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Open-flavor strong decays are mediateddaypair production, which is known to occur dominantly with
3P, quantum numbers. The relation of the phenomenologi®al model of these decays to “microscopic”
QCD decay mechanisms has never been established clearly. In this paper we invesfigaéson decay
amplitudes assuming pair production from the scalar confining interactiés) (and from one gluon exchange
(OGE). sKs pair production predicts decay amplitudes of approximately the correct magnitud®/&d
amplitude ratios irb;— wm anda;— p# which are close to experiment. The OGE decay amplitude is found
to be subdominant in most cases, a notable exception B&lgg 1S, +1S,. The full sKs + OGE amplitudes
differ significantly from 3P, model predictions in some channels and can be distinguished experimentally, for
example, through an accurate comparison of &S amplitude ratios inb;— w7 and a;—pm.
[S0556-282196)04121-5

PACS numbds): 12.39.Jh, 13.25:k

I. INTRODUCTION however, appears to disagree with experindnht
The goal of this paper is to explore possible microscopic

Strong decays constitute a rather poorly understood aremodels for hadronic decays. The constituent quark model is
of hadronic physics. This is unfortunate because decayypically motivated by a nonrelativistic reduction of the one
widths comprise a large portion of our knowledge of thegluon exchange amplitude supplemented by a linear confine-
strong interactions. Furthermore, strong couplings are exment term. The Lorentz structure of the confinement term is
pected to play an important role in many topics of currentynknowna priori; however, comparison with spin splittings
interest. F_or example, the discovery and interpretation ofy the cc spectrum8] and lattice gauge calculatiof8] in-
QCD exotica such as glueballs will depend on a soundjicate that the confinement current is a Lorentz scalar. Our
understanding of the mixing of these states with nearbyy,nroach is to assume this Lorentz structure and nonrelativ-
quarkonia. , . _istic quark model parameters, and derive a set of effective

Attempts at modeling strong decays date from Micu Squark pair creation operators, assuming as in field theory that
suggestior(1] that hadron decay proceeds througd) pair  the same interaction that causes scattering also leads to pair
production with vacuum quantum number$;~=0"".  prodyction. The matrix elements of these operators are com-
Since this corresponds to®, qq state, it is now generally pietely determined in the nonrelativistic quark model; thus,
referred to as the’P, decay model. This suggestion was e have absolute predictions of hadronic widths.
developed and  applied extensively by Le  Tnhe remainder of this paper is arranged as follows. We
Yqouanceg al. [2] in the 1970s. Studies of hadron decaysfirst review the phenomenologicaP, model and its predic-
using the P, model have been concerned almost exclu+jons, and a diagrammatic method for evaluating decay am-
sively with numerical predictions, and have not led to anyplitudes is introduced. Candidate QCD-motivated quark
fundamental modifications to the original model. Recentyode| decay mechanisms are presented in Sec. Il and the
studies have considered changes in the spatial dependencegkociated predictions are compared with experiment and the
the pair production amplitude as a function of quark coordi-apO model. The summary and conclusions are followed by

nateq 3—6], but the fundamental decay mechanism is Usua||YAppendixes which detail the diagrammatic method em-
not addressed; this is widely believed to be a nonperturbativsmyed throughout this work.
process, involving “flux tube breaking.” There have been
some studies of the decay mechanism which consider an al-
ternative phenomenological model in which thq pair is 3
produced with3S; quantum number§7]; this possibility, Il SUMMARY OF THE  “Po MODEL
The 3P, pair production Hamiltonian for the decay of a
qq mesonA to mesondB + C is usually written in a rather
*Current address: Hewlett-Packard Corporation, SIT-UNIX complicated form with explicit wave functiorjf8—6], which
Team, M.S.906-SE3, 20 Perimeter Summit Blvd., Atlanta, GAin the conventions of Geiger and Swangdn (to within an
30319-1417. irrelevant overall phageas
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For S=0 this M, g is the coefficient ofY ), in h;;, and in
general is the amplitud@)M(Lgc,Sgc)|BC) in the BC fi-
nal state.

We have developed a diagrammatic technique for evalu-
ating thehy; matrix element. This is discussed in detail for
p— r in the P, model in Appendix A.

A. 3P, model decay rates for lightL ;=0
and L ;g=1 mesons

decay interaction is regarded as a free constant and is fitted gjpce the3P, model involves a free phenomenological

to the data.

An equivalent formulation of thé P, model regards the

interaction strengthy, comparison with experiment requires
a fit to several rateo determine bothy and the wave func-

decays as due to an interaction Hamiltonian involving Dirag;jgp, parametedsor a determination of amplitude ratios in

quark fields:

H,=gfd3x Y, 2)
which in the nonrelativistic limit gives matrix elements iden-
tical to Eq. (1) with the identification

-9
2mq’

Y ©)

decays with more than one partial wave, in whigltancels.
Here we illustrate both applications; first we will evaluate the
dominant two-body decay rates of light nonstrange mesons
with L,g=0 andL,g=1, and subsequently we will evaluate
D/S ratios in the decayb;— w1, a;— pm, andh;—pr.

An M, g decay amplitude in théP, model with simple
harmonic oscillatofSHO) wave functions is proportional to
a polynomialP g(x) in x=P/B times an exponential,

Y

_ —x2/12
MLS__I_/'W14BIZPLS(X)6 i

Y

wherem, is the mass of both produced quarks. Note that the=or the cases considered here these polynomials are

operator gy leads to the decayq@)s— (qq)s+(q0)c
through theb'd" term.

This model makes no reference to color, which if included

would simply change the definition of the interaction
strengthry; sincey is fitted to the data, this would not change
the predictions for meson decays. Ad hocfeature of the
3P, model is to allow only diagrams in which theq pair

separate into different final hadrons. This was originally mo-

tivated by experiment (specifically the weakness of

¢—pm); in the QCD-based current-current decay models
that we shall discuss subsequently, the absence of these hair-

pin diagrams is a natural consequence of the production of

the qq pair in a color octet state.

To determine a decay rate, we evaluate the matrix element

of the decay Hamiltonian, which is of the form

(BCIH,|Ay=h(; 8(A—B—C). (4)

This h;; decay amplitude can be combined with relativis-
tic phase space to give the differential decay rate, which is

PEgEc
Ma

dl'a_gc _
dQ

Iheil?, 5)

where we have seA=0 and P=|B|=|C|. An equivalent
result is quoted by Geiger and Swanddn as the “actual
phase space” case of their EQ0). We shall usually quote

results for the amplitude\/lLBCSBC, defined by

PEgEc
Ma

(6)

Pppc=2m

> M g2
LS

3g _1lg 41 25
7);031 So+7So) _ _ §3X’ (8
(3p,—lsytlsy) 26 )
Pao =t gagmX 9
1172
(3P,—3s, +15)) 2
Poy 2 = — o, (10)
3p._3g 41 2 2
Por SO):+3—512(1—§X2), (12)
3 3 1 211/2
P(zlpﬁ S 392 X2, (12
912
(oSt lsy) _ 2 2 2
7)000 —+€2— 1—§X , (13)
1p _3g 41 292 2
P 1 2k, (14)
3 9
1p. _,3g 41 26
Poy 1 = — ogpx?, (15)

For physical decays there is an additional multiplicative
flavor factor, as discussed in Appendix A. In Fig. 1 we show
these decay rates for physical mesons for a wide range of
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FIG. 1. Representative lighfq meson decay rates in thtP, P

decay model fory=0.5. FIG. 2. D/S amplitude ratios inb;— w7 and a;— pm with

. _ ] 3P, model predictions.
wave function inverse length scalgs The scales is defined

in Appendix A; its numerical value is discussed below.

