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part can be expressed in terms of purely gluonic correlators. We fit the nonperturbative parts of
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1. Introduction

Since the discovery of the X(3872) by the Belle Collaboration in 2003 [1], more than two
dozen of nontraditional charmonium- and bottomonium-like states, the so-called XYZ mesons,
have been observed at B-factories (BaBar, Belle and CLEO), t-charm facilities (CLEO-c, BESIII)
and also proton-(anti)proton colliders (CDF, DO, LHCb, ATLAS, CMS). There is strong evidence
that some of these states are non-conventional hadrons, in the sense that they do not fit into the
quark-model picture. Various theoretical interpretations of these exotic hadrons have been pro-
posed and studied (see, e.g., the reviews [2, 3, 4, 5] for more details on the experimental and
theoretical status of the subject). One attractive interpretation of the XYZ mesons is the heavy
quarkonium hybrid, which contains a heavy quark and a heavy antiquark, together with a gluonic
excitation. While other interpretations of the XYZ mesons are multiquark states, which under some
circumstances have an electromagnetic analogue in molecular states, quarkonium hybrids, having
a gluonic excitation, shows a unique feature of QCD.

There are two approaches fully rooted in QCD to the computation of the spectra of quarkonium
hybrids: lattice simulations and effective field theories (EFTs). Studies of heavy hybrids on the
lattice have traditionally focused on the charmonium sector. Calculations in the bottomonium
sector are more challenging since smaller lattice spacings are required. A pioneering quenched
calculation of the excited charmonium spectrum was presented in Ref. [6]. This study was extended
by the RQCD collaboration [7, 8] and by the Hadron Spectrum Collaboration [9, 10]. The common
result in all these studies has been the identification of the lowest hybrid charmonium spin-multiplet
at about 4.3 GeV containing a state with exotic quantum numbers J7¢ = 1=+,

The EFT approach exploits the hierarchy of scales in quarkonium hybrids: m > mv > Aqcp >
mv?, where m is the mass of the heavy quark and v the relative velocity between the heavy quark
and antiquark. Most remarkably is Aqcp > mv?, as can be deduced from the lattice data, which
show that an energy gap exists between the gluonic excitations and the excitations of the heavy-
quark-antiquark pair [11, 12, 13, 14]. Note that the nonperturbative gluon dynamics occurs at the
scale Aqcp. As a result, the heavy-quark-antiquark pair binds in the background potential created
by the gluonic excitations, thus justifying the Born—Oppenheimer approximation [15, 11, 16, 17].
Computation of the heavy hybrid spectrum using a rigorous and systematic EFT approach has been
performed [18, 19, 20]. In the EFT approach, the interquark potential factorizes into perturbative
and nonperturbative contributions. The former can be calculated in perturbation theory, while the
latter are parametrized according to the power counting, and can in principle be calculated on the
lattice.

In this paper, we report our study of the spin splitting in the quarkonium hybrid spectrum
using the EFT approach [21]. In Section 2, we construct the EFT for the quarkonium hybrids
at the scale mv? by integrating out the scale Aqgcp in weakly-coupled pNRQCD in the regime of
short interquark distances, obtaining the spin-dependent potential in the hybrid EFT to &'(1/m?).
The spin-dependent potential is shown to be parametrized by several nonperturbative parameters,
which can be expressed in terms of purely gluonic correlators (details to be published in [22]).
In Section 3, we fit the nonperturbative parameters in the EFT to lattice data of the charmonium
hybrid spectrum. From the obtained nonperturbative parameters, we predict the the bottomonium
hybrid spectrum. We conclude in Section 4.
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2. Derivation of the spin-dependent potential

The first step in constructing the quarkonium hybrid EFT is to integrate out the scale m, which
produces the well-known EFT called NRQCD [23, 24, 25]. The next step is to integrate out the
scale mv. In the regime of short interquark distances, this step can be performed in perturbation
theory and one arrives at the so-called weakly-coupled pNRQCD [26, 27]. To arrive at the hybrid
EFT at the scale mv?, we perform a matching between weakly-coupled pNRQCD and the hybrid
EFT in the short-distance regime r < 1/Aqcp. First, we have to define the degrees of freedom
in the hybrid EFT. Following [18] we classify quarkonium hybrids according to their behavior at
r — 0 in the static limit. In this limit, quarkonium hybrids reduce to gluelumps, which are bound
states made of a color-octet heavy-quark-antiquark pair and some gluonic fields in a color-octet
configuration localized at the center of mass of the heavy-quark-antiquark pair [28, 27, 18]. A
basis of gluelump states can be written as

