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Double-scattering contribution to b;(x,Q?) in the deuteron
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We study the tensor structure functibg(x,Q?) in deep inelastic scattering of an electron from a polarized
deuteron target. We model the electron-nucleon cross section at the starting p&@Aatdweolution 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
b,(x,Q?). We find a large enhancement at lowin qualitative agreement with other recent estimates of
double-scattering contributions I (x,Q?). If the model is valid, it should apply within the range of present
fixed-target experiment§S0556-282198)06111-§

PACS numbes): 13.60.Hb, 12.40.Vv, 13.75.Cs, 13.8&

. INTRODUCTION contribution. Their results have been presented Q%
_ _ _ _ - =10 Ge\A. Edelmanret al.[3] estimateb; by expressing it
Deep inelastic scattering from polarized targets continuef, terms of F,/F,. Our analysis does not support such a
to excite interest among both theorists and exper|mental|st§imp|e scaling relation betwedn and the shadowing df,,
When an electron scatters off a spin-one target, such as gough the two originate in the same double-scattering
deuteron, new information not present in the case of a spiny,achanism. Eurthermore. the authors of R&] do not

2 target can be_ obtaine[d]z. A leading twist t_ensor-polarized specify the scale at which their results should apply. Given
structure funcuonpl(x,Q ). can be de;ermmed by measur- these differences of approach, we view our results as quali-
ing the cross section from a target aligned along' the bea ative confirmation of the work of Ref$2,3] in a specific
and subtracting the cross section for an unpolarized targera,[her well defined. model ' ’

. 2 . . . _ .
The functionb,(x,Q%) vanishes if the spin-one target is Deep inelastic scatteringDIS) from nuclear targets is

made up of spirnucleons at rest or in a relatigewave. In v di dinth f the © luti del”
the parton model it measures the difference in the quark moE—Isua y discussed in the context of the convo ution mode
mentum distributions of a helicity 1 and 0 target, 4], whe_re it is assumed that th_e constltuents of the nucleus
scatter incoherently. An essential assumption of the convo-
1. 6 1 1 lution model is that a quark residing inside the nucleon ab-
b1=§(2qT—qT—ql), (1) sorbs the virtual photofin a typical DIS procegswhile the
fragments of nucleus and the constituents propagate into the
Whereq?‘ (qT‘) is the probability to find a quark with mo- final state without interaction or interference. In the convo-
mentum fractiorx and spin upldown) along thez axis, in a  lution modelb; vanishes if thed-state admixture in the deu-
hadron(nucleusg with helicity m, moving with infinite mo-  teron is ignored1]. The contribution td, from the deuteron
mentum along the axis. b;(x,Q?) has not yet been mea- d state was studied in Reff5], along with the contribution
sured experimentally. Two recent papers have studied thitom double scattering from the two nucleons, which
effect of multiple scattering ob, and found large contribu- amounts to a coherent contribution to the amplitude. In Ref.
tions at smallx. Our aim is to explore these issues in the[5] the double-scattering process was studied at the parton
context of vector-meson dominan¢®éMD ), where some of level.
the uncertainties evident in Reff2,3] are more explicit. In the present work, we investigate the behavior of
Within the range of these uncertainties we find that multipleb;(x,Q?) in a vector-meson dominand¢®MD) [6] model.
scattering does produce a large contributiorbiéx,Q?) at  Of course deep inelastic scattering at laigé should be
small x. Our estimates are smaller than those of REIs3]  discussed in terms of quarks and gluons. If taken literally at
by factors of 1.5 — 2.5, differences which are not unexpectetargeQ?, VMD has the wrongQ? dependence. VMD can be
given the conceptual differences between their approachased, however, to provide “boundary value data” — i.e.,
and ours. Nikolaev and Sfex [2] use the pomeron structure starting values for parton distribution functions — at Q%
function in the proton to extract the diffractive shadowingwhere the assumptions of VMD are well founded. We
choose VMD because it lends itself to the treatment of
multiple-scattering effects that violate the convolution model
*On leave from Gauhati University, India. and may give rise to a significant contribution ltg. Also,
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because vector-meson production data are available, cro88S. Such a correlation must vanish in a spitarget on
sections necessary for our analysis can be found in the liaccount of the Wigner-Eckart theorem. In principle, any
erature. The cost of this increased certainty is the need tspin-one target can have a nonvanishing Two nucleons
identify a scaleQ3 to be assigned to the output of the model. bound in ans-wave cannot gived, #0. What is not so ob-
Double scatteringwhich we will refer to as “shadow- vious, perhaps, is that @& state admixture in d=1 bound
ing”) and thed-state admixture in the deuteron play a cru- state of two nucleons will generically give #0 [1,5]. It is
cial role in our VMD treatment as they do in Ref&,2,3.  well known that the ground state of deutron is not spherically
According to VMD, the virtual photon can fluctuate betweensymmetric: it is(primarily) an admixture of the state3S,
a bare photon state and a superposition of hadronic stat¢s’=0,S=1) and 3D, (/=2,S=1). This admixture pro-
with same quantum numbers as the photdh“c1~ 7). In  duces(and was first detected througthe observation of an
the simplest form of VMD this state is taken to be a super-electromagnetic quadrupole moment of the deuteron. The