We sety=0.5 in the figure because this is near the opti-ayoid parameter differences due to strange quarks. The
mum fitted value. A value 0f3~0.35-0.4 GeV evidently *(1430) is included because we found that it is quite im-
gives a reasonably accurate description of the relative decaﬁortant to include a light®P, qq decay, since the rate
rates (see also Table | below Many recent quark model 3p,— 1S, +1S, is quite sensitive tg, and theK* (1430) is
studies of mesof3-6 and baryor(10] Qecays use a value the only well-establisheP, resonance. On fitting these
of B=0.4 GeV, at the upper end of this range. widths usin E _ C S

: . . g gs. (6)—(15) [minimizing

A simple estimate of the optimurg for these SHO wave ST (T JT®PL __1)2] we find the parameters
functions follows if we require maximum overlap with Cou- ~'=1\" A=BC = A-BC ’
lomb plus linear wave functionsl. With typical quark
model parameters ofa,=0.6, b=0.18 Ge\?, and B=0.397 GeV, (16)
my=0.33 GeV, the overlapf ¥* yisi0 dx|? is maximum at
B=0.316 GeV forL,;q=0 (99.4% overlapand §=0.274 _

GeV for Lgg=1 (99.6% overlap Curiously, thisg would y=0.506. (17
imply a narrowf 4(1300) in the®P, decay model. Compari- ] ] ) )
son with Fig. 2 shows that thegg estimates are similar to Cléarly, the most important discrepancy in the table is
the values required to describe decays, although there ®&— 7, Which is well known to be a problem relative to the
some evidence of a systematic discrepancydecays ofP-waveqq mesons in this model. Thiég (1430)
Buecay Beourin=~1.2. width is also rather smaller than experiment.

In Table | we show a fit to a representative set of seven We stress that one cannot expect the fitted valug ¢
well-established lighS- and P-waveqq meson decay rates, agree closely with the simple theoretical estimate given ear-
with IB and 0% taken as free parameters_ The masses assumgar. Different Observables prObe different regions Of the me-
were M ,=0.138 GeV,M=0.496 GeV,M,=0.77 GeV, SOhwave functions, and since SHO wave functions are only
M,=0.782 GeV, M, =117 GeV, M, =1.23 GeV, approximate, different optimal values @f will arise from
M, =1.231 GeV, M; =1.275 GeV, M; =13 GeV, them. In view of this, it is natural to question the use of SHO

1 2 0 wave functions. Experience indicates, however, that it is not
Ma,=1.318 GeV, and MK3:1'429 GeV. Al but  ,sefyl to employ more accurate Coulomb plus linear wave
6(1430)— K are nonstrange systems, which we chose tdunctions in what must be highly simplified models of com-

TABLE I. A fit of the P, model to light meson decay rateg=0.506,3=0.397 GeV.

Expt. [11] 3P, Theory

Decay MeV MeV D/S Expt.[11,12 D/S 3P, Theory
p— T 151 79

f,—mm 157 170

a,—p 72 54

a,—pm 400 545 —0.09(2) —0.154
by — o 142 143 +0.260(35) +0.292
h,—pm 360 383 - +0.222

K& (1430)—Kr 287 166

fo—mm 150—400(not fitted 271
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plex hadronic interactiongsee, for example Ref$4] and y 24 [(
9

[5]). We therefore adopt the utilitarian approach of employ- hfi|b1r(+i)aw(+2)7r+: —?4’8—1/23?7
ing SHO wave functions, which lead to analytic decay rates,
with B fixed at the optimal value of 0.4 GeV. )

If we attempt constrained fits tg with fixed 8, we find + 32512% Y2o((2)
serious disagreement with experiment for even moderate
changes away fronB=0.4 GeV. For example, 88=0.3  This matrix element determines the relat@andD ampli-
GeV we find anf, broader than thea; and h,;, and a tudes in thdwm) final state; since tha°=1" |w ) state is
K (1430) width near zero. Conversely, if we increggeéo  of the form
0.5 GeV, we find quite small partial widths fqr— 7,

2
1- —Xz)Yoo(Q)

e—X2/12. (18)

a,—pm, and f,— a7 relative to theby, a;, and hy, on |wm)=ag3S,) +ap|®D4), (19)
average only 0.31 ob;— w; experimentally, the ratio is
0.89. it follows from a Clebsch-Gordon decomposition that the

The interesting question of the width of 45(1300)qq  amplitude to find a ¢ Z)-polarizedw in an w pair with
state is unfortunately problematical in tf®, model, since recoil directionQ) must be
like K§ (1430)— K this rate has a node negr=0.30 GeV,
and increases rapidly witB above the node. With our fitted 1
parameters we finﬂfo(lgoo)ﬁm= 271 MeV, but comparison (0(+2)qm_glom)=ag Yoo(Q)+ap \/;) Yoo Q).
of the predicted and observéd (1430) widths suggests that (20)
the actualf,(1300) partial width tor# is ~450 MeV. We
shall show subsequently that the transitiR,—S,+'S,  We can therefore read treg, /ag ratio directly from thehy;
has an the additional complication of an unusually largematrix elemeni18),
OGE decay amplitude, which may explain why the light sca-
lars f5(1300) andKj{(1430) are broad states despite the
node in the®P, decay amplitude.

ap 23/2 X2
w  twmrT oo
bi—om (1_ §X2)

21

B. 3P results for D/S ratios
This is equivalent to the resui#.11,12 of Le Yaouancet al.

Sensitive tests of decay models are possible in decay® the first reference df2] when one specializes their result
with more than one partial wave because one can then met@ equal wave function widths. Thi3/Sratio is also implicit
sure the relative phases as well as the magnitudes of tH8 Egs.(14) and(15). Since the strength of the pair produc-
decay amplitudes. Furthermore, these quantities are of the§on amplitude and some of the momentum dependence in
retical interest because scale and phase space ambiguitid§ overlap integrals cancel out in this ratio, there is less
cancel in the ratio. systematic uncertainty than in the decay rates. Proceeding

Multiamplitude decays require at least one final meson tgimilarly for a,—p, we find
have nonzero spin. For the decays considered here, the rel-
evant final states arew and war; other possibilities are ex- ap
cluded by phase space. These final states B&wel *, so of ae
all the lightL ;q=0 andL ;=1 mesons only the 1. mesons
have more than one partial wave; these decay to Bednd
D-wave vector-plus-pseudoscalar final states. On increasi
Lyqg We next encounter multiamplitude decays in the
states, for example inr,—pm (P,F) [4] and m,—f,m

21/2 2

X
S 22
a,—pm 3 (1_ %XZ)

as

nThe ratio of D/S ratios in these decays is especially interest-
|%g in the 3P, model because all the dependence on the
spatial wave functions cancels. One finds

