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Selection rules forJ”¢ exotic hybrid meson decay in largeN,
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The coupling of a neutral hybrifl,3,5 .. .}~ " exotic particle(or currenj to two neutral(hybrid) meson
particles with the sam@”® andJ=0 is proved to be sub-leading to the usual lakjeQCD counting. The
coupling of the same exotic particle to certain téybrid) meson currents with the sanlB® andJ=0 is also
sub-leading. The decay of a{1,3,5..)} % hybrid particle to 5a° % 7° 75 5, 7(1295)7°,
w(1300P7°, 7(1440)7°, a,(980)°c or f,(980)0 is sub-leading, assuming that these final state particles are
(hybrid) mesons in the limit of largé, .
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[. INTRODUCTION treatment of the results of Rg¢6] is the subject of this paper.
The results of this paper can be comprehended by only read-
States of quantum chromodynami¢®CD) can defini- ing Sec. IV, which also explicates the experimental conse-

tively be said not to be conventional mesons when thesguences of this paper. Section Il proves two results for the
states have exotiz”C, which cannot be constructed for con- coupling of particles to currents by first proving two prelimi-
ventional mesons in the quark model, or equivalently, cannofi@ry results. Section Il uses the results of the previous sec-
be built from local currents with only a quark and an anti- tion to prove a result for the coupling of particles to particles.
quark field. Here] denotes the internal angular momentum,

P (parity) the reflection through the origin an@d (charge Il. COUPLING OF CURRENTS TO PARTICLES
conjugation particle-antiparticle exchange. These are con-

served quantum numbers of QCD. tical J=0 particles vanishes by Bose symmetry, because the

- - - . C .
With the experimental discovery of isovectdii® exotics, fina) state particles are in an odd partial wave. The analogous
the question of their interpretation has come into focus. QCQtatement for a Green’s function built from aPC

with a large number of coloril. offers a systematic expan- ={1,3,5.. .} % current and twaJ=0 currents is that the
sion in 1N, with considerable phenomenological successidentical current” part, or symmetric part, of the Green’s
[1,2], which can address this question. This is because function vanishe$5]. The OZI rule allowed contributions to
glueball (built from only gluong and a (hybrid) meson the Green’s function only has a symmetric pdit, so that
(quark-antiquark with additional gluonslo not mix in large  they do not contribute to the Green’s function. The expres-
N. [1]. Furthermore, four-quark statésvo quark-antiquark sion that does not contain an OZI rule allowed contribution
pair9 are absenf2]. In large N, the isovectorJ°© exotics  is
musttherefore be hybrid mesons, as glueballs are isoscalar.
Here it is proved for the first time that certain decays of |~
hybrid mesons that are allowed by the conserved quantun _.,
numbers of QCD are sub-leading to their usual laxge-
counting, providing a consistency check for the hybrid nature
of the state.

Selection rules fod”C exotic hybrid decayamplitudes
e.g., the amplitude forJ°°=1"" hybrid particle
— nr, ' w, were noticed in non-field theoretic analy$8%
In QCD it was found that these selection rules are really
properties of certain three-poi@@reen’s function§4,5). The  This is proved in Egs(2), (3) and (14) of Ref. [5] with no
first attempt to obtain hadronic properties from the Green'@pproximations. The left-hand sid&HS) of the equation
functions [4] contained some errorg5]. These properties contains the time integral and spatial Fourier transform of a
were subsequently extracted in finkg- QCD, e.g. the three-point Green's function which describes the “decay” of
physicalN.=3 [5]. The properties were of limited physical A into B andC. The expression is in MinkowsKphysica)
relevance since they pertained to the coupling of currents t§pace withE andp real numbers. The LHS is expanded on
particles, e.g., a 1™ hybrid current topr. Also, for techni-  the right-hand sidgRHS) by inserting an infinite set of
cal reasons, the scope of the deductions was limited. As wilksymptotic stable stateswith energyE,, and momentunp,
be seen below, these reasons disappear in [&Egd)ecause in order to extract physical predictions. The delta functions

three and more particles do not contribute. The ldige- indicate that the asymptotic states are at rest and have energy
E. The gauge-invariant local currenss C andA, have the

flavor structure of a neutrahybrid) meson(linear combina-
*Email address: prp@lanl.gov tions of uu,dd, ... quark field§ and can contain gluon

