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We report on a first theoretical study for neutrino-induced diffractive production of heavy pseudoscalar
mesonsy. and 7, off a nucleon. Based on the factorization formalism for exclusive processes, we evaluate the
forward diffractive production cross section in perturbative QCD in terms of the Iight@@wave functions
(WFs) of 5., mesons and the gluon distribution of the nucleon. The light-cone WFs oj {lfey,) meson are
constructed to satisfy the spin symmetry relations with those ofJthe(Y) meson. The diffractiver,
production is governed by the axial-vector coupling of the longitudinally polaiZzbdson to 0NQ pair, and
the resultingz. production rate is larger than that for tha) by one order of magnitude. We also discuss the
production of bottomoniuny, , which shows up for a higher beam energy.
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Exclusive diffractive leptoproduction of neutral vector tion of heavy pseudoscalar mesons, especiglyand 7, as
mesons provides unique insight into the interplay betweeiin Fig. 1. So fary. has been observed via the decayd/f
nonperturbative and perturbative effects in Q@D The dif-  or B mesons produced lqyﬁand e*e” reactions, whiley,
fractive processes are mediated by the exchange of Ras not been observed. The diffractive production via the
Pomeron with the vacuum quantum numbers, whose QClwveak neutral current will give direct accesssp as well as
description is directly related to the gluon distributions insidea new experimental method to identify, by, e.g., measur-
the nucleons for small Bjorker [2—6]. The processes also ing the two-photon decay.
allow us to probe the light-cone wave functidivgFs) of the We treat then. and 7, productions by generalizing the
vector mesons. Relating to the latter point, however, the apapproach in the leading logarithmic order of perturbative
plicability is apparently limited to probing the neutral vector QCD, which has been developed successfully for vector me-
mesons. son electroproductiof2—6]. We consider the near-forward

In this paper, we propose the exclusive diffractive produc-diffractive - production Z*(q) +N(P)— no(q+A)+N'(P
tion of mesons in terms of the neutrino beam. The weak™A), whereQ=c,b, andq,q+A,P, andP—A denote the
currents allow us to observe both neutr{) and charged Mmomenta of the virtual boson, 7o meson, and initial and
mesons M%) as VMJFNHVM/M:Jr N+MYM* by Z/W final nucleons,_ respectively. The total center-of-mass energy
boson exchangé7,8], and these mesons can be not onlyW=V(P+Q)® is much larger than any other mass scales

vector but also other types of mesons, including pseudoscal#fvolved, i.e., W2>K? with KZ:,QZ'_t’mé Abcp, etc.,
mesons. Thus, such processes may reveal the structure where Q%= —¢?, t:Azé and Mo 1S the2 heavy-quark mass.
various kinds of mesons, the coupling of the QCD PomerorYVe lso suppose t<mg andAgcp<mg . The heavy-quark

to a quark-antiquark pair with various spin-flavor quantummMassmq ensures that perturbative QCD can be applied even
numbers, and information on the Cabibbo-Kobayashifor Q2=0 to calculate the creation of tH@Q pair as well as
Maskawa(CKM) matrix elements. There already exist someits time development before the nonpertu.rbativ.e effects to
experimental data forr, p, DS, D¥ [10,9], D** [11], and form a quarkonium stateyq set in. The crucial point is that
J/ production[9], but there are only a few theoretical cal- at highW the scattering of th€Q pair on the nucleon oc-
culations, e.g., for thel/ production in a vector meson

dominance moddl12] and forDg production with the gen-

eralized parton density13]. Our work gives a first QCD

calculation for diffractive meson productions via the weak v
neutral current. Here, our interest will be directed to produc-
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FIG. 2. Diagrams representing the light-cone Ws:for the
virtual Z boson;(b) for the 7o meson.

curs over a much shorter time scale than Zﬁe—>Q6 fluc-
tuation or theQQ— 7q formation times(see Fig. 1 As a

result, the production amplitudes obey factorization in terms

of the Z and 7, light-cone WFs. TheQa—N elastic scatter-
ing amplitude, sandwiched between theand g WFs, is

further factorized into theQa-gluon hard scattering ampli-

tude and the nucleon matrix element corresponding to th

(unintegrated gluon density distribution. This latter step in

the factorization to get the gluon distribution can be carrie

out in the same manner as in previous wf2k6]. The par-
ticipation of the “new players’Z and 7 in the former step

i
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=aq' +Bp +k, , k?=—k? . Obviously, the light-cone WFs
for the virtualZ boson can be obtained from E@) by the
replacemenegy, — (gw/2 COSAy) ¥,(Cy—Cays) as

vi(ak,)