position ofp, w, and ¢ mesons, observation of a nonzerb; through the asymmetrip, /F,
probes the same aspects of the nucleon-nucleon force as does
e m\z, the deuteron’s quadrupole moment.

\/;|h>:%: ﬁ/ m2+Q2|V>' 2 To expose the physical significance of various structure
v functions, it is useful to describe Compton scattering in
terms of helicity amplitudes. The lepton scattering cross sec-

where ent/f, is the photon vector-meson coupling, ° ;
mZ’ M P ping tion from a hadron target involves the hadron tensor

\/Z|h> is the hadronic component of the photon, &l is
the virtuality of the spacelike virtual photon. As usual iny, (p,q,Hy,H>)

VMD, we assume that the vector meson interacts diffrac- “”

tively with the nucleon and that the dependence of the 1 4y 10X

VMD amplitudes can be taken from vector-meson photopro- = Ef d*x€9(p,H,[[J,,(x),3,(0)][p,H1), 3
duction.

The VMD contribution tob; is constrained at both large which is the imaginary part of the forward current-hadron
and small x by simple physical effects. For multiple- scattering amplitude. Hettd, andH, are components of the
scattering effects to be significant, the tifoe distancgover  target spin along a quantization axis ahg is the electro-
which the virtual vector meson can propagate through theénagnetic currentw,,, can be decomposed into a set of four
target nucleugknown as the “coherence lengte¥’\) must linearly independent structure functions for a spin-half target
be long enough for the meson to undergo more than onasing parity and time-reversal invariance, while for a spin-
interaction with the target. We shall see that the coherencene target, the number of linearly independent structure
length is determined kinematically by the uncertainty prin-functions is eigh{1]. Thus,b;(x,Q?) can be related to the
ciple. At large Bjorkerx (x=0.3) \ is smaller than a single helicity amplitudesAy 4 ., for the procesd; +H;—h,
nucleon, so double-scattering contributionsktp are sup- 4, whereh; (H;) labels the helicity of the photoftar-
pressed. At smalk, double scattering can be important. In ged, and
order to contribute tdy; it must distinguish between the
helicity =1 and helicity O states of the deuteron. If the am- Athl,thf eﬁz”“e,’jlww, (4)
plitude for y* p— VX fell quickly with (transversemomen-
tum transfer, corresponding to long range in impact parame;, is the polarization vector of photon of helicity It can be
eter space, then shadowing could not distinguish thehown that
orientation of the nucleons in the deuteron dndwould be
small at smalk. At the opposite extreme, if* p— VX were
flat in momentum transfer, corresponding t@ dunction in
impact parameter, then shadowing would occur only when
one nucleon was directly “in front of” the other. The quad-  The structure function®/,; andW, in unpolarized DIS of
rupole admixture in the deuteron wave function producegn electron from a proton target can be described in terms of
just such a deformation of the wave function in one helicitythe photoabsorption cross section and o for transverse
state relative to the other. The deuteron is a relatively largéhelicity = 1) and longitudinalhelicity 0) photons, respec-
bound state, and the range of vector-meson electroproductidively, as
is limited, so the actual situation most closely resembles the

1
bl(Xsz):§(2A+0,+0_A++,++_A+—,+—)- 5)

second scenario and leads to a significant enhancemént in K
at smallx Wi=-———or, ©6)
: 47

The paper has been organized as follows. In Sec. I, we
present the theoretical formulation of the model, reviewing K 2
VMD and the double-scattering analysis. Section Il contains W,=———(o1+0)———.
calculations and results. Throughout the paper, we have at- Amla Q2+ 12
tempted to keep the analysis simple and self-explanatory. (7)

