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Deuteron spin structure functions at small Bjorken x

J. Edelmann, G. Piller, and W. Weise
Physik Department, Technische Universita¨t München, D-85747 Garching, Germany

~Received 25 September 1997!

We investigate polarized deuteron structure functions at small values of the Bjorken variable,x,0.1. In this
region contributions from the coherent interaction of diffractively excited hadronic states with both nucleons
become important. A proper treatment of this process requires an extension of the Glauber-Gribov multiple-
scattering theory to include spin degrees of freedom. In the kinematic domain of current fixed target experi-
ments we observe that shadowing effects ing1

d are approximately twice as large as for the unpolarized structure
functionF2

d . Furthermore atx,0.1 the tensor structure functionb1 is found to receive significant contributions
from coherent double scattering.@S0556-2813~98!02506-0#

PACS number~s!: 13.60.Hb, 24.70.1s, 25.10.1s
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I. INTRODUCTION

In recent years polarized deep-inelastic scattering exp
ments have become a major topic at all high-energy lep
beam facilities. They aim primarily at the investigation of t
spin structure of hadrons. Here the use of proton targets
led to detailed information about the spin structure funct
g1

p . In addition the corresponding neutron structure funct
g1

n has been explored. Combined with proton data the la
is crucial for the extraction of the flavor singlet combinati
of polarized quark distributions, and for testing the fund
mental Bjorken sum rule.

To investigate neutron structure functions nuclear targ
are needed. In current experiments at CERN@1#, SLAC
@2,3#, and HERMES@4#, 3He and deuteron targets are use
For an accurate extraction of neutron structure function
detailed knowledge of nuclear effects is therefore requir
At moderate and large values of the Bjorken variablex
.0.2, such effects can be traced back to nuclear binding
Fermi motion~see, e.g.,@5# and references therein!. At small
x,0.1 corrections due to coherent multiple-scattering p
cesses become important. In unpolarized deep-inelastic
tering these are responsible for nuclear shadowing which
been established in recent experiments at FNAL@6,7# and
CERN @8# as a leading twist effect.

In this paper we study polarized deep-inelastic scatte
from deuterium at smallx. Important contributions to the
corresponding cross section come from mechanisms
which the exchanged virtual photon scatters diffractiv
from one of the nucleons in the target and produces hadr
intermediate states which subsequently interact with the
ond nucleon. Coherent double scattering is described by
Glauber-Gribov multiple-scattering theory which we exte
in the present work to include spin degrees of freedom.

We estimate shadowing effects in the deuteron spin st
ture functiong1

d . The corrections thus obtained turn out to
approximately a factor of 2 larger than those for the un
larized structure functionF2

d . Nevertheless, as compared
other uncertainties in the extraction ofg1

n from deuteron data
these corrections are relatively small.

Because of its spin-1 nature the deuteron is character
by additional structure functions as compared to a f
nucleon. Among those the yet unmeasured structure func
570556-2813/98/57~6!/3392~14!/$15.00
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b1 @9–11# will be investigated at HERMES@12#. Model cal-
culations suggest thatb1 is very small at moderate and larg
x.0.2 ~see, e.g.,@13#!. At small x,0.1 dominant contribu-
tions tob1 result from coherent double-scattering process
Here the magnitude ofb1 reaches around 2% of the unpo
larized nucleon structure functionF1

N . This interesting effect
is entirely due to an interference between theS- andD-state
component in the deuteron wave function.

First investigations of double-scattering contributions
polarized deuteron structure functions have been perform
in @14# within a Regge model. However, in that work a
unrealistic deuteron wave function has been used neglec
the D-state component. Atx,0.1 the latter turns out to be
crucial for a proper estimate of the structure functionb1 as
found in @15,16# ~see also@17,18#!. Shadowing effects for
spin structure functions have been discussed recently wi
the framework of a simple model, especially for3He targets
@19#. The magnitude of the observed effect agrees well w
the results presented here.

This paper is organized as follows: in Sec. II we recall t
relationship between structure functions and photon heli
amplitudes. An extension of the Glauber-Gribov multipl
scattering series to spin degrees of freedom is presente
Sec. III, where we also derive the single- and doub
scattering contributions to deuteron structure functions.
Sec. IV we estimate shadowing effects in the spin struct
functiong1

d and discuss implications for the extraction of th
neutron structure functiong1

n . Results forb1 are presented in
Sec. V. We summarize in Sec. VI.

II. STRUCTURE FUNCTIONS AND HELICITY
AMPLITUDES

In inclusive deep-inelastic lepton scattering one prob
the hadronic tensor

Wmn~p,q,s!5
1

4pE d4j eiq•j^p,suJm~j!Jn~0!up,s& ~1!

of the target. HereJm is the electromagnetic current. Th
four momenta of the target and the exchanged photon
labeled bypm andqm5(q0 ,q), respectively. The spin vecto
sm is orthogonal to the target momentum,p•s50, and nor-
malized such thats252MT

2 , whereMT is the invariant mass
3392 © 1998 The American Physical Society
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57 3393DEUTERON SPIN STRUCTURE FUNCTIONS AT SMALL . . .
of the target. For a spin-1/2 targetsm directly represents the
target polarization, while for a spin-1 target it is defined
terms of the polarization vectorsEH as sa(H)
52 i«abgd EH

b* EH
g pd, whereH50,11,21 ~abbreviated as

0,1,2) denotes the spin projection along the quantizat
axis.

According to the optical theorem inclusive deep-inelas
lepton scattering can be described in terms of the forw
scattering of a virtual photon. The corresponding Comp
amplitude is given by

Tmn~p,q,s!5 i E d4j eiq•j^p,suT„Jm~j!Jn~0!…up,s&.

~2!

A comparison with Eq.~1! gives

Wmn5
1

2p
Im Tmn . ~3!

Using the Compton tensor one can define photon-target
ward helicity amplitudes~Fig. 1!:

AjH , j 8H85e2« j 8
m* Tmn~H8,H !« j

n , ~4!

with the electromagnetic couplinge2/4p51/137. The helici-
ties of the incoming and scattered photon are labeled bj
and j 8. Choosing the photon momentum in the longitudin
direction,qm5(q0 ,0',qz) with qz.0, gives for the photon
polarization vectors «1

m 5(0,21,2 i ,0)/A2, «2
m 5(0,1,

2 i ,0)/A2 and «0
m5(qz,0,0,q0)/A2q2. FurthermoreH and

H8 specify the target helicities before and after the inter
tion.

