


1. Introduction

Expeumental and theoretncal mvestlgatlons of the deuteron structure are tradltlonally
attractive ones. Interest in the deuteron study is connected first ‘of - all w1th the fact that
this is the simplest nuclear system. It has been most studied both experlmenta.lly and
theoretically. In the second place the deuteron was used as an, excellent neutron target.
The neutron structure functions F, g7 were usually found from the experlmenta.lly known
proton and deuteron structure functions. . V. n -

Recently new data on the deuteron structure functlons F and/ gP ha.ve been obtamed
at CERN, SLAC and Fermilab {1]-[8]. The data together W1th the previous ones [9)-[12]
give the basis for construction and verification of the relativistic deuteron theory.

Direct information on_the proton and neutron structure functlons is-of. great interest
for verification of the theory of strong interaction - QCD The mformatmn can be used to
extract the spm—dependent and spin-independent parton dlstnbutlons to estimate nonper-
- turbative effects, to verify nucleon models and sum rules suk:h'asxGottfried (13}, Bjorken
{14} and Ellls—.]a.ﬂ'e [15] ones.

The extraction procedure of neutron structure functlons from deuteron and proton
data is an ambiguous one and, therefore the estimate of nuclear effects in the deuteron is
extremely important not only to obta.m new mformatxon on F » and g1 but also to verify
deuteron models. :

The nuclear effects in the deuteron have been studied in [16}- [29]

The shadowing effect. is considered in [23]-{25]. . It was found that it increases with
decreasing z and Q2 [25]: The RD/N’— FP/F} ratio was estimated to be ~ 0.97 at z =
0.001 and Q? = 2 —8 (GeV/c). The difference F — F was shown to have the crossover
point at & ~ 0.015. The nuclear shadowing decreases dra.ma.tlca.lly the value of Gottfried
integral (Sg = 0.16) with the parton sum rule Sg = 1/3. In [26] the nuclear shadowing has
been analysed using the double interaction mechanism for inclusive diffraction processes.
The shadowing contribution to the structure function FP was very small and less than
2% at z up to 0.001 and Q> =4 (GeV/c)®. The shadowing was found to be a 3% effect
at z = 1072 and Q* = 4 (GeV/c)? and fall down vanishing'at z = 0.1 [27] . In [23]
the corrections for the deuteron structure function FP also estimated down to z ~ 107°
were less than about 3% over the range of & covered by the E655 data {4]. Large (3-5)%
shadowing in the deuteron SF at z < 0.01 was predicted in [28]. It should be noted that
the NMC data [1] give no ev1dence of sizeable shadowing in the deuteron for z > 0.004,
but the data cannot exclude a (2-3)% effect at z < 0.004 as predicted in [28]:

The nuclear effect due to Fermi motion ‘is considered in (16]-[24].. The order of the
effect is (1-3)% for z < 0.7 [16]-[19).

Qualitatively other results were obtained in the framework of relativistic description
of the deuteron [23, 24]. The behaviour of the' R2"Y ratio is similar to the EMC effect
on heavy nuclei.. A relativistic approach.[20] for the analysis of the. deuteron SF. and the
deuteron EMC effect was used in [21]. The function F? was determined in terms of the
truncated Dpn vertex function. The ratio FP/F} was found to have an oscillatory feature,
~ but the median value of the ratio remains close to unity over a small z-range and drops

toOQarounda:NOSS '

In the framework of the operator product expa.nslon method effects of Ferm1 motion and
meson exchange currents (MEC) have been estimated in [29]. The nuclear effect reaches
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~ 2% at = ~ 0.6 and the ratio- F’/F} reproduces the EMC behaviour. The summary
contribution of the impulse approximation and MEC leads to the ratio F’/ FN > 1at
z < 0.2. As noted in [22] the MEC contribution turns out to be small in the region of z
and Q? covered by the E655 data. It is about 6% (12%) at = ~ 1073(1072) of the total
shadowing correction to FP. The shadowing correction due to vector meson dominance,
pomeron and meson exchange was also found to be less than ~ 3% over the experimental
range of z and Q? [4]. : .