[k, A) =P, 0“7 (r,R) G¥(R)|0), 2.1)

where O is the field operator for a color-octet heavy-quark-antiquark pair in pNRQCD. r and R are
the relative and center-of-mass coordinates of the heavy-quark-antiquark pair. G is the operator
that creates a gluonic excitation with quantum number k¥ = K*¢, with K the angular momentum of
the gluonic degrees of freedom. P,"dL is the projector that projects the gluonic degrees of freedom to
an eigenstate of K- with eigenvalue A. The states |k, A) live in representations, characterized by
A, of the cylindrical-symmetry group D..;, (with P replaced by CP), which is the same symmetry
group of diatomic molecules. The degrees of freedom in the quarkonium hybrid EFT are the fields
Y. (t, 1, R) associated to the states |k, A) [18, 20]. The Lagrangian of the quarkonium hybrid
EFT resulting from the matching has the form

2

Lhybrld = /d3Rd3r Z}; lpj‘(l (r, R, t){l(?, — VK‘l)L’(r> —|—P’$Lj ;A/}Tkk/<r, R, t) +... N (22)
K ’

where the ellipsis stands for operators producing transitions to standard quarkonium states and
transitions between hybrid states of different k. The former are beyond the scope of this work and
the latter are suppressed. The potential V) /() can be expanded in 1/m as

V() | Vaw() |

Vian (r) = V3 ()80 + + (2.3)
We will write
1
Vo) = VEhso ) Vi), 2.4)
V:gt)/v(r) = V;Efl)A'SD(r)+V1£i)A'SI(r)> (2.5)

where the subscripts “SD” and “SI” stand for “spin-dependent” and “spin-independent” respec-
tively. VS) (r) is the static potential

VO = Ac+V2 () + ..., (2.6)
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where Ay is the gluelump energy, computable on the lattice [13], and Vo(o)(r) is the static octet
potential in the Lagrangian of weakly-coupled pNRQCD. In this paper, we will only consider the
lowest-lying gluelumps k = 17—, for which we will simply write subscripts k as 1. The spin-
dependent potentials have the form

1 L
Vitwso(r) = Visk(r) (PLKP], ) -8
Visko(r) | (r- Py, ) (PKIP, ) S+ (PKIPT) S @epp) |+ @)
2 . . . . . . . )
Vi3 hso(r) = Vista(r) (Pl LogPin: ) -S+Vist ()Pl (LpgS' + 'Ly ) Pl
+Vi2(r)S? 8300 + Visina(1)S12820 + Vis,on (P Py P, (SliSé +S§S{> +...,(2.8)

where L is the orbital angular momentum of the heavy-quark-antiquark pair, S; and S, are the
spin vectors of the heavy quark and heavy antiquark respectively, S = S; +S; and Sj2 = 12(S; -
£)(Sy 1) —4S;-S,. (K i )k = ie'/* is the angular momentum operator for the spin-1 gluonic degrees
of freedom. The projectors Plil are given by P{O = fé =7, P, = Moo= F (éij:i(}si) /v/2. The
ellipses in Egs. (2.7) and (2.8) stand for terms suppressed by powers of rAgcp. It should be noted
from Eq. (2.7) that the spin-dependent potential for quarkonium hybrids appears at order 1/m,
as opposed to traditional quarkonia, for which the spin-dependent potential enters at order 1/m?.
In addition, owing to the cylindrical symmetry in quarkonium hybrids, the 1/m?-spin-dependent
potential in Eq. (2.8) has much involved structure than that of traditional quarkonia, which has
rotational symmetry instead. In the matching, the object to consider is the two-point function:

IKAA/(I’,R,I'/,R/)
= lim (0|, G (R,7/2)0°(r,R,T/2)0" (v',R', =T /2)P,, G¥’ (R", =T /2)[0) . (2.9)

