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We study shadowing and antishadowing corrections to the flavor nonsinglet structure fLmiff?efFZH
and show that the difference between the one-particle density distributiottéecind*H plays an important
role at very smalk. We find that the flavor nonsinglet structure function in these mirror nuclei is enhanced at
small x by nuclear shadowing, which increases the nuclear Gottfried integral, integrated fréhtal, by
15—-41 %. When integrated from zero, the Gottfried integral is divergent for these mirror nuclei. It seems likely
that, as a consequence of charge symmetry breaking, this may also apply to the proton-neutron system.

DOI: 10.1103/PhysRevD.64.054503 PACS nuntderl3.60.Hb, 21.45tv, 24.85+p

I. INTRODUCTION based on the chiral quark-soliton model of REEL] also

predictd>u, which could be of the magnitude observed ex-
The measurement of the flavor nonsinglet structure funcperimentally. Both of these explanations offer considerable
tion F5(x,Q?) —F3(x,Q?), whereF5(x,Q?) [F3(x,Q?)1is  insight into the nature of hadronic structure in QCD and it is
the proton[neutrorj structure function, in deep inelastic yita| to find experimental ways to separate them.
muon-hydrogen and muon-deuterium scattering experiments, ope way to learn more about the nonperturbative dynam-
performed by the New Muon CollaboratighMC) [}]1 led _ics of the nucleon is to consider the nonsinglet structure
to a surprising resultNote that we use the terms “singlet function FB(x,Q%) — F)(x,Q?) for bound nucleong12]. In

and “nonsinglet” just to indicate the quark content of the this case, any discrepancy between theoretical predictions

corresponding structure functiondhe data revealed an ex- S . .
cess of sea down quarks as compared to sea up quarks in tﬂ@d_dat_a would indicate that the mechanisms that explained

free proton. This conclusion was confirmed by the E866the u#d asymmetry for the free proton are modified in a

NuSea experiment, where the differertte u was measured nuclear medium. The lightest nuclei that enable one to study

directly using the breII-Yan production g&* = pairs in the nonsinglet combination of nuclear structure functions are
.. i i i3 3

proton-proton and proton-deuteron collisidizs. the pair of mirror nuclei"He and*H [12].

The results of both experiments contradict the expectation The analysis of deep inelastic scatteriilyS) on nuclear
of perturbative QCOPQCD) thatu~d in the proton. Within ~ [a/9€ts demonstrates that the nuclear environment modifies
the framework of PQCD, the light quark sea is flavor Sym_the propertigs of the nuclepns in a number of ways. At small
metric with a good accuracy since it is generated by thvalues of Bjorkerx, the main effects are nuclear shadowing

. " . e and antishadowing. In this work, we estimate the nuclear
perturbative splittingg— qq, which does not distinguish be- ) , . 31 >
tween theu andd flavors. The obvious inconsistency of the Shadowing correction to the structure functioRs,™(x,Q?)
experimental data with PQCD predictions indicates that nonfor *He and F,"(x,Q?) for °H, and for the difference,
perturbative effects are responsible for creating flavor asym,:;He(X,Qz)_FzH(X’Qz)’ in the region 10%<x

metry in the light sea quarks. <0.02-0.045. Note that, since the transition region between
The excess ofl over u was anticipated well before the nuclear shadowing and antishadowing is not constrained well
measurement on the basis of the chiral structure of Q€8JD by either models or experiments, we use two models of
Since the NMC experimental discovery and earlier experinuclear shadowing with different crossover points between
mental indications thadl# u in the proton, this explanation the shadowing and antishadowing regions. This fact is re-
has been actively investigat¢d], with the latest discussion flected in the uncertainty of the upper limit for the shadow-
centering on the model-independent leading nonanalytic coring region, x=0.02-0.045. The detailed discussion of our
tribution [5]. Another possible contribution involving the approach to the calculation of nuclear shadowing is pre-
Pauli principle was first explored in PQCD, where it wassented in Sec. Il. For larger values of Bjorkex
found to give a negligible effedi6]. In contrast, nonpertur- 0.02—0.045x=<0.2, nuclear antishadowing starts to become
bative calculations based on the change in the Dirac sea important. In Sec. Ill, we model antishadowing by requiring
the presence of a confining potentj#] (for recent reviews the conservation of the number of valence up and down
of relevant models also s¢,9]) as well as calculationd0]  quarks in He and 3H, which is a generalization of the
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baryon number sum rule constrar3]. 2
Our results for smallk, x<0.2, can be combined with % 2
those of Ref[12] for the largex region in order to present ©’

the nonsinglet combinatior[FzHe(x,Qz)—FgH(x,QZ)]/x .....................