We would like to emphasize that the relativistic description of the deuteron is necessary
to_take into account correctly nuclear effects and in particular the nuclear effect due to
Fermi motion of nucleons with a high momentum.

We have used the model of relativistic deuteron proposed in [30]. Our approach is
based on‘the relativistic deuteron wave function (RDWF) with one nucleon on mass shell.
The RDWF ‘can be expressed via the vertex function I'w(z,k1). This model has been
successfully ‘used for the descriptions of the deuteron electromagnetic form-factors and
some processes involving the deuteron [31]-[34].

In the present paper the model of relativistic deuteron [30, 31] is used to calculate
the spin-independent and spin-dependent structure functions FP, gP. The dependence of
the ratios R2/N = FP/FY and RP/N = gD[gN of structure functions on z and Q? is
investigated. These ratios characterize the nuclear effect in the deuteron. It is shown
that in our consistent relativization scheme the nuclear effect in the deuteron due to Fermi
motion for FP is noticeable and reaches ~ 6% at z =~ 0.7.” We have found the neutron
structure function Fp by comparing our calculated results for the deuteron SF and the
ratio Rg/ ¥ with the available experimental data on F° and F} [1, 2]. The Gottfried sum
rule (GSR)' was verified on the basis of the obtained FJ'. A strong @*-dependence of the
Gottfried integral Sg(z,@?) was found. The BCDMS data on FZ(z,Q?) were used to
predict the dependence of the ratio RY/” (z,Q?) in the cumulative range. '

2. Relativistic Impulse Approxima.fion

The cross section of deep-inelastic lepton-deuteron scattering in one-photon approx-
imation is expressed via the imaginary part of the forward scattering amplitude of the
virtual photon on the deuteron - Wf,’,. The latter is related to the deuteron spin-dependent
- gfz(u, Q?) and spin-independent - F' f’z(u, @Q?) structure functions as-follows

W2 = ~(9u — 9u0/9") - FP + (b = 0u(p) [P — 0.(p) %) - FP v

+i€uapq™{s°g7 [v + [s°(ap) ~ PP (sq)IM g7 [V*}.- 1)

Here ¢, p are the momenta of photon and deuteron, M is the deuteron mass, Q% = —¢? >

0,7 = (pq). The 4-vector s, describes the deuteron spin and satisfies'the following condi-
tions: s? = —1, (ps) = 0. ’ ) ‘

In the relativistic impulse approximation (RIA) the forward scattering amplitude of the

virtual photon on the deuteron AE,, is expressed via a similar scattering amplitude on the
nucleon Aﬁ, as follows ' :

g, S ekt

d*ky

A2a,p) = [ Gy SPUA(a ) Tou k) @

Here T(s1,k,) is the amplitude of the N + D' -+ N+ D process and the nol.;a.tion s =
kK = (p— k)? is used. Integration is carried out with rgSpect to the active nucleon
momentum k;. Integral (2) is calculated in the light-cone variables (kg = ko =+ k3, k1)-
The peculiar points of the integrand (2) on the plane of the complex va.ria..ble_ {c_ are due
to the peculiarities of the nucleon virtualities k? and k?. Some of the pgcuha..ntles are due
to the propagators ~ (m? — k)71, (m? — %2)—1. The- others are rela..ted w1t1'1 the vertex
DNN and the amplitude AZ:' The integral is not zero if the region of 1ntegra.t10n on k+ is
restricted

0<ky <py — ks : _ 3)
Taking into account only a nucleon pole in the unitary condition for the amplitude T'(s1, kl 2
and the relation between the RDWF and the vertex function To(k1): $(ky) = Ty(m + kl) ,

. the symmetrical part of the deuteron tensor WPE can be written as

wR=wa-p o (4)

4 o ) .

Wit = [ Gy 2‘1 ;1.5("3 — B)0(ko)B(ps — k+) Sp{w]l, - Do (kr) - (m+ k) - 9P (k1)}. ()
)4

Here -function and light-cone variables are used. The ‘tensor pg‘? is the symmetrical part

of the deuteron’ polarization -density matrix. The antisymmetrical part of the deuteron

tensor Wﬁ is éxpressed in the form similar to (4,5). The vertex function Ty (K1) is defined

by 4 scalar functions a;(k?) and takes the form (35] - '

Ta(k1) = Fralai (k) + aa(k3) (m + k)] + aloo(K]) + ag(kD)(m + o)) (6)
The relativization procedure of the deuteron wave function 3, has been proposed, and
the scalar functions a;(k?) have been constructed in-[30].