The matching is schematically depicted in Fig. 1. In the figure, the single, double and curly lines
represent the heavy-quark singlet, heavy-quark octet and gluon fields respectively. The black dots
stand for vertices from weakly-coupled pNRQCD that involve a chromoelectric or chromomagnetic
field. The shaded blobs represent the nonperturbative gluon dynamics. Diagram (a) implies that the
sum of the perturbative octet potential in pNRQCD and the gluelump energy appears in the quarko-
nium hybrid EFT. Diagrams (b)-(g) involve insertions of gluon field strengths, which give rise to
nonperturbative gluonic correlators. Denote the nonperturbative part of the coefficients V;(r) on the
right-hand side of Eqs. (2.7) and (2.8) by V™ (r). Then from the multipole expanion we know that
V™ (r) can be expanded as V¥ (r) = V" © 4 Vinp(l)r2 + .... Therefore, working to leading order
and next-to-leading order in the multipole expansion for the 1/m?- and 1/m- terms respectively,
we arrive at Vi (r) = Var'” + Ve W2 Vo (r) = VE Vet oy = Vosi(r) + VPl Vew,(r) =
Vet Ve (r) = Vise (1) +-VeE ¥ Vs aa(r) = Vos.o (1) Vsyan () = Vel where Vost (1), Vs (r) and
Vos,,(r) are the perturbative spin-dependent octet potential in pNRQCD. Vl-np U) can be expressed as
a product of a perturbative coefficient and a gluonic correlator. For example, diagram (b) in Fig. 1

involves an insertion of the ¢S - B/m vertex. This diagram gives

ver© = e 0K (2.10)
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Table 1: Lowest-lying quarkonium hybrid multiplets

Multiplet | I | JPC(s=0) | JC(s =1
H, 1 1 (0,1,2)~+
H, 1 1+ (0,1,2)*~
H; 0 0t++ 1+~
Hy 2 2+t (1,2,3)*~

where cr is a perturbative coefficient, and UX is a gluonic correlator:

O — tim € L (T2 oiget 2 ac (1) 5 G(=T/2)) 0 211
§ = fim g [ OGT (T/2) (a5 < G (-T/2) 0, @D

with BaldJ if®“B’. The gluonic correlator can in principle be calculated on the lattice. Expres-

()

sions of the other V; "PY) in terms of gluonic correlators will be presented in [22].

SR e W S S

Figure 1: Matching of two-point function in the hybrid EFT on the left-hand side to weakly-coupled pN-
RQCD on the right-hand side. The single, double and curly lines represent the heavy-quark singlet, heavy-
quark octet and gluon fields respectively. The black dots stand for vertices from weakly-coupled pNRQCD
that involve a chromoelectric or chromomagnetic field. The shaded blobs represent the nonperturbative
gluon dynamics.

3. Numerical results

We obtain the spin splitting of the quarkonium hybrid spectrum by applying time-independent
perturbation theory to the spin-dependent potentials in Egs. (2.7)-(2.8). We carry out perturbation
theory to second order for the VS"II;(O}-term in Eq. (2.7), and to first order for the VSHIE(I)-term and

VSK}() ) term in Eq. (2.7) antz ;he 1/m?-suppressed operators in Eq. (2.8). Note that in first-order

perturbation theory the VSIE,) -term gives zero contribution. The zeroth-order wavefunctions are
obtained following the procedure described in Ref. [18], by solving a set of coupled Schrédinger
equations. We will present the results for the four lowest-lying spin-multiplets shown in Table 1.
In Table 1, [(I +1) is the eigenvalue of (Lyp + K)2. The six nonperturbative parameters VSHIE(O),
Vsnlg(l), V;ECEO), Vsnfb(o), VSHQp (0), Vsn] [;1(70) that appear in the spin-dependent potentials are obtained by

fitting the charmonium hybrid spectrum obtained from our calculation to the lattice data from
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Figure 2: Spectrum of the four lowest-lying charmonium hybrid multiplets. The lattice results from
Ref. [10] are plotted in purple. In green we plotted the perturbative contributions to the spin-dependent
operators in Eq. (2.8) added to the spin average of the lattice results (red dashed line). In blue we show
the full result of the spin-dependent operators of Egs. (2.7)-(2.8) including perturbative and nonperturbative
contributions. The unknown nonperturbative matching coefficients are fitted to reproduce the lattice data.
The height of the boxes indicate the uncertainty as detailed in the text.