—

over the full range of Bjorkem. Section IV summarizes our 0
results for two models of shadowing and two pairsZbfe I
and H nuclear wave functions. We also make predictions
for the Gottfried integral for theA=3 system, defined as sl
[12] [

| ae(z)= fzsd?X[FZHe(x,Q%—Fi“(x,Qzﬂ- D o

In the future, our predictions can be confronted with experi-
ment, for example, with those planned at TJLAR4],
RIKEN [15], and BNL Relativistic Heavy lon Collider
[RHIC, the electrons at RHIG2RHIC) project [16].

5

0 L . . —_—a n n n —_—a
10 10° 107

Il. NUCLEAR SHADOWING CORRECTION X

The importance of nuclear shadowing in DIS on nuclear F'G: 1. oerr as a function of Bjorken at Q*=4 GeV* from
targets at small values of Bjorkenis experimentally well RS- [23] (solid curve and [24] (dashed curve Note that the
established. For recent reviews of the current situation ifased curve includes a higher twist contribution and an earlier
experiment and theory, we refer the reader to Rfg]. In parametrization of the Pomeron.
our approach to nuclear shadowing, we choose to work in the
target rest frame, where the dynamics of lepton-nucleus inculation of nuclear shadowing within such an approximation
teractions at smalk is transparent. At small Bjorkek, the ~ are presented in Reff13,20-232.
strong interaction of the virtual photon, emitted by the inci- In the present work, we will use two models f@g;. The
dent lepton, with hadronitnucleon or nucleystargets takes first model is that of Frankfurt and Strikmd@3]. The au-
place in two stages. First, the photon fluctuates into hadronithors used the connection between nuclear shadowing in in-

configurationgh,) at the distancé.~1/(2myx) before the clusive DIS on nuclei and DIS diffraction in the reaction
target v*+p—X+p’ in order to derive a leading-twist model for

oei- Assuming that higher twist contributions to inclusive
o o DIS are negligible aQ?=4 Ge\?, the model of Ref[23]
ly*)= ; [Chi Y1), (2 aims to give a description of the main contribution to nuclear
shadowing(arising from virtual photon scattering off two

where|(h,| y*)|? is the probability that the photon fluctuates Nucleons in the targetn nuclear parton densities and struc-

into the statdh,). In PQCD, the configuration,) consist ~ ture functions at small Bjorkex, which has little model
o — — . dependence. The main source of residual dependence is the
of superpositions ofq, qqg, . . ., Fock states of the virtual

photon. Secondly, the fluctuatiofis,) interact strongly with use th thfe q:J_asllelkonaI approxm?tmn to est|mattla the
the target, with some typical hadronic cross sections, strength of multiple rescattering on three or more nucleons.
1 k .

_ Another assumption, that the nucleus can be described as a
(Here we have chosen the target to be a nucleus with thgany-nucleon system, is well justified by the small nuclear

tual photon-nucleus cross sectionx 4 can be written ous hadron-nucleus scattering experiments at high energies.
Thus, within this formalism, the leading-twist contribution to

Uy*A=Z Khy 7*>|2(ThkA- 3) the n_ucleaDr shagowmg correction to the deu_teron structure
3 function F3(x,Q“) can be calculated unambiguously. For

nuclei heavier than deuterium, one has to make model-
Here we have suppressed thandQ” dependence of ,«»  dependent assumptions abeus; for the scattering on three
for simplicity. The|h,)-nucleus cross sectiom, a is usually  and more nucleons. Since the cross-section fluctuations
calculated using the high-energy scattering formalism of Gri-around the average valug¢; in practice do not affect shad-
bov [18], which is a generalization to high energies of theowing[23], one can safely use,;; for the calculation of the
Glauber multiple scattering formalisfi9]. virtual photon interaction with more than two bound nucle-

The key element of our approach is an assumption that thens and employ the quasieikonal approximatiegy; of Ref.

sum over the quark-gluon fluctuations of the virtual photon[23] as a function of Bjorkex at Q=4 Ge\ is presented
in Eq. (3) can be substituted by some effective stdtg;), as a solid line in Fig. 1.
which interacts with bound nucleons of the nuclear target The second model for.¢; that we consider is based on
with some effective cross section ;. Examples of the cal- the two-phase model of nuclear shadowing for inclusive DIS
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on nuclei of Ref.[24]. This model contains both leading- where 83=6 GeV 2 [17]. Here we have assumed that, in

twist (Pomeron and triple Pomerprand subleading-twist

general, the effective cross sections for the interaction with

(vector mesoncontributions tao.¢;. Figure 1 represents the the proton and neutron are different.

correspondingoes; as a function of Bjorkenx at Q2

The ground-state wave functions #fle and*H are taken

=4 Ge\ as a dashed line. We note that the difference beto have a simple Gaussian foi20,21,26

tween oq¢; of Ref. [23] (solid line in Fig. 2 and that ex-
tracted from Refd.24] (dashed line in Fig. Jllies both in the
inclusion of a higher twist contribution and in a different
parametrization of the Pomeron contribution.

