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Recent advances in theory and experiment in deep inelastic scattering of polarized particles are
reviewed. It is argued that fundamental nonperturbative properties of the QCD vacuum
will provide the solution to the “spin crisis.” © 1995 American Institute of Physics.

INTRODUCTION

For several years, the problem of nucleon spin has been
one of the most delicate issues in the modern theory of the
strong interactions—quantum chromodynamics (QCD) (see
the reviews of Refs. 1-5). Although anomalous spin effects
in strong interactions were discovered long ago,8 a real
explosion of interest in spin effects in QCD occurred after
the EMC measurement’ of the fraction of the proton helicity
that is carried by quarks:

A3 =0.120*+0.094+0.138. @

Analysis of the data led to the conclusion that the sum of the
quark helicities within the proton has a value comparable
with zero (AZ~0). This result led to a crisis of the naive
parton model of the nucleon, in which all the helicity of the
proton is carried by valence quarks.

The present review is devoted to the current status of
theory and experiment in high-energy spin physics. We be-
lieve that it is impossible at the present time to give a defini-
tive review of this very rapidly developing field in strong
interactions, and therefore we merely attempt to discuss just
some of the experiments and theoretical approaches in this
field that we think are the most important.

POLARIZED DEEP INELASTIC SCATTERING (PDIS)
Kinematics of PDIS

The PDIS cross section (Fig. 1) for scattering of a polar-
ized lepton on a polarized proton can be written in the form
p aZ ;W d3 k'
o= 7Tq4 pr'l py (pk)E"
where E and E' are the energies of the initial and final lep-
tons, respectively, g>= —4EE’ sin%(6/2),
Ly=ui(k)y u(k"yu k") y,ui(k),

is the well-known lepton tensor, and
Wu=1 2 (p.&T5(0)|n)(nl75(0)|p,£)(2m)* 5*

X(p+q—p,). )

In (2), ¢ is the proton polarization vector, the summation
is over all possible intermediate hadronic states n, and J ff(x)
is the hadronic electromagnetic current. In the quark model,
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The most general form of W, that is consistent with the
requirements of gauge and also P and T invariance is
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where M is the proton mass, s is its spin, Q2= —q2, and
v=(pq). The structure functions W; and W, determine the
cross section of deep inelastic scattering (DIS) of unpolar-
ized particles, and the spin-dependent structure functions G,
and G, give information about the distribution of the spin
between the charged constituents of the proton. In the
Bjorken limit (v, Q%—w», x=0?*2v—const) in QCD scaling
must hold (apart from logarithmic corrections):

V,Q2—v°°
Wi(v,0%)=F(x,0>) = Fi(x),
v v,Qza)oo
M_zwz(V,Qz)EFz(x’Qz) = Fy(x),
v V,Qz—mo
WGI(V7Q2)Eg1(x,Q2) = gl(x)7
V2 v,Qzﬂoo

WG2(V,Q2)Eg2(X,Q2) = gZ(x)'

Experiment

In PDIS experiments, the asymmetry of the scattering of
polarized leptons by polarized hadronic targets is measured.
Thus, in the EMC experirnent9 scattering of longitudinally
polarized x mesons on longitudinally polarized protons was
used to measure the asymmetry
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FIG. 1. Contribution to g,(x) in the framework of the quark—parton model
of scattering of a longitudinally polarized lepton on a longitudinally polar-
ized nucleon.
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where the arrows indicate the relative orientations of the pro-
ton and u-meson spins.

By means of the expressions (2)—(4), this asymmetry
can be readily related to the ratio of the spin-dependent pro-
ton structure functions to the spin-independent function (see,
for example, Ref. 10):

gl(x9Q2) - yng(xagz)
F 2(x’Q2) ’
()
where y=0%#, and R(x,Q?) is the ratio of the cross sec-
tions for the absorption of longitudinal and transverse pho-
tons on the nucleon. At high energies, the contribution of

A (x,0%)=2x(1+R(x,0%)

g2(x,0) to (5) can be ignored, and the relation (5) makes it
possible to determine the structure function gf(x).