Ref. [10], in which a a pion mass of m; ~ 240 MeV is used. We take the values m*(1GeV) =
1.477 GeV [29] and a; at 4-loops with three light flavors, (2.6 GeV) = 0.26. In the fit, the

lattice data are weighed by (Afatti ce T Alzli gh-orde r) /2, where Alattice 18 the uncertainty of the

lattice data and Apjioh_order = (M)attice — Mattice spin—average) X Aqcp/m is the estimated error
due to higher-order terms in the potential. The V™’s in units of their natural size as powers of
Aqcp are introduced to the fit through a prior. We take Agcp = 0.5 GeV. The results of the fit
are shown in Fig. 2. The obtained values of the nonperturbative parameters V"P’s are shown in
Table 2. Each panel in Fig. 2 corresponds to one of the multiplets of Table 1. The purple boxes
indicate the lattice results: the middle line corresponds to the mass of the state obtained from the
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Table 2: Nonperturbative matching coefficients determined by fitting the charmonium hybrid spectrum
obtained from the hybrid EFT to the lattice data from [10]. The matching coefficients are normalized to their
parametrically natural sizes. We take the value Agcp = 0.5 GeV.

Ver O /a2 | +1.03
VerW/abe, | —0.51
Vain® [N | =132
Vit Npep | +244
V;”(O;/MQCD ~0.33

Vel Ny | —0.39

lattice and the height of the box corresponds to the uncertainty. The red dashed line indicates the
spin average mass of the lattice results. The green boxes correspond to the contribution to the spin
splittings from the perturbative contributions. The height of the green box (Ap) is an estimate on
the uncertainty given by the parametric size of higher order corrections, & (ma). The blue boxes
are the full results including the nonperturbative contributions after fitting the six nonperturbative
parameters to the lattice data. The height of the blue box corresponds to the uncertainty of the
full result. This uncertainty is given by Ann = (A3 + A, + A%)'/2, where the uncertainty of the
nonperturbative contribution Ay, is estimated to be of parametric size of higher order corrections,
O (Aqcp(Aqep/m)?), to the matching coefficients. Ag is the statistical error of the fit.

An interesting feature is that for the spin triplets, the value of the perturbative contributions
decreases with J. This trend is opposite to that of the lattice results. This discrepancy can be
reconciled thanks to the nonperturbative contributions, in particular due to the contribution from
Vsnlg(o), which is of order AéCD /m and is thus parametrically larger than the perturbative contribu-
tions, which are of order mv*. A consequence of the countervail of the perturbative contribution is
a relatively large uncertainty on the full result caused by a large nonperturbative contribution. Due
to this uncertainty the mass hierarchy among the spin triplet states of the multiplet Hy is not firmly
determined. However, as shown in Table 2, the values of the fitted parameters are consistent with
the power counting of the EFT.

Since the nonperturbative parameters V"P’s are products of a perturbative coefficient, the flavor
dependence of which is known, and a gluonic correlator, which is flavor-independent, we can use
the obtained values of the V"P’s from our fit to predict the bottomonium hybrid spectrum. We show
the results thus obtained in Fig. 3. At the order of accuracy we are working here, only V;I};(O) among
the six V"P’s has flavor dependence, which is given by cr (Eq. (2.10)). The one-loop expression of
cp [30] is used. For the bottom mass here we use mffs(l GeV) =4.863 GeV.

