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Abstract

The Brodsky-Lepage formalism (BL) in perturbative QCD is applied to es-

timate the validity of the heavy quark effective theory and the high energy
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scaling laws to the exclusive heavy meson pair production in two-photon col-
lision as well as e*e™ annihilation. In addition to the ordinary heavy mesons
such as B and D, the heavy mesons of which both quark masses are larger
than the typical strong interaction scale Aggp are considered. Explicit forms
- of transition amplitudes are presented for the heavy mesons with tvio heavy
quarks.in the peaking approximation and the modifications for the ordinary
heavy meson production are described. The result in the heavy quark limit
is consistent with the heavy quark effective theory only in a certain range of
center of mass energy. In t:he high energy limit, the transition amplitudes turn
out to comply with the high energy scaling laws. The common fcatures and

different points of the e*e™ and v cases are described in detail. The limitaion

of the BL formalism and the heavy quark effective theory is discussed.
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Quantum chromodynamics (QCD) is widely believed to be a true theory of strong in-
teractions. The asymptotic freedom [1] of QCD enables us to perturbatively treat hard
processes, because the strong coupling constant a, becomes small at short distances. On
the other hand, quark interaction within hadrons is strong enough to bind quarks into un-
separable pairs. At present there is no quantitative framework within QCD to deal with the
strong interaction and such a fundamental problem as evaluation of the hadron spectrum is
beyond reach of the theory. ‘

For these reasons, the hadron physics in the strong coupling limit has been approached on
phenomenological grounds with some simple ansatz to be justified by the underlying theory.
Until now, every concrete and model-independent results have relied on the existence of small
parameters as well. Among them are the large-IV expansion [2] and the chiral perturbation
theory [3] for the dynamics of light mesons.

Recently, the same philosophy has been applied to heavy hadron systems with a single
heavy quark such as b or ¢ quarks and it led to an effective theory called heavy quark effective
theory (HQET) [4-6]. The HQET of such heavy hadrons in the infinite heavy quark mass
limit remains well defined and reveals a new SU(2Ng) spin-flavor symmetry for Ng heavy-
quark species. This symmetry gives strong relationships to spectroscopy and to both elastic
and transition form factors of heavy quark operators between different heavy quark states.

Essentially, the heavy quark symmetry is due to a big separation between the heavy
quark mass scale mgq and all other dynamical scales in the problem, especially the strong
interaction scale Agep. Consider, for example, a heavy meson made up of a heavy quark and
a so-called light degree of freedom (i.e., a compound of light quarks, light anti-quarks, and
gluons) with an effective mass A. It is assumed that at least one heavy quark inside a heavy
meson has a mass much larger than all other scales in the problem. Then, the momentum
transfer between the heavy quark and the remainder of the heavy meson is too small to

change the heavy quark velocity [7]. On the other hand, since the gluon magnetic coupling



to a heavy quark goes as 1/mgq, the strong interaction of the heavy quark is independent
of its spin. Therefore, the heavy-hadron dynamics is completely determined by only the
heavy-quark velocity and color. )

The heavy quark spin-flavor symmetry has been applied mainly to matrix elements with
space-like momentum transfers in heavy hadron decay processes where the heavy quark serves
as a natural upper bound on the momentum transfer in a heavy hadron decay process. This
natural bound justifies the application of heavy quark symmetry to heavy hadron decay.
Recently, Korner and Kroll [8] analyzed the large recoil behavior of transition form factors
in the heavy hadron decay process and found that, at the leading order of the heavy mass
scale, the large recoil form factors exhibit a new type of heavy quark symmetry. The new
symmetry also is due to the fact that the momentum transfer is still much less than the
heavy quark mass.

However, the momentum transfer can be very large in processes involving more than
one heavy quark such as bound states with two or more heavy quarks or scattering states
of two or more heavy mesons. In this case, the application of HQET wilAl be confined to a
particular regime of momentum transfer. It is, therefore, interesting to consider the heavy
meson production through non-QCD interactions such as eTe™ annihilation and ~v collision
to estimate the validity of the HQET.

