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Hybrid meson production by electromagnetic and weak interactions in a flux-tube model
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We calculate rates for hybrid meson production by electromagnetic and weak interactions in the flux-tube
model. Applications include photoproduction and electroproduction at Jefferson Laboratory and DESY HERA,
and the production of light strange and charmed hybrids in the weak decays of heavy flavors. Photoproduction
of some light hybrids is predicted to be prominent in charge exchange reacfipasnH and accessible in
vp— pH. Production of light or charmed hybrids B and D decays may be feasible with high statistics.
Photoproduction of the axial hybrid meson is predicted to be large courtesyexichange, and its strange
counterpart is predicted iB— K (1") with BR~10 4. Production rates for exotic hybrid candidates
1-";(0,2)*~ are given special attention. Selection rules that can help to distinguish between hybrid and
conventional states with the sard are noted.
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[. INTRODUCTION son spectroscopy and has an identidat 1 spectrum of hy-
brid states as the lattice—a feature that is especially relevant
An outstanding problem in the standard model is how theo the present calculations. As well as reproducing the results
non-Abelian, gluon, degrees of freedom behave in the limiof lattice QCD, such as the spectroscopy of conventional and
of strong QCD. Lattice QCD predicts a spectroscopy of gluehybrid states, it can also stimulate deeper studies by investi-
balls[1] and hybrid mesong2], but there are no unambigu- gating areas where lattice methods have not yet been applied.
ous signals against which these predictions can be tested. For example, the flux-tube model predicted that decays of
A major stumbling block in the case of hybrids is that hybrids to ground state mesons are suppressed relative to
while predictions for their massei@,3], hadronic widths those to excited statgs,5], which has recently been con-
[4,5], and decay channelé—6] are rather well agreed upon, firmed within the lattice framework10]. We would hope

the literature contains no general discussion of their producthat insights from the present work in their turn might inspire

tion rates in electromagnetic or weak interactions Meanfuwre lattice studies, which could thereby better establish

, I . their connection with reality.
while a significant plank in the proposed upgrade of Jeffer While the flux-tube model has limitations, it may be the

son Laboratory is its assumed ability to expose the predictegest way forward at present for developing insights into pro-

hyt_i_r;]d mes[,gn%, 'E photoprgd(tjjctlon anlclj_ electroprodtictl;)n. duction dynamics and related phenomenology. In such a con-
eory s, as provided compelling arguments from text, it is playing a prominent role in the Jefferson Labora-

QCD that confinement occurs via the formation of a_flux,[Ory upgrade proposal, where it has been used to underpin

tube. In the simplest situation of a long tube with fiX@Q  much of their planning. To turn this into something of prac-
sources on its ends, a flux tube has a simple vibrational spegical use will require predictions for the electromagnetic tran-
trum corresponding to the excitation of transverse phononsition amplitudes to hybrid mesons. However, while implica-
in its stringlike structure. There is a question whether the fluxions for spectroscopy and hadronic decays in such a model
tube is fully formed on thé(1) fm scale typical of hadrons have been extensively explored, previous estimates of elec-
[Ref.[8] suggests that & (1) fm the state of confined gluon tromagnetic couplings in this modé¢Refs.[11,12) are at
fields is between that typical of bag models and those of dest only upper limits, in that they were based upon vector
fully formed flux tube; by contrag®] finds that the flux tube meson dominance of hadronic decays of hybrids into modes
forms at distances below 1 finThe model of Ref[3] as- including p and further assumed that the predicted suppres-
sumes that the fully formed tube drives the phenomenologgion of decay intorp is suspended inr exchange. We are
and that the essential features of this gluonic spectrum anenaware of any direct calculation of photoproduction or elec-
retained in the spectrum of real mesons with their flux-tubearoproduction of hybrids in this model. This is the issue that
excited: the hybrid mesons. we address in this paper.

The flux-tube model has not been derived from QCD, but From among the results of our extensive survey we note
it is currently the best that we have that builds on featureshe following.
emerging from the strong coupling limit of QCD. Hopefully (1) The electric dipole transitions of the hybrid axial me-
its successes or failings can enable deeper insights to emergen tor~y and of the exotic (0,2)” to py give radiative
as to the dynamics of QCD in the strong interaction limit. It widths that can exceed 1 MeV. This implies significant pho-
leads to the effective linear potential of the conventional metoproduction rates in charge exchange reactiopp

—H "n. The exotic 2 ~ may also be produced diffractively

in yp—Hp.
*Email address: f.close@physics.ox.ac.uk (2) “Wrong G-parity” electric dipole matrix elements
"Email address: dudek@thphys.ox.ac.uk provide a measure of the penalty for exciting gluonic degrees
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of freedom. We suggest how a study within lattice QCD The oscillations are in the two-dimensional space transverse
might generalize and underpin this by computing spin-nontg the nominalQQ axis. Thus there are two Fourier modes

. . P_ + . . N
flip E1 matrix elements fromr to =1 final states with a=(a;,a,) where 1, 2 refer to the twtbody-fixed orthogo-
G parity =+ 1, or analogous transitions from . . LA A
nal coordinate direction®, ,e;.

(3) The production of an axial strange hybrid In th I lati imation th ¢ b
— K, is predicted to have BRO(10 %) as long as its n the small oscillation approximation the System be-

mass=2.1 GeV. There is a tantalizing unexplained en-Comes harmonic ity (a).Then if b is the string tensiont(
hancement in the data that may be compatible with[thgy ~ ~1 GeV/fm), the eigenfunctions for the ground and first
and merits further investigation. excited stateglabeled 0 and 1, respectivelgre in Fourier-

(4) If there is a light exotic hybrid14—17 with JP¢ mode space:
=1"", thel=1 and|=0 states could be produced

1/4
—>7-r7-_{ gnd D_S—> 7H with bra_nching ratios_v 10*7,_ or more Xo(@12) = L exr{ — b—ﬂ-aiz , 3
promisingly in B—D®)H with a branching ratio compa- N+1 2(N+1)
rable toB—Dp, although this second prediction is some-
what model dependent. (ay,)= 2b_77a (a1,) @
(5) Measurement of the axial to vector amplitude ratio in X1t9, N+ 1°L2Xold12):
B— D)X may enable the hybrid content of charmed me- ~
sons to be determined. To reduce the number of indices write=(a,,a,) in the
body-fixed basis and understand aﬁlyto refer always to
Il. MODEL these components. To proceed to the continuum, wsiée
The flux tube is a relativistic object with an infinite num- [3,18)
ber of degrees of freedom. A standard approximation b 5
[3-5,14 has been to fix the longitudinal separation of the mEﬁl-

QQ=r and to solve the flux-tube dynamics in the limit of a

thin relativistic string with purely transverse degrees of free-The Gaussian wave functions, E¢3),(4), for the flux-tube
dom. The resulting energid&(r) are then used as adiabatic ground state and first excited mode become

effective potentials on which the meson spectroscopies are

built. Referencé19] studied the effect of relaxing these strict xo(@) = (B3 m) Y exd - pia?/2], (5)
approximations and found that the spectrum of the conven- R L

tional and lowest hybrids is robust. We shall assume the x1(2)=2B1ax0(a). (6)
same is true in this first calculation of electromagnetic exci-

tation of hybrid mesons. The wave functions for mesons must include the state of the

In Refs.[3,18,19 the flux tube was discretized intd  flux tube; for conventional mesons, where the flux tube is in

+1 cells (modern lattice computations typically hawe its ground state, write
~10) and therN—-oc. Up to N modes may be excited. We ©) =
shall focus on the first excited state, with excitation energy C= tnim(r) xo(@1) xo(a2),
w=1/r wherer is the length of the flux tube. If the length of
a cell isl, thenr=(N+1)I.

The state of the flux tube can be written in terms of a
complete set of transverse eigenstates,

wheren,|,m are the usual two-body quantum numbers and
the subscript zero indicates the ground state. If either of the
transverse modes is excited, one has a state that we refer to
as a hybrid meson. The particular combinationsy/@)[ a;
|§>: |)71' i yn. . _9N>, +ia,]=(1/y2)a* give normalized circularly polarized pho-
non modes for the flux tube, which have angular momentum
and the Fourier mode for the first excited state +1 about the longitudinal @Q) axis. The corresponding
wave function for such a hybrid may be summarized by

a 2 % 37 sin n (1
= Vi1, YnSingrg o1 |
N+1aZ ™" N+l M=) S hn(@0xo(@) Fixo(@ (@)

or
or

- [ 2 - _ an
Y= NNF 129"\ 1 @ H=y{(N) Br(as+iay) xo(a1) xo(az)-

The challenge is, how can electromagnetic or weak currents,

Higher modes(up to p=N) exist but we are not interested in Which couple to quarks, break the orthogonality (@)
them here as we wish to specialize to the lightest hybrid mesondleeded to give a transition between conventional @inst)
Incorporating such modes is straightforward in the formalism weexcited flux-tubghybrid) state? The answer is implicit in the
describe. observation of Isguf18] that the flux tube is a dynamic
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The essential physics is already contained in the above ex-
amples. For modes witp=even, the moment of the tube
deformation relative to the interquark axis tends to cancel,
leading to a null displacement of the quarks. perodd, the

tube has a net transverse moment, leading to a compensating
transverse displacement of the quafkThis is encoded in

) the factor (- 1)P for the quark displacement in theth mode

FIG. 1. p=1 mode hybrid structure. in Isgur’s formulation[Eq. (16) of [18]].