4. Conclusions

Under the framework of a nonrelativistic effective field theory, we derived for the first time the
spin-dependent part of the heavy-quark-antiquark potential for heavy quarkonium hybrids to order
1/m? in the heavy-quark-mass expansion. We found that several operators that are not found in
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Figure 3: Spectrum of the four lowest-lying bottomonium hybrids computed by adding the spin-dependent
contributions to the spectrum obtained in Ref. [18]. The values of nonperturbative contribution to the match-
ing coefficients are determined from the fit of the charmonium hybrids spectrum obtained from the hybrid
EFT to the lattice data of Ref. [10] shown in Fig. 2. The average mass for each multiplet is shown as a red
dashed line. The results with only the perturbative contributions and the full results for the matching coeffi-
cients are shown as green and blue boxes respectively. The height of the boxes indicates the uncertainty as
detailed in the text.

standard quarkonia appear. Most notable is the operator that couples the spin of the heavy-quark-
antiquark pair to the angular momentum of the gluonic excitation. This operator is suppressed only
by 1/m, as opposed to the case of traditional quarkonia, for which the spin-dependent potential
enters at order 1/m?. For the spin-dependent potential at 1/m?, the structure is more involved than
the case of traditional quarkonia, owing to the fact that quarkonium hybrids possess cylindrical
symmetry, while traditional quarkonia possess rotational symmetry. Under the approximation of
short interquark distance r < 1/Aqcp, we performed the matching between weakly-coupled pN-
RQCD and the quarkonium hybrid EFT. We showed that in the EFT, the nonperturbative part of the
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matching coefficients in the spin-dependent potential are factorized into a perturbative factor and a
nonperturbative gluonic correlator.

Using time-independent perturbation theory, we computed the quarkonium hybrid spectrum
using the quarkonium hybrid EFT, treating the spin-independent potential as a perturbation. Six
nonperturbative parameters that appear in the spin-dependent potential were fitted to the lattice
data of the charmonium hybrid spectrum. We found that the perturbative contributions have a trend
opposite to the lattice data, and the inclusion of nonperturbative contributions is necessary. More-
over, the nonperturbative contributions, most of which come from the 1/m-suppressed operator,
dominate over the perturbative contributions. We also found that the fitted values of the nonper-
turbative parameters are consistent with the power counting of the EFT. With the fitted values of
the nonperturbative parameters, we predicted the bottomonium hybrid spectrum, for which lattice
calculations are still sparse.

As a final remark, we note that, since this framework of EFT can be generalized to de-
scribe states with light degrees of freedom other than gluons, such as heavy tetraquarks and pen-
taquarks [17, 20], a similar analysis could be done to describe spin multiplets of exotic quarkonia
other than hybrids, eventually providing an unified description of all heavy-quark-antiquark spin
multiplets.

Acknowledgements

We thank Nora Brambilla, Jorge Segovia, Jaume Tarrus Castella, and Antonio Vairo for advice
and collaboration on this work. This work has been supported by the DFG and the NSFC through
funds provided to the Sino-German CRC 110 “Symmetries and the Emergence of Structure in
QCD”, and by the DFG cluster of excellence “Origin and structure of the universe” (www.universe-
cluster.de).

References
[1] BELLE collaboration, S. K. Choi et al., Observation of a narrow charmonium - like state in exclusive
B+-—> K+- pi+ pi- J/ psi decays, Phys. Rev. Lett. 91 (2003) 262001 [hep-ex/0309032].

[2] QUARKONIUM WORKING GROUP collaboration, N. Brambilla et al., Heavy quarkonium physics,
hep-ph/0412158.

[3] N. Brambilla et al., Heavy quarkonium: progress, puzzles, and opportunities, Eur. Phys. J. C71
(2011) 1534 [1010.5827].

[4] N. Brambilla et al., QCD and Strongly Coupled Gauge Theories: Challenges and Perspectives, Eur.
Phys. J. C74 (2014) 2981 [1404.3723].

[5] S. L. Olsen, A New Hadron Spectroscopy, Front. Phys.(Beijing) 10 (2015) 121 [1411.7738].

[6] J.J. Dudek, R. G. Edwards, N. Mathur and D. G. Richards, Charmonium excited state spectrum in
lattice QCD, Phys. Rev. D77 (2008) 034501 [0707.4162].

[7]1 G. Bali et al., Spectra of heavy-light and heavy-heavy mesons containing charm quarks, including
higher spin states for Np =2+ 1, PoS LATTICE2011 (2011) 135[1108.6147].

