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fapceaaHHlliBHJlH B.P •• nap6aHn3e H.3., MeHTelllalliBHJlH 3.P. E2 . 12127 
0 rny6oKoHeynpyroM pacce~HHH nenToHoB Ha ~npax 

B HH3llleM nop~nKe no 3neKTpoMarHHTH::>My aaauMonei'rcTBIIIO paccMoTpo

HO rny60KOHeynpyroo pacce~HHe 38P~*BHHhlX JlBDTOHOB Ha ~npax, nonyqeHU 

BblpBlKBHHH JlJlH COOTBBTCTBY!Ollii!X lll!cP<j>epeHUHBJlbHb!X ceqeHH(I, KOrl!a 

B KOHeqHOM COCTO~HIIH HB COBll8ilBHI!B perltCTpl!py!OTC~ pacce~HHbllr Jl8DTOH 

H ¢parMeHT naqanbHoro ~npa. CTpyKTypuwe <i>YHKUHH npoaHanu3upoaaHhl 

C DOMOlllb!O RpHHUIWB BBTOMOIIBJlbHOCTH, npoBBIIBHO paCCMOTpBHI!B 3TI!X 

<j>yl!KUHH B pBMKBX <!JopMBJlH3MB "caeTOBOro" cPPOHT8" ilJlH MIIOrO'WCTIIqHbiX 

CHCTBM, 8biCKB3BHO npennoilOlKBHHB 0 MBClliTB6HOll l!f!BBpHBHTHOCTI! CTpyK

TypHbiX cPYHKUHl! DO OTHOlliBHH!O K nepeMeHHOil ~. HBJlH!OlliBi'IC~ HBKOTOporr 

CJlO*HOil 6e3pB3MBpHOil KOM6UH8UHBil KHHBMBTUqeCKHX HfiBilpHBHTOB, YKa3aUa 

RpOCTSA CBA3b 3TOA nepeMBHHOlr C HMDYJlbCHhlMH xapaKTBpHCTIIKBMH 

axon&wux a ~npo uyKnouoa. 

Pa6oTa BhiDOnHeHa a fla6opaTopHH reoperHqecKoA cPH3HKH Ol!HY!. 

Coo6lli8HIIe 06beilHHeHHOro HHCTHTyTa ~nepHblX HCCJlBilOBBHHil, ny6Ha 1979 

Darbaidze Ya.Z., Garsevanishvili V.R., 
Menteshashvili Z.R. 
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On the Deep Inelastic Lepton-Nucleus Scattering 

Deep inelastic scattering of charged leptons on nuclei 
is considered in the lowest order in electromagnetic interaction. 
Expressions for the corresponding differential cross sections are 
obtained provided the scattered lepton and the fragment of the 
initial nucleus are detected in coincidence. Structure functions are 
analysed by means of the automodelity principle. These functions 
are considered in the framework of the "light front" formalism 
for many-body systems. A hypothesis is put forward on the scale 
invariance of structure functions with respect to the ,; -variable, 
which is some complicated dimensionless combination of kinematic 
invariants. A simple relation of this variable to the momenta of 
the nucleons inside the initial nucleus is pointed out. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 
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1. Scaling property of structure functions of the deep in
elastic lepton-hadron interaction which has been observed expe
mentany/11 led to the development of the new model and field
theoretic approaches which would explai11 these experimental 
regularities. The modern ideas on l(?ton-hadron interactions 
are based mainly on the parton model 2

/ and its modifications, 
on the automodelity principle 131 and on the proof of existence 
of automodel asymptotics in quantum field theory/4

/. We note 
for completeness that in the ;xperiments with beams of high 
energy electrons (see, e.g./s and references therein) the 
scale invariance (automodelity) property in the Bjorken variable 
xB = - q

2
/21' was verified in the range 1(GeV/<.l::::lst5(GeV/c)