(S,D,G).
Here we will calculate théd/S amplitude ratios for the ap
decaysh;— wm anda;— p . The ratio forh;— p, which as|, . 1
has not been measured, is theoretically equdl te> w7 to e =, (23
within small phase space differences, since these are both ) 2
p,—3s,+1s, decays. Thé, is clearly the most attractive aslp om
of these experimentally, due to the smaller widths of lthe
andw. Experimentally these ratios are
We assume an initial polarizatidy (J,= +1) and deter-
mine theh;; matrix element to a final state with a specific a
® polarization that allows bothL values; we choose o =+0.260+0.035 (24)
o(S,=+1). Using the diagrammatic techniques of Appen- as b,—wm

dix A, we find that the two diagramd; andd, give equal
contributions, and the totdl;; is and from a recent ARGUS measuremghi]
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ap appropriate field-theoretic generalization of the usual inter-
— =-0.09£0.02, (25  quark Hamiltonian.
Slaj—pm The current-current interactions due to the scalar confin-
ing interaction and one gluon exchan@GE) can be writ-
so the ratio is ten in the generic form
a 1 3 3 vy v vl 13\
) Hi=5 | | & &y FOOK(x=yDF(y).  (27)
S alﬂpﬂ'
=—0.35+0.09. 26 . .
ap 26 The current)? in Eq. (27) is assumed to be a color octet. The
a_s A currents] (with the color dependence?/2 factored outand
l—»u)’JT

the kernelK(r) for the interactions are

Theory and experiment for thed®/S ratios are compared _ S _
in Fig. 2; a best fit to theseD/S ratios alone gives 1Y scalar confining interaction,

B=0.448 GeV, for which D/S) b, ~wr— 1 0.219 and 3={ ¢’y color Coulomb OGE , 28)
(D/S)appwz—o.lls.(The small theoretical departure of

the ratio from—1/2 is due to phase space differenges.
The experimental rati@26) is approximately consistent

(yyi); transverse OGE,

with the 3P, prediction, but shows the need for a more ac- +2(br+S,) scalar confining interaction
curate experimental determination, especiallyaip—p.

An improvedD/S ratio measurement would allow an inter- K=1q taslr color Coulomb OGE ,

esting test of the’P, model, since the OGE decay mecha- —aglr transverse OGE .

nism predicts a departure of the ra{i@3) from —1/2; we (29

will discuss this in the next section.

In summary, the decay rates of light;g=0 and The scalar confinement kernel is normalized so tat S,
Lyq=1 mesongFig. 1) supportg~0.40 GeV, whereas the is the static scalar potential of a color-singtgy pair.
D/S amplitude ratios irb;— w anda;— pw (Fig. 2) sug- We refer to this general type of interaction astaJ de-
gest a larger valug~0.45 GeV. These are both signifi- cay model, and to the specific cases considered here as
cantly larger than th@~0.3 GeV which gives the maximum sKs j°Kj° andj'K]T interactions. The decay Hamiltonian
overlap with Coulomb plus linear wave functions. The situ-assumed by Eichteet al.[13] in their Eq.(3.2) is a special
ation is not improved dramatically by employing more accu-case of our form(27) with a j°Kj° interaction. The®P,
rate Coulomb plus linear wave functions, which indicatesmodel is also a special case of Eg7), with only a constant
that the assumed decay interaction only approximates thecalar termSy=(3%%2*)mgy.
actual mechanism.

B. JKJ A—BC matrix elements: General results

lll. “MICROSCOPIC" DECAY MODELS An A— BC decay matrix element of thi&KJ Hamiltonian

A. Candidate pair production Hamiltonians (27 involves a pair-production current matrix element
éqﬁmo) times a scattering matrix elemetd;|J|qg;). Dia-

In microscopic decay models, one attempts to describ . . i ;
; ammatically this corresponds to an interaction between an
hadron strong decays in terms of quark and gluon degrees of..._ . :

initial line and the produced pair, and there are four such

fr.ee_dom. The_quark-gluon decay mechanism should glV%iagrams(see Fig. 3. We label these using th&,-model
similar predictions to the reasonably accurdf, model, . : ; ",

. 3 o quark line diagram labeld, andd,, with an additionaly or
and should determine the strengttof the *Pg interaction in == . . SRR o
terms of fundamental QCD parameters. There has been littlQ subscn.pt denoting which initial line the produced pair in-
previous work in this area. One exception is the study Ofteracts W'th.' . . . . .

— . We specialize to the diagrad, for illustration. As in the
open charm decays aic resonances by Eichtast al. [13], 3p, model (see Appendix Athe?e is a Fermi “signature”
who assumed that decays are due to pair production from thehO f f ptp d . lap i % |
confining interaction. We will confirm this assumption for phase, a flavor factor, and a spispace overiap integral,
light quarkonia in most but not all cases. Eichggral,, how-
ever, assumed that confinement is a Lorergztor interac- <BC|HI|A>dlq: | signature! color Ifiavor I spintspace  (30)
tion; this is now believed to be incorrect. The currently ac-
cepted scalar form leads to quite different matrix elements.where

We begin by assuming that strong decays are driven by
the same interquark Hamiltonian which determines the spec- L.
trum, and that it incorporates scalar confinement and one I spin+spacé™ | spin+spacd(A—B—C). (31
gluon exchange. These interactions and their associated de-
cay amplitudes are undoubtedly all present and should be The Fermi signature arises due to ordering of the quark
added coherently. We will determine decay rates for the twoand antiquark operators. It may be read off from the diagram
body decays discussed in the previous section, assuming tlas the number of line crossings; in this case
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With these substitutions, and introducing a Fourier trans-
formed kernel

IC(Q)=Jd3x e K(r) (37)

we find

1 - -
Ispac&dlq)zwfj d3a dc da(2a—A)

2
N S S m
X ¢p%(2a—2C—B) ¢ (2c—C) d

a a, VE.ELEEc

FIG. 3. The four independeriq meson decay diagrams in X[ups I'ves dK(|a—c))lUes MUas,] (38)
JKJ decay models.

{
ﬂ
[ %
A

and there are implicit momentum constraitits a— C and

lsignature= (—1)°. A new feature, due to our explicit treat- T=¢—¢ from the spatial integrations in E433) and the
ment of color, is a color matrix element; the color factor for jmeson wave functions.

this diagram is As in the 3P, model, we take the nonrelativistic limit of
this interaction for our decay amplitude, although it would be
1 N 22 interesting in future work to investigate the effect of keeping

|co|or:3—3/§Tf[ >5[~ tam (32)  the full relativistic amplitudg38). We also specialize to the

rest frame A=0 andB= —C. These substitutions give our

and is the same for diagrany, and opposite fod;5-and  final general result for the,, overlap integral,
d,g- The flavor and spin factors are specific to the reaction

and will be discussed subsequently. Tthg spatial overlap 1 R
integral analogous to E@A5) is Ispacgdlq)z(zT)gff d3a dc ¢a(2a)

X ¢k (2a+B) pE(2¢+B)
X [Ups,T'ves]K(|a~C|)[Ugs I Uas,]-

X f f f d3a d®b dic ¢a(2a—A) (39

The overlap integrals associated with the three remaining

diagrams are given in Appendix B, and the detailed evalua-

><<c|J(>?)|a)(bED(37)|O>, (33 juon ofa dgcay amplitudé1 s and a depay r_%te .Ig !Ilustrated
in Appendix C for the decay— 77 with a j°Kj" interac-

where the matrix elements of the currentwith tion.
I'=9°%+'1) are

1 . .
Ispacédlq)ZZ!ff dx d3y EK(|X_Y|)

