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Heavy meson thresholds in Born-Oppenheimer effective field theory
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We consider heavy meson-antimeson pairs and their coupling to quarkonium in the context of
nonrelativistic effective field theories (EFTSs) incorporating the adiabatic expansion. We work out all the
leading order couplings of quarkonium to heavy meson-antimeson pairs and obtain their contributions to
the masses and widths of quarkonia. We match the new potentials terms to nonrelativistic QCD. Using the
available lattice data for the coupled system of quarkonium and the lowest lying heavy meson-antimeson
pair, we extract the mixing potential and use it to compute numerically the contributions of DD(BB) and
D,D,(B,B,) to the masses and widths of the charmonium (bottomonium) states for / = 0, 1, 2 and up to
n = 6 covering the states in threshold region. When a quarkonium state and a heavy meson-antimeson pair
are separated by small energy gaps, their interactions can be described by a threshold EFT with contact
interactions. We work out the matching between the two EFTs obtaining the couplings of the threshold EFT
in terms of the mixing potential and quarkonium wave functions.
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I. INTRODUCTION

The discovery during the past two decades of several
dozen exotic hadrons, understood as those that cannot be
classified as mesons or baryons in the quark model picture,
has made evident an important gap in our understanding of
the QCD spectrum and therefore of its underlying dynam-
ics. Many of these states have been discovered in the
doubly heavy sector in experiments at B-factories (BABAR,
Belle, and CLEO), z-charm facilities (CLEO-c and BESIII)
and hadron colliders (CDF, DO, LHCb, ATLAS, and CMS),
see Ref. [1] for a review on the experimental status. Since
the creation of heavy quarks pairs in hadrons is highly
suppressed due to their mass being much larger than Agcp,
the number of heavy quarks in a hadron can be identified by
the hadron mass while the light-quark and gluonic content
can be identified from other quantum numbers. Therefore,
the identification of an exotic state is more straightforward
in the heavy quark sectors. In the charmonium and
bottomonium sectors these exotic states are commonly
labeled as “XYZ” and appear in the mass region of the
heavy meson-antimeson pairs also known as heavy meson
thresholds.
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A crucial tool in understanding the spectrum of doubly
heavy hadrons is the adiabatic expansion between the
dynamics of the heavy quarks and that of the light-degrees
of freedom, either light-quarks or gluons. In this picture the
doubly heavy hadrons are the heavy quark bound states
supported by the spectrum of static energies (also known as
adiabatic surfaces) associated to the light degrees of free-
dom. Therefore, the first step to elucidate the quarkonium
spectrum in the threshold region is to determine the
spectrum of static energies. These have been studied on
the lattice and the emerging picture, which we sketch in
Fig. 1, is as follows. The ground state corresponds to the
standard quarkonium potential, while the first excited static
state corresponds to a heavy meson-antimeson pair [2,3].
At higher energies additional static energies corresponding
to pairs of heavier heavy mesons should also appear. The
static energies of the heavy meson pairs appear as hori-
zontal lines at the energy corresponding to the heavy
meson-antimeson pair mass with some possible attractive
or repulsive behavior for short distances [2]. Beyond the
quarkonium sector, the static energies of heavy meson-
antimeson pairs have also been studied in the lattice for
I =1 in Refs. [2,4,5] and for heavy meson-meson in
Refs. [6-10]. Excited heavy-quark-antiquark static ener-
gies, corresponding to hybrid quarkonium states also
appear in the region above the first heavy meson threshold
[11-14]. These are repulsive in the short-distance due to the
heavy quarks being in a color octet state but in the long-
distance become a linear, confining potential, correspond-
ing to the string excitations of the standard quarkonium
potential. The spectrum of hybrid quarkonium static
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FIG. 1.

Sketch of the spectrum of static energies for a heavy quark-antiquark pair. The static energies corresponding to standard and

hybrid quarkonium states are labeled by their D, representation and in the latter case by the quantum numbers of the gluelump in
parenthesis. The shapes are obtained from a fit to the lattice data of Ref. [12]. The heavy meson-antimeson static energies are drawn as
constant lines at the energies given by the spin and isospin averages of the heavy meson and antimeson minus the heavy quark mass
corresponding to the sum of the A parameter [defined in Eq. (4)] for each heavy meson. The three energy levels for the heavy meson-
antimeson pairs without and with closed strangeness correspond to the three blocks of static states of heavy meson pairs in Table 1.

energies is formed by multiplets of static energies corre-
sponding to different gluonic states, refereed as glue-
lumps [15].

The standard and hybrid quarkonium spectra above the
first heavy meson threshold contains enough states to
account for all the observed neutral heavy exotic states
observed so far [16], however the specific assignation of
states to the observed states is not yet clear. One important
step to clarify the exotic spectrum is to incorporate the
mixing between the different static states. The mixing of
standard quarkonium with the lowest lying hybrid static
energies was considered in Ref. [16]. Due to the 11~
quantum numbers of the associated gluelump, the mixing is
through a heavy-quark spin dependent operator which is
1/mg suppressed, with mg, being the heavy quark mass.
However, this is not the case for the next set of hybrid static
energies, associated to the 17~ gluelump, which can mix at
leading order with standard quarkonium.

We will focus on the mixing of standard quarkonium
with heavy meson pairs. As we will discuss, standard
quarkonium couples at leading order with the lowest lying
heavy meson pairs. Therefore, this coupling is the most
important effect of the threshold region degrees of freedom
on the quarkonium masses up to the energies where 17~
gluelump hybrid states start to be relevant. This problem
has been studied in Refs. [17-21] using models based on an
extension of the Born-Oppenheimer approximation that
includes the mixing potentials between the heavy meson
pair and quarkonium, which is also refereed as the diabatic
approach. In Refs. [17-19] the potentials where extracted
from the lattice data of Ref. [2] and the coupled channel
scattering problem was solved numerically. From the poles
of the heavy meson ¢ matrices for specific angular
momenta, the bottomonium spectrum was identified. In
the case of in Refs. [20,21], a model for the quarkonium

heavy meson pair mixing was used. To obtain the spectra a
mix approach was used in which the contributions to a
particular quarkonium state of the above-lying thresholds
are obtained solving the coupled channel Schrodinger
equations while the below-lying ones are obtained in
perturbation theory.

In this paper we examine the coupling of quarkonium to
the heavy meson pairs in the context of an effective field
theory (EFT) incorporating the heavy quark mass and
adiabatic expansions. The EFT incorporating these two
expansions for quarkonium is known as strongly coupled
potential nonrelativistic QCD (pNRQCD) [22,23] while its
extension to nontrivial light degrees of freedom content has
been called Born-Oppenheimer EFT (BOEFT) [24-26].
The content of this paper can be considered an extension of
either EFT, however for easy reference we will consider it
as part of the latter. At leading order in the heavy-quark
mass expansion the heavy mesons are characterized by the
spin, parity and flavor of the light-quark state [27].
Combining these for a heavy meson-antimeson pair one
arrives to the total spin, parity and charge conjugation of the
light-quarks which characterize the heavy meson-antime-
son state. We derive all the leading order couplings of
heavy-meson-antimeson states to quarkonium. Using these,
we compute the contribution of the heavy meson thresholds
to the quarkonium self-energy from which we obtain the
contributions to the quarkonium masses and decay widths.
We obtain the matching expression of the mixing potential
in NRQCD considering both the cases when the mixing can
be considered a perturbation and not. We compute numeri-
cally the quarkonium spectrum up to O(1/my,) for S, P and
D waves and up to the principal quantum number n = 6
which covers the mass range for which exotic quarkonium
states have been discovered. To do so, we use a para-
metrization of the potentials that combines lattice data and
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fix order computations. For these states we compute the
contributions of the lowest lying heavy meson pairs without
and with closed strangeness, using the mixing potential
from the lattice data of Ref. [2]. Finally, we work out the
matching of BOEFT with a threshold EFT containing a
quarkonium state, a heavy meson and a heavy antimeson as
effective degrees of freedom with contact interactions, as
used for instance in Refs. [28-36]. We discuss what
expansion is involved and under what conditions it can
be implemented.

We organize the paper as follows. In Sec. II we show
how to incorporate heavy meson pairs into BOEFT and
compute their contribution to the masses and widths of
quarkonium states in perturbation theory. The matching of
the new potentials to NRQCD is discussed in Sec. III. In
Sec. IV we extract the form of the static potentials for
standard quarkonium and the mixing potential with the
lowest lying heavy meson pairs from lattice QCD together
with inputs from perturbation theory. Using these poten-
tials, in Sec. IVE we compute the contributions of the
lowest lying heavy meson thresholds to the quarkonium
masses and decay widths. The matching of BOEFT to the
threshold EFT is examined in Sec. V. Finally, we provide
our conclusions on Sec. VL

II. HEAVY MESON PAIRS IN BOEFT

To construct the Lagrangian for BOEFT one first
identifies the quantum numbers of the light degrees of
freedom, chiefly the spin «, parity p and charge conjugation
¢, that generate the set of static energies we are interested
in. For the case of heavy meson-antimeson pairs this means
identifying the light-quark states. From the heavy meson
heavy-quark-spin multiplets we can identify the quantum
numbers of the light-quark states. The ground state corre-
sponds to k” = (1/2)" and is followed by two states of
similar mass with «? = (1/2)” and «” = (3/2)". Each
heavy meson-antimeson pair is characterized by the spin
and parity of the light-quark states forming the two heavy
mesons, which we label as k{" and «4>. Combining the spin
and parity of the light quark and antiquark we arrive to the
allowed total spin, parity and charge conjugation, «”¢, of
the light-quarks in Table I. Each of these combinations is
represented as a field in BOEFT. We will denote these fields
as M (t,r, R), with r and R being the relative coordinate
and center of mass of the heavy quarks. One should keep in
mind that the fields M, have spin indices corresponding
to the light-quarks (in the x representation) and correspond-
ing to the heavy-quarks (in the (1/2)* ® (1/2) represen-
tation). The field M,y carries the light-quark flavor
quantum numbers of the heavy meson-antimeson it corre-
sponds, this can be the individual light-quark flavors,
isospin or chiral symmetry representations. Note that in
the latter cases, the field M,»c would correspond to a sum
of heavy meson-antimeson pairs. The light-quark flavor
quantum numbers do not affect the construction of the

TABLE 1. Total spin, parity, charge conjugation, and D,
representations of the light quark-antiquark pair combinations of
the three lightest light-quark states forming heavy mesons. Each
block of states, separated by a single horizontal line, corresponds
to degenerate or nearly degenerate states.

