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J. Edelmann, G. Piller, and W. Weise
Physik Department, Technische Universitéiinchen, D-85747 Garching, Germany
(Received 25 September 1997

We investigate polarized deuteron structure functions at small values of the Bjorken vaciablé, 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 effectgirare approximately twice as large as for the unpolarized structure
functionF§. Furthermore ax< 0.1 the tensor structure functidn is found to receive significant contributions
from coherent double scatterind30556-281@8)02506-0

PACS numbes): 13.60.Hb, 24.70ts, 25.10+s

I. INTRODUCTION b, [9-11] will be investigated at HERME§L2]. Model cal-
culations suggest thét; is very small at moderate and large

In recent years polarized deep-inelastic scattering experix>0.2 (see, e.g.[13]). At smallx<0.1 dominant contribu-
ments have become a major topic at all high-energy leptotions tob, result from coherent double-scattering processes.
beam facilities. They aim primarily at the investigation of the Here the magnitude df, reaches around 2% of the unpo-
spin structure of hadrons. Here the use of proton targets hdgrized nucleon structure functidf' . This interesting effect
led to detailed information about the spin structure functionis entirely due to an interference between gheandD-state
g% . In addition the corresponding neutron structure functioncomponent in the deuteron wave function. o
g7 has been explored. Combined with proton data the latter Flr_st investigations of double-spatterlng contributions to
is crucial for the extraction of the flavor singlet combination POlarized deuteron structure functions have been performed

of polarized quark distributions, and for testing the funda-" [14]. vy|th|n a Regge model._However, in that work an
mental Bjorken sum rule. unrealistic deuteron wave function has been used neglecting

. ) . the D-state component. At<<0.1 the latter turns out to be
To investigate neutron structure functions nuclear target%rucial for a proper estimate of the structure functinnas
a2re3 neege:I.EFlerllvlEur;entg:xper(ljmdentts at CtJERﬂtl, SLAC 4 found in[15,16 (see alsd17,18)). Shadowing effects for
[2,3], an 4], ‘1€ and deuteron targets are use ‘spin structure functions have been discussed recently within
For an accurate extraction of neutron structure functions @,q tramework of a simple model, especially fie targets

detailed knowledge of nuclear effects is therefore requiredElg]_ The magnitude of the observed effect agrees well with
At moderate and large values of the Bjorken variable, ihe results presented here.

>0.2, such effects can be traced back to nuclear binding and Ths paper is organized as follows: in Sec. Il we recall the
Fermi motion(see, e.g.[5] and references thergimt small  rg|ationship between structure functions and photon helicity
x<0.1 corrections due to coherent multiple-scattering progmplitudes. An extension of the Glauber-Gribov multiple-
cesses become important. In unpolarized deep-inelastic scafeattering series to spin degrees of freedom is presented in

tering these are responsible for nuclear shadowing which hagec. |11 “where we also derive the single- and double-
been established in recent experiments at FNAL7] and  gcattering contributions to deuteron structure functions. In
CERN([8] as a leading twist effect. Sec. IV we estimate shadowing effects in the spin structure

In this paper we study polarized deep-inelastic scattering,tjong¢ and discuss implications for the extraction of the

from deuterlum at smalk. .Important contributions tq the _neutron structure functiog; . Results foib, are presented in
corresponding cross section come from mechanisms iRee V. We summarize in Sec. VI

which the exchanged virtual photon scatters diffractively
from one of the nucleons in the target and produces hadronic
intermediate states which subsequently interact with the sec-
ond nucleon. Coherent double scattering is described by the
Glauber-Gribov multiple-scattering theory which we extend |n inclusive deep-inelastic lepton scattering one probes
in the present work to include spin degrees of freedom.  the hadronic tensor
We estimate shadowing effects in the deuteron spin struc-
ture functiong? . The corrections thus obtained turn out to be 1 4y g
approximately a factor of 2 larger than those for the unpo-  Wur(P,0,8)= EJ d*¢ e4(p,s[J,(£)3,(0)[p.s) (1)
larized structure functioir. Nevertheless, as compared to
other uncertainties in the extractionglf from deuteron data, of the target. Here)* is the electromagnetic current. The
these corrections are relatively small. four momenta of the target and the exchanged photon are
Because of its spin-1 nature the deuteron is characterizddbeled byp* andg*=(qo,0), respectively. The spin vector
by additional structure functions as compared to a frees” is orthogonal to the target momentupy,s=0, and nor-
nucleon. Among those the yet unmeasured structure functiomalized such thas?=— M2, whereM+ is the invariant mass

II. STRUCTURE FUNCTIONS AND HELICITY
AMPLITUDES
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Target Target

FIG. 1. Forward helicity amplitude for Compton scattering on a
polarized target.

of the target. For a spin-1/2 targgt directly represents the
target polarization, while for a spin-1 target it is defined in
terms of the polarization vectorséy as s,(H)

= —ie,py5 EG° E4P°, whereH=0,+1,—1 (abbreviated as
0,+,—) denotes the spin projection along the quantization
axis.

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

(b)

T#,,(p,q,s) 'j d*¢e <p’S|T(‘]#(§)‘JV(O))|p’S>' FIG. 2. (@) Single-scattering contribution to virtual photon-
(2 deuteron scattering(b) Double-scattering contribution to virtual
photon-deuteron scattering.