3. Nuclear Fermi Effect in DIS with Unpolarized
Deuteron ‘ .

The deuteron structure function FY in the light-cone variables is expressed as follows
1
FP(a,Q%) = [ da dky pla, k1) - FY(a/2,Q7) (7

The nucleon SF FN = (FF + FJ)/2 is defined by the proton -and neutron ones. The
positive function p(z,ky) describes the probability that the active nucleon carries away
the fraction of deuteron momentum z = ki /ps+ and the transverse momentum kj in the
infinite momentum frame. It is expressed via the deuteron wave function t,(k1) as follows
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Figure 1. The Rg/ . and Rg/ N ratios of the structure functions for deep;inelastic lepton-
deuteron scattering. Experimental data: * - [1], o - [3].
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Figure 2. Deuteron structure function F ( , @ ) for deep-inelastic lepton—deuteron scat-
tering. Experimental data: e - [2], A [3], [

P, k1) o Sp{B(kr) - (m+ k) - 9P (ky) - df - ). (8)

Note that in the used approach the distribution function p(z, k) includes not only
usual S- and D-wave components of the deuteron wave function, but alsoa P-component
The latter describes the contribution of N N-pair productlon

We have used the NMC data [1, 2] an the ratio Rp/? = FP/FP and F? and also the
relativistic deuteron model to extract the neutron SF F}'. For the latter the parametrization
has been obtained _ .

Fp(2,Q%) = (1 - 0.752)(1 - 0.15v/(1 — 2)) - F}(2, Q). (9)

Figure 1(a) shows the dependence of the R,?/p ratio'on z. A good agreement between’
theory and experiment is observed. o

The nuclear effect in the deuteron is described by RD/N( z,Q?). Figure 1(b) shows that
with increasing x the effect of relativistic Fermi motion grows and the ratio Rg/ reaches
6% at £ ~ 0.7. The dependence of the ratio RI.Q/N on z resembles the nuclear EMC effect
and over a range of 0.01 < z <.0.7 it is practically independent of QZ.

Qur results differ from the estimation of the nuclear effect obtained in [16]-[19], where
the latter one is no larger than (1-3)% and the ratio Rg/N has not a typical EMC-behaviour.
The results qualitatively similar to ours have been obtained in [23, 24].

Thus, the obtained results allow us to conclude that the dependence of the ratio R,I.z IN
on z is the universal one over a range of 0.01 < z < 0.7 and it is defined by the structure
of the RDWF.

In Figure 2 we compare FP(z,Q?) with the experimenta] data [2, 3, 10]. These curves
are in good agreement with the data both in a low and a high z-range. Scaling factors for
different values of z and the corresponding curves are shown in Figure 2 too.

Thus, the extraction procedure proposed for FJ(z, @?) is a self-consistent one because
it includes a good description of higher statistics experimental data on the R?/p ratio and
FP over a wide kinematic range of x and Q% Therefore we consider that the use of our
deuteron model and impulse approximation for describing the process is correct.

We would like to note that fora reliable estimate of other contributions to F.P due to
nuclear effects such as nuclear shadowing, meson exchanges,etc., data at low z such as the
E655 data [4] but with smaller experimental errors are required.

The obtained neutron SF can be used to verify the Gottfried sum rule (GSR) [13]:

[1B@-rpoZ=2 o)

The neutron and proton structure functions in the parton model can be expressed vié.
the valence (uv,dy) and sea (@,d, s,3) quark distributions, and the sum rule (10) can be
written as follows

So=g+5+ [ 1aly) ~ dw)ldy. (n

As has been reported in [1], the value of Sg obtained from the measurements of F,°
and F} is considerably below the value of the naive quark-parton model equal to 1/3:
Sg = 0.240 £ 0.016. This result is usually interpreted as the violation of the isospin
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Figure 4. Deep-inelastic spin~dependen;ﬁ deuteron (a) and proton (b) structure functions.