K@« KPe D),
(1/2)* ® (1/2)* 0" z
1= >+ 11
g 1lg
(172" ® (1/2)1 0 5
1= z,. 10,
(1/2)* ® (3/2)* 1= Z;.10,
2_+ 2;71_[”7 AM
(1/2)- ® (3/2)* 1= 10,
2+t S0, A,
(1/2)- ® (1/2)" 0" b
1-- T,
(3/2)" ® (3/2)* 0" b
1= s,
2-+ 2 10, A,
3 T, A,,®,

Lagrangian, and to simplify the notation we will not track
them in this section. However, it should be keep it mind
that the parameters and potentials of the heavy meson-
antimeson pair field do depend on the light-quark flavor.
The quarkonium field will be denoted as ¥(z,r,R). The
bilinear terms for both fields can read off Ref. [26], with
quarkonium corresponding to the k?¢ = 0" case:

L =Yio, — hy]¥ + > M[id, = h] M, (1)

KPe

The expansion of the Hamiltonian densities iy and A,» up
to 1/myg is as follows

2 P2 1
=" " VO vV (rp),

x =Y, kP

(2)

with p = —iV, and P = —iVj,.

The symmetry group of two static heavy quarks is D,
which is a cylindrical symmetry group for rotations along
the 7 axis. The representations of D, are labeled as Af,
where A is the absolute value of the projection into the
heavy quark-antiquark axis of the spin « of the light degrees
of freedom and is labeled by capital Greek letters: X, I1,
A, ... corresponding to A =0, 1,2, .... 7 is the CP eigen-
value, denoted by g = +1 and u = —1. Finally, for A =0,
there is a reflection symmetry with respect to a plane
passing through the 7 axis. The eigenvalues of the corre-
sponding symmetry operator being labeled as ¢ = +1.
The potential terms in Eq. (2) should be expanded in
representations of D,. For quarkonium there is only
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one possible projection, into the X representation, and
therefore the corresponding projector is just an identity.
Furthermore, both the leading order and next-to-leading
order potentials are heavy-quark spin independent and
therefore consists of a single potential term.

For the heavy meson pairs all the possible projections for
each «”¢ state are listed in the third column in Table I. The
static potential between a heavy meson-antimeson pair has
been studied on the lattice in Refs. [2,4—10]. The results
show that the potentials are mostly flat lines at the energy
corresponding to the heavy meson masses except in some
cases in the short-distance limit where the potential is
attractive or repulsive depending on the specific heavy
meson pair. The hidden heavy flavor isospin I = 0 case has
been studied in Refs. [2,3]. As we will discuss in detail in
Sec. IV B, once the mixing with quarkonium is taken into
account, the heavy meson-antimeson static potential is
completely flat for the range of data in Ref. [2]. Therefore,
for this work we will assume that the interaction between
the heavy mesons is negligible. Thus, we set the heavy
meson-antimeson static potential to be the sum of the heavy
meson masses at leading order in the heavy quark mass
expansion minus the origin of energies, which is set at the
heavy quark masses

VO @) = Ape +An)1 (3)
K Ky KI) K

with 1, an identity in the light-quark spin-space, and /_\KZU is
related to the heavy meson masses [27] as

mHK,, = mQ + /_\Kp -+ O(l/mQ) (4)

Notice that, due to this identity all the projections into D,
representations of the field M,, have degenerate static
potentials. We assume that the subleading potential V,(;;E-
corresponds to the sum of the spin-dependent O(1/m,)
operators in the Hamiltonian of each heavy meson corre-
sponding to M. This is equivalent to assume that there is
no significant heavy meson-antimeson interaction at this
order either. These spin-dependent operators are the ones
that break the degeneracy between different total spin
heavy meson states.

The results of Table I are valid for any light-quark flavor
content, however, the A value does depend on the light-
quark flavor of the heavy mesons and therefore so does the
position of the corresponding static energy on the spectrum
of static energies.

Now let us discuss the mixing terms between quarko-
nium and the heavy meson-antimeson pair. Since the
quarkonium field ¥ inherently belongs to a A = 0 repre-
sentation, we should project the heavy meson pair field into
the same representation. This can be achieved with the
projection vector P,y [24,26], which is defined by the
eigenvalue equation

(i"SK)PKl:/,{PK/% A:—K,...,K', (5)
with A = || and S, the spin operator for the k representa-
tion. From textbooks, as for instance Ref. [37], one can find

that
4
Pio)y = i) sV o
( KO)a l 2%+ 1 m(l‘), (6)

where Y, (F) is a spherical harmonic. Notice, that one can
think of Y,,(#) as rank « irreducible tensor made out of
powers of 7, with a acting as the spin index. For instance,
for k = 1 the projection vector is just (Pyy), = if,. The
phase in Eq. (6) is arbitrary and is chosen so the projection
vector transforms under time reversal as a spin-« irreducible
tensor, see Appendix.

The most general leading order operator containing ¥
and M. which is invariant under D and O(3) trans-
formations and discrete symmetries is as follows

J—— / 3V (VML) (Pg)
W (P (M) ). 7)

Note that summation over repeated spin indices is implicit
throughout the paper. More details on the notation for the
spin indices can be found in Appendix. If we look at
Table I, we can see that there is at least one coupling of each
heavy meson-antimeson pair to quarkonium through the
operators in Eq. (7).

One can check that the Lagrangian in Eq. (7) is the most
general set of leading order mixing operators with the
following argument. The only objects one could add to the
mixing terms in Eq. (7) that do not add a heavy-quark mass
suppression are scalar matrices build out of 7 and S,.. As
was shown in Ref. [26] the projectors

(Per)a” = Y (Pua)a(P5)" (8)

A==EA

form a basis for these matrices, since

(8% =D APy (9)

As the projection vectors P, are orthogonal, the form of
Eq. (7) is not altered by adding the projectors Pp,.

We can compare our operator for the mixing of quarko-
nium to the lowest lying heavy meson-antimeson pair, the
kP¢ = 177 termin Eq. (7), with the one in Refs. [17-21]. In
the case of Refs. [17-19] the operator coincides except for
an i factor needed for invariance under timer reversal.
However, the results for the masses and widths should not
be affected by this phase. In the case of Refs. [20,21] the
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mixing operator does not seem to take into account the
light-quark spin state that couples with quarkonium.

The contribution of the heavy meson-antimeson pair on
the quarkonium masses and widths can be computed in
standard perturbation theory. First, let us define the
following states:

1y = / PRy, (W (r.R)0).  (10)

with y,; the wave function solution of the Schrodinger

mQ

O >)wnl<r> —EO%0. (1)

wu(r) = ¢nl(r)Ylml(i')’ (12)
where 7 is the principal quantum number and /(I + 1) is the
eigenvalue of L2Q o

For the heavy meson-antimeson pair the wave functions
are plane waves labeled by the relative momentum k. The
partial wave decomposition of the plane wave is as follows:

A

e~ ikr — Z47Tl._lj[(kr)ylm,(i‘>y7m, <k)’ (13)
1

where j; is a spherical Bessel function. Ignoring the heavy-
quark spin, the total angular momentum of the heavy
meson pair is L = Lyp + S, and the eigenvalue of L? is
(¢ + 1). A heavy meson pair state with momentum k =
|k| and ¢ total angular momentum is given by

{+K
|k, £, k) = / drdR® > Amilj (kr)Coe_ (— 1)<

1=|¢—k|

X ¥, (F) MG (r. R)[0). (14)

with C a Clebsch-Gordan coefficient. Recall that all
repeated spin indices are summed. In order for the state
in Eq. (14) to have definite parity the sum over / should be
understood to run only over even or odd values.

Let us compute the expected value of the mixing term
in the Lagrangian in Eq. (7) for the states in Egs. (10)
and (14).

(n, l|/dr3‘I‘TV"l (P)*M JK)
[+K
= 47”._1511,’5mlmf Z a;ll (k)’ (15)

I=[i=|

with

, @+
et =co  JETD S / drr (V. (P (kr).

(16)

Now, we compute the self-energy contribution

+ } (17)

/ dtd®Re™ (0|T{¥(t.r.R)¥'(0.7.,0)}]0)

iy, (r')
nlE_ Enl

_ Z{ll/]nl Wnl )+ il//nl(r) lA

E-E, E-E,

where

iAy = —i li: dkkz(a
nl = —1 k2 ’ (18)

r=ize ®

with k3 = 2u(E, + 2mgy —my) and p and my being the
heavy meson-antimeson pair reduced and total masses,
respectively. The contribution to the quarkonium state mass
corresponds to the real part of Eq. (18)
KI’
EX) = P / i G (K)” "’ k2 : (19)

where P stands for Cauchy principal value. The contribu-
tion to the width of the quarkonium state is obtained from
the imaginary part of Eq. (18). We obtain

1 (ka))?. (20)

‘We note that a similar result has been obtained in Ref. [21].1

0 = duky(as

III. MATCHING TO NRQCD

In this section we obtain V,((,,z and Vi. as NRQCD
[38-40] correlators. For a more self-contained discussion
we also reproduce the result for the quarkonium static
potential which was obtained originally in Refs. [41-43].
The matching of the quarkonium 1/m, suppressed poten-
tial can be found in Ref. [22].

Let us define the following NRQCD operators

216 x2) (1,0, )y(t.xp),  (21)

= Clfmy—ay (= 1) [ (£.32) (2 (1.32)) )
X [(Q (tx0)) wr(1.x0)]. (22)

Oq/(l, r, R) =

Orea(t,r. R)

with y a Pauli spinor field that annihilates a heavy quark
and y the one that creates a heavy antiquark. The operators

"The expression of the width in Eq. (26) of Ref. [21] seems to
be missing a y factor.
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Q,» contain the light-quark fields. For «” = (1/2)%,(1/2),
and (3/2)" light-quark states, suitable operators are as
follows:

Qo) altx) = [P q(1.%)], (23)
Qiyay-alt.X) = [Py77q(1,%)],, (24)
Q3/ay-alt.x) = C1 sl (eh - D) (Poy3q(1.x)),).  (25)

with ¢(¢,x) a light-quark Dirac field. The Q,» operators are
obtained replacing P, by P_ in Eqgs. (23)—(25). Details on
the construction of irreducible tensor products, such as the
one in Eq. (22), can be found in Appendix. The Wilson line
¢ is defined as

¢(t x y) _ P{eigﬁ)' ds(x—y)<A(z.y+s(x—y))} (26)

where P is the path-ordering operator.

