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1 · "Introduction ,l, I '.l'' '1 

The progress ofperturbative Quantum Chromodynamics (QCD) in1the description' ·· 
of the high energy physics of strong interactions is'.considerable [1}. ·Deep-inelastic 

·scattering (DIS) of leptons provides the· data on nucleon structure functions (SF) ; 
which could be used for the most precise comparison with QCD. -The accuracy 
of·SF data is sufficient to·be sensitive to'·nuclear effects in DIS,'e:g.: the,EMC' 
effect [2}. A direct· evidence of the nudeusstructure in DIS ha.S.been obtaine(:l'by 
measuring the carbon SF [3} in the kinematical region forbidden'for·scattering on' 
a free nucleon (the Bjorken' kinematical variable x·.;;; Q2 /2(pq) is more than' 1'in 
the'range). The region is known as'a cumulative region [4} .and it is intensively' 
investigated both experimentally and theoretically- in proton-nucleus· and 'nucleus
nucleus collisions [5, 6}. An important matter of the relativistic nuclear physics is 
to adduce arguments for applying QCD to analyse SF at XD > L The' deuteron 
as a simplest nuclear system is ari excellent·object to investigate the problem of 
relativistic theory of a deuteron. · · 

Dependence of the deuteron structure functions Ff on xv in the cumulative 
·range has been studied by many authors. Different models (the-few-nucleon cor
relation model [7}, the flu.cton model [8} ) are used to describe a high momentum . 
component of the deuteron wave function. The microscopic picture for cumulative 
phenomena ~n the deuteron n~~r the threshold bas~d onp~rturbative Q'cD has 

/beendevelopedin[9J... ·. . ., ,, , .· .· 
The dependence of. the nuclear structure function ratio RC/D == Ff/Ff ·on 

;D has been co~sidered in [10}. In the analysis the BCDMS experiment~i data 
on Ff [3} have been used. The deuteron SF has been calculated in the light
cone covariant approach [11] and it was found that the ratio RCfD(xv) reveals an 
exponent growth ~ exp(a · xv) for. xv > 1 with the slope parameter a ~- 6.6 
and differs significantly from the ratio behaviour for xv < 1. The latter is in 
good agreement with experimental data[12, 13, 14}. It is consideredthat the ratio 
RCfD for XD < 1 describes. quark distributiolli; in a nucleon of a nucleus: The ratio 
RCfD for xv :> 1 describes quark distributions in a n~cleus: ln.[15} similar exponent 
dependence of the inclusive pion backward cross section ratio RAf D "'' PA (X)/ Pn (X) 
on the cumulative number X [16} for thep +A~ 7r(180°) + ... process was found. 
It was concluded that this dependence demonstrates the change of the regime from 
hadron to quark degrees of freedom. We can consider that the exponent growth 
of the similar ratio· JlA/D for different processes (deep-inelastic le~ton scatt~ring, 
deep-inelastic nuder reactions) in the cumulative range is th~ general)eature of 
quark interactions in the superdensity matter. . . , . . · . 

· An important matter in the description of DIS is, wh~ther o~ notthe Q}ev~lutio~ 
of the structure function is possible in th~ frame\vorkof QCD in' the ~umulative 
range. If it is possible, the QCD. analysis c~uld be used to study the tr~n~ition 
regime and to determine quark distribution functions in nuclei. 
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In the present paper, the QCD analysis of data on the deep~inclastic deuteron 
structure function F.f(xv, Q2 ) for xv < 1 and xv > 1 is perforined~ The aa:ta.ori the ' 
xv and Q2-dependence of SF are simulated by the relat~~i~tic d~~t~~o~ ~~del [llr 

. . ... · · . D . 2. ' . . ' ' ' 
The simulated data:·for: F2 (xv, Q ) for, the range .XD. < 1 are in ,good agreement 
with experimental i data, [12]. ·.The ·experimental data· for· the -d~uteron SF. ir{ the. 
range XD >:i for.high Q2 are absent .. These data would be very int~resting both to. 
verify deuteron:models and methods of describing relativistic nuclear systems and; .. 
to study th~ high momentum c6mponent ofthe,relativistic deuteron' wave furiction •·. 

. (RDWF).<Th"eQCD an~lysis of data is based on -the expansion method; of SF ~ver': 
Jacobi: polynomials [17]~[19]. The .Q2-evolutio'n> of. the moments of. the' structure 
function Ff: is found as the solution of the corresponding rel)ormaliz~tion equation) 
Effectivity ofthe'rriethod<to control higher perturbative .QCD corrections. and ,to· 
investigate. sensitivity of the·QCD.scale parameter A w.ere slwwn in. [19] .• :~t was· 
found that the data on F.f(xv,Q 2 ) obey the Q2~evolution of SF: in the framework ~f. . 