In Fig. 2 we present data on g%(x,Q?) obtained by the
EMC, SMC, and E-143 collaborations.”!"'? In the analysis
of the experimental results, it is usual to discuss the value of
the first moment of the structure function g%(x,Q?):

1
r1(07)- [ gtw0ax, ©
which in the parton model (see below) can be related to the
helicities of the quarks in the hadron. Here, two problems
arise. The first is associated with the need to calculate
g%(x,0%) at some fixed value of Q2 from the available ex-
perimental data on A(x,Q?) in different Q2 intervals. It is
usual to make wuse of the assumption that
A l(x,Qz) ~const(Q?), which is confirmed by calculations in
perturbative QCD.!* However, the experimental SMC data'!
on the asymmetries in the region of small x are not sufficient
to permit a definite conclusion to be drawn concerning the
validity of such an assumption.

The second problem is associated with the extrapolation
to the experimentally inaccessible regions of x values: x—0
and x—1. The ambiguity in the extrapolation to the region
x—1 usually does not give large errors in I'2(Q?), since,
first, in this region the simple quark model of the nucleon
with three valence quarks, in which A,(x,Q%)P—1 as x—1
(Ref. 14), works well, and, second, the structure function
g5(x,0?) itself must decrease rapidly, «(1—x)>, as x—1.

The main problem is associated with the extrapolation to
the region x—0. In this region, it is customary to use the
Regge asymptotic form for g£(x,0?):

()

81— s

where a4 ~ 0 is the intercept of the A;-meson trajectory.
However, the recent SMC data at small values of x do not

FIG. 2. Data on measurement of the structure function g§(x) ob-
tained by the EMC, SMC, and E-143 collaborations.
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indicate a transition to the asymptotic behavior as
g(x)f—const as x—0 (Fig. 1). There are also theoretical
indications’ of possible deviations from (7) in the region of
sufficiently small x.

With these assumptlons, the latest experimental data for
the first moments g%(x,Q?) for the proton, neutron, and deu-
teron are

EMC: T(0%=10.7 GeV?)=0.123%0.013+0.019,
SMC: T2((Q%=10 GeV?)=0.136+0.011+0.011,
I2((0%)=4.6 GeV?)=0.049+0.044+0.032,

E-143: T?((Q%)=3 GeV*)=0.129%0.004+0.010,
"(Q*=3 GeV?)=-0.035+0.0096*0.011,
Ir2((Q%)=3 GeV?)=0.043+0.004+0.008, (8)

where we give the statistical and systematic errors. We men-
tion here that the value for the integral for the neutron struc-
ture function was extracted from deuteron data. It was shown
in Refs. 16 and 17 that in such an analysis accurate allow-
ance must be made for nuclear effects.

PROTON SPIN IN PERTURBATIVE QCD

The idea behind the EMC, SMC, E-142, and E-143 ex-
periments is simple. A muon of definite helicity emits a vir-
tual y* photon, which also has definite helicity. A quark in
the proton having spin projection *+1/2 onto the direction of
motion of the muon can, depending on the sign of the pro-
jection, absorb a y* photon only of definite helicity. There-
fore, in measuring the difference of the cross sections in (4),
we do indeed measure the distribution of the charged protons
with respect to the helicity within the proton. Consequently,
in the quark—parton model the structure function g{(x) can
be expressed in terms of the helicity distribution functions of
the quarks within the proton. Using Fig. 1, it is easy to obtain
the contribution of scattering of the virtual y* photon on a
massless quark with helicity (1/2)S; to the antisymmetric part
of the tensor (3):

Win=el 8((k+q)*)Tr((1— ysS)ky(k+4)yy)
=ie;2v8(x—0%2)S€ ol ko -
Comparing this with (3), we obtain

gh(x)=12 eX(d' (x)—q (x))= 1 X elAg;(x), (9)

where ¢, and g" are the probabilities of a quark of species
i having helicity along the proton helicity and in the opposite
direction.

Thus, in the quark—parton model the integral I?(Q?)
can be expressed in terms of the helicity carried by the
quarks of the different species in the proton:

I'?(Q%)=5(Au—Ad)+ x(Au+Ad—2As)
+ 5 (Au+Ad+As), (10)

where

3 Phys. Part. Nucl. 26 (1), January—February 1995

= jOIAq,-(x)dx. (11)

For the integral of the neutron structure function g%(x,0?),
we obtain an analogous expression, differing only in the sign
of the first term in (10).

On the other hand, the quantities (11) can be expressed
in terms of the matrix elements of the axial-vector current:

Aq;S,=3(p,S|qi(1+ v5) ¥uqilp,S) —(p,S|4;
X(1=v5)¥,4ilp,S))

=(p,S|qiVsY.4ilp,S)- (12)

Under the assumption of the validity of SU(3) asymme-
try of the wave functions of the baryon octet, some combi-
nations of the matrix elements (12) can be expressed in terms
of the constants of hyperon weak decays:

Au—Ad=g3=F+D, Au+Ad—2As=g8=3F-D.