2 

and v up to - 20 (Gelli · 
However, the recent ex~eriments with high energy electrons, 

muons 16 / and neutrions '?/ led to interesting results: the 
scale invariance in Bjorken variable is broken. The breaking 
effect is of an order of 30-40%*· Among the attempts to explain 
this effects the search for new automodel variables in the 
framework of the parton model (see, e.g., review paper / 10/ 
and references therein) and calculations of deep inelastic (roces
ses in the framework of quantum chromodynamics / 11 should 
be noticed. Without going into the advantages and shortcomings 
of these attempts, we note that the study of deep inelastic lepton
nucleus scattering can shed some light in the solution of some 
problems appeared. Besides the possibility which these proces
ses offer in the study of nuclear structure, they can model 

* Interest to this problem increases in connection with 
future experiments with high energy muon beams /8,9/, 
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in some sense the processes of lepton-hafron interactions (see, 
e.g., ref. / 12

• 
13 1) Analogies in hadronic and nuclear interactions 

become very ob~ious in the framework of many-body 'J~/ 
quasipotential dynamics/15

/ in the "light front" variables 'J ~. Jr,, 17:' 

We proceed now to the description of some results on lepton
nucleus interactions which have been obtained by means of the 
modified automodelity principle and by means of the formalism 
ofpapers/14 • 17/ 

2. Consider the process of deep inelastic scattering of the 
electron (muon) with 4-momentum k on the nucleus A with 
4-momentum PA , when the final lepton with 4-momentum k · 
and spectator fragment (A- 1) of nucleus with 4-momentum 
P~~~ are detected in coincidence. 

We do not distinguish here between the protons and neutrons 
and consider nucleons as scalar particles. The consideration 
of spins and isotopic spins of nucleons requires special ana
lysis and we hope to turn back to study these problems elsewhe
re. 

If the electron interacts with one nucleon of the nucleus 
only the cross section of this process in one photon exchange 
approximation is of the form 

9 9 2-1.2 
Ea(£ A-> P '(A -_!l_ X) 

2 
d q dvp A dvsp dK 

'>(Fn~ - m- q ) 2 ? - P \ ., 
(4rra)- rA A xl-2(q +2m-)\\< (q-,1, ,1• ,K)+ 

- -;;- 0 2 f 1 fA sp 
q~ .\(sfA'mf,mA) 

2 
2 2 2 2 2 v£A ·fA 2 

+[(~A -v£A -rnA -mf) + q (rnA - 7 )JW 2 (q ,lf>A,Fsp' K)l. (1) 

Kinematic invariants in (1) are defined in the following 
manner 

4 

q2 = (k- k ')2 vp = (P q) A A , 

K = (P P sp ) 
A A-1 ' 

8
£A 

(k + p ) 2 
A 

dP sp 
A-1 

E sp 
A-1 

d1• dK d¢ 
sp S£___ 

( 2 2 2) I I 2 
I/£A-mAq 

v = (P sp ) 
sp · A-lq 

(2) 

" 

m is the nucleus mass, me is the lepton mass, A(x, y, z) 
A 2 

=(x-y-z) -4yz. 
Note, that before the more precise definition we con

sider the process in an arbitrary Lorentz frame in which 
the initial lepton and nucleus collide along the z -axis. 

Integration over the azimuthal angle of the spectator fragment 
gives that from the tensor 

v/A = (-g + qgqv )WCA + (P _ "EA_q )(P _"fA q ) W£A + 
IIV Ill' 2 I A,l1 2 11 A v 2 Jl 2 
r q q q 

v v ~ "A 
+ (Psp -2L.q )(Psp - ~q ) W' + 

A-1,11 q2 l1 A-1,v q 2 v 3 
(3) 

V 0 V 11 0 v A 11 

+ .![(P -~ )(Psp - 2L )+(P ~-•A_ )(Psp -.....::L ))W 1 A 
2 A,11 2 ql1 A-l,v 2 ~ A,v 2 qv A-l,fl 2 ql1 4 

q q q q 

which defines the nuclear (hadronic) part of the diagram of 
process considered, contribution to the cross section is given 
by two structure functions Wp/ and W JA only. WI' A is related 