Lorentz covariance, parity and time-reversal invarian
hermiticity and current conservation imply that the hadro
tensor of the free nucleon is expressed in terms of four st
ture functionsF1

N ,F2
N andg1

N ,g2
N which depend on the mo

mentum transferQ252q2 andxT5Q2/2n with n5p•q:1

Wmn
N 52gmnF1

N1
pmpn

n
F2

N1
i

n
«mnlsqlssg1

N

1
i

n2
«mnlsql~p•qss2s•qps!g2

N . ~5!

1We use the notationxT for the Bjorken variable of a targe
nucleus, whilex denotes that of the nucleon as usual, i.e.,x
5Q2/2Mq0 in the lab frame.

FIG. 1. Forward helicity amplitude for Compton scattering on
polarized target.
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With the nucleon helicitiesH,H851,25↑,↓ we obtain
from Eqs.~3!, ~4!, ~5! for the spin-averaged structure fun
tions:

F1
N5

1

4pe2
~ Im A1↓,1↓

g* N 1Im A1↑,1↑
g* N !, ~6a!

F2
N5

x

2pe2kN

~ Im A1↓,1↓
g* N 1Im A1↑,1↑

g* N 12 Im A0↑,0↑
g* N !,

~6b!

and for the spin-dependent ones:

g1
N5

1

4pe2kN

~ Im A1↓,1↓
g* N 2Im A1↑,1↑

g* N

1A2~kN21! Im A1↓,0↑
g* N !, ~6c!

g2
N5

1

4pe2kN
S Im A1↑,1↑

g* N 2Im A1↓,1↓
g* N

1
2

A2~kN21!
Im A1↓,0↑

g* N D . ~6d!

HerekN511M2Q2/n2 with the nucleon massM .
For deuterium, as for any spin-1 target, the hadronic t

sor has eight structure functions. Four of them are prop
tional to Lorentz structures as found for free nucleons~5!. Of
the remaining structure functionsb1 ,b2,D, andb3, the first
three occur at leading twist, whileb3 is suppressed at larg
Q2 @9,11#:

FIG. 2. ~a! Single-scattering contribution to virtual photon
deuteron scattering.~b! Double-scattering contribution to virtua
photon-deuteron scattering.
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Wmn
d 52gmnF1

d1
pmpn

n
F2

d1
i

n
«mnlsqlssg1

d1
i

n2
«mnlsql~p•q ss2s•qps!g2

d

2S gmnb12
pmpn

n
b2D S Md

2

kdn2
q•E q•E* 2

1

3D
1

D

2 H S 2gmn1
2xT

kdn
pmpnD S Md

2

kdn2
q•E q•E* 21D 1F S Em2

q•E
kdn

pmD S En* 2
q•E*
kdn

pnD1~m↔n!G J
1b3

kd21

Akdn
Fpmq•E* S En2

q•E
kdn

pnD1pmq•ES En* 2
q•E*
kdn

pnD1~m↔n!G . ~7!
e

ing

g

-

er-
le-
ns
m-
ng

he

me

c-
d by
Here we usekd511Md
2Q2/n2 and omit the spin indicesH

in the deuteron polarization vectorE. The relations between
helicity amplitudes and structure functions are obtain
again from Eqs.~3!, ~4!, ~7!:

F1
d5

1

6pe2
~ Im A11,11

g* d 1Im A12,12
g* d 1Im A10,10

g* d !,

~8a!

F2
d5

xT

3pe2kd

~ Im A11,11
g* d 1Im A12,12

g* d 1Im A10,10
g* d

12 Im A01,01
g* d 1Im A00,00

g* d !, ~8b!

g1
d5

1

4pe2kd

„Im A12,12
g* d 2Im A11,11

g* d

1Akd21~ Im A10,01
g* d 1Im A12,00

g* d !…, ~8c!

g2
d5

1

4pe2kd
S Im A11,11

g* d 2Im A12,12
g* d

1
1

Akd21
~ Im A10,01

g* d 1Im A12,00
g* d !D , ~8d!

b152
1

4pe2
~ Im A11,11

g* d 1Im A12,12
g* d 22 Im A10,10

g* d !,

~8e!

b252
xT

2pe2kd

~ Im A11,11
g* d 1Im A12,12

g* d 22 Im A10,10
g* d

12 Im A01,01
g* d 22 Im A00,00

g* d !, ~8f!

D5
1

2pe2
Im A12,21

g* d , ~8g!

b35
1

4pe2Akd~kd21!
~ Im A10,01

g* d 2Im A12,00
g* d !.

~8h!
d

The scaling property of the structure functions~8! requires

that the amplitudesA10,01
g* d and A12,00

g* d drop at least as
1/AQ2.

III. DEEP-INELASTIC SCATTERING FROM DEUTERONS
AT SMALL x

From the previous discussion we find that in the scal
limit, which we use throughout, the structure functionsF1

d ,
F2

d , g1
d , and b1 are determined by the helicity conservin

amplitudesA1H
g* d[A1H,1H

g* d . These can be split into single
and double-scattering parts as sketched in Fig. 2:

A1H
g* d5A1H

~1! 1A1H
~2! . ~9!

In the single-scattering term the photon interacts incoh
ently with the proton or neutron of the target. The doub
scattering term involves interactions in which both nucleo
take part. In the following we derive the corresponding a
plitudes extending the Glauber-Gribov multiple-scatteri
theory @20–22# to include spin degrees of freedom.

A. Single scattering

We first focus on single-scattering contributions to t
structure functionsF1(2)

d , g1
d , and b1. The corresponding

Compton amplitude reads@Fig. 2~a!#:

iA1H
~1! 52E d4p

~2p!4
EH

a* «1
m* TrFGb~pd ,p!

i

p” d2p”2M1 i«

3Ḡa~pd ,p!
i

p”2M1 i«

3 i t̂ mn
g* p~p,q!

i

p”2M1 i«
GEH

b «1
n 1@p↔n#, ~10!

We describe the scattering process in the laboratory fra
where the deuteron with four momentumpd

m5(Md ,0… is at
rest. The integration in Eq.~10! runs over the momentum
pm5(p0,p) of the interacting nucleon. The polarization ve
tors of the transverse photon and the deuteron are denote
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57 3395DEUTERON SPIN STRUCTURE FUNCTIONS AT SMALL . . .
«1 and EH , respectively. All information about deutero
structure is absorbed in the vertex functionsG, such that the
free proton and neutron propagators remain. The interac
of the photon with the bound nucleon is described by
reduced amplitudet̂g* N which is related to the physica
photon-nucleon forward scattering amplitudes in Eq.~6! as
follows:

A1h
g* N5«1

m* ū~p,h! t̂mn
g* N~p,q!u~p,h!«1

n . ~11!

