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Double-scattering contribution to b1„x,Q2
… in the deuteron
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We study the tensor structure functionb1(x,Q2) in deep inelastic scattering of an electron from a polarized
deuteron target. We model the electron-nucleon cross section at the starting point forQ2 evolution by vector-
meson dominance. Shadowing due to the double scattering of vector mesons, along with the presence of a
d-state admixture in a ground-state deuteron wave function gives rise to a nonvanishing contribution to
b1(x,Q2). We find a large enhancement at lowx in qualitative agreement with other recent estimates of
double-scattering contributions tob1(x,Q2). If the model is valid, it should apply within the range of present
fixed-target experiments.@S0556-2821~98!06111-6#

PACS number~s!: 13.60.Hb, 12.40.Vv, 13.75.Cs, 13.88.1e
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I. INTRODUCTION

Deep inelastic scattering from polarized targets contin
to excite interest among both theorists and experimental
When an electron scatters off a spin-one target, such
deuteron, new information not present in the case of a s
1
2 target can be obtained@1#. A leading twist tensor-polarized
structure function,b1(x,Q2), can be determined by measu
ing the cross section from a target aligned along the be
and subtracting the cross section for an unpolarized tar
The function b1(x,Q2) vanishes if the spin-one target
made up of spin-12 nucleons at rest or in a relatives wave. In
the parton model it measures the difference in the quark
mentum distributions of a helicity 1 and 0 target,

b15
1

2
~2q↑

02q↑
12q↓

1!, ~1!

whereq↑
m (q↓

m) is the probability to find a quark with mo
mentum fractionx and spin up~down! along thez axis, in a
hadron~nucleus! with helicity m, moving with infinite mo-
mentum along thez axis. b1(x,Q2) has not yet been mea
sured experimentally. Two recent papers have studied
effect of multiple scattering onb1 and found large contribu
tions at smallx. Our aim is to explore these issues in t
context of vector-meson dominance~VMD !, where some of
the uncertainties evident in Refs.@2,3# are more explicit.
Within the range of these uncertainties we find that multi
scattering does produce a large contribution tob1(x,Q2) at
small x. Our estimates are smaller than those of Refs.@2,3#
by factors of 1.5 – 2.5, differences which are not unexpec
given the conceptual differences between their approac
and ours. Nikolaev and Sha¨fer @2# use the pomeron structur
function in the proton to extract the diffractive shadowi

*On leave from Gauhati University, India.
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contribution. Their results have been presented forQ2

510 GeV2. Edelmannet al. @3# estimateb1 by expressing it
in terms ofdF2 /F2. Our analysis does not support such
simple scaling relation betweenb1 and the shadowing ofF2,
although the two originate in the same double-scatter
mechanism. Furthermore, the authors of Ref.@3# do not
specify the scale at which their results should apply. Giv
these differences of approach, we view our results as qu
tative confirmation of the work of Refs.@2,3# in a specific,
rather well defined, model.

Deep inelastic scattering~DIS! from nuclear targets is
usually discussed in the context of the ‘‘convolution mode
@4#, where it is assumed that the constituents of the nucl
scatter incoherently. An essential assumption of the con
lution model is that a quark residing inside the nucleon
sorbs the virtual photon~in a typical DIS process!, while the
fragments of nucleus and the constituents propagate into
final state without interaction or interference. In the conv
lution modelb1 vanishes if thed-state admixture in the deu
teron is ignored@1#. The contribution tob1 from the deuteron
d state was studied in Ref.@5#, along with the contribution
from double scattering from the two nucleons, whi
amounts to a coherent contribution to the amplitude. In R
@5# the double-scattering process was studied at the pa
level.

In the present work, we investigate the behavior
b1(x,Q2) in a vector-meson dominance~VMD ! @6# model.
Of course deep inelastic scattering at largeQ2 should be
discussed in terms of quarks and gluons. If taken literally
largeQ2, VMD has the wrongQ2 dependence. VMD can be
used, however, to provide ‘‘boundary value data’’ — i.e
starting values for parton distribution functions — at lowQ2

where the assumptions of VMD are well founded. W
choose VMD because it lends itself to the treatment
multiple-scattering effects that violate the convolution mod
and may give rise to a significant contribution tob1. Also,
6906 © 1998 The American Physical Society
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57 6907DOUBLE-SCATTERING CONTRIBUTION TOb1(x,Q2) . . .
because vector-meson production data are available, c
sections necessary for our analysis can be found in the
erature. The cost of this increased certainty is the nee
identify a scaleQ0