A comparison with Eq(1) gives
With the nucleon helicitieH,H'=+,—=1,] we obtain

1 from Eqgs.(3), (4), (5) for the spin-averaged structure func-
Wi =5 1M Tov- @ tions:
Using the Compton tensor one can define photon-target for- N 1 N N
ward helicity amplitudesFig. 1): Fl:4we2(|m AL v HIm AL, (63
A =€ T,,(H' H)s/, (4) .
N_ Y*N ¥*N y*N
with the electromagnetic couplirgf/4m=1/137. The helici- F2 2mwe%ky, (M AL e M AL 2 1m Agy o),
ties of the incoming and scattered photon are labeled by (6h)

andj'. Choosing the photon momentum in the longitudinal ]
direction, g“=(do,0,,q,) With g,>0, gives for the photon and for the spin-dependent ones:
polarization  vectors &“=(0,—1,—i,0)/y2, ¢“=(0,1,

. 1 * *
_:,0)/\/2 andgg:(qz,O,Qqq)/\/—qz. FurthermoreH and gY=———(m A7, —Im AT,
H'’ specify the target helicities before and after the interac- Ameky
tion. .
Lorentz covariance, parity and time-reversal invariance, +V2(ky=1) Im AL, (60
hermiticity and current conservation imply that the hadronic
tensor of the free nucleon is expressed in terms of four struc- \ 1 N .
ture functionsF} ,F} andg!,g5 which depend on the mo- 9o =———| Im AL L —Im AL
mentum transfeQ?= —q? andx;=Q?%2» with v=p-q:* 4me’ky
N _ N pMpV N i NooN 2 v*N
W,uv_ _g}LVF1+ v F2+ ;8ﬂvk0'q SMT) +— Im A‘*’erT . (Gd)
V2(kn—1)
i o o - 2092/ 1,2 i
+ _zswmqk(p.qs —s-qp )ggl_ (5) HereKN—1+!\/| Q7/v* with the nucleon mashkl. _
v For deuterium, as for any spin-1 target, the hadronic ten-

sor has eight structure functions. Four of them are propor-
tional to Lorentz structures as found for free nucle@)s Of
we use the notation; for the Bjorken variable of a target the remaining structure functiors ,b,,A, andbg, the first
nucleus, whilex denotes that of the nucleon as usual, ixe., three occur at leading twist, while; is suppressed at large
=Q?/2Mqj in the lab frame. Q?[9,11]:
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W =—g, Fi+ IDle”F ay L NN T Mp-q s“—s-qp”)gs
uv g,uv 2 Vsuv}\oq gl st,uv}\o'q pP-q ap gZ
2
_ . p,upv Md _E
(gl“/bl " bz)(Kdvzq-S q(c:* 3)
A 2%+ M3 q-& ( q-&
+E| _gﬂv_'—mpﬂpy)(Kdeq'gq.g*_l + g _@p,u. g:_mpv +(,LL<—>V)
Kd— q-& q-&
+b3m D,qu*(gy—mpv +pMQ'5(5’J—mpy +(ue=v)|. (7)

Here we usecy=1+M Q2/v and omit the spin indicekl The scaling property of the structure functiof@® requires
in the deuteron polarization vectét The relations between that the amplltudesA+00+ and AZ-*—dOO drop at least as
helicity amplitudes and structure functions are obtamedl/ 02 ’

again from Eqs(3), (4), (7):

Fi= Ly o FIm Af—d,+—+|m AZr*oc,jJro)l
6me?
(8a)
d X7 *d *d
Fo= (Im A++ e tIm AT +Im AT
3me’ky ' '
+21m ALS, +1m A%S), (8b)

1
d_ *d *d
gi= (ImAY S, —Im AT D,

4e’ky

+VKg— (lm A+Qo++|m -Al*fdyoo))r (80)

d 1 y*d
g2:47re2;< ImAY S —1Im A+, i
d
1 ’)/*d 'y*d
+ m(lm A+0'0++|m A+—,00) y (Sd)
—
by=— Ame? (lm A++ 4+ tIm A+— +—_2|m~'4+0+0
(8e)
b>=~ 2melk (Im 'A++ +4+TIm AK*—d,Jr—_Z Im A1*0?+0
d
+21m ALY, —21m A%, (8
A= " (89)
27re? R .
1 . N
bs= (Im Azo(,jm_'m -Alfd,oo)-

4me®\ ky(kg—1)

(8h)

[ll. DEEP-INELASTIC SCATTERING FROM DEUTERONS
AT SMALL x

From the previous discussion we find that in the scaling
limit, which we use throughout, the structure functide,
Fd, g, and bl are determined by the helicity conserving
amplltudesA+H —A+H +n - These can be split into single-
and double-scattering parts as sketched in Fig. 2:

AV = AR+ A2 9)

In the single-scattering term the photon interacts incoher-
ently with the proton or neutron of the target. The double-
scattering term involves interactions in which both nucleons
take part. In the following we derive the corresponding am-
plitudes extending the Glauber-Gribov multiple-scattering
theory[20—27 to include spin degrees of freedom.

A. Single scattering

We first focus on single-scattering contributions to the
structure functionsF{ ,), 9}, andb;. The corresponding
Compton amplitude read$ig. 2(@)]:

-A(l) J d4p ax M*T T ( )
i =— r p)——
+H (2m)’ H €% B\Pd.,P ba—p—M+ie
— i
XTI, N 0) Em——
(Pg p)[b—M—Hs
'ty L(p, Q)pM— el +[p—n]l, (10

We describe the scattering process in the laboratory frame
where the deuteron with four momentymf=(M4,0) is at

rest. The integration in Eq.10) runs over the momentum
p*=(p°p) of the interacting nucleon. The polarization vec-
tors of the transverse photon and the deuteron are denoted by
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e, and &y, respectively. All information about deuteron
structure is absorbed in the vertex functidnssuch that the
free proton and neutron propagators remain. The interaction
of the photon with the bound nucleon is described by the

reduced amplitude”"N which is related to the physical
photon-nucleon forward scattering amplitudes in E).as
follows:

3 * *
A91=(1—Zwo)<A1Tp+A1T“>
3 *p *n

AL = ( 1- zwD) (AL P+ AT

ALN=e* u(p,mizNp.yu(p.het. A1) ,
. o . + g op(AY P+ AT, (14D
Here u(p,h) is the Dirac spinor of a nucleon with momen- 4
tum p and helicityh.