[8] G.S. Bali, S. Collins and C. Ehmann, Charmonium spectroscopy and mixing with light quark and
open charm states from ng=2 lattice QCD, Phys. Rev. D84 (2011) 094506 [1110.2381].


https://doi.org/10.1103/PhysRevLett.91.262001
https://arxiv.org/abs/hep-ex/0309032
https://arxiv.org/abs/hep-ph/0412158
https://doi.org/10.1140/epjc/s10052-010-1534-9
https://doi.org/10.1140/epjc/s10052-010-1534-9
https://arxiv.org/abs/1010.5827
https://doi.org/10.1140/epjc/s10052-014-2981-5
https://doi.org/10.1140/epjc/s10052-014-2981-5
https://arxiv.org/abs/1404.3723
https://doi.org/10.1007/S11467-014-0449-6
https://arxiv.org/abs/1411.7738
https://doi.org/10.1103/PhysRevD.77.034501
https://arxiv.org/abs/0707.4162
https://doi.org/10.22323/1.139.0135
https://arxiv.org/abs/1108.6147
https://doi.org/10.1103/PhysRevD.84.094506
https://arxiv.org/abs/1110.2381

EFT determination of the heavy-hybrid spin potential Wai Kin Lai

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]
(23]

[24]

[25]

[26]

(27]

HADRON SPECTRUM collaboration, L. Liu, G. Moir, M. Peardon, S. M. Ryan, C. E. Thomas,
P. Vilaseca et al., Excited and exotic charmonium spectroscopy from lattice QCD, JHEP 07 (2012)
126 [1204.5425].

HADRON SPECTRUM collaboration, G. K. C. Cheung, C. O’Hara, G. Moir, M. Peardon, S. M. Ryan,
C. E. Thomas et al., Excited and exotic charmonium, Ds and D meson spectra for two light quark
masses from lattice QCD, JHEP 12 (2016) 089 [1610.01073].

K. J. Juge, J. Kuti and C. J. Morningstar, Gluon excitations of the static quark potential and the hybrid
quarkonium spectrum, Nucl. Phys. Proc. Suppl. 63 (1998) 326 [hep—-1at/9709131].

TXL, T(X)L collaboration, G. S. Bali, B. Bolder, N. Eicker, T. Lippert, B. Orth, P. Ueberholz et al.,
Static potentials and glueball masses from QCD simulations with Wilson sea quarks, Phys. Rev. D62
(2000) 054503 [hep-1at/0003012].

K. J. Juge, J. Kuti and C. Morningstar, Fine structure of the QCD string spectrum, Phys. Rev. Lett. 90
(2003) 161601 [hep-1at/0207004].

G. S. Bali and A. Pineda, QCD phenomenology of static sources and gluonic excitations at short
distances, Phys. Rev. D69 (2004) 094001 [hep-ph/0310130].

L. A. Griffiths, C. Michael and P. E. L. Rakow, Mesons With Excited Glue, Phys. Lett. 129B (1983)
351.

E. Braaten, C. Langmack and D. H. Smith, Born-Oppenheimer Approximation for the XYZ Mesons,
Phys. Rev. D90 (2014) 014044 [1402.0438].

E. Braaten, C. Langmack and D. H. Smith, Selection Rules for Hadronic Transitions of XYZ Mesons,
Phys. Rev. Lett. 112 (2014) 222001 [1401.7351].

M. Berwein, N. Brambilla, J. Tarris Castella and A. Vairo, Quarkonium Hybrids with Nonrelativistic
Effective Field Theories, Phys. Rev. D92 (2015) 114019 [1510.04299].

R. Oncala and J. Soto, Heavy Quarkonium Hybrids: Spectrum, Decay and Mixing, Phys. Rev. D96
(2017) 014004 [1702.03900].

N. Brambilla, G. o. Krein, J. Tarrts Castella and A. Vairo, The Born-Oppenheimer approximation in
an effective field theory language, 1707 .09647.

N. Brambilla, W. K. Lai, J. Segovia, J. Tarrtiis Castella and A. Vairo, Spin structure of heavy-quark
hybrids, 1805.07713.

N. Brambilla, W. K. Lai, J. Segovia, J. Tarrts Castella and A. Vairo, TUM-EFT 96/17 (in preparation).

W. E. Caswell and G. P. Lepage, Effective Lagrangians for Bound State Problems in QED, QCD, and
Other Field Theories, Phys. Lett. 167B (1986) 437.