Experimental data: a) O - [5]; b) o - [7], % - [8], e - [12] Theoretical results have been

obtained with the parton distributions taken from: — - - [37]; (38], - --[39). —

— [40].

i : ‘5,“‘"‘177‘ el

o ,“_4',_‘,’_ Comes

symmetrical sea. This value of Sg was obtained for.averaged Q% = 4 (GeV/c)?, and the
extrapolation procedure for an unmeasured low (0-0.004) and high (0.8-1.0) z-range was
used.

The calculated results of the Gottfried integral as a function of z and @? are shown in
Figure 3 i

Soler@) = [ 100 - 0L )

One can observe a noticeable Q2-dependence of Sg(:c,Qz) We should like to note
that the range of low Q? and large = makes a dominant contribution to Sg(z,Q?). With
increasing Q? the value of Sg decreases and the discrepancy with predictions in the quark-
parton model grows. It could mean that the clouds of qg- pairs of valence u and d quarks
are essentially different and with increasing Q? the violation of the flavour symmetry of

the sea becomes large. -
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4. Nuclear Fermi Effect in DIS with Vector Polarized
Deuteron

The deuteron spin-dependent SF in the light-cone varia.bles' can be written as follows
(@ Q) = [ do ks Bp(e k) - ¥ (e/2,Q7). (13)

“The nucleon spin-dependent SF is defined as gl¥' = (¢7. 4 g}*): The function Ap(z,k,)
describes the helicity distribution for an active nucleon that carries away the fraction
of deuteron momentum z = kj4/py and the transverse momentum k; in the infinite
momentum frame. It is expressed via the deuteron wave function 1,(k;) as follows:

Ap(e,ke) o Sp{d(k) - (m + B) - 9P() - 4+ 0 - o) - s}, (14)

where p( ﬂ) is the vector pa.rt of the deuteron polarization den31ty matrix:

The dependence of the deuteron SF zgP(z,Q?) on z for Q2 = 1,5,10,80 (GeV/c)?
is'shown in Figure 4(a). The Carlitz — Kaur model [36] for the nucleon SF and parton
distributions [37] have been used. The weak Q> dependence of zgP is observed. We
compare our results with the SMC data [5]. Taking into account large errors, the agreement
between the calculatéd results and the experimental data. should be considered as a good
one.

Note that in the Carlitz — Kaur model the nucleon structure functions g{"" are propor-
tional to momentum distributions of valence quarks (u,, d,) over a high z-range. Their
behaviour in a low z-range is regulated by the "spin dilution factor” cos(#). It is a measure
of transferring of spm from valence quarks to gluons and ¢§ pa.lrs and it is 51gmﬁca.nt at
low z. ]

Figure 4(b) shows the results for the zg} obtained with different parton distributions
[37]-[40] and the experimental data 7, 8, 12]. Note that the proton and neutron SF in the
model {40] have a negative singular asymptotic as follows gi™* ~ (=1)/(zlIn%(z)) at z.— 0.

P
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The predictions of the model [40] for g} are in disagreement with the new SMC data [7].
Large experimental errors for the data of gP do not allow one to choose between numerous
proton models. It is necessary to meésu_re g5 with a higher accuracy in a lower z-range to
discriminate some proton models or parton distributions. The other asymptotic for g7 at
low z has been considered in [41] and it takes the form ~ (+1)/(zin?(z)). The behaviour
of ¢f due to negative signature cuts is in good agreement with the SMC data [7].

The nuclear effect in the deuteron for the spin-dependent SF is described by the ratio
RPIN(z,Q%) = ¢P(z;Q%)/gY (z,Q%). Figure'5 (curve 1) shows the dependence of the
RP/N ratio on z and @* = 1—80 (GeV/c)?. The parametrizations of parton distributions
are taken from [37, 38, 39]. The ratio RP/N is found to be practically constant and
independent of parton distributions over a w1de kinematic range of z and QZ%. It should
be noted that ‘RP/Y is also independent of nucleon models [36, 40]. The nuclear effect due
to relativistic Fermi motion is found to be ~ 10% in the range = 1072 — 0.7. Similar
results have been found in (42, 43] too.