One can perform the energy integration in Ef0) as- i 1 *p *p *n n
suming that all relevant poles are included in the nucleon ALo=5 (AL T+ AT P+ AL+ AT, (149
propagators. We neglect modifications of the individual
nucleon amplitudest” N due to nuclear binding and Fermi With Egs. (6), (8) the single-scattering contributions to the
motion. They are relevant only at moderate and largeee ~ deuteron structure functions become
e.g., Refs[5,23]), whereas our primary interest in this paper
is the regionx<0.1. Next we perform a nonrelativistic ex- FI=F0+F]=2FY, (159
pansion of the nucleon propagators in Et{), keeping only
the leading terms indp|/M. In the nonrelativistic limit we 3
identify the vertex function$® with nonrelativistic deuteron g‘{= ( 1- 5®p
wave functions . We find (for details see Appendix A

(90+9)=(2-3wp) g}, (15b

b,;=0. (150
A= f & gy () (PPALP+PPAY P gry(r) +[pn]. _ | |
(12) We end up with the incoherent sum of the corr_espondmg
proton and neutron structure functions. The polarized struc-

N , ture function g¢ includes the depolarization factor (1
The operators>; ) act on the deuteron wave function and _ 3, 1y |t accounts for the fact that the deuteron and the
project onto a proton or neutron with helicity or —. The  jnteracting nucleon can be polarized in opposite directions if

coordinate-space wave function of the deuteron is the deuteron is in ® state. Note thal, vanishes for single
scattering since there is no such structure function for the
1 fu(r) o(r) 1 . . 19 individual spin-1/2 particles.
u(r)= —= S1Ar) [ X1 13
Vam| T G B. Double scattering

A ) i At small values of the Bjorken variable<<0.1, double
whereS,(r)=3(op-1) (0, 1)/r°— 0yy- 07, is the tensor op-  gcattering  contributes — significantly to  photon-deuteron
erator withr =|r|, andxy denotes the spin-wave function of compton scattering and consequently to deuteron structure
the triplet proton-neutron pair. The deuterBnandD-state  fynctions. In this process the virtual photon diffractively pro-
components are determined by the radial wave functions guces a hadronic intermediate state on the first nucleon,
and v, respectively. They are normalized according townhich subsequently interacts with the second nucleon. In the
Jodr[u®(r)+v%(r)]=1, while the D-state probability is case of unpolarized scattering destructive interference of the
given by wp=[5dr v?(r). single- and double-scattering amplitudes leads to the ob-

Inserting the deuteron wave function in EL2) and  served nuclear shadowir(gee, e.g.[24]).
working out the projection operators for the different deu- The helicity dependent double-scattering amplitude reads
teron polarizations, one finds [see Fig. ?o)]:

d*p [ d% i (9"~ pip/M3) i

A3 = f ak | fuk T T , jfXn—y*n
H ; (2m*) 2m* " T pi-MZ+ie #(Pa.P) Pi—p—M+is Py—p—K—M+ie
T (Pg.P) LTS el +[pen]. (16)
ST pr k=M +ie 7 p—M+is | 0T
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Here p denotes the four momentum of the first interacting i d2k

nucleon andk is the momentum transfer. The sum is taken A&~ ——> J—Lzso(kl,ll)\)[T%(k)TTj(k)
over all diffractively excited hadronic states which carry 8Mao (27)

photon quantum numbers, an invariant mikg and a four
momentumpy=g— K. Their contributions to double scatter-
ing are determined by the reduced amplitudgsN—*N
which are related to the diffractivirtual) photoproduction
amplitudes of hadronic statésfrom nucleons by

+ TR0 T (K], (200

with the helicity-dependent deuteron form factor

SH<k)=J d3r[ g (r) [ (21)

™ho=egtu(p+k i Mupst, (17

In Eq. (20) we have neglected contributions which vanish for

whereey, denotes the transverse polarization vector of theliffractive production processes in the forward direction. At
produced hadronic intermediate states. We choose the phemall scattering anglesthe omitted terms are suppressed by
ton momentum in the longitudinal direction,g* typical factors (sir¥/cosé)?. Note in addition that the ne-
=(qp,0, ,\/q02+ Q%). As in single scattering we perform the glected contributions are proportional to the square of the
energy integration in Eq(16) assuming that all relevant deuteronD-state wave function and therefore numerically
poles are in the propagators. We then take into account onlisignificant in any case. The complete expressions for the
the leading nonrelativistic contribution td®. Furthermore  helicity amplitudesA® can be found in Appendix B.
we assume that the diffractive amplitudesiepend on the For the following discussion we approximate the depen-
transverse momentum transfer only. Following the stepdence of the d|ffrac2t|ve ngdUCIIOI’I amplitudes on the mo-
given in Appendix B this leads to mentum transfet=k“~ —k{ by

. 2 TNX(k)~ e~ B Kl l2TNX 29
A= f il szb eiki'bfo dz & , 2
AMaox J (2m)? - with the forward amplituderN*=TNX(k=0). For possible
+ prpX — n-enX small momentum transfers an exponential suppression of
X Pu(NIPTT () +PITY (K J@ [PTTLA (k) TNX with rising |t| is certainly justified and supported by
+ PTT'l)i(k)]tﬂH(r)*F[pHn]- (18)  experiment27-30. Furthermore we finally investigate our
results for deuteron spin structure functions in the kine-
In analogy with hadron-hadron high-energy collisidi@s] ~ Matic range of fixed target experiments at CERNMC,
the real part of diffractive production amplitudes is supposeoSMC’ COMPASS, FNAL (E663, and DESY(HERMES.

to be small. We therefore use in the following\X Here in average moderate momentum transf&@$=5
~i Im TNX and consider only terms which contribute to the GeV?, are accessible at<0.03. Various data on diffractive

imaginary part of the double-scattering amplitud€. leptoproduction in this kinematic 2regic[127—3(] sugg'es't an
For the double-scattering contribution to be significant,2V€rage slop8=(6...10) GeV . Note that the I|r_n|tB .
the longitudinal propagation length =0 corresponds to the approximation that the diffractive

production of intermediate hadronic states proceeds in the
forward direction, i.e., at a fixed impact parameter 0
[Eq. (18)].