(13)
The latest fit of these constants gives the values

F/D=0.575*0.016, F+D=1.257*0.03. (14)

In QCD, allowance for exchange of perturbative gluons
between the quarks changes the coefficients in (10). Signifi-
cant progress was recently achieved in the calculation of the
a, corrections to the coefficient functions of the first mo-
ments of g8(x,0?%) (Ref. 18). The modified expression is

2
folglf’"(nyz)dx= I(Q ) (Au—Ad)
C 2
+ ;g)(Au+Ad 2As)
2
C"(Q ) (Au+Ad+As),  (15)
where
2 2\\ 2
a1 2@ 58(a5<Q ))
ar T
(09?3
—20.22( = ) ,
2 23\ 3
Co(@)=1- a;i ) 0.55(“3(3 )) . (16)

These corrections are very appreciable at small Q2 and
make it possible to explain an apprccmblc fraction of the
difference in the results for I'2(Q?) and I'’(Q?) obtained by
the EMC, SMC, E-142, and E-143 collaborations."’

Knowledge of these corrections to the Bjorken sum
20
rule

f dx[g%(x,02) - g (x,0> )]—M g (17)

also gives a method for finding the value of a,(Q?) from
data on the polarized structure functions.?!
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From analysis of the experimental data (8) and the ex-
pressions (15) and (16), using the values (14) for the proton
helicity carried by the quarks,

AZ=Au+Ad+As, (18)
we obtain the world average value®'
A2=0.33*0.04, (19)

which is much lower than the predictions of the naive non-
relativistic quark model,

AZ=1. (20)

In the studies of Ref. 22, analysis of the Gerasimov—
Drell-Hearn sum rules® led to the conclusion that there
could be a large contribution of higher twists to I'%(Q?),
which would make it possible to reduce appreciably the dif-
ference between (19) and (20). Unfortunately, the model
used in Ref. 22 does not have a direct relation to QCD, and
therefore this suggestion requires verification. On the other
hand, a calculation of the higher twists in accordance with
QCD sum rules®* leads to a very small contribution of them
to [7(Q?).

However, a serious shortcoming of this calculation was
that it made no allowance at all for the contribution of the
axial anomaly in the Q2 dependence of the structure func-
tions. In our view, at the present time not only the magnitude
but even the sign of the higher-twist contributions to I'?(Q?)
is undetermined, and this question requires more detailed
experimental and theoretical investigation.

Allowance for SU(3) breaking in the wave functions of
the baryon octet can also change the value of (19). A more
recent careful consideration of this question” showed that

allowance for this breaking leads to a decrease in the value
of A3.

PROTON SPIN IN NONPERTURBATIVE QCD

As we have already noted above, the result (19) does not
agree with the expectations of the nonrelativistic quark
model, in which the entire proton spin is carried by the three
valence quarks. Allowance for relativistic effects somewhat
changes the value of AZ. This is due to the admixture of the
state with orbital angular momentum /=1 in the wave func-
tion of a relativistic quark. Thus, the wave function of a
quark moving in a scalar spherically symmetric potential has
the form

=

m

( f(rUy, ) (1)

ig(ryaru,,
where U, is the two-component spinor corresponding to the
angular-momentum projection m, and f and g are functions
that depend on the specific form of the potential. The two
upper components of the four-component spinor correspond
to the value /=0, and the two lower ones to /=1. The mean
value of the quark spin projection is

f(fz— 3 gz)ﬂdr
J(f*+g*)ridr

A3, = < q‘ f dx Ty, yS\I"q> =
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FIG. 3. Contribution of gluons to the structure function g,(x).

In the nonrelativistic limit g=0, and therefore A%=1. In
the relativistic case, we have g+#0Q, and the value of (22) is
then determined by the form of the confinement potential.
For example, the ultrarelativistic version of the popular bag

model®*?” with massless quarks and with functions
f(r)=jo(xr/R), g(r)=ji(xr/R), x=2.043,

gives
A3P%®=0.65, (23)

and the inclusion of quark masses merely increases this
value.

Thus, although allowance for relativistic effects does
somewhat reduce the value of the helicity carried by the
valence quarks of the proton, this reduction is not sufficiently
great to explain the measured value (19). Therefore, the pro-
ton helicity is not determined by the spins of the valence
quarks.

