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Heavy quark hybrid decays
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In order to understand the nature of the XYZ particles, theoretical predictions of the various XYZ decay modes are essential. In this work,
we focus on the semi-inclusive decay of heavy quarkonium hybrids into traditional quarkonium in the Born-Oppenheimer EFT (BOEFT)
framework. We find that our numerical results of the decay rates are different from the previous studies. We also develop a systematic
framework in which the theoretical uncertainty can be systematically improved.
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1. Introduction and quarkonium hybrids and compute its spectra. Since the
heavy quarks in such system are nonrelativistic, the appropri-

In Standard Model (SM), the hadrons are described as boungte framework to use is the NRQCD effective theory [4, 5].
states of quarks and gluons bounded by strong interactionsjore specifically, if one focuses only on the dynamics of
Traditionally in quark model, all known hadrons were clas-two heavy quarks (as in quarkonium), then the appropriate
sified as mesons (bound state of quark-antiquark pair) oframework is the pNRQCD effective theory [6, 7]. In the
baryons (bound state @fquarks). However, the theory of case of quarkonium hybrids, there are well-separated energy
strong interactions (QCD) also allows for existence of morescales:m, (mass of heavy quark}> mqu (relative mo-
complex hadron structures known @sotic hadronsuch as  mentum scale)>> Aqcp (energy scale for gluonic excita-
tetraquark {-quark states), pentaquark-quark states), hy-  tions)>> mgv? (dynamics of two heavy quark). The above
brids (hadrons with active gluonic degrees of freedom) andnomentum hierarchy Suggests of an energy gap between the
glueballs (bound state of gluons). In the heavy-quark sectogluonic excitations and the excitations of the heavy quark-
these exotic hadrons are knownX@¢Z states. These states antiquark pair that has also been confirmed by the lattice
do not fit the traditional charmoniurfre) or bottomonium  data [8,9]. This justifies the use of effective theory based
(bb) spectrum and in some cases have exotic quantum nungn Born-Oppenheimer approximation (BOEFT) to describe
bers such as chargefi andZ,, states. In 2003, the first exotic the hybrids [10-14]. In this work, we will use the BOEFT
state X (3872) was discovered by the Belle experiment [1]. for the hybrids and pNRQCD for the low-lying quarkonium
Since then, several of the new XYZ states have been observegates. In order to compute the decay rates, we perform a
by the different experimental collaborations (see Ref. [2] formatching calculation between BOEFT and pNRQCD to ob-
recent review). tain the imaginary terms in the BOEFT potential. In Sec. 2,

On the theoretical side, there has been several proposal@e compute the quarkonium and the hybrid spectrum, in
to understand the nature of the XYZ states. One possiblgec. 3, we perform the matching calculation and compute the
interpretation for at-least some of the XYZ states could bejecay rates and we conclude in Sec. 4.
guarkonium hybrids. The other possible interpretations are
hadroquarkonium, heavy meson molecule, tetraquark, and
diquark-diquark model, etc. However, no single model car2. Spectrum
actually explain all the XYZ states. On the experimental side,
several new exotic states have been observed for which thd1l. Quarkonium
masses and the decay rates has been measured (see Ref. [3]).
Several of these exotic states have been discovered from théif€ conventional quarkonium stat¢gQ) are color singlet
decays to standard quarkonium. Therefore, a theoretical ufound states of a heavy quark and antiquark in the ground
derstanding of the decays of XYZ states might be an anothe¥tate static potentidl;.. (r). The shape of the static potential
avenue for understanding their structure. In this work, our ob¥s:+ (r) is well described by the Cornell potential. We use the
jective is to study the inclusive decays of heavy quark hybndéorm of the potential from Ref. [11]
to traditional quarkoniume. H,,, — @Q.,, + X, whereH,, is o B
a low-lying hybrid,Q,, is a low-lying quarkonium state and Vs (r) = =% +ogr + E99, (1)
X denotes other final state particles. "

Within QCD, one can use lattice studies and effectivewherex, = 0.489, and the string tension parametgy =
field theories (EFTs) to describe the traditional quarkoniumD.187 GeV? are determined from the fit to the lattice data.
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The constanEgQQ is different for both charmonium and bot- where for the short-distance pgrt < 0.25fm) we have
tomonium and is determined by comparison to the experiused the RS-scheme octet poteniigl®(r) up to ordera?