The double-scattering amplitude4® can now be ex-
pressed in terms of the integrated form factors:

of a diffractively excited hadron must exceed the size of the
deuteron targetd=(r?)%?>~4 fm. At largeQ? the important d%k, ,
intermediate states are those witg~Q? (see, e.g., Refs. Fu(1I\,B)= f ——— Su(k,,IN)e Bk, (23
[21,24,28). Hence the conditior\>d is fulfilled for x (2m)
<0.03 in agreement with the observed shadowing effect i
unpolarized deep-inelastic scatterir@-8].

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

QZ
M&+Q?

20o 1

" Fig. 3 we presenfy for realistic wave functions as ob-
tained from the Pari$31] and Bonn[32] nucleon-nucleon
potentials. We observe a significant dependence on the deu-
teron polarization. Furthermore we findy~const for \
>(r?)1?~4 fm. To investigate the influence of the diffrac-

2 d?k, 0X X tive slopeB we compare results foB=7 GeV 2 and B
A++%4Mq0§)(: f (Zw)zS+(ki’1/)‘)T+T(k)T+T(k)a =0. We find that the form factors for unpolarized deuterium,
(203
1
F= 5(]—1+]~1+]—'0), (29

i
AP~ iMae J

d%k

S (k M TR ()T (K), o y
(2m)? and for transverse polarizatiof,, , are not very sensitive to
(20  the exact value of the diffractive slope. In the examples
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FIG. 3. (a) Integrated deuteron form factdf, from Egs.(23), (24), (25 for different deuteron polarizations for an average slope
B=7 GeV 2. The dotted and dashed curves correspond to the B&#jrand Paris potentidB1], respectively(b) Integrated deuteron form
factor 7 from Eqgs.(23), (24), (25) for different deuteron polarizations for an average sliBpe0. The dotted and dashed curves correspond
to the Bonn[32] and Paris potentidl31], respectively.

shown in Fig. 3 they vary by maximally 15%. The situation @ i XX XenX
is different for tensor polarization. For>4 fm the corre- A+°:—8Mq EX: (T TV + TR TY) Fo(2N,B).
sponding form factor ° (260

1 In combination with Eq.(8) we then obtain the double-
F=(F.+F —2F 25 scattering correctlon_s to all deuteron strugture functions.
1= o @9 For the unpolarized structure functiof$=F{+F]
+ 6F, we have

increases approximately by a factor of 3 whs 0 is cho-
sen instead oB=7 GeV 2. The reason is that the deuteron

tensor form factorS;=S, +S_—2S;, receives significant 6F;=——[Im AZ, +Im A +Im AZ)], (27)
contributions from rather large momentk|=(200— 6me

400) MeV. In this kinematic regiois; varies slowly with

t~—kf. As a consequence the forward approximatiBn,

=0, is poorly justified in this case. In addition note that the = ——— > {FUNB) (TR + TR TRX
differences between form factors derived from the Bonn and 32me°Mqq X

the Paris potential become small if a realistic slope is used. +TT§TT§+TT1TT1)

Combining Eqgs(20), (22), (293 finally gives

— FAN BT =TH) >+ (TR -T2

[
Y=gy THTYF (B), (264 ,
= 301N B (TR =TV (T =T} (28)
A2 = i 2 TPXTX £ (1/\,B) (26b) If we ignore the isospin and spin-dependent combinations
TTOAMgeK T T T proportional to
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0.05[ " T T T T T laboration[6]. At x<0.1 one findssF,/2F)~ 6F /2F )~
6F,/2F) ] —0.03, with large experimental errors. Note however that the
T quoted value is consistent with an analysis of Aelepen-
0.00 [ T 1 T I | dence of nuclear shadowing in REB3]. For later estimates
I i T ] of double-scattering effects in deuteron spin structure func-
tions we use the fit to the data shown in Fig. 4. Correspond-
I ] ing theoretical calculations can be found, for example, in
—0.05 { ) { 4 Ref. [34]
. Following Egs.(8), (26), the double scattering to the po-
larized structure functiog=(1—3wp/2)(g5+g}) + 69, is
-0.10[ . .
0.0001 0.001 0.01 0.1
z 891= ——[Im A?. —1im A} ] (32
FIG. 4. Shadowing correctio&FZ/ZFg for deuterium, with data 4me
from E665[6]. The full line represents a fit to the data used in Egs.
(43) and(44).
=———> F.(I\B)[TVT
(TRX =TT~ T))? and soreiig,x | MBI

ST T T
(TA=T)(T =TT, (29) pTx Tnx zl lpx Tnx ;
(T =TV = (T =TV (33

we arrive at the well-known resul1]

» /AN 5y AN If one assumes that spin-averaged diffractive amplitudes are
— 2Q% (w2 [ d%o)T d%o. T equal for protons and neutrons, i.85} + TV =T+ T,
7 o2y ant X dMidt ) de(dt‘ B the third and fo_urth terms in Eq433) vanish. In Re_gge phe-
=0 t=0 nomenology this is guaranteed by the isospin-independent
X F(1\,B), (30) pomeron exchange which dominates diffraction at small

(see, e.g.[35]). We then end up with

written in terms of the forward diffractive hadron production
cross section in the collision of transverse virtual photons