K is the incident virtual photon fluxy is its energy in the
laboratory frame.

b, measures a tensdspin-twg correlation of the mo- Taking suitable combinations of helicities we can separate
mentum distribution of quarks with the spin of the target inout b;. We separate the contributions lte into single- and

II. FORMULATION OF THE MODEL
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meson between nucleons. We fix the momentum of the vir-
tual photon to be, in the direction,

q“=(»,0,0,/Q%+ v?), (10)

and definex= (b,z). The momentunv* of the vector meson
can be seen to be

(a) VMZQ'U“FP’“—P,M:(V,kx,ky,qZ"'kz); (11)
v ¥ where P#, P'# are the four-momenta of initial and final
nucleon statesN andN’, respectively, and=—(P—P')?

=k? is the momentum transfer squared. Finally, the expres-
sion for the double scattering takes the form

-1
(2) _ 2 N 2|2 31T’
AV*D_<277)32Mj d’bdZy(b,2)| g fd KT iy
(b) ol (k2 + K, -b)
FIG. 1. Double-scattering diagrams in deuteron, with coherent X 12— M\Z/—Rlz—(qﬁ K,)2+i ETNVHY*N’ (12

contributions to amplitude from proton and neutron.

hereN,V represent the nucleon and intermediate vector me-

dpuble-scattering terms. The §ingle-scattering terms argyn reSpeCtivelyT'*NﬁNV is the production amplitude for
given by the convolution formalism and reflect tHestate vector mesons Z) #), M is nucleon’s mass, ankll,, is

ad.mixture in the deuteron ground ste{tE,S]. We put these . the mass of vector meson. The amplitudedepends on the
aside and focus on the double-scattering contrlbutlons,whlchjomemum transfer in the channel — the subprocess

are given by v*N— NV is not limited to theforward direction. For small
Q? t, t~—k?, so thet dependence determines the range of
2 2 i ini i
b{?(x,Q?) :ST{&,(Y*)DMZO_ 5(,(7*>D|m:1}, (8) shadoyvmg in m-]paact parameter §pace. Even if the nucleons
Xa are misaligned irb space by a distance of the order of the

5 range of y*p—VX, the vector meson can still undergo a
where 502*)0 signifies the double-scattering shadowing cor-second interaction with the other nucleon. If the range of the

rection contribution to the deuteron cross section: production amplitude ib were smaller than the deuteron
L L ) wave function, then we could approximaké by its value at
0.,*p=0(y*)p+ 0(7*),;4- 50(7*)D. (9 t=0. Since this is not the case we shall have to integrate

overt. The vector meson is not on-shell, hence ibeThe

In all caseso refers to the cross section for transverse pho-energy of the meson state is given By= \/M\,ZJqu2 (for
tons — the subscript has been dropped for simplicity. v?>k|?), g2=Q?+ 2. The energy difference that defines

Glauber multiple-scattering theofy] is usually used to the virtuality of the vector meson is therefore given b

describe the interaction of high-energy particles with nuclei.— /MVZJr »2+Q%— v, which for large values of photon en-
The basic assumption of the Glauber treatment is that th@rgy can be written aﬁE:(QzJFM\z/)/zV_ Therefore the

amplitude for a high-energy hadron to interact with anUde“%ector mesons can exist for a timkt~1/AE. and can

can be built from the scattering amplitude off individual propagate a distance, called its coherence length,= At
nucleons. Here we shall employ another analy8ik that — 1/AE:

uses a Feynman diagram technique, which reduces to the
optical model results of Glauber theory in the limit of larye 2 Q2
with a general one-particle nuclear density. The double- = A )
scattering contribution to photon-nucleus scattering can be M{+Q?  Mx(M{+Q?)
represented diagrammatically as shown in Fig).1The fol-

|Owing assumptions are made in this ana|ysis: Spin and anﬁor Significant ShadOWing or double Scattering to occur, the
other internal degrees of freedom are neg]ec(emcept coherence |ength of the intermediate vector meson should be
where necessary to isolatg), all the nucleons are assumed Of the order of the typical internucleon separation in the
to be equivalent, the momentum transfer from the incidenfucleus, ~1.7 fm. Thus, these effects increase agle-
hadron(here the vector mesdto target nucleus is small, the creases. Multiple scattering is most prominent at sxailhd
nucleus and nucleons are nonrelativistic. The vector mesorf8r low-mass vector mesons. One can thus justify the use of
act as the intermediate states during the double scatteringnly lowest mass vector mesons in the present case. Our
Therefore the double-scattering picture looks as in Fig),1 model resembles partonic approaches to ©ivshadowing

and the singularities of the amplitude as a function of (see, for exampld9]), where the virtual photon converts to
momenta of the intermediate vector mesdhsgre isolated. aqq pair at a distance before the target proportional foirl/
They correctly correspond to the propagation of the vectothe laboratory frame. Shadowing is then explained in terms