The nontrivial consequencesiof heavy quark symmetry for ete”™ — MM and for vy —
MM have been considered previously in Ref. [9] and in Ref. [10], respectively. They used
analyticity and crossing symmetry, and pointed out that their results can not be valid for
the whole range of c.m. energy. The processes can be viewed to proceed through two steps:
the formation of a hh pair at the electromagnetic vertex and its subsequent hadronization
into two heavy mesons. As the state evolves from the two heavy quarks into the two heavy
mesons, the dynamics involves light degrees of freedom. However, since the heavy quarks
are much heavier than any of the other scales in the problem, the recoil of heavy quarks
is negligible during the formation of the two mesons and the dynamics of the light degrees

of freedom depend only on the scalar product of heavy meson velocities. As a result, the
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amplitude of the process is written as the amplitude for creation of a point particle of mass
mg ~ M times a form factor depending only on the final meson velocities.

It should be, however, emphasized that the argument relies on one crucial assumption:
the momentum transfer is much less than the heavy quark mass. There are two main
sources to break the heavy quark symmetry down very badly: threshold effects [11] and high-
momentum scaling [12]. The heavy quark symmetry has broken down near the threshold
region because of the QQ resonance formation where the natural scale of momentum transfer
is order of mg. On the other hand, thereisa general result [12] of perturbative QCD (PQCD)
that the form factor of all mesons should fall like 1/Q? asymptotically when Q? 3> M?* and
AZ, and the scaling law is not compatible with the property of the Isgur-Wise function in
the heavy quark limit.

Recently, the BL formalism {13} in PQCD has been employed by Cohen and Milana [14]
to estimate the HQET results for the production process of a pair of pseudoscalar mesons
in e*e~ annihilation. They concluded that, for sufficiently heavy mesons, the HQET result
is valid but the 1/mgq correction is large for realistic quark masses.

In this paper, we investigate the physical implications of the heavy quark limit and
high enery limit in more detail by extending the work by Cohen and Milana {14] to the
processes involving heavy vector mesons and by applying the BL formalism to the heavy
meson pair production by two-photon collision as well as ete” annihilation. In addition,
there is another crucial difference between Ref. [14] and our present work. In addition to the
ordinary heavy mesons, the heavy mesons of which two quarks have mass larger than the
strong interaction scale Agcp are considered. Every actual calculation has been done for the
latter heavy meson systems and the modifications for the ordinary heavy meson production
are described in detail.

The paper is organized as follows. Section 1I is devoted to the introduction of the BL
formalism in PQCD. In Section III, the general features of heavy meson pair production
by ete™ or vy are explained and the explicit forms of the production amplitudes both for

two-heavy-quark (HH) meson systems and for heavy-light-quark (HL) meson systems are
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presented in the center of mass frame. We can see that if one heavy quark mass is much
larger than any other scale such as the strong interaction scale Agep or/and the other
quark mass m,, the amplitudes exhibit heavy quark symmetries. Two limits - heavy quark
and high energy are intensively discussed in Section IV. We have found that both ete”
aﬁd ¥y processeé have the same Isgur-Wise function in the heavy quark limit. Finally, the

limitation of the results and several aspects for more quantitative analysis are pointed out

and the conclusion is made.

1I. BRODSKY-LEPAGE FORMALISM IN PERTURBATIVE QCD

"' The main idea of the BL formalism is that amplitudes for large-recoil exclusive processes
factor into two parts at high energies: (1) a parton distribution amplitude ¢(z;, @*) for
each hadron - the probability amplitude for finding valence partons in the hadron, each
' cva.‘rbrying some fraction z; of the hadron’s momentum, and all collinear up to @, the typical
‘momentum transfer in the process; and (2) a hard scattering amplitude T - the scattering
arﬂplitude of collinear valence partons for each hadron. The production amplitude for meson

*

'péir production is given by the factorized form

2
Ml [ a [ ay TelBuoes(z @)Ti(e 33 @b @), (1)

Mpmpey sy =
where ¢ = 4%¢*~°, M is the heavy meson mass, and the dimensionless variables = and y
are the longitudinal momentué’fra.ctions of effective lighter quarks. The normalization is
the same as that in Ref. [14,15]. The scale Q? is set from higher order calculations, but
it reflects the minimum momentum transfer in the process. The wave function form factor
fu in Eq. (1) is the usual heavy meson decay constant determined by its respective wave
function at the origin. The main dynamical dependence of the form factor is controlled by the
hard scattering amplitude Ty, computed by replacing each hadron by collinear constituents
p! = z;P}y. The collinear divergences are summed in ¢pr(me+) and @x(z+), and Ty(z,y; Q%)
are systematically computed as a perturbation expansion in a,(Q*). The spin wave functions

are given according to their spin structure by
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where v and v’ are the heavy meson and anti-meson velocities, respectively.