X ¢k (2b—B) ¢t (2c—C)S(A—a—B+b)

C. JKJ A—BC matrix elements:
Explicit results for SHO wave functions

- 1 m - _
(Q'3x)|g)y=+ 2n)? \/L ella’ —a)x [UgrsrTUgs], The complete decay amplitudes for the channels spanned
EqEqr by our representative set of light two-body meson decays are

(34 given below. The five expressions present in eA¢tampli-
tude correspond to contributions frofh) the scalar confine-
ment term,(2) the constant scalar tern8) Coulomb OGE,

I [g)= — —— ——— @~ X (-], (4) the portion of the transverse OGE operator which is pro-

Sl (2m)° VEgEg ogsTogs] portional tos;; , and(5) the term in transverse OGE which is

(39 proportional to—Q;Q; /Q2. A common factor has been re-
moved

1/2
— -x2112 %,

1 m L
v - 9 i(9+q)-y
<qq J(y)|0> (277)3 /—EqEq_e [uqsrvqs .
(36) The results for each channel are
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|
D. JKJ decay rates: Numerical results and

To estimate the numerical importance of the scalar and 8 2
OGE decay mechanisms, we first specializepte w7 and ik’ = -1 2 o2 ﬁ Ex3 = E§§
consider each contribution in isolation. Using E¢8), (40), pom 3%)%imy) M7 [T Y202
and(41), and the flavor factors in Appendix A, the decay rate )
due to linear scalar pair production alone would be + f = } E-g e x16 (51)

ot" t2°2 '
2552\ b \2EZ 13
FsKs 2 3L E Ty - . .
pomm 36 myB 171 909 These rates are shown in Fig. 4 for the parameter set

as=0.6,b=0.18 GeV?, andm,=0.33 GeV.
_ E §§> For comparison with the microscopic decay model ampli-
2’2’ tudes, we also showP, model decay amplitudes in Fig. 5;
these assume=0.5, corresponding t&,=+0.161 GeV.
The analogous decay rates due to Coulomb OGE and tranfRecall that the®P, interaction is identical to a constant
verse OGE are scalar termSy= (3%%/2%) ym,.]
. b2 Evi_dently,_the domi_nant decay mechanism is m@a in-
[i%Ki 77_1,2( 2 2(&) Exs 1 3_§> teraction, pair production through the scalar confining poten-
poTT ’ tial. At 8=0.4 GeV, thep— a7 width predicted by the
sKsmodel alone is 330 MeV, about twice the experimental
151 MeV. In comparison, transverse OGE gives a width of
3.9 MeV, and the color Coulomb interaction gives only 0.36

4 2
e X8, (49)

T L
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1000 F———T T~ tions are often comparable 8Ks and cannot generally be
g \ ignored. To illustrate this, in Fig. 5 we show the numerical
(RO S N AN \\ _____________ decay amplitudes we find for each decay. The normalization
100 ¢ incorporates phase space, so these amplitudes squared give
r. i sKs the physical decay rates. The magnitude of the experimental
(MeV) I amplitude is indicated by horizontal lineéThe h; ampli-
10F tudes are not shown because they are essentially identical to

T (0GE), the b; amplitudes times a flavor factor Q}E.)
The decay amplitudes due to Coulomb and transverse
] OGE also are shown in the histograms. The Coulomb gluon
[ T~ (0GE)__ term is small in all the decays we have considered. This
ot b i i, could have been anticipated; in the limit of a constant kernel

0.1 02 03 04 05 06 07 K, the Coulomb gluon decay amplitude actually vanishes

B (GeV) because the transition operator is then proportional to the

fermion number operato®= [d®xj° (squaredl and hence
cannot pair produce. With a slowly varying kernel the Cou-
lomb decay amplitude is nonzero, but remains small. Trans-
verse gluon exchange in contrast is sufficiently large to make
MeV. (The transverse and Coulomb OGE contributions addn important contribution in some channels. The most no-
constructively, so the total width from OGE alone would betable of these ar&; — K= andf,— 7, in which the OGE
6.7 MeV. These both interfere destructively with the domi-decay amplitude actually dominates the nonperturbative
nantsKsamplitude, so the total width we find from all three sKs amplitude [see Figs. &) and 5i)]. Recall that the
amplitudes id’,,_, ;,=243 MeV) widths of scalaqq states are problematical in ti@, model

Although thesK sinteraction is usually found to be domi- because of a node in their decay amplitu¢iese Fig. 1 The
nant in our representative set of decays, the OGE contribdarge additional OGE decay amplitude insures that the scalar

FIG. 4. The decay rat&, .., assuming onlysKs, j'KjT or
j°Kj° decay interactions. Parameters=0.6, b=0.18 Ge\?,
m,=0.33 GeV.
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50 50
a0 | 1 w [ 1
30 L ] 30 F ]
20 L I 20 L ]
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(Mev'/2) °r I - % ] (Mev'’?) of I - Z|
-10 | & -10 F 7
20 [ ] w0 [ 1
-30 + ] -30 .
-40 | . -40 .
-50 -50
br OGE 0GE % br OGE OGE *p

(Trans.) (Cou.) (Trans.) (Cou.)

(b) f,->==n (d) a->(pm),
50 100 [
0 r b 80 |
30 | - 60 E E
20 § 40 F ]
10 | Y - 20 F =
Amp. 0 - &, 1 Amp. E I %
(Mev'/?) T [ - ] mev'’2) O f b
10 E - =20
-20 - -40 F 3
-30 | - 60 b ]
-40 ] -80 3
-50 -100 ©
br OGE OGE 3p br 0GE 0GE 3p
(Trans.) (Cou.) ¢ (Trans.)  (Cou.) °

FIG. 5. (a)—(i) Decay amplitudes fronsKs (br only), OGE (transversg and OGE(Coulomb decay mechanisms, with parameters
B=0.4 GeV,b=0.18 Ge\?, a,=0.6, andmy=0.33 GeV. The decay amplitudes for tAB, model of Sec. Il are shown for comparison.
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mp. I [ 1 mp. o
tMev'’sy © [ | | 7 1 mev's °F -
-10 E - =20 F ]
-20 [ y -40 | 7
=30 | 1 -60 | ]
-40 | 8 -80 | 7
0 br OGE 0GE 3p -1oo br 0GE OGE 3p
(Trans)  (Cou.) o (Trans.)  (Cou.) °
@) t->==n
100 [
80 F 3
60 - ]
40 ¢ -
20 r 3
o 28| 7
(Mev'’?) 0F || ]
_20 - -
_40 - -
-60 F 3
_80 - -
-1oo br OGE 0GE 3p
(Trans.)  (Cou.) e

FIG. 5 (Continued.