. QCD both for 0.275 < xv <.0.85 and 1.1 < xv<•L4 ranges in\accordance, with the 
criterium x2 very~welL The value of the param~ter,A ~~determined to·be.the same 
for bo~h the regions. We would like to note that the paramet.!:!r'S of structure function 
parametrisationsdiffer significantly for these ranges and;this gives us some evidence 
for two .regimes of 'the x v~dependence of. the structur.e function F.f ( x v, Q

2
). · 

... . :t,l • J • ': .l ~ } 

2 .. Deuter,on S~ructure .fU.nctio~ ff(x~~ q~) 
The.deut~ron structure functions W1,2(v, Q2) a;re related to tli~ irnagin~ry part of 
the forw~rd scattering amplitud~' ~favirtual photon .on''a deuteron w~., by the 
standard frirm~la ', · · · · · ' ' . · · ' · · . 

I 

w~ = -(g;;,~·....:. q~.~q.,fq2 ) • wp + (p~- q~.~(pq){l)(p.,- q~(pq)fl) · wp 1M2
• ·(1) 

Here q,p are momenta of a photon and a:deut.eron; .M is the deut~ron. mass. 
. In the relativistic impulse approxi01atio~ (RIA) thefo~ward 'scattering a1nplitud~ 

of the virtual photon 7* on the deuteron A~., is defined via a sirr~ilar 'scattering 
amplitude on the nucleon A~., as follows· ' . . · ... 

. 4 ' . ' 
· D . J dk1 . N A~.~.,( q,p) = (

2
1r)4i Sp{,A~.~.,( q, k1 ) • T(s~, kt)}. (2) 

In.the expression (2) T(s 1 , kt) is the amplitude of the forward N ~ D scatt.ering'and 
the conventional notations Q2 = ~q2 > 0, v = (pq), s1 = (p- kt)

2 
are used. The 

integration is carried out over the active nucleon momentum k1• The calculation of 
th~ imaginary part of the amplitude A~., gives us the possibility to put. t.he nudeon 
spectator with the momentum· k =" p - k1 on mass shell. Therefore the tensor W,~~ 
is expressed via the 'DNN vertex with one nucleon on mass shell. The vertex is 

·. 
2 

' 

described by the function r ,(kt) and depends on one,variable·k~ .. The vectodnd~x 
a characterizes the deuteron ~pin. With the relation betw~en the RDWF and'the 
vertex function r ,(kt): 'lj;,(kt) = r ,(ki) 0 (m + kt)-I, the expression for the tensor 
w;t can be written as ' . 

'····· 

W~ = j (~: ~3 8( m2 ~ k2)8( ko)8(p+ ~. k+)S;{~~" -~·~ (kt): ( m.tk) :'lj;~' ( k1)} :P~IJ(P )~ 
(3) 

Here p,13(p) = -(g,IJ- p,p,/M2)/3.is the deuteron polarization density matrix 
and the 8 - function and light-cone variables (k,j;= k0 ± k3, k_L) are used. The 
vertex function r,(kt) is defined via4 scalar functions a;(ki) (i =;= 1-4) and has 
the form . · ' · . ' · .·. "'·· · . 

0 • 2 2 • 0 A< • • 2 2 .. • A • 
0 

• • 

r,(kr) = kia[ai(kl) + a2(kl)(m +.ki)] + ,,[a3(kl) + a4(kl)(m + ki)]: (4) 
; c :- . - .· . . (,! 

The relativization procedure of deuteron wave function 7f;cihas been proposed ill [11, 
20]. The scalar functions ai(ki) have been constructed in the form of a surri'ofpole 
terms; Some pole positions and residues have been found from the c'omparison of 
our RDWF in the nonrelativistic limit with the kn~irn nonielativistic deuteron wave 
function. For the latter the P~ris .wave function [21] wa~ taken. Other parameters 
were fixed from the description of the static characteristics of the deut~ron (an 
electric charge- Ge(O) = 1(e), magnetic- Gm(O) ;::; .. p.v(e/2Mv).and quadrupole
GQ(O) == Qv(e/M'JJ) moments) in the relativistic impulse approximation. ; , . 