To leading order in the strong coupling constant a,, the hard scattering amplitude is
governed by one-gluon exchange. On the other hand, the distribution amplitudes f (z,@%)
and f*(z, Qé) are known [8,16] to have a peak at z = A/M with a width which shrinks with
increasing quark (or hadron) mass. This implies that, as a good approximation, the quarks
and the heavy hadron composed of them have the same velocit&, and f(z,Q@?) and f*(z,Q?)

can be taken as follows

(mq, < Q*>)

f(2,QY) = (@, @Y ~ (e ~ HPe =2y ©

where m, is the lighter quark current mass and < @* > the average square of transverse
momentum. Approximately the A which is the difference of the heavy meson mass M and

the heavier quark mass mgq is given in terms of m, and < @* > [14,16] by
A= M ~mq = [mit < Q*>]V2 , 4)

The so-called peaking approximation is much more reliable as the lighter quark current mass
m, is larger than < @* > of O(Agcp), while the approximation is not so good for u and d

quarks.

II1. HEAVY MESON PAIR PRODUCTION

A clean production mechanism for exclusive heavy mesons can be provided by the ete”
or vy [17) annihilation because they do not strongly interact. In fact, much effort has
recently been devoted to the study of exclusive processes at large recoil with the ete” and

4+ [17,18] beams in the context of PQCD.

Let us list a few properties of the two production mechanisms.



o The pointlike structure of the electron and photon results in substantial simplifications

of the analysis of these exclusive production amplitudes.

¢ Any odd-C hadronic state is produced in e*e™ annihilation, while an even-C hadronic
state can be created only in two-photon annihilation with minimum complexity. This
difference provides a clean environment for independent identification of the C-odd or

even color-singlet composites of quarks and gluons.

o While it is not easy to control the incident electron polarization, the photon polariza-

‘tion can be easily varied, allowing detailed tests of theory.

o The e*e™ center of mass frame is spatially fixed but the vy center of mass frame is
boosted along the beam direction. The boost property makes vy experiments are more

difficult than ete” experiments and requires more sophisticated data analyses.

" To leading order in a,, four Feynman diagrams contribute to the he;vy meson pair
production in ete” annihilation as shown in Fig. 1. They can be classified into two parts.
The first part (I:‘ig. 1(a)) is for the heavier quark pair production precedingthe hadronization
into heavy mesons via one virtual gluon exchange. In the second part, the lighter quarks
are first produced and then they are hadronized into two heavy mesons through one virtual

gluon emission.

When the initial lepton masdes are neglected, the transition amplitudes are given by

2(1 —z) — Sz 2z - §(1 — 2
gPZFeeLee [eQ ( .II) S _eq z ( )]’ (5)

z3 1-=z)P

ee _ ee _ N ceree | €Q J____ 2
Pv(E) = Myp(F) = iﬁF L [x3 + - $)3] sz,
pv(0) = M{p(0) =0, (6)

{3 €€ €e 1_ z
ol +) = MPy(—,—) =2F“L ‘ieQ 3 €

v+, =)= MYy(—+) =0,

ce ce N cC ce CQ ~
Yv(£,0) = —MP, (0, %) = ﬁF L \t_ - “’—‘_} 52,

3 (1—z)

2(l-z)+3z . 21:>+ (l—-12)
z3 T 1-=)p ’ )

,(0,0) = FeL*" [ea

where

§=s/M? B=+/1-4/3, z=Pcosl, N =1//5(8%—2%), (8)

Jree — _M [fM] s Le® = 1_)(1)2)(751_ #2)"(?1)1 (9)

M3 |M
with the color factor Cr = 4/3 for the SU(3)c group. The 8 is the scattering angle between
a photon and a heavy meson, and the subscripts P and ‘V stand for a pseudoscalar and a
vector, respectively.