111! 
to the initial tensor 

wfA~~(2rr)4 t;( 41 (P +q-Psp -P )<P IJ (O)IN,Psp ><Psp .NIJ (O)IP > 
fW N A A-1 N A F . A-1 A-1 fl A 

(4) 
in the following way 

2 TT ~ p A 2 TT sp sp ~ £A - P A 
f d¢ W ~ j d¢ dF dK 0(1• - (P q)) o(K- (P PA 

1 
)) W = W 

O sp 11V () sp sp sp A-1 A - 11V flV 

(5) 

(For the details of the corresponding kinematics see, e.g./18
/, 

where the process of deep inelastic lepton-hadron scattering 
fN __, £'hX is considered, when in the final state lepton 
£ • and hadron h are detected in coincidence). 

Let us write here the virtual pnoton absorption cross section 
on nucleus when the spectator fragment (A- 1) is detected 
in the final state 

da( y A->(A-l)X) 

ct£PP /Esp 
A-1 A-1 

. 2 ( *( wfA 
v£A + q /2 11 v 1111 

(6) 
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til is the virtual photon polarization 4-vector which satisfies 
the gauge condition t q = 0. In the reference frame, where 
q = (<lo . 0, 0, q3 ), the ~la~ization vector t

11 
may be chosen 

in the form 

l T, ± 
j1 

1 
,(2(0, 1, ±i, 0) - transversal polarization 

1 L 
fjl v:? (q3 ' 0, 0, qo) - longitudinal polarization 

Integrating the 
of the spectator, 
absorption cross 
polarized photons 

T 
<da (yA ... (A-1) X) 

dP 8 P /E sp 
A-! A-I 

L 
< _d a--'(y'-A_ ... _( A-1) X) 

dPsp /E 5 P 
A-1 A-1 

cross section (6) over the azimuthal angle 
we obtain the following expression for the 

section of transversally and longitudinally 

>- 2 -fA 2 ·· v , K) 4 TT a W ( q · "'p A ' sp 2 1 
+ q /2 "'PA 

(7a) 

> 
2 2 477 a -P A ry ? vp 4. 

----[-W (q-,v0 ,v ,K)+(m---·-)x 
ry 1 r A sp A 2 

"'fA + q-/2 q 

-fA 2 
X W (q , V0 , V , K )] • 

2 rA sp 
(7b) 

Here and below the symbol < 
the spectator azimuthal angle 
cross section. 

> denotes that integration over 
is performed in the corresponding 

When q 2 
... 0 a relation between the cross sections of the 

processes fA ... f '(A - 1) X and y A ... (A - 1) X can be ob
tained. Let us write for this purpose the cross section (1) in the 
laboratory frame 

( 2 2 2 -l/2 
da(fA_,f'(A-1)X) 4TTa 2 "'fA -mAq) Ek, 
-.>.....::.:'---"C--.l..:.:----C~:L.. - (-- ) • - X 

dq
2 

dv 0Adv dK q2 m2 E 
t sp A k 

[ 2 . 2 e -we A< 2 .. ) 2 . 2 e -we A- 2 ) 
1 

(B) X Slll - q , 1/0 , V , K + m COS -
2 

~<} , V
0 

, V , K • 
2 I tA sp A 2 rA sp 

6 

" 

Here e is the lepton scattering angle, E k and Ek. are ener
gies in the initial and final states, respectively. 

Taking the limit 2 2 e 
q -> 0 (sin -

2 
-> 0) in this expres-

sion we obtain 

da(fA ... e'(A-1)X) I _ 
c( ... o 2 dq dv0 dv dK 

tA "P 

-fA 2 
a

2 
Ek. . w2 (q '"'fA' "'sp' K) J 

--lim[ • 
'i'A Ek ,(-.o q 4 

(9) 

On the other hand the absorption cross section of the longi-
tudinally polarized photons should vanish when q 2 

... 0. This 
leads to the following relation 

2 
v 

.. -fA 2 . [ fA -fA 2 J :flm W (q , v0 , , v , K) = hm ---z W (q , v 0 , v , K) , 
q -.0 I U\ sp q2-.o q 2 tA sp 