2 to be assigned to the output of the mod
Double scattering~which we will refer to as ‘‘shadow-

ing’’ ! and thed-state admixture in the deuteron play a cr
cial role in our VMD treatment as they do in Refs.@5,2,3#.
According to VMD, the virtual photon can fluctuate betwe
a bare photon state and a superposition of hadronic s
with same quantum numbers as the photon (JPC5122). In
the simplest form of VMD this state is taken to be a sup
position ofr, v, andf mesons,

Aauh&5(
V

e

f V

mV
2

mV
21Q2

uV&, ~2!

where emV
2/ f V is the photon vector-meson couplin

Aauh& is the hadronic component of the photon, andQ2 is
the virtuality of the spacelike virtual photon. As usual
VMD, we assume that the vector meson interacts diffr
tively with the nucleon and that thet dependence of the
VMD amplitudes can be taken from vector-meson photop
duction.

The VMD contribution tob1 is constrained at both larg
and small x by simple physical effects. For multiple
scattering effects to be significant, the time~or distance! over
which the virtual vector meson can propagate through
target nucleus~known as the ‘‘coherence length’’[l) must
be long enough for the meson to undergo more than
interaction with the target. We shall see that the cohere
length is determined kinematically by the uncertainty pr
ciple. At large Bjorkenx (x>0.3) l is smaller than a single
nucleon, so double-scattering contributions tob1 are sup-
pressed. At smallx, double scattering can be important.
order to contribute tob1 it must distinguish between th
helicity 61 and helicity 0 states of the deuteron. If the a
plitude for g* p→VX fell quickly with ~transverse! momen-
tum transfer, corresponding to long range in impact para
eter space, then shadowing could not distinguish
orientation of the nucleons in the deuteron andb1 would be
small at smallx. At the opposite extreme, ifg* p→VX were
flat in momentum transfer, corresponding to ad function in
impact parameter, then shadowing would occur only wh
one nucleon was directly ‘‘in front of’’ the other. The quad
rupole admixture in the deuteron wave function produ
just such a deformation of the wave function in one helic
state relative to the other. The deuteron is a relatively la
bound state, and the range of vector-meson electroproduc
is limited, so the actual situation most closely resembles
second scenario and leads to a significant enhancementb1
at smallx.

The paper has been organized as follows. In Sec. II,
present the theoretical formulation of the model, review
VMD and the double-scattering analysis. Section III conta
calculations and results. Throughout the paper, we have
tempted to keep the analysis simple and self-explanatory

II. FORMULATION OF THE MODEL

b1 measures a tensor~spin-two! correlation of the mo-
mentum distribution of quarks with the spin of the target
ss
it-
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DIS. Such a correlation must vanish in a spin-1
2 target on

account of the Wigner-Eckart theorem. In principle, a
spin-one target can have a nonvanishingb1. Two nucleons
bound in ans-wave cannot giveb1Þ0. What is not so ob-
vious, perhaps, is that ad-state admixture in aJ51 bound
state of two nucleons will generically giveb1Þ0 @1,5#. It is
well known that the ground state of deutron is not spherica
symmetric: it is~primarily! an admixture of the states3S1
(l 50,S51) and 3D1 (l 52,S51). This admixture pro-
duces~and was first detected through! the observation of an
electromagnetic quadrupole moment of the deuteron.
observation of a nonzerob1 through the asymmetryb1 /F1
probes the same aspects of the nucleon-nucleon force as
the deuteron’s quadrupole moment.

To expose the physical significance of various struct
functions, it is useful to describe Compton scattering
terms of helicity amplitudes. The lepton scattering cross s
tion from a hadron target involves the hadron tensor

Wmn~p,q,H1 ,H2!

5
1

4pE d4xeiq•x^p,H2u@Jm~x!,Jn~0!#up,H1&, ~3!

which is the imaginary part of the forward current-hadr
scattering amplitude. HereH1 andH2 are components of the
target spin along a quantization axis andJm is the electro-
magnetic current.Wmn can be decomposed into a set of fo
linearly independent structure functions for a spin-half tar
using parity and time-reversal invariance, while for a sp
one target, the number of linearly independent struct
functions is eight@1#. Thus,b1(x,Q2) can be related to the
helicity amplitudesAh1H1 ,h2H2

for the processh11H1→h2

1H2, wherehj (H j ) labels the helicity of the photon~tar-
get!, and

Ah1H1 ,h2H2
5eh2

* meh1

n Wmn , ~4!

eh
m is the polarization vector of photon of helicityh. It can be

shown that

b1~x,Q2!5
1

2
~2A10,102A11,112A12,12!. ~5!