It is noted that every expression is symmetric under the role exchange of two constituent
quarks, i.e. z « (1 —z) and eg « ¢, and Eq. (5) is the same as Eq. (10) in Ref. {19].
On the other hand, z can be large as much as 1/2. Certainly, the presented results can
not be directly applied for HL meson systems. It is, however, not so difficult to get their
production amplitudes from the above expressions by noting that, for HL meson systems,
both transverse momentum and light quark mass effects are order of z? and so can be
neglt?cted [15] because they are very small for a heavier quark mass mq. On the other hand,
the leading s terms are not altered by transverse momentum or mass effects, since they
arc controlled by the longitudinal momentum of each particle but not by the small light
quark mass and/or small transverse momentum. We can get the expressions for these HL
meson cases from the above expressions by maintaining only terms which are leading and
next-to-leading in z and also leading in s terms. In this case, z is approximately given by
V< Q% >/M and then Eq. (5) is found to be consistent with the result of Ref. {14].

One noteworthy feature of the QCD predictions found by Ji and Brodsky [19] is the
gxistence of a zero in the form factor for pseudoscalar meson-pair production at the specific
timelike value § = 2mg/A when mg is much larger than A, while A itself is larger than
Agcp-

In the two-photon case, twenty Feynman diagrams are involved even in the leading order

of a, as shown in Fig. 2. The diagrams can be classified into three parts. Six diagrams of
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Fig. 2(a) represent the heavier quark pair production by two-photon collision followed by
one virtual gluon emission to allow the produced heavier quarks to hadronize into heavy
mesons, Fig. 2(b) are for diagrams obtained by exchanging heavier quark lines with lighter
anti-quark line in Fig. 2(a). The last part (Fig. 2(c)) consists of eight diagrams where one
photon produces a pair of heavier quarks and the other photon produces a pair of lighter
quarks.

After a lengthy calculation, the resulting pseudoscalar-pseudoscalar (PP) production

amplitude MEp(A, N') for the initial photon helicities (A,X) is written as
Th(A, X) —2L{(1 +2%)[eh Fpp(A, X) + €2Fpp(A, X)) — 2e0e,Gpp (A, X)
PP\, = ( 2)2 QL PP\Ny gL' PP\ QElapPA,
_a —-zz)[ Z e Hop(A,N) + fzeﬁflpp(z\,/\’)]}, (10)
where
167%a.a,Cr | fm z
o D8 GeQsUE | IM 1
F 332 :c’(l—:c)’[M ’ ( )

Fpp(X,N) [(1 —)[2—=z(5+2)]+ ;6,\'_,\/} (8% - %),

Fpp/\)\ —-(1—1’ S+2)]

60y (572, (12

Gpp(MX) = %

’___|,_._.,

14224 ( 1—2)6“‘:]——21:(1—3:)(2-{-5)]( -z
51— 2% — 23 — 296, (13)
Hpp(3,X) = [2 s+ B - a6

- 22) + 225)",\1] + l‘(é + 2)6,\',\1,

Hpp(AX) = [2— (1 = 2)(5 +2)] [2(8 ~ 27) + 2%6s0] + (1 = 2)(5 + 2)r, (14)

And the pseudoscalar-vector (PV) or vector-pseudoscalar (VP) production amplitude
‘Mpv(vp)()\, A"} for initial photon helicities (A, A’) and final vector meson helicity o is

4 F"I’Y

Mevwpy(\X0) = A=

Apvivp)(M X o), (15)
where

Apv(+,+i£) = —Apv(—, = F) = —Avp(+,+1 %) = Ave(—, = F)

9

= \/g[(l —z)ep —zet — (1~ 2x)eQeq](%— + 1)z(/f% — 22,
Apv(+,—i 1) = —Apv(=,+: F) = Ave(+, = F) = —Avp(—, +i %)
— o=l - s)eq - wel(p £ )

~(eq =€) [(1 ~ 22)(eq - eq)i; £ (eq +¢5)|2

_.l—2z2 (1;xeé_1jze:) (ﬂ:{:z)] /ﬁz_zz,

Apv(+,+0) =

—Apv(—,—;0) = Avp(+,+;0) = —Avp(—, —;0)
- [2(ea o)1 = 2)eq + et ~ 5
] e
Apv( ) = —Apv(—,+;0) = —Avp(+,—;0) = Avp(—, +;0)
- é(_'_x)( ca = e ("~ ). (16