This conclusion casts doubt on many achievements of
the constituent quark model (CQM) in the description of
hadronic properties. The situation appeared so serious that it
was called the “spin crisis.”?® Several ways of solving the
problem have been proposed.

One solution was found in Ref. 29, where it was shown
that a small value of the matrix element of the isosinglet
axial-vector current can be associated with the Adler—Bell—
Jackiw axial anomaly,® which breaks its conservation:

My Na -

‘9;4]25=22 miq;ysqi+ ’4f_,n_s GGy - (24)

i=1 :

The magnitude of the nonconservation is determined by
the matrix element
a

s a a
g CurCur

M=<p,s p,s>, (25)
which is the main object of study of many approaches based
on QCD.

There are two approaches to the problem of taking into
account the contributions of the gluon anomaly to the spin-
dependent structure functions. One of them, which we shall
nominally call the perturbative approach, relates the contri-
bution of the axial anomaly to the polarization of the gluons
in the hadron wave function. In this approach, the contribu-
tion of the axial anomaly to the structure function gf(x) is
determined by the diagrams shown in Fig. 3.

A. E. Dorokhov and N. |. Kochelev 4



By means of the theorem on the factorization of large
and small distances,! this contribution can be represented in
the form

e2

Ag’{(x,Qz)=< 5 >A"“"(x,Q2/u2)®Ag(x,#2), (26)

where A™%(x,0%/u?) is the cross section of the perturbative
subprocess calculated using the diagrams of Fig. 3,
Ag(x,u?) is the distribution function of the gluons with re-
spect to the helicity in the nucleon, and u? is the scale at
which the factorization of the large and small distances is
made. In (26), the symbol ® denotes a convolution:

1d
AW eAgw= [ %A(%)Ag(w.

As a result, the effect of the anomaly reduces to replacement
of the quark distributions by the combination

as
Ag=Agq— 5 AG. 7)

Unfortunately, a more careful study®? showed that the
decomposition (26) depends on the infrared-cutoff parameter
in the integral (26), and this makes the physical interpreta-
tion of the expression (27) difficult.

A different approach to allowance for the contributions
of the axial anomaly in processes of interaction of polarized
particles is being actively developed by the authors of this
review and involves allowance for the contributions of
strong fluctuations of the gluon fields—instantons**—to the
quark distribution functions. The instanton mechanism for
solution of the “spin crisis” was proposed almost simulta-
neously in Refs. 34 and 35. The idea was that the gluon
operator in the matrix element (25), which determines the
degree of nonconservation of the isosinglet axial-vector cur-
rent,

ag

g7 Cir*)G1%); (28)

Q(x)=

is the density operator of a topological charge, and therefore
only topologically nontrivial fluctuations of the gluon fields
can make a nonvanishing contribution to (25). In QCD, in-
stantons are a well-known example of such fluctuations. This
solution describes tunneling transitions between nontrivial
degenerate vacuum states that have different values of the
topological charge. From (24) it is readily found that the
change of the axial charge is related to a change of the topo-
logical charge by the amount

AQs=2N,AQ. (29)

Therefore, when quarks are scattered on an instanton (anti-
instanton) with AQ =71, there is a change of their helicity
by the amount

To find the matrix element (25) between the nucleon
states, it is necessary to know the dynamics of the change of
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FIG. 4. Contribution of instantons to the matrix element of the singlet axial-

vector current j&¥ .

the quark helicity in the instanton field. It is determined by
the effective ’t Hooft interaction,*® which for small instan-
tons (p—0) and N;=2 has the form

4 2.3 2' 3 3
zeﬂ(x):f dpn(p) 3‘ mwp uRuLdeL 1+3_2

3
x| 1- 1 O'ZVO":“,) NN |+ (R—L)
+(d—s)+(u—s). (31)

The contribution of the instantons to the matrix element of
the axial current is determined by the diagrams shown in Fig.
4. This contribution was first estimated with the wave func-
tions of the bag model in Ref. 5. With allowance for only the
five-quark component in the hadron wave function induced
by instantons, it was found to be

p.\4
AZS= —4NF(FC) 1, (32)
where p,~2 GeV ™! is the mean scale of the instantons of the
QCD vacuum (Ref. 37), R=5 GeV™! and I is the overlap
integral of the wave functions of the initial three-quark and
intermediate five-quark states.