Hereu(p,h) is the Dirac spinor of a nucleon with momen
tum p and helicityh.

One can perform the energy integration in Eq.~10! as-
suming that all relevant poles are included in the nucle
propagators. We neglect modifications of the individu
nucleon amplitudesAg* N due to nuclear binding and Ferm
motion. They are relevant only at moderate and largex ~see
e.g., Refs.@5,23#!, whereas our primary interest in this pap
is the regionx,0.1. Next we perform a nonrelativistic ex
pansion of the nucleon propagators in Eq.~10!, keeping only
the leading terms inupu/M . In the nonrelativistic limit we
identify the vertex functionsG with nonrelativistic deuteron
wave functionscH . We find ~for details see Appendix A!:

A1H
~1! 5E d3r cH

† ~r!~P↑
pA1↑

g* p1P↓
pA1↓

g* p!cH~r!1@p↔n#.

~12!

The operatorsP↑(↓)
N act on the deuteron wave function an

project onto a proton or neutron with helicity1 or 2. The
coordinate-space wave function of the deuteron is

cH~r!5
1

A4p
Fu~r !

r
1

v~r !

r

1

A8
Ŝ12~ r̂ !GxH , ~13!

whereŜ12( r̂ )53(sp•r)(sn•r)/r 22sp•sn is the tensor op-
erator withr 5uru, andxH denotes the spin-wave function o
the triplet proton-neutron pair. The deuteronS- andD-state
components are determined by the radial wave functionu
and v, respectively. They are normalized according
*0

`dr@u2(r )1v2(r )#51, while the D-state probability is
given byvD5*0

`dr v2(r ).
Inserting the deuteron wave function in Eq.~12! and

working out the projection operators for the different de
teron polarizations, one finds
n
e

n
l

-

A11
~1! 5S 12

3

4
vDD ~A1↑

g* p1A1↑
g* n!

1
3

4
vD~A1↓

g* p1A1↓
g* n!, ~14a!

A12
~1! 5S 12

3

4
vDD ~A1↓

g* p1A1↓
g* n!

1
3

4
vD~A1↑

g* p1A1↑
g* n!, ~14b!

A10
~1!5

1

2
~A1↑

g* p1A1↓
g* p1A1↑

g* n1A1↓
g* n!. ~14c!

With Eqs. ~6!, ~8! the single-scattering contributions to th
deuteron structure functions become

F1
d5F1

p1F1
n52F1

N , ~15a!

g1
d5S 12

3

2
vDD ~g1

p1g1
n!5~223vD! g1

N , ~15b!

b150. ~15c!

We end up with the incoherent sum of the correspond
proton and neutron structure functions. The polarized str
ture function g1

d includes the depolarization factor (
23vD/2). It accounts for the fact that the deuteron and
interacting nucleon can be polarized in opposite direction
the deuteron is in aD state. Note thatb1 vanishes for single
scattering since there is no such structure function for
individual spin-1/2 particles.

B. Double scattering

At small values of the Bjorken variable,x,0.1, double
scattering contributes significantly to photon-deuter
Compton scattering and consequently to deuteron struc
functions. In this process the virtual photon diffractively pr
duces a hadronic intermediate state on the first nucle
which subsequently interacts with the second nucleon. In
case of unpolarized scattering destructive interference of
single- and double-scattering amplitudes leads to the
served nuclear shadowing~see, e.g.,@24#!.

The helicity dependent double-scattering amplitude re
@see Fig. 2~b!#:
iA1H
~2! 52(

X
E d4p

~2p!4E d4k

~2p!4
EH

a* «1
m*

2 i ~grs2pX
r pX

s/MX
2 !

pX
22MX

21 i«
TrFGb~pd ,p!

i

p” d2p”2M1 i«
i t̂ mr

Xn→g* n i

p” d2p”2k”2M1 i«

3Ḡa~pd ,p!
i

p”1k”2M1 i«
i t̂ sn

g* p→Xp i

p”2M1 i«
GEH

b «1
n 1@p↔n#. ~16!
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Here p denotes the four momentum of the first interacti
nucleon andk is the momentum transfer. The sum is tak
over all diffractively excited hadronic statesX which carry
photon quantum numbers, an invariant massMX and a four
momentumpX5q2k. Their contributions to double scatte
ing are determined by the reduced amplitudest̂g* N→XN

which are related to the diffractive~virtual! photoproduction
amplitudes of hadronic statesX from nucleons by

T1h
NX~k!5«X1

s* ū~p1k,h! t̂sn
g* N→XNu~p,h!«1

n , ~17!

where«X1 denotes the transverse polarization vector of
produced hadronic intermediate states. We choose the
ton momentum in the longitudinal direction,qm

5(q0 ,0' ,Aq0
21Q2). As in single scattering we perform th

energy integration in Eq.~16! assuming that all relevan
poles are in the propagators. We then take into account
the leading nonrelativistic contribution toA(2). Furthermore
we assume that the diffractive amplitudest̂ depend on the
transverse momentum transfer only. Following the st
given in Appendix B this leads to

A1H
~2! 5

i

4Mq0
(
X

E d2k'

~2p!2E d2b eik'•bE
2`

0

dz eiz/l

3cH
† ~r!@P↑

pT1↑
pX ~k!1P↓

pT1↓
pX ~k!# ^ @P↑

nT1↑
nX ~k!

1P↓
nT1↓

nX ~k!#cH~r!1@p↔n#. ~18!

In analogy with hadron-hadron high-energy collisions@25#
the real part of diffractive production amplitudes is suppos
to be small. We therefore use in the followingTNX

' i Im TNX and consider only terms which contribute to t
imaginary part of the double-scattering amplitudeA(2).

For the double-scattering contribution to be significa
the longitudinal propagation length

l.
2q0

MX
21Q2

5
1

xMS Q2

MX
21Q2D ~19!

of a diffractively excited hadron must exceed the size of
deuteron target,d5^r 2&d

1/2'4 fm. At largeQ2 the important
intermediate states are those withMX

2;Q2 ~see, e.g., Refs
@21,24,26#!. Hence the conditionl.d is fulfilled for x
,0.03 in agreement with the observed shadowing effec
unpolarized deep-inelastic scattering@6–8#.