N N
with nucleons at=(px—q)2=0. The individual helicity de- Co2Q% (w o, d?o]T d?o T
pendent diffractive cross sections are 691= — e2x Jam2 X dMidt N dMidt
“ t=0 t=0
we  doli L e X F.(1\,B). (34)
16 f dM = T2+ T" .
T Ami XdMidt - 8M2q(2) = (| +h| | +h| )

(3D Now the difference of the helicity-dependent diffractive pro-
duction cross sections enters, whereas the unpolarized case,
In Sec. IV we investigate all terms of E€R8) as they con-  Eq. (30), involves the sum of both.
tribute to 6F; within a simple model. The corrections to the  Finally we study the structure functidn, which does not
conventional result, Eq30), turn out to be small indeed. In receive contributions from single scattering as long as
Fig. 4 we present the shadowing correction for the unpolarauclear binding and Fermi motion are neglected. Here
ized structure functioﬁg/ZFg‘ as measured by the E665 col- double scattering gives

1
by=———(m AZ, +Im A?. —21m A%,
41re

= oo (o UN BT TR T TR - (T2 - T2 (T2 T2
0

= 2T =T (T =TV 1= F (N B[ T T + T TR + T T + TV T

— (T T2 (TR = T7)2]). 39
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With the approximation$29) we obtain Given the E665 data dﬁ%/ZF’Z\‘ shown in Fig. 4 we conclude
from Egs.(38), (40) that uncertainties due to the shadowing

4Q% (w2 2d20'y¥N correction g, are small. They are within the experimental
by= e?x Jam? *dM2dt Fr(1n,B), (36) errors of recent data analysls3]. However, once accurate
T =0 data forg‘f and g} become available at<0.01 the upper

bound(40) is not helpful anymore due to the strong rise of

and observe thab, is proportional to the difference of the -~
F1 at smallx (see, e.q.[37]).

deuteron form factor$25) for transverse and longitudinal
target polarizations. This contribution is entirely driven by

the interference of the deuter@ andD-state component as B. Model calculation
can be seen from E¢B22). Note that our result in Eq(36) In this section we investigate double-scattering contribu-
implies a violation of the quark model sum rijie6] tions to deuteron structure functions in the framework of a
1 simple model. In a laboratory frame description of deep-
f dx by(x,Q%)=0, (37)  inelastic scattering at smak<0.1, the exchanged virtual
0 photon first converts to a hadronic sta¢ewhich then inter-

acts with the target. In this kinematic region the photon-

nucleon helicity amplitudesAfLN can be described by
hadron-nucleon amplitudes averaged over all hadronic states
present in the photon wave function. Here hadronic states

Shadowing in the deuteron spin structure functighis Wit invariant massvi~Q? dominate as one can find from
proportional to the difference of polarized diffractive virtual @ spectral analysis of photon-nucleon amplitudesg.,
photoproduction cross sections, see Bfl). These quanti- [21,24,28). We therefore approximate the photon-nucleon
ties have not been measured up to now, to our knowledgdi€licity amplitudes by effective hadron-nucleon amplitudes
Nevertheless it is possible to estimate the shadowing correcd’ s which depend weakly on kinematic parameters, times a
tion 8g; to an accuracy which is sufficient for the extraction factor which incorporates the leadi@f dependence:
of the neutron structure functiag{ from recent experimental
data[1,3]. In the kinematic region of current experiments it AN g2 C(QZ.X)ZXN 1)
is legitimate to neglect nuclear binding and Fermi motion +h 2 the
corrections[23]. To leading order in the shadowing correc-
tion 591/5g'£‘ one then obtains In the case of unpolarized scattering an effective hadron-

) nucleon cross section*N=(1/2Mq,)Im A*N~17 mb re-

n_ 01 / 691 b produces the measured shadowing in the nuclear structure
9171 (312)wp | 1= 29N 1— (3/2) wp] ~91- 38 functionsFA [19]. Furthermore, one finds that in the kine-
matic domain of current fixed target experiments, the func-

Recent fixed target experiments fingd|<|gf| [1,3]. The tion C(Q?x) depe2nd3 only weakly o®? and x [24,26),
sensitivity ofg? to uncertainties in the nuclear depolarization While the factor 10° ensures scaling of deep-inelastic struc-
or shadowing is therefore suppressed. Note that in this rdure functions as can be seen from EG), (43).
spect the use ofHe targets is expected to be less favorable Replacing the amplitude®) by the effective ones of Eg.

which has been discussed in RES6].

IV. SHADOWING IN g‘lj

[19]. (41) yields for the nucleon structure functions:
A. Upper limit for shadowing in g§ F?:%Um Zﬁ’l@ Im Iﬁ'}l), (423
An upper limit for shadowing irg‘l’ can be obtained by mQ
directly comparingég, and SF, in terms of the photon-
deuteron helicity amplitude@7), (32). Note that at smalk gl'= (Im AN —1m AN, (42b)
their imaginary parts have the same sign. The reason is that 47Q? : !

at x<0.1 large values of the coherence length are relevant

[see Eq.(19)]. For \>4 fm the longitudinal deuteron form The deuteron structure functio(®8) are expressed in a simi-
factors(23) which enter in Eq(26) are all positive. We can lar way in terms of effective hadron-deuteron amplitudes:
then apply the Schwartz inequality

C — — —
Im A2, +1m A? +1m AZ)[=[Im A2, +Im A? | Fcli:estZ(lm A +Im AL +im A%, (433
=[Im A? —1m AZ,|,

d c xd 1xd

(39 9=, Qz(Im ALY +Im A%Y), (43b)
ar
and obtain
|591|<§|5F1|~§|5F2| by=— 5 (Im .Z)ﬁpirlm Zfd,—Zlm Zﬁ%).