Numerically, the result of the reduction of the quark he-
licity induced by the instantons is AE{,ag = —0.04. Al-
though this quantity is small in absolute magnitude, it agrees
in sign with the experimentally observed negative polariza-
tion of the sea quarks. However, the result is extremely sen-
sitive to the form of the wave functions, and the use of the
wave functions of the bag model with explicit nonconserva-
tion of quark helicity at the bag boundary is evidently a bad
approximation.

In this connection, we mention the result of Ref. 38, in
which a calculation was made of the reduction of the helicity
of a free quark in the instanton vacuum for N, =1:
AE,’Vf=1 = —1. A calculation of the quark helicity induced

by instantons with a realistic proton wave function obtained
in the instanton vacuum model® is currently being made.>

A small value of the matrix element of the singlet axial-
vector current was also obtained in various versions of the
Skyrme model.*’ It was also associated with nontrivial topo-
logical properties of the theory.

A. E. Dorokhov and N. |. Kochelev 5



Recently, considerable progress has been made in the
calculation of quark helicity in the framework of QCD sum
rules.*! The authors of that work calculated the decay con-
stant of the singlet 7, meson, F,r, in the analog of the

7y’
Goldberger—Treiman relation for the singlet channel:*?
Fognynn
0)(0,02)= —L 077

where 8NN =~ vV2g NN is the coupling constant of the 7

meson with the nucleon. This resulted in a large reduction of
the quark helicity,

GP(10 Gev?)=A3=0.353+0.052, (34)

this being due to the decrease in F - arising from the axial
anomaly with respect to its OZI value F ntoz1 = fal \/E :

F oy [F yiou=~0.6. (35)

We note that a connection between the decrease in the value
of F n, and the ““spin crisis” was pointed out by us earlier in

Ref. 43, in which we showed that

Ry
F,,(',/F,,(')OZI~IT~0.5. (36)

Mo
In (36), R, and R,,(r) are the quark confinement radii in the 7

and 7, mesons. The difference between the meson radii
arises because the instantons lead to a strong attraction of the
quarks in the 77 meson and, in contrast, to a strong repulsion
between the quarks in the %' meson.*

QUARK DISTRIBUTION FUNCTIONS IN THE
INSTANTON VACUUM

One of the achievements of the instanton approach is the
possibility of calculating not only the first moment of
g8(x,Q%) but also, more importantly, the x dependence of
the distribution functions of the quarks with respect to the
helicity and flavor. This opens up a unique possibility for
simultaneous analysis of the spin-dependent and spin-
independent structure functions in the framework of a single
approach, since they are related by

Agi=q.(x)—q_(x),
q;i=q+(x)+q_(x). (37)

In perturbative QCD, a first attempt was also recently made
at a simultaneous analysis of the spin-dependent and spin-
independent structure functions.*> However, the parametriza-
tion of the quark distribution functions in Ref. 45 contains
very many free parameters, and this reduces the reliability of
the predictions of this model. The same can also be said of
the approach of Ref. 46, in which, however, in contrast to
Ref. 45, the importance of taking into account the Pauli prin-
ciple for the sea quarks in the parametrization of the structure
functions was emphasized.

Unique properties of the interaction induced by instan-
tons (Ref. 36, Fig. 5),
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FIG. 5. Instanton-induced vertex in QCD.

FND )= F(lka ) (o) F k3| F( Lkl itgur drdy

3 3 u d ay a
X 1+§ 1—20'#,,0'#,, )\ukd
+(R—L)+(d—s)+(u—s), (38)

are the following. First, this vertex leads to a very strong
change of the quark helicities, A =*2N,; this gives us a
fundamental mechanism for violating the Ellis—Jaffe sum
rule*” and resolving the “spin crisis.” Second, it is possible
only between quarks of different flavors. We shall see below
that this property leads to a strong flavor asymmetry of the
quark sea and gives us a fundamental mechanism for the
violation of the Gottfried sum rule®® that was recently
discovered*’ by the NMC collaboration. A third very impor-
tant property of the vertex (38) is that it is pointlike for
quarks on the mass shell. This leads to an anomalous growth
of the quark—quark cross sections induced by instantons at
high energies>® and, accordingly, to an anomalous behavior
of the quark distribution functions induced by instantons at
low values of the Bjorken variable x (Ref. 51).