After projecting onto proton and neutron states with de
nite helicity one finds

A11
~2! '

i

4Mq0
(
X

E d2k'

~2p!2
S1~k',1/l!T1↑

pX ~k!T1↑
nX ~k!,

~20a!

A12
~2! '

i

4Mq0
(
X

E d2k'

~2p!2
S2~k',1/l!T1↓

pX ~k!T1↓
nX ~k!,

~20b!
e
o-

ly

s

d

,

e

in

-

A10
~2!'

i

8Mq0
(
X

E d2k'

~2p!2
S0~k',1/l!@T1↑

pX ~k!T1↓
nX ~k!

1T1↓
pX ~k!T1↑

nX ~k!#, ~20c!

with the helicity-dependent deuteron form factor

SH~k!5E d3r ucH~r!u2eik•r. ~21!

In Eq. ~20! we have neglected contributions which vanish f
diffractive production processes in the forward direction.
small scattering anglesu the omitted terms are suppressed
typical factors (sinu/cosu)2. Note in addition that the ne
glected contributions are proportional to the square of
deuteronD-state wave function and therefore numerica
insignificant in any case. The complete expressions for
helicity amplitudesA(2) can be found in Appendix B.

For the following discussion we approximate the depe
dence of the diffractive production amplitudes on the m
mentum transfert5k2'2k'

2 by

TNX~k!'e2B k'
2 /2TNX, ~22!

with the forward amplitudeTNX[TNX(k50). For possible
small momentum transfers an exponential suppression
TNX with rising utu is certainly justified and supported b
experiment@27–30#. Furthermore we finally investigate ou
results for deuteron spin structure functions in the kin
matic range of fixed target experiments at CERN~NMC,
SMC, COMPASS!, FNAL ~E665!, and DESY~HERMES!.
Here in average moderate momentum transfers,Q2&5
GeV2, are accessible atx,0.03. Various data on diffractive
leptoproduction in this kinematic region@27–30# suggest an
average slopeB.(6 . . . 10) GeV22. Note that the limitB
50 corresponds to the approximation that the diffract
production of intermediate hadronic states proceeds in
forward direction, i.e., at a fixed impact parameterb50
@Eq. ~18!#.

The double-scattering amplitudesA(2) can now be ex-
pressed in terms of the integrated form factors:

FH~1/l,B!5E d2k'

~2p!2
SH~k',1/l!e2B k'

2
. ~23!

In Fig. 3 we presentFH for realistic wave functions as ob
tained from the Paris@31# and Bonn@32# nucleon-nucleon
potentials. We observe a significant dependence on the
teron polarization. Furthermore we findFH'const for l
.^r 2&d

1/2'4 fm. To investigate the influence of the diffrac
tive slopeB we compare results forB57 GeV22 and B
50. We find that the form factors for unpolarized deuteriu

F5
1

3
~F11F21F0!, ~24!

and for transverse polarization,F1 , are not very sensitive to
the exact value of the diffractive slope. In the examp
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FIG. 3. ~a! Integrated deuteron form factorFH from Eqs. ~23!, ~24!, ~25! for different deuteron polarizations for an average slo
B57 GeV22. The dotted and dashed curves correspond to the Bonn@32# and Paris potential@31#, respectively.~b! Integrated deuteron form
factorFH from Eqs.~23!, ~24!, ~25! for different deuteron polarizations for an average slopeB50. The dotted and dashed curves correspo
to the Bonn@32# and Paris potential@31#, respectively.
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shown in Fig. 3 they vary by maximally 15%. The situatio
is different for tensor polarization. Forl.4 fm the corre-
sponding form factor

FT5
1

2
~F11F222F0! ~25!

increases approximately by a factor of 3 whenB50 is cho-
sen instead ofB57 GeV22. The reason is that the deutero
tensor form factorST5S11S222S0 receives significant
contributions from rather large momentauku.(200–
400) MeV. In this kinematic regionST varies slowly with
t;2k'

2 . As a consequence the forward approximation,B
50, is poorly justified in this case. In addition note that t
differences between form factors derived from the Bonn a
the Paris potential become small if a realistic slope is us

Combining Eqs.~20!, ~22!, ~23! finally gives

A11
~2! 5

i

4Mq0
(
X

T1↑
pX T1↑

nXF1~1/l,B!, ~26a!

A12
~2! 5

i

4Mq0
(
X

T1↓
pX T1↓

nXF2~1/l,B!, ~26b!
d
.

A10
~2!5

i

8Mq0
(
X

~T1↓
pX T1↑

nX 1T1↑
pX T1↓

nX !F0~1/l,B!.

~26c!

In combination with Eq.~8! we then obtain the double
scattering corrections to all deuteron structure functions.

For the unpolarized structure functionF1
d5F1

p1F1
n

1dF1 we have

dF15
1

6pe2
@ Im A11

~2! 1Im A12
~2! 1Im A10

~2! #, ~27!

5
1

32pe2Mq0
(
X

$F~1/l,B!~T1↑
pX T1↑

pX 1T1↓
pX T1↓

pX

1T1↑
nX T1↑

nX 1T1↓
nX T1↓

nX !

2F~1/l,B!@~T1↑
pX 2T1↑

nX !21~T1↓
pX 2T1↓

nX !2#

2
2

3
F0~1/l,B!~T1↑

pX 2T1↓
pX !~T1↑

nX 2T1↓
nX !%. ~28!

If we ignore the isospin and spin-dependent combinati
proportional to
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~T1↑
pX 2T1↑

nX !2,~T1↓
pX 2T1↓

nX !2 and

~T1↑
pX 2T1↓

pX !~T1↑
nX 2T1↓

nX !, ~29!

we arrive at the well-known result@21#

dF152
2Q2

e2x
E

4mp
2

W2

dMX
2S d2s↓

gT* N

dMX
2dt

U
t50

1
d2s↑

gT* N

dMX
2dt

U
t50

D
3F~1/l,B!, ~30!

written in terms of the forward diffractive hadron productio
cross section in the collision of transverse virtual photo
with nucleons att5(pX2q)250. The individual helicity de-
pendent diffractive cross sections are

16pE
4mp

2

W2

dMX
2
d2s

h

gT* N

dMX
2dt

U
t50

5
1

8M2q0
2(X ~ uT1h

pX u21uT1h
nX u2!.

~31!