It is important to note that neither of the models ey

distinguishes between virtual photon rescatterings on protons

and neutrons, i.eg.¢s IS a flavor singlet cross section. In

1=3

|\1sz€|2<><|1:11 exq—r?/(zw]aﬁ(E rT),

1=3

|~1sz|2<><|[[1 exq—ﬁ2/<2a'>]53(2 F.). (5)

this work, we make a simple extension to the flavor non-
singlet combination of the virtual photon-nucleon cross secWe have checked that the inclusion of the two-body nucleon-

tions.

nucleon correlations in the nuclear wave functi@d)s using

The transition region between nuclear shadowing and arthe prescription given in Ref24], does not change appre-

tishadowing is poorly known, both experimentally and theo-

retically. In this region, which approximately lies in the
rang€ 0.02<x=<0.07, nuclear structure functions are modi-

ciably the numerical results for nuclear shadowing in the
range 104<x=<0.05. Hence, we shall employ the wave
functions of Eq.(5) in this work.

fied by a host of nuclear effects. Among these are nuclear The nuclear wave functions of E) describe the motion
shadowing and antishadowing, two-body nucleon-nucleomf the centers of the nucleons. Thus, the slope parameters
correlations in the nuclear wave function, the presence oénd «’ should be chosen to reproduce the nuclear matter
pion degrees of freedom, and meson-exchange currentsadii of 3He and®H. Assuming that only the proton contrib-

Since our main emphasis is on the very small Bjorken
region, the detailed description of the nuclear shadowing
antishadowing transition is unimportant.

Bearing in mind all these nuclear effects, which if ignored
lead to theoretical uncertainties in nuclear structure func

utes to the nuclear charge radius, the nuclear matter radius
for a nucleusR,,, takes the fornj27]

Rm= VR~ R?, (6)

tions, we have included in our analysis the shadowing an@vhereR;, andR, are the charge radii of the nucleus and the
antishadowing e_ffects only. In add|t|on_, we h_ave assume@roton,Rp:olggoi 0.015 fm[28]. In order to estimate the
that the calculations of nuclear shadowing, using both modtheoretical uncertainty associated with the nuclear wave

els for o, can be performed most reliably in the range of
10 4<x=0.02. This explains why the upper limit of in
Fig. 1 is set tox=0.02. Sinceo.;; of Ref.[23] vanishes at
x=0.02, we model antishadowirigee Sec. I)lin the region
0.02<x=<0.2. On the other hand, the two-phase mdad]
gives ao.¢; that is still quite significant at=0.02 (see Fig.
1). In this case, we forcer.s; to vanish atx=0.045 and
make a linear interpolation betweer0.02 and 0.045. In
this case, antishadowing is modeled in the region 0045
=<0.2.

The use of the Gribov-Glauber multiple scattering formal-
ism to calculatecrhe”A requires thehe)-nucleon scattering

functions, we use two values of the average charge radius of
3He, 1.976 fm and 1.877 fm, along with the most recent
value of the average charge radius®f, 1.76 fm[29]. From

Eq. (6), we obtain the following two pairs of matter radii
of 3He and 3He: (R®RM)=(1.769,1.524) and
(1.658, 1.524 fm. Using the Gaussian-shaped wave func-
tions (5) in the standard definition of the average nuclear
matter radius, one readily finds that=R2/2. This leads to
the following two pairs of values for the slopes of the nuclear
wave functions of *He and ®H [see Eq.(5)]: (a,a’)
=(40.59,30.06) and (36.11,30.06) Ge¥/ It is important

to stress the fact that# «’ is a consequence of the charge

amplitude and the nuclear wave function. At high energiesgsymmetry breaking in théHe-3H system, which is predomi-

the |hes)-nucleon scattering amplitudé,(q) is purely

nantly the Coulomb repulsion in th#He system. As will be

imaginary with good accuracy. Using the optical theorem,demonstrated later, this leads to the divergence of the corre-

frp(q) for the proton andy,,(q) for the neutron are related
to the total cross sectionsl; and oo as

Frp(Q) =i 0By~ P2, (@
Frn(0) =il P29,
The choice of the lower limik=0.02 is motivated by the model

of Ref.[23]. The upper limit,x=0.07, corresponds to the largest
Bjorken x for which FS¥F5<1 [25].

sponding Gottfried integral.

Using the Gribov-Glauber multiple scattering formalism,
along with the elementary scattering amplitudé and the
tri-nucleon ground-state wave functio(f$, one obtains the
following |hs)-nucleus ¢He and®H) total scattering cross
sections:

(B9 %+ 20800y
8m(a+pB)

2
— p n _ -
O3He™ 20'eff+ Ooff e qu”

2 n
(Ugff) Oetf

14472 (a+ B)%’
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n \2 p n
(0ef) "+ 20610

’ 2 ag
=P n __ —a'q = — —(1—
O34= Ogpit 206 8(a + B) e “ 3e=30ei(1—fo+0,/3) + 2(1 2f o+ 90),
(o5t 08y @ B - } o Lo
144(71_2(a/+13)2' O-SH_Sa-eff( - a’+ga’ 3)_ E( - a’+ga’)-
(10

Here qj=2myx is the nonzero longitudinal momentum
transferred to the targdtvith my the nucleon mags The
negligible x dependence of the triple scattering terftise
last terms in the first and second lines of EGR] are omit-
ted.