" Thus, the obtained results allow us to conclude that the dependence of the ratio Rf/N
on z is the universal one in the range z < 0.7 and it is defined by the structure of the
RDWF. i

We should like to emphasize here that the extraction of the neutron SF g7 from the
deuteron and proton data is not direct, and so it is necessa.ry to take into account the
nuclear effect in the deuteron.

Figure 5 (curves 2,3,4) shows the dependence of the ratio RD/” = gP/gf on z at
Q* = 10 (GeV/c)®. This ratio, in contrast to RP/N, is strongly dependent both on the
parton distributions [37, 38, 39] and the nucleon models [36, 40].

5. Nuclear Fermi Effect in DIS at 2z > 1

+ Considerable progress has been-achieved in the recent analysis of the experimental
data on’the deep-inelastic structure function ratio RA/D. = F;‘/F.P , and new nuclear
effects have been found [44].

It has been shown that

o the ratie.RA/D(z, Q?) is independent of Q? over a range of 0.001 < z < 0.7, 0.01 <
Qi< 200 (GeV/e)?,

o saturation effect in A- dependence is clearly observed,

e the crossover pomt Zo (RA/D(.’EO @?) = 1) does not depend on A

o the quark distributions of all flavours are equally distorted by nuclear medium.

Note that the experimental data on the ratio R4/2(z, Q%) cover in the main the region
<l [45] The results of an analysis of the data on the ratio show that the quark configu-
rations in free and bounded nucleon differ from one another. Nuclear quark conﬁgura.tlons
can be explored only in the cumulative range z > 1 [46].

The new data for the carbon nuclear structure function FC(:c Q%) at z up to 1. 3 are
presented by the BCDMS colla.bora.tlon in [47] g
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Figure 5. The RD/” =gP/g? and RD/N =g /gl ratios of the spin-dependent structure
functions for deep—melastlc lepton-deuteron scattering. Curves 1 and 2-4 present RD/N
and RP/?, respectively. The parton distributions are taken from: 2 - (37],3-(38),4- [39]
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We use the data on FE and the calculated results of the F;’ structure function based
on the deuteron model [30 31] to study the ratio

F9(=, Q)
FP(z, Q%) (15)

Our results are shown in Figure 6. The nuclear effect ratio Rﬁ“’ at z > 1 demonstrates
an exponent increase ~ e.zp(a - z) and differs significantly from unit at z < 1. Note that
the behaviour of the ratio in the range z < 1 is in good agreement with the experimental
data [48]. We would like to emphasize that the effect is not due to the kinematic boundary

. condition. One can see that the ratio RF/ does not manifest regularity around the integer
number z predicted in [49] and connected with two nucleon correlations. Note that in [50]
the exponent dependence of the cross section ratio RAID ~ p7 /%, for inclusive backward
pion production in the p + A — m + X process in the cumulative range (z > 1) has also
been observed. It has been concluded that nuclear mechanisms of particle production in
the process differ significantly in the cumulative and non-cumulative ranges.

We consider that the systematic experimental study of the nuclear effect at z > 1 is
very important to obtain new mforma.tlon on quarks in nuclei and also to verify deuteron
relativistic models. b :

RC/D(.T, Q?) =

6. Conclusions

o The effect of relativistic Fermi motion was estimated for the spin-independent and
spin-dependent deuteron structure functions.

¢ The dependence of the ratio R?/ N on'z resembles the nuclear EMC effect on heavy
nuclei. The value of the nuclear effect'reaches ~ 6% at x ~ 0.7.

o The dependence of the ratio RD/N on z due to relativistic Fermi motion in the

kinematic range z = 1073~ 0.7, Q* =1 - 80 (GeV/c) is approximately constant.
The value of the nuclear effect due to Fermi motion is found to be ~ 10%.

e The calculated results for the structure functions FP,gP are in good agreement with

the experimental data (BCDMS, SLAC, NMC, SMC).

e A strong Q’-dependence of the Gottfried integral Sg(z, Q) is obtained in the range - -

Q? < 10 (GeV/e).

o The nuclear effect ratio RF in the cumulative range was estimated and the ratio
was shown to differ significantly from unit at z < 1.
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_hyHKIMK ueu'rppna u‘smepubm addext bepmu-asiKenus

N OTHOLUCHHH

Bpayn M A Toxapea M.B.