__ 9w
2 cosHyy

y Va(1—a)uy (k)9 (cy—cays)va(g—k)
a(l—a)Q?+k: +mj '

)

Next we proceed to the light-cone WFs for thg meson,
corresponding to Fig.(®). Again, it is convenient to exploit
(t_}he correspondence with/«s electroproduction. The light-
cone WFs for the heavy vector mesahs J/,Y have been
iscussed in many works, but are still controversial in the
eatment of subleading effects like the Fermi motion correc-

tions [4,5,15, corrections to ensure the pufwave QQ

requires an extension of previous work by introducing thesState[16], corrections via the Melosh rotati¢t 7], etc. Here

corresponding light-cone WFs.

we employ the light-cone WFs for the vector meson given by

First of all, we discuss the extension due to the participalsee Fig. 20)]

tion of theZ boson. ThezQQ weak vertex of Fig. 1 is given
by (gw/2costn)y.(Cy—Cays), Where  Qw/2 costy)?
=\2GEM2 with G the Fermi constant ankll, the Z mass.
cy=1/2— (4/3)sirt4y,ca=1/2 for thec quark, and similarly
for the b quark. As usual, we introduce the two lightlike
vectorsq’ and p’ by the relationsq=q’'—(Q?%/s)p’, P
=p’+(M2/s)q’, q%Ep' &0, s=2q'-p’ with My the
nucleon mass ang=W?+ Q?—M?2, and the Sudakov de-
composition of all momenta, e.k=aq’'+Bp’ +Kk, .

We also introduce the polarization vectos$? (£=0,
+1) of the virtualZ boson to satisfyS (— 1) 1e(9* (Y
—0ut qu,,/Mé, which is the numerator of the propa-
gator for the massive vector boson. Becausedpe, / M2

v\ (9—K) up(k) ¢*(ak,)
WP (a k)= ===y R ———,
M (ak,) Vi—a Y Va My

4

whereq=q+A, My, ande™ (w=0,%1) are the momen-
tum, mass, and polarization vector of the vector meson with

9?°=M2, e.q=0, and e™*.e@)=—45__, R=(1

+4/My)/2 denotes the projection operat®2=TR, to en-
sure theSwaveQQ state in the heavy-quark limi2,15,18.
(This projection operator coincides with that discussed in
Ref.[16] up to the binding-energy effects of the quarkonia.
Note that Eq.(4) reduces to the vector meson WFs of Ref.

term vanishes when contracted with the neutral current, WE3] by the replacemerR— 1. The physical interpretation of

conveniently choose

1,9 ey epy L .
e O=Fa'+ 5P, s<fl>=si*”=ﬁ(o,1:u,0>, (1)

for the longitudinal €=0) and transverseéE = 1) polar-
izations, respectively. Equatidd) coincides with the polar-
ization vectors for the virtual photon in Ref2-5]. For the
J/ ¢ electroproduction, the wavy line of Fig. 1 and FidaR

cone WFs are derived 48,4,14

NG \/a(l_a)u)\(k)é(g)vw(q_k)
Wi (ak)=—¢€q 21 12 1 m2 2)
a(l—a)Q +k{+mg

with Eq. (1) for é&=0,=1. Hereeg is the electric charge of
the quark, andi, (k)[v, (gq—k)] denotes the on-shell spinor
for the (antiquark with helicityh (\"). These WFs describe

the prgbability amplitudes to find the photon in a state with
the QQ pair, where the quark carries the longitudinal mo-

mentum fractiona and the transverse momentum as k

Eq. (4) is similar to the “perturbative” WF<2) and(3), but
the scalar functiong(a,k;) contains nonperturbative dy-
namics betwee® and Q. Now, the light-cone WFs for the
7o meson can be derived from E@) by utilizing spin
symmetry, which is exact in the heavy-quark limit. This sym-
metry relates the four degener&@evave states, i.eq and
the three spin states of the vector me§b8|, namely,M 70

