f,(—")>’ (6a)

C|CA;(")> = Clight|CAg(—’)>v (6b)
for any QQ separation r, with Piigh and Ciigp the quantum
numbers of the light QCD symmetries at r = 0 defined in
Eq. (2). The parity and charge-conjugation quantum
numbers of the heavy quark-antiquark system are then

P= PlightPsource(_1>L = €Psource(_1)L+Jngmv (73)

€ = Cign(=1)-500 = pe(=1)-So0 . (7h)

TABLE I. Lowest five hybrid multiplets and their potential(s).
Multiplet Jre Potential(s)

H, 177,(0,1,2)~* Coupled I, and X
H, 17,(0,1,2)* 11,

H3 0++, 1= Z;

H, 2+ (1,2,3)" Coupled IT,, and X,
Hs 277,(1,2,3)" " I,

Their product agrees with Eq. (4). Specifically, for quar-
konium hybrids with (J7);;,, = 17~ one has P = (—1)**!
and C = (—1)L+See 1,

In general, quarkonium hybrid BO configurations could
decay through string breaking into B*)B™) configurations
with compatible light BO quantum numbers I, and ;. As
indicated in Table I of Ref. [32], the B*) B(*) configurations
are compatible with light BO quantum numbers X, II,,
and X but not II,. Combining this with the techniques
pioneered in Ref. [33] allows us to point out for the first
time that quarkonium hybrids may decay into B*) B*) pairs
and that the decays proceed exclusively through string
breaking from the gluonic state with light BO quantum
numbers X .

This observation produces a BO selection rule. In the
limit of exact HQSS, quarkonium hybrid states form
degenerate JPC multiplets. The first five multiplets are
listed in Table I (see Table II of Ref. [17]). Each of these
multiplets corresponds to a bound state of either the II,
potential, the X, potential, or coupled I1, and X, potentials.
The BO selection rule is that only hybrids in multiplets
associated to either the X, potential or coupled I, and X
potentials can decay into B*)B™). Hybrids in the H, and
Hs multiplets are forbidden to decay into B*)B™) since
they are bound states of the I1,, potential. On the other hand,
these decays are allowed for hybrids in the H,, H;, and H,
multiplets.

Since the BO symmetries allow B*) B*) decays for many
hybrid JP¢ quantum numbers, the only remaining possibil-
ity for a suppression of all quarkonium hybrid decays into
two S-wave heavy-light mesons would be a dynamical
QCD suppression of the string-breaking rate for light BO
quantum numbers X, . However, the lattice QCD results in
Ref. [14] indicate that such dynamical suppression does not
occur for the lowest 1= charmonium hybrid, which is a
state in the H; multiplet. We therefore conclude that the
decays of most quarkonium hybrids into two S-wave
heavy-light mesons are not suppressed, in contrast to
conventional wisdom from hybrid meson decay models.

In Ref. [33], it is argued that a formal BO approximation
must include the effects of the B* — B mass splitting in
addition to the kinetic energies of Q and Q. The inclusion
of the B* — B mass splitting breaks HQSS, so that the
degeneracy of the hybrid multiplets is broken. It is therefore
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useful to derive a second BO selection rule that allows
HQSS-suppressed B B*) decays of some states in the H,
and Hs hybrid multiplets.

One can use the Fierz identities to show that a configu-
ration with light BO quantum numbers X created from a
B® B™) source corresponds to Jiight = 0. Thus, it follows
immediately from angular momentum that a quarkonium
hybrid BO configuration with total QQ spin S 00 can decay

only into a B*)B*) BO configuration whose static angular
momentum satisfies Jy,ic = Spp- As the static angular

momentum quantum number Jg,;. of a BB BO
configuration coincides with the total spin quantum number
S of the dimeson pair, one has the BO spin selection rule

S = Spp, (8)

where § is the total spin of the two mesons in the B*)B*)
decay channel and S, is the total QQ spin of the decaying
hybrid meson. Therefore, quarkonium hybrids are forbid-
den to decay into B*) B™*) if the dimeson channels available
under the BO spin selection rule in Eq. (8) cannot generate
the corresponding JFC. Thus, in the H, multiplet, decays
into pairs of S-wave heavy-light mesons are forbidden for
17" and 0 but suppressed by HQSS for 17~ and 2*~. In
the Hs multiplet, decays into pairs of S-wave heavy-light
mesons are forbidden for 27~ but suppressed by HQSS
for (1,2,3)~T.