The operators in Egs. (21) and (22) interpolate for the
quarkonium and heavy meson pair fields, respectively. The
matching condition from NRQCD to BOEFT reads as

w(t,r,R) = \/Zy¥(t,r,R), (27)
OK”COC t r, R \/ K.[)(‘MK[)L t r, R (28)

The normalization factors are in general functions of
Z = Z(r,p). The light-quark flavor quantum numbers must
match in both sides of Eq. (28), therefore M, corresponds
to a single heavy meson-antimeson pair. For M. fields
belonging to isospin or chiral symmetry representations
one should just consider the appropriate sums over the
light-quark flavor in the left-hand side of Eq. (28).

Since quarkonium and heavy meson-antimeson pairs
mix at leading order one could argue that these states are
not the appropriate ones to describe the system and that one
should work with a basis of states that diagonalize the
Hamiltonian at leading order. However, we know from
experience that quarkonium and heavy meson-antimeson
pairs are useful states to describe the heavy quark-antiquark
spectrum. Therefore, there must be some regime of r in
which the mixing can be treated as a perturbation. Thus, let

—t/2 t/2

us first assume that the strings in Egs. (21) and (22) overlap
with well-separated NRQCD static eigenstates. Let us
match the NRQCD and BOEFT correlators:

(O {Out/2.1 RO} (1/2.7". R)}0)
Za O[T {¥(1/2.0 R (=1/2.¢". R)HO) [ Z4 (29)

(OIT{Oealt/2,7, R)OLS:(=1/2, 7, R)}|0)
= \/Ze (0| T{ Mo (1/2,r, R)MKN( t/2,r,R')}|0)

:
XA/ L pes

(OIT{ O (/2.1 R) O (=1/2.7' . R')}|0)

= /Z e \O|T{ Moo (t/2,7, R)¥' (—=1/2,7 ,R') }|0) 1/ ZL,.
(31)
We contract the heavy-quark fields in the correlators of

the right-hand side of Egs. (29)—(31) and define the
following objects

(30)

Wo = (¢c,). (32)
(WE),« =C§§’a,xl—al( Dtac, (=10t
x((Q! o L (t/2.%1))% e, (O, n(=1/2.%3))
X (Q (~1/2.20) e, Qw39
( ) Cglazlq—a] (_1)K1+(ll <(QILT1 (t/z’xl))(ll¢c4
X (Qu (1/2.3)),,). (34)
with ¢ being a Wilson line along the path C
de = Pl M9y, (35)

with the paths C;, i = 1, ..., 4 defined in Fig. 2. The right-
hand sides of Eqgs. (32)—(34) are the traces of a product of
color matrices and Eq. (32) is a static Wilson loop.

&)

T

T2

Ci

Cs C

FIG. 2. Wilson line paths appearing in Eqs. (32)—(34). The bold line represent the paths while the black dots stand for the light-quark

operators.
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The right-hand side of Egs. (29)—(31) is computed from
the BOEFT Lagrangian in Egs. (1) and (2) and together
with Egs. (32)—(34) we arrive at

vO = tlim%ln(WD), (36)
VO~ tim i (Te[P WE ) (37)
KA T et eA T =170

where the trace acts on the light-quark spin space and the
projectors P, are defined in Eq. (8). The mixing potential
reads as

L 1
Ve (r)=1lim
oot /WTr[ P WE]
ln( WD/Tr[PKOW’;]) (P* )a(WK ) (38)
sinh (In /W /Tre[PoWs]) o

Now we consider the case when the strings in Eqs. (21)
and (22) overlap with two static states of similar energy

Oy(r.R)|0) = Y al(x).x,)

i=12

LE5xx0) 0, (39)

(Pi0) Ourea(r.R)|0) = Y~ a™ (x1.2)]i. X7 121.35) ),
i=1,2

(40)
with |4, Z;;xl,x2>(0) being eigenstates’ of the NRQCD

Hamiltonian in the static limit, H©, with energies E,(gl
s

HOi, 5%, x0) = E (DL, B x0,x). (41)

The coefficients a}(x;,x,), are the overlaps of the string
x = P, kP¢ with the static state i.

The BOEFT potentials for ¥ and (P,)*M,», can be
arranged as matrix

vy
V= ( v ) : (42)
Vi Vit
with V9 = Tr[PV%]. The matrix
cosf —sinf
R = ) (43)
sind cosd

diagonalizes the BOEFT potential matrix in terms of the
mixing angle 8 = 6(r)

See Ref. [22] for detailed definitions.

V12+ 0
R'VR = < ‘ > (44)

O sz;r

The potentials from Eqgs. (42) and (44) are related as
follows

V\(S) = COS 92V12q+ + sin 6? ng;, (45)
V,ﬁ% — sin 92‘/123 + cos 92V22y' s (46)
VK. = sinfcos 6’(V]>;y+ - sz;)- (47)

Now we set the following matching condition
L.5}) = (cos 0¥ + sinO(Pj) " Myo)|0).  (48)
12,2;) = (=sin@¥ + cos O(Pj))“M,re,)[0),  (49)

i.e., we match the NRQCD static eigenstates to the BOEFT
eigenstates resulting from diagonalizing the potential
matrix in Eq. (44). From the matching condition in
Eqgs. (48) and (49) follows that

O _

0
12; - V12;7 E( ) = VZZ_;“ (50)

2sf T

To obtain the NRQCD overlap factors a} in terms of
BOEFT quantities we bracket Egs. (39) and (40) with the
static states on both sides of the equations. Then the
remaining bracket in the left-hand side is obtained using
Egs. (48) and (49) and Eqgs. (27) and (28). We find

¥

a; = +/Zycosb, a¥ = —\/Zgsing, (51)

pc . pc
a¥’ = /Zwesing, a5 =

Zwecosf. (52)

Inserting the expansion into static eigenstates in
Egs. (39) and (40) into the correlators in left-hand side
of Egs. (29) and (31) and using Egs. (50)—(52), we arrive at
the following expressions

it

Wo = Zy(cos@Pe ™ +sin@?e =), (53)

TP oWE] = Zoe (sin€2e " % +cos@e " =) (54)

=itV o+ —itV.
o,

+
2z} )

(55)

(Pjy)*(WL), = \/ZyZe sinOcos O(e

If, using a nonperturbative technique, the left-hand side of
Eqgs. (53)—(55) is computed, then one can use the para-
metrization of the right-hand side to fit the data and obtain
Vlz;, VZEJ’ and @ as has been done in Ref. [2].
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Finally, inverting Eqgs. (45)—(47) we find

l

1 2Vl
0 = - arctan——mx __ (56)
0 0
2 vy — v

L/ 0 0 0 0
Vis =5 (V&) + Vil - Vavigr+ (v - vi?),

(57)

1
Vas; =5 (V) + VEL 4+ Jav, 7 + (V8 - v)2).

(58)
If we expand Egs. (56)—(58) for 2V! . < |V,<<(,3> - Vl({(,) >| and
use the result in Egs. (53)—(55) we recover the matching
expression of the first part of this section in Eqgs. (45)—(47)
for the case of well separated static energies. Therefore the
mixing can be considered as a perturbation for mixing
angles close to 0 or z/2, corresponding to the condi-

tion 2V < [VO —v{|.

IV. COMPUTATION OF THE QUARKONIUM
SPECTRA

In this section we compute the charmonium and botto-
monium spectra and wave functions and use these results
to compute the contribution of the lowest lying heavy
meson-antimeson pair, corresponding to the x”¢ =1~
state in Table I, without and with closed strangeness to
the quarkonium states masses and widths. For these two
heavy meson-antimeson pairs there is available lattice data
for the mixing potential from Ref. [2]. To improve the
overall accuracy in the determination of the quarkonium
spectra in the threshold region and since the heavy meson
threshold contributions are sensitive to the energy gap
between a quarkonium state and the threshold we compute
it up to O(1/my) accuracy.

A. RS’ scheme

The quarkonium spectrum at leading order is obtained by
solving the Schrodinger equation in Eq. (11), for which a
heavy-quark (pole) mass, m, value must be specified. The
second input for the Schrodinger equation is the static
potential, VSI(,) ). Both these objects suffer from renormalon
ambiguities when computed in perturbation theory [44].
The total energy of a quarkonium system is a physical
observable and therefore must be free of these ambiguities.
At leading order the total energy is given by E =

2mg + V\(l(,)), hence the renormalon ambiguities of the
heavy quark mass and the static potential cancel each
other. Therefore, it is convenient to work in a scheme in
which the renormalons are subtracted from these two
quantities. We use the modified renormalon subtraction

scheme (RS’) of Ref. [45]. The subtracted heavy-quark
mass and the static potential are defined as follows:

my = mléS' (vr) + 5mgS’ (vs), (59)
0 0 /
Vo = Vie (vy) = 26mES (vy). (60)

All the quantities must be computed to the same order in «;
and at the same renormalon subtraction scale v;. We use the
expressions up to O(a}) that can be found in Ref. [46]. We
work with v, = 0.7 GeV and take the heavy quark mass
values mRS" = 1.592(41) GeV and mES = 4.949(41) GeV
determined in Ref. [47] and the normalization of the
renormalon N,, = 0.5626(260) from Ref. [48]. The values
of a, in the MS scheme are obtained using RunDec at
4-loop accuracy [49,50].

B. Static potentials

In Ref. [2] the static energies of the heavy quark-
antiquark pair coupled to a heavy meson-antimeson pair
were studied using lattice QCD. The lattice computation
was done with n, = 2 degenerate light quarks with masses
corresponding to an unphysical pion mass ~640 MeV and
a lattice spacing a~! ~2.37 GeV. Using the data for the
ground and first excited states as well as the mixing angle in
Egs. (45)—-(46) one can obtain the lattice determination of
the quarkonium static potential and the quarkonium-heavy-
meson pair mixing potential. Similarly in Ref. [3] the static
energies were studied in ny =2 + 1 light-quarks and in
addition to the states of Ref. [2] the first strange heavy
meson-antimeson-pair was included. Unfortunately, in
Ref. [3] the mixing angles are not available and the static
potentials cannot be extracted without heavy modeling. We
show the original data of Ref. [2] in Fig. 3 and data
transformed with Egs. (45) and (46) in Fig. 4. It is
interesting to note that the small bump in the first excited
state (yellow triangles in Fig. 3), which in the range of r
where the bump occurs is dominated by the heavy meson-
antimeson component, disappears in the transformed data
for the heavy meson-antimeson static potential (yellow
triangles in Fig. 4). This seems to indicate that the short-
distance heavy meson-antimeson interaction is a result of
the mixing with quarkonium. Therefore, since the trans-
formed data for the heavy meson-antimeson static potential
is completely flat, our choice for the heavy meson-
antimeson static potential in Eq. (3) is consistent with
the lattice data. Furthermore, the plot of the data for the
mixing angle in the right-hand side of Fig. 3 shows that the
mixing angle is close to 0 or z/2 except for a narrow region
between r ~ 1.2—-1.3 fm around the string breaking dis-
tance. Therefore, the mixing potential can be considered a
perturbation for most of the range of r.