The calculation of (3) in the 'light-cone variables gives the final expression for 
the deuteron SF F.f = vWP 

1 ' . • ' 

Ff(xv, Q~) =1 dx d2 k1.. p(x, k1..) · Ff (z/x, Q~), .. ". (5) 
' z . ' . ' ' • :-.:, ; > __ ,- • -

where xv = 2z, 0 < z < L The,nucleon SF,Ff.= (Ff + F;)/2is,defined by the. 
proton and neutron ones. The positive function p(x, k1..) de~cribes the pr()b.~bility 
that the active nucleon carries a way• the fraction of the deuteron momentum x = 
kt+fP+ and the-transverse momentumk1..; in the_infinit~ mo~~~t~mfra~e: It is 
expressed via the vertex function r <> ( kl) as follows 

p(~,k1..) ~ Sp{~~(kt) · (m _f. k)·· 7j;~'(k1 ) • r PatJ(p)}. · .. ,(6) 

Note that inthe approachused·the distribution function p(x, k1..·) includes not 
only the usual S-. and D-wave components, of the. deuteron; but. the P-component 
too. The latter describes the contribution of th~ N N~pair production. ' 

In the RIA the deuteron SF F.f is defined by (5) as a sum of the proton and 
neutron SF integrated on the x and k1... The NMC data [13] on the ratio R~IP ·= 

. 3 



F!j j FJ and FJ and the relativistic. deuteron model have been used to extract the 
neutron SF F!j. For the latter the parametrisation · 

F2n(x, Q2
) = (1- 0.75x)(1- 0.15vfx(1- x)) · Ff(x,Q 2

) (7) 

has been obtained in [22]. The results for the absolute value of Ff calculated within 
the parametrisation of the neutron SF are in good agreement with experimental data 
both in. low ( [13]) and high ( [12, 14]) xv-ranges. · 

3 Proton Structure FUnction Ff(x, Q2
) 

In our analysis we shall use the paran1etrisation of Ff(x, Q2
) given "in [13]. The 

parametrization describes the NMC, SLAC and BCDMS data very well. The verifi
cation of this fit in the region 0.006 < x < 0.6 gives A = 200 MeV. To parametrize 
Ff(x, Q~) at 0.55 < x < 1, we have made the QCD fit of parametrisation [13] con
sidering it as an "experimental points" at 0.275 < X < 0.55 with the Jeadirtg order 
nonsinglet evolution of the moments of Ff(x,Q 2

) with A.= 200 MeV. The SF at 
.thefi:lSed point Q~ =10 (GeVfc) 2 was p~rametrized as 

"2 B C Ff(x,Q 0 )=Ax (1-x) (l+fXJ· .(8) 

The parameters A, B, C and 1 in Eq.: (8) are free parameters and arc determined 
by the fit of the data. Then, on· the basis of expression (8) ·the values of SF for 
0.55 "< x < 1. were calculated .. To achieve agreement between QCD ~.evolution 
results and parametrization· [13], the forme~ should. be multiplied by~ the factor 
R(x;Q2)for 0:55 < x < 1: 

R(x, Q2 ) = (1. + 17.611(x- 0.55)-(3.+0 -6611og(Q
2

/Q~ll)8(:I:- 0.55). (9) 

The modified p~rametrization of the prot~n SF in a.wide range of the Bjorken 
-variable x_ i~ used as an "experimental" input for the deuteron model described 
abov~ to si~ulate the data on the 'deuteron SF, The data for the deuteron SF arc 
;imulated forxv '= 0.1-1.8 andQ2 = 17.::.. 230 (GeVfc) 2

• 

Figure 1 shows thexv-dependerice of Ff(xn,Q 2
) at Q2 = 61.5 (GeVjc) 2

• One 
can see that the SF falls do-1</n" drastically for xv > 1. The open points:are BCDMS 
data for SF Ff for the f-l +12 C -> f-!

1 + ... process· [3]. The model-simulated data for 
Ff(xv, Q2) are in a qualitative agreement with BCDMS data. We would like to 
note that the more detail calculations [10] of the dependence of the.nuclear structure 
functi"on ratio RCfD = .Ff j Ff on in with RDWF [11] have shown thal the ratio is 
similar to the experim~ntal data .for 0.01 < XD < 1 [23] and exponentially growthcs 
for x v > 1. , · " ' · 
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4 Me:thod and. Re~ults of Analysis: 

Now we can apply the nonsingl<'t QCD fit tot hP data on the <IPI;t:e·ron SF simulated. 
in the previous s!'c.tion,_ \\'e havP rPdun·d thed~·utProndata.to'a standa.rd·i~terval 
of the scaling \'ariable 0 < .r < 1 by putting .l" = .l" 1;/2 and ha\'P appli~·dthe meth<;>d. 
of the QCD arialysis based on I lw <'Xpansion of SF ;m·r ih<' .Jacobi i>Olyiwmials. 
[17]-[19]. The SFispresentPd as follmys · 

,\',,a.r 

1;-Nma%( . c·)2)- ·''( l ·)'1 ~ '-'''(· ·) ~ .("J( J) \/- (C)2) - ·) ., - (10) 2 x, r: -.1 -.1 L·o,.l Lei n .. J. J+2 r: .11--··'···· 
n=O j=O 

J/.,(Q2)~ [(\· ((J~)]"" 
n, (Q2) .\/.,(Q~) ( 11) 

where d;, = -l'fvs/'2!10 , (Jo = II- ~Sf, .\'1 is thP numhPr of flanmrs, ~-~~is the 
anomalous dinwnsion in the• onP-loop pnturhatin· QCD approximation: 
~~1 = 8j:l [<JS'1(n)- ;J- '2/(n(n +I))]. whnP .'-'1(11) = '2::~'= 1 1/j. 