(10) 

Cross section of transversally polarized photons when q 2 
... 0 

is the total photoabsorption cross section and according to (7a) 
takes the form 

4 2 
-fA 2 ] da(yA-+(A-1)X) 1 _ _3~ lim [W (q , v

0 
, v , K) · (11) 

2 2 2 ] rA sp 
dv dK q--+0 "'r q ... o 

sp A 

From the formulas (9), (10), (11) we obtain the following 
relation between the cross sections 

da(f:_, f'(A-1)X) I _ ~ Ek.--;. da(yA-+(A-1)X) 

dq dvfA dvsp dK q2_,o "'r~ Ek ll dv5 PdK 
(12) 

3. Let use carry out now a dimensional analysis of structure 
functions W JA and w;A and apply the automodelity prin-
ciple in the form for electromagnetic and weak interactions /a/ 
to the kinematical invariants q2, "'fA , v s , which contain 
the lepton momenta, and in the form for strbng interactions /1 9 I 
to the invariant K, which contains the hadron momenta only. 
We obtain that if the momenta undergo the scale transformations, 
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-rA 
the structure functions W 1 and W

-fA 
2 are transformed 

in the following way 

-fA 2 2 2 2 -2-PA 2 
W (,\ q , A v0 , A v , K) = A Vi 

1 
{ q , v

0 
, I' , K) , 

l [A sp 1 A sp 
(13a) 

-fA- 2 2 2 2 -4 -f '< ~ ) W lA q , ,\ v0 , A v , K) = A \\ ~· q~ , l)J, , v , K • 
2 [:\ sp - I·"' sp (13b) 

It follows from 

q 2
/vPA fixed) 

finite, ~'sp __, "" 

behave as follows 

here that in the Bjorken limit (sf\. 11p.._. q2 >> m2• 

in the target fragmentation region ( K -

with vsp / VPA fixed) the structure functions 

. 2 -fA 2 _i ~ . hm ill W
1 

(q , v0A, V , K) = f ( -, , K) 
A ' ~ 1 ~~ ~A 

(14a) 

n ry t• 

1. 2 iii'A( 2 ) f ( q- S£_ ) • 1m m v0 n q , v0 , v , K = 
2 
-, - , K • 

A rA 2 'A sp v 0 v 0 1A 1A 

(14b) 

Writing the kinematic invariants used in the center-of-mass 
frame we obtain 

1. 2 -W£A( 2 ) _ F ( B F p_, sp ) 
Im rnA 1 q 'vfA' vsp' K - I XPA' xfA' A-1,1' (15a) 

1. 2 -WfA ( 2 ) _ F ( B F p_, s p ) 
Im mAvfA 2 q · vfA' vsp' K - 2 xfA' xfA' A-1,1' (15b) 

where 

B ? 
xfA = -q-/2vrA, (16a) 

F 2Psp /-'--
xfA = A-l,Z vsfA (16b) 

Similar conclusions can be obtained for structure functions 
of deep inelastic lepton-hadron interactions fN __, f 'h X sub
stituting the lepton-nucleus kinematic variables by the correspon-
ding lepton-hadron variables. -l'N 

-l'N It is interesting to study the structure functions W1 and 
W2 of lepton-hadron interaction fN __, f 'h X in the frame
work of general principles of quantum field theory / 4 • 20/ 

4. We shall study in this section a relation between the 
-fA -fA structure functions W 

1 
and W 

2 
· and the usual structure 

8 

1 

I 
J 

functions wtl/ and w!N of deep inelastic lepton-hadron 
interaction. Describe for this purpose the initial nucleus and 
spectator fragment in terms of many-body/14 • 17 / quasipotential 
wave functions <IJ ([x .. P~il ]) in the "light front" variab
les .'li,l 6 ,l 7/, The cros

1

s section of the process fA __, £ • (A-1)X 

in such an approach takes the form 

da(fA_,f'(A-1)X) 

dq2 du dv dK 
fA sp 

I(xsr. psp 2 
, : A_-1d_l 

1- xsp 

2 2 
.\ (sl'N , m f. mN ) 