It is convenient to introduce the flavor single.¢s

=(oP+00)/2, and flavor nonsingleto= P —ol;,

It is important to stress that Eq$10) demonstrate that
nuclear shadowing in the nonvacuum charjite coefficient

in front of thef ,o (f, o) term| is twice as large as that in

the vacuum channdlthe coefficient in front of thef ,oq¢¢

(f, o) term]. This was first suggested in Rdf13]. A
similar conclusion was reached in the analysis of polarized
cross sections. Note that the two modelsodf; and ol;;,  DIS on *He [20] and "Li [21]. The observation that nuclear
those of Refs[23] and[24], give only the flavor singlet shadowing is enhanced by a factor of 2 in the nonvacuum
combination ¢+ ah¢)/2. Our analysis will demonstrate channel, as compared to the vacuum channel, seems to be a
that the leading contribution of the nuclear shadowing corgeneric property of nuclear shadowing and it requires more

rection to the differenceF;He—F;H is determined by this theoretical _work. . 2
flavor singletoss. In this new notation, Egs(7) can be Introducing the structure functior,(x,Q%) as
presented as e 5
_ _ Fo (X, Q%)% o3,
1— 302+ 0erro—0.2552

O3He™ 3Ueff+ EO'_ 8’7T(a’+ﬂ)

2
v
e ™l FO(x,Q%) +F5(x,Q%) 0 p+ 0p=20%t,

N oo+ 0.50%0—0.250¢ 107~ 0°/8 FB(x,Q%) —F3(x,Q) > a,—oy=0, (11

1447%(a+ B)?

one can write for the structure functions @&fle and3H in
1_ 305”_ Ueff;_o_z%—z o the shadowing region of Bjorkexas
o3y=30ef— 50— e *q

2 8m(a’+B)
02— 0.502,0—0.255 4102+ 08
1447%(a' + B)? '

)

It is useful to introduce the shorthand notation

Oeff

2
EE A ———
fa 87T(a+,8)e I

2
Oetf

9= 144m2(a+ B)2'

Ja’ (9)

 144n2(a’ + B)?

FoHe=2FB+ F)— FB(2.5(,—g,) — F3(0.5f ),

In Eq. (12), the obviousx and Q? dependence of the struc-
ture functions has been suppressed. Equatib@sdescribe

the modification ofFZHe(x,QZ) and FZH(X,QZ) at small
Bjorken x, as a consequence of nuclear shadowing. We ob-
serve a qualitatively new effect—the violation of &Jiso-
spin (charge symmetry in the wave functions of th&=3
system, which enters through the shadowing correction, in-
duces a violation of S[2) isospin symmetry for the structure

functionsF,"€ andF," . The latter means that,® andF,"

are no longer related by a rotation in the isospin space. In
other words, the charge symmetry violation in the wave
functions of theA=3 system results in S@) isospin sym-
metry breaking for nuclear shadowihigegardless of the fact
that nuclear shadowing is determined by the (U
symmetric exchange with vacuum quantum numbghe

Note thatf,, g,, f,, andg,s are functions of. Their x
dependence originates predominantly from xtaependence
of oq¢s (see Fig. 1L There is an additionak dependence
from the nonzero value afj, which becomes important for
x=0.05.

Pomeron.

As explained above, we assume that using ELR)
nuclear shadowing can be calculated most reliably in the
range 104<x=<0.02. At higher Bjorkerx, nuclear antishad-
owing begins to play a role. Our model-dependent treatment

Using the shorthand notation of E48) and ignoring the

terms of the order o2 and ¢, Egs.(8) become

of the antishadowing contribution is presented in the next
section.

054503-4
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IlI. NUCLEAR ANTISHADOWING CORRECTION J'xo

OOldX{[z'Edual(X) + O'ajval(x)]fa_ dval(X)ga}

The dynamical mechanism of antishadowing is unknown. 0.0

Thus, at the present stage, all considerations of nuclear anti- 0.2 _
shadowing are model dependent. One possible approach to = dx[2.5dva,(x)+O.&Jva|(X)]fo'$', (15
modeling nuclear antishadowing uses the baryon number and %o

momentum sum rulegl3,30,31. The authors of Refd.13] _ . .
suggest the following scenario, which is consistent with thewherexo—0.0Z for the calculations withre(s of Ref. [23]

data.(However, it follows from the data only if an assump- a;gx(l,: toh.g‘:gttfgrr égiga\lsglﬁg%gsavgggﬁ;égz:ed Ici)r?esrtlaf&
tion is made that higher twist effects are small. This assump[— ’ ’ & y

tion is very natural for the case of Drell-Yan data and alsoiccreases from=0.02 and becomes zerox=0.045. This

supported by approximate scaling of DIS dataluclear c_hoice Hoejx%ls motiv_ated by the NMC data ofiHe [25]
shadowing is present in the valence quark, sea quark, andnc€F27F2=1 atx—30.045. , _
Using Eqgs.(13) for *He and the corresponding equations

gluon parton densities; nuclear antishadowing is present onIP/ 3 ) - X
in the valence and gluon parton densities. or *H, we obtain the following equations for the nuclear