In Sec. IV we investigate all terms of Eq.~28! as they con-
tribute todF1 within a simple model. The corrections to th
conventional result, Eq.~30!, turn out to be small indeed. In
Fig. 4 we present the shadowing correction for the unpo
ized structure functionF2

d/2F2
N as measured by the E665 co

FIG. 4. Shadowing correctiondF2/2F2
N for deuterium, with data

from E665@6#. The full line represents a fit to the data used in E
~43! and ~44!.
s

r-

laboration @6#. At x!0.1 one findsdF2/2F2
N'dF1/2F1

N'
20.03, with large experimental errors. Note however that
quoted value is consistent with an analysis of theA depen-
dence of nuclear shadowing in Ref.@33#. For later estimates
of double-scattering effects in deuteron spin structure fu
tions we use the fit to the data shown in Fig. 4. Correspo
ing theoretical calculations can be found, for example,
Ref. @34#.

Following Eqs.~8!, ~26!, the double scattering to the po
larized structure functiong1

d5(123vD/2)(g1
p1g1

n)1dg1 is

dg15
1

4pe2
@ Im A12

~2! 2Im A11
~2! # ~32!

5
1

32pe2Mq0
(
X
F1~1/l,B!@T1↓

pX T1↓
pX

2T1↑
pX T1↑

pX 1T1↓
nX T1↓

nX 2T1↑
nX T1↑

nX

1~T1↑
pX 2T1↑

nX !22~T1↓
pX 2T1↓

nX !2#. ~33!

If one assumes that spin-averaged diffractive amplitudes
equal for protons and neutrons, i.e.,T1↑

pX 1T1↓
pX 5T1↑

nX 1T1↓
nX ,

the third and fourth terms in Eq.~33! vanish. In Regge phe
nomenology this is guaranteed by the isospin-independ
pomeron exchange which dominates diffraction at smalx
~see, e.g.,@35#!. We then end up with

dg152
2Q2

e2x
E

4mp
2

W2

dMX
2S d2s↓

gT* N

dMX
2dt

U
t50

2
d2s↑

gT* N

dMX
2dt

U
t50

D
3F1~1/l,B!. ~34!

Now the difference of the helicity-dependent diffractive pr
duction cross sections enters, whereas the unpolarized
Eq. ~30!, involves the sum of both.

Finally we study the structure functionb1 which does not
receive contributions from single scattering as long
nuclear binding and Fermi motion are neglected. H
double scattering gives

.

b152
1

4pe2
~ Im A11

~2! 1Im A12
~2! 22 Im A10

~2! !,

5
1

32pe2Mq0
(
X

$F0~1/l,B!@T1↑
pX T1↑

pX 1T1↓
pX T1↓

pX 1T1↑
nX T1↑

nX 1T1↓
nX T1↓

nX 2~T1↑
pX 2T1↑

nX !22~T1↓
pX 2T1↓

nX !2

22~T1↑
pX 2T1↓

pX !~T1↑
nX 2T1↓

nX !#2F1~1/l,B!@T1↑
pX T1↑

pX 1T1↓
pX T1↓

pX 1T1↑
nX T1↑

nX 1T1↓
nX T1↓

nX

2~T1↑
pX 2T1↑

nX !22~T1↓
pX 2T1↓

nX !2#%. ~35!
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With the approximations~29! we obtain

b15
4Q2

e2x
E

4mp
2

W2

dMX
2d2sgT* N

dMX
2dt

U
t50

FT~1/l,B!, ~36!

and observe thatb1 is proportional to the difference of th
deuteron form factors~25! for transverse and longitudina
target polarizations. This contribution is entirely driven
the interference of the deuteronS- andD-state component a
can be seen from Eq.~B22!. Note that our result in Eq.~36!
implies a violation of the quark model sum rule@16#

E
0

1

dx b1~x,Q2!50, ~37!

which has been discussed in Ref.@36#.

IV. SHADOWING IN g1
d

Shadowing in the deuteron spin structure functiong1
d is

proportional to the difference of polarized diffractive virtu
photoproduction cross sections, see Eq.~34!. These quanti-
ties have not been measured up to now, to our knowled
Nevertheless it is possible to estimate the shadowing cor
tion dg1 to an accuracy which is sufficient for the extractio
of the neutron structure functiong1

n from recent experimenta
data@1,3#. In the kinematic region of current experiments
is legitimate to neglect nuclear binding and Fermi moti
corrections@23#. To leading order in the shadowing corre
tion dg1 /dg1

N one then obtains

g1
n.

g1
d

12 ~3/2!vD
S 12

dg1

2g1
N@12 ~3/2!vD#

D 2g1
p . ~38!

Recent fixed target experiments findug1
du,ug1

pu @1,3#. The
sensitivity ofg1

n to uncertainties in the nuclear depolarizati
or shadowing is therefore suppressed. Note that in this
spect the use of3He targets is expected to be less favora
@19#.

A. Upper limit for shadowing in g1
d

An upper limit for shadowing ing1
d can be obtained by

directly comparingdg1 and dF1 in terms of the photon-
deuteron helicity amplitudes~27!, ~32!. Note that at smallx
their imaginary parts have the same sign. The reason is
at x!0.1 large values of the coherence length are relev
@see Eq.~19!#. For l.4 fm the longitudinal deuteron form
factors~23! which enter in Eq.~26! are all positive. We can
then apply the Schwartz inequality

uIm A11
~2! 1Im A12

~2! 1Im A10
~2! u>uIm A11

~2! 1Im A12
~2! u

>uIm A12
~2! 2Im A11

~2! u,
~39!

and obtain

udg1u

F1
N

<
3

2

udF1u

F1
N

'
3

2

udF2u

F2
N

. ~40!
e.
c-

e-
e

at
nt

Given the E665 data onF2
d/2F2

N shown in Fig. 4 we conclude
from Eqs.~38!, ~40! that uncertainties due to the shadowin
correctiondg1 are small. They are within the experiment
errors of recent data analyses@1,3#. However, once accurat
data for g1

d and g1
p become available atx,0.01 the upper

bound~40! is not helpful anymore due to the strong rise
F1

N at smallx ~see, e.g.,@37#!.

B. Model calculation

In this section we investigate double-scattering contrib
tions to deuteron structure functions in the framework o
simple model. In a laboratory frame description of dee
inelastic scattering at smallx!0.1, the exchanged virtua
photon first converts to a hadronic stateX which then inter-
acts with the target. In this kinematic region the photo

nucleon helicity amplitudesA1h
g* N can be described by

hadron-nucleon amplitudes averaged over all hadronic st
present in the photon wave function. Here hadronic sta
with invariant massMX

2;Q2 dominate as one can find from
a spectral analysis of photon-nucleon amplitudes~e.g.,
@21,24,26#!. We therefore approximate the photon-nucle
helicity amplitudes by effective hadron-nucleon amplitud
Ā1h

XN which depend weakly on kinematic parameters, time
factor which incorporates the leadingQ2 dependence:

A1h
g* N'e2

C~Q2,x!