. ith , ) hich . b bl Isgur [18] noted that the dynamical degree of freedom
entity, with & zero-point motion which can affect observa es|mplicit in the;? (or 5) gives a hitherto overlookegut wel-

that at first sight are driven by th@ or Q. come contribution to the charge radius in elastic form fac-

The physical picture becomes transparent if one simulateg s This comes about because the Coulomb interaction with
the tube as a series of beads with masm a massless string the quark F(d) =( sleid'FQ| s) receives contributions
and simplifies to the cases bif=1,2[20]. We will be inter- q el =149 9:

- - 2.2
ested here in excitation of the first hybrid mode, whose esf'om both ther anda degrees of freedom a?(q°r) and

. . . . 2,2
sential spatial structure can be simulated by a single bead 67(d°a"). _ o _
massm=Dbr. In the continuum limitN— o this become$§compare Egs.

In this first excited mode the center of mass of the(29 et sedin Isgur]
QQ-bead system is displaced from the interquark axis by a

Q"

S12/¢2
transverse distance that scales~-as/mg. If the transverse SN_q |a]%(r) 8b i
. > Q g FeI(Q) 1 24 1+ 2 3 E 3 ’ (10)
displacement of the bead ysand theQ andQ have masses mgo7 P P
Mg, then relative to the center of mass, the position vector _
of the quark(antiquark has components in the longitudimal  Where the sum is over thp=1, ... »» “phonon” modes

(elsewhere in most of this paper we consider only plvel
mode. It was showr[18] that these “transverse excursions”
give large~51% corrections in light quark systems where
. (7) Mg=my, and~ 13% corrections in heavy-ligl@ q systems.
Furthermore, the(1/p%) is ~80% saturated by itp=1

The dependence 66(6) on37 enables a quark-current inter- term. Together, these suggested that the transition amplitudes
- to the lowest hybrids =1 phonon modéscould be sub-

action to excite transitions in thg oscillator, leading to ex- stantial.

citation of the flux tube. The presence ofin ther coordi- This is our point of departure. Expanding the incoming

nate, but only+ in the case of/(a), is a feature of the first plane wave to leading order in the momentum transfer,

excited mode. This is illustrated for the full flux tube in Fig.

1. The longitudinal axis passes through the c.m. of the sys- ;{ ) (L oy Zb)]
exg —iq-

and transvers§ directions:

-

M@=

+19_ br \.
_Er’Z_mQy

tem. If the tube’s effective c.m(the “bead”) is displaced
transverse to this in one direction; then, @@ndQ respond
collectively to the displacement of the flux tube and are both 1
on the opposite side of the longitudinal axis. Hence the same _,( 1—i EG'F

Er_am_QBl 3
N 2b
g I+ig-a_—Bi\/ 5|, 1D
sign appears in thg(a) coordinate, but opposite signs in the Q ™
longitudinal +r. This sign will have significant conse- ) . - ) o
quences when we discuEd transitions. the Ilnear terms i qnda break the ortho_g_onallty qf |r!|t|al
This is the essential physics behind the excitation of hy_and final wave functions and cause transitida$:excitation
brid modes by current interactions with the quark or anti-to L=1 conventional states in the caseradnd excitation of
quark. _ . the first flux-tube modéhybrid) in the case of. By com-
Extending toN beads[18] leads to more mathematical bining the above with the tensor decomposition of the
detail gnd er}ab.IeS excitations of up fNJmOd}?& but the current-quark interaction, we may calculate electromagnetic
underlying principles are the same. The position vector beand weak excitation amplitudes to hybrids and compare with

comes those for conventional mesons in various multipoles.
First we take the continuum limit, define wave functions
- = 1. obr 20 g for both hybrid and conventional states including the flux
rQ(Q)_R_zr aquQ N+1 (8) tube, illustrate the familiaE1l electromagnetic transition,

and then calculate its analogue for hybrid excitation with
or, in the continuum limit, specific reference to the angular integrations. The elec-
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TABLE I. Naming convention for light quark hybrid mesons.

Og1= _||a| E g+ '(eqfq)u
q=Q.d

Rl Syq =1 =0
1+ 0 iy fin whose essential structure when acting on a me3dris
1 0 PH oy
(0,1,2)" - 1 by hyy -] (e e\ - -
0,12y " 1 o Non O =—ilq| me Mg M€ T
- . . € €y 2b . L
troweak transitions of heavy flavors will then be described,; | =+—= —Pires-a
this requires knowledge of the decompositionVgf andA,, Mo My ™

for heavy-light systems.

When mo#mg Isgur's decomposition of the position !f I,m denote the orbital angular momentum of Qe sys-
vectors[18] is tem and itsz projection(on fixed space axgsrespectively,

then the structure of the matrix elemekt becomes

- - - o r 2b —/ ,
Mf d3fj d’a

Mg (d Mg (d
Q(d) Q@ Vv i e &
q Mg My
X\ (N xs (@) xs (@) er -1l xo(as) xo(az)-

where u=mgmy/(mg+my).

For nomenclature we shall adopt the PIDZ] notation,
where the subscript denotes the total angular momentum of
the meson, and we append the subsdrgb denote hybrid . . 0= .

(thus for light flavors we have the notation in Table I, with T?E |_ntegrat|on oyed a—1 and the standard integral over
obvious generalization for flavored state¥his is done for d°r gives a transition from=0 tol’=1 caused by the pres-
two reasons(i) to enable the trivial distinction between hy- ence ofr.

brid and conventional states to be immediately apparent and Separating into radial and angular paftﬁﬂmm(F)
reduce confusion in the text arii) as a reminder that fora =R (r)Y"(Q), and noting that

conventional and hybrid meson with the same ovelaff,

their internalgq spin states are inverted. - . fam
) O L ; . €.-r=\/—=T1Y;{(Q)
This spin inversion is also illustrated in Table | and has + 3 1 '

potentially important implications in helping to isolate hy-

brid contributions to the wave function of conventional M becomes
states. For example, whereas a meson wiRh®
=1"":(0,2)" ~ has exotic correlations af° inaccessible ilal (e_Q_ i) [4m <r>_f 40 Y™y Iym

to conventional mesons, the other states caulpriori be aix 0 d 3 e T
conventional or hybrid. Note, however, that thg ™1 have S

Syq=0 Whereas their conventional counterparts*lhave Where_f<r>i5fr dr R., (NrRa(r).

Syq=1. Conversely, the (0,2)" and 1; all haveSy,=1 _This general formula becomes more transparent when ap-
whereas their conventional counterparts all hayg=0.  Plied to the casé=0/"=1 for which

Hence there is a complete spin inversion between conven-
tional states and their hybrid counterparts.

This spin inversion enables a dynamical distinction to en-
sue between these two types of state, which is manifested in
certain selection rules. This has already been noted in hadd/e are interested in the specific case
ronic decayg$5] and will have consequences in current tran-

(0)*

- eQ €q 1
M=—ilq|p m—Q—m—d f<r>iﬁ5m’,+l-

sitions too. Furthermore, we will find that the hierarchy of [ei—e -, m,
spin operators leading to certain heavy flavor decays is in- M(VW‘—’bl):'< )b<r>w|qb| m%/,u- (13
verted between conventional and hybrid states, such that ob- A
servable consequence can ensue in principle. In general we can write the radiative width as
ll. E1 TRANSITIONS F(A—>By)=4E|a| L s MM mB=mP 12,
my' ' 2Jat+1

A. Conventional Qatransitions m? (14
To establish notation and make subsequent analysis of

hybrid excitation more transparent, we first illustrate a conwhere the sum is over all possible helicities of the initial
ventionalE1 transition in the nonrelativistic limit. Consider meson, and the matrix element is understood to be for a
the E1 transition operator positive helicity photon.
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This corresponds to the famili&1 transition formalism .. 1 (L s (L
of atomic and nuclear physics as traditionally applie®@@  (X1:* |a-X+|xo) = iEw Diy¥ -6 D), (16)
systems.