The decay of @”°={1,3,5 ...} " particle to two iden-

dteiEtépf d3xd3yei(p‘x’p'y)<0| B(x,t)C(y,t)AM(O)|O)
=3 (2m e (p AE~E)O,

x{0|

fd3xe‘p‘XB(x,O))C(O)|n><n|AM(O)|O>. (1)
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fields [6]. The currentsB and C both have the same color- ing. The other matrix element will be shown to have one
Dirac-derivative-gluon structure for a given flavor, a finite order inN. lower counting than usuéEgs.(3),(4)], in order
number of derivativegwhen expanded as a power seyies that the LHS has an order lower counting than usual, as
andJ=0. Also, the current8(0) andC(0) have equaP required.

andC. The curren®d ,(0) is assumed to have= — and odd On the RHS the usual largé; counting for

J (with Lorentz indices denoted by). Conservation of (0|B(x,0)C(0)|n) is orderyN¢, N¢, VN or 1 for n respec-
charge conJL_lqranon _then |mpl_|es that this c_:urrent\ll?sC tively a one-, two-, three- or fouthybrid) meson asymptotic
;{(1)}]3%5(9'-& .}a A g)r('(()jtlr%essoo;hzcit Irtr:rw]tou'd contain at least one syate [1,7]. The counting for(n|A,(0)|0) is respectively
uon field: a hybri u . ;
Equation(1) would be of limited interest were it not for \/N_C L 1/\/N_? or 1N, [1’7.]' The product of the countmgs of
the two matrix elements i, N;, 1 and 1N, respectively.

the fact that the action of the operatof, (containing a finite i yhe asymptotic states contained glueballs the counting of
number of derivatives in powers @) allowed the demon- o broqict will be lower thahl, . Hence only one-and two-

stration that the LHS contains only OZI rule forbidden Con'particle (hybrid) meson states contribute in largé., and

tributions, and hence i9(1) to leading order in the largh; .
. > they contribute aD(N,), as they should to equal the usual
power counting, as opposed to the usgNe). The remain counting of the LHS. Also, the one-particle states that con-

der of this paper exploits this behavior of the LHS and de-" .
duces the consequences for the RHS. The strategy is to ke&fPute t(nA,(0)0) at O( VN¢) are only neutral hybrid

only the leading contributions to the RHS in lartye, and ~ Mesons with the samé"© as the currenA,,(0) [7]. These
then to equate to the LHS. It is shown in the remainder ofStates cannot be mesons because theyJ&feexotic. The
this section that the leading contribution to the RHS comedwo-particle states that contribute {@[B(x,0)C(0)[n) at
from eitherdP¢={1,3,5 ..}~ * one-hybrid-meson states, or O(N¢) are only two neutral (hybrid) mesons[2] with the
from two- (hybrid) meson states with=0 and the sama”©  sameJ”° as the current8(0) andC(0). It follows that only
[Eq. (2)]. The RHS contains a product of two matrix ele- one-hybrid-meson and twghybrid) meson states contribute
ments for each of the leading contributions. One of the maen the RHS to leading order in lardé&. . Using this the RHS
trix elements will be shown to have the usual laieeount-  of EqQ. (1) can be simplified to rea@@ppendix A 1)

( 501,,2)
> l1- > | K(E)

(27)? 10,

27> 5(mU—E)(A)p<O|(fd3xeip‘XB(x,0) C(0)|s0)(c0|A,(0)|0) +

C(O)l0'1k10'2k2><0'1k10'2k2|A#(0) |0> ’ (2)

ki +k,=(0,E)

xf ko1©p<o|(fd3xeiP'XB(x,0)

where the first sum is over the one-hybrid-meson states cancellations, this matrix elemeifias to have exactly its
(implicitly including the different polarizationsand the sec- usual largeN, counting (O(\/N,)), in order not to violate
ond over the two{hybrid) meson states; ando,, in such  the counting for two-point Green’s functiorfthe first pre-

a way that a particular two-particle state is summed ovefiminary proved in Appendix A 2 For the two-particle terms
only in the permutatiorr;o, (and noto,o;) in order to  in Eq.(2), (0|B(x,0)C(0)|o1k,0k,) has the usual larght,
avoid double counting. Throughout the text the convention isounting(O(N.)). The reason is that, barring accidental can-
that non-boldfaced variables starting wkiandp,q,x,y,z)  cellations, ithasto be exactlyO(N,), in order not to violate
indicate four-vectors. the counting for four-point Green’s functior{she second