Finally, the vector-vector (VV) productxon amphtude MVY(A, X; 0,0') with initial photon

helicities (A, A') and final vector meson helicities (o, ¢') is

R ;
To(MN;e,0) ._2F"“'(ﬁ 7 { (1+2%) [e@* Frv(X, X;0,07) + &;° FVV(A X;a,0')]
—zeQquvv()\ )\ 30, 0’) .
—( —-22)[ Zeh Hyv (A, N5 0,0") + et Hyy (A, Vs a,a')]}, (17)

where

Fyv(+,+;+,+) =2(1 - z) [1 —z4 %] ,

Fov(+, = +,+) =21 —z)* —

B+z\1422-282
B—z) PHl1+2%) "

N
Fvv(+,+;+,0) —FVV(+ +30, + = 7—8(

2
FVV(-+¢+;+7 _) = 0, ﬁ:

5) -2

=) o]

(1-2)2+ z(5—2)},

K
Fyv(+,—5+,-) = B <

[

Fyy(+,—;+,0) = —Fyy(
Fyy(+,+;0,0) =
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Fov(+,-0,0) = (1 = D)2+ 26 = 2] + = 75, (18)
Gvv(+,+;+,+) = —4z(1 - _io_2 2—2i
ve(+,+ +,4) = ~4z(1 — x) T F- = +z ik
GVV(+$ +l+7—) = 01 GVV(+a_;+v+) = -2 [21(1 - IB) + i:‘ 3

B2
_ﬂ2+22 E+Al+zz_ 2522
"’32_22 32 $ 2 B2 + 22 ’

N 1
Gvy(+,+;+,0) = =Gwv(+,+0,+) = —=35 (1 + —) z,

Gvv(+,—+,~)

V2 B
Gyv(+, =i +,0) = =Gy (+-30-) = -%3 (1 + %) (ﬁ —2z+ 2£> ,

B
. 14 22
Gy (+,+30,0) = 26(1 — 2)(5 = 2) + 27—z,
4 544
Gyv(+,=50,0) = 25(1 - 2)(8 = 2) + 75 — 222 (1+2%), (19)
Hyy(+,+i+,+) =2(1 “'1‘)2+2;2t2z2 [1 —x+%] , a

HVV(+7 +;+1_) = 01 HVV(+1_;+7+) = 2(1 - 1)2, HVV(+a_;+1 _) = 07

N, 1
Hyv(+,4;+,0) = —Hyy(+,+;0,+) = —7—53 (1 + ﬁ) rz, *

Hyv(+,—;+,0) = —Hyv(+,—;0,-) = %3(1 ~z)(B + 2),

5—2

ﬂ2 _ 22’

Hyy(+,—0,0) = (1 <z)[2 + z(3 — 2)]. (20)

Hyv(+,+;0,0) = [1—x+ ﬂ%z,] R+z(3-2)-=z

and the tilded functions Fyy (), \;a,0") and Hyv (), X'; 0, 0") are obtained with z replaced by
(1—z) in the corresponding untilded functions Fyy (), X;o,0’) and Hyv(A, X;0,0"), respec-
tively. On the other hand, other terms can be determined by parity and charge conjugation
symmetries. The a.mpiitude MPy(=A,—N;—0,—0') is the same as Myy(A, X, 0,0) and
Myy (=X, —X;0,0") can be obtained by changing the sign of every § in Myy{}, X,a,0').
The v7 transition amplitudes for the HL mesons with light u and d quarks, can be
obtained by maintaining only the leading and next-to-leading ¢ and leading s terms in the

above expressions as in the ete™ case.
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Certainly the results are valid only if every gluon momentum transfer is sufficiently large
compared to the strong interaction scale Agep. To satisfy this condition, the c.m. energy
should be high enough. The square of minimal momentum transfer in Figs. 2(a) is A%3.
Even for A = Aqcp, it is at least larger than 4A%;p, so that the perturbative results are

rather reliable.

IV. TWO LIMITS
A, Hea\;y quark limit

By definition, the heavy quark limit is the case where the center of mass energy /s is
not so high and one quark is much heavier than the other one. In this limit, all z and =3
terms tan be neglected in Eqs. (5-20) except for overall factors and therefore the transition

amplitudes My and MYy are reduced to

My? .
Xy = FeL* [7{'] (eq] Bxy, (21)
Frn M
Miy=-1-n [X] eg)Cxy- (22)

where XY is a generic notation for (PP, PV,VV) and the nonvanishing Bxy and Cyy are

given by
Bpp =2,
Bpy(+) = Byp(F) = :i:—J—V—
PV = ByvplF) = 72’
Byy(+,4) = Bvv(—,—) =2,
' N
BVV(j:yo) = —BVV((}7 :t) = $>
Byv(0,0) =2, (23)
and