mental spin-averaged mass from PDG 2020 [3] in perturbation theory and the RS-scheme gluelump mass
) . ARS = 0.87(15) GeV at the subtraction scalg = 1 GeV
B =-0.254GeV, E)” = —0.195GeV, (2)  [9,15]. The form of .5 (r) is given in Ref. [9]. The long-

distance 0.25 1 art of the potential is given
where we have used the RS-scheme charm and bottom mass; (r> m) p P V(r)is g

m., = 1.477GeV andm,; = 4.863 GeV to compute the o 5
quarkonium spectrum. V(r) ="+ Vazr? + a3 + as. (5)

We choose this particular form so as to reproduce the short
and long distance behavior of the Cornell potential. The pa-
rameters,, in Eq. (4) anday, as, as anday in Eq. &) are
different for both; andIl, potentials. They are deter-

2.2. Hybrids

Hybrid (QQg) are color singlet bound states of a color octet

I luoni itations. In BOEFT de- . ) . . :
(@ source coupled to gluonic excitations. In BO de mined by performing a fit to the lattice data in Refs. [8,9] and

scription, theQQ pair binds together in the background static d ; .
. ; emanding that the short-range and the long-range pieces in
potential generated by gluons. The hybrid quantum numbergq. (4) are continuous upto first derivatives (see Ref. [12] for

are defined by the irreducible representations of they, . o .
symmetry group (like in diatomic molecules) in the static CRiz[?IEi)é] The result for the spectrum is given in Table Il of

limit. In this limit, the spectrum is characterized by gluonic . .
static energies that are nonperturbative quantities computed We denote the hybrid wave-function by
on lattice. Inr — 0 limit, wherer is the relative coordinate (m), ~ _ i, (mjls m (jls)
of QQ, the gluon static energies are degenerate and quan- W) =0, (r) = V(e (0,0), (6)
tum numbers are characterized by representations of symmea, .« \ |abels the projection vectorsA
try groupO(3) x C instead ofD.., [6,12,13]. We focus
here on the low-lying hybrids coming froka;, andIL, static
potentials and we closely follow the notations in Ref. [12].

In Ref. [12], the quarkonium hybrid spectrum was ob-
tained by solving the coupled Sdtinger equations that are
given by

= 0 for 7 and

A = +1 for #* andm is the principle quantum number.
The quantum numbey is the eigenvalue of the total angu-
lar momentum operatorJ = L + S, whereS is the QQ

spin (denoted by quantum numbgrandL = L, + K (de-
noted by quantum numbdr), whereK is the gluon angular
momentum, and. is the heavy quark angular momen-

v2 tum. We denote the hybrid state by the spectroscopic notation

> a0,9)- (—m7 +EY (r)) m 2+, whereL = 0,1, etc is represented by, P, etc.,
n=%, II+ @ Hybrid states with samé and opposite parity (see Ref. [12])

% 26, 5) \IISZ"’) (r) = &, \ij) (r), 3) will be denoted by a prime superscript suchSas

whereé&,,, is the hybrid energyE”’ denotes the gluon static 3. Inclusive decay rate

energies,\Ifgf") (r) denotes the wave-functions, the upper in- . . )

dex (m) denotes the set of quantum numbers and the uni{Ve want to study the inclusive decays of low-lying quarko-
vectorsn (6, ¢) are the projection operators that correctly re-nium hybrids to traditional quarkoniurne. H,, — Qn + X,
produce the hybrid quantum numberdi,, representation. Where X denotes other final state particles. L&# =
We choosei (6, ¢) = 7 for projecting onto th& state and ém — E denote the energy (mass) difference, wheig
the unit vectors: (0, ¢) — 7+ — (é +id /2 (where is the quarkonium energy. For low-lying hybrid and quarko-

. . . o nium states, the following hierarchy of energy scale emerges:
and¢ are the usual spherical unit vectors) for projecting onto g Y 9y 9