qq states will be broad resonances, despite the node in th@eV as reasonably well established for light quarks, we
sKsor 3P, decay amplitudes. doubt that the discrepancy reflects our choices for these pa-
Note that the overall scale of the total decay amplitudesameters. For this reason we do not show an optimized fit to
predicted by thesKs+ OGE decay mechanisms is too large the experimental rates, which would give reduced values for
relative to data by about a factor of two. It is nontrivial that o5 andb.
there is even approximate agreement; recall in contrast that We suggest that the theoretical overestimate of scale may
the overall scale of the decay rates is not determined in thbe due to relativistic corrections to our nonrelativistic ampli-
3P, model, but is fitted using the parametgr Since we tudes, such asV/E factors in Eq.(38); if included, these
regard the valuesrs=0.6, b=0.18 Ge\?, and m,=0.33 would reduce the overall scale of rates and have little effect
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the scalar potentigd(r), and may instead simply be a way of
subtracting off a fictitious constituent quark mass contribu-
tion of 2m,~0.7 GeV from theqq spectrum. If anS, of
approximately this magnitude actually were present, it would
make an important contribution, as it is larger than bre
term and opposite in sign. We find however thatSgrof this
magnitude leads to unrealisti®/S ratios inb;—wm and
a;—pm. In both decaysD/S passes through zero near
Sy=—0.3 GeV and diverges ne& = —0.5 GeV with con-
ventional parameter values o&,=0.6, 8=0.4 GeV,
b=0.18 Ge\?, andm,=0.33 GeV, wherea§,=0 leads to
reasonabl®/S values. Since th®/S ratios are inconsistent
with a large negative consta8y we will assumeS;=0 sub-

05 L« ¥ i

0.2 03 04 05 06 Sequenﬂy_
B (GeD)
FIG. 6. D/S ratios inb;— wm anda;— pm predicted by the E. D/S ratios in JKJ decay models
*Po model(dashedland thesKs model with S(r) = br (solid). In Sec. Il B we noted that the ratio & and D-wave

amplitudes in the decays, — w7 anda;— pr allowed sen-

sitive tests of the angular quantum numbers of gfuepair
on the successful relative rate predictions. Other possiblproduced in a strong decay, and that tte, model is in
sources of this discrepancy include our choiceggfwave reasonable agreement with experimeaibeit for the rather
functions (the overall scale of rates is sensitive to the SHOlarge value of3=0.45 GeV. Recall also that the ratio of
width parameter8) and our assumption that confinement D/S ratios (a;/b;) in the *P, model is predicted to be
may be treated as the exchange of a scalar quantum with-a1/2 (neglecting minor phase space differencesdepen-
linear kernel in configuration space, but gag-scalarform  dent of theL ;q=0 andL q=1 radial wave functions.
factor. We find that thesKsinteraction leads to very simildd/S

A large negative constai®, of up to~—1 GeV is often  predictions to the’P, model. ThesKs predictions forD/S

included in potential models, and is needed to give a best fitatios can be read from the decay amplitudéb—(48); for
to spectroscopy. Of course, it may not actually be present ilv;— w7 it is

ap sKs X2 [1F1(=3:35:8+ 51F1(— 3516+ 31F1(— 35 3:8)]

= om :
aslp, wr (- 3i- 50— BiF (- 55,0+ BiF1(— 3 8:0)]

(52

This rather complicated result is shown as a functioy arf anticipated since both decay models assume pair production
Fig. 6, together with the’P, prediction(21) and the corre- with 2P, quantum numbers, and differ only in the presence
spondinga,— pr results. ThesKs and 3P, decay models or absence of spatial correlations with incoming quark lines.
evidently give remarkably similaD/S ratios, and are essen-  The simple ratio in Eq(53) follows in thej°Kj° model as

tially indistinguishable in these reactions. well, and appears to be generally true if the initial lines have
The ratio ofa, /b; D/S ratios with thesKsinteraction is  no spin-flip amplitude and identicak(,b;) and (p,w,)
predicted to be radial wave functions are assumed. In contrast, jtHejT
transverse OGE interaction has an initial-line spin-flip ampli-
ap tude, so the ratio departs from1/2. This may be useful as a
Sla—pn 1 signature of the OGE component of the decay amplitude.
a =—3 (53 Although theseD/S ratios are often cited as an argument
o against an OGE decay mechanism, the actual OGE calcula-
as by— o tion does not appear to have been carried out in the literature.

(We emphasize that OGE is not equivalent to thés;”
just as in the®P, model. Thus, to the extent that ti#,  decay model, for which results do ex[g,7].) We find that
model is successful in explainiddy/ S ratios, this is a success the full (Coulomb + transversge OGE D/S ratios are given
of the sks model as well. Some similarity could have beenby
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ap|%F  x® [Fi(3: 359+ §iF 1355+ fsiFa(3:5:6)] 50
= == 52
as by— o 273 Fi(— 3= 5:60— FuFi(— 5, 5,0+ R4Fi(— 3: 3:9)]
and
ap|°%F X2 [1Fu(3:3:9+ 21F1(355,:8)] (55
o Y2V .
Sla,—~pm 2R (= 5:3:6— FaFi(—3:3:0)]

These are shown in Fig. 7; evidently, the hypothesis of OGEeither theoretical result within errors. A more accurate ex-
dominance of these decays can indeed be rejected, becayserimental determination of the§¥'S ratios would be inter-

the OGE decay mechanism predi€isS amplitude ratios of esting as a test of the expected OGE corrections to nonper-
the wrong sign for botla; — p7 andb;— wr. turbativesKs or 3P, decay amplitudes.

Of course bottsKs and OGE decay amplitudes actually
are present in the physical decays, and Fig. 5 shows that the
OGE contributions are not negligible here. It is especially
interesting to investigate the combined effectsfs and In this paper we have discussed the current theoretical
OGE amplitudes, because it may be possible to identify theinderstanding of open flavor strong decays and proposed
individual contributions through interference. In the follow- new “microscopic” quark and gluon mechanisms for these
ing we set M(a;))=M(b;)=123 GeV and decays. We began by reviewing ti®, decay model and
M(p)=M(w)=0.78 GeV to remove small phase space ef-introduced a diagrammatic representation for its decay am-
fects. First in Fig. 8 we show thB/Sratio inb;—wm asa plitudes. We then carried out detailed calculations of the de-
function of the OGE coupling strengthg for a realistic cay amplitudes for a representative set of light meson decays,
sKs amplitude p=0.18 Ge\?), for several values of the firstin the 3P, model and then in microscopic decay models,
wave function scalgd. Evidently, the effect of OGE is to which assume that thgq pair is created by an OGE mecha-
reduceD/S somewhat, and for the conventiorgl=0.6 this  nism or by nonperturbative pair production from the scalar
leads to a more realistic value of the wave function scaleconfining potential. These results were derived analytically
B~0.35 GeV. Recall that a rather large~0.45 GeV was using well-established light quark interactions and SHO
required to fit the observeld; anda; D/S ratios with the  wave functions.
sKsinteraction treated in isolation. We find that with conventional quark model parameters,

A more definitive test of the presence of OGE contribu-the I@tqq_open-ﬂavor meson decays are usually dominated
tions involves the ratio ofi; /b; D/S ratios; this is exactly by qq pair production from the scalar confining potential.
—1/2 (assuming identical phase space and spatial wave funéd/e refer to this as thesKs (scalar-kernel-scalardecay
tions) for anysKsor 2P, decay strength. We show this ratio model. This explains the success of the phenomenological
versus the OGE coupling in Fig. 9, for the same paramete?P, decay model, since thgy scalar current produces pairs
set as Fig. 8. Forxs=0.6 we expect a reduction in the in a 3P, state, which is assumealpriori in the 3P, model.