=My, and the pseudoscalar state is related to the vector
denotes a virtual photon. The corresponding photon lightg

tate with longitudinal polarization a$nq)=2S3|V(w
=0)), where S} is the third component of the Hermitian
spin operatoéiQ which acts on the spin of the heavy qu&yk
but does not act o@. For the WFs we gdisee Eq.(4)]

vy (q—K)
11—«

_ (@K
l-«

ur(k) ¢* (aky)
Ja o My
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Here S* is the matrix representation ofsg as S3 For comparison, we also calculate the diffractive vector
— y4€®/(2M,), which is related to the spin matrix!z2 ~ MeSON production via the weak neutral current, by the re-

=y5y°y/2 in the meson rest frame by a Lorentz boost inplacement‘lf:f,a\lf;\’f\‘f’) in Eq. (6). Substituting Eq(4), we
the third directior{19]. Thus thesq, is described by the same find thaté=w, i.e., M ) and.M 1) give the production of
nonperturbative Wrb( a,k, ) as the vector meson. Note that, the longitudinally and transversely polarized vector mesons,
due to the presence R, the "Qaﬂq vertex” involves  respectively, and that all these amplitudes are proportional to
pseudovector as well as pseudoscalar coupling. the vector couplingcy. [When we replace the factor
Combining ourZ and g WFs with the QQ-N elastic gV.VCV/(Z Coé)a"‘.’) by §C=2e/3 in these resuIFs, we obtain am-
amplitude that was obtained in R4EB], we get the total pI|tudes_M identical to those for the Q|ffract|ve electro-
amplitude for the polarization(®) of the Z boson as production ofJ/y [4,5], up to the corrections due @& of

Eq. (4).]
(é) J27s dad?k, 5 ag(1?) ) Combining Eq.(7) with the Z boson propagator and the
ImM & = N, E 1673 dl, 4 fx11) weak neutral current by a neutrino, the forward differential
¢ A + cross section for theyg production is given by
Z(£) Z(£)

X[Z\I’M,(a,kl)—‘I’M,(a,ki-i-li) ng(VNHV,N,nQ) _ 1 g\ZN

~ W2k, 1)1 (k) 6) dsdQ2dt o HB)EIMRs cos by
up to terms suppressed for highl and A>=—t—0. Here % Q? € | M )2
as(lf) denotes the running coupling constant Ky colors. (Q2%+ M§)2 1-€ '
As usual, we have explicitly dealt with the imaginary part of
the production amplitude, because the small real part can be ®

reconstructed perturbativelgee Eq(7) below]. ‘;(X-liz) de-  whereE, is the neutrino beam energy in the laboratory sys-
notes the unintegrated gluon density, and(Q +M,,Q)/s tem, and e=[4(1—y)—Q%E2)/[2{1+(1-y)2 + Q¥E?]
andl, are the longitudinal momentum fraction and the trans-with y=s/(2M\E,) is the polarization parameter of the vir-
verse momentum, respectively, which are carried by a gluotual Z boson[7,12]. In order to evaluate the corresponding
inside the nucleo3,5]. We substitute Eqg3) and(5) into  elastic 7o production rate, we assume thedependence
Eg. (6) and go over to the B space” conjugate to th&,  as d3c¢/dsdQ2dt=d3¢/dsdQ 2dt|t:0exp(B,,Qt) with a
space via the Fourier transformation$(a.K,)  constant diffractive slope, as in the case of vector
=4m[d?be”" °p(a,b); b denotes the transverse separa-meson production. Integrating®s/dsdQ?=(1/B,, )d3a/

tion betweerQ andQ. Then, it is straightforward to see that §gqo 2qt|,_o over Q2 ands, we get the elastic pr(‘goduction
ImA =D=0, which reflects helicity conservation in the rate »(yN— »'N’ 50) as a function of

high energy limit. Im\1 () can be calculated in parallel with  For numerical %omputation ofr(vN— ' N’ 7o), We
previous work for vector meson pgoducti@«ll\,fgzq. Inthe  need the explicit form ofp(a,b) of Eq. (7). From Egs.(4)
!ntegrand, thzere appear th_e terals ™ ande ™1 . Th_e I(Zaad- and (5), we can use the corresponding nonperturbative part
ing IN(Q?/Acp) contribution comes from the regiohgcp  of the vector meson WF which was constructed in previous
<I1?<Q% (E[Q2+M%Q]/4) of thel, integral[3,5], where  work based on, e.g., the nonrelativistic potential model for
|, -b<1 is satisfied becauge|~1/my. We retain only the heavy quarkonig4,20]. In this work, we adopt the WF from
leading nonzero term in the power serieslinb, which ~ the Cornell potential model with the corresponding quark
corresponds to the “color-dipole pictur¢4,20]. Then, using Mmassesm;=1.5 GeV, m,=4.9 GeV [21]. A procedure to
fgﬁﬁdﬁf(xlﬁ)“i:XG(X,Qgﬁ) with G(x, Q%) the conven- construct¢p(a,k, ) with the light-cone variables from the