The kinematical variable dependence of the one-particlgyreliminary proved in Appendix A R

terms in Eq.(2) is only onE andp. If the hybrid particles Equations(1),(2) can schematically be written as LHS
have a discrete spectrum, there would only be contributions. gs— S w@mbmt =mCmdm, Where the sums are over

for discrete values oE whenE=m,. Because of the con- for the one-particle term& a,b,, and Overfflffzﬂkl for

straintk, +k,=(0,E), the two-particle terms also only de- . . .
pend on the kinematical variabl& and p. BecauseK(E) the _two—partlcle term§:mcmdm..(As showr_l N Appendix B,
the integral ovelﬂk1 can be written as a finite sum due to a

only has support above the two-particle threshold, the two-
particle terms all vanish below the lowest threshold, and conpartial wave expansionThe sum ovelw is finite, since the
tains a(continuous irE) contribution from each two-particle one-particle states must have mass equd. tbhe sum over
state above its threshold. 0,05 is finite because there is a finite number of two-particle
In each of the terms in E@2), one of the matrix elements thresholds belovE. If the LHS is subleading in the large;z
has the usual larg. counting. For the one-particle terms counting, the RHS is, but this doe®t imply that a,,b,, is
this is(aOlA#(O)|O). The reason is that, barring accidental subleading, nor that,d, is, because it is possible that both

016004-2



SELECTION RULES FORIP¢ EXOTIC HYBRID MESON ... PHYSICAL REVIEW D70, 016004 (2004

amb, andc,d,, have the usual largh, counting, and there the T-matrix elemen{Eq. (6)] will have an order lower
is a cancellation between the terms yielding a subleadingounting than usual. It is shown in Appendix A 4 that
RHS. The arguments in Appendix B have the consequence )

that a,b,, and c,,d,,, are eachsubleading, i.e.®(1). This (a1kio2K, out |A,(2)|0)—(o1kiozk, in [A,(2)|0)
follows by evaluating the equation LHSS a,bn, o

+>,cnd, multiple times for different currents, so that a — e i [21 12
matrix equation is obtained which is then inverted. This can 2(;' {\/N—Cw(kﬁkﬂ In [A.(2)]0) oV +iG

only be done if the number of terms on the RHS is finite, as

it is here. If three- or more-particle terms contributed on the ——s
RHS, as would generally be the case for the physital + m§+k§—m(,)
=3, it is not clear that the number of terms on the RHS is

finite, and that the inversion can be done. For this reason, the 5
fact that three or more particles are subleading in the large-

N, expansion, is important to make progress in the derival/Nen the restriction to the rest framk, +k,=0, applies.

tion. The remainder of this section is devoted to two resultsThIS equation states that when the difference of the coupling

wich athough exhausiely derved 1 Appendi B, arey T LULIe o ttes and remle pas ' states o
mostly evident at this point. '

The first preliminary[ (o0|A,,(0)|0) hasto be O(\N,)] ,'[they i'gsgﬁnrglg}lzn;;&%rg Isaorg(t:?g;ed: thieird resultthat
means thab,, is O(/N,). Together witha,,b,,, is O(1), this

[\/N_c<0'1|(1<72k2|-|—|0'(k1+ k2))]

implies thata,, is O(1/\/N.), which yields most of thdirst 1
result of the paper that the coupling of currents to a particle (o1k10,Ko| T|a0)y=0O ek (6)
Cc
1
<0|B(x,t)C(y,t)|go>:(’)( —) , (3)  where its usual counting ©(1/\/N.). This holds for neutral
\/N_c on-shell(hybrid) meson particles; ando, with J=0, iden-