Using Eqs{(12) we can calculate the nuclear quark partonStructure functions:
densities. Adding the antishadowing contribution to the va-

3
lence quarks, this leads to F,He=2Fb+F5—FB(2.5f ,—g,) — F5(0.5f )
3 . 1 114 3
8= 2+ Gy (28O 5k ) (— 121 | P ot e
+u ga’
vl _H:n _ Efanti+ 5_7fanti
3 . 2val 5 au 10 a,d )
A, 7= 20 a1+ Uy (2.50,51+ 0.5, 4 ) (— f o+ 27
+dyaiGa FoH=2F )+ FB—F(2.5f, — g.)— F2(0.5f ,.)
R — 1 114 . 3
uHe=2u+d+(2.5u+0.5d)(— ) +ug,, + 2| D | = gant - 2 gan
9| a5 Tatd” 10 a'u
e oG U (2504 0.500(— )+ de 6 .. 57 .
dMe=2d+u+(2.5d+0.5u)(—f,)+dg,, (13 +F5’val(—§fi'3fé+ﬂ)f27fi,), 16

whereu, 5 andd,,, stand for the valence up and down quark

parton densities. The unknown functiofgﬁi and fif‘éi de- whereF} . andF} ., are the structure functions including
scribe nuclear antishadowing for the valence up and dowmenly valence quarks. Equatior(d6) describe the nuclear
quarks in3He. In order to obtain nuclear quark parton den-shadowing and antishadowing corrections to the nuclear
sities in °*H, one needs to replaceby @’ anduby dinthe  structure functions,™® and F5" over the range 10%<x
right hand side of Eqg13). <0.2.

In order to find the functiond3"' and f57)', we used We would like to stress again that as one can see from

conservation of valence up and down quarks'fte, Egs. (13) and(16), the violation of charge symmetry in the
trinucleon wave functions induces &) isospin symmetry
breaking in the quark parton densities and structure func-

tions. In particular, one finds from E¢L3) thatu e d’H,

and from Eq.(16) that F,™ is not related toF," by the
3 . e 3 permutationpn.

jo dxd,a(x)= fo dX[2d,5(X) + Uyai(X)]. (14) The novelty of Egs.(16) consists in the fact that they
present the nuclear shadowing and antishadowing correc-
tions to structure functions which by themselves are neither
flavor singlet nor flavor nonsinglet. Until now, all analyses of
nuclear shadowing in DIS on nuclei were concerned with
nuclei with an equal number of protons and neutrons—i.e.,
flavor singlet nuclei. In applying the previously developed
theory of nuclear shadowing and antishadowing to DIS on
3He and®H and deriving Eqs(16), we have implicitly made

fgdx 3'*e(x)=f30|x[2u (x)+d, (0]
o uval 0 val val ’

The corresponding sum rules are valid tqg,l’;'l and dj; in
3H after the replacement—d in the right hand side of Egs.
(14).

Substituting the first two of Eq13) into Eq. (14), one

obtains the following constraint off"y and f2"':

Xo . . . N .
_ the following assumptions for the nonsinglet combinations of
dx{[2.5u,,,(x)+0.5d, 5, (x)]f ,— U, 4 (X
fo.oom {12802 val01fe = Uuai ()9} the structure function§, and quark densities. We have as-
02 sumed thatrq¢;, which controls_the_amount of nuclear shad-
:f - AX[ 2.5, 5/(X) + 0.5, 5 (x) ] FAN owing, is the same fon—d andu+d. In other words, in Eq.
%o (10), the samer,¢; determines the shadowing correction to

054503-5
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14 u -
12

10 10

— (F,CHoF,CH)K o — (F,CHe)-F,CH)x
N (F,(p)-F,m))/x

....... (F,(p)-F,m)/x

............. (F,('He)-F,(CH))/x

with same slopes

X X
3FIG. g Cases 1 and 5. The sol[dlashed line represents FIG. 3. Case 2. The soliddashed line represents RZHQ
(F*=F.")/x [(F5—F3)/x] as a function of Bjorkerx at Q> —F H/x [(FE—FD))/x] as a function of Bjorkenx at Q2

=4 Ge\?. Case 5 for F;He— FZH)/X is given by the dotted line. =4 Ge\~. For parton densities in the proton, the CTEQ5L param-
For parton densities in the proton, the CTEQS5L parametrizationtrizations are used.
are used.

