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Diffractive hc and hb productions by neutrinos via neutral currents
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We report on a first theoretical study for neutrino-induced diffractive production of heavy pseudoscalar
mesonshc andhb 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 light-coneQQ̄ wave functions
~WFs! of hc,b mesons and the gluon distribution of the nucleon. The light-cone WFs of thehc (hb) meson are
constructed to satisfy the spin symmetry relations with those of theJ/c (Y) meson. The diffractivehc

production is governed by the axial-vector coupling of the longitudinally polarizedZ boson to aQQ̄ pair, and
the resultinghc production rate is larger than that for theJ/c by one order of magnitude. We also discuss the
production of bottomoniumhb , which shows up for a higher beam energy.

DOI: 10.1103/PhysRevD.67.093002 PACS number~s!: 12.15.Lk, 12.38.Bx, 12.39.St, 13.15.1g
or
ee

f
C

ide
o

a
or

uc
a

ly
a
re
ro
m
h
e

l-
n

ak
uc

the

e
ive

e-
d

rgy
les

.

ven

to
t

s

the
Exclusive diffractive leptoproduction of neutral vect
mesons provides unique insight into the interplay betw
nonperturbative and perturbative effects in QCD@1#. The dif-
fractive processes are mediated by the exchange o
Pomeron with the vacuum quantum numbers, whose Q
description is directly related to the gluon distributions ins
the nucleons for small Bjorkenx @2–6#. The processes als
allow us to probe the light-cone wave functions~WFs! of the
vector mesons. Relating to the latter point, however, the
plicability is apparently limited to probing the neutral vect
mesons.

In this paper, we propose the exclusive diffractive prod
tion of mesons in terms of the neutrino beam. The we
currents allow us to observe both neutral (M0) and charged
mesons (M 6) as nm1N→nm /m71N1M0/M 6 by Z/W
boson exchange@7,8#, and these mesons can be not on
vector but also other types of mesons, including pseudosc
mesons. Thus, such processes may reveal the structu
various kinds of mesons, the coupling of the QCD Pome
to a quark-antiquark pair with various spin-flavor quantu
numbers, and information on the Cabibbo-Kobayas
Maskawa~CKM! matrix elements. There already exist som
experimental data forp, r, Ds

6 , Ds* @10,9#, Ds*
1 @11#, and

J/c production@9#, but there are only a few theoretical ca
culations, e.g., for theJ/c production in a vector meso
dominance model@12# and forDs

2 production with the gen-
eralized parton density@13#. Our work gives a first QCD
calculation for diffractive meson productions via the we
neutral current. Here, our interest will be directed to prod
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tion of heavy pseudoscalar mesons, especiallyhc andhb as
in Fig. 1. So farhc has been observed via the decays ofJ/c
or B mesons produced bypp̄ ande1e2 reactions, whilehb
has not been observed. The diffractive production via
weak neutral current will give direct access tohc as well as
a new experimental method to identifyhb by, e.g., measur-
ing the two-photon decay.

We treat thehc and hb productions by generalizing th
approach in the leading logarithmic order of perturbat
QCD, which has been developed successfully for vector m
son electroproduction@2–6#. We consider the near-forwar
diffractive production Z* (q)1N(P)→hQ(q1D)1N8(P
2D), whereQ5c,b, andq,q1D,P, andP2D denote the
momenta of the virtualZ boson,hQ meson, and initial and
final nucleons, respectively. The total center-of-mass ene
W5A(P1q)2 is much larger than any other mass sca
involved, i.e., W2@K2 with K25Q 2,2t,mQ

2 ,LQCD
2 , etc.,

whereQ 252q2, t5D2, andmQ is the heavy-quark mass
We also suppose2t!mQ

2 andLQCD
2 !mQ

2 . The heavy-quark
massmQ ensures that perturbative QCD can be applied e
for Q 250 to calculate the creation of theQQ̄ pair as well as
its time development before the nonperturbative effects
form a quarkonium statehQ set in. The crucial point is tha
at highW the scattering of theQQ̄ pair on the nucleon oc-

s: FIG. 1. A typical diagram for the exclusive diffractivehQ(Q
5c,b) production induced by the neutrino (n) through theZ boson
exchange. There are other diagrams obtained by interchanging
vertices on the heavy-quark lines.
©2003 The American Physical Society02-1



m

-
th
n
ie

th

pa

e

-

-

w

h

f
r

ith
o

he
ec-

by

ith

in
.
f.