In the following we focus on finding a parametrization of
the quarkonium static potential. The quarkonium potential
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FIG. 3.

r[fm]

Plot of the lattice data of Ref. [2]. In the left-hand side we plot the data for the ground and first excited static energies in the

quarkonium sector. The open blue circles and the open yellow triangles correspond to the ground and first excited states respectively.
Note that, in Ref. [2] the origin of energies is set at the energy of the heavy meson pair for the largest r computed. In the right-hand side

we plot the data for the mixing angle.
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FIG. 4. Plot of the static potentials. The blue open circles and
the yellow triangles correspond to the lattice data of Ref. [2]
transformed into the quarkonium and heavy meson static poten-
tials using Eqs. (45) and (46), respectively. The lines correspond
to our parametrization of the quarkonium static potential. The
dashed orange line is the perturbative potential, shifted by O FE g
to match the scale of the lattice data, plotted up to the matching
point r,,. The continuous red line is the expression in Eq. (61)
fitted to the lattice data plotted from the matching point onward.
The full potential formed by the orange and red lines corresponds
to Eq. (66). Note that, in Ref. [2] the origin of energies is set at the
energy of the heavy meson pair for the largest » computed.

to be used in the Schrédinger equation is constructed
combining the short-distance perturbative expression with
the long-distance lattice data. For distances r < 1 GeV~!
the static potential is set to the perturbative expression in
the RS’ scheme. The convergence of the r-dependence of
the perturbative potential is poor at short distances if the
renormalization scale is fixed [51] due to the presence of
large logarithms. If we set v~ 1/r the large logarithms
associated with the soft scale are resummed into the
running of a (v) and the convergence is improved.
Specifically, we set v = 2/r.

For distances r > 1 GeV~! the static potential is set to a
fit of the lattice data. We parametrize the lattice data with
the following function:

bl bzr
=—+
r byr+1

v + by + o, (61)

where the linear coefficient is fixed to ¢ = 0.21 GeV? to
reproduce the long-range behavior found in Ref. [52]. We
constrain the parameters so that the slope at the matching
point r,, = 1 GeV~! is equal to that of the perturbative
potential. The rest of parameters are obtained by fitting the
lattice data, we find

b, = 0.619, (62)

by = —1.774 GeV?, (63)
by = 1.546 GeV, (64)
b, = —0.183 GeV. (65)

Due to possible powerlike divergences in the lattice
computations the normalization of the lattice data is
unknown. This ambiguity is removed by shifting V(LU) by
a constant chosen to ensure that at the matching point
the shifted lattice parametrization is continuous with the
perturbative potential. Finally, the static potential we use in

the Schrodinger equation reads as

Ve (r) = Vi oy = 07,0 =2/r.1)0(r,, - 1)
+ (V£O>(r) + 5Eoffset)9(r - rm)s (66)

with 8E, g = 0.741 GeV. We plot Eq. (66) in Fig. 4.
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C. Mixing potential

The lattice determination of the mixing potential is
obtained using Eq. (47) and the data of Ref. [2]. Since
the mixing potential is proportional to the difference
between the ground and first excited states it is not affected
by the ambiguity in the normalization of the energies of the
lattice computation.

To parametrize the mixing potential we use a function
that interpolates between the short- and long-distance
behaviors as introduced in Ref. [53]. For distances r <«
1/Aqcp the relative momentum between the heavy quarks
can be integrated out and the quarkonium-heavy-meson
pair mixing can be studied in weakly coupled pNRQCD
[54,55]. In this regime the heavy-quark fields can be
decomposed into color-singlet and color-octet fields. At
leading order in the multipole expansion the quarkonium
states overlap with the singlet field while the heavy
meson pair states can in principle overlap with both.
The transition between the quarkonium state and the octet
piece of the heavy meson pair is generated at leading order
by a chromoelectric dipolar operator. The r factor in
this operator provides the correct dependence on 7 of the
mixing operator for k”¢ = 17~ in Eq. (7) and produces a
linear dependence of the mixing potential at leading order.
Furthermore, the chromoelectric operator has the right
quantum numbers to create the light-quark content of the
heavy-meson pair. The second contribution corresponds
to the overlap of the quarkonium state with the singlet piece
of the heavy-meson pair. In this case the leading order
transition is generated by three dipolar operators, therefore
this contribution to the mixing potential has a r* depend-
ence at leading order. This second contribution is in
principle suppressed respect to the first one in the multipole
expansion, however the size of the overlaps of the heavy
meson pair state with the singlet and octet fields are
unknown. For this reason we keep both contributions in
our short-distance description of the mixing potential

Vf;ii')(r) =cr+cr. (67)

For distances r > 1/Agcp the mixing potential can be
expanded in powers of 1/(Aqcpr)”. If we assume that the
mixing potential vanishes in the r — oo limit then only
n > 0 is allowed. By fitting the data with r > 1 fm we find
that the long-distance part is well described by

Vi (1) =3 (68)
We construct the interpolation by summing the short- and
long-distance descriptions multiplied by interpolating func-
tions depending on r and a new ry parameter. The
interpolating functions are wy = (ro/(r + rp))" and w; =
(r/(r+rg))" for the short- and long-distance pieces,
respectively. The ry parameter determines the value of r
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FIG. 5. Quarkonium-heavy meson pair mixing potential. The
blue open circles correspond to the lattice data of Ref. [2]
transformed into the mixing potential using Eq. (47). The red
line corresponds to the parametrization in Eq. (69) fitted to
the lattice data.

where both interpolating functions are equal. We pick ry =
0.25 fm as it is a reasonable point for the breakdown of
the multipole expansion. The full parametrization of the
potential is as follows

(s.d.)

(r) = w WV (1) +wi (VIS (1), (69)

mix

L
Vmix
The value of n is set to the smallest value that the short- and
long-distance potentials dominate in their respective limits,
which in this case is n = 7. The rest of the parameters are
fitted to the lattice data, we find

¢ = —0.723 GeV?, (70)
¢y = —15.251 GeV*, (71)
¢y = —13.991 GeV~2. (72)

It is interesting that the value of ¢, is not as suppressed with
respect to the one of ¢; as one would expect from the
PNRQCD counting which might indicate that the heavy
meson pair has a larger overlap with the singlet field than
the octet one in the short-distance regime. This is consistent
with the slightly attractive behavior of the first excited static
state (in yellow triangles in Fig. 3) in the first few short-
distance data points.3 In Fig. 5 we plot the lattice data for
the mixing potential and the parametrization in Eq. (69).

The normalization of the mixing operator in Ref. [2] and
ours in the Lagrangian in Eq. (7) for x =1 coincide,
however the heavy meson-antimeson pair interpolating
operator is isospin / = 0 unlike ours, in Eq. (22), which
corresponds to a single light-quark flavor. In other words,

’In Ref. [2] the attractive nature of the short-distance data of
the first excited static state was already linked with a dominating
overlap with a heavy quark-antiquark singlet state.
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the heavy meson-antimeson pair operator in Ref. [2]
interpolates for a field in BOEFT corresponding to the
normalized sum of the charged and neutral heavy meson-
antimeson pairs. Since the two lattice light quarks are
degenerate we have

VEL(r) = —=VE (). (73)

We will use this mixing potential for all three light-quark
flavors, which is an approximation. However, the light-
quark mass used in Ref. [2] is in fact closer to the strange
mass than the up or down masses, therefore it can be
expected that the approximation produces more accurate
results for pairs of heavy mesons with strangeness.

In Ref. [3] the static energy spectrum of quarkonium
coupled to heavy meson pairs without and with strangeness
was obtained in lattice QCD for distances between r ~
0.25 fm and r~ 1.6 fm. Since the mixing angles were
not given the mixing potentials can only be extracted
by assuming specific forms of the quarkonium and heavy
meson pair static potentials. Assuming a Cornell type
potential for the former and a constant for the latter one
can fit the mixing potential. Since only the long-distance
regime is available we fitted mixing potentials ~r~!, ~r~3
and a constant, the latter being the choice in Ref. [3]
analysis. In all three cases the fits were of similar quality.
Therefore, we conclude that a reliable estimation of the
mixing potentials from the data of Ref. [3] is not possible.

The mixing potential has been extracted from the lattice
data of Ref. [2] in Refs. [17-19]. However a different
procedure was followed. It was argued that the heavy-
meson pair to heavy-meson pair correlator of Ref. [2],
interpolates not only for the X representation but also for
I, and X, representations. As a result the authors of
Refs. [17-19] argue that lattice data should be fitted with a
parametrization that takes into account these extra states in
the meson pair to meson pair correlator. Lets us note, that
fits to the correlators with extra states where also consid-
ered in Ref. [2] but where found not to describe the data
well. Since the original data on the correlators of Ref. [2] is
not available, the authors of Refs. [17-19] resample the
lattice correlators using the original parametrization and
then fit this resampled data with their parametrization
containing the extra states. While we agree on the initial
point about the extra states in the meson pair to meson pair
correlator, we do not think the resampled data can contain
information on these extra states as it was produced from
the original parametrization. The quarkonium static poten-
tial obtained from the resampled data can be found in Fig. 3
of Ref. [17]. If we compare it to the one we obtain, in Fig. 4,
it can be observed that the shapes are notably different. In
our determination, the shape of the static potential is closer
to previous lattice determinations of the static potential that
did not include the mixing with the threshold, which is the

behavior expected away from the string breaking distance
as we discussed at the end of Sec. IIl. A possible
explanation for the extra states in the meson pair to meson
pair correlator of Ref. [2] not showing up in their fits is that
the extra states are degenerate with the £ one, as we do in
the Lagrangian in Eq. (3). Therefore, in our opinion the
most appropriate way of extracting the static and mixing
potentials is to use the two state parametrizations of the
lattice correlators. We hope that in the future new lattice
studies clarify this issue.