The instanton contribution to the distribution functions
of the quarks in the proton is given by the diagrams shown in
Fig. 6. Using an SU(6)-symmetric wave function for the va-
lence quarks in the proton,

pT=3ul+iul+idl+3d| (39)

and the properties of the instanton vertex (38), we can obtain
the instanton contributions to the spin-dependent distribution
functions of the sea quarks,*

28u=f(x), 2Ad;=-4f(x), 2A5=-3\/f(x)
(40)
and the valence quarks,
Auy=—4f(x), 2Ad;=f(x), (41)

where \; =~ (m*/m*)? ~ 0.32 is the suppression factor of

the interaction induced by the instantons for the strange
quarks in the model of an instanton liquid,’” and f(x) is a
function determined by the dynamical properties of the inter-
action through the instantons. We can also find the flavor-
dependent distributions of the sea quarks:

2u=f(x), 2d;=2 f(x), 25=3\f(x). (42)
From these relations, we obtain
d; 25,

u; ﬁ1+(2,

~1, 43)
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FIG. 6. Diagram representing the contribution of the five-quark configura-
tion from the instanton-induced interaction to the proton wave function.

and therefore the instantons lead to a strong breaking of the
SU(2); symmetry of the quark sea in the proton and to an
enhancement of its strangeness.

At the present time, there is much discussion of the rea-
son for the large violation of the Gottfried sum rule,*

1
fo (F4(x) = F3(x))dx

1 [ 2 (1. -
-5 [ w3 | @ -icna,
(@4

found by the NMC collaboration:*’
1.
J (d(x)—u(x))dx=0.11%=0.02. (45)
0

A similar violation of the relation d=2i for (x)~0.18 was
also found by the NA51 collaboration from an analysis of
data on the production of Drell-Yan pairs in pp and pD
interactions.>

The instanton model for the structure functions makes it
possible to explain these results. Thus, it follows from the
relations (40) and (42) that the polarization of the quark sea
and the degree of its flavor asymmetry are related. This is in
fact a manifestation of the Pauli principle for quarks in zero
modes in the instanton field, from which the Lagrangian (38)
is constructed. These relations were used in Ref. 51 to obtain
a new parton sum rule that relates the violations of the Ellis—
Jaffe and Gottfried sum rules:

S5gat3gas

1 1dx
[ arcrae- A28 [ 1 (a0 - Fycon.

(46)

As was noted above, the most interesting thing would be
to calculate the dependence of the anomaly contributions on
the Bjorken variable x. In the instanton approach, the depen-
dence is determined by the shape of the function f(x). In the
region x—1, the dominant contribution is made by the five-
quark Fock component of the nucleon wave function®* (Fig.
6). In the infinite-momentum frame, the quark distribution
functions are related to the proton wave function in the
infinite-momentum frame by>*
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ayperks Q%)= f [dk, J[dx,](x—x,)

X|W s (ki x)|2O(k3,<0%).  (47)

In the model of the QCD vacuum as an instanton liquid®’
there are two fundamental scales. One of them is the mean
instanton size in the vacuum, p.~2 GeV L, and the other is
the separation between them: R~3p, . The first is related to
the radius of a constituent quark, and the second to the con-
finement radius.

In Ref. 52, it was found that the existence of these two
very different scales in QCD leads to a large asymmetry with
respect to x; and k, ; for the quark configurations in the had-
ron wave function induced by the instantons. This can be
shown as follows. The contribution of the diagrams of Fig. 6

in the framework of perturbation theory in the infinite-
momentum frame is given by>*:

|‘I'5(k1.i Xisqlj ’Yj)lz

Tp(kyix)Ti(qu.y)(Z9)%
2 2\2/ 2 2
M3 kii+m; (ku"'ml_
p “i=1T x
i 1

‘Iij'F mj2 o
Yj
(48)

where I', and I'; are the proton and instanton form factors,
respectively, which can be approximated by the relations:

3
53,

R* 2, K +m?
[,(ky;,x;)=exp *?E % R~5 GeV™l,
i=1 i
23 2 2
Pe = jtm] .
Ilq.j,y))=exp —é?_‘, e a p.~2 GeV™l
=1 i
(49)

Substituting (48) in (47), we can find the distribution func-
tions of the quarks with respect to x; and with respect to k ;
in the nucleon.

It follows directly from the relation
(g)y™'(k?)**"'~R?/ p>~10 that the mean transverse momen-
tum of the quarks produced by an instanton fluctuation,
(k3 )ins~1 GeV, is much greater than the mean transverse
quark momentum in the confinement potential, (k3 ). .~0.1
GeV2.