Q2
Ā1h

XN . ~41!

In the case of unpolarized scattering an effective hadr
nucleon cross sections̄ XN5(1/2Mq0)Im ĀXN'17 mb re-
produces the measured shadowing in the nuclear struc
functionsF2

A @19#. Furthermore, one finds that in the kine
matic domain of current fixed target experiments, the fu
tion C(Q2,x) depends only weakly onQ2 and x @24,26#,
while the factor 1/Q2 ensures scaling of deep-inelastic stru
ture functions as can be seen from Eqs.~42!, ~43!.

Replacing the amplitudes~6! by the effective ones of Eq
~41! yields for the nucleon structure functions:

F1
N5

C

4pQ2
~ Im Ā1↓

XN1Im Ā1↑
XN!, ~42a!

g1
N5

C

4pQ2
~ Im Ā1↓

XN2Im Ā1↑
XN!. ~42b!

The deuteron structure functions~8! are expressed in a simi
lar way in terms of effective hadron-deuteron amplitudes

F1
d5

C

6pQ2
~ Im Ā11

Xd 1Im Ā12
Xd 1Im Ā10

Xd !, ~43a!

g1
d5

C

4pQ2
~ Im Ā12

Xd 1Im Ā11
Xd !, ~43b!

b152
C

4pQ2
~ Im Ā11

Xd 1Im Ā12
Xd 22 Im Ā10

Xd !.

~43c!
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The next step is to express the deuteron amplitudesĀXd in
terms of nucleon amplitudes. For the double-scattering c
tributions the corresponding relations are identical to th
of Eq. ~26!, if one substitutes the diffractive amplitudesTNX

by ĀXN. Using Eqs.~42! we obtain

dF1~x,Q2!5
2px

C~Q2,x!
HF~1/l,B!F1

N~x,Q2!2

1
1

3
@2F1~1/l,B!2F0~1/l,B!#

3g1
p~x,Q2!g1

n~x,Q2!J , ~44a!

dg1~x,Q2!5
22px

C~Q2,x!
F1~1/l,B!F1

N~x,Q2!g1
N~x,Q2!,

~44b!

b1~x,Q2!5
px

C~Q2,x!
$FT~1/l,B! F1

N~x,Q2!2

1@F1~1/l,B!1F0~1/l,B!#

3g1
p~x,Q2!g1

n~x,Q2!%, ~44c!

with l'1/2Mx. In Eqs. ~44a!, ~44c! the spin and isospin
combinations~29! turn out to be proportional to the produ
of the proton and neutron spin structure functionsg1. In the
kinematic range of current fixed target experiments th
amount to less than 5% of the dominant contribution todF1
andb1, the one is proportional to the square of the unpol
ized nucleon structure functionF1

N . As a consequence th
standard expression for shadowing~30! and Eq.~36! for b1
at smallx seem to be good approximations.

A comparison of shadowing for unpolarized and polariz
structure functions in Eqs.~44! gives

dg1

g1
N

'Rg1

dF1

F1
N

'Rg1

dF2

F2
N

, with

Rg1
52
F1~2Mx,B!

F~2Mx,B!
. ~45!

At small x andB57 GeV22 we findRg1
52.2 for both the

Paris and Bonn nucleon-nucleon potentials@31,32#. ~In the
forward approximation, i.e.,B50, one hasRg1

52.7 for the

Paris, andRg1
52.4 for the Bonn potential.! In Fig. 5 we

present the ratiodg1 /2g1
N using the measuredF2

d/2F2
N from

Fig. 4 @6#. One should note that asx decreases the data fo
the shadowing ratioF2

d/2F2
N are taken at decreasing values

the average momentum transferQ̄2 @6#. Therefore our results
for dg1 /2g1

N shown in Fig. 5 correspond, strictly speakin
to the fixed target kinematics of E665@6#, which is not far
from the kinematics of SMC@1#. From Eq.~38! we finally
find that the shadowing correction amounts to less than
of the experimental error ong1

n for the SMC@1# and E143@3#
data analysis.
n-
e

y

-

d

%

V. THE TENSOR STRUCTURE FUNCTION b1

AT SMALL x

The shadowing correctiondF1 for the unpolarized struc-
ture function and the deuteron tensor structure functionb1
are directly related. Atx!0.1 the propagation lengths~19! of
diffractively excited hadrons which dominate doubl
scattering exceed the deuteron sizel.^r 2&d

1/2'4 fm. Here,
as shown in Fig. 3, the deuteron form factors saturate,
FH(1/l,0.25 fm21,B)'FH(0,B). A comparison of Eqs.
~30! and ~36! then gives

b15Rb1
dF1 , with Rb1

52
FT~0,B!

F~0,B!
. ~46!

Using B57 GeV22 we obtain from the Paris nucleon
nucleon potential@31# Rb1

520.33, while the Bonn one-

boson-exchange potential@32# givesRb1
520.29. A varia-

tion of the diffractive slopeB by 30% leads to a change o
the ratioRb1

by maximally 20%. In Fig. 6 we presentb1 as

obtained from Eq.~46!, using the fit forF2
d/2F2

N from Fig. 4,
together with the empirical information onF1

N @38,39#.
For the ratio of structure functionsb1 /F1

d , which is given
by an asymmetry of inclusive polarized deuteron cross s

tions,s1H
g* d;Im A1H

g* d , we find from Eq.~8!:

FIG. 5. Shadowing correctiondg1/2g1
N for deuterium. The dot-

ted and dashed curves correspond to the Bonn OBE@32# and Paris
potential@31#, respectively.

FIG. 6. Double-scattering contribution to the tensor struct
function b1 of the deuteron. The dotted and dashed curves co
spond to the Bonn OBE@32# and Paris potential@31#, respectively.
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b1

F1
d

52
3

2

s11
g* d1s12

g* d22s10
g* d

s11
g* d1s12

g* d1s10
g* d

'Rb1

dF1

2F1
N

'0.01,

~47!

i.e., b1 amounts to around 1% of the unpolarized deute
structure functionF1

d or, equivalently, to 2% ofF1
N . This

result agrees with an early estimate in Ref.@18#. Note that
the result shown here corresponds again to the kinematic
E665 @6#. It is therefore relevant with regard to possible f
ture experiments at HERMES@12# and eventually with
COMPASS@40#.