G. T. Bodwin, E. Braaten and G. P. Lepage, Rigorous QCD analysis of inclusive annihilation and
production of heavy quarkonium, Phys. Rev. D51 (1995) 1125 [hep-ph/9407339].

A. V. Manohar, The HQET / NRQCD Lagrangian to order alpha / m-3, Phys. Rev. D56 (1997) 230
[hep-ph/9701294].

A. Pineda and J. Soto, Effective field theory for ultrasoft momenta in NRQCD and NRQED, Nucl.
Phys. Proc. Suppl. 64 (1998) 428 [hep-ph/9707481].

N. Brambilla, A. Pineda, J. Soto and A. Vairo, Potential NRQCD: An effective theory for heavy
quarkonium, Nucl. Phys. B566 (2000) 275 [hep-ph/9907240].


https://doi.org/10.1007/JHEP07(2012)126
https://doi.org/10.1007/JHEP07(2012)126
https://arxiv.org/abs/1204.5425
https://doi.org/10.1007/JHEP12(2016)089
https://arxiv.org/abs/1610.01073
https://doi.org/10.1016/S0920-5632(97)00759-7
https://arxiv.org/abs/hep-lat/9709131
https://doi.org/10.1103/PhysRevD.62.054503
https://doi.org/10.1103/PhysRevD.62.054503
https://arxiv.org/abs/hep-lat/0003012
https://doi.org/10.1103/PhysRevLett.90.161601
https://doi.org/10.1103/PhysRevLett.90.161601
https://arxiv.org/abs/hep-lat/0207004
https://doi.org/10.1103/PhysRevD.69.094001
https://arxiv.org/abs/hep-ph/0310130
https://doi.org/10.1016/0370-2693(83)90680-9
https://doi.org/10.1016/0370-2693(83)90680-9
https://doi.org/10.1103/PhysRevD.90.014044
https://arxiv.org/abs/1402.0438
https://doi.org/10.1103/PhysRevLett.112.222001
https://arxiv.org/abs/1401.7351
https://doi.org/10.1103/PhysRevD.92.114019
https://arxiv.org/abs/1510.04299
https://doi.org/10.1103/PhysRevD.96.014004
https://doi.org/10.1103/PhysRevD.96.014004
https://arxiv.org/abs/1702.03900
https://arxiv.org/abs/1707.09647
https://arxiv.org/abs/1805.07713
https://doi.org/10.1016/0370-2693(86)91297-9
https://doi.org/10.1103/PhysRevD.55.5853, 10.1103/PhysRevD.51.1125
https://arxiv.org/abs/hep-ph/9407339
https://doi.org/10.1103/PhysRevD.56.230
https://arxiv.org/abs/hep-ph/9701294
https://doi.org/10.1016/S0920-5632(97)01102-X
https://doi.org/10.1016/S0920-5632(97)01102-X
https://arxiv.org/abs/hep-ph/9707481
https://doi.org/10.1016/S0550-3213(99)00693-8
https://arxiv.org/abs/hep-ph/9907240

EFT determination of the heavy-hybrid spin potential Wai Kin Lai

[28] UKQCD collaboration, M. Foster and C. Michael, Hadrons with a heavy color adjoint particle, Phys.
Rev. D59 (1999) 094509 [hep-1at/9811010].

[29] A. Pineda, Determination of the bottom quark mass from the Upsilon(1S) system, JHEP 06 (2001)
022 [hep-ph/0105008].

[30] E. Eichten and B. R. Hill, STATIC EFFECTIVE FIELD THEORY: 1/m CORRECTIONS, Phys. Lett.
B243 (1990) 427.

10


https://doi.org/10.1103/PhysRevD.59.094509
https://doi.org/10.1103/PhysRevD.59.094509
https://arxiv.org/abs/hep-lat/9811010
https://doi.org/10.1088/1126-6708/2001/06/022
https://doi.org/10.1088/1126-6708/2001/06/022
https://arxiv.org/abs/hep-ph/0105008
https://doi.org/10.1016/0370-2693(90)91408-4
https://doi.org/10.1016/0370-2693(90)91408-4