_ o _ tical JP€, and four-moment&, andk, in the rest framek,
where its usual counting i9(VNc). This holds for a neutral 4 k,=0; and for a neutral on-shell hybrid meson partiofe
on-shell hybrid meson particlec at rest Wlt_h JP_C at rest withJP¢={1,35 ..}~ *.
={1,35...}". Also, B andC are neutral gauge-invariant  Even though the third result is proved in Appendix B
local (hybrid) meson currents at space-time positiaredy  ysing techniques analogous to those used to derive the first
at e&ual time with flavor structure a linear combination ofyyg results, its plausibility can be verified by using E§).in
uu, dd, ..., the same color-Dirac-derivative-gluon struc- conjunction with the first preliminar[/<crO|AM(z)|O) hasto
ture for a given flavor, a finite number of derivatives ahd be O(\/N,)], to obtain that the RHS of E(5) is O(1/N,),
=0. The currentd3(0) andC(0) should have equd and consistent with the LHS given by the second re§il. (4)]

C. asO(1/N,).
The second preliminarf{0|B(x,0)C(0)|o 1k 0,k,) has
to be O(N.)] yields most of the fact that, is O(N). Since IV. REMARKS
Cmdn is O(1), this implies thad,, is O(1/N.), which yields
most of thesecond resulthat the coupling of particles to a ~ The three results of the paper are E(®, (4) and (6),
current including the discussion under each equation. These results
are theorems of larg,. QCD field theory with no approxi-
1 mations, and are valid within the generic lafyg-frame-
<01k102k2|A#(Z)|0> = O(N_) , 4 work [1,2,7].
¢ The first result{Eq. (3)] implies that certain four-quark
where its usual counting i©(1). This holds for neutral on- currents are not good interpolators for hybrid meson par-
shell (hybrid) meson particlesr; and o, with identicalJ?¢  ticles. This may have implications for Euclidean space lattice
andJ:()’ and with arbitrary four.morner]'e1 and k2_ AISO, QCD, even thOUgh the result was derived Only in Minkowski
A,(z) is a neutral gauge-invariant local hybrid mesdif ~ Space. A special case of theosecond refdEdf. (4)] was pre-
={1,3,5.. 1" current with Lorentz indiceg. at space- Viously derived[5] for an »7" asymptotic state for certain

time positionz with flavor structure a linear combination of quark masses within a certain kinematical range.
Uu. ad The third result{Eqg. (6)] is of direct experimental rel-

evance. Forexample the decay amplitudegcouplings
of a particle to particlesof a {1,3,5...}"" hybrid to
IIl. COUPLING OF PARTICLES TO PARTICLES 7771_0' 77/770’77/ 7 77(1295)170, (1300 )071_0’ 7](1440)770,

In this section the dependence on the curréptz) is ao(980)\°c or fo(980)c are O(1NZ?), while the usual
removed from the matrix element in E@) to obtain a result ~ counting isO(1/\/N,), assuming that these final state par-
[Eq. (6)] that does not depend on the current, but on thdicles are(hybrid) mesons in the limit of largdl. . Hence the
physically relevant T-matrix. Because the matrix element inwidths of these decays arele/ suppressed with respect to
Eqg. (4) has one order iN; lower counting than the usual, their usual counting. This is the same suppression that large
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N, predicts for decays forbidden by the OZI rjle, imply- g = /m?+p, =m, because the particles in an asymptotic
ing that the suppressions predicted here should be similafiaie are on-shell. For the two-particle stales=3, . (1
7192

phenomenologically. The selection rule is most useful when 3 3043 3
0zl allowed decay is expected to be important in the ab-~ 9oy0,/2)Jd°ka/(2m)°[d%k;/(27m)", where the factor (1

sence of the selection rule. In the example above, this is true d,,,,/2) is 1/2 for the phase space of identical particles.

for a hybrid composed dominantly afu and dd. On the  Substituting p,=k;+k, and E,=ki+mi+ Jk3+m3 in

other hand, it can be deduced from E6) that the coupling the phase space integration

of a 1~ hybrid to 7.7 is O(1/N?), but this is less useful

as the OZI allowed couplingof the cc component of the f d3k; f d’k,

hybrid to ».(cc) and thecc component of they] is not 2m)3) (2m)®

expected to be important. Interestingly, even in the unlikely

case where the' or ¢ is a pure glueball in the limit of large K(E)