VI. SUMMARY

We have studied nuclear effects in the polarized deute
structure functionsg1

d andb1 at small values of the Bjorken
variable, x,0.1, where the diffractive photoexcitation o
hadronic states on a target nucleon and their subsequen
teraction with the second nucleon becomes important. In
der to describe these coherent double-scattering process
polarized deep-inelastic scattering we have extended
Glauber-Gribov multiple-scattering theory by including sp
degrees of freedom. We find that shadowing effects ing1

d are
by a factor of 2 larger than those for the unpolarized str
ture functionF2

d . Nevertheless they are of minor importan
for the extraction of the neutron structure functiong1

n from
current data ong1

d . In this respect deuterium seems to be
more favorable target than3He.

We observe thatb1 at smallx receives large contribution
from coherent double scattering. They come from an in
ference of theS- and D-state components of the deutero
wave function and break the simple quark model sum r
which suggests a vanishing first moment ofb1. At x,0.1,
the magnitude ofb1 reaches around 2% of the unpolariz
structure functionF1

N .
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APPENDIX A: SINGLE SCATTERING

Here we outline the derivation of the single-scattering a
plitude @Eq. ~12!# in Sec. III. For this purpose we extend th
Glauber-Gribov multiple-scattering theory@20–22# to in-
clude spin degrees of freedom.

We start out from the single-scattering Compton amp
tude in Eq.~10!:

iA1H
~1! 52E d4p

~2p!4
EH

a* «1
m* TrFGb~pd ,p!

i

p” d2p”2M1 i«

3Ḡa~pd ,p!
i

p”2M1 i«

3 i t̂ mn
g* p~p,q!

i

p”2M1 i«
GEH

b «1
n 1@p↔n#, ~A1!
n

of

n

in-
r-
s in
he

-

r-

e

s

-

-

whereG refers to the dpn vertex andt̂ is the reduced ampli-
tude defined in Eq.~11!. In the laboratory frame which we
use throughout, the deuteron four momentum is

pd
m5~Md ,0!5@2~M2B!,0#, ~A2!

whereB denotes the deuteron binding energy per nucle
We perform the energy integration in Eq.~A1! assuming that
all relevant poles are given by the nucleon propagators.
glecting antinucleon degrees of freedom this leads to the
placement:

1

~pd2p!22M21 i«
→2 ip

d~pd
02p02Ep!

Ep
, ~A3!

with Ep5AM21p2. We then arrive at

A1H
~1! 5E d3p

~2p!32Ep

EH
a* «1

m* Tr@ . . . #EH
b «1

n

~p22M21 i«!2 U
p

d
02p05Ep

1 @p↔n#, ~A4!

with

Tr@ . . . #5Tr@Gb~p” d2p”1M !Ḡa~p”1M ! t̂mn
g* p~p,q!

3~p”1M !#. ~A5!

In the numerator of Eq.~A4! we neglect terms of orde
p2/M2 and replacep”1M'(hu(p,h)ū(p,h), etc. in Eq.
~A5!, whereu(p,h) is the Dirac spinor of a nucleon with
momentump and helicityh. This gives

Tr@ . . . #' (
h,h8,h9

Tr@Gbu~pd2p,h8!ū~pd2p,h8!

3Ḡau~p,h9!ū~p,h9! t̂mn
g* p~p,q!

3u~p,h!ū~p,h!#. ~A6!

Next we apply helicity conservation and introduce t
photon-nucleon amplitude as in Eq.~11!:

«1
m* Tr@ . . . #«1

n '(
h,h8

Tr@Gbu~pd2p,h8!ū~pd2p,h8!

3Ḡau~p,h!ū~p,h!A1h
g* p#. ~A7!

We then expand the nucleon Dirac spinors inupu/M and keep
the leading terms, e.g.,

u~p,h!5AEp1MS xh

s•p

Ep1M
xh
D 'A2M S xh

0 D , ~A8!

with the nucleon Pauli spinorsx↑5(0
1) and x↓5(1

0). After
decomposing the vertex function

Gb5S Gb
A Gb

B

Gb
C Gb

DD , ~A9!
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we find for the leading nonrelativistic term:

«1
m* Tr@ . . . #«1

n

'~2M !2(
h,h8

tr@Gb
Axh8xh8

† Ga
A†xhxh

†A1h
g* p#,

~A10!

where the trace is taken in the 232 spin space.
We also expand the denominator in Eq.~A4! and use in

leading nonrelativistic order

1

2Ep~p22M2!2
'

1

32M3~B1p2/2M !2. ~A11!

Combined with Eq.~A10! we obtain

A1H
~1! 5

1

8ME d3p

~2p!3

EH
a* EH

b

S B1
p2

2M D 2

3 (
h,h8

tr@Gb
Axh8xh8

† Ga
A†xhxh

†A1h
g* p#1@p↔n#.

~A12!

We now specify the nonrelativistic deuteron wave functi
with helicity H. For a spectator nucleon~here neutron! with
helicity h8 we find

cH,h8
†

~p!5
xh8

† EH
a* Ga

A†

A8M ~B1 p2/2M !
, ~A13!

cH,h8~p!5
Gb

AEH
b xh8

A8M ~B1 p2/2M !
. ~A14!
In Eq. ~A12! one can express the sum over the proton hel
ties using helicity projection operators:

(
h

xhxh
†A1h

g* p5x↑x↑
†A1↑

g* p1x↓x↓
†A1↓

g* p

5S 1 0

0 0DA1↑
g* p1S 0 0

0 1DA1↓
g* p

5P↑
pA1↑

g* p1P↓
pA1↓

g* p . ~A15!

This gives

A1H
~1! 5E d3p

~2p!3 (
h8

tr@cH,h8~p!cH,h8
†

~p!~P↑
pA1↑

g* p

1P↓
pA1↓

g* p!#1@p↔n#. ~A16!

Summing over the neutron helicities and introducing t
coordinate-space wave functions~13!, this finally leads to

A1H
~1! 5E d3p

~2p!3 E d3r 8eip•r8 E d3r e2 ip•rcH
† ~r8!

3~P↑
pA1↑

g* p1P↓
pA1↓

g* p!cH~r!1@p↔n#

5E d3r cH
† ~r!~P↑

pA1↑
g* p1P↓

pA1↓
g* p!cH~r!

1 @p↔n#. ~A17!