< ~ : (40) 4mQ
Fl 2 F 2 F) (439
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The next step is to express the deuteron amplitu@é%in

terms of nucleon amplitudes. For the double-scattering con- I ]
tributions the corresponding relations are identical to those

of Eg. (26), if one substitutes the diffractive amplitud&8*
by AXN. Using Egs.(42) we obtain

X
SF1(x,Q%) = m

[f(m,B)FQ‘(x,QZ)Z

+%[2]~‘+(1/)\,B)—f0(1/>\,3)]

Xg‘l’(x,Qz)QQ(x,Qz)], (443
o 27X N 2y N 2
5gl(X!Q )_mf+(1/}\iB)Fl(XvQ )gl(XyQ )1
(44b)
X
by(x,Q%) = m{ﬂ(lﬁxﬂ) F1(x,Q%)?
+[F.(UN,B)+ Fo(1IN,B)]
xg8(x,Q%)97(x,Q3)}, (440

with A=1/2Mx. In Egs. (443, (440 the spin and isospin
combinationg29) turn out to be proportional to the product
of the proton and neutron spin structure functignsin the

kinematic range of current fixed target experiments they

amount to less than 5% of the dominant contributiodfgq
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FIG. 5. Shadowing correctioﬁgﬂZgT for deuterium. The dot-
ted and dashed curves correspond to the Bonn (®Fand Paris
potential[31], respectively.

V. THE TENSOR STRUCTURE FUNCTION b,
AT SMALL x

The shadowing correctiofF, for the unpolarized struc-
ture function and the deuteron tensor structure funchign
are directly related. Ax<0.1 the propagation lengtti$9) of
diffractively excited hadrons which dominate double-
scattering exceed the deuteron size(r?)Y?~4 fm. Here,
as shown in Fig. 3, the deuteron form factors saturate, i.e.,
Fu(1/\<0.25 fm 1,B)~F,(0B). A comparison of Egs.
(30) and (36) then gives

F+(0,B)

bl:Rb15F11 with Rblz_ m (46)

andb;, the one is proportional to the square of the unpolarUsing B=7 GeV ? we obtain from the Paris nucleon-

ized nucleon structure functioR) . As a consequence the
standard expression for shadowi(®@p) and Eq.(36) for b,
at smallx seem to be good approximations.

A comparison of shadowing for unpolarized and polarizedie ratioR,

structure functions in Eqg44) gives

591 5F1 oFp

—~Ry.—~Rg. —v> Wi

o
F.(2Mx,B)

9% F2Mx,B) (45)

At smallx andB=7 GeV ? we find Rgq =2.2 for both the
Paris and Bonn nucleon-nucleon potentig8g,32. (In the
forward approximation, i.eB=0, one haSRgl=2.7 for the
Paris, andR91=2.4 for the Bonn potentigl.In Fig. 5 we
present the ratiddg, /2g) using the measure@3/2F} from
Fig. 4[6]. One should note that asdecreases the data for
the shadowing rati&3/2F ) are taken at decreasing values of
the average momentum transé? [6]. Therefore our results
for 591/29'1“ shown in Fig. 5 correspond, strictly speaking,

to the fixed target kinematics of E666], which is not far
from the kinematics of SMC1]. From Eg.(38) we finally

nucleon potential31] Rblz—0.33, while the Bonn one-
boson-exchange potentigd2] gives Ry, =—0.29. A varia-

tion of the diffractive slopeB by 30% leads to a change of
b, by maximally 20%. In Fig. 6 we preseby as
obtained from Eq(46), using the fit forF3/2FY from Fig. 4,
together with the empirical information df)' [38,39.

For the ratio of structure functioris, /F¢, which is given
by an asymmetry of inclusive polarized deuteron cross sec-

tions, UX*Hd~Im AI*Hd, we find from Eq.(8):

i, . . — T
L
A}
Fy
s b, ]
L KUY
N
PN
AR
AN
RN
Y
N
0.5 'u:\ _
0‘0- T Bl PO e
0.001 0.01 "
x

find that the shadowing correction amounts to less than 5% |G, 6. Double-scattering contribution to the tensor structure

of the experimental error ogl! for the SMC[1] and E1433]
data analysis.

function b, of the deuteron. The dotted and dashed curves corre-

spond to the Bonn OBIE32] and Paris potentidB1], respectively.
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b, 3 01*+d+ gx*j_ggfod SF, wherel refers to the dpn vertex aridis the reduced ampli-
T T d rd. ~Rp, 7= ~0.01, tude defined in Eq(11). In the laboratory frame which we
Fi oL ToL_t0oi 2F; use throughout, the deuteron four momentum is

| _ ps=(Mg,0)=[2(M~B),0], (A2)
i.e., b, amounts to around 1% of the unpolarized deuteron
structure functionF$ or, equivalently, to 2% of ). This  whereB denotes the deuteron binding energy per nucleon.
result agrees with an early estimate in Réf8]. Note that We perform the energy integration in Eé1) assuming that
the result shown here corresponds again to the kinematics all relevant poles are given by the nucleon propagators. Ne-
E665[6]. It is therefore relevant with regard to possible fu- glecting antinucleon degrees of freedom this leads to the re-
ture experiments at HERME$12] and eventually with placement:
COMPASS[40].

1 3(pa—p°~ Ep)

VI. SUMMARY (pd—p)Z—M2+is_)_iW E, (A3

We have studied nuclear effects in the polarized deuteron . s .
structure functionsg‘i andb; at small values of the Bjorken with Ep=yM*+p”. We then arrive at
variable, x<0.1, where the diffractive photoexcitation of 3 gak kT Bev
hadronic states on a target nucleon and their subsequent in- 4(1) :f d*p Hed T - 18k
teraction with the second nucleon becomes important. Inor- =" J (2m)32E,  (p2-MZ+ig)?
der to describe these coherent double-scattering processes in
polarized deep-inelastic scattering we have extended the + [p<n], (A4)
Glauber-Gribov multiple-scattering theory by including spin
degrees of freedom. We find that shadowing eﬁectgfl’iare with
by a factor of 2 larger than those for the unpolarized struc- L
ture functionFJ. Nevertheless they are of minor importance Trl ... =T g(pg—p+M)I (p+ M)f;ﬁp(p,q)
for the extraction of the neutron structure functigh from
current data org‘f. In this respect deuterium seems to be a
more favorable target thafHe.