a, /b, D/Sratio to ~—0.46 to—0.47. The current experi- The dimensionless pair production strengthis not deter-

mental ratio of—0.35(9) suggests a larger departure frommined theoretically in thé P, model, and is treated as a free

the sKs and 3P, prediction of — 1/2, but is consistent with parameter. In contrast, in our calculations the absolute decay
rates are completely determined by thg wave function

IV. SUMMARY AND CONCLUSIONS
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FIG. 7. D/Sratios inb;— wm anda;— p assuming pure OGE FIG. 8. D/S ratio in b;— w7 with combinedsKs and OGE
decay amplitudes. decay amplitudes.
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Y J— I— . dominate in certain channels such #&,—1S,+1S,.
[ It is clearly important to compare these hadron decay

F-030 Gev models to experiment over as wide a range of masses and

-049 [

a /b, ] length scales as possible. Thus, it would be interesting to
D/S ratio apply these microscopic decay calculations to charmonium
-048 - . (where the transverse OGE contribution should be much

[ p-osscer smalle) and to strong decays of light baryons, for which new

-047 | data is expected from the TINAF experimental program. The

_ . simple exercise of extending these light meson calculations
046 [ 3 to highert ;4 initial mesons also would be very useful, as it

i appears likely that large departures frotR, (and sKs)

[ . . . . ] model predictions due to OGE contributions could be found
'0'450_0 02 04 06 08 1o among the many decay channels available to these states.

a,
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for the absence of “hairpin” diagrams; since the micro-
scopic pair production interactions prodwpg pairs in color- APPENDIX A: DIAGRAMMATIC FORMULATION OF
octet states, hairpin diagrams are forbidden without addi- THE 3P, MODEL
tional interactions. In the usudP,-like decay models, one
assumes pair production ofgq color singlet, and hairpin
diagrams are simply discarded without theoretical justifica- One may simplify calculations of decay amplitudes in the
tion. Other tests of the color state qfj pair production in 3P, model by developing a diagrammatic description. This
decays would be useful to discriminate between fifgy  is nonessential foPP, model calculations of meson decays
model and our color-octet description. since there are only two diagrams, but in our generalized
We have seen that OGEq pair production is usually decay models there are four diagrams, and it is useful to
dominated by nonperturbativ@Ks decay amplitudes, how- distinguish their contributions to prove relations between
ever there are numerically important OGE contributions inthem. We anticipate that the diagrammatic description also
some channels, notabl§P,—1S,+1S,. In that case OGE will be useful in the more complicated combinatorics of
pair production actually dominates the nonperturbatitss  baryon decays.
amplitude, and insures broag(1300) andK}(1430) qq We begin by noting that the pair production component of
resonances. OGE pair production also makes characteristibe *Po Hamiltonian(2) can be written in terms of creation
contributions to some observables such adxh® amplitude  operators as
ratios inb,;— w anda;—p. It will be important to at-
tempt to .identify OGE contributions in these and similar HFZ d3k g% [U_IZSU—IZsﬂbESdT,g- (A1)
multiamplitude decays. ss Ex
The general features of treKs and P, decay models
are very similar, and in a comparison that treats both pailVe associate both the coupling constgrand the external-
production strengthb (in sKs) andy (in 3P,) as free pa- line spinor bilinear (ng/E\)[ugsv —¢s] with an effective
rameters, there is no clear preference between these modélBo qq pair production vertex. There is no additional factor
in fitting the data. There is, however, a problem with theof —i, unlike conventional field theoretic Feynman rules,
sKs model, because the string tensibnhas a preferred because we are determining the matrix elemerti pinstead
value of about 0.18 Ge¥in meson spectroscopy; this gives of the T matrix. o
decay amplitudes that are too large by about a factor of two. We assume nonrelativistigg wave functions for the ini-
This discrepancy of scale may be due to the neglect of reldial and final mesons; in our notation a meson state is of the
tivistic effects such as the, /E external line normalizations form
in Eg. (38). We suggest that future studies of decay ampli-
tudes might search for evidence of OGE contributions, which
differ considerably fromsKs and 3P, amplitudes and may

1. General results

|A)= fd3afd3?¢(é—?)5(ﬁ—5—57l aa) (A2)
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with implicit spin and flavor wave functions that are the
usual nonrelativistic quark model formigzor details of our B B
conventions for the wave functions, see Rdf4] and Ap-

pendix A; note that a factor of 1/¢2)%? was omitted inad- A /" N\ ¢ A c
vertantly from the normalization of the wave function in Eq.
(A15) in that referencg. d d,

One now may evaluate the Hamiltonian matrix element
for the decayA—BC in terms of straightforward overlap FIG. 10. qq meson decay diagrams in ti®, decay model.
integrals. Schematically, we have a matrix element of the
type which is projected onto the final statBC)=|bbcc). The

_ odd number of crossed lines in each diagram implies a
(bbcﬁb}sdi@a?% (A3)  (—1) phase(the “signature” of the matrix elemeptue to

permutation of quark and antiquark operators.

and it is useful to distinguish two Feynman diagrafiy. Specializing to diagram,, the associated matrix element
10), which we refer to a8, if the produced quark goes into S Of the form
mesonB andd, if it goes intoC.

These are drawn so the ordered quark and antiquark con- (BCIH |A)g, = signature! flavor | spin+space (A4)
tent of the state can be read from the diagram by drawing a
vertical line through it. Thus, ind, the initial state is The spatial overlap integral associated with diagdinibe-
|A)=|aa), but immediately after the pair creation we havefore the spin matrix element is taken, which gives
béd%}a?ﬁ |qgaa). This is then rearranged tdqaad) Ispinrspacédi)] is

L puee(dy) = f j [ [[ [ @edassabae e

$a—a)3(A—a—a)$*(5-b)8B-b-b)¢*((-HAC--8) (A5
mes;n A meson B meson C
3, Mg A . = s e 3 -
Jd k gE—k[uksv_ks—]5(k—b)5(—k—E) 8la—c)dla—>b)
—— —
pair prodL;tion amplitude spectator lines
|
This result can be read directly from the diagrésee Fig. 5 A
11), using the pair production verted1) and the fact that I spackd2) = fd K ¢a(2k+2B) pg(2k+B)
each unscattered ‘spectator” line gives a factor of
8(ki—Ks). ><¢*(2I2+I§)-g%[? v_iks]. (A8)
Thus the decay amplitude is a 21-dimensional integral ¢ E, b kS kst

involving 21 one-dimensionah functions. Only 18 of the
integrations can be carried out triVia”y, which leaves a threeThe Spin factor and |a_bel§$l ’ﬁin these Over|aps depend on
dimensional overlap integral times aé(ﬂ— B— C) the reaction being considered, and are determined by the

momentum-conserving function, external line labels attached to the diagrams, as illustrated
below.
Ispacezlspace‘S(A_B_C)v (AG)
2. An illustrative 3P, decay: p— 7w
as in Eq.(4). These overlap integrals are explicitlgetting Here and in Appendix C we will use the decay
A=0 andB=-C) pt(+2)— =" #° to illustrate our techniques, and simply

quote results for other cases in the text. For this decay the

. > s flavor states are|p®)=|7*)=—|ud) and |7°)=(Juu)
_ 3 _ * _ o
! spack 1) Jd K ¢a(2k=2B) d5(2k—B) —|dd))/\2. Figure 12 shows the evaluation of the flavor
m factor for diagrand;.
X ¢t (2k—B)-g— [Uks,v—ks): (A7) The flavor factors of other decays can be determined simi-
Ex ¢ larly, and are tabulated below. For a given decay, such as
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FIG. 11. Determination of the spatial overlap integral for diagdym

f,—wa, we give the flavor weight factor for each diagram 1 . .