Translating the model-independent BO description of
Q0 meson decays into the language of decay models, we
can say that the BO picture is actually consistent with
Page’s selection rule in Eq. (1). In fact, the BO symmetries
imply S,; = 1 for quarkonium decays (BO channel X)
and S ; = 0 for quarkonium hybrid decays (BO channel
2.). In most hybrid meson decay models, the assumption
S, = 1 is motivated by a physical picture in which the
gluonic excitation decays into a light gg pair through a
spin-conserving process while the heavy quarks act as
spectators. However this does not take into account the fact
that the QQ pair, which is essentially stationary on the
timescale for the breaking of the flux tube, acts as a static
color dipole that breaks rotational symmetry for the light
QCD fields. This allows deviations from the naive expect-
ation that S, should coincide with the spin of the decaying
gluonic excitation. In the presence of a static QQ pair,
rotational symmetry is broken to the BO symmetry group,
which is the only correct symmetry group of a heavy quark-
antiquark system. The assignment S, = 0, that allows
decays into a pair of S-wave mesons, was also proposed in
a recent quarkonium hybrid decay model inspired by the
BO symmetries [34].

It is interesting to observe that quarkonium and
quarkonium hybrid configurations may mix with each
other through their common coupling to B*) B once the

B* — B mass splitting is taken into account. The B*)B*)
operators have the schematic form (QI'q)(gI" Q), where I"
and " are 4 x 4 Dirac matrices. A Fierz transformation
can be used to expand them into products of operators
with the schematic form (QT'Q)(gI”q). For quarkonium,
the X7 light BO state mixes with the gP_y - fq compo-

nent of the BB operators. For quarkonium hybrids,
the X light BO state mixes with the gP_ysq component
of the B* B™) operators. Breaking of HQSS through the
B* — B mass splitting mixes the gP_y -#q and gP_ysq
operators with each other; see Ref. [33]. Hence, the
combination of HQSS breaking and string breaking
implies some degree of mixing between quarkonium
and quarkonium hybrids. This mixing should be expected
to be quite small, since it proceeds through two string-
breaking transitions and suffers a suppression factor from
HQSS breaking.

The effects of the B*)B*) coupling on the quarkonium
and quarkonium hybrid spectra can be studied in BO with
coupled channels. Specifically, in the so-called diabatic
representation of BO, the BO potentials with string break-
ing are translated into a multichannel potential matrix [35].
For quarkonium, the string-breaking transition terms in the
diabatic potential matrix can be determined as shown in
Ref. [33]. For quarkonium hybrids, the string-breaking
transition terms can be determined analogously.

In the limit of exact HQSS, one can predict the ratio of
the branching fractions of a quarkonium hybrid into
different pairs of S-wave mesons by taking the square of
the ratio of the corresponding string-breaking transition
terms, which is determined solely by the BO symmetries.
We predict a value of 1 for the ratio of the branching
fractions of a 1=+ quarkonium hybrid into B*B and B*B*,
which is compatible within the large uncertainty for the
ratio 0.6 £ 0.5 of the corresponding decay widths of the
lowest 17+ charmonium hybrid calculated using lattice
QCD in Ref. [14].

The diabatic potential matrix including quarkonium,
quarkonium hybrid, and dimeson channels, as well as its
numerical application, will be dealt with in future research.
The explicit calculation of the hybrid BO potentials with
string breaking using lattice QCD would be essential for
quantitative predictions of the spectrum and decay widths.
Lattice QCD calculations of charmonium hybrid mesons
with dynamical charm quarks [14,36-38], although cur-
rently available only for unphysically large pion masses,
can provide an essential input against which the predictions
of the BO approximation can be tested.

The BO selection rules derived here may serve as a guide
for future experimental searches of quarkonium hybrids.
Although not as constraining as the selection rules from
hybrid meson decay models, the BO selection rules provide
a specific pattern of suppression of the decays of quarko-
nium hybrids into B*)B®*) that may help identify them in
experiments. Note that the 0™~ hybrid in the H, multiplet
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has manifestly exotic quantum numbers and its decays into
B® B are forbidden, so it should be relatively narrow.
The identification of X(3872) as the 17 hybrid in the H,
multiplet is disfavored by its mass, but it can be ruled out by
its strong observed coupling to D*D. Finally, the BO
selection rules imply that quarkonium hybrid states that
decay into B*B* can additionally decay into either B*B or
BB but never both. Hence, the observation of a resonance in
the BB and B* B* channels but not in the B*B channel, or its
observation in the B*B and B*B* channels but not in the BB

channel, may serve as a distinctive experimental signature
of a quarkonium hybrid meson.
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