2 
----·--- (~'fA 
\ ' 2 2 ) " ( s0 , m0 , m [A I A 

da(fN_,f'X) 
~ 

d q~ dvf'N 

m2 2) -l/2 
Aq X 

(17) 

Here 
da(fN_,f'X) 

is the cross section of deep inelastic 
ry 

d q- dvfN 

lepton-hadron interaction, mN is the nucleon mass. The kine
matic invariants 

2 
s = (k + p ) 

fN N v fN = PN q (18) 

of lepton-haqron interaction are related to the invariants of 
lepton-nucleus interaction in the following manner 

sl'N 
2 sp 

sfA +mA-l- 2(kPA-l)- 2K, 
(19a) 

VP.N v fA - Vsp ' (19b) 

PN in formula (18) is the 4-momentum of the nucleon from 
nucleus A which interacted with lepton , I (Xsp, p~:'_ 1 ,l) is the 
overlap integral of the initial nucleus and the fragment-nucleus 
wave functions. (See in this connection 121

/, where xsr however, 
is defined in a slightly different way). 

(A-1)' 
__, lA-ldxi A-l(A1)' A-1 ->(')' 

I (X 5
P, pSP ) = J n --- 0 (1- }.; X .. - ) J n d p I 

A-l,.L . (A-ll· ·=1 1 ·=1 1. 
o r= 1 xi ' ' 

o(P-->sp - A~l_,(i)')"'+. ([ (A-ll'_,(i)'])•" ([(A) -->(i) 
X '.,-1 1 k p .l '¥ sp X. , p .l '¥ X. , p 

. , i=l PA-l ' PA ' .l 

X 

]) . 
(20) 
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(A) 
X. 

1 

P. + P. 
1,0 1, !: 

p + p 
A,O A,z 

p. + p' 

0 < x(Al < 1 
i • 

/", 

l 
i=l 

x(Al = 1 
i 

(21a) 

(A-ll' 
X. 

i,O i, z 0 < x\A-ll<: 1 . 
A-1 
l x<.A-ll ~ 1 

I I i= J I psp +Psp 
A-1,0 A-l,z (2lb) 

psp + psp 

xsp A-1,0 A-l,z 

PA,O+PA,z 
(2lc) 

The variables /Al , p (il are related to the integration va-
riables x<_A-ll; p1

(il • as_. follows: 
1 J. 

x~Al = X"P/A-1): 
I I 

x<:) = 1 - xsp 

->(A) -> "P 
Pl. = -PA-l,..!. 

p(i) 
l. 

p(j)' 
1 

1, 2, ... , A-1 

in the frame, where PA,J = 0. 

(22) 

Note, that in the case of lepton-deuteron scattering the overlap 
integral· is replaced by the deuteron relativistic wave function. 

The formula analogous to (17) may be obtained for the case 
of photoabsorption on nucleus. It is of the form: 

2 sp ->sp 
da(yA->(A-1)X) vl'N+q/2 I(X ,PA-1,1)2 

< _, > ---~1 la(yN _,X). (23) 
d P sp /E sp !/ + q /2 1 - X sp 

A-1 A-1 fA 
Here a ( y N ... X) is the total photoabsorption cross section on 
nucleon. 

Using formulas (1), (7a), (7b), (17), (23) and the well-known 
expression for the cross section of deep inelastic electropro
duction and photoabsorption on nucleon (see, e.g. ref/221) we 
obtain the relation between the structure functions wf A (q 2 

'!/"A'!/ , K) 
. !'N 2 ' sp 

and the structure functions Wi ( q , v!'N): 

-eA ( 2 V. !/ , K) 
W l q ' eA' sp 

sp ->sp ) l'N 2 
I(X 'PA-l,J. 12 Wl (q • v!'N), 

I xsp 1-
(24a) 

10 

l/2 
!'N 2 

I (X s ~ p~ ~ l , J.) 12 m N q 2 w!'N ( q2 , v !'N ) . 
• 2 2 wfA(q2v ,vsp'K)-1 1-Xsp ? vPA 