. A _ usual Schrdinger WF ¢\r(k) has been given in Refs.
tional gluon distribution, we geth=|b]) [20] [4,20]. Also, we use the empirical values for the masses

i 0= — \/5772W2 gwMgCa N (Q2 )1+ ™ M %22'98 GeV,My=0.94 GeV, andM;=91.2 GeV. For
\/N_c M an cosf,, ° ~ef 2 Jlnx 7, We useM ,,b=9.45 GeV estimated in Reff22]. Because

! daQ the sIopeB,,Q introduced above is unknown, we assume that
o .
XxG(x,Qgﬁ)j (1—_m) B,,, has the same value as that for the corresponding vector
0 “« meson:B, =4.5 GeV ? from the experimental value for
J/y [5] andB,, =3.9 GeV 2 following the value forY in
Ref.[23]. For the gluon distributiOIG(x,Qgﬁ) of Eq.(7), we
employ the GRV95 next-to-leading order parametrization
where O, =[ a(1— @) Q2+ mj]¥2 K; is a modified Bessel [24].
function, and we have included the real part of the amplitude We show the elastic ., production rate, o(vN
as a perturbatiof3—-5]. As expected, the resulf) is propor- —v'N’7.), by the solid curve in Fig. 3. The result mono-
tional toc,, so that thepg meson is generated by the axial- tonically increases as a function of the beam enefgy
vector part of the weak current. Such behavior is similar with that observed in the

XJ:dbb2¢*(a,b)K1(me), (7)
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FIG. 3. (Color onling The elastic production rates as functions
of E,. Solid, dashed, and dotted curves are #gr, J/¢, and 7y,

respectively. Note that the dotted curve shows the rate multiplied b)f/

10°.

m-production data by neutrdl7] and charged curren{®].
For comparison, we show the elasti¢ys production rate
o(vN—v'N'J/) by the dashed curvisee the discussion
below Eq.(7)] [25]. The rate forz, production is much
larger than that fod/ s by a factor~20. This is mainly due
to the relevant weak couplings, for 7. andc,, for J/ ¢, as
(calcy)?=7. Another important effect comes from the dif-
ferent behavior of theZ light-cone WFs(3) between the

PHYSICAL REVIEW D 67, 093002 (2003

Q224m§, so that the elastic production rates are in prin-
ciple dominated by the lov@? contribution of the differen-
tial cross sectiongsimilar behavior is observed also fof
electroproductionf4,5]). For weak neutral current processes,
however, a typical facto© ?/(Q 2+ M2)? appears in the dif-
ferential cross sections as in E@). The low Q? contribu-
tion of the differential cross section fdr s is suppressed by
this factor, while that fory, avoids the suppression due to
the ~ 1/Q behavior of Eq(7). This particular behavior of the
7. diffractive amplitude comes from the spinor matrix ele-
ment of theZ light-cone WFs(3) asu, (k)@ ysv, (q—k)
~1/Q for Q—0. On the other handy,(k)£@v, (q—k)
~Q andu, (k)¢=bYv, . (q—k)~const, for the vector chan-
nels relevant fod/ .

In Fig. 3, we also show they, production ratec(vN
—1v'N’ 7)) by the dotted curve. Although the rate fgy, is
generally much smaller than that foj., the former in-
creases more rapidly than the latter for increagng There-
ore, the »,, production rate could become comparable with
the ». production for higher beam energy, suggesting the
possibility of observingy, through the diffractive production
by high intensity neutrino beams available in ongoing or
forthcoming neutrino facilities.

In conclusion, we have computed the diffractive produc-
tion cross sections of , mesons via the weak neutral cur-
rent, using the new results for the light-cone WFs Zoand
7e,p- OUr results demonstrate that neutrino-induced produc-
tion will open a new window to measung , .
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