f

-

-

ctor

n

HAYASHIGAKI, SUZUKI, AND TANAKA PHYSICAL REVIEW D 67, 093002 ~2003!
curs over a much shorter time scale than theZ* →QQ̄ fluc-
tuation or theQQ̄→hQ formation times~see Fig. 1!. As a
result, the production amplitudes obey factorization in ter
of the Z andhQ light-cone WFs. TheQQ̄-N elastic scatter-
ing amplitude, sandwiched between theZ and hQ WFs, is
further factorized into theQQ̄-gluon hard scattering ampli
tude and the nucleon matrix element corresponding to
~unintegrated! gluon density distribution. This latter step i
the factorization to get the gluon distribution can be carr
out in the same manner as in previous work@2–6#. The par-
ticipation of the ‘‘new players’’Z andhQ in the former step
requires an extension of previous work by introducing
corresponding light-cone WFs.

First of all, we discuss the extension due to the partici
tion of theZ boson. TheZQQ̄ weak vertex of Fig. 1 is given
by (gW/2 cosuW)gm(cV2cAg5), where (gW/2 cosuW)2

5A2GFMZ
2 with GF the Fermi constant andMZ theZ mass.

cV51/22(4/3)sin2uW,cA51/2 for thec quark, and similarly
for the b quark. As usual, we introduce the two lightlik
vectors q8 and p8 by the relationsq5q82(Q 2/s)p8, P

5p81(MN
2 /s)q8, q825p8250, s52q8•p8 with MN the

nucleon mass ands>W21Q 22MN
2 , and the Sudakov de

composition of all momenta, e.g.,k5aq81bp81k' .
We also introduce the polarization vectors« (j) (j50,

61) of the virtualZ boson to satisfy(j(21)j11«m
(j)* «n

(j)

52gmn1qmqn /MZ
2 , which is the numerator of the propa

gator for the massive vector boson. Because theqmqn /MZ
2

term vanishes when contracted with the neutral current,
conveniently choose

« (0)5
1

Qq81
Q
s

p8, « (61)5«'
(61)5

1

A2
~0,1,6 i ,0!, ~1!

for the longitudinal (j50) and transverse (j561) polar-
izations, respectively. Equation~1! coincides with the polar-
ization vectors for the virtual photon in Refs.@2–5#. For the
J/c electroproduction, the wavy line of Fig. 1 and Fig. 2~a!
denotes a virtual photon. The corresponding photon lig
cone WFs are derived as@3,4,14#

Cll8
g(j)

~a,k'!52eQ

Aa~12a!ūl~k!«” (j)vl8~q2k!

a~12a!Q 21k'
2 1mQ

2
~2!

with Eq. ~1! for j50,61. HereeQ is the electric charge o
the quark, andul(k)@vl8(q2k)# denotes the on-shell spino
for the ~anti!quark with helicityl (l8). These WFs describe
the probability amplitudes to find the photon in a state w
the QQ̄ pair, where the quark carries the longitudinal m
mentum fractiona and the transverse momentumk' as k

FIG. 2. Diagrams representing the light-cone WFs:~a! for the
virtual Z boson;~b! for the hQ meson.
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5aq81bp81k' , k'
2 52k'

2 . Obviously, the light-cone WFs
for the virtualZ boson can be obtained from Eq.~2! by the
replacementeQgm→(gW/2 cosuW)gm(cV2cAg5) as

Cll8
Z(j)

~a,k'!

52
gW

2 cosuW

3
Aa~12a!ūl~k!«” (j)~cV2cAg5!vl8~q2k!

a~12a!Q 21k'
2 1mQ

2
.

~3!
Next we proceed to the light-cone WFs for thehQ meson,

corresponding to Fig. 2~b!. Again, it is convenient to exploit
the correspondence withJ/c electroproduction. The light-
cone WFs for the heavy vector mesonsV5J/c,Y have been
discussed in many works, but are still controversial in t
treatment of subleading effects like the Fermi motion corr
tions @4,5,15#, corrections to ensure the pureS-wave QQ̄
state@16#, corrections via the Melosh rotation@17#, etc. Here
we employ the light-cone WFs for the vector meson given
@see Fig. 2~b!#

Cll8
V(Ã)* ~a,k'!5

v̄l8~ q̃2k!