Crp(d, X) = 4[8% = 2%6, -1,
Cpv{+,—;£) = —Cpv(—, +;F) = —(B F 2)y/25(8% — 2%),
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Crv(+,+;0) = =Cpv(~,—;0) = 48,
Cvvi+,+;+,+) =48(1+ 8), Cvv(+,—+,+) = 4B — 22)’
va(+,";+,0) = —Cyv(+,—;0,=) = (B + 2)\/25(8% — 2%),

. CVV(+, +)0, 0) = 4ﬂ27 CVV(+7 _’070) = 4(132 - 22)' (24)

The amplitudes Cyv (=X, —X; —a, —a') are equal to Cyv (A, X, 0,06') and Cyv(—A, = N; 0,0')
can be obtained by changing the sign of every 8 in Cyvv(A, X, 0,0').
- Note that only the terms with the heavy quark charge eg survive. The property can
be understood in the context of the HQET. First, since the heavy quark pair production
.. through the QCD interaction is not allowed, the diagrams in Fig. 1(b) as well as Fig. 2(b)
..can not contribute. Second, the diagrams in Fig. 2(c) are suppressed because of the velocity
superselection rule (VSR) {7]. Let us explain this point in more detail. Two heavy quarks
. are produced from one photon and combined with light quarks produced from the other
.. photon. In the c.m. frame, the produced heavy quarks are moving in the hemisphere along
.. an original photon beam direction and one hard-gluon exchange is required to force one
hgavy quark to hadronize into a heavy meson flying into the hemisphere opposite to the
- original photon direction. In the course of this process, the heavy quark velocity should be
. changed very much. But this big velocity change is forbidden in the heavy quark limit.
On the other hand, one can extract the PQCD form factors corresponding to the so-called

<.
Isgur-Wise function from Eqgs.(21) and (22) :

2ra,C 2
Eul—v-v) = EBLl-v ) = 5, s MU (25)

Two factors are equal and have one common factor [M fi;] which is independent of the heavy
quark mass mq because

1
fy ol (26)

is satisfied in the context of the HQET and the heavy meson mass M is equal to the

heavy quark mass mgq in the heavy quark limit. As a result, all transition amplitudes are
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independent, of mq. This property exists even if the light quark mass is larger than the
strong interaction scale Agcp. This is nothing but a manifestation of the heavy quark flavor

symmetry.

B. High energy limit

In the high energy limit, only terms with 5 survive and therefore the nonvanishing tran-

sition amplitudes M*® and M are given by

ce  __ ee _ ceyeex 59__ ‘\6
PP — _MVV(07 0) = —F*L"3 [522 (1 _qx)z] )’ (27)
and
3
M3y = 2F™——Dxy (28)

where Dxy is given by

Dpp(AX) = —22(1 — z)(eq — €,)’°

. {1 2 (e + &)+ (1= ) [(1 - 2)eq -zl fea = e.,l} ,

DPV(VP)(ia:F;O) = (eq ~ eq)z(l —2z)z2,

Dyv(t, Fi £, F) = (1 - 2%)(eq — eq)’

Dyv(X,X;0,0) = 22(1 — z)(eq — &)°

+83,-x { 1 -;zz (eq + Cq)2 -(1- 22) [(1 — :c)ezq + Ie:]} . (29)

Let us now consider the case that z is also very small in the high energy limit. Then the

PP prod‘uct.ion amplitudes M§p and MEp(A, A') are reduced to

ce 167%a.a,Cr o Le°
¥p = —aninesleal [fm) = (30)
, 167%a.a,CF 2 1+ 22
FrWN) = == Uml [(eq - &) Tt 2€3] 63, (31)

where one 1/3 factor in M$%p comes from the s-channel photon propagator. First, one

interesting point is that the amplitude MFEp(A, ) depends not only on the heavy quark
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cha.rge eg but also on the light quark charge e,. This aspect causes the charged meson
production rate to be larger than the neutral meson production and to exhibit an angular
dependence different from the neutral meson production. The difference can be, therefore,
utilized to clearly distinguish the charged heavy meson production from the neutral heavy
meson production in the 7 collision. Second, two overall factors in Eqgs. (30) and (31} are
noted to be proportional to 1/3. Since every momentum transfer in the heavy meson pair
production processes is proportional to §, the scaling is consistent with a general property

{12] of PQCD that, at large momentum transfer, the meson form factors should fall as 1/Q*.