Notice that €o/mg—ey/my) ensures charge-conjugation 1

conservation: for charge-neutral systems @& charges  {(x1.=|a-zlxo)=— N ("D - D), (17
cancel but they are vectorially on opposite sides of the c.m. B1
(“longitudinal” electric dipole moment Hence a nonvanish-

ing E1 amplitude occurs between neutral systel®@%., x  and so, for a transition from a convention®, state, for
=), example, we have

B. Transitions to hybrids (hyb;+ m’|ex;{ —iq- Fi

o ) ) ) ) L b m

Transitions to hybrids in the first excited state of the flux Q

tube arise from th@ component of th&),Q position opera- _ 32 3 ()«

tors. = | d°r| Ro(r) \/ 7 D

We consider the general matrix element for transitions

a-x_|conv;] =0)

*

eici»F(M/mQ>( _ i)
1

between a conventional meson and a first excited-mode hy- @ e (1) 1
brid with tube oscillation polarizatior: 1: X(6"DEY =6 D) Reond 1) —=—=|. (18)
Var
M=(hyb;=,m’|O|conv] ,m>=f d3Ff d2aH*oc, First expand the exponential in terms of partial-wave angular

states, contract together the thrBefunctions, and integrate
JdQ, which gives, for the matrix elemerfgee Appendix B
where(i) O is the essential spatial structure of the transition

operator, which in this example is 11 . 1 P
_Eﬁgm’,fl Kiohi— 52 [(67—67)
. -[ € . €d 2b . 3
Oer=1lall g * g \/;ﬂlfﬂ'a’ 19 SISkt )],

where we now only need to calculate the radial expectation
values of the spherical Bessel functions.
In the previous equations the factas$ refer to the flux

C= ¢ (N xo(ar) xo(ayz), tube polarization transverse to the body veatowhile the
oms =1 refers to the meson’s total angular momentum projec-

tion in the fixed axesX,y,z). The parity eigenstates in the

flux tube are given in Ref3]. They are linear superpositions

of states where the flux tube has polarizatibf. Following

H* = g% (N Br(arFian) xi (ar) x& (ay) that reference we denote the number of positive or negative
helicity phonon modes byn, ,n_}, which for our present

purposes will be{1,0; or {0,1}. Parity eigenstates are then

the linear superpositions

(ii) C is the conventional meson wave function,

(iii) H* is the hybrid wave functioficomplex conjugate

(where the flux tube is excited into a state with polarization
+1 along its axis

To be specific, we consider the transition between the un- 1
excited tube and a tube that has polarizatiomlong its axis |P=+)=—([{1,0)F|{0,1})).
(the “body axis”), which axis in turn is oriented at some \/z

angles#, ¢ in the laboratory(the “fixed axes”). ) , ,
Later we will consider both vector and axial currents in e effect is that when we take expectation values for parity

various multipoles. In general, to have a transition between §19€nstates, the terms proportional @ ¢- o) will be de-

normal meson and a hybrid, one poweraofuill be needed ~ StroYed for the “wrong” parity and amplified by'2 for the

. o ’ T “correct” parity.

in the transition operator. The factors multiplyiagwill de- This is the source of the extra overall factor in the

pend on the tensor structure of the curréaf., vector or

Al t lonaitudinalexolicit f bei . following expressions for transitions to specific parity eigen-
§X|a, ran§verse orl on.g| u .II’.)anp ICIt Torms DeINg gIVEN  gtates. With this preamble we now proceed to complete the
in Appendix A. Having identified the presencea@fve need  expression for parity eigenstates.

to be able to compute its expectation value. This is outlined
in Appendix B for a “reference” operato©,.=a-x;. The

E1 case then follows immediately. 2see[3] for a derivation of the angular dependence of the hybrid
Integration over flux-tube variables gives wave function.
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In the above the argument of Bessel functions isspin singletsm anda;y. Note that this transition requires
jn(—|ﬁ|r(,u/mQ))- Usingj,(—x)=(—1)"j,(x) we can re- charged states, the neutral modes vanishing in accordance
place the argument of the Bessel functions to beWwith charge conjugation:

jn(|(i|r(,u/mQ)) and gather together the general structure of

the matrix elements for the various polarization states:
e t+e, - 2b
M(ym=ay)=~ H(r) | Ol 3.7 (21)
o

- > mn
a-X-|convj =0)

-

<hyb;7>,m’|ex;{—ici-ri
Mq

Zii\ﬁ{5(7>=+) f<j0>i_3f<j2>i) M(ym=b )w(ﬂ> (r).lq |&. (22)
B1 V3 2 ! my oA b2\/§
3i
135(P:_)f<jl>i Ot 1 19 So the ratio of widths becomes
and
1 Tey(@iy—m"y)
(hyb;P,m’|ex;{—idfmiQ_é-ﬂconv;l=O) Tey(bjg—m"y)
1 2 - |qul?
:_\/—z—ﬁl\é{a(P:+)(f<j0>i+f<j2>i)}5m’,0- 72b W(0) |2 || ex;{—ﬁ)
(20 o m | o(r)a| E |3exp(_lﬁb|2> ’
b 82

These are the main equations that set the normalization for
hybrid excitation involving any operator. To illustrate how (23
they are applied we return to the specific exampleEdf

electromagnetic transitions. where the factor in square brackets includes gfiephase
The E1 operator is Eq(15); thus, we simply rescale the PR ”q dnep
space and a “typical” form factor taken from the case of

above expressions accordingly. Noting thgé.[/[X-|  harmonic-oscillator binding23]. These factors model the

=1/\/2 we have, effectively, nontrivial hybrid meson mass dependence of the width.
Compare the form of the ratio &1 widths(after remov-

Oe1/On=1d| S & \/: , ing a factor of 9 due to the different charge faciomsith the

E1/Cre= 10 mg My a3 transverse contribution to the elastic charge radius,(H).

In the approximations that we have used here,Ehetran-
The matrix element for the transition fromS, to spin-  sitions to the leading states saturate the dipole sum rule.

singlet hybrid (1" *) then follows upon multiplying this ra- Our calculation of the relative strengths of the matrix el-
tio by the reference fornil9) (for P=+), in the |q|r<1 ements for hybrid and conventioral transitions, Eqs21), .
limit, (22), in the flux-tube model, suggests a way of calculating
this more directly in lattice QCD. The essential features of
(hyb;P=+,m’|a-x, |conv] =0) the electromagnetic matrix elements dr take an initial
chargedr~, (ii) apply anE1 transition operator with no spin
1 /2 flip, and (iii ) compute matrix element t3°=1" final states
=+ 5 NVgoP=+)0m 41, with G parity == 1.
The transition toG parity+1 is to the conventional spin-
giving, finally, singlet axial meson, while that 8= —1 is only accessible
for the hybrid configuration. If further one calculated) for
M(con 0™ ") y=hyb(17 7)) the ==, one could assess how well the sum rule is saturated
by these states, quantify the “penalty” for exciting the glu-
_ EJFE |»| /ﬂg onic modes or hybrids in general, and potentially assess the
lmp m, q g3 Ml role of such configurations in the wave function.

X 2 *
f = dr Ry 1)1 Reond 1), 3Keeping the full spherical Bessel functions in the radial overlap

gives a form factor very similar to this. Even calculated true to the
which is the form used in Ref22]. model, the form factors should be considered to be at best rough
This applies immediately to the excitation of the hybrid guides to the mass dependence especially in regions where the non-
ajy in ym=—ajy, where there is no spin flip between the relativistic approximation is failing.
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TABLE 1l. Photon-meson-hybridE1 matrix elements: M
= (e, /m;+e,/my)|q|/2b/373 4(r); should be multiplied by the
Clebsch-Gordan factor in the second column to give the overall
matrix element for a positive helicity photon. The numbers quoted
in columns 3 and 4 ara1/|q| (1072 GeV 1), evaluated using the
results of Appendix D, except those in brackets which useghe
values of{24].