A12a
gmem

(Ã)* Rul~k!

Aa

f* ~a,k'!

MV
,

~4!

whereq̃5q1D, MV , andem
(Ã) (Ã50,61) are the momen-

tum, mass, and polarization vector of the vector meson w
q̃25MV

2 , e(Ã)
•q̃50, and e(Ã)* •e(Ã8)52dÃÃ8 . R[(1

1q”̃ /MV)/2 denotes the projection operator,R 25R, to en-
sure theS-waveQQ̄ state in the heavy-quark limit@2,15,18#.
~This projection operator coincides with that discussed
Ref. @16# up to the binding-energy effects of the quarkonia!
Note that Eq.~4! reduces to the vector meson WFs of Re
@3# by the replacementR→1. The physical interpretation o
Eq. ~4! is similar to the ‘‘perturbative’’ WFs~2! and~3!, but
the scalar functionf(a,k') contains nonperturbative dy
namics betweenQ and Q̄. Now, the light-cone WFs for the
hQ meson can be derived from Eq.~4! by utilizing spin
symmetry, which is exact in the heavy-quark limit. This sym
metry relates the four degenerateS-wave states, i.e.,hQ and
the three spin states of the vector meson@19#, namely,MhQ

5MV , and the pseudoscalar state is related to the ve
state with longitudinal polarization asuhQ&52ŜQ

3 uV(Ã

50)&, where ŜQ
3 is the third component of the Hermitia

spin operatorŜQ
i which acts on the spin of the heavy quarkQ

but does not act onQ̄. For the WFs we get@see Eq.~4!#

C
ll8

hQ* ~a,k'!5
v̄l8~ q̃2k!

A12a
gmem

(0)* R~2S3!
ul~k!

Aa

f* ~a,k'!

MV

52
v̄l8~ q̃2k!

A12a
g5R

ul~k!

Aa

f* ~a,k'!

MhQ

. ~5!
2-2
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Here S3 is the matrix representation ofŜQ
3 as S3

5g5q”̃e” (0)/(2MV), which is related to the spin matrixs12/2
5g5g0g3/2 in the meson rest frame by a Lorentz boost
the third direction@19#. Thus thehQ is described by the sam
nonperturbative WFf(a,k') as the vector meson. Note tha
due to the presence ofR, the ‘‘QQ̄hQ vertex’’ involves
pseudovector as well as pseudoscalar coupling.

Combining ourZ and hQ WFs with theQQ̄-N elastic
amplitude that was obtained in Ref.@3#, we get the total
amplitude for the polarization« (j) of the Z boson as

ImM (j)5
A2ps

2ANc
(
l8l

E dad2k'

16p3 E d2l'
as~ l'

2 !

l'
4

f ~x,l'
2 !

3@2Cll8
Z(j)

~a,k'!2Cll8
Z(j)

~a,k'1 l'!

2Cll8
Z(j)

~a,k'2 l'!#C
ll8

hQ * ~a,k'!, ~6!

up to terms suppressed for highW and D'
2 >2t→0. Here

as( l'
2 ) denotes the running coupling constant forNc colors.

As usual, we have explicitly dealt with the imaginary part
the production amplitude, because the small real part ca
reconstructed perturbatively@see Eq.~7! below#. f (x,l'

2 ) de-
notes the unintegrated gluon density, andx5(Q 21MhQ

2 )/s

andl' are the longitudinal momentum fraction and the tra
verse momentum, respectively, which are carried by a gl
inside the nucleon@3,5#. We substitute Eqs.~3! and ~5! into
Eq. ~6! and go over to the ‘‘b space’’ conjugate to thek'

space via the Fourier transformationf(a,k')
54p*d2be2 ik'•bf(a,b); b denotes the transverse sepa
tion betweenQ andQ̄. Then, it is straightforward to see tha
ImM (61)50, which reflects helicity conservation in th
high energy limit. ImM (0) can be calculated in parallel wit
previous work for vector meson production@4,5,20#. In the
integrand, there appear the termsei l'•b ande2 i l'•b. The lead-
ing ln(Q 2/LQCD