in a specific charge channéh this casef,— 7" 7~). The | spin+spackd1) = — ngd k ¢a(2k—2B)

resulting decay rate fof,— 7" 7~ then must be multiplied

by a multiplicity factorF to sum over all final flavor states (kytiky)
(hereF=3/2 for v* 7~ and 7°x°). The “flavorless” decay X ¢5(2K—B) L (2k—B)—F ——

amplitudes quoted in the text, Eq§)—(15) and Eqs.(40)—
(48), correspond to unit flavor factor$y,,.(d;)=+1 and
lfavo{d2) = = 1. (The sign is chosen so the contributions of
d, andd, add rather than cancgllTo convert these to physi-
cal decay amplitudes, one should multipl¢, 5 in Eq. (7) or
Eq. (40) by l4a0fdq) from Table I, and multiply the result-
ing total decay rate byF. TheK* is a special case because hy=—
only one diagram contributes; in this casd, 5 should in-

stead be multiplied bYjo(d1)/2.

The spin states are |p(+2)=|11) and Since the overlap integrals satisfyd,,—B)=+1(d;,B),
|m=(11)—|1T))/V2; taking the spin matrix element N is odd undeflg— —Qg, and can be written as
analogously to Fig. 12, we find a spin factor of
[(— 1/2)U—E,LU—IM] for this diagram. Combining these results \/— B
and using the explicit Dirac spinor matrix element in Appen- 2l spintspackd1) = + = 2 mq d°k
dix B, we find

(A10)

The second diagrard, has an opposite flavor factor, so
the full result is

1
E(l spin+spac<£dl) =1 spin+spac<£d2))- (All)

hfi(dl)zlsignature Iﬂavor Ispin+space(dl), X ¢A(2k_ ZB)¢§(2k_ B)¢€(2k_ B)(kx+ |ky)

—— —

(1) (+143) (A9) (A12)

We also have substituted, for E, in Eq. (A10) to recover
where the nonrelativistic limit, WhICh gives théP, model.

TABLE II. Flavor weight factors.

> (_)u Generic decay Subprocess |avo(d1) | flavor(d2) F

d p— T pt—ata® +112 —112 1
o o foam f—omta —112 —1h2 3/2

u - ' 1 u d + +,. 0

=) / \‘_ _1/2<_ _ _) a—pm a —pa +12 -112 2

el 2 u d b—wm b*—wm* +142 +12 1
h—pm h—p™m™ —112 -112 3

FIG. 12. Determination of the flavor factor af 1/2 for dia-  K* —Km K** K" 7° +112 0 3

gramd, in p*— a7t 7°
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Frequently in the literature these decay amplitudes are APPENDIX B: OVERLAP INTEGRALS
evaluated using SHQjg wave functions, which lead to AND SPIN FACTORS

closed-form resuits. Fdtqq=0 mesons, our Gaussian mo- In the text we discussed the evaluation of only one of the

mentum _ space Wave function ¢(kg—Kg), with o decay diagrams present iv—BC meson decay in

k=ky=—Kg; is JKJ models. Here we give the overlap integrals associated
with all four diagrams:

> 1 2/5 2
B(2K)= g 3p € <72 (AL3) 1 ]
B Ispacédlq): + WJ'I d*a d3C¢A(za)
We note in passing that the,;g=1 wave function used in o oL
this paper is X ¢ (2a+B)pg(2c+ B)[ups I'ves ]

232 1 X K(a~€)[Ugs,T'Uas,] (B1)

2K) = =1 —1a=35 = € K2PY Q). (Al4 . . . o
$1m(2k) 312 1Ag32 (). (AL4) (with implicit momentum constraints specific to this diagram

o o fb=a+B ando=—B—0),
On substitution into Eq. (A12), ¢(2k) gives a 0 a andc C)
p*(+2)— " 7 decay amplitude of

1 -
packtag) =~ s | [ %2 Posu(28)

2112 g P 2/1 92
R VI —P4/12p R N N o
T T pme Yulle) (ALY X 4 (25 B) (28 + B)[Ug [0 s ]
and anM%, ~™ ™ amplitude of X K(a=b)[vz 251 Vo] (B2)
.22 1 g P, (With ©=—B—¢, a=—a, andb=B—h),
M= ™= ?Fmﬂ—ﬂzﬁﬁefpmﬁ Y11(Qp).
q

1 -

(A16) | spacktoq) =+ 553 J f d’a d*bepa(2a)

Substitution into Eq(6) then gives the total decay rate L o
X ¢pg(2b—B) pe(2a— B)[Ucs ['vbs;]

210 2 s
Tpnn= 71’2(?)(%) M (P/B)%e P65, X K(a—B)[Ups,Iias,] (B3)
q

(A17) (with ¢= a—B andb=B

which with the identificationy=g/2m, is the usual*P, re-
sult. 3 -
Many features of this decay rate could be anticipated on  'spackd2q)=— (ZW)SJJ da d°céa(2a)
general grounds. Specificallyl) the (g/mq)2 dependence

follows from theO(g) of the amplitude and the nonrelativ- X ¢§(2§— I§)q’>’é(26+ E’j)[u_cscl“vb}ﬂ
istic limit of Eq. (2), (2) the factor ofM , comes from phase o
space and the relatidBgE /M =M /4 (3) the P? thresh- XK(a=c)[vaslves] (B4)

old dependence is expected fonPawave final state(4) di- L L

mensional arguments then require a factor g@*1/and (5) (with a=—a, b=B—a, andc=—B—c).

an exponential in®/B3)? is expected given SHO wave func- In our evaluation of decay matrix elementsdKJ mod-

tions. els, we also require spin matrix elements, which involve the
Only the overall numerical coefficient and the factor of nonrelativistic O(p/m) matrix elements of Dirac bilinears

1/6 in the exponentialpresent in all®P, SHOA—BC qq withT'=9°, 7, and | and Pauli spin matrix elements. These

meson decaysequire detailed calculation. are

ey r=9°,

lim /e ol Ugrs T Ugs] = 2_mq[(q+q ) sy —i(s'|o|s)x(q'—a)] T'=y, (B5)
Osg r=l,
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1 - .
i . =40
2mq<830|0> (q+a) I'=v,
limyc ol Ugsl'vgs]= <S§0_)'|O> F:;’a (B6)

1 . N
2—%<53—0|0>'(q—t1) r=1,

Ossi FI?’Oy
1T o N

limyse_o[vgsT vgrel= 2—%[(q+q’)6ss/—|<s’|<r|s>><(q’—q)] =y, (B7)
— 0537 =1L

The explicit scattering and pair-production matrix ele- 1 s 3 R ..
ments of Pauli spinors, in terms of the spherical basis vectors Ispacédlq)szf d°a d°c¢a(2a) ¢z (2a+B)
e.=TF(X*iy)/\2 ande,=2, are