The nwnwnts .I\/,;(Q2 ) of· SF F]' arP 'ddinPd by 

i\1, ( Q2
) = {>.r .r""-2 'I·:j\1·. Q2

). ./o . . . ' . ·(I '2) 

The pa.ramct.ri2~tion form of SF siptilar to (g) is usc·d at a fix<'<i'iJOint Q~:· 

.J.<'IJ( .. c·)2)- '('· j•>)H(·I· . j•>)c (I+ . ·;·>). 2 . :L 1 t 0 - II .I /) ~ · - .1 /) - ') .! /) _ • · (I ;l) 

The constants A, 13, C, :1 in (I:l) ancUJu· QCI? scale• paramPt<:r\ ~m· <:onsidc•rPd 
as free parameters to.~>e.dd.Prmincd ;\I .. Ql. . . . ·. . 

Table'!. The rcsitlts of the i;o non~i;tgld QCD lit of th~· dc•utl'roli SF . .\'1 ='-C 
17 < Q2 < 2:30 (C/cVJc) 2 , N,,.,. = 1'2. ThP Prrorsof Fjl iir(:·p,ilto lw IO'X< ·· 

A [!VkV] 
A' 
/J 

0.27ii < .rn < 0.8ri 
2(i8 ± G7 
8.:1!l :f·I.iiO 
0.8!J8 ± O.OG!'i 

G S.Gri!J ± O.·liifi 
1 -2:o':1.r ± ·o:llii5 

d.r. I '2.fi/ 121 

5 

'I.)< .I'IJ < 1.1 

'210 ± ·1·1 
(G.2(i._±O.K I )I o-'· 
.-tl.II5 ±"il.O.lri . 

I i.07 ± 0.07 
:1:17G. ± -157.': 
:H.-1/fiK . '' 



t, 

The results of the fit are p~cscntcd in Table l.. We have found t~at values of 
A are approximately the same in ;t\\'O different .'r~gions of x'~ and IJOt sig;Jificantly 
differ from the input proton paramct~r A = 200 GeV [13]. The xv-depcndcncc of 
SF for t\m ranges X D = 0.225 - 0.85. and X D = .1.1 - 1..1 ' is dcic~mincd scpa~atcly: 
It is established that the shapes of SF' arc cssc~tial different (sec Tab!~ 1 ). The 
obtained ,:alue of X~.J. corresponds to 10% for errors of "exp~rim~ntal" deuteron 
~~ . 

Figure 2 shows the dependence of Ff(xD, Q2
) on C? for xn ·= l.l - 1.8. The 

results of the QCD fit for xv = 1.1 - 1.4 arc drawn by solid lines, and the 'results 
of direct calculation by formula ( 5) arc shown by open points. Good agreement 
between the rnodcl-sirnulatcd data on l·~D(xD, Q2

) and rcstilt.s of the QCD fit is 
observed. 

We would like to note that a more general task is a simultaneous QCD fit of I"f in· 
the whole range xn = 0.- 2. but it requires a rather complicated X- parametrization 
of SF instead of (8). 

· 5 Conclusion 

The QCD analysis of data on the deep-inelastic deuteron SF F,P(xn, Q2
) was per

formed. The data wercsimulated by the relativistic deuteron model in the covariant 
approach in light-cone variables. It was found that the data on Ff(xv, Q2

) obey 
the Q2-evolution of SF in the framework of QCD both for 0.275 < xv < 0.85 and 
IX< xv <:: lA in accordance with the criterium x 2 very well. The value of the 
parameter A was det~rmincd to be the same f?r both. the regions. The' parame
ters of structure function parametrizations were. determined and it was found that 
thr!y differ significantly for these ra~ges. These results give some evidence for two 
regimes of the xv-dcpendence of the structure function F.f(xv, Q2

) • . 

We would like to emphasize that the QCD Q2 -evolution of SF in the cumulative 
range (xD > I) could be· a crucial test for verification of both the nuclear models 
and the parton model, and thus measurements of SF in DIS for xv > 1 should be 
perforrrwd with a high accuracy at CERN,'DESY and FERMILAB. 
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