2 fA. mA--2-

q 
(24b) 

Taking into account the automodel nature of structure func
tions W~(q 2 . vfN) and vPN wJN(q2 . vPN ) in the Bjorken limit, 
we obtain the following properties of scale invariances for the 
functions W fA in the target fragmentation region: 

_fA( 2 I' , v , K) 
lim W1 q • fA sp 

F' ->sp B 
I (xp ' p A I l ) 2 x 0 

I A ' - ' I ¢1 ( u\ ) ' 

1-XF' 1-xF' 

(25a) 

fA eA 

l . mEA( 2 l 
I(xF', psp ) 

I fA A-1 ,l 2 x
8 

I 0- X F') ¢ (__Q_ lUJ !/ VV q , !.1
0 

, lJ , K 
fA 2 tA sp 

1 - X F' 
fA 

which agree with (15). 

fA 2 1 - X F' 
eA 

(25b) 

Note, that analysis of this type can be applied immediately 
to the processes of weak deep inelastic lepton-nucleus interac-
tions. 

5. Recently the problem of the so-called t; -scaling in the 
lepton-hadron interactions is widely discussed (see, e.g., ref/ 111. 
The meaning of this phenomenon consists in the following. 
The structure functions w?~ and vfN wf' may be functions 
not of the well-known Bjorken variable x~ = -q2/2v!'N, but the 
functions of some more complicated dimensionless combination 
of invariants q

2 
and vEN • In the framework of parton model the 

variable t;!'N is related to the parton momentum in tbe following 
way/23/: . 

t;l'N 

ppart 

+ 
ppart 

0 
+ ppart 

z 

P
hadr phadr hadr 

A + p + u z 

where P. part is the 4-momentum of parton, and phadr 

4-momenfum of hadron, to which this parton belongs. 11 

(26) 

is the 

11 



As far as the variables of the type (26) enter into our consi
deration in a natural way (see Section 4), it may be supposed 
that the following automodel relations should hold: 

2 -rA 2 
rnA W1 (q , vCA, vsp' K) 

F ...-B ...-F ->sp 
1 (r,£A' r,CA' PA-1.1)' 

(27a), 

F ( /;B , I; F , f>sp ) ' 
2 £A fA A-1 ,l 

2 -C.-\ 2 m v W (q v , v , K) 
A CA 2 EA sp (27b) 

where 

p•P + p•P 
A-1,0 A-1,z 

(28a) p•P 
r A-1,+ 

( : -~- = 

fA PA,+ PA,o+ PA,z 

-r:l + m2 - m2 + v'(-q2 + m2- m2) - 4(ft~'~~ ' + m2N)q ~ 
~ N X N -+ 

p 
(B : ..1!...±... -

fA -

p + p 
N 0 N,z 

p 
A,+ 

p + p 
A,O A,z 2(vfA + y'v2 - m2 q2) 

fA A (28b) 

2 
m x is the missing mass squared. 

The variables l;r: and l;p~ in the asymptotic region turn 

into the x }~ and x ~~ , respectively. . 
The relation \/;~ 1 + t;F = 1) between the t;!3 and e· va-

~~ CA ~ rA 
riables allows one to think that a number of variables in the 
functions F1 and F2 may be reduced to two. (A similar rela
tion between the variables x~~ and x ~ is realized only by 
neglecting all the particle masses, entertng the reaction). The 

last suggestions require however the critical verification in the 
experiment. 

One can think that the dependence of the type (27) should 
hold also for the structure functions of deep inelastic lepton
hadron interactions, when the final lepton and one of the pro
duced hadrons are detected in coincidence. 

The authors express their deep gratitude to N.S.Amaglobeli, 
A.M.BaldiD, S.B.Gerasimov, A.V.Efremov, A.A.Khelasbvili, 
T .I.Kopaleishvili, V .A.Matveev, N .S.Nioradze, A.I.Savin, T .Sie
miarczbuk, L.A.Slepcbenko, A.N.Tavkhelidze, Yu.V.Tevzadze for 
helpful discussions. 
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