1500 .~ State ud us
PREIEER

1000 ++)/MeV 'Sy x1 yrt—aly YK =Ky
’s, X(11;1m;|Jymy) yp'—byy  YK* T =Kygy

FIG. 2. E1 width as a function of 1 hybrid mass. The solid 56 43
line is for B,=335 MeV. The dashed line is foB,=540 MeV p, % \/5(11'1m»|1m ) yor —pf  YK—KET

[24]. The shaded gray areas are the uncertainties due to the error in 2 T 87 68

the experimental rate used as normalization. 3 . 4 4 N 4

Py XZm mdImyiimgdmy)  yay —myy ¥Ka— K]y

X \3(1m,+1;1mg dym)* 87 68

C. E1 rates

In the Isgur-Paton adiabatic modé] with a variational
harmonic-oscillator  solutich we obtain | (r)./x(r)-/?>  and the matrix element becomes
~1.0, so the radial moments do not suppress hybrid produc-
tion. We follow Ref.[3] and use the standard parameters . _ .
=0.18 GeV¥, m,=0.33GeV so that the prefactor M(yp=byy)=(1+1;1m,Jm;)
(72/7%) b/mﬁ~3.8 and hence there is no hybrid suppression
from the flux-tube dynamics.

Within our variational solution B;=255 MeV, B,
=281 MeV, 8,.=335 MeV, so we see the=1 hybrid state
being roughly the same size as the-1 conventional state. We find for J=0,1,2 in thisE1 limit, normalizing against
The main uncertainty is the computed size of thg23].  measured’(f;—py),

Assuming that this hybrid has massl.9 GeV[2,3,19 and
using the measured widi(b; — 7 y) =230+ 60 keV[21] I'(bjy—p"y)=2.3+0.8 MeV, (25)
we predict that

2b
373

e +e

J i)l

n

I'(aj,—7"y)=2.1+0.9 MeV, (24)  Where the error reflects the uncertainties in the conventional
E1l strength andg; and where we have takemy
=1.9 GeV.
where the error allows for the uncertainty i, [23,24. We We present in Table Il formulas fdg1 radiative matrix
present in Fig. 2 the dependence of the radiative width on thelements between conventional and hybrid states. Of particu-
mass of the hybrid. lar interest is the rate of production of the isovector

The equivalenE1 process foiS=1 is b,,—py, where 17" (myy) at 1.6 GeV. We use the1l decay of this state to
the only difference from th&=0 case is the addition df,S 22 @S an explicit example of the use of Table Il. With a
Clebsch-Gordan factors coupling 0 spin and flux-tube positive hel_|C|ty photon there _are three helicity amplitudes,
angular momentum to the totdl of the hybrid meson in corresponding ton; = —2,~1,0:
question. As above, the charge conjugation of the initial and
final states is the same; thusC=0, and the amplitude is \/§
proportional toe; +e,. Consider absorption of a positive he- M_p= Z<1_ 1;1-1]2-2)(10;1-1[1- 1) M
licity photon. The hybrid state is constructed as

1 \FM
V2 V4

1
[377,my)= > (1m’;1mg/Imy) —={|hyb;+,m’)
mg,m’ \/5 \/§
~|hybi—m'}}[S=1mg) M-1=4/7((10;1- 1|2~ 1)(1+1;1-1]10)

1\F
“See Appendix D. +(1-1;102-1)(10;1010) M= 5/ 7 M,
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3
Mo=\/7((1-1;1+1]20)(10;1+1[1+1)

1 /3
+(10;1020)(1+1;101+ 1) M= ﬁ\/;lM’

where M=|q|87x 1072 GeV *. Using Eq.(14) we obtain

Ea,

21
Fei(mip—azy)=4 |Q|§(|M—2|2+|M71|2+|M0|2)

m
T1H

1 1 1
2737

Ea,

m

T1H

al®

X (87x10°% GeVv 1)?,

so that for amy at 1.6 GeV the width is~90 keV. Given
thata, exchange is suppressed relative $an photoproduc-

PHYSICAL REVIEW [®9, 034010(2004

TABLE Ill. BR (B°— 7Dy, (37(©))).

mp,, (GeV) 2.7 3.0 3.3
(o) 0.62 0.65 0.67
(1) 0.24 0.22 0.21
(i2) 0.06 0.05 0.04
1) 6.1 45 3.0 X104
1) 0 0 0
0o~ 3.1 2.5 1.9 X107
17 1.3 1.3 1.2 X108
2-(") 1.6 1.3 0.9 X107
0+) 3.0 2.3 1.6 X107
1~ 4.9 3.6 25 X106
2+) 3.3 2.3 15 X104

forthcoming hybrid photoproduction experiments at Jeffer-

tion of | =1 states, this is unlikely to be a major production SOn Lab[26].

route inyp— myn. Pion exchange provides an opportunity

We will now use the same techniques to calculate the rate

via the M1 multipole but this goes beyond our present dis-Of Production of hybrids in heavy flavor decays. Such a cal-
cussion. If calculated via the vector dominance modefculation is timely in view of the orders of magnitude increase
(VDM) from the mm,4— mp rate, where the photon-rho flux in statistics on a wide range of exclusive decay channels

tube is excited by a “pion current,” we fin@25] I' (74
—y)~200 keV which is similar to that found
in [11].

A state potentially interesting in heavy flavor dedage

anticipated at present and upgradg@énd charm factories.
We will consider in particular the supposed excess of events
in the inclusive decad— J/ X at low J/ s momentum 13]

as this may have an explanation in terms of hybrid kaon

next sectionis the axial hybrid kaon; we find that this state Production.

has anEl width to Ky of 300-1000 keV(assuming mass

In Tables Il and IV we identify the exclusive channels in

~2 GeV). This state could be seen in photoproduction bQNhich hybrids may be clearly observed. We begin by outlin-

looking in theK77A end state.

ing the model used to describe the nonleptonic weak decay

Note that theseEl transitions are only possible with process.
charge exchange and so cannot occur between flavorless

states. In particular they are absent ¢é@randbb. Thus, for
example, the transitiong(3685)— yx; can receive no con-
tribution from any hybrid component of thg(3685) wave
function (assuming here that the;,, states are>=4 GeV in

mass and so do not mix measurably into the states).

A. Naive factorization model

The matrix element for decayg— M M, will be written
in the generic form(see, e.g., Ref27])

TABLE IV. BR(B™—J/yK/(I7©)). The subscripts are the

This illustrates the principle for calculating matrix ele- |ongitudinal rate fractions.

ments for hybrid excitation by currents. We can extend this

now to vector and axial currents of arbitrary polarization andmy, (GeV) 1.8 2.0 2.1
apply to the production of hybrid mesons in the weak decays—
of heavy flavors. This requires a nonrelativistic decomposi- (o) 0.54 0.63 0.69
tion of the current$Appendix A); then, we identify the terms (1) 0.25 0.20 0.14
linear ina which can cause transitions between conventional (i) 0.08 0.04 0.02
and first excited hybrids. Finally all one then needs to do is T -
to read off the relevant operator, scale by the reference op- 1 2.99% 129 0.6 <10
erator as above, and determine the relevant matrix elements. 1~ 13 0.6 0.2 x10°°
o~ (" 5.7 2.8 1.0 X106
IV. HEAVY FLAVOR DECAYS TO HYBRID MESONS 1~ 6.05004 25190 0.8,00 X 1078
—(+ -6
In the first half of this paper we have described the 2 7 Ons 3503 13100 *10
method of calculation used to compute amplitudes for pro- 0+() 9.8 4.1 1.4 x107°
cesses involving a hybrid meson, a conventional meson, and 1+(-) 3.1, 1. 710 0.959, X104
a current by considering the specific example of hybrid me- 2+(=) 2.%00 1. 1595 0.33004 X104

son radiative decay. The results obtained are applicable to the
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=0.25 for all B decays; these numbers are compatible with

F
(M1Mo|Her|B) = quibvqé%o’ (260 those in[27] and give a good fit to the conventional
decays.
with
0= al(M)<M1|ai(V_A)b| B)(M2|EZ(V—A)q§|0> B. Application to B decays producing hybrid mesons
+a,(1)(M,|go(V—A)b|BYM,|qi(V—A)g)|0). In this section we extend the established model described

above to include hybrids in the end state, in much the same
(27 \vas as we extended the conventional radiative decay formal-

The model arises from performing the QCD renormalization'SM Previously. We simply include the additional flux-tube
of the weak interaction, supposing that one of the mesons igansverse degree of freedom, in the currents and wave
created from the vacuum by a current with the same quanturfunctions. As in the radiative case this both modifies conven-
numbers. Final state interactions are igno@da, are con- tional decay ratesby changing the charge radius or Isgur-
sidered as phenomenological parameters determined by fiwise function as detailed in Sec. )lland allows for hybrid
ting to known conventional decay rates and not as the WilsogXxcitation.
coefficients they would be in the strict theory. Previous models of hybrid production in this type of pro-
Decays proceeding by the first term only are labeledcess[29,30 have assumed that hybrids are created by a
“class 1,” an example being8’— 7~ D™)* which in this color-octet current with some undetermined strength. The
model has amplitude Isgur-Paton flux-tube model has the gluonic field in a color
singlet and as such we will create hybrids using the same
current that creates conventional mesons.
. . . . When considering weak decays of heavy-light systems we
VieVugar(m[dA,u[0)(D ) *[c(V~— A#)b|BY). use the following form of the quark position vector:

\2
(28)

The pion creation current is conventionally parametrized by ) . 2Bqr 2b
(7 (g)|dAu|0)y=if ,q, and we compute the hadronic ma- "o = Rier(d) —amQ+ mg V5
trix element using our nonrelativistic quark-flux-tube model.
Decays proceeding only by the second term in &Y)
are labeled “class II” or “color-suppressed” and include the

well tested channeB™— K )3/ with amplitude

-

This differs slightly from the form used previously, E§2).
It has the advantage that under a finite change in heavy quark
mass(i.e., a flavor changing transitiom, which here is the
Gr _ _ interquark separation vector, aﬁg are unchanged. For de-
Evbcvcsa2<3/¢| cV,,clO)(K&*)*|s(V4—A*)b|B*), tails seg[31].