2 ) contribution comes from the regionLQCD
2

! l'
2 !Q eff

2 ([@Q 21MhQ

2 #/4) of the l' integral@3,5#, where

l'•b!1 is satisfied becauseubu;1/mQ . We retain only the
leading nonzero term in the power series inl'•b, which
corresponds to the ‘‘color-dipole picture’’@4,20#. Then, using

*Q eff
2

dl'
2 f (x,l'

2 )/ l'
2 5xG(x,Qeff

2 ) with G(x,Qeff
2 ) the conven-

tional gluon distribution, we get (b[ubu) @20#

iM (0)5
2A2p2W2

ANc

gWmQcA

MhQ
Q cosuW

as~Qeff
2 !F11 i

p

2

]

] lnxG
3xG~x,Qeff

2 !E
0

1 daQm

a~12a!

3E
0

`

dbb2f* ~a,b!K1~bQm!, ~7!

whereQm5@a(12a)Q 21mQ
2 #1/2, K1 is a modified Besse

function, and we have included the real part of the amplitu
as a perturbation@3–5#. As expected, the result~7! is propor-
tional tocA , so that thehQ meson is generated by the axia
vector part of the weak current.
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For comparison, we also calculate the diffractive vec
meson production via the weak neutral current, by the
placementC

ll8

hQ →Cll8
V(Ã) in Eq. ~6!. Substituting Eq.~4!, we

find thatj5Ã, i.e.,M (0) andM (61) give the production of
the longitudinally and transversely polarized vector meso
respectively, and that all these amplitudes are proportiona
the vector couplingcV . @When we replace the facto
gWcV /(2 cosuW) by ec52e/3 in these results, we obtain am
plitudesM (j) identical to those for the diffractive electro
production ofJ/c @4,5#, up to the corrections due toR of
Eq. ~4!.#

Combining Eq.~7! with the Z boson propagator and th
weak neutral current by a neutrino, the forward different
cross section for thehQ production is given by

d3s~nN→n8N8hQ!

dsdQ 2dt
U

t50

5
1

4~8p!3En
2MN

2 s

gW
2

cos2 uW

3
Q 2

~Q 21MZ
2!2

e

12e
uM (0)u2,

~8!

whereEn is the neutrino beam energy in the laboratory s
tem, and e5@4(12y)2Q2/En

2#/@2$11(12y)2%1Q2/En
2#

with y5s/(2MNEn) is the polarization parameter of the vi
tual Z boson@7,12#. In order to evaluate the correspondin
elastic hQ production rate, we assume thet dependence
as d3s/dsdQ 2dt5d3s/dsdQ 2dtu t50exp(BhQ

t) with a
constant diffractive slope, as in the case of vec
meson production. Integratingd2s/dsdQ 25(1/BhQ

)d3s/

dsdQ 2dtu t50 over Q 2 and s, we get the elastic production
rates(nN→n8N8hQ) as a function ofEn .

For numerical computation ofs(nN→n8N8hQ), we
need the explicit form off(a,b) of Eq. ~7!. From Eqs.~4!
and ~5!, we can use the corresponding nonperturbative p
of the vector meson WF which was constructed in previo
work based on, e.g., the nonrelativistic potential model
heavy quarkonia@4,20#. In this work, we adopt the WF from
the Cornell potential model with the corresponding qua
massesmc51.5 GeV, mb54.9 GeV @21#. A procedure to
constructf(a,k') with the light-cone variables from the
usual Schro¨dinger WF fNR(k) has been given in Refs
@4,20#. Also, we use the empirical values for the mass
Mhc

52.98 GeV,MN50.94 GeV, andMZ591.2 GeV. For

hb , we useMhb
59.45 GeV estimated in Ref.@22#. Because

the slopeBhQ
introduced above is unknown, we assume th

BhQ
has the same value as that for the corresponding ve

meson:Bhc
54.5 GeV22 from the experimental value fo

J/c @5# and Bhb
53.9 GeV22 following the value forY in

Ref. @23#. For the gluon distributionG(x,Qeff
2 ) of Eq. ~7!, we

employ the GRV95 next-to-leading order parametrizat
@24#.