We observe thdb; at smallx receives large contributions
from coherent double scattering. They come from an inter
ference of theS- and D-state components of the deuteron
wave function and break the simple quark model sum rul
which suggests a vanishing first momentmf At x<0.1,
the magnitude ob, reaches around 2% of the unpolarized Ti[...]~ 2 TiT gu(pg—p.h")u(pg—p.h")

pg-pO=E,

X(p+M)]. (A5)

In the numerator of Eq(A4) we neglect terms of order
p?/M? and replacep+M~=,u(p,h)u(p,h), etc. in Eq.
(A5), whereu(p,h) is the Dirac spinor of a nucleon with
emomentump and helicityh. This gives

structure functiorF}' . h,h’ b
XT u(p.h")U(p, N2, (p.q)
ACKNOWLEDGMENTS _
Xu(p,hu(p,h)]. (A6)

We would like to thank N.N. Nikolaev, M. Sargsian, and
M.l. Strikman for helpful comments and discussions. ThisNext we apply helicity conservation and introduce the

work was supported in part by BMBF. photon-nucleon amplitude as in Ed.1):
APPENDIX A: SINGLE SCATTERING " Ti[ ... Je"~ > TH{Tu(pg—p.h')T(pg—p.h")
Here we outline the derivation of the single-scattering am- b’
plitude[Eq. (12)] in Sec. lIl. For this purpose we extend the X T u(p,hya(p,h) A%}P]. (A7)
Glauber-Gribov multiple-scattering theof20—22 to in- “
clude spin degrees of freedom. We then expand the nucleon Dirac spinor$aiiM and keep

We start out from the single-scattering Compton ampli-the leading terms, e.g.,
tude in Eq.(10):

Xh
. d*p i _ . _ Xh
IA(—&E—{:_I 2 ﬁ*El_f_*Tr rﬁ(pdap) - U(p,h) \/Ep+M o-P n \ZM( 0 f (A8)
(2m) pa—Pp—M+ie E,tM
— with the nucleon Pauli spinorg;=(5) and x, = (). After
Xra(pd!p) R i H
p—M+ie decomposing the vertex function
; (F’E r E)
Xit 7 P(p,q) ———— |’ +[p—n], (Al T = : (A9)
My (p q)p—M+i8 HE + [p(_> ] ( ) B I‘g Fz
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we find for the leading nonrelativistic term:

eM*TI[ ... ]e"

~(2M)2 2 T hxn xh DA AP,
h,h’
(A10)
where the trace is taken in thex2 spin space.

We also expand the denominator in E§4) and use in
leading nonrelativistic order

1 1
2E,(p2-M?)2  32M3(B+p?/2M)>,

(A11)

Combined with Eq(A10) we obtain

A 1 d¥p &réf
+H 8M (277)3 B+p_2 2
2M

t *
X 2t pxn xp T xoxh AL 1+ [penl].
h,h’

(A12)

We now specify the nonrelativistic deuteron wave function

with helicity H. For a spectator nucledihere neutropwith
helicity h’ we find

T * AT
Xh’gﬁ Fa
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In Eq. (A12) one can express the sum over the proton helici-
ties using helicity projection operators:

* * *
; XoXRALP= X X TAT P+ x X [AY P

10 . (00
=lo o/ Tlo 1AM

=PPAYP+PPAYP. (A15)
This gives
d3p "
A= | o S W (P (P PRAT
+PPAY )]+ [penl. (A16)

Summing over the neutron helicities and introducing the
coordinate-space wave functiof3), this finally leads to

d®p
A= [ 5

5 )3 Jd?,rreipr’ str e*ip"z//L(r’)
T

X (PPAT P+ PPAT P) (1) +[pesn]

- [ e whon Az PRAT P (e

¥ (P = : (A13) + [pen]. (A17)
V8M(B+ p?/2M)
AcB APPENDIX B: DOUBLE SCATTERING
FBSHXh’
P (p)= : (A14) Here we outline the derivation of the double-scattering
V8M(B+ p?/2M) amplitude[Eq. (18)] in Sec. lll. We start from Eq(16):
|
: o__ o 2 . .
AR = _2 d4p d*k cak pk ACH pg(pX/MX) Tr| T 4 ) I—iAXnﬂv*n :
+H 4 4¢H <+ 2 2. B P4.P . . uwp v .
X (2m)*) (2m) px— My +ie pa—Pp—M+ie po—Pp—K—M+ie
J— | ~ %
XT ,(pg,p)———————it 7 PXP e’ +[pen], B1
(pd p)p+k_M+|8 ov p_M‘f'IS H® + [p ] ( )

with the reduced diffractive production amplitudieas specified in Eq(17). As in the single-scattering case we perform the

energy integration assuming that all relevant poles are in the nucleon propagators. Picking up the positive energy poles this is

equivalent to the replacements

1
—
(Pg—P)2—M2+ig

1
(p+K)P—M2+ie

with Ep = YMZ+ (p+k)2. We then obtain

I e

—i ,

8(pg—p°—Ep) ©2)

Ep

&( P0+ kO~ Ep+k)

B3
o (B3)
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3 3
A= J d®p J d3k
X J (2m)%2E,) (2m)32E 4

ERF e Ti[ ... ]Ehel,

><(pz—M2+ie)[(pd—p—k)2—M2+is]

with

Tr .. 1=THT g(Ba— P+ M)TE= Y "(py— p—K+M)