The structure functionsW1 andW2 in unpolarized DIS of
an electron from a proton target can be described in term
the photoabsorption cross sectionsT and sL for transverse
~helicity 61) and longitudinal~helicity 0) photons, respec
tively, as

W15
K

4p2a
sT , ~6!

W25
K

4p2a
~sT1sL!

Q2

Q21n2
.

~7!

K is the incident virtual photon flux,n is its energy in the
laboratory frame.

Taking suitable combinations of helicities we can separ
out b1. We separate the contributions tob1 into single- and
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6908 57K. BORA AND R. L. JAFFE
double-scattering terms. The single-scattering terms
given by the convolution formalism and reflect thed-state
admixture in the deuteron ground state.@1,5#. We put these
aside and focus on the double-scattering contributions, wh
are given by

b1
~2!~x,Q2! 5

Q2

8p2xa
$dsg* D

~2! um502dsg* D
~2! um51%, ~8!

wheredsg* D
(2) signifies the double-scattering shadowing c

rection contribution to the deuteron cross section:

sg* D5sg* p
~1!

1sg* n
~1!

1dsg* D
~2! . ~9!

In all casess refers to the cross section for transverse p
tons — the subscriptT has been dropped for simplicity.

Glauber multiple-scattering theory@7# is usually used to
describe the interaction of high-energy particles with nuc
The basic assumption of the Glauber treatment is that
amplitude for a high-energy hadron to interact with a nucle
can be built from the scattering amplitude off individu
nucleons. Here we shall employ another analysis@8# that
uses a Feynman diagram technique, which reduces to
optical model results of Glauber theory in the limit of largeA
with a general one-particle nuclear density. The doub
scattering contribution to photon-nucleus scattering can
represented diagrammatically as shown in Fig. 1~a!. The fol-
lowing assumptions are made in this analysis: spin and
other internal degrees of freedom are neglected~except
where necessary to isolateb1), all the nucleons are assume
to be equivalent, the momentum transfer from the incid
hadron~here the vector meson! to target nucleus is small, th
nucleus and nucleons are nonrelativistic. The vector mes
act as the intermediate states during the double scatte
Therefore the double-scattering picture looks as in Fig. 1~b!,
and the singularities of the amplitudeT as a function of
momenta of the intermediate vector mesonsV are isolated.
They correctly correspond to the propagation of the vec

FIG. 1. Double-scattering diagrams in deuteron, with coher
contributions to amplitude from proton and neutron.
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meson between nucleons. We fix the momentum of the
tual photon to be, in thez direction,

qm5~n,0,0,AQ21n2!, ~10!

and definexW5(bW ,z). The momentumVm of the vector meson
can be seen to be

Vm5qm1Pm2P8m5~n,kx ,ky ,qz1kz!, ~11!

where Pm, P8m are the four-momenta of initial and fina
nucleon states,N and N8, respectively, andt52(P2P8)2

5k2 is the momentum transfer squared. Finally, the expr
sion for the double scattering takes the form

Ag* D
~2!

5
21

~2p!32M
E d2bdzuc~bW ,z!u2(

V
E d3kTg* N→NV

8

3
ei ~kzz1kW'•bW !

n22MV
22kW'

22~qz1kz!
21 i e

TNV→g* N
8 , ~12!

hereN,V represent the nucleon and intermediate vector m
son, respectively,Tg* N→NV

8 is the production amplitude fo
vector mesons (r0, v, f), M is nucleon’s mass, andMV is
the mass of vector meson. The amplitudeT8 depends on the
momentum transfer in thet channel — the subproces
g* N→NV is not limited to theforward direction. For small
t, t'2kW'

2 , so the t dependence determines the range
shadowing in impact parameter space. Even if the nucle
are misaligned inbW space by a distance of the order of th
range ofg* p→VX, the vector meson can still undergo
second interaction with the other nucleon. If the range of
production amplitude inbW were smaller than the deutero
wave function, then we could approximateT8 by its value at
t50. Since this is not the case we shall have to integr
over t. The vector meson is not on-shell, hence thei e. The
energy of the meson state is given byEV5AMV

21qz
2 ~for

n2@uku2), qz
25Q21n2. The energy difference that define

the virtuality of the vector meson is therefore given byDE
5AMV

21n21Q22n, which for large values of photon en
ergy can be written asDE5(Q21MV

2)/2n. Therefore the
vector mesons can exist for a timeDt;1/DE, and can
propagate a distancel, called its coherence length,l5Dt
51/DE:

l5
2n

MV
21Q2

5
Q2

Mx~MV
21Q2!

. ~13!