. . mgv >> AE >> Aqcp >> mgu?. The hierarchy sug-
the two components of thd= state. Since, there are projec- @ Q & |
tion operators on both sides 8?2 in Eq. (3), the contribu- gests that the theory at the sc Is the weakly coupled

tions from X andIl, potentials mix together that results PNRQCD (WhICh 's obtained from NRQCD by integrating
u out gluons with momentum and energy of order mguv

in pairs of solutions with same angular momentum quantun}Jlnd quarks with energy of order mqu). Hence, starting

number but opposite parity [12]. The hybrid mass is given by . : .
Mo, = 2mo -+ £ 101 Q = (c, b). with pNRQCD effective theory, we can integrate out gluons

. . . . with 4—momnetum of order~ AE and~ Aqcp in loops
The static ppt_entlal that we use for computing the hyb”dand match it to Born-Oppenherimer theory (BOEFT) that de-
spectrum is split into a short-distance part and long-distanc

Scribes system at energy scaig,v?. This matching will

part [12] give rise to an imaginary potential in BOEFT that is related

VRS ARS b, 12 < 0.95F to the inclusive decay rate of hybrids using optical theorem.

ET(zO) (r)= {VO (W) FAL p)Fbur, 9 fm , 4 The pNRQCD Lagrangian upto NLO in multipole expan-
(r), r>0.25fm sion or in1/mg is given by
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LyNrqep = / / (Tr [ST(i0y — hs) S + O (iDy — ho) O] + gTr [STr- EO + O'r - E S|
R T

+ STy [51(S1 — 82) - BO+0/(S1 = 82) - BS] ++-+), )
Q

where [, = [d®R, S and O denotes the singlet and the
octet fields and ellipses represents higher order terms as wéll
as terms including light quarks and gluons. The singlet and Starting with pNRQCD, we want to integrate out gluons
octet Hamiltonian densities are given by with 4—momentum~ AE and~ Aqcp in two steps, and
obtain the BOEFT theory ahgv?. This is implemented by
hs = =V2/mg + Vi(r), ho = =V?2/mg + V,(r), (8)  the matching condition and we do that by computing the two-
point function in both the theories and equating them. For
whereV, andV, are the perturbative singlet and the octetspin-conserving decays of hybrid to quarkonium, the two-
potentials. The - E vertex in Eq.[7) is responsible for spin-  point function in pNRQCD is expanded up @ (r?) in the
conserving decays of hybrid whereas e B vertex is re- multipole expansion using the NLO pNRQCD Lagrangian
sponsible for spin-flipping decays. The BOEFT Hamiltonianin Eq. (7) which is equated to the corresponding two-point
(Hpo) that describes the hybrid states is given by function in BOEFT computed using E®)( For the spin-
flipping decay of hybrids, the two-point function is expanded
up to O (1/m3) using the pNRQCD Lagrangian in E&)(
For the decay of hybridi,, to a specific quarkonium state
% (r), the spin-conserving decay rate is thus given by (see
details of the calculation in Ref. [16])

Hgo = / / Te [H'T (hod" + Vi, + AVET) Y|, (9)
R T

whereV? = Ague + 7% + - - (ellipses represent higher

order terms in multipole expansion]* denotes the hybrid s 2

fields (index: is the vector index), and\V is the effective I(m —n) = Z /d3r ;0 (1) ®F(r)| T, (10)
potential that is determined by matching condition. Using "

the optical theorem, the decay rate is givenly, .o, =  where in the above expression we have included the over-
—2(H, [Im AV[H,,). lap between the quarkoniu®?) and the Coulomb singlet

| (®7,) wave-functions and,,,,. is given by

_ 4o, Tr d*l v 3 3 3 3 i 0 ot i &S
Lo =255 [ o [y [ [ [ [ aie (wiiag) (a7 o) ar )
x [l ryriap ()] [0 )W, ()] (Mg + B2+ Eg /2 = B3, (11)

whereq; is evaluated at the scaleF; = &, — EQ, V! is
the hybrid wave-function given in E¢6) (i is the vector in-

dex), @7 is the octet wave-functionky is the octet energy, . 4o Tr i i,

E? is the singlet energy, anll,, = 0.87(15) GeV in RS- ¥ (m —n) ~ 3NCF T9(T9)* (En — EZ)?,  (12)
scheme. For octet wave-function, we use the RS-scheme po-

tential VRS (r), while for Coulomb singlet wave-function, we g . ,

use Eq. /L) without the linear piece. For Coulomb singlet, the ™ = /dST Wil (r)rd @3 (r). (13)

constantE¥< in Eq. (1) is chosen such that we reproduce o _ . , _
spin-averaged.s charmonium and bottomonium mass. The simplified decay rgte inEdL?) is |dent|callto Eqg. (17)in
Ref. [11] and Eq. (62) in Ref. [17]. However, in Ref. [11], the