N., the decay amplitude of1,3,5...} " hybrids to = >

7' 70,7 7, a,(980)f 0 or f,(980)c would beO(1IN,) [1], (2m)

which is still subdominant to the usual counting. In casis

a meson-meson state in the limit of laiyg, the predictions where

mentioned do not apply. Beside theé 0 and 0" * particles

mentioned, examples can also be given 6f Oand 0 ~ _7L2 2 2 2 7

exotic particles in the final states. The lafyg-selection K(E)_fo Kidlks| S+ mi+ Vi +mp—E)

rules, in contrast to the selection rules discussed in Sec. |,

also apply when both final state mesons do not have the same 1

radial excitation, e.g., thep(1295)7°, 7(1300Yx° and = — (E*=(my+my)*(m;—my)?)

7(1440)7° final states. Assuming isospin symmetry the re- 8E

sults can also be extended to charged states by use of the 2 2\ (E2 2

Wigner-Eckart theorem, as will now %e done. g XVE = (My+ my))(E— (my—mp)*) (A2)
Consider the decay of a’I isovector hybrid with iso- E=m,;+m,; andK(E) vanishes ifE<m,+m,.

spin symmetry. Decay toym, ' w, 7(1295)m, 1(1440)w

anday(980)o, which is ordinarily important, is suppressed.

The experimentabr,(1600) [8] is a 1~ * exotic isovector

resonance. It has not been seemim. A 1~ * enhancement The following two-point function is O(N.) in the

at 1.6 GeV has prominently been seemyihe [8], although  Feynman-diagrammatic lardeés counting[7]

the branching ratio is not dominant if the enhancement is

resonant (B[ #4(1600)— f,7]/B[71(1600)— n' w]=3.80 _

+0.78[9)). If the enhancement is dominantly nonresonant, <O|A“(X1)A”(X2)|O>_; (0[AL(x1)[n)(n[A,(x2)]0).

as has been advocatgiD], the branching ratio is very small. (A3)

The decayr(1600)— 7(1295)r is found to be small rela- _ ) )

tive to f, in an analysis of theym 7~ =~ final state[9], and only one<{hybrid)-mesonsn contribute at leading order

although an earlier report stated thaf(1600) was seen in [7]- Hence there must be a non-empty set of stateor

f,m and »(1295)r at a similar magnitude iK KO~ ™ which <O|A#(X1)|n><n|Av(X2)|O> of O(N). _If A Ky ¥, X

[11]. If 71(1600) is found to have a large branching ratio to"’mdx2 are changed thg set of states for which this IS true may

7', that would be inconsistent with lardé expectations change. As these variables are changed, a specific state

which are otherwise consistent with its being a hybrid mesor?‘hou.Id regular_ly be part of the se_t,_ since ther_e is nothing
[12]. As discussed above, decay i« is largeN, sup- special about |t_. Hence for a slpecmc partietewith four-
pressed whem;’ is either a meson or a glueball in the limit momentump,,, it must be possible to choosk = and

of large N., although the suppression is less whehis a >il=x2=z SUCQ . that <0|AM(X.1)|n>.<n|A.‘V(X2)|O>
glueball. Hence a sizabley’ = branching ratio can arise _|<0p"|A#(Z)|Q>| is_ O(N). .Thls implies  that
through a large glueball component of ai meson[3], (oP.|AL(2)[0) Ts O(VN.), as promised.

which violates the larg®{, prediction that meson-glueball

mixing is suppressed. The recently discoverg@2000) has 3. Second preliminary

not been seen imm, »'m and »(1295)r [9], consistent The following four-point function isO(N?) [2]
with its being a hybrid meson.

(2m)*8°%(py) 8(Eq—E)f(ky ko)

: (A1)

dQy (ke ko)
ky+k,=(0,E)

2. First preliminary

This research is supported by the Department of Energy (0[B(x1)C(x2)B(x3) C(x4)[0)

under contract W-7405-ENG-36.
=2 (0[B(x1)C(x2)|N)(N|B(x5)C(x4)|0),
APPENDIX A: DIVERSE RESULTS n