XT (P+ K+ M) P=XP(p+M)].

agv

(B5)

In the numerator we neglect again terms of ongféiM? and
replacep+M~Z,u(p,h)u(p,h), etc. This leads to

.. .]w% Tr[T gu(pg—p,h" HEE"= 7" "(k,h")
Xu(pg—p—k,h")
X T u(p+k,h)t2,P~XP(k,hyu(p,h)].
(B6)

3403
(—g"7+pgpE/MY)
p>2(— M>2(+ ie
+ [p<n], (B4)
pgfpo=Ep PO+ KO=Ep
[
T ... 1=(2M)2 Y tThxn tX0= " "(k,h")
h,h’
XX DA Xt PPk, ) xh. (BY)

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

1 1
~ , B10
2E,(p?~M?) —8M?(B+ p%2M) (B10
1 1
2B, [ (pg—p—K)2—M2]  —8MZ(B+ (p+k)2/2M)’
(B11)

we can again identify the nonrelativistic deuteron wave func-

Here we have assumesichannel helicity conservation for iions For a deuteron with helicitd and a rescattering

high-energy diffraction. The corresponding amplitudes are

t7 N=XN(k hy =T p+ K, h) B2 N Nu(p,h).

ov

(B7)

They are related to diffractivévirtual) photoproduction am-

plitudes by

TR =t 7NNk hyet (B8)

with ey , the transverse polarization vector of the produced

hadron. Expanding the Dirac spinors in E&§6) following
Eq. (A8) we arrive at

S 2M%

nucleon(here neutropwith polarizationh’ we have

T * AT
Xh’gﬁ Fa

Wl (pHk) = . (B12

V8M (B+ (p+k)2/2M)
) Fégﬁxh'
V8M(B+ p?/2M)

In terms of coordinate-space wave functions we find

n (P (B13)

1 d3 d3k . , . — P0'+ P (J'/MZ
A(-FZI)-IZ J(ZWF;S str’e|(p+k)‘r fd?:r e—|p.r( g poX X)c’i*

(2m)®

X 2t g (DU YNGR gl (1) xnt 2P XP(k,h) xf e + [ pesn].
h,h’

p)z(—M)z(—l—is

(B14)

Neglecting the dependence of the diffractive amplitutféé“’(” on the longitudinal momentum transfiey, we perform the
k, integration, usingoy=q—k andg*=(,0, ,q,= a2+ Q?):

eikzz

jm eikzz o
dk—_—J dk —,
—o pi—MZ+ie Jo= T(Go—ko)2—(a—k)?—KE—M%+ie

) —imT .
~0(-2) 7Te'(z”‘)+®(z) _qow e'(2az2= 2N (B15)

—i
o
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Here we neglect terms proportional to the energy trarsfand to the transverse momentum tran&fewhich are suppressed
by the deuteron wave function in E(B14). Furthermore, we have introduced the coherence length

2
~ 0 (B16)
M +Q?

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

—QPTHPAPIIME= 2 Slasi (B17)
and insert the diffractive amplitud€B8):
A2 — i 2 f dzki szb eikLbe dz é@N
R 4AMae% (2m)? —

X 20 T (DT (K iy (D XR TR X1+ [pn]. (B18)

h,h’

We have omitted the second term in E815) which vanishes for large photon energies. Expressed in terms of helicity
projection operators we find

i 2
A(Z) :I_E f (Z kiz‘f d2p eikLbJo dz é(z/)\)
o — 0

X gl(NPPT (k) + PPTR (k) J@ [PITYS (k) + PITY (K) Jg(r) + [p—n], (B19)

where® indicates a product of matrices operating independently on the proton and the neutron. In terms of the deuteron wave
function (13) one obtains for the helicity-dependent amplitudes:

i d%k, 0 1 1 1
A, = f fdzb gk J dz @M U2 Yool 24 Uv —== (Y% 50+ C.C) + 02—+ Y0 2 TPX (K) T™X (k
++ 4Mqo; (2m)? B 2 [Yod U\/E( 00Y 20 )tv 10| 20 | TR (K)TE (k)
23 2rpX nX pX nX 23 2 TpX nX
to 2_O|Y2l| [T )T (k) +TH ()T (k) ]+ o §|Y22| TEKTY (K) [ +[peul, (B203
i 1
2 ik (zIN) — 2 2 T y* 2| 1pX
A =S f(%)zfd b e[ az [ Yo oo Vit e.0) 0 T Yal?| TEX 0T
3
|Y21|2[T 1T l(k)+T3)i(k)T'l)§(k)]+v2§|Yzz|2Tﬁ’%(k)ﬂ)ﬁ(k)}+[P<—>UJ, (B20b)
i d%k, . 0 4 1 2 2
Ajo=7— f fdzb e"&'bf dz dN —1 [ u?|Yod?—uv —=(Y§Y20tc.c)+0v? 2| Yyl
+0 4Mq0; (2m)? » o Yool U\/E( 0020 €.C) +v° |V
X[TRR) TR () + TR (k) TS (k) ]+ —|Y21|2[T O T (k) + TR (k) T <>]}+[p~u]. (B209
On the other hand, the form factors for the polarized deuteron
= J A3 |p(r) |2’ " (B2D)

read
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K) = K) = 3 aiker 1 2 2 1 * 2 1 2 3 2 3 2
S+( )—S,( )— d°r e r_2 u |Y00| +uv \/?)(YOOYZO—F C.C.)+U 1_0|Y20| + §|Y22| + E|Y21| y (BZZ@
so(k)zf d3r eik'ri u?ly |2—Uvi(Y* Yoot C C)+sz|Y |2+ §uZ|Y |2 (B22b)
2 00 \/1—0 ooY20T C.C, glY20 T g 211 (-
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