In Refs. [20,21] a model for the mixing potential is
used. This consists of a Gaussian shape with the maximum

at the string breaking distance, i.e., the value of r when

VEI?)(rS.b') :VEQO(rS.b'). Comparing with the mixing

potential extracted from the lattice data in Fig. 5 we can
see that the model misses important features. The maxi-
mum of the mixing potential occurs at r ~ 0.25 fm instead
of the string breaking distance and as a result the overall
shape is different. Moreover, as the value of the mixing
potential at the string breaking distance must be equal to
half the avoided crossing separation,4 the maximum value
of the model mixing potential of Refs. [20,21] is much
smaller than the one of the potential extracted from the
lattice data.

D. 1/m, quarkonium potential

To improve the accuracy in the determination of the
quarkonium spectrum we compute the contribution of the
1/mg suppressed potential [22] using standard time inde-
pendent perturbation theory. To obtain an expression for
this potential we follow an analogous approach to the one
in Sec. IVB for the static potential. We construct the
potential by combining the short-distance perturbative
expression with the available lattice data for long-distances.
We use the leading order perturbative result from Ref. [56].
It reads as

a2 (v)C,C

s( 4)r2A F ) (7 4)
Notice, that the form of the potential depends on the
matching scheme. We use the expression for the Wilson
loop matching scheme in accordance with the rest of the
paper. As in the static potential, we resumme large soft logs
by setting v = 2/r.

The 1/m suppressed quarkonium potential has been
studied in the lattice in Refs. [57-59]. We use two datasets
with simulation parameters f = 5.85, a = 0.123 fm and
p =6.00, a =0.093 fm in the quenched approximation.
The lattice data is plotted in Fig. 6. To parametrize the
lattice data we use the following function

*The avoided crossing distance is (\/(202)+ (rep.) — V(IOEL(VS‘b,)).
9 9
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FIG. 6. Plot of the 1/mgp-suppressed quarkonium potential
given in Eq. (81) with parameters fitted as described in the text.
The orange dashed line corresponds to the perturbative part in
Eq. (74) while the red continuous line corresponds to the
parametrization of the lattice data in Eq. (75). The blue circles
and green triangles corresponds to the lattice data with lattice
coupling # = 5.85 and § = 6.00, respectively, from Refs. [57,58].

+d4+61 logr, (75)

which interpolates between the dependence on =2 from the
perturbative expression in Eq. (74) and the log r depend-
ence obtained from effective string theory [52,53,60-64].
The parameters of Eq. (75) are constrained to reproduce
the slope of the perturbative potential at the matching point
» = 1 GeV~!, the rest of the parameters are fitted to the
lattice data. The values we obtained are as follows:

d, =0.114, (76)

dy = —7.704 GeV3, (77)
dy = 5.823 GeV, (78)

dy = 1.149 GeV?, (79)
o1 = 0.129 GeV2. (80)

The ambiguity in the normalization of the lattice data is

removed by shifting V(Ll) so that the value at the matching
point is equal to that of the perturbative expression in Eq. (74).

The full expression of the 1/m, suppressed potential is

V(1) = VRl (00 =)+ (VL () 4+ BB )00 = )
(81)

SEffective string theory is successful dynamical model for the
long-distance regime (i.e., r > 1/Agcp) and provides expres-
sions for the quarkonium potentials in powers of Agcp/r in
accordance to our argument for the mixing potential in Sec. IV C.

with 5ngf)set —0.088 GeV. In Fig. 6 we plot the potential in

Eq. (81). We should note that the value of (SEf)ﬁ)Set depends
noticeably on the specific matching point r,, and the order at
which we take the perturbative potential in Eq. (74). This is a

result of the lack of lattice data at shorter distances and the

possible existence of renormalon ambiguities in ijt)_ (r).

E. Numerical results

We solve numerically the Schrodinger equation for the
quarkonium static potential in Eq. (66)

H%; + V$’)<r>} () = E¥u(r).  (82)

obtaining the wave functions ¥,; and eigenenergies E,(q l>,
with n and [ the principal and angular quantum numbers of
the quarkonium state, respectively. Using the wave func-
tions we compute the contribution of the 1/m,, suppressed
potential in Eq. (81) in standard quantum mechanical
perturbation theory.

B = [ ereoWoean 6

The results for EES) and E,(qll) can be found in Tables II-1V
for bottomonium states and Tables V—VII for charmonium
states. The uncertainties in these two quantities are esti-
mated by their difference when changing the matching
point between the perturbative expressions and the lattice
data fits from r,, = 1 GeV~! to r,, = 0.66 GeV~!.

TABLEII. Spectrum of S-wave bottomonium states. All entries
in MeV.

n E§  EJ BN ES M,

1 -291(7)  =54(1) —42(2) —19(1) 9491(90)
2 168(7)  —28(2) =27(2) —11(1) 9999(90)
3 492(8)  =20(2) -21(2) =8(1) 10341(90)
4 7679)  —15(1)  —19(6) =7(1) 10623(90)
5 1015(11)  —11(1)  =15(3) —6(1) 10881(90)
6 1244(12) =8(1)  —15(5) =5(1) 11114(90)
TABLE III. Spectrum of P-wave bottomonium states. All
entries in MeV.

A

1 59(10) =21(2) —=22(2) =9(1) =27(2) —12(1) 9867(90)
2 389(8) —14(2) —15(2) —6(1) —16(2) —6.8(5) 10229(90)
3 67109) —10(2) —13(4) =5(1) —14(3) —5.1(4) 10522(90)
4 924(10) -=7(1) —10(4) =5(1) —=9(2) —5(1) 10786(90)
5 1156(11) —4(2) —10(3) =3(1) —=8(2) —=3.1(5) 11026(90)
6 1375(13) —=2(1) —10(2) =3(1) —8(2) —2.9(4) 11246(90)
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TABLE IV. Spectrum of D-wave bottomonium states. All
entries in MeV.

n__ Ep Eyp Elp  Eb M,p

1 274(8)  —14(2)  -18(2) —7(1)  10133(90)
2 565(9) —10(1)  —17(3)  —6(1)  1043(90)
3 824(10)  —6(2) —15(5) =5(1)  10696(90)
4 1062(12)  -3(2) —15(4) =5(1)  10937(90)
5 1284(13)  —1(2)  —15(3)  =5(1)  11161(90)
6 1494(14) 000) —14(2) =5(1)  11374091)

TABLE V. Spectrum of S-wave charmonium states. All entries
in MeV.

n Efzos> E izls) E Z? Ersz}s) M,s

1 449)  =79(5) -31(2) —14(1)  3104(90)
2 606(8)  —42(4) -17(3) =7(1)  3726(90)
3 1051(11)  =22(5) —12(3) =5(1)  4195(90)
4 1440(13) -8(5) —4(3) =5(1)  4607091)
5 1793(15) 3(6) -1(1) =2(1)  4979091)
6  2122(17) 12(6) —0.1(4) —-0.4(6) 5318(91)
TABLE VI. Spectrum of P-wave charmonium states. All
entries in MeV.

n_ Eyp  Ep Ep B} Ep ER My

1 415(8) —36(6) —15( ) =5(1) —13(1) 55(4) 3525(90)
2 880(11) —17(5) —24(5) -7(2) —10( ) —4(1) 4003(90)
3 1282(13) —=3(6) —4(5) —7(1) =5.3(4) =3.1(3) 4444(91)
4 .1645(14)  7(6)  3(2) —1(1) —4(1) —=2.1(1) 4832(91)
51982(17) 16(6)  4(1) 1(1) —4(1) —-1. 8(2) 5181(91)
6 2298(19) 23(6) 4.3(4) 1.6(5) —4(1) —1.6(2) 5505(92)
TABLE VII. Spectrum of D-wave charmonium states. All

entries in MeV.

n_ Ey Ey)  Elp Ef M,p

1 696(8) —20(5) —16(7) —4(1)  3840(90)
2 111511 =5(6)  —10(6) -7(2)  4276(91)
3 1490(14) 6(6) 0.1(3.4) —4(2)  4675(91)
4 1835(16) 15(7) 32)  -04(1.5)  5037(91)
5 2158(18)  22(6) 4(1) 11)  5369(91)
6 2463(19)  29(7)  4.2(4) 1.74)  5682(92)

At the order we are working, isospin and heavy-quark
spin contributions can be neglected, thus we use heavy
meson masses reflecting these approximations. The values
of the heavy meson masses are obtained by first computing
the average of the neutral and charge states, when both
are available, and then the spin average of the scalar and
vector states. For strange heavy mesons only the last step is
necessary. The masses of the physical heavy meson states
are taken from the PDG [65]. We find

mp = 1.97322 GeV, (84)
my = 53134 GeV, (85)
mp, = 2.0762 GeV, (86)
mp = 5.4033 GeV. (87)

The heavy meson-antimeson pair contributions to the
quarkonium masses are computed using Eq. (19). For this
computation we take the quarkonium binding energy up to
next-to-leading order. Since the results in this section are all
for heavy meson-antimeson pairs with ¢ = 17~ we will
drop this label. On the other hand, since we will compute the
contributions for heavy mesons without and with strange-
ness we will add a label f indicating the light-quark flavor.
We use f = g to denote the sum of the neutral and charged
heavy meson-antimeson pair contributions. These two con-
tributions are equal in the isospin limit. To denote the
contributions of heavy mesons pairs with closed strangeness
we use f = s. The vertex form factor anl(k) is computed
numerically from the expression in Eq. (16) using the wave
functions form solving Eq. (82) and the mixing potential in
Eq. (73). We sample it for a range of k from 0 GeV to 6 GeV
at 10 MeV intervals. A linear interpolation of this data is then
used to compute the mass contribution in Eq. (19). The

uncertainty of E" +, 1s estimated as follows. The uncertainty of
k? is obtained by combining in quadrature the uncertainties of

E}(S), Efi?, m‘és and the size of higher order contributions

O(AéCD/mc) ~40 MeV, O(AéCD/mi) ~4 MeV. The
mass contribution is computed for a random Gaussian sample
of kfl with the standard deviation set to its uncertainty. The

average and standard deviation of the set of results for Eﬁ/ are
taken as our central value and its uncertainty, respectively.
The contributions of the heavy meson pairs to the quarko-
nium spectrum is displayed in Tables II-IV for bottomonium
and Tables V-VII for charmonium.

The total masses of the quarkonium states are obtained as

My =2my) v EO + EY + Z Z ET. (88)
f=q.s I'=|I-1|

The uncertainty of M, is obtained by adding in quadrature
the uncertainties of each term in Eq. (88).