1. Derivation of Eq. (2) (A4)

For the one-particle states,=3 _[d®p,/(27)3, andthe and only two-(hybrid) meson states contribute at leading
momentump,= 0 due to the momentum function, so that order[2]. Similar to the argument for the first preliminary, it
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must be possible to choo& C, x;=x3=(X,0), X,=x,=0 (1KoK, out |oq iny=i(2m)*8*(ky+k,—Q)
and a specific stater,k,o,k,), such that ) )
X{(o koK, in|T|oq inY,

(0[B(x1)C(x2)[n)}(n|B(x3)C(x4)|0) (A7)

=(0[B(x,0C(0)[01k;0r2k7)|? using that no-scattering does not contribute, given that this is
the overlap of a two- with a one-patrticle state; and employ-
ing the definition of the S matrix in terms of the “reduced” T
matrix [13]. Dropping the “in” label on the RHS of Eg.
4. Derivation of Eq. (5) (A7), because(m in |T|n in)=(m out|T|n outy [13], and
All derivations so far left unspecified whether the SuUbstituting EGs(A6),(A7) in Eq. (AS), yield Eq. (5).
asymptotic states were “in” or “out” states. Consider the

is O(Ng). Whence the promised result.

specific case of “out” states, and insert a complete set of APPENDIX B: WHY EACH TERM IN EQ. (2)
“In” states: IS SUBLEADING
(o1ky02k, OUL |A ,(2)]0) This appendix starts by proving that the angular integra-
# tion in EqQ. (2) can be written as a finite sum. The first two
d3q results of the paper are then derivédhis is done directly,
=> f 5{(01ki05K, out|aq in) without first showing thaeach of the terms in Eq(2) is
) subleading as discussed in the main text. However, once the
St first two results are established, it follows that each of the
X (oq in |A,(2)[0)+ >, (1_ ! 2) terms is subleadingThe third result is subsequently derived.
T 2 It will be convenient for the derivation to write the inte-

v gral over the solid angl€, in Eqg. (2) as a finite sum. This
d’q; d’q, , . can be done by performing a partial wave expansion of the
f (277)3j (27)3<01k1"2k2 out|o10;070; in) overlap (o 1k 05k,| A, (0)[0) by explicitly considering its
Lorentz structure. It is a function d&; andk,, or equiva-
X(0101050z in |A,(2)]0). (A5) lently of k;—k, andk;+k,. First consider the Lorentz sca-
lars that can be built from these two variablek; € k5)?,
Restrict tok; +k,=0 in this subsection. The usual larf- (k1 +kz)? and Kk, —kj) - (k1+ ky). Itis easily shown that the
counting for{ o1ky0,k,|n) is order 14/N, 1 (no scattering  on-shell condition&?=m3 andk3=m3 imply that the latter
or 1/JN, for n respectively a one-, two- or threéaybrid)  two variables can be expressed in terms of the first variable.
meson stat¢l1,7]. The counting for<n|A (2)|0) is respec- Hence the only independent Lorentz scalar ks £ ky)2.
tively \/—C 1or 1/\/— [1,7). The product of the countings of Second consider the case whérghasJ=1, i.e. is a vector.
the two matrix elements is 1, 1 and\l/respectively. If the The overlap can be written as a linear combinatiork gf
asymptotic states contained glueballs the counting of thé&mes a Lorentz scalar, arlg,, times a Lorentz scalar, since
product will be lower than 1. Hence only one- and two- this is the most general structure transforming like a vector.
(hybrid) meson states contribute in lard, as indicated in Denote the two Lorentz scalars byoo,|A(0))i((ky
Eg.(A5). As before, the one-particle states that contribute are-Kk;) 2), with i=1,2. Define ' w(K1,kz)=kKi,. Then the
only neutral hybrid mesons with the sardg® as the current overlap
0
Méo)nnection with the S matrix is now made by using<01k102k2|AM(0)|o>
(mout|niny=(min [§nin) [13]. In the second part of _
Eqg. (A5) write the two-body scattering EZ L'#(kl,k2)<oloZ|A(0))i((k1— K,)?). (B1)

(o1kao2k; out|oya,050 in) It is evident that the procedure can be performed for arbitrary