The asymmetry in the distribution with respect to the
transverse momenta leads, in its turn, to a strong asymmetry
in the distribution with respect to the longitudinal momenta.
This is due to the fact that the main contribution to the inte-
gral (47) is made by the region

qinst conf

1j Li

——,] ~ ~ const, (50)
Yj Xi

which corresponds to the condition of equality of the quark
rapidities in the multiquark configuration in the nucleon
wave function. In other words, the condition (50) corre-
sponds to a coherent motion of the quarks in the nucleon for
which the nucleon does not disintegrate. From the relation
(50) it follows that (y ;™) ~ 3(x;)° and that the quark sea

A. E. Dorokhov and N. |. Kochelev 7
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FIG. 7. Longitudinal-momentum distribution of “fast” (solid curve) and
“slow”” (dashed curve) quarks in the asymmetric configuration of the proton
wave function induced by instantons.

induced by the instantons is hard.>? The actual form of the
quark distribution functions in this asymmetric configuration
for the instanton-produced quarks is

g™ (x)=N{(1-x)%x¥/2+6(1—x)x>—8
X (1—x)"2x3(1+ 5x)arctanh[ (1 —x) %/

X (143x)Y2]/(1+3x)?+24x*(arctanh

X[(1=0)"2/(1+3x)12])%, (1)
and for quarks that have not passed through an instanton it is
q*°M(x)=N[(1—x)>(159—32 log 4)]/4860. (52)

The two distributions are compared in Fig. 7.

Thus, the instantons lead to hard sea quark distribution
functions, which must make large contributions to the inclu-
sive production of particles for x;—1 and p, =1 GeV, where
the contributions of the perturbative sea die out. In particular,
the instanton-induced charmed sea can provide a model of
internal charm in the nucleon, the need for the introduction
of which is currently being actively discussed.’®

The diffraction component in the instanton-induced had-
ron wave function must also lead to an anomalous nuclear
dependence of the hadronic inclusive cross sections for
xg—1 and p,=1 GeV and to a violation of color
transparency.” Since this component also has a spin depen-
dence, it was shown in Ref. 55 that the same-spin asymme-
tries in the processes pTA— mX must also have an anoma-
lous A dependence.

A calculation of the structure functions requires a knowl-
edge of the quark distribution functions in the complete in-
terval of x. However, in the region x—0 the situation is
much more complicated than in the region x—1, since here it
is necessary to take into account the contributions of multi-
gluon and multiquark configurations of the Fock column in
the nucleon wave function.

In this region, the behavior of the distribution functions
can be related to the behavior of the quark—quark cross sec-
tions at high energies®! (see Fig. 8):

X
q(x)=C — f dsdk® Im TN(s,u?), (53)
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ur
7 X X \/A\_/’i-
dp~e
P P

FIG. 8. Contribution to the nucleon structure function as x—0 resulting
from the instanton mechanism of generation of the quark sea (the + and —
signs represent an instanton and an anti-instanton).

where TR'?'(s,,u.z) is the quark—nucleon scattering amplitude,
and

(s+k2)
1_.

ur=—x

+xM?—k2. (54)
Thus, it follows from this relation that if the amplitude fac-
torizes in the form

Im Tx(s,u%)~ 0 5(s)f(1?), (55)

where o,; ~ s, then the distribution functions in the
region of small x are

1
q(x—>0)~)?. (56)

Thus, the anomalous behavior of the quark—quark cross sec-
tions at high energies leads to an anomalous behavior of the
structure functions at small x.

At the present time, there is much discussion of elec-
troweak instantons in processes of baryon-number noncon-
servation in electroweak theories.’® For example, it was
shown that multiple production of gauge bosons from an
instanton vertex can lead to an anomalous growth of the
cross sections with nonconservation of the baryon number.
Obviously, this is due to the pointlike nature of the instanton
interaction noted above.

A similar mechanism also leads to an anomalous growth
of the instanton-induced cross sections in QCD.*® In the
studies of Ref. 57, the contribution of small instantons to the
coefficient function of the structure function F, was calcu-
lated. It is determined by the action S(x) on the instanton—
anti-instanton configuration,

8F’y(x,0%) ~exp[ — 4mS(x)/ay(Q?)], (57)
where
S(x)~1-3(1—x)%/2(1+x)>.