(13
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FIG. 2. Double-scattering diagram, showing production of inter- ol
mediate vector mesons via pomeron exchange.
— — -0.005 [t il s
of g-nucleon scattering amplitude. The symmetyig pairs 10 103 10? 10! 10°

at not too largeQ?, with a transverse separationl/,/Q?
can be viewed as a meson, the strong color interaction be-
tween quark and antiquark increasing with increasing sepa- gz 3. Behavior ofb@(x,Q2) with x using Eq.(20) at Q2

X

ration. . =0.1, 1.0, 4.0, and 10.0 Géywith Bonn potential for deuteron.
Now we return to Eq(12). The optical theorem relates

the total cross section to the imaginary part of the forward- )

scatterlng amplitude ado «p=(1W3)Im A(Z*)D|t o, With |z/fm:1|2=%Y°*Y° 1 Uolz o, 0

0 2
the total center-of-mass energy of th&-D system, 10 r2

2 2__ 2

W =2Wy, W (p+q)_ 2Mv_ Q ._To S|mp_I|fy Eq. 2 3 U
(12), we carry out thek, integration. Given the sign of the 42 2y2ey2, T2y layl
exponential, only the singularity in the upper half of the r2 2
plane contributes. Since the vector meson interacts diffrac-
tively with the nucleon, the double-scattering diagram looks uou2 1 U3

CE : | — YV +— —YO* Y, (18
as shown in Fig. 2. The optical theorem relates the resulting '
on-shell amplitude to the differential cross section for vector-

meson photoprodution, , _ .
with the wave functions normalized by

’ 2
d_(T _ 1 |Ty*N—>NV|t:k2 (14)
dt|_. 167% wy o fo dr[ud(r)+uj(r)]=1. (17)
where
Similarly for m=0,
do do -y
- =— e-ak”
dt - dt
t=k2~—K? t=0 u2 2 ugu
: o= 2B YGRS S
We estimate thd dependence from photoproduction data r r
wherea~10.4, 10.0, and 7.3 GeV for p, , and¢ vector 3 12 5 2
mesons, respectively. I AV Py 1+—u—Y°*Y°
Next, we consider the deuteron form factor terms in Eq. 10p2 2 2 "5 2

(12). We can write the deuteron wave function as mixture of

s andd states (n=1) Ly 1 \[ 0% \/0
+lO 2Y Y Yo. (18

Subtracting Eq(16) from Eq. (18) gives

uy(r) \F 2 -1 \F 1 0
+= r Y2 Dx1 =\ ¥ Dxz —3 Uo(r)ux(r)

2 2
—o—l¥la_ = 3cog6-1).
1 , . |¢|m 0 |¢|m 1 4\/577_ r2 ( )
+ Vg 2| (15 (19
where theY’s are the spherical harmonics and tfis are the Combining the results summarized in E¢®), (12), (14),

spin-wave functions. Using the orthogonality of theunc-  and (19) the final expression for the functiob$?)(x,Q?)
tions, we get (=2xb{?) emerges as
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27°—b? -, MY de
Im if dzbj dzZ(NU(H)————> szk gZhelkibrak__— —
Up(r)ux( )(22+b2)2 < L (M\2,+Q2)2 dt

-3 Q2
b5”(x,Q%) =— :
2 * 16\/§a YN—VN,t=0
(20)

Note that the crucial quadrupole factor (38®s1) translates into (Z—b?) in Eq. (20). With similar arguments, the
shadowing contribution to the unpolarized structure function can be shown to be

-Q? , 1 3 b*
SF(P = Im |f dzbJ dz——— ud(r)+ =u3(r)———
! 167%a 22+ b2 o(r) 4 2l )(22+b2)2
Mf, do
(M§+Q?)? dt

(21)