- (5) a=40.59 GeV?2a'=40.59 GeV? 04 Of Ref.
oo (first termg ando (second term Another assumption is  [23] with xo=0.02.
that antishadowing fon andd is the same as far+ d—i.e For each of these cases, we have assumed the following
.. K . Y . i i ti ti
it is nil. We believe that, regardless of the model-dependengimple shapes of 3!, 3§, 27, and 3} (below we
nature of our estimates, Eg4.6) provide a reasonable esti- present onlyff,fﬁ', with the others being defined in a similar
mate of the lowx nuclear corrections to the structure func- way):

. 3 3
tions F," andF,".

14

IV. RESULTS AND DISCUSSION

Equations(16) have been used to predict the difference 4, [
3 3 |
(F,H*—F,M/x as a function of, in the range of 10%<x.

Note, however, that sinceFéHe—FgH)/x grows rapidly in [
the interval 104<x<10"3, the lower boundary of in Figs. [
2-5 below is taken as 1§ in order to present the figures is -
a readable form. In order to test the sensitivity to the input * [
parameters, we have considered the five following combina-
tions of the slopes ofHe and®H ground-state wave func- ¢ — (F,CHe-F,CH)ix
tions (5) and models of nuclear shadowing. T (F,(p)-F,(m))/x
(1) «=40.59 GeV?2 a'=30.06 GeV? 0q of Ref.
[23] with xo=0.02.[X, is the point of the transition from
shadowing to antishadowing, i.e.f,  (Xo)="f. q4(Xo)

4 |

=f2 ) =120 =0 and  fur (k) =faralo)  2p e
=120 (x0) = f2)4(X0) =0. The parametex, enters through | 7"l
Egs.(15).] N Y e
(2) @=36.11 GeV2,a'=30.06 GeV 204 Of Ref. 10? 10” w0 X
[23] with xq=0.02.
(3) a=40.59 GeV?a'=30.06 GeV? 0. of Refs. FIG. 4. Case 3. The soliddashed line represents F{;He
[24] with xo=0.045. —FM/x [(FB—FD)/x] as a function of Bjorkenx at Q2
(4) «=36.11 GeV?2a'=30.06 GeV 2 0. of Refs. =4 Ge\. For parton densities in the proton, the CTEQS5L param-
[24] with xq=0.045. etrizations are used.
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14 -

F,('He)+F,CH), case 1

35 |

n | : S F,(’He)+F,(’H), case 3
i G 3(F,(p)+F,(n))

10 [ 3 -_
[ 25 —
o | — (F,CHe)-F,CH)/x

....... (F,(p)-F,(n))/x : [

15 |

1 | ) el L el ) MR |
10 107 107 10
x X

FIG. 5. Case 4. The soliddashed line represents F(ZHe FIG. 6. The flavor singlet structure functioﬁé”e+ FzH (solid
*FZH)/X [(F5—F3)/x] as a function of Bjorkenx at Q2  and dashed Iinésand 3F5+FY)) (dotted ling as functions of
=4 Ge\A. For parton densities in the proton, the CTEQSL param-Bjorkenx at Q*=4 Ge\~.

etrizations are used. large difference between the solid and dotted lines at small

demonstrates that the rise cﬁ:(*e— FZH)/x at smallx origi-

L(x—xo), Xo=<Xx=<0.09, nates from noncancellation of divergent terms in the flavor
0.09-xo nonsinglet combination of structure functios, of the
fanJi: h, (17) bound proton and neutron, vyh'eu# a'. This result implit_as
“ 0 11(0.2—x), 0.09=x=Xg, that charge symmetry breakiri@ the present case, mainly
: from the Coulomb forceis very important and enhances
0 elsewhere. the difference of the structure functions of mirror nuclei at
small x.
The most recent NMC data Oﬁ‘z‘He/FZD indicate that the In order to better appreciate the magnitude of these

antishadowing contribution peaksst 0.09[25]. Since DI~ nuclear effectsnuclear shadowing and antishadowirigr
on 3He or 2H has not been measured. we assumed that aﬁhe flavor nonsinglet combinations of structure functions, it
. : ! should be compared to the contribution of nuclear shadowing
tishadowing also peaks at=0.09 for DIS on3He or 3H.

: ) : o and antishadowing to the singlet combinations of structure
This fact is reflected in the parametrization Of qu) The functions. Figure 6 presents the flavor singlet combinations
constantsh are chosen so that Eqd5) are satisfied. *He | %M (solid and dashed li d 3EPLEM (dotted