Although the instanton contribution increases exponentially
with decreasing x, at Q(>50 GeV, where the calculations in
the approximation of a rarefied instanton gas are valid, this
contribution is the contribution of a very high fractional twist
~(Adcp/Q%)*5® to the structure function, and therefore
these results are evidently only of academic interest.

A. E. Dorokhov and N. I. Kochelev 8
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FIG. 9. Description of CCFR data on the structure function xF3"(x).

However, in the model of the QCD vacuum as an instan-
ton liquid®*’ we have for Q>Q>1/p, an instanton contri-
bution to the quark distribution functions corresponding to
the substitution a,(Q%)— a,(p,?) in (57) and the leading
twist in the structure functions.”™ Unfortunately, the exact
dependence of the instanton-induced cross section on the en-
ergy is not known. This is due to the fact that at high ener-
gies the instantons begin to overlap, and therefore it is nec-
essary to take into account accurately their interaction.

The simplest parametrization is>'>°

aqé~s“A_1 with a,~1, (58)
which corresponds to a rapid approach of the instanton cross
section to the geometric limit:

Uiq“;;t% 'rrpg. (59)

At ultrahigh energies, we expect an exponential suppression
of the instanton-induced interaction.’’

Using the relation (56) at small x,, we obtain the follow-
ing form for the function f(x):

1
- >
fx)~{ x Tor ¥=xo, , (60)

exp(—xqg/x) for x<x,

where x is the value of the Bjorken variable at which the
instanton contribution begins to decay rapidly. In accordance
with its physical meaning, it must be related to the height of
the energy barrier that separates the two topologically non-
trivial QCD vacua with AQ==*1, ie., to the so-called

sphaleron energy E (S)LSID (Ref. 59):

Q2
Xo= QT(ESQ;C‘IW (61)

Thus, the final form for f(x) is

N, ] _
' (1-x)° for x=x,,

fx)= (62)

N, exp(—xo/x) for x<xq.

To calculate the structure functions, we must also specify
the valence quark distribution functions and the perturbative
quark sea. They were chosen in the standard form:
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FIG. 10. Description of NMC and H1 data on the structure function F5(x)
for 0*=5 GeV>.

uy(x)=Nx~(1-x)%, d,(x)=Nx *(1-x)*

g(x)=N,(1—x)7/x®0), (63)

where ap(0) is the Pomeron intercept.
The polarization of the valence quarks was chosen to be
the same as in the Carlitz—Kaur model:*°

Auv(x)zuv(x)_%du(x)r Adv(x)=_%dv(x) (64)

The results of a calculation of the unpolarized and polarized
structure functions are presented in Figs. 9-14. The five free
parameters were determined by a fit to the unpolarized data,
and therefore the calculations of the polarized structure func-
tions were effectively parameter-free. As we see, the model
gives an excellent description of all the experimental data on
the structure functions. The instantons make a large negative
contribution to the spin-dependent structure function
g5(x,0?%), and this makes it possible to explain the anoma-
lous deviation of the experimental points from the prediction
of the valence quark model. The amount of helicity carried
by the quarks in the nucleon depends strongly on the value of
the parameter x(, which is determined by the height of the

F2nix)/F 2p(x)
1 4—

08}

05}

’

0,4f

0,2 aa s aaaal A4 aaaaal Ao
0,001 001 0} x 10

FIG. 11. Description of NMC data on the structure-function ratio
2(x)/F5(x) for Q?=5 GeV>
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FIG. 12. Description of the EMC and SMC data on the spin-dependent
structure function g{(x). The solid curve is the result of a calculation in
accordance with the instanton model, and the dashed curve is the prediction
of the three-quark valence model.

potential barrier. For the value x,=0.032 obtained from the
fit to the unpolarized structure functions the value of the
helicity is

A3 =0.4. (65)

The reduction in (65) relative to its OZI value AZ0Z'=0.58 is
determined by the instanton-induced anomalous polarization
of the quarks: A3 "™!=—(.18.

Thus, in the framework of the model of the QCD
vacuum as an instanton liquid we have obtained a parametri-
zation of the distribution functions of the quarks in the
nucleon that can be used not only to calculate the structure
functions of deep inelastic scattering but also to calculate
polarized and unpolarized hadronic processes.

CONCLUSIONS

The experimental data on the spin-dependent structure
functions obtained by the EMC, SMC, E-142, and E-143
collaborations have led to a crisis of the naive parton model
for deep inelastic scattering. We have shown that in QCD
this crisis can be resolved by taking into account the compli-

gN1{