. E2-95-26_
CnyH-3aBMCHMas M CTIHH-HE3aBMCHMAs CprKTyprXB ‘ s

-~ PaccMaTpHBaeTCsi - - Ipouecc -TyB6OKOHEYNPYTOro - JIENTOH-NENTPOHHOTO pacceaumx B
pemmuucrcxow MMy THCHOM npubnikenun. B paMkax KoBapMaHTHOTD N0AX0A@ B NEPEMEHHBIX
CBETOBOIO Koliyca Ha ocuose penﬂmuucrcxou BOJIHOBOM (PYHKIMM ACHTPOHA" BBIYMCIIEHDE CIIMH-
3aBUCUMAS gD (x, Q ) W cnuu- He3aBUCUMAS F 2 (%, Qz) chyxTypume hynkumH’ (Cd)) Pesynbr\arm

pac4eToB CPaBHMBAKOTCS C axcnepumeuranbubmu JaHHBIMH. OueHeHa BEMMUMHA ﬂaepuom 3(bcbex-

~ | Ta, oGycnoaneuuom (bepMMechuM ABHKEHHEM HYKJIOHOB B aenrpoue ¥ YCTAHOBJIEHO, 4TO OTHO-

HIEHHE R FD/FN RocTuraet 6% npu X = 0 7. UsBneyennas u3 OKCIEPHMEHTANIBHBIX AAHHBIX

C® neiirpona ucnonbsouanaca wm nponepxn npasuna CyMM I‘orr(bpnaa Hoxasauo, Ha ocuoae

nonyqeuuou F;ut0 Hapyme}me (bnemsopuou CHMMETPHH Mopcxux Ksapxos MoxeT GI:XTI: 6om,muM'

¢ pocToM Q YCTaHoaneuo 41O S(b(bex'r penﬂ'rnsncrcxom (bepMuechom ;mmxeumr 19 CMH~
3aBHCHMOR crpyxTypuou (bym(uvm ZIEMTPOHa cocTasaser ~10% B IMPPKOM KHHEMATHUECKOM ~

) 'nuanasoue x H Q 3KCﬂepMMeHTaJinble zxauubxc BCDMS wm FC HCnO.’]bSOBaﬂMCL mﬂ ouem(u

RC/DuxyMymrruuuou oGnaCTM (X>l) A Tl _‘”

i _PaGQTa x}meﬁueua’aJ1a6oparopym nucoxukx au_epruﬁ ousim: -~

- Ipenpint OGbEAMHEHHOMD MICTHTYTa SEPHBIX uccneposanwit, HyGua; 1995

: -Spin-Dependent and Spin- Independem Deuteron
Structure Funcuons and Nuclear Ferml Effect

'used to estlmate the R ¢/p rano m the Cumulauve range

Braun M.A., Tokarev M.V : " ‘, EZ-95-(2»6V

T

Deep melashc Iepton deuleron scattermg in the relauvrsuc 1mpulse approxnmauon is consxdered g
The spin- dependem gD(x,Q) and spm mdependem FD(x Q) structure funcuons (SF) ‘are

'calculated using the covariant approach in hght cone varlables The results are compared: with |
: experimental data. The effect of relativistic Ferrm mouon described by the ratio RD N = FD / FN is?
'esnmated to be 6% atx = 0.7. The extracted neutron SF is used to venfy the Gottfned sum rule; It is’
| shown that the violation of the flavour symmetry of sea quarks can be. large with increasing Q% s

found that the nuclear effect due to rclatnvxsuc Fermi monon for the spin- dependcnt structure function

: reaches ~10% over a wide kmemauc range of x and Q The BCDMS expenmental data on FC are

g The irivestigation‘ has beeu:perf&rmed’ at ih‘e Iﬂbdratcry of‘High‘vEnergres, JINR, o e