Our result show the contribution of these two thresholds
to the quarkonium masses is comparable to that of the
1/mg suppressed potential. Contrary to what it could be
expected intuitively, the contribution of the thresholds is
larger for the lower lying quarkonium states that the excited
ones. The underlying reason is in the shape on the mixing
potential (see Fig. 5) which peaks, in absolute value, at
r ~0.25 fm, while the excited states wave functions extend
to far longer ranges.

094020-13



JAUME TARRUS CASTELLA

PHYS. REV. D 106, 094020 (2022)

TABLE VIII. Bottomonium (top) and charmonium (bottom)
spectra with the origin of energies adjusted to the experimental
value of the spin average of the respective 2§ states. The
experimental spin-average mass is marked by (e) and taken from
the PDG [65].

l

n 0 1 2

1 9.509(8) 9.885(11) 10.151(9)
2 10.017(e) 10.248(10) 10.448(10)
3 10.359(9) 10.540(11) 10.714(12)
4 10.641(12) 10.804(12) 10.955(13)
5 10.899(12) 11.044(12) 11.179(14)
6 11.132(14) 11.264(14) 11.392(15)

I

n 0 1 2

1 3.052(38) 3.473(38) 3.788(39)
2 3.67395(e) 3.951(39) 4.224(39)
3 4.143(39) 4.392(40) 4.623(40)
4 4.555(40) 4.780(40) 4.985(41)
5 4.927(40) 5.129(41) 5.317(42)
6 5.266(41) 5.453(42) 5.630(42)

The uncertainty of our results for the quarkonium masses
in Tables II-VII is dominated by the uncertainty in the
determination of the of the heavy quark masses in the RS’
scheme. This source of uncertainty cancels out in mass
differences which are consequently much more accurate.
Furthermore, we can reconstruct the spectrum by adding to
the experimental mass of given state our mass differences
with respect to the same state. Since our computation does
not include spin-dependent contributions it is convenient to
consider as a reference an S-wave state, since the spin-
averages of these are independent of such contributions.
Additionally, we expect the spin-independent O(1/ ng)
contributions to be smaller for higher excited states, in a
similar way as the spin-independent O(1/m,) contribution
we have computed. Therefore, we choose as experimental
reference state the 25 doublet, since this is the higher laying
S-wave doublet which has been measured for both char-
monium and bottomonium. In Table VIII we show the
bottomonium and charmonium spectra shifted so the 2.5
state mass matches the spin-average of the corresponding
experimental masses. Both shifts are within the uncertainty
of the heavy quark masses. In Figs. 7 and 8 we show all
the experimental bottomonium and charmonium states listed
in the PDG with definite J©C [65] compared to the shifted
spectra. We also display the hybrid quarkonium states
expected to appear in the energy range of the figures and
with JP€ matching those allowed for S, P and D wave
quarkonium. However, one should keep in mind that
exotic JF€ are possible for quarkonium hybrids, including,
for instance, heavy-quark spin partners of the states dis-
played. The mass values of the hybrid quarkonium are taken

Bottomonium spectrum
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FIG. 7. Comparison of the experimental bottomonium spec-

trum (black dots) with the spectrum we have obtained (red lines).
We also include the hybrid bottomonium states (blue lines) from
Ref. [66] in the mass range and JPC of the figure. Both
conventional and hybrid bottomonium spectra are shifted so
the 2§ state mass matches the experimental spin average one.

Charmonium spectrum
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FIG. 8. Comparison of the experimental charmonium spectrum

(black dots) with the spectrum we have obtained (red lines). We
also include the hybrid charmonium states (blue lines) from
Ref. [66] in the mass range and JPC of the figure. Both
conventional and hybrid charmonium spectra are shifted so the
28§ state mass matches the experimental spin average one.

from Ref. [66] and also shifted to match the experimental
value of spin-average mass of the 2.5 doublet. To do this, we
obtain the 25 state mass for the X/ static energy from the
lattice data of Ref. [12], which is the same source as for the
I1, — X, static energy data, used in Ref. [66] to obtain the
hybrid spectra. It should be kept in mind that the hybrid
quarkonium states displayed in Figs. 7 and 8 are not
computed to the same accuracy as the conventional quarko-
nium ones, since they do not include O(1/my) corrections®
nor heavy meson-antimeson pair contributions.

6Spin—dependent contributions appear at order O(1/my) for
hybrid quarkonium [67].
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The widths are computed according to Eq. (20). We take
Eq. (88) as the input mass. As in the mass computation, we
compute the uncertainty k3 adding up in quadrature the
uncertainties of each term and the size of higher order
contributions. We create a random Gaussian sample of kfl
values and compute the decay widths for each value in the
set. The average and standard deviation of these compu-
tations are assigned as the central value and uncertainty of
the widths. The notation for the widths follows the one for
the energy contributions, in particular recall that f = ¢
corresponds to the sum of the widths for the neutral and
charged heavy meson pairs. The results for the widths are
shown in Tables IX-XI for bottomonium states and
Tables XII-XIV for charmonium states. We find values
of about 5-10 MeV for bottomonium and 10-50 MeV for
charmonium. The threshold contributions to the mass and
width of P-wave quarkonia turn out to be slightly larger
than S and D wave quarkonia due to it coupling to the
heavy meson-antimeson pairs in two partial wave channels
instead of one. As it can be seem from these results the
uncertainties are large, particularly in comparison to the
uncertainties in the mass contributions. This is a result on a
strong dependence of the widths on the value of ké. To
illustrate this we plot the value of width as a function of the
difference between the quarkonium and the heavy meson
pair mass for two specific cases in Fig. 9. We can see that a
large range of values of the widths can be produced within
the uncertainty of the mass difference.

V. THRESHOLD EFT

Let us consider an EFT for a quarkonium state y,,; close
to a heavy meson-antimeson pair threshold as the one
considered in Refs. [28-36]. The heavy meson fields will
be represented by H, with x the spin of the light-quark
state. The fields H, carry two spin indices, the first one
corresponding to the antiquark and the second one to the
quark with the order being reversed for the Hermitian
conjugates. Therefore, one should read expressions as
Tr[H (1 )26H (1)) = (H(1)2)) 4,6% o, (H(1/2))%5 Where a
and p indices correspond to the light-quark and heavy
quark spin, respectively. The spin indices will be in the
spherical basis unless stated otherwise. Since we work in
the nonrelativistic regime, we treat the antiparticle fields
(denoted with a bar) as independent fields from the particle
fields. The bilinear terms in the EFT read as

[EFT WZl(laO — Snl)WHI + TI‘[H;SI (léo - AKI )HKI]
+ Tr[ﬁzz (iao - AK2>I:1K2]' (89)

The quarkonium-heavy meson pair couplings at leading
order in the heavy quark mass expansion have the follow-
ing general from

TABLE IX. Widths of S-wave bottomonium states. All entries
in MeV units.

n s Tos s
5 6(6) 33) 30)
6 4(7) 2(6) 11)

TABLE X. Widths of P-wave bottomonium states. All entries
in MeV units. a.t. stands for above threshold.

R T R R
4 6(7) 34) at. 3(3) a.t.
5 6(5) 2(2) 2(1) 1(1) 1(1)
6 7(7) 4(4) 1(1) 2(2) 0.4(3)
TABLE XI. Widths of D-wave bottomonium states. All entries
in MeV units. a.t. stands for above threshold.
n Fto[t)al l—*qg Fsg
3 309 3(5) at.
4 4(5) 2(4) 1(1)
5 7(8) 6(7) 1(1)
6 13(11) 12(10) 1(1)
TABLE XII. Widths of S-wave charmonium states. All entries
in MeV units.
n Ftoéal Fqg Fsg
n n n
3 16(10) 15(8) 1(2)
4 22(5) 16(2) 6(3)
5 15(4) 9(3) 6(1)
6 9(3) 4(2) 4(1)
TABLE XIII. Widths of P-wave charmonium states. All entries
in MeV units. a.t. stands for above threshold.
noom oty omy g o
2 22(24) 17(20) a.t. 5(4) a.t.
3 54(12) 38(4) 12(6) 3(1) 1(1)
4 41(6) 25(3) 14(1) 1(1) 1.2(4)
5 27(4) 16(2) 10(1) 0.34) 0.5(4)
6 18(3) 10(2) 7(1) 0.4(4) 0.2(2)

TABLE XIV. Widths of D-wave charmonium states. All entries
in MeV units.

! o o o
2 36(14) 32(9) 4(5)
3 42(5) 29(2) 13(3)
4 34(3) 21(2) 12.5(5)
5 24(3) 15(2) 9(1)
6 17(3) 102) 7(1)
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FIG. 9. Plots of the decay width dependence with the mass difference between the quarkonium and the two meson masses. In the left
we plot the width of the 55 bottomonium state decaying to BB. In the right we plot the width of the 1D bottomonium state decaying to
DD. From the plots we can see that for variations of the mass difference of the order of its uncertainty the values of the widths can change

by large amounts.

(I'.d)

tEFT __
L nl

nlxPe — § :g

I'd

X Y (8) 61 2AE] + Hee. .

AV lm; K1Q
{(—l) TI’ |:ll/nl Cl/m/KaClczazk‘a

K1y

(90)

with € = —iV = —i(ﬁ - 6) and & = £/|€|. To match the
common choice in the literature, the quarkonium field v,
is chosen to transform under time reversal as a spherical
harmonic under complex conjugation. Therefore, a factor i/
is needed to match the time reversal transformation of
a spin [ field and for the whole operator to be invariant
under this symmetry.” To conserve parity only the angular
momentum that fulfill p(—1)*" = 1 are allowed. Likewise
requiring charge conjugation invariance leads to the con-
straint ¢(—1)+" = (=1)*+ =1,

The couplings of quarkonium with [ =S, P, D to the
lowest lying heavy meson-antimeson pairs (k' = k5> =
(1/2)" and kP = 177) up to two derivatives read as

. (P.0)
LtEFT _ s

$07) V127%

Tr [y/;SHa-%I:I}, (91)

LEFT g}('lPO) Tr [l// ( H(;I_{)}
nPy(17~ ) \/T nP
Ci9 iy, (o )]

3 4 cicj  §iio2
+ igf,’f"’),/gn {y/jl’lHaf (v v - 3V ) ]

(92)

"Notice, that (Y, ()" = (=1)'"™Y,_,, ().

PO
b

LT

The spin indices in Egs. (91)—-(93), explicit or implicit, are
in the Cartesian basis. The first two terms can be found in
Refs. [28-31] with different normalizations for the cou-
plings. The equivalence with Refs. [28,31] is

EtEFT

D) = Tr [w;g (Ho-f'%iljlﬂ . (93)

(8,0
11

2

(P.0
910

QQ

(94)

g1 = 9 =

s
g

for Refs. [29,30] an extra minus sign is needed to account

for a different definition of V.