(29

where the J/¢ current has Lorentz decomposition C. B decays to hybrid plus conventional pseudoscalar

(I1p(a,€)leV,cl0)=e,f,m,. _ The matrix element for such a decay is
Models of this type are more thoroughly discusseflin|

where they are demonstrated to successfully predict weak
decay rates of th8 meson to a wide range of conventional
exclusive channels.

We use meson state normalizations a$28| such that a
factor \Amgmy, appears in all hadronic matrix elements Examples includeB’— D}, (class ) and B°~D°nny
(whereM is the meson not created from the vacyuthen, (class Ib > Thus to compute the branching ratio f&°
decay widths are written in the following manner: —a D}, we need the values of the operatorsA andq-V

betweenB andDy wave functions. In Appendix A we com-
pute the terms in the nonrelativistic reduction\of andA,

M(B—PH)=ifpq-(H|(V—A)|B).

= al that are linear ira and which theref induce transiti
I'(B'—p D+ G? v a.l? 2 at are linear ira and which therefore can induce transitions
( )= T6x mB| neVudl 24 he%meJM' ’ between conventional and hybrid mesons.
(30) We find, for the maximally parity violating current,

where M= (p~|dV,u[0)(D*)*|c(V#—A*)b|B%) and
where to be specmc we have shown the case of the class I°Recent theoretical world2] suggests that naive factorization can
decay to a conventional vector. We will usg=1.05, a, be a poor approximation for process%— D+ light hadrons.

034010-9



F. E. CLOSE AND J. J. DUDEK

—ig-rmg/m 2b 5
q-Vy=e da7’D ;ﬁﬂ‘ﬂ

wlia s [ 1s M, 1d
2my 2m.
.2r |q
W 1%”
™ m Iﬁl
+0’ Z/\az—b(—l‘f‘FC_ch)]; (31)
and for the parity conserving current,
2b .
q-Ay=e'9T(Mi/Mo) [ —p,|q
773
- > T m Iﬁl
X[-IO’-32—mb(l+H+2mc)
—ilg|oa- z 1+ &l (32
2 "mp 2mg) |’

having approximatedq2=me~0, as appropriate forB

decays.
1. Spin-singlet hybrids, R(1*®))

Since (¢)=0 for the transition to a hybrid where the
gqg spins are coupled t8=0, the parity conserving current,

Eq. (32), plays no role here. Nonvanishing contributions

PHYSICAL REVIEW [®9, 034010(2004

a-z|convi =0)

(hyb;P,m’|ex;{—iiofi
Mq

1 VE _ _
= \/28P=+) (i) +(i2)) 8 o
\/EB]_ 3 ( (<JO> <JZ>) ,0

where in the current example the argument of the spherical

Bessel functions i$q|r (my/(mg+mg)). Thus we have the
matrix elements
M@B°— 7D} (17 ()))=0, (33

M(B°— 7D} (17(F)y)

_ [2b .
=—if ;v4mgmp F|Q|
ke

lal
2m,

{ s my
X{s—| 1+ —
2my m,

1+ﬂ) <Jl>] (34)

X(<J0>+<Jz>)+—

That the T (™) amplitude is zero was to be expected as one
cannot maximally violate parity and conserve angular mo-
mentum in a process 0—-1 0" in any partial wave,
whereas the 1(*) amplitude is nonzero asG-170" in a

P wave respects the symmetries.

2. Spin-triplet hybrids, Q;(3J*))
To excite spin-triplet hybrids we require operators linear

>

come entirely from the first term of the parity violating cur- '(” o anda, which feature in botly-A andq-V, Egs.(31),

rent, Eq.(31). We thus have a matrix element

M(B°— 7D}, (S=0))

:if7<DH|e—id-F(md/mD)

X @,8 lgla-2l — | 1+ —+ |5|)
514 2m me  2me
. 2r |q
2+ g

The integrals over and angles, ¢ are performed in Ap-
pendix B, and we take the result, EO),

2b .
—f.vamgmp \/ ——[d[p- > (1mg;1mglImy)
37 mg,mg

S(P=+)

32).

For simplicity in presentation we shall defing..
= (m/2mp) (1= my/ me+ |q|/2mc) We can decompose
o-z\a= (1/2)(0+a X_—o_a- x+) and o-a

—2(o+a X_+o_a- x+)+aza z, where 0. ,o, are nor-
malized such that

F\28(ms, = 1)
5( mS! O)

<S=1,ms|jt|8=0>={

The S=1 of the quarks andL=1 of the flux tube com-
bine together to give thd of the hybrid meson, with the
appropriate Clebsch-Gordan coefficiefitm, ;1mg/Jm;).
Performing the integrations ovex and anglest, ¢ as in
Appendix B gives, for the parity violating current,

N
(fo)— §<12>>(5mL,—15m8,+1_ Om,_,+10mg,~1)

3i
+8(P= _)?m)(amL —10mg,+1F Om_,+16mg, 1)
(35
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The pattern of amplitudes for variod$® follows from the
combination of Clebsch-Gordan coefficients:

S(P=+)

<jo>—§<jz>)[<1—1;1+1uo>

—(1+1;1-1130)]+ 5(P= —)%(Jﬁ

X[(1—1;1+1]30)+(1+1;1—1]J0)].

Thus we find, for the maximally parity violating current,

ot(=)
Mqgy| 17| =0,
2+(=)
o ()
(=) 2b .
Mgv| 1 =—V4mgmp _3fw|Q|P—
—(+) 377
2
( . )
(i)
\/§ J1
1
X _\/§<Jo>_§<12> (36)
iy
=1
SR )
An exactly analogous process for the parity conserving cur.
rent gives
o)
Mgl 177 | =0,
2 (+)
ot(=)
Mq~A 1_(+)
2+(-)
5 V6(jo)
] L.
:\/4mBmD\/Ffw|q| \/—% =3i{j1)
a .
_\/§<12>
R 1
2J3(_ dl |,
+m—(1+m<ll> 0 (37)
d c —\E

PHYSICAL REVIEW D 69, 034010 (2004

described in Appendix D. We obtain the following results for

the branching fractions of thB® meson to the exclusive
channelD;(J°©) =", presented in Table Il.

While these are the decays in which the naive factoriza-
tion approximation is most likely to be correct they are not
ideal for hybrid hunting: th® mesons are not eigenstates of
C and as such cannot have “exotic” quantum numbers, the
smoking-gun signature for a hybrid. However, the fact that
for a givenJP(©) the hybrid and conventional states have
qqg coupled toS=0(1) andS=1(0), respectively, can lead
to selection guides. This has been noted already for hadronic
processef5,23]. We shall see that there are further examples
in B decays.

The class Il decap—D%nn)y, by contrast, can pro-
duce exotic quantum numbered hybrids and is not sup-
pressed by any small Cabibbo-Kobayashi-Mask&@&M)
matrix elements. Unfortunately there are problems both with
factorization[32] and with our model formulation when ap-
plied to this decay. Our model has form factors obtained
from the simple wave function overlag$i|j, |B), and al-

though these are reasonable at sr‘[ﬁillwhere everything is
nonrelativistic, they are at best a qualitative guide as the
phase space rises. Such subtleties are discus$ad|iwhere

a better fit to the spectrum of semilepto®decays is found
using a power law form factor in contrast to the “polynomial
times exponential” form that we have used. To reduce the
uncertainty we calculate the ratio of hybrid production and
conventionalknown) rates, for which much of the form fac-
tor dependence cancels out. Thus, for example, if we propose
that there is a 1 hybrid at 1600 MeV, we predict that it
will have a branching fraction a little smaller than that of
B°—DO%p,w)—i.e., O(10 ®). Here (0,2) ~ exotics have
potentially even larger rates provided that they have masses
somewhat below 3 GeV.