For significant shadowing or double scattering to occur,
coherence length of the intermediate vector meson shoul
of the order of the typical internucleon separation in t
nucleus,;1.7 fm. Thus, these effects increase asx de-
creases. Multiple scattering is most prominent at smallx and
for low-mass vector mesons. One can thus justify the us
only lowest mass vector mesons in the present case.
model resembles partonic approaches to low-Q2 shadowing
~see, for example,@9#!, where the virtual photon converts t
a qq̄ pair at a distance before the target proportional to 1/x in
the laboratory frame. Shadowing is then explained in ter

t
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57 6909DOUBLE-SCATTERING CONTRIBUTION TOb1(x,Q2) . . .
of q̄-nucleon scattering amplitude. The symmetricqq̄ pairs
at not too largeQ2, with a transverse separation;1/AQ2

can be viewed as a meson, the strong color interaction
tween quark and antiquark increasing with increasing se
ration.

Now we return to Eq.~12!. The optical theorem relate
the total cross section to the imaginary part of the forwa
scattering amplitude asdsg* D5(1/WD

2 )Im Ag* D
(2) u t50, with

WD
2 the total center-of-mass energy of theg* -D system,

WD
2 52WN

2 , WN
2 5(p1q)2[2Mn2Q2. To simplify Eq.

~12!, we carry out thekz integration. Given the sign of the
exponential, only the singularity in the upper half of thekz
plane contributes. Since the vector meson interacts diff
tively with the nucleon, the double-scattering diagram loo
as shown in Fig. 2. The optical theorem relates the resul
on-shell amplitude to the differential cross section for vect
meson photoprodution,

ds

dt U
t5k2

5
1

16p(
V

uTg* N→NV
8 u t5k2

2

WN
4

, ~14!

where

ds

dt U
t5k2'2kW

'
2
5

ds

dt U
t50

e2akW'
2
.

We estimate thet dependence from photoproduction da
wherea'10.4, 10.0, and 7.3 GeV22 for r, v, andf vector
mesons, respectively.

Next, we consider the deuteron form factor terms in E
~12!. We can write the deuteron wave function as mixture
s andd states (m51)

cm515
u0~r !

r
Y0

0~V!x1
1

1
u2~r !

r HA3

5
Y2

2~V!x1
212A 3

10
Y2

1~V!x1
0

1A 1

10
Y2

0~V!x1
1J , ~15!

where theY’s are the spherical harmonics and thex ’s are the
spin-wave functions. Using the orthogonality of thex func-
tions, we get

FIG. 2. Double-scattering diagram, showing production of int
mediate vector mesonsV via pomeron exchange.
e-
a-

-

c-
s
g
-

.
f

ucm51u25
u0

2

r 2
Y0

0* Y0
01A 1

10

u0u2

r 2
Y0

0* Y2
0

1
u2

2

r 2

3

5
Y2

2* Y2
21

3

10

u2
2

r 2
Y2

1* Y2
1

1A 1

10

u0u2

r 2
Y2

0* Y0
01

1

10

u2
2

r 2
Y2

0* Y2
0 , ~16!

with the wave functions normalized by

E
0

`

dr@u0
2~r !1u2

2~r !#51. ~17!

Similarly for m50,

ucm50u25
u0

2

r 2
Y0

0* Y0
02A2

5

u0u2

r 2
Y0

0* Y2
0

1
3

10

u2
2

r 2
Y2

21* Y2
211

2

5

u2
2

r 2
Y2

0* Y2
0

1
3

10

u2
2

r 2
Y2

1* Y2
12A2

5

u0u2

r 2
Y2

0* Y0
0 . ~18!

Subtracting Eq.~16! from Eq. ~18! gives

ucum50
2 2ucum51

2 5
23

4A2p

u0~r !u2~r !

r 2
~3cos2u21!.

~19!

Combining the results summarized in Eqs.~8!, ~12!, ~14!,
and ~19! the final expression for the functionb2

(2)(x,Q2)
(52xb1

(2)) emerges as

FIG. 3. Behavior ofb2
(2)(x,Q2) with x using Eq.~20! at Q2

50.1, 1.0, 4.0, and 10.0 GeV2, with Bonn potential for deuteron.

-



b2
~2!~x,Q2!5

23 Q2

Im i E d2bE dzu0~r !u2~r !
2z22b2

( E d2k'eiz/leikW'•bW 2akW'
2 MV

4 ds U .

6910 57K. BORA AND R. L. JAFFE
p4 16A2a ~z21b2!2 V ~MV
21Q2!2 dt

gN→VN,t50
~20!