=(01k 05K, In 01010750, in) J, and that appropriatéi'ﬂ can always be constructed, with
the partial wave ranging over a finite number of integers.
where it was used that only no-scattering occur®@t) [1].  Equation(B1) is the promised partial wave expansion of the
The latter overlap is simply an overlap between free bosoni@verlap for generall. The functions£!, depend purely on
states in the same basis. It can be evaluft@liand equals kinematical variables and all dynamical information is con-
tained in the scalar functiongo,o,|A(0))((k1—kz)?),

(2m)°(8%(k1= A1) 85,97 6%(Ka—U2) 8 which depend kinematically only ork{—k,)2. When Eq.
(B1) is substituted in the two-particle terms of EQ) the
+8%(ky—qp) 5(,1,,é53(k2—q1) 5(,2(,1). (AB) integral over the solid anglézkl can be written as a finite

sum overi, as promised, sincek{—k,)? does not depend on
In the first part in Eq(A5) introduce the T matrix, defined as the solid angle.
the transition from an “in” to an “out” state Rewrite Egs.(1),(2) as
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Ny N 5 where the explicit dependence on the currdditand C are
Wpe= 21 Mgc,V,+ 2 Meco,n Vo, (B2) indicated. The LHS of Eq(1) (divided byN,) is
o= (7'1(1'2 =
(= eta 3y 3y i (P-X—P-Y)
WBCEN_C 7xdte Op | d°xd’yée (0[B(x,t)C(y,t)A,(0)]0). (B3)

The one-particle matrix elements of E®) (divided byN.) are given by

C(0)|c0), (B4)

Mgc ,=N& Y27 s(m,— E)©p<o|(f d3xeP*B(x,0)

V,=N; “ "X o0/A,(0)[0), (B5)
where« is a real number specified below. The two-particle matrix elements ofZddivided byN.) are

1)

~ 101 10

Mec o0, Nc(277)2<1_ > )K(E)fkol©p<o|Ud3xeiP'XB(x,0)

C(0)|arkyooko) £, (K ky) ,
ky+ky,=(0,E)
(B6)

Vo0, =102 A(0))i (K1 = k2)) i +,= (0. - (B7)

using Eq.(B1). As discuss_ed in t'he maip text, each side ofproducts of the entries d¥l, is exactlyO(1), i.e., is non-
Eq. (B2) depends on the kinematical variabfeandE. Fora  zero and finite in the larghk, limit. Note that even if some
specific choice of these variables, there &i¢=0 one-  of the entries of the matrik are <O(1), it is still possible
particle stategr contributing, andN=0 two-particle states  for detM to be exactlyO(1). If detM< (1) the derivations
and partial wavesrio,i contributing. It will be useful to  pejow are invalid. This possibility can be excluded by an
think of the group of labelsr,o,i as a single label. The appropriate choice of currents. Since ket O(1) the in-
:;Z?:Thiet\rj oitltlleijigcussion is only of interest if it is not the, o s of M exists, and V=M"'W. Since M1
2T =adjM/detM, where adM is the adjoint matrix ofM,
From the seco.nd prel'm'nai\@'B(X’O)C(O)|f71k102k2> which is a sum of products of entries I, it follows that the
hasto be O(N)] it follows that M in Eq. (B6) is <O(1).  entries ofM~*<O(1). Noting from the main text that the
This obtains by noting thaDp is inc_iependent.of color, asis LHS of Eq.(1) is O(1) [strictly speaking, it iss@(1), since
shown at the end of this appendix, and tifdf andK are it is only known that OZI allowed)(N,) contributions are
purely kinematical functions with no color dependence. Thenot present5], and that the highest order OZI forbidden
possibility that there are accidental cancellations in the varicontribution is@(1) [1] if there are no accidental cancella-
ous integrations, which could makd <((1), is incorpo-  tions], so that eac? entry of the vect?/<O(1/N.), it fol-
rated by indicating thail < O(1). Thepossibility of cancel- lows from V=M""W that each entry of the vectd/ is
lations will be taken into account in the derivations below.<O(1/N.). This implies thatv andV are both<O(1/N.).
By choosinga appropriatelyM in Eq. (B4) is definedto be It is instructive to study the kinematical variable depen-
exactly O(1). Hence bothM and M are <(O(1). Evaluate dence ofV in Eq. (B7), which can only be relevant to the
Eq. (B2) for Ns + Ny different currents3,C. SinceV andV  discussion ifE is above the two-particle threshofd, +m,
in Egs. (B5) and (B7) are independent of the choice of cur- Since the two-particle term in E) only has support above
rentsB andC, this amounts to constructing a matrix equationthis threshold. This, together with the constraky+k,