In addition toB-meson decays, this formalism can equally
well be applied toD and D¢ decays, though the factorized
model may not be as accurate here. There is some possibility
of producing exotic hybrids in the Cabibbo-suppressed decay
D%— 7 *(nn), if the hybrid is light enough, similarly in the
channelD — 7" (s9)y . The numerical branching ratios for
these processes are strongly dependent on the hybrid mass as
they are so close to kinematic threshold. The candidate 1
state at 1600 MeV has a branching ratio in this decay of
O(10™ ) principally because it is produced inPawave with

a very smallq|.

D. B decays to hybrid plus conventional vector

element M(B—VH)=mfye;(H|(V
is the vector meson polarization. We

The matrix

—A)¥|B), wheree,

As in the spin-singlet case we can understand the zero valugisus have a set of amplitudes depending upon the helicity of
as originating in the need for angular momentum conservage vector. Examples of this type of decay incluBd

tion while applying the appropriate parity selection rule.

3. Numerical estimates

—p D™ (class ) and the well-tested decayB”’
— YK (class 1.
As discussed in Sec. Il, tHe\|? for the weak transition

The model parameters and variational wave functiond8— /K (17) is expected to have strength13% relative to

used to evaluate the radial matrix eleme(is,|j |B) are

its “conventional” counterpartB— K (1"). Empirically
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B*—yK(1")(1280) is the single largest mode Hence theV,, and A, transitions combine to give the total
in B"—yX with BR=(1.80.5)x10"% while B*  matrix element for the transition to"1™):
—K(1%)(1400)<0.5x10 3. These rates involve both

parity conservingvecton and violating(axial) contributions MX_A(1+(+))

and3their rellative strengths depend on the mixing between -

the °P, and P, basis states. These rates would lead one to . — ™

expect an order of magnitude BR fdB*— yKy(1™) =ifymyVamemy \/ S35 -

3732my
=10"4. This has been reported by us in RgI2]. Here we

illustrate the calculation. ) 1 m,\ [ |al
X (o)~ 5{i2) | Sw el [ 14— Fl5| |-
1. Spin-singlet hybrids STV) sH(A)
As previously we select the terms in the hybrid currents (41)

(Appendix A independent ofr, for which we find terms in ¢ fransition to T(-) has the same structure apart from the
both_V’,f| _andA’H‘ . We compute separately the amplitudes forpartial wave contributing ag, and reads
longitudinal and transvers# .
a. Longitudinal J¢ and Ky(1*). For a longitudinal MYA1-())
Iy, €4=(lal,0, ,E,)/m, and so
2b @ |3i

R =—if,m,J4mgm ——— =) O +
My =1 ,(KyllaIVE—E,V3|B), yrTTRTR 37732mb(2<11>] m’,=1

. o . : .
ls;r;(;eir?rgm%)aéﬁgsnzero for spin singlets. Using the over |14 :(2|:*|| ) ' 42)
' SHv) ST(A)
2b We see that for each of these transitions, the vector current
M =—if ) 8(P=+)6y o —3\/4mBmK dominates. Hence we may anticipate that the transition to
3m Ku(1") will be relatively large because the domindit,)
6/d E contributes inS wave; by contrastKy(17) receives itsS
X [ — |1+ —¢) (j1) wave from the|q|/m,-suppressedA ,) while the vector cur-
My 2mg rent contributes t@® waves. Explicit calculation, below, con-
= [14]2 m, firms this. o _ o
_{_+ Eyl —+1 (<j0>+<j2>)], (39 c. Longitudinal to transverse ratiolThe 1™ hybrid is pro-
2mg | 2m M duced in transverse polarization only. For the Hybrid both

transverse and longitudinal polarizations are possible. Com-
Thus only the positive parity state is produced; there is Ngare the longitudinal matrix element, E¢38), with the
longitudinally polarizedK (1~ (7). transverse equatio@1) and remove common factofsA
b. Transverse 0 and K (1*(*)). For transverse polar- = (1/2b/37%) JAmgmy:

ization €}*=(0,¢*) and * = ¥ (1,7i,0)/y/2. Both vector

and axial can now contribute. The vector current leads to a 6/q] E,
matrix element |M|=A el gl (U EY
d s
312
Zb T mb |q| mb . .
V _; - | — -
Mi—|f¢m¢\/4mBmK ;Z—W(E"-l) 5m’,i1 2mb|:2mS+E¢ m5+1 (<JO>+<JZ>) ’
N 3i w1
X1 6(P=+) <Jo>_§<12> i5(732_)§<]1> |MT(i)|_Amg{/2—rnb <Jo>_§<lz>
(39 m 5
x|l1+ =] = 2|q| :
and the axial current to ST(v) Ms/ (a)
o5 |e| Before taking the ratio, consider the actual values of the
T |

parameters. For a 1.9 GeV kaon hybrid we hag
=0.83 GeV; thus,|q|/2ms~0.8 is negligible next to (1
1 3i +m,/mg)~10.5. Thel/ is moving nonrelativistically such
(jo)— §<j2>) tgé(P= =)j)i- that for this|q, E,~m, is good. Using our variational wave
functions(Appendix D we find(j)~0.58,(j1)~0.23, and
(40)  (j»)=~0.06, so we can safely negle@t). Thus we find

MA==if ,myJdmgmy

= §

3732m, 2mg "

X

S(P=+)
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M, 12 m, |a| 1+m,/2mg\ (j1) has proved difficult to accommodate the measured value of
VRt S m)ﬁ~34 the longitudinal width fraction oB* —J/K* ™ within fac-
T y b/Ms /{Jo torized models and this failure may signal the limitations of
which leads to a longitudinal width fraction this simplistic model.
%l = 1OGF I ~ 10(< 14T 2) _1%90%_ 2. Spin-triplet hybrids
Lyt Ty My

Considering the terms in Eq6A3),(A5),(A7),(A9) linear
This number should not be taken too seriously, however. Itn o yields the matrix elements

( (o) )
o 2 a2y o N
_ 1| 6 q - 7 [m E 1\/ 51
1-() | = s il BERAVZ Al o G ] —¢ 2
M, ) if ,VAmgmy 33 md<11) E,+ 2ms) +3|q|Zmb ms+1+ m. < X b,
—=(i2)
\ \/E J
(43)
( (i) )
o™ . 2 1
_ 2b_ w [m lal> \ ] —1\3| (o= 52
1+ | = #\ﬁ N B R 3 2
ML fl// 4mBmK 7T3E¢,2mb ms 1 2mSEI < >1 (44)
27" ’ 1
—= (i
( V2 J
2(jo)+ L
v 1+(—) . " 2b 1 6 . L |a| +1 - my, . |a|) <J0> 2<12>
= —_— —_— T _— — =1 +
=\ ()| T eV MeMk W3\/§m“’ md<ll> Tomg/ | 1] 2mp\ms T 2mg 3 ’
ii(lz)
(45)
1-(H) \/%\F a (m, |l +1
= JE— — _ — 1+ — i
M+(2(+)) f,VA4mgmy = 8m‘”2mb ~ 1_2rnS <11)| 1 ) (46)
We can use these matrix elements in the width formula
+ +(1P(C))) = G% |a| 2|q,]2 2
PB* = IPKGIPO)= = = VpVed?lal® X M|
1677 mé +,—,L
to compute the branching fractions.
|
3. Numerical estimates tude[13]. While suggestive, it would be premature to claim

We explicitly evaluate branching fractions and longitudi- this as evidence for hybrid p_roduc_tion. Ragial excitations of
nal rate fractions for the exclusive chanisl —J/yK; us-  theK(1") are expected in this region, and in the ISG28]
ing the parameters and wave functions given in Appendix pmodel, extended to exclusive hadronic decays and assuming
the results being presented in Table IV. standard factorization argumen7], we find these to have

While fine details of the model may be questioned, theBR~10"*, though slightly less than the hybrid.