Note that the crucial quadrupole factor (3cos2u21) translates into (2z22b2) in Eq. ~20!. With similar arguments, the
shadowing contribution to the unpolarized structure function can be shown to be

dF1
~2!5

2Q2

16p4a
Im i E d2bE dz

1

z21b2H u0
2~r !1

3

4
u2

2~r !
b4

~z21b2!2J
3(

V
E d2k'eiz/leikW'•bW 2akW'

2 MV
4

~MV
21Q2!2

ds

dt U
gN→VN,t50

. ~21!
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Since the diffractive photoproduction of vector mesons ta
place via pomeron exchange, the differential cross sec
for forward scattering is of the formds/dtug* N→VN,t50

;W4@aP(0)21#, whereaP(t50)511d is the soft pomeron
intercept. Thus it can be seen that the scaling violations
b1

(2)(x,Q2) are of the order of 1/Q2(122d), and the contribu-
tion vanishes at largeQ2. In these models, the structure fun
tion vanishes at largeQ2 and scaling can be restored with
the context of the model only if one takes into account
continuum of heavier mesons~GVMD!. Rather, we take the
point of view that VMD should not describe theQ2 depen-
dence because it is intrinsically a low-Q2 effective theory.
VMD provides an estimate of certain~in this case multiple
scattering! contributions to the structure function at a lo
scale, which are then mapped into the large-Q2 domain by
standard QCD evolution.

III. CALCULATIONS AND RESULTS

The resulting behavior ofb1
(2)(x,Q2) using Eq.~20! is

shown in Figs. 3 and 4. We have used the Bonn poten
@10# for deuteron wave function in the calculations. The d

FIG. 4. Behavior ofb2
(2)(x,Q2) with Q2 at x51024, 1023, and

1022.
s
n

in

e

al

ferential cross section for production of vector meso
r0,v,f has been taken from Ref.@11# and earlier data from
the references therein, and have values for forward scatte
;139.0, 10.4, and 7.2mb/GeV2 for r(W570 GeV!, v
(W580 GeV!, andf(W570 GeV!, respectively. HereW
corresponds to the mean photon-proton center-of-mass
ergy. In Fig. 3 we have presented the variation ofb2

(2)

52xb1
(2) with x, for 1024<x<1.0 atQ250.1, 1.0, 4.0, and

10.0 GeV2. We observe thatb2
(2) is significant toward small

x values, behaving as;(12x)2d/x2d, and is in general
agreement with@2,3#.

In Fig. 4 we have given theQ2 behavior ofb2
(2)(x,Q2), as

predicted by the VMD model, at different values ofx. That
b1 vanishes atQ250 is clear from Eq.~20!. It vanishes at
large Q2 because the vector-meson propagators and
vector-meson electroproduction cross section both fall w
Q2. This can be explained by the reduction in the cohere
length of the vector mesons asQ2 increases, at a fixed pho
ton energy. Figure 5 shows the double-scattering contri
tion to F2 in deuteron using Eq.~21!.

A few comments are in order here. Our results are m
specific than those of Refs.@2,3# because we have mad
more specific assumptions about the nature of the interm

FIG. 5. Double-scattering contribution toF2 as given by Eq.
~21!.



ite
io

e
ce
be

h
-

D

bl
ion
b
in

to

er of
tri-

con-
se
t

s-

57 6911DOUBLE-SCATTERING CONTRIBUTION TOb1(x,Q2) . . .
ate hadronic state. Of course we could add further exc
vector mesons to our calculation, however, their contribut
would be suppressed at the lowQ2 at which we work. We
must still confront the question: At which scale should w
graft our VMD results onto standard QCD evolution? Sin
we are interested in qualitative rather than quantitative
havior, some uncertainty can be tolerated.Q250.1 GeV2 is
clearly too small — QCD evolution is not justified at suc
small Q2. Q2510 GeV2 is clearly too large — simple vec
tor dominance is not justified at such largeQ2. A choice in
the range of ther mass seems appropriate where both VM
and QCD have claims to applicability.

To summarize, we have presented a model for the dou
scattering contribution to the tensor structure funct
b1(x,Q2) of the deuteron. The analysis is based on dou
scattering of vector mesons in electron-deuteron scatter
s-

f

d
n

-

e-

le
g.

We have found that the double-scattering contribution
b1(x,Q2) is significant for x<0.1 and behaves as;(1
2x)2d/x112d. At large Bjorkenx (x>0.3) the vector me-
sons can propagate only over distance scales of the ord
the size of a single nucleon, and multiple-scattering con
butions are not significant. At very smallx (x<1022), the
coherence length of the meson increases and hence the
tribution increases. Our results agree qualitatively with tho
obtained in Refs.@2,3#, and confirm the fact that a significan
enhancement inb1 can be expected at smallx due to the
quadrupole deformation of the deuteron.
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