W=MV. The Nx+Ny; dimensional column vectow is  =(0.,E) in Eq. (B7), and the on-shell charzacter of the par-
built from the evaluations ofVgc for different values of ticles, can be shown to imply thak{—kz)"=2(mi+my)
B,C; the (Ns + Np) X (Ns + Ny;) dimensional matrisM con-  —E?e (—,(m;—m,)?]. Using V=O(1/N.), and Egs.

tains Mgc, and Mgcy o, and theNy+Ny; dimensional  (B1) and (B7), it follows that (1ki05K,|A,(0)]0)
<O(1/N,) with the constraint that K;—k,)?e (—%,(m;

_ —m,)?]. However, it is possible to show by only consider-

M andM are<= (1) it follows that each entry of the matrix ing the on-shell nature of the particles, that the same con-

M is also=((1). This means that, barring accidental can-straint holds. Hence the constraint adds no new information,

cellations, the determinant &fl, detM, which is a sum of and is dropped henceforth. Thus

column vecto®V is built from V, andV Because both

0'10'2| *
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<01k10'2k2|AM(Z)|0>=ei(k1+k2)'Z<0'1k102k2|A,u(0)|0) label BC will bg replaced by the IabeA..CaII the LHS of Eq.
(5) W4 . The first and second terms in long brackets on the
<O(1/N), (B8)  RHS of Eq.(5) are calledVl o, andV,, respectively. Equation

) . ) . . (5) is then of the form of Eq(B2) with Ny=0. From the
using spac_ei—g'r?e _ traVnsIatlonaI invarianceA,,(z)  first preliminary[(c0|A,(2)|0) hasto be O(VN)], it fol-
=e"*A,(0)e % with P” the QCD four-momentum op- |oys thatM ,, is O(1). Evaluate Eq(B2) for Ny different
erator. It is evident that equality in EE38) would have been  cyrrentsA. This again gives a matrix equatiod= MV. Bar-
attained were it not for the possibility of accidental cancel-ring accidental cancellations, dét= (1), sothat its in-
lations. These cancellations can be eliminated by an apprererse exists. From Eq4) W<O(1/N,), and together with
priate choice of the currents. Whence the result in @&y. M~ 1<O(1), the equation V=MW implies that V

The observation tha¢<O(1/N,), together with the first <©(1/N.). Along the same lines as before this establishes
preliminary [(a0]A,(0)[0) has to be O(VN.)], implies  the result in Eq(6).
from Eq. (B5) that «=1. Since M was defined to Itis lastly outlined whyO, does not depend on color. This
be (2(1.)“ this implies ~ from Eq. (B4) that g jone py following the derivation dd, in the Appendix of
(0](Jd°x€® B(x,0)C(0)|0) is <O(1/Ng), noting that  Ref [5], employing the notations of that reference. Color
m, is O(1) [7]. Inverting the Fourier transform, it follows appears when théantjcommutators are evaluated, e.g., as
h B = O(1/JyN,). i ti . >
It (OS0CO00 00NN Uehg SPCME iy (0 ) - 7 ), The ol

and Dirac indices in the commutators are then contracted

(0|B(x,1)C(y,t)|c0) =~ me(0|B(x—y,0)C(0)|c0) with the remaining quark anq gluon fields and subsumed in
f.(X,y,2). The construction 0®, only depends on the num-
<O(1WNy). (B9)  Dper of derivatives acting oa®(x—y) and not onf ,(x,y,z),

making it independent of color, as promised. Let us give an
in Eq. (3) is deduced. example of how this observation is used above. Suppose

It remains to prove that Ed6) can be deduced from Eq. O»=?/7p, then in Egs. (B4) and (B6) it occurs as
(5). The proof is analogous to the proof already given in thisOpJ d*x exApr-x)g(x)zixfd3x expp-x)g(x). It is evi-
appendix, and the various steps are outlined. The notation afent thatO, does not affect the largdz counting of the
the vectors and matrices will be the same except that th&unction g.

From the same arguments as those below(B8§), the result
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