V. DISCUSSION AND CONCLUSION

The BL formalism in PQCD was employed to estimate the validity of HQET in the heavy
quark limit and the large-momentum scaling law in the high energy limit. In addition to
the ordinary heavy mesons made up of a heavy quark and a light quark, ;he heavy mesons
of which two quark masses are larger than Agcp were also considered. In the two cases,
the HQET turns out to be applicable within a constrained kinematic regime given explicitly
below and the high energy scaling laws are shown to be satisfied at very high energies.

Above all, it is clear from the expression of Egs. (5) and (7) that the following condition
in the ete™ case should be satisfied

<

S§ K2z -2, (32)
where, for A = 200 MeV, z is approximately 1/8 and 1/25 for the ¢ quark and the b quark,
respectively. The condition severely constrains the validity regime of the HQET for realistic
_heavy quarks such as b and ¢ quarks. In particular, the walidity region for a charm-quark
hadron is very restricted and very large 1/m, corrections are expected. For a bottom-quark
hadron system, the upper bound on § is three times larger than a charm-quark hadron system
and so the heavy quark symmetry may be employed for qualitative and even quantitative

physical analyses. The upper bound on § in the y7 case is a little complicaped, because many

terms are angle-dependent, but the bound is essentially the same as that in the ete™ case
while the eollision angle 8 is la;ge egough. Furthetmgore, from a more detailed analysis, the
condition (32) turns out to be relatively strong. Far some helicity amplitudes, there is no
specific bound on § for the application of HQET. On the other hand, the gluon momentum
transfer should be sufficiently large enough to enable the BL formalism to be applied. The

minimal momentum transfer in the processes under consideration is
2= 8AT > 4N ’ (33)

The'refore, the process is in the perturbative regime so long as it is well above threshold.

Two crucial assumptions ‘were made in our calculation. One assumption is that, on the
average, the heavy quark and the light anti-quark share the heavy meson momentum in
proportion to their masses and the spread of the momentum fraction is very small [8,14,16].
The other assumption is that one-gluon exchange dominates. Therefore, for more detailed
analysis, one must use more exact meson wave functions and include radiative corrections
and higher-twist terms for the HL meson systems. It is, however, expected that the gross
features of the results in this paper are maintained even for such modifications.

' The present results lack in exactness‘and so further studies are required. First of all,
the validity of the peaking approximation should be closely checked. In the case that one
considers a heavy meson consisting of two hea.\}y quarks, the bound wave functions can be
described very well with a nonrelativistic patential, T.e. Coulomb poteniiéj [19]. Asthe quark
mass increases, the wave function gets ;;eaked and ta_kes a delta function form. If we consider
a meson made up of a heavy quark and one effective light quark, the light quark is moving
very fast and thus the relativistic effects are considerable. The peaking approximation
might be very crude. To attack the problem, one might have to employ nonperturbative
frameworks such as lattice techniques or light-front Tamm-Dancoff method. On the other
hand, QCD radiative corrections [20] can be treatt?d perturbatively and systematically iin
the perturbative regime. '

In conclusion, the HQET can be applied to discuss the exclusive heavy meson pair

16



production through non-QCD interactions only for a certain confined range of the center
of mass energy. The l'arger‘ the c.m. energy is, the more reliable the perturbative result
1s There should be some sort of compromise between PQCD and HQET in order that two
frameworks be justified. As the c.m. energy increases to a very large value, all particle
masses can be neglected and the meséxll form factors are forced to comply with the power
counting laws [12]. In addition, ﬁhere are two interesting features : the existence of a zero
form factor in the ete™ case [19] is reconfirmed in the heavy quark limit, and the meson
form factors in the 4y case are shown to be dependent on the light quark electric charge as
well as the heavy quark electric charge when the high energy and the heavy quark limit are

considered at the same time.
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FIGURES

FIG. 1. Heavy meson pair production in e*e” annihilation. The left solid line is for the
incident electron and the right solid line is for the heavier quark. The wiggly(curly) line is for a

photon(gluon), while the dotted one is for the lighter quark.

FIG. 2. Heavy meson pair production in photon-photon collision. The wiggly(curly) line is for

a photon(gluon), while the solid(dotted) one is for the heavier(lighter) (anti-)quark.
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