X E(2¢+B)[Ups Tves IK(|a—c|)

tlalty=—(llall)=8, (B8) —
(1laln)=—(1lol )= (o] e
(1lally=+2e_, (B9  To evaluate this fop™ (+2)— =+ m°, note that for the color
Coulomb interactionI{ = ¥°) the spinor bilinears are
(Lolt)=—28., ®0 1 o
[ubsb7 U?ngl[ucscy uasa]z H<Sbsﬁa|o>(b+c)5scsa-
. . g
(Tlo|T)=—(llall)=—¢&, (B11) (C2
o . Attaching the spin wave functions to the diagraip, gives
(Tlof1)= V28, (B12)  an overall factor of € 1/2) and sets,=| ands;= |, so
o the spin matrix element is(o)qg=(—1/2)] | |o|0)
(Lol 1)=—12e_, (B13)  =—2&, /2. With the substitution§=(a—c)=(b+c) and
S =(a+c)/2, hy; becomes
(11]ol0)=V28_, (B14) 22 1
he(dig)=(—1) tym| |\ Tam
(111a10)=(1 T[]0y =—&, (B15) T T er | faver
—- . d*Qd’3, (0),;-0 .
(| 1]oloy= 28, . (B16) XJ f @m’  2m, K(Q)#,(2%+Q)
APPENDIX C: p—arm IN JKJ DECAY MODELS X ¢E.(22+0+B)¢%(25-0+B). (3

We will illuitratg aJ K;] d;acay calculation in detail using \jithout additional information about the spatial wave func-
the reactionp™ (+2)—m" 7°, as in our discussion of the {ions this is the final result. To proceed we assume standard

*Po model in Appgndpé A. We will evaluate the— 77 guark model Gaussian wave functio#sL3) for the mesons.
decay rate using thi?K j° interaction in Eqs(27)—(29), and

simply quote results in the text for the other cases. For each
type of JKJ interaction, we find that the four diagrams give
equal contributions to this decay, so we discuss only diagram
diq (Fig. 13.

For all theJKJ interactions, this diagram has a signature
of (—1), a color factor of+2%/3%?, and a flavor factotfor
pT—m " 7°) of +1/2"2 Differences in the relative impor-
tance of the decay mechanisms arise in the spin-space over-
lap integrals and th& spinor matrix elements. d

In the text we derived the spatial overlap integral for dia-
gramd,q in the nonrelativistic limit, Eq(39): FIG. 13. Decay diagran, .

»—
B

-

K><

1gq
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The d3 integral then can be carried out, which gives 2112 @y, 1 3
hfi(dlq):?ﬂ' ,8 % 1R 2;§;§
hp(dy )= _2—13—377—15/4mq‘lﬂ—-3/2€—x2/16

, 2 F (1 5 §)
- - R —aiF1l 555
><fd3Q (9)s70 K(Q) exp[ 7 (Q ) ] 22
~ ~ ~ On multiplying by 4 for the four equivalent diagrams, we
! obtain the full result forh;; for p*(+2)— 7' #°. We can
(€4 apstract thg°K j© decay amplitudeV, g in Eq. (6) from this;
removing thep* — 7" 7° flavor factor of 142, we have

e 12y,,(Qp). (C10

where we have again abbreviatBdg=x.
We may evaluate this intermediate intedgrddy returning

3
to coordinate space using E@37) and integrating over M<331H150+1So):+2_7.,73/4$’31/2X = 1%5
d3Q, which gives 10 3° Y22
: 2 15 o
| = 331232 3Jd3r <(;>q? EI§+ ﬂﬁz;) - §1F1(§;§;§) e X /12, (C11)
4 2
XK(r) e /4364, (cs)  Which is equivalent to the result quoted in H41). Using
Eq. (6), we find that the totab— 77 decay rate due to color
For<5>qq—in this reaction we have Coulomb OGE(treated in isolationis
6 2p2
. - 2 %0 _ —1/22 2 ﬁ Es 1.3
(g r=- \/?rYll(Q), (Co P 36) ( mq Mpx 1F1 2'2 ¢
. . . 2 (15 \]2
and the angular integrals can then be carried out using a - =1 1(—;—;5 e X8, (C12
spherical harmonic expansion of the plane wave in(E&). 3 2'2
This gives

Alternatively, for the specific case of a Coulomb kernel
B , o _ap2,2) we can eyalua}te the momentum space inte@8) directly.
|=—2° 23773ﬁ3Y11(QB>J1) redrK(rye 3 The required integrals and others needed to evaluate decay
amplitudes forP-wave quarkonia are given below.

1 3
X|=Pjo(Prid)— = B%rj 1(Pr/4)}. (C7) ) R 13 . i
4 2 qQ(1/Q?)e % =", 21F1(5,§,aQSHe‘aQ3,
Since the kernel is simpli{(r) = a¢/r in this case, the radial (C13
integrals can be evaluated in terms of confluent hypergeo-

metric functions using the general formula

| oG e o

/
” a I'(¢)
drenj (ane "’ =7 — oy 312
b? 27721 (/+3/2 T2 395 o] a2
° (7432 = ol 2QuiFi| 5.5 .aB| [e 2%, (C14
y 3 a2 a’3 2’2
/—nN a 2
S - |a—a‘ldb
X 1F4 5 +1,/+2,4be , ) .
(CS) f dsQ(QlQJ /Q2)e—a(Q—Q0)
312
where¢=(n+/+1)/2. This result suffices for all the over- _r ig.. E (§ E a®?
lap integrals we encounter ihKJ decay models with SHO al2| 3 7| 2090
wave functions and power-law kernels. 5 7
| iSApphed to the Coulomb case, our result for the integral +5 QO|Q0]1F (5 5 aQé aQ0 (C15
|=—2%2.3, g%l F 13 3 34y a—a(Q—Qg)?
= WasBX112,2,§ d*Q(Q;Q;/Q%e 0
2 15 2 732[ 2
- §1F1(§§ 5;5 XTBY11(Qp), (CY =3

where £=x2/48. Using this integral, we obtain our final re-

sult for diagramd,,

15
35”1':1 5150 ,aQp
( e 2% (C16)
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first indexa, times a centrifical factor ok“ec. These rear-
rangements are straightforward using the recurrence relations

J d*Q(QiQ;Q/Q*% e @ *

3 37 o, (e o
=12 1—5(5ijQ0k+ 0k Qoi + 6kiQoj)1F1 55:8Q0 1F1(a,c,x):m1Fl(a—1,c—1,x)
4 59 _\] .= (a—c)
+3_5aQOiQOjQ0k1F1(§v§yan e 2%, (C17 +—(a_1)1F1(a—1;c;x) (C19
This approach applied to— 77 leads to the result and
o028 B \2E2 35 \2 (c—1)(c—2)
X =a ¥ aﬁ(m—q M—px3lFl E;E;g e X6, xlFl(a;c;x)=W[lFl(a—1;C—2;x)
(C18
—1F(a—1;c—-1;x)]. (C20

which is equivalent to Eq.C12).

Relations between confluent hypergeometric functions The decay rates due to transverse OGE and the confining
with different indices allow these results to be written in interaction may be derived using the same techniques, with
various forms. We typically express our final results for de-the minor complication that transverse OGE also has initial-
cay amplitudes as linear combinations of confluent hyperfine spin-flip contributions. These results are quoted in Sec.
geometric functions with constant coefficients and a commoill D.
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