For quark parton densities in the proton we used the Iea({::2 ths (SO.' and das (23 ing@nd 3F>+F3) (.otte
ing order CTEQ5 parametrization CTEQ$82). Note also me)h aj 1|‘_unct|ons ofx gttﬁ =f.4 tGe\g'tE.o(rj the st())_hdtand .
that throughout our work we use the leading order expressioﬁaS ,e) ar!r(]jes W?degi(raibe d ?n ;Lse fg)‘(t ab(I)rve Cﬁlrgtem;slgrﬁ]a(t)
for the structure functions ,(x,Q?). This allows us to omit 3% Teff )

o . . when o is fixed the variation of ¢,«') leads to very
an explicit consideration of gluons and forces us to use th?nsignificant changes in the amount of shadowing and anti-
leading order quark parton densities, such as, for exampl%hadowing. Thus, the solid line in Fig. 6 corresponds to com-
CTEQSL. 3 binations 1, 2, and 5; the dashed line corresponds to combi-
Figures 2-5 presentF(H°—F,"/x as a function of nations 3 and 4. One can see from Fig. 6 that, in contrast to
Bjorken x at Q°=4 Ge\? for the five combinations of the flavor nonsinglet structure functions, nuclear shadowing
(a,a') and ot given above. The solid lines are results of decrease§3He+F3H as compared to Fe+FY) but this ef-
the calculations using Eqg16) over the range I0'<X  fot'ic not as dramatic. The decrease is 42.@%) for the
<0.2. At largerx, the calculations of Saitet al. [12] were solid (dashediline atx=10"*. The main conclusion that one

used. For each of the five cases, the solid lines should bg, " jraw from comparing Figs. 2-5 to Fig. 6 is that, because

. . 3 3
compared to the dotted lines, which preselﬁgte— F%H)/X of the charge symmetry breaking in the nuclediri¢ and
in the absence of all nuclear effects, whe,'(®— F,™)/x 3H) wave functions, the nuclear shadowing correction is
=(FS—F)/x. much more significant for the flavor nonsinglet combination

The dotted line in Fig. 2 presentEiHe—F:H)/x for case Of structure functionsEZHe— F;H)/x than for the flavor sin-
. . 3 3
5, when the slopes and o' are chosen to be equal. The glet combinatiorF, "+ F".
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TABLE I. The Gottfried integral 3GHE~3”(10‘4), defined by Eq. — (very heavy nuclear targetthe hadronic fluctuations of
(1), and the ratio of nuclear and free space Gottfried integral¢he virtual photorjh,) [see Eq(2)] interact with the nucleus
|2He,3H(10—4)/|gn(10—4) for the five combinations ofd,«’) and ~ With the maximal possible cross sectionrR3 (R, is the

o1t described in the text. size of the nucleyq18]. This set of approximations is some-
times called the blackbody limit. Thus, the contribution of

Case number | HeH(10-4) 12HeH(10-4)/127(10" %) the range ofM? for which the blackbody limit holds, i.e.,
o(M?)=27R3, to the structure functiof, is

1 0.296 1.23

2 0.275 1.15 e 32 T,

3 0.340 1.41 2=Q ZWRAJMﬁ‘aXdM p(MOM™ (19

4 0.306 1.27 127° Jo  (M?+Q?)?

5 0.244 1.02

The upper limit of integration\? ., is defined as the maxi-

, mal mass squared of a diffractively produced intermediate

We used our results fon:éHe— FZH)/x in order to inves-  State when, at fixed andQ?, the blackbody limit is reached
tigate the role played by the smadlnuclear effects on the fo_r all es_sential fluctuations of the v!rtual phpton. Within the
Gottfried integral. Table | presents our estimates of théjIFZJ0|e p|(;ture of PQCD, it was estimated in RE83] that
Gottiried integral ¢'* (10 4), defined by Eq(1), and the  Mimax™ Q Yoo/, wherexuy 1s the ‘Egg?a' Dlorkenx_en

U BHeBH A a1 Py Ay Py . ering the dipole formulation of Ref33], when the black-
_ratlo IGl f (1?] )?G (107). Ig (le ) is theWGottftr)le(_j dbodylimit is achieved. The factot,,) depends on the details
w:fsgra% or the free proton and neutron. We obtainedst 5 particular dipole model and, in general, significantly
1g7(10"")=0.24 using CTEQSLLZ"h'Ch is in good agree- atects the absolute value Bf, predicted by Eq(19). Since
ment with the NMC resultg"(10"%)=0.2350.026[25]. e are concerned with qualitative and model-independent
We found that the effect of nuclear shadowing increases thﬁspects of the behavior ofF, following from Eq.(19), after
Gottfried integral for the’He-*H system by 15-41%, de- taking the integral over the diffractive masses in E), we

pending on the combination®(a’) andoe. can present the nuclear structure function in the form
So far we have discussed the small, but finite, Bjorken
3 3 .
behavior of £,"°—F,")/x and the integral thereof. At least F,>Q?R3 In(1/x) + (subleading terms (20)

from the theoretical point of view, one can ask the question:

what happens to."®H(x) whenx—0? Our analysis seems  The application of the blackbody limit as—0 is also

to suggest that the Gottfried integral for tAele-*H system  Justified for light nuclei and nucleons. In particular, using Eq.
is divergent logarithmically because of the noncancellatiorf20), one obtains for the difference of the structure functions
of the factor 1%. We observe that this result is not paradoxi- of “He and°H:

cal since the Gottfried integral is not constrained by current 5 .