Suppose we assume that the overlap between hybriduthors only consider the diagonal eleméfitsof the matrix

and octet wave-functionf d3r Uil (r)®¢(r) isnonzeroonly  element instead of the full tensor structdré in Eq. (13).

for hybrid energy&,,: &, ~ Ep + Ague (which holds  This led to a selection rule that hybrid states with= L,

for short-distance approximation where contribution fromdoes not decay. This is incorrect as such decays are allowed

b2 piece in Eq. 9) is ignored), the overlap function by considering the tensor structuf& of the matrix element

of quarkonium and Coulomb singlet wave-function satisfyin Eqgs. (L0) and (12). The results are shown in table below.

[ d®r ®57(r)®%(r) ~ 1 and the singlet and quarkonium en- In Table I, we see that for most of the cases, the values of

ergy satisfyE% ~ E2, then Eq./10) is simplified to the decay rate obtained using the simplified expression in
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TABLE I. Inclusive decay rate (spin-conserving) for hybrid decays to traditional quarkonium sthies> Q. + X. The hybrid states are
denoted byn (LQQ)L whereas the quarkonium states are denotedjb'y The decay rate in third column is computed using @) énd

in last column using Eq10). The upper error bar is from changing the scalétd/2 in as while the lower error bar is from changing the
scale ta2AE in as.

m (Log), — nL’ AE (GeV) rsim (MeV) T (MeV)
charmonium hybrid decay
1po — 1s 1.522 3271187 117752
1po — 2s 0.912 19478 71+
2po — 1s 1.986 45746 155
1p1 — 1s 1.218 156178 146*7%
2p1 — 1s 1.599 65727 9713
2(s/d)1 — 1p 1.013 11353 [
4(s/d)1 — 1p 1.381 9gti 8+
bottomonium hybrid decay
1po — 1s 1.622 69128 102742
1po — 2s 1.055 159+3¢ 20+t
2po — 1s 1.909 3412 1515
2po — 25 1.342 42119 6317
3po — 1s 2.174 19*¢ 12+3
3po — 25 1.607 20"% 25110
4po — 1s 2.421 124 7+2
4po — 25 1.854 11+3 307!
1p1 — 1s 1.404 29+13 801%
2p1 — 1s 1.617 28t;! 261!
3p1 — 1s 1.828 2218 1615
2(s/d); — 1p 1.068 1518 163157
3(s/d)1 — 1p 1.264 7332 9013}
3(s/d)1 — 2p 0.907 2211 83752
4(s/d)1 — 1p 1.300 155t72 10333

Eq. (12) and the general expression (involving several overlaghe decay rate (Eq.10)) by doing one-loop matching be-
expressions) in Eq1Q) differs with each other even consid- tween pNRQCD and BOEFT. The decay rate depends on
ering the error bars. This raises the questions on the validhe overlap function of hybrid, octet, Coulomb singlet and
ity of the approximations that were used to obtain the sim-quarkonium wave-functions. We find that using certain as-
plified expression in Eql12). We find that the overlap be- sumptions, the decay rate in EQC] reduces to a sim-
tween hybrid and octet wave-functighd®r Wil (r)®¢(r) is  plified expression in Eq.1Q) that was earlier derived in
nonzero over wide range of octet energies, if we don'tassumBefs. [11, 17]. However, the results in Table | raises ques-
Em ~ E} + Age (Which holds for short-distance approxi- tions on the validity of those approximations.

mation. See Ref. [16]). Also, we find that the approximation

about the singlet and quarkonium ene®@§ ~ E? is only

valid for 1s charmonium and bottomonium. Acknowledgements
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