Now we match the threshold EFT to BOEFT. At the tree
level the matching can be obtained expanding the fields in
eigenstates of the relative motion Hamiltonian. For the
quarkonium field for instance

Z(Tnl(t7 R))m] (Wnl(r)>m1’

nl

¥(1,R,r) = (95)

with y,,; defined in Eq. (12). In the same way we expand
the heavy meson-antimeson pair field. Since in this case the
eigenfunctions are plane waves we have

&k
(2z)?

Introducing the partial wave expansion of Eq. (13) to
Eq. (96) and after some manipulations we obtain

/

Cfm/

Imk—a

—ik-r

Mea(t.R.F) = / (Mu(6.R)) e, (96)

{+k

M (LR =D

¢ =[]

&((Mw,m)w?(k))

(=1 dzi™ ji(kr)Y i, (7).
97)

‘my
Clmjlca’
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So far we have made no approximation. Now, we note that
in the case a quarkonium state mass is close to that of a
heavy meson-antimeson pair then the relative momentum
between the heavy quarks in the quarkonium state ~1/r is
larger than the relative momentum between the heavy
mesons k. Therefore, we can expand the spherical
Bessel function for kr < 1:

Zbd (kr)2d+, (98)

drj,(kr)

g _ 4n(=1)2'(d +1)!
Lodi@d+20+ 1)

(99)

Using this expansion in Eq. (97) all the dependence on r
factorizes. After a few more manipulations we arrive at

4k
}:}:}: clme Kadl+2d
lle a b Ylm,( ))
¢ I=|t—x| d

—1)¢+me &’k Cf—mf M. (t.R
X ( ) (2”)3 lm;Ka/( Kk( ’ ))a’

Vi B, (100)

We set the following matching condition

3 ~
/% <(M’<k)a’(t7 R)Ylm; (k>|k|l+2d)

Cklal

Kok

Hyya, (1. R)Y 1y () E[HE (1LR). (101)

We can now apply these field expansions into the
BOEFT couplings and obtain the tree level matching of
the couplings of quarkonium to heavy meson pairs in the

threshold EFT. The matching is shown diagrammatically in
Fig. 10. We arrive at

[areviporme

I+x

=303 S =iyl

I r=[i—«| d

1 _
xC mI’KaCE;g;KaHK]al Yl’m’( )|§|ll+2dH::22»

I'm

(102)

with

(r'd 10
gnl CI’OKO (21 + ])

mix

(2l/+1)b;‘f/drr2+l/+2d¢ ( )V;c ( )

(103)

It is interesting to consider also the matching of the
quarkonium bilinear. At tree level these can be easily
obtained using the expansion in Eq. (95). However, in this
case one should also consider the self-energy contribution
which appears at one loop. The matching is shown
diagrammatically in Fig. 11. The key point is to identify
the momentum region in the loop diagram in the BOEFT
side (left) that matches the heavy meson loop in the
threshold EFT side (right). The BOEFT diagram is given
in Eq. (18) and contains two momentum scales k ~ k,; and
k ~ 1/r. The contribution of the first one matches the heavy
meson loop, while the latter gives a contribution to the
residual mass of the quarkonium state in the Lagrangian
in Eq. (89)

1+1

5nl = Enl + Z gl;lll’,

r=i-1|

(104)

FIG. 10. Matching of the quarkonium-heavy meson pair vertex between BOEFT (left) and the threshold EFT (right). The double
continuous lines represent the quarkonium state, the double dashed line represents the heavy meson pair field in BOEFT and the single
dashed lines correspond to the heavy mesons in the threshold EFT. The dots in the right-hand side stand for the vertices with extra
derivatives.

FIG. 11. Matching of the quarkonium two-point function between BOEFT (left) and the threshold EFT (right). The double continuous
lines represent the quarkonium, the double dashed line represent the heavy meson pair field in BOEFT while the single dashed lines
correspond to the heavy mesons in the threshold EFT.
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where E,; is the energy of the quarkonium state computed
in BOEFT including the heavy meson-antimeson pair
contributions except the one of the nearby heavy meson-
antimeson pair considered explicitly in the threshold
EFT and

A ol

To determine if the threshold expansion can be carried
out, we compare the values of the |k,;| momentum scale of
the mesons with the value of (1/r) for the quarkonium
states in Table XV. The computation of |k,| is carried out
for the transitions between quarkonium and the lowest
lying heavy meson pair thresholds without and with closed
strangeness. The value of (1/r) is computed including
O(1/m) corrections to the quarkonium wave function and
considering intermediate states up to n = 8. In principle,
these corrections could be sizable for charmonium states
since Aqcp/m. ~ 18%. However, we find that only the
ground states get contributions comparable to this para-
metric estimate. In practice, for excited states the contri-
butions from lower lying intermediate states almost cancel
with those of higher laying states leading to very small
contributions. Therefore, we expect the parametric estimate
of O(l/mZQ) contributions to (1/r), ie., (Agcp/m,.) ~
3.5% and (Aqcp/myp) ~0.4%, to be significantly larger
than actual contributions. The computation of |k,| on the
other hand involves uncertainties inherited from the uncer-
tainty in the determination of the quarkonium masses.
Unfortunately, the effect is naturally more significant
for states close to threshold. Therefore, at the present
accuracy in the determination of the quarkonium masses,
we can only rule out the threshold expansion validity for
certain states while in no case it can be completely
confirmed as a good approximation. For the latter cases
we compute the values of the quarkonium-heavy-meson-
pair couplings, which we collect in Table XVI. The value
of these couplings only depend on the quarkonium
bound state through the wave function, and therefore
we expect our values to be reliable despite the uncertainty
on the quarkonium masses. Nevertheless, due to possible
O(1/mg) contributions to the mixing potential, the
accuracy of the couplings is limited to corrections
O(Aqcep/mg), which is reflected in the uncertainty.
Next, we compute the contribution to the residual mass
of the quarkonium field in the threshold EFT, 5’;111/ defined in
Eq. (105). This quantity also only depends on the quarko-
nium state through the wave function and its uncertainty is
assessed as of the size of corrections O(Aqcp/mg). The

values of E’r‘lll/ can be found in Table XVI for bottomonium
and charmonium.

TABLE XV. The expected value (1/r) and the on-shell
momentum |k,| for bottomonium (top) and charmonium (bottom)
states with angular and principal quantum numbers / and n. The
value |k,| corresponds to the momentum of the heavy mesons in
the transition from a quarkonium state to the heavy meson pair.
The expected value (1/r) is computed up to contributions of
O(1/my) to the wave function. The superindex and subindex of
the |k,| values indicate the difference between the maximum and
minimum values, respectively, within the uncertainty of the
quarkonium state mass. The threshold expansion is only valid
when |k,| < (1/r). All quantities are in GeV units.

! n (1/r) |kq|(BB) |kq|(B,B)
0 1 1.311 2.38978] 2.6047%;
0 2 0.672 1.76811)¢ 2.0381103
0 3 0.503 1.1687130 1536113
0 4 0.408 0.35353% 0.92013}]
0 5 0.343 1.210189 0.7187253
0 6 0.292 1.6421132 1.330113¢
1 1 0.589 1.91611% 2.169777,
1 2 0.447 1371542 16987133
1 3 0.372 0.599725¢ 1.1574)78
1 4 0.321 1.0015,% 0.214557%
1 5 0.280 1.5024133 1.14907
1 6 0.251 1.850" s 1584713
2 1 0.415 1578112 1.872+4112
2 2 0.348 0.9603% 1.3821/48
2 3 0.304 0.68972% 0.6992%
2 4 0.271 1323152 0.899°21
2 5 0.244 1716159 14221186
2 6 0.219 2018703 1.7801]18
! n (1/r) |k4|(DD) [kal(D,D)
0 1 0.724 1254781 1.443135
0 2 0.447 0.624111% 0915157
0 3 0.347 0.725]%5 0.354135¢
0 4 0.290 1.1491%7 0.981°8
0 5 0.250 1429734 1312782
0 6 0.218 1.64574 1.55633
1 1 0.380 0.87073¢ 1.106173
1 2 0.300 0.4451)31 0.4681)33
1 3 0.255 1010137 0.80317%,
1 4 0.225 132613} 1.19274%
1 5 0.201 156173 146273
1 6 0.183 175473 1.6761%
2 1 0.279 0413538 0.779+10
2 2 0.237 0.827"10, 0.540"137
2 3 0.210 1.202% 1.046177
2 4 0.190 1465133 135378
2 5 0.174 1.67213 1.58632
2 6 0.161 1.84775 1.77974¢
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TABLE XVI. Couplings ¢\9) of the bottomonium (top) and
charmonium (bottom) states with quantum numbers (/,n) to
heavy mesons in the I’ partial wave. We display only the cases for
which |k,| < (1/r) within uncertainty as displayed in Table XV.
All dimension-full entries are in GeV unless indicated otherwise.
Note that the couplings for BB and DD pairs apply to both neutral
and charged meson pair cases.

(10) (r.1)

I n MM T an an gl [MeV]
0 4 BB P —42(3) 15(1) -27(2)
0 S5 BB, P 362 -21(1) -8.2(5)
1 3 BB S —1.4(7) 7.1(4) -35(2)
1 3 BB D 402 -10.1(6) —17(1)
1 4 BB, S 0825  -79(5 -7.2(4)
1 4 BB, D —4503) 16(1) -5.2(3)
2 3 BB P -27(1)  10.9(6) -17(1)
2 3 BB, P -27(2) 10.9(7) -8.5(5)
[ n MM I gl(ll,l’o) gflll, D &' MeV]
0 3 DD, P 4509 -29(5) -6(1)
1 2 DD S 040 -11(2) -17(3)
1 2 DD D  -6(1) 19(4) -10(2)
2 1 Dpb P =51 11(2) -23(4)

VI. CONCLUSIONS

The first excited state in the spectrum of static energies
in the quarkonium sector corresponds to a heavy meson-
antimeson pair [2,3]. Pairs composed of heavier heavy
mesons appear as subsequent excited states, along with
quarkonium hybrid static energies. The heavy meson-
antimeson static energies are characterized by the total
spin of the light quarks and its projection onto the heavy
quark-antiquark axis, thus each heavy meson-antimeson
pair is associated with more than one static state. EFTs have
been built to describe the heavy quark-antiquark bound
states supported by the spectrum of static energies. These
EFTs incorporate the heavy quark mass expansion and the
adiabatic expansion between the heavy and light degrees of
freedom. For standard quarkonium the EFT is known as
strongly coupled potential NRQCD [22,23], and its exten-
sion to nontrivial light degrees of freedom is called Born-
Oppenheimer EFT (BOEFT) [16,24-26,66].