algebra—like, for example, the Bjorken sum rule. Thus, the  F,"%(x,Q?)— FZH(X,Q2)=Q2(R§HG— R3,)IN(1/x)

value of the Gottfried integral is not related to any physical _

observable or constant and, in principle, can be infinite. + (subleading terms  (21)

Our statement thaé”e'sH(O) diverges is supported by the
analysis of the total virtual photon-nucleus cross sectio
(structure functionF,) at small values of Bjorkex within
the Gribov model[18]. Indeed, for DIS on nucleon or
nucleus, one can write the dispersion integler diffrac-
tive massedM for the structure functioffr,:

The charge symmetry breaking in tiele-*H system mani-
Nests itself as the nonequality of charge and, hence, nuclear
matter radii of *He (Rsye) and ®H (Rs,). Substituting Eq.
(21) into the Gottfried integral yields an integral divergent as
[In(1/x)]? asx—0. Hence, we conclude that our analysis of
nuclear shadowing and the one within the framework of the
2 ) 2 2\ 02 2 blackbody approximation show that the Gottfried integral for
_° meaXdM p(MHM (M ), (18  the ®He-H system is divergent.

1273 Jo (M?+Q?)? It is interesting to note that the phenomena discussed
o : . . _  above should also be relevant for the free proton and neu-
Here+p(_M ) is th% the ratioo(e"e” —hadrons)b(e"e” yon |n this case, as in the trinucleon system, small charge
— " p) with M” being with mass s“quared ?f trz‘e final symmetry breaking makes ttieadronid sizes of the proton
hadronic state produced, denoted by “hadrons{(M®) is  4ng neutron different. Specifically, two effects work in the
the photon-target cross segtlon for the production of the finajirection of making the radius of the proton larger than the
state with mass squzgr_elul - The key assumption of the r4diys of the neutron. These are the Coulomb repulsion and
model is that, wherQ® is constantx is very small, andA  the quark mass difference. Since the neutron consists of two

d quarks and one quark and thal quark is heavier than the
u, the size of the neutron is smaller than that of the proton
2In general, one has to use the double dispersion representatiogonsisting of twau quarks and ond quark. The difference in
However, in the blackbody limit discussed hgsee Eq(19)], only  Sizes should lead to different photoabsorption cross sections
diagonal transitions contribufe 8]. on the proton and neutron.

F2

054503-8



NONSINGLET STRUCTURE FUNCTION OF THEHe-*H . .. PHYSICAL REVIEW D 64 054503

The analysis ofvirtual) photon-hadron interactions dem- observed that the violation of charge symmetry for the
onstrated that in order to successfully describe the data theuclear wave functions ofHe and>H induces charge sym-
photon should contain “soft” and “hard” contributions. The metry breaking for the nuclear quark parton densities, as a
soft part interacts with the target with some typical hadronicresult of the nuclear shadowing correction. This leads to the
cross section. Phenomenologically, cross sections of soft irconclusion that the Gottfried integral, integrated over the

teractions are proportional to the square of the radius of thg hole region of Bjorkerx, |2H613H(0), is divergent. It is ex-

target hadron—see, e.g., RE84]. In light of the argument  pecied that even in the case of the free nucleon the hadronic
presented above for the size of the valence quark distribsizes of the proton and neutron should be different because
tions in the proton and neutron, the soft component of thg the small charge symmetry breaking effect. This suggests
photon should interact with the proton with a larger crossyhat the Gottried integral of the free nucleon should be di-
section. One can expect a similar effect for the hard COMPOyergent at very smak. It will be very interesting to study

nent of the_ photon. The hard cross section is prpportional tehe Gottfried integral of the free nucleon at very smalh
the gluon field of the target with a cutoff proportional to the {he future.

size of the target. This makes the cross section for interaction Experiments on DIS off mirror nuclei with large isospin
with _th_e proton larger than that With the neutron. Hence, i”asymmetry should be possible in the futjtet—16. The

the limit of very small values of Bjorker, the total photo-  pservation of some deviation from the present calculations
absorption cross section on the proton is larger than on thgqid provide information on phenomena involving non-
neutron. In other words, we expect ti should be greater PQCD dynamicglike the pion field$ in a nuclear medium.
thanF}, which would lead to the divergence of the Gottfried |f one could vary the atomic numbéA) and the difference
integral 1&"(0). Further investigations of this interesting between the proton and neutron numbeYs=Z—N) inde-
question are necessary. If, inde¢§!'(0) is infinite, modern  pendently in measuring the nuclear structure functions of
parton distributions need to be revised since they impose thenstable mirror nucldil2], it would stimulate a great deal of
conditionF§—F5—0 asx—0 and, hence, give a finite value work that might eventually lead to genuinely new informa-
of 12"(0). tion on the dynamics of nuclear systems.
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