. R 2

XE fdzkle'zn‘e'ki'b’aki
\%

YN—VN,t=0

Since the diffractive photoproduction of vector mesons take$erential cross section for production of vector mesons
place via pomeron exchange, the differential cross sectiop® w,¢ has been taken from Rdfl1] and earlier data from
for forward scattering is of the formjcr/dt|y*NﬁVN,t=0 the references therein, and have values for forward scattering
~WAHer(0~1] where ap(t=0)=1+ 4 is the soft pomeron ~139.0, 10.4, and 7.2ub/GeV? for p(W=70 Ge\), w
intercept. Thus it can be seen that the scaling violations ifW=80 Ge\), and $(W=70 Ge\), respectively. Her&V
b{?(x,Q?) are of the order of ?(*~29, and the contribu- corresponds to the mean photon-proton center-of-mass en-
tion vanishes at larg®?. In these models, the structure func- ergy. In Fig. 3 we have presented the variation té?)
tion vanishes at larg€? and scaling can be restored within =2xb(12) with x, for 10" 4<x=<1.0 atQ?=0.1, 1.0, 4.0, and
the context of the model only if one takes into account the10.0 Ge\f. We observe thdh(zz) is significant toward small
continuum of heavier mesori&VMD). Rather, we take the x values, behaving as-(1—x)2%/x?°, and is in general
point of view that VMD should not describe th@? depen- agreement withi2,3].
dence because it is intrinsically a lo@? effective theory. In Fig. 4 we have given th@? behavior ob$?(x,Q?), as
VMD provides an estimate of certaiin this case multiple predicted by the VMD model, at different values xf That
scattering contributions to the structure function at a low b, vanishes aQ?=0 is clear from Eq(20). It vanishes at
scale, which are then mapped into the lagyfe-domain by large Q? because the vector-meson propagators and the
standard QCD evolution. vector-meson electroproduction cross section both fall with
Q2. This can be explained by the reduction in the coherence
length of the vector mesons & increases, at a fixed pho-
ton energy. Figure 5 shows the double-scattering contribu-
The resulting behavior ob{?(x,Q?) using Eq.(20) is  tion to F, in deuteron using Eq21).
shown in Figs. 3 and 4. We have used the Bonn potential A few comments are in order here. Our results are more
[10] for deuteron wave function in the calculations. The dif- specific than those of Ref$2,3] because we have made
more specific assumptions about the nature of the intermedi-

Ill. CALCULATIONS AND RESULTS

0.025
: . 0.005
_ x=10 r
0.02 [ S a0t
0.015 -
0r T
D & ~T
I 001 5 FT e
Vs
' - :
0005 | 00051 -
| —~
| F - — — — @=10GeV?
ol - P =40GeV?
| —-—-— *=10.0GeV>
-0.005 . ‘ : |
-0.01
6 8 10 10 10?2 107 10°

& x

FIG. 4. Behavior ob{?(x,Q?) with Q2 atx=10"%, 10°3, and FIG. 5. Double-scattering contribution #®, as given by Eq.
1072, (21).
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ate hadronic state. Of course we could add further excitelVe have found that the double-scattering contribution to
vector mesons to our calculation, however, their contributiorb,(x,Q?) is significant for x<0.1 and behaves as (1
would be suppressed at the Id@f at which we work. We — —x)2%/x**2%. At large Bjorkenx (x=0.3) the vector me-
must still confront the question: At which scale should wesons can propagate only over distance scales of the order of
graft our VMD results onto standard QCD evolution? Sincethe size of a single nucleon, and multiple-scattering contri-
we are interested in qualitative rather than quantitative bebutions are not significant. At very smadl (x<10?), the
havior, some uncertainty can be tolerat€d=0.1 GeVfis  coherence length of the meson increases and hence the con-
clearly too small — QCD evolution is not justified at such tribution increases. Our results agree qualitatively with those
small Q2. Q?=10 Ge\* is clearly too large — simple vec- obtained in Refs.2,3], and confirm the fact that a significant
tor dominance is not justified at such laré. A choice in  enhancement ib; can be expected at small due to the
the range of thep mass seems appropriate where both VMDquadrupole deformation of the deuteron.
and QCD have claims to applicability.

To s_ummarize_, we have presented a model for the dou_ble- ACKNOWLEDGMENT
scattering contribution to the tensor structure function
b1(x,Q?) of the deuteron. The analysis is based on double We thank G. Piller and N. Nikolaev for valuable sugges-
scattering of vector mesons in electron-deuteron scatteringions on this topic.
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