APPENDIX B: DOUBLE SCATTERING

Here we outline the derivation of the double-scatteri
amplitude@Eq. ~18!# in Sec. III. We start from Eq.~16!:
he
les this is
iA1H
~2! 52(

X
E d4p

~2p!4E d4k

~2p!4
EH

a* «1
m*

2 i ~grs2pX
r pX

s/MX
2 !

pX
22MX

21 i«
TrFGb~pd ,p!

i

p” d2p”2M1 i«
i t̂ mr

Xn→g* n i

p” d2p”2k”2M1 i«

3Ḡa~pd ,p!
i

p”1k”2M1 i«
i t̂ sn

g* p→Xp i

p”2M1 i«
GEH

b «1
n 1@p↔n#, ~B1!

with the reduced diffractive production amplitudest̂ as specified in Eq.~17!. As in the single-scattering case we perform t
energy integration assuming that all relevant poles are in the nucleon propagators. Picking up the positive energy po
equivalent to the replacements

1

~pd2p!22M21 i«
→2 ip

d~pd
02p02Ep!

Ep
, ~B2!

1

~p1k!22M21 i«
→2 ip

d~p01k02Ep1k!

Ep1k
, ~B3!

with Ep1k5AM21(p1k)2. We then obtain
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A1H
~2! 52(

X
E d3p

~2p!32Ep
E d3k

~2p!32Ep1k

~2grs1pX
r pX

s/MX
2 !

pX
22MX

21 i«

3
EH

a* «1
m* Tr@ . . . #EH

b «1
n

~p22M21 i«!@~pd2p2k!22M21 i«#
U

p
d
02p05Ep ;p01k05Ep1k

1 @p↔n#, ~B4!
r
e

e

ng-

nc-
with

Tr@ . . . #5Tr@Gb~p” d2p”1M ! t̂mr
Xn→g* n~p” d2p”2k”1M !

3Ḡa~p”1k”1M ! t̂sn
g* p→Xp~p”1M !#. ~B5!

In the numerator we neglect again terms of orderp2/M2 and
replacep”1M'(hu(p,h)ū(p,h), etc. This leads to

Tr@ . . . #'(
h,h8

Tr@Gbu~pd2p,h8!tmr
Xn→g* n~k,h8!

3ū~pd2p2k,h8!

3Ḡau~p1k,h!tsn
g* p→Xp~k,h!ū~p,h!#.

~B6!

Here we have assumeds-channel helicity conservation fo
high-energy diffraction. The corresponding amplitudes ar

tsn
g* N→XN~k,h!5ū~p1k,h! t̂sn

g* N→XNu~p,h!. ~B7!

They are related to diffractive~virtual! photoproduction am-
plitudes by

T1h
NX~k!5«X1

s* tsn
g* N→XN~k,h!«1

n , ~B8!

with «X1 , the transverse polarization vector of the produc
hadron. Expanding the Dirac spinors in Eq.~B6! following
Eq. ~A8! we arrive at
d

Tr@ . . . #'~2M !2(
h,h8

tr@Gb
Axh8tmr

Xn→g* n~k,h8!

3xh8
† Ga

A†xhtsn
g* p→Xp~k,h!xh

†#. ~B9!

When taking also the energy denominators in the leadi
order nonrelativistic limit, i.e.,

1

2Ep~p22M2!
'

1

28M2~B1 p2/2M !
, ~B10!

1

2Ep1k@~pd2p2k!22M2#
'

1

28M2
„B1 ~p1k!2/2M …

,

~B11!

we can again identify the nonrelativistic deuteron wave fu
tions. For a deuteron with helicityH and a rescattering
nucleon~here neutron! with polarizationh8 we have

cH,h8
†

~p1k!5
xh8

† EH
a* Ga

A†

A8M „B1 ~p1k!2/2M …

, ~B12!

cH,h8~p!5
Gb

AEH
b xh8

A8M ~B1 p2/2M !
. ~B13!

In terms of coordinate-space wave functions we find
A1H
~2! 52

1

2M(
X

E d3p

~2p!3E d3k

~2p!3E d3r 8ei ~p1k!•r8E d3r e2 ip•r
~2grs1pX

r pX
s/MX

2 !

pX
22MX

21 i«
«1

m*

3 (
h,h8

tr@cH,h8~r!tmr
Xn→g* n~k,h8!cH,h8

†
~r8!xhtsn

g* p→Xp~k,h!xh
†#«1

n 1@p↔n#. ~B14!

Neglecting the dependence of the diffractive amplitudestg* N→XN on the longitudinal momentum transferkz , we perform the
kz integration, usingpX5q2k andqm5(q0 ,0' ,qz5Aq0

21Q2):

E
2`

`

dkz

eikzz

pX
22MX

21 i«
5E

2`

`

dkz

eikzz

~q02k0!22~qz2kz!
22k'

2 2MX
21 i«

,

'Q~2z!
2 ip

q0
ei ~z/l!1Q~z!

2 ip

q0
ei ~2qzz2 z/l!. ~B15!
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Here we neglect terms proportional to the energy transferk0 and to the transverse momentum transferk' which are suppresse
by the deuteron wave function in Eq.~B14!. Furthermore, we have introduced the coherence length

l'
2q0

MX
21Q2

. ~B16!

Now we make use of the completeness relation for the diffractively produced states

2grs1pX
r pX

s/MX
25(

l
«Xl

r «Xl
s* , ~B17!

and insert the diffractive amplitudes~B8!:

A1H
~2! 5

i

4Mq0
(
X

E d2k'

~2p!2E d2b eik'•bE
2`

0

dz ei ~z/l!

3 (
h,h8

tr@cH,h8~r!T1h8
nX

~k!cH,h8
†

~r!xhT1h
pX ~k!xh

†#1@p↔n#. ~B18!

We have omitted the second term in Eq.~B15! which vanishes for large photon energies. Expressed in terms of he
projection operators we find

A1H
~2! 5

i

4Mq0
(
X

E d2k'

~2p!2E d2b eik'•bE
2`

0

dz ei ~z/l!

3cH
† ~r!@P↑

pT1↑
pX ~k!1P↓

pT1↓
pX ~k!# ^ @P↑

nT1↑
nX ~k!1P↓

nT1↓
nX ~k!#cH~r!1@p↔n#, ~B19!

where^ indicates a product of matrices operating independently on the proton and the neutron. In terms of the deute
function ~13! one obtains for the helicity-dependent amplitudes:

A115
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X

E d2k'

~2p!2E d2b eik'•bE
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3
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A105
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On the other hand, the form factors for the polarized deuteron

SH~k!5E d3r ucH~r!u2eik•r ~B21!

read
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