O(10~% branching ratio to the hybrids with positive parity Other conventional strange mesons in this mass range are
appears robust and accessible to experiment. It is intriguintikely to be suppressed due to their high angular momenta,
therefore that there is an unexplained enhancement at lowhich give powerful orthogonality suppressions at srill

d,. corresponding to high mads systems, of this magni- It is the Swave character of the hybrid and axial production
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that drives their significant production rates. the electric dipole sum rule relating these is saturated. In our

The channel§°—>D°*(nF)E,, while suffering the same approximations we see that it is saturated by Ry con-
theoretical problems a§°—>D°nﬁﬂ considered earlier, is ventional state.s_ and their hybrid axial cpunterparts. If these
not in principle suppressed by any small numbers. CLEO jresults are verified, then it may bg pos§|ble to ex’FrapoIate.to
other multipoles, relating the modifications of various static
properties by the flux-tube degrees of freedom to the excita-
tion of hybrid states of varioud”®.

The hybrid configurations with nonexotl © will tend to
mix into the wave functions of the conventional mesons.
Unless specific observablésuch agy,/gy) have anomalous
values, it will be hard to make a convincing case for such
states. If the enhancementBr- X can be shown to be due

V. DISCUSSION to aK, state, this would be very interesting but would not of
itself be proof of a hybrid. Further measurements of polar-

The results of this paper suggest that the flux tube can bgation org,/gy would be needed to distinguish it from a
excited without undue penalty. The physics assumes that ggjal excitation of a conventional axial. The main interest is
flux tube is indeed formed, and if subsequent lattice StUd'e§eeking rates for states with exodigC. Table Il and Eq(25)

;hould cpnfirm that the 1 fm length sc_ale of confjnement i_%redict healthy couplings tgp, which implies that photoex-
intermediate between that of perturbative or baglike gluoni itation of 0F~,2*~ off a p is feasible in charge exchange.

. S\/\{e note also that diffractive production of 2 with photon
may need to be reassessed and more mature modeling devg - ; ) _ .
eams is to be expected; hencé, 2exotic states should be

oped. However, this approach seems likely to exhibit fea'searched for in charge exchange and also in diffractive
tures that will survive, at least in part, in a more mature 9 9

description scattering—e.g., at either Jefferson Lab or HERA. This is

There is an obvious question as to the reliability of OurdISCUSSEd further if25].

nonrelativistic treatment for light flavors. We suggest, how- Intthe deca)t/)s of he?%/y izaV037?£( h|(|j_|es the ex?rt]m
ever, that the physics of the excitation is probably more genf—?uan um num “ers In the flavor o H. FOWEVer, the
spin inversion” between conventional and hybrid vector

eral than the specific modeling herein. For very massive

qguarks, where the nonrelativistic treatment may be justiﬁedmesons(the_hybrld_belng a quark spin smglet In cor_1trast to
the c.m. of the system tends to lie on the interquark axis the conventional tripletleads to an interesting selection rule

L N : _ B~ 7 D,;(1-())=0. Hence observation of a vectdr*
=rq—rg. For|q|<mq the recoil of the quark is small and iy other processes, which is absentBrdecay, could be a
the c.m. tends to remain near this axis. As a consequence, Weynature forD,(17).

find that excitation of the tube is suppressed. As the quark The production of an axial strange hybrid B /K, is
masses are reduced, the c.m. of the system can have increﬁédicted to have BRO(10™%) as long as its mass
ingly large excursions from the axis, and the tube is more <2.1 GeV. There is a tantalizing unexplained enhancement
easily excited. There comes a point where the quarks ari the data that may be compatible with this and merits fur-
light and the nonrelativistic approximations are suspectther investigation. This process superficially has an analogue
however, the physical picture that the flux-tube excitation isy, B—D*%nny, which opens up the available phase space
easier for this situation than for the heavy quark case is ¢ nn to ~3 GeV enabling light-flavored hybrid states
physically reasonable extrapolation. So although the actuaPi,[h exoic uantur,n numbers to be produced. Unlike the
numbers may be debatable, the probability for excitation of’ q b .

X . LPrevious case, however, there is the possibility that rescatter-
the flux tube seems likely to be at least as big as was calcu- . e )
.ing effects and the failure of factorization could contaminate

lated for massive quarks where the nonrelativistic apprOX|—Our analvsis of this process. Modulo this caveat we have
mations still apply. Thel"© patterns of the results and the y*o — P T RV
conclusions about charge exchange processes being requiBR(B—D*"(nn);)~0O(10"") for ,(1600); if this is the

i i with JPC=1—+- = i
for the excitation of hybrids in thE1 multipole also seem to €Xotic hybrid withJ™>=1 +'_(O'2)+ , exotics have poten-
tially even larger rates provided they have masses below 3

has observed evenB’— D% 7" 7~ 77~ [34] which is a
possible end state for light quark hybrids decayingajiar ©

for example. According to the flux-tube breaking model of
hybrid hadronic decay$] isovector 2 ~,1"~,0" 7,1" ~ and
isoscalar T*,1"" hybrids have large branching ratios to
al7T.

be robust.
Our results suggest a way of assessing the flux-tube excfzeV. . o
tation in a lattice QCD approach. For &1 transition with The exotic I " resonancer,(1600) could in principle be

no spin flip, ar can be excited to axial mesons. The electri-100ked for in D de_cays._\‘/lVe_ find & branching ratio for
cally charged hybrid 45,,) and conventional ;) axial ~— 771(1600) thatis-10"" times that fO'DHW% Folding
states thus excited have opposiearities. Thus the relative 1" the predicted 25,38 BR(y(1600)— mp)~20% gives a

i ; i i thi i of—10-8
strength of the matrix elements for electromagnEtctran- ~ cOMbined branching ratio tawp via this exotic of~10"".
sition to G parity +1 gives a measure of the penalty for This would be a severe challenge even for high statistics
exciting the flux tube. studies that may become available at CLEO-c or GSI.

It will be interesting to see if lattice QCD simultaneously ~ ThiS exotic should havé=0 partners if it is indeed a
can describe the magnitude @), theE1 amplitudes for  hybrid and not some dimeson effect. Thg, state can be
exciting G=*=1 axial mesons, and test the extent to whichproduced in leading ordd) .— 7ss; if its mass is below 1.9
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GeV. If the nonet is not ideal, then there is the hope of some b

ss content in each of thé=0 states, one hopefully light Vo=e i r(Ma/mp) y [—p,

3
enough to be accessible. Similar to the above, we find a 7T

branching ratio that is- 10~ times that forD— 7¢. Here, _|or - T
again, one is at best at the limits of detection. Another po- Xyiq-a| —+ 7 )— 7 a-q/\a}.
tential source of these exotic hybrids is in the ded&y Mp  AMpMe MpMe

—J/yssy which is the s-quark spectator analogue & (A3)

—JI YK, . We find a branching fraction for a 1" sghybrid
at 1.9 GeV to be~6x10"° which is far lower than current
statistics can observe.

V: For the spatial vector current we have

— N.R.

The general formalism developed here can be applied to V(Pe,Pp ;X)=Cc(X) yb(x) — el(Pc=Po)
any current induced transition. Examples include gluon - .
emissions(as in cc cascades diffractive excitation, ormr % ( Po + Pe )
emission where the pion is treated as an effecjiyeurrent. 2m, * 2m

The latter has a long and successful history in describing R 5b 5C
conventional hadron deca}36,37] and can now be applied —ioN\ s = omo | ] (A4)
analogously to the production or decays of hybrids involving L ¢
. This is described in Ref25]. and the relevant transition to first excited hybrid becomes
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3 2mpy\m
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S CILACIS (A5)
APPENDIX A: HYBRID TRANSITION OPERATOR AO:
FOR V, AND A, '
We perform the nonrelativistic reduction of the vector and A%(p.,Pp:X)=c(x)¥°¥°b(X) R , gi(Pc=Pp)-X
axial currents allowing for flavor changing. We present the _ .
particular case oB(bd)—D(cd) by quark levelbo—c. In <l Pb . Pe )+ (A6)
the following mp=my+m, and mg=my+m,, which are 2m, © 2m,

indeed the meson masses in the extreme nonrelativistic limit. _ .
VO: For the zerothtime) component of the vector current and the relevant hybrid transition becomes

we have
- - 2b
Aa:eflq.r(md/mD) \/:3,81
T

my
—+1
mC

— NR.
VO(Pe,Pp ;X) = C(X) YOb(X) —— - &l (Pe=Po)-x

. T
—i5—

Zmb

S s r e s
g-a—| -a)o-af.
(a5

5C' 5b i 5C 6b X
X {1+ Fmpm, + 70 (—mc/\—mb) +-- ]
(A1) (A7)

A:
Considering only the terms linear & obtained from utiliz-
ing the effect of the momentum operator on flux-tube ground

N.R.
A X) = c(X) vy® i(Pc— Pp)-X
state wave functions, A(P¢,Pp;X)=c(X)yy’b(X) e'tPe™Po

&(1_ pc-pb>

N 2b . X Zmgm,
p|XO>|5—cmpt: —i \/;ﬁla|)(0>1 (A2) I C.} ° N I
L Po(0-Po)+Pelopy) pc/\pb]
4memy, 4mgmy,
and expanding the plane wave to leading ordegim we (A8)
have the effective transition operator to the first hybrid exci-
tation: and the relevant hybrid transition becomes
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&
TABLE V. D) (4,6,— ).

| dPacad+ad) ol @)

m’\m +1 0 -1
_ _PL oz 2 2 —p¥a%+ad)_ -2
+1 3(1+cosé) _ L rivsing e ?9(1-cosd) - Wfd a(ajtag)e MLT=0, 7,
1 \/E 1
0 —e’sing cosd ——e ¥sing
V2 V2 we finally obtain the essential angular decompositions as fol-

1 .
’ _—_aidai 1 .
-1 12%(1—cosh) \/Ee sing 3(1+cos6) lows:

A =e ~ig-r(mg/mp) \/\ﬂl:w(j 5)5

(x1,*]a-x_ |xO>——B—<5*D<”* s DW*), (B

ar
mp  4mpym.