We show the elastic hc production rate, s(nN
→n8N8hc), by the solid curve in Fig. 3. The result mono
tonically increases as a function of the beam energyEn .
Such behavior is similar with that observed in th
2-3
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p-production data by neutral@7# and charged currents@9#.
For comparison, we show the elasticJ/c production rate
s(nN→n8N8J/c) by the dashed curve@see the discussion
below Eq. ~7!# @25#. The rate forhc production is much
larger than that forJ/c by a factor;20. This is mainly due
to the relevant weak couplings,cA for hc andcV for J/c, as
(cA /cV)2>7. Another important effect comes from the di
ferent behavior of theZ light-cone WFs~3! between the
axial-vector and vector channels: It is straightforward to
that thehc diffractive amplitude~7! as well as the corre
sponding amplitudes for the longitudinally and transvers
polarizedJ/c decrease rather rapidly for the highQ 2 region,

FIG. 3. ~Color online! The elastic production rates as functio
of En . Solid, dashed, and dotted curves are forhc , J/c, andhb ,
respectively. Note that the dotted curve shows the rate multiplied
102.
.

.

.
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Q 2*4mc
2 , so that the elastic production rates are in pr

ciple dominated by the lowQ 2 contribution of the differen-
tial cross sections~similar behavior is observed also forJ/c
electroproduction@4,5#!. For weak neutral current processe
however, a typical factorQ 2/(Q 21MZ

2)2 appears in the dif-
ferential cross sections as in Eq.~8!. The low Q 2 contribu-
tion of the differential cross section forJ/c is suppressed by
this factor, while that forhc avoids the suppression due
the;1/Q behavior of Eq.~7!. This particular behavior of the
hc diffractive amplitude comes from the spinor matrix el
ment of theZ light-cone WFs~3! as ūl(k)«” (0)g5vl8(q2k)
;1/Q for Q→0. On the other hand,ūl(k)«” (0)vl8(q2k)
;Q and ūl(k)«” (61)vl8(q2k);const, for the vector chan
nels relevant forJ/c.

In Fig. 3, we also show thehb production rates(nN
→n8N8hb) by the dotted curve. Although the rate forhb is
generally much smaller than that forhc , the former in-
creases more rapidly than the latter for increasingEn . There-
fore, thehb production rate could become comparable w
the hc production for higher beam energy, suggesting
possibility of observinghb through the diffractive production
by high intensity neutrino beams available in ongoing
forthcoming neutrino facilities.

In conclusion, we have computed the diffractive produ
tion cross sections ofhc,b mesons via the weak neutral cu
rent, using the new results for the light-cone WFs forZ and
hc,b . Our results demonstrate that neutrino-induced prod
tion will open a new window to measurehc,b .

We are pleased to acknowledge useful discussions wit
Hatsuda and H. Mineo at the early stage of this work. One
the authors~A.H.! is grateful to T. Hirano for his suppor
with the numerical calculation. A.H. is supported by th
JSPS.

y

v,

t-

y

-

@1# H. Abramowicz, Int. J. Mod. Phys. A15S1, 495 ~2000!.
@2# M.G. Ryskin, Z. Phys. C57, 89 ~1993!.
@3# S.J. Brodsky, L. Frankfurt, J.F. Gunion, A.H. Mueller, and M

Strikman, Phys. Rev. D50, 3134~1994!.
@4# L. Frankfurt, W. Koepf, and M. Strikman, Phys. Rev. D57,

512 ~1998!.
@5# M.G. Ryskin, R.G. Roberts, A.D. Martin, and E.M. Levin, Z

Phys. C76, 231 ~1997!.
@6# E.M. Levin, A.D. Martin, M.G. Ryskin, and T. Teubner, Z

Phys. C74, 671 ~1997!.
@7# B.Z. Kopeliovich and P. Marage, Int. J. Mod. Phys. A8, 1513

~1993!.
@8# J. Pumplin and W. Repko, Phys. Rev. D12, 1376~1975!.
@9# E815 Collaboration, T. Adamset al., Phys. Rev. D61, 092001

~2000!.
@10# E632 Collaboration, S. Willocqet al., Phys. Rev. D47, 2661

~1993!.
@11# CHORUS Collaboration, P. Anniset al., Phys. Lett. B435,

458 ~1998!.
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