In this paper we have shown how to incorporate into
BOEFT the heavy meson-antimeson pairs and have obtained
all the leading order operators coupling them to quarkonium.
The Lagrangian containing these couplings can be found
in Eq. (7). Using these couplings, we have obtained the
expressions for the contribution of heavy meson-antimeson
pairs to the quarkonium masses and decay widths in
perturbation theory. These formulas, in Egs. (19), (20),
and (16), depend on the total spin of the light-quarks in
the threshold state that couples to quarkonium, the mixing
potential accompanying the coupling operator, the mass gap
between the threshold and the quarkonium state and the
wave function of the quarkonium state.

In Sec. IIT we have discussed the matching of the new
potentials, in particular of the mixing one, to NRQCD. The
matching has been obtained for both when the mixing
potentials can be considered a perturbation and when not.
We have also shown that the second case reduces to the first
when the separation between the static potentials of the
quarkonium and the heavy meson-antimeson pair is larger
than the mixing potential, which is the case for most of
the range of r except for a small region around the string
breaking distance. In Ref. [2] the ground and first excited
states for the coupled system of quarkonium with the
lowest lying heavy meson-antimeson pair were obtained in
lattice QCD. Using this data and Eqs. (45)—(47), the
quarkonium and heavy meson pair static potentials as well
as the mixing potential can be obtained. It is interesting that
the small bump in the excited state at short distances,
see Fig. 3, which could be interpreted as a heavy meson-
antimeson interaction, disappears completely in the heavy
meson-antimeson static potential in Fig. 4. This highlights
the importance of taking into account the mixing with
heavy quark-(anti)quark states when studying the heavy
meson-(anti)meson interactions.

We computed the contribution of the lowest lying heavy
meson-antimeson pairs without and with closed strange-
ness to the masses and widths of the bottomonium and
charmonium states with /=S, P, D and n=1,...,6
covering the mass range where exotic quarkonium states
have been discovered. The quarkonium static potential is
obtained combining fix order results in the RS’ scheme for
the short-distance part of the potential and a fit to lattice
data for the medium and long-ranges. To increase the
accuracy in the determination of the quarkonium spectrum
in the threshold region we compute the quarkonium
spectra up to O(1/m). The quarkonium 1/m, suppressed
potential is also parametrized using perturbation theory
for the short-distance part and a fit to lattice data
[57,58] for the remaining range of r. Our results for the
quarkonium masses and the contribution of the lowest lying
thresholds are shown in Tables II-IV for bottomonium and
Tables V-VII for charmonium. Our result show the con-
tribution of these two thresholds to the quarkonium masses
is comparable to that of the 1/m, suppressed potential.
The uncertainty associated to the heavy quark mass can be
eliminated by shifting the bottomonium and charmonium
spectra to match the experimental mass of a given reference
state at the price of not giving a prediction for this reference
state. In Table VIII we show such spectra taking as a
reference the spin-average of the 25 doublet. The resulting
spectra is compared to experimental values in Figs. 7 and 8.
For the widths we find values of about 5-10 MeV for
bottomonium, in Tables IX-XI, and 10-50 MeV, in
Tables XII-XIV, for charmonium.

Unfortunately, the contributions of the thresholds to a
quarkonium state mass and width become very imprecise
when the mass gap between them is similar to the
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uncertainty in the quarkonium mass determination. To
improve the accuracy of the threshold contributions, the
heavy-quark spin dependent contributions should be taken
into account. These can be split between the ones affecting
the heavy meson masses, which are of O(1/m,), and the
ones to the quarkonium masses which are O(1/m). For an
accuracy of a few MeV the former ones should be enough
in the bottomonium sector but both would be necessary for
charmonium states.

In Sec. V, we have discussed the matching of BOEFT
with heavy meson-antimeson degrees of freedom to a
threshold EFT containing as explicit degrees of freedom
a quarkonium state and the heavy mesons of a nearby
threshold interacting through contact operators. This is
possible when the relative momentum of the heavy mesons
is smaller than the inverse of the size of the quarkonium
state. The latter being a measure of the relative momentum
between the heavy quarks in the quarkonium state. We
obtained the matching expression, in terms of the mixing
potential and the quarkonium wave function, of the series
of couplings with increasing derivatives of a quarkonium
state to the heavy meson-antimeson pair, which can be
found in Eq. (103). At the current level of accuracy we are
only able to rule out for which states and heavy meson
thresholds this matching is not valid. Nevertheless, we
provide the values of the couplings to the two lowest lying
meson-antimeson pairs with the quarkonium states which
are not ruled out in Table XVI. This is possible since the
values of the couplings do not depend directly on the mass
gap between the threshold and the quarkonium state.

Using the threshold EFT and following the analysis from
Refs. [68-71] one can study the heavy meson molecule
picture for exotic states close to a heavy meson-antimeson
threshold. As pointed out in Ref. [68] the molecular nature
of X(3872) can be explained by an accidental fine-tuning
of y;(2P) mass to the DD* threshold which would result in
a abnormally large scattering length for the heavy meson-
antimeson scattering. Such scenario is compatible with our
results, however to confirm it, it would require a high
precision determination of the y,(2P) mass.

Hybrid quarkonium states also are expected to appear in
the threshold region. The hybrid states associated to the
lowest lying gluelump, with kP¢ = 17~, appear at 4.000—
4.150 GeV and 10.690-10.790 GeV [16,66,67] in the
charmonium and bottomonium sectors, respectively.
Meanwhile, the ones associated to the second lowest lying
gluelump, with xP¢ =177, appear at 4.5 GeV and
11.14 GeV [72] in the charmonium and bottomonium
sectors, respectively. For the former case the mixing with
quarkonium is heavy quark mass suppressed [16] and its
effects are of O(1/m7). However, in the latter case the
mixing is not suppressed and its effects can be, in principle,
of the same order as the heavy meson-antimeson pair of
similar mass. Therefore, its study would be interesting.
Furthermore, for an accurate computation of their hybrid

quarkonium masses, which is also necessary for a good
understanding of the spectrum of quarkoniumlike states in
the threshold region, it is also necessary the study of the
mixing of quarkonium hybrids with the heavy meson-
antimeson pairs. For this objective, the formulation of the
mixing terms of hybrid quarkonium states with heavy
meson-antimeson pairs should be worked out as well as the
matching expression as NRQCD correlators. The latter
should be computed with lattice QCD or models in order to
obtain numerical evaluations.
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APPENDIX: SPIN NOTATION
AND TIME REVERSAL

Let (a,), be the covariant components of an irreducible
tensor of rank « and (b, )* the contravariant components of
an irreducible tensors of rank k. Under rotations, the latter
transforms with the complex conjugate transformation of
the former. To differentiate between the two transforma-
tions we write the spin indices that transform with the
complex conjugate representation as superindices and the
ones that transform as the standard representation as lower
indices.

/

(al()(l = (Dk)aa (ax)a”

/

(bk)a - (Dlt)a(l’<bl<)a ’

(A1)
(A2)

with (D), a Wigner function. Recall that repeated spin
indices should be understood as summed.

We follow standard conventions and write irreducible
tensor fields for spin x particles and antiparticles in
covariant and contravariant basis, respectively. However,
it should be noted that a covariant basis for both is also
possible. For instance, for the heavy antiquark these two
choices correspond to using y or y. = io,y™ as our heavy
antiquark field. Similarly, the light-quark operators O,»
could be replaced by the charge conjugates of Q,» and this
way both light-quark operators would transform in the
covariant basis.

Sums over the same spin index as superscript and
subscript are invariant under rotation transformations

(b)*(@c)a = (be)” (D)™ (D)o ()

(bk)a/éa’a/(alc)a” = (bK)(l/(aK)a/' (A3)

We can lower or rise an index by applying the trans-
formation [73]
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(@) = R)ar (a)y = (1) (ac) o, (A4)
(bo)a = Ro)aw (b)™ = (=1)(b)7  (AS)

with
(R)gw = Dy (0.7,0) = e77(5ur, (A6)

If the components of an irreducible tensor are complex
numbers then the N, transformation is equivalent to
complex conjugation.

The scalar product is defined as

(@) - (@) = (a)"(d), = (=) (@) -o(di)o-

The irreducible product of two covariant irreducible
tensors is

(A7)

{akl ® aKz }Ka = Cilaalkzaz (akl)al (akz)az' (A8)
Note that using Eq. (A8) to form a scalar out of to
irreducible tensors of the same rank yields a different
normalization than the scalar product

(-1
V2K + 1

To combine a covariant and a contravariant irreducible
tensors into an irreducible representation one of the
irreducible tensors needs to be transformed to match the
transformation of the other [73]. We choose the following

(a) - (di). (A9)

{a, ® ar}oo =

{akl ® xKZbkz}Ka = Cg?alxz—az(_l),(z_mz (alq)al (bkz)az'
(A10)

However, other forms are also valid. For instance, since

[2k4+1 .4
= (—1)2K2 2, + ICK;aéka,

(_1 )K2+azcxa

K1Q Ky—0)

(Al1)

the product

Coramea(@i, ), (b, ), (A12)
is also an irreducible tensor of rank x.
The time reversal operator [74] is
T =(R)K, (A13)

with K the complex conjugate operator. This form of the
time reversal operator also relies of a standard form of the
spin matrices in which J, is purely imaginary. We have
chosena (1/2)* ® (1/2) representation of the heavy-quark
spin indices, which is convenient since we do not have to
specify if the heavy quark spin state is a singlet or a triplet.
The time reversal transformation on the fields is as follows

TY(t,r,R)T' = 0,¥(—t.r,R)0>.  (Al4)

TMKa(t, r,R)T‘l = (—I)K_adzMK_a(—t, r,R)O'z. (AlS)

The spherical harmonics with the Condon-Shortley nor-
malization transform as

KY;, = Y?m = (_l)mYl—mv (A16)

(xl)mm’Ylm/ = (_1)l_mYl—m' (A17)

Therefore, it is convenient to always consider i'Y,,, in the
construction of operators in the Lagrangian. In this way
scalar products such as

(bl)m(ilylm)’ (ilYlm)*<al)m’ (A18)

are invariant under time reversal symmetry.
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