(x +|5-)2 |X ):+i(5+D(l)*_5—D(1)*)
+i [(0- a)q+(0’ q)a]+ q/\a] 1y — +/Xo Bl o (0,
" (B2)
(A9)
APPENDIX B: HOW TO CALCULATE THE TRANSITION <X1:i |5 2|X0>: ,Dg];r)* _ 5_7)8]!)*)-
TO A HYBRID \/z N

(B3)
We consider the generic

To proceed from Eq(18) first expand the exponential in
ME(hyb;i,m’|(9ref|conv;l,m>=f d3FJ d?a H* O,C, terms of partial wave angular states=s3 it(2L
+1)Di3*jL(—|a|r(u/mg)), contract together the thre@
where O,i=a-x; and the = is the hybrid state flux-tube functions,
polarization. In this specific example we shall choose

=x—iv i *
=x—iy and calculate the matrix element [f 40p® D(L)*(5+D(1)* 5D
m’,+ ——
(x1,%]a-x_|xo)=—(x1, = |(ar+iap) DL} 4n
—(ay—iap) DY*|xo), =?<L0;1—1|1m’)(5*(L0;1+1|1+1)
where we have introduced tH® rotation functions shown —-6(L0;1-1|1-1)),

explicitly for j=1 in Table V.
The explicit expression for the matrix element is ] ) ) )
and integratef dQ), which gives, for the matrix element,

- f 02, (. T iay)[ (ay+ia) D

- - il H . I !
—(a;—iax) D M* I xo(as)[? xo(az)|?, ﬁl f H(2L+D) (iL0;1=2[1m’)

where they, are as in Eq(5). X(8T(LO;1+1|1+1)—67(LO;1-1]|1-1))

Rewritea; +ia,=a* and the integral becomes

- and, finally,

~ B f d*aa’(a* DU —a D) | xe(an)]? xo(@r) %
Now usea*a” =a?+aj3 and note thaa“a™ vanishes under 1 i(s [( L ) S5
integration. This brings us to B3z ™t o 2f<12>' ( )

R 3 b
_:Blj d?a(a’+a3) (s DWF -5 DW¥) —isini(6T+87)),

X[ xo(@1)|?|xo(a2)|*. _ .
where we now only need to calculate the radial expectation
Then using the integral values of the spherical Bessel functions.
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TABLE VI. B values and state masses in GeV.

L=0 L=1 Hybrid
2 i 2 an a2 |2 346 s, s
1/4,33/526 Blsr 12 m %Big re B2 mBZ rde Bur
Bis Mis Bip Mip Bu My
nn 0.334 0.672 0.280 1.296 0.260 1.825
ns 0.370 0.780 0.306 1.386 0.275 1.961
ss 0.426 0.857 0.342 1.448 0.311 2.024
nc 0.389 2.036 0.331 2.544 0.291 3.128
sc 0.469 2.092 0.387 2.571 0.335 3.195
cc 0.639 3.129 0.509 3.539 0.426 4.235
nb 0.408 5.392 - - 0.302 6.449
sh 0.510 5.455 - - 0.355 6.563
cb 0.798 6.418 - - 0.486 7.575
bb 1.239 9.522 - - - -
APPENDIX C: “DIPOLE” FORM IN THE ADIABATIC and hence

FLUX-TUBE MODEL

- >

In the usual nonrelativistic qyark_ model the matrix ele- (HI |C)—||q|<H|e rQ|C) (Ca)
ment of the lowest order electric dipole operatok- p/m
can be transformed using the commutaneqfim[H,F] into
an explicit dipole form~|q|e-r. This commutation relation
is valid provided the system Hamiltonian can be written in
the form H=p2/2m+V(r), any other dependence qf
causing deviations from this behavior. We find that this trans- We follow the formulation of the flux-tube model de-
formation is justified in the adiabatic approximation to thescribed in[3,38,39. In the appendix of3] the authors show
flux-tube model also. explicitly that the spatial wave function of a hybrid state with

Minimal coupling of the photon field to a quark a  phonon occupatiorﬁner ,np_} can be written

moving with 5Q leads to a convection current operator

so that using the dipole form is justified in the flux-tube case.

APPENDIX D: HYBRID HAMILTONIAN

~pQ A(rQ) For a plane-wave photon field at lowest order Raina(r) :D('-) (,6,— ),
in q rQ we get an E1 operatOFe pQ/mQ
We construcpo as follows: where the quantum numbers argradial; (L,m;), angular

momentum; N=2,(np; +n,_); A=Z,(n,,—n,_). We

W'* are only interested in the lightest hybrids which have one

.

o =Mro= — r
Po Q Mq+my+br phonon excited in thgg=1 mode and hencbl=1 andA
b ==*1. In the adiabatic approximation we get a radial Hamil-
__ tonian[acting onrR(r)] for these hybrids,
N+1dt<r2 a/p|. (C) g (r] y
. - _ L1 % L(L+1)—A?
The second term is linear ia and can hence excite the H 2——+—2+br
flux-tube. Using the identityd/dT)A=i[H,A] we can write M oor? 2pur
the flux tube term as - P
+—(1—e P — —4¢, (D1)
b 2 r r
—— N+1 H rz ap/p (C2
whereas for conventional mesofm® phononswe would get
Then
o 1 #  L(L+1) K
- ib 2 . H 24 a2 +7+br—r+c.
-\ (e _ r r
(HIPQlO) =~ g (En— B (HIr 2 ay/pl0) p
b The modified angular momentum barrier in the hybrid case
i = has its origin in theA==*1 carried by the phonon in the
=—— / , C3 . . . o
N+ 1|q|<H|r2 ap PIC) €3 tube.br is the mass energy of the stringlr is the excitation
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energy of the string in the=1 mode; the additional factor

multiplying this is put in by hand and is designed to model
the fact that at short distances we do not expect “stringy”
configurations to dominate in QCD. The remaining potential

terms — k/r +c¢ are introduced by hand, the first of which

represents one-gluon-exchange dominance at short distances, ~onventional statels’
and the second is required to describe the observed mesQit,

spectrum.

The parametersng,b,x,c are chosen to reproduce ap-

proximately the observed conventional meson spectfupn
to spin-dependent splittingsWe use the set of values
=0.18 GeV, f=1, c=-0.7 GeV, m, 4=0.33 GeV, m
=0.55 GeV, m;=1.77 GeV, my=5.17 GeV. « is allowed

to run in a reasonable way so that for light mesons

(nn,ns,ss) k=1.07, for heavy-light mesonsi€,sc,nb,sh)
x=0.67, and for heavy-heavy mesortc(cb,bb) «=0.52.
We solve the Schiinger equation variationally using a

harmonic-oscillator basis

PHYSICAL REVIEW [®9, 034010(2004

RHO

()= /_ZF(n) ﬁL’+3/2rL’
mb C(n+L'+1/2)

’ _p2,2
Xﬁh:rlllz(ﬂzrz)e Br /2_

here is just the angular momen-
quantum numbet. For the hybrid Hamiltonian the
modified angular momentum barrier is canceled'ifis cho-
sen so it satisfies (L’ +1)=L(L+1)—A? for L=1A
==*1, this meand.’'=5~0.62.

The HamiltoniangH® H? are found to be diagonal in this
basis to a very good approximation if tievalues listed in
Table VI are used.

Merlin [39] and Merlin and Patof38] consider nonadia-

batic corrections to this Hamiltonian; the values quoted in

Table VI are actually obtained using this modified Hamil-
tonian, although the differences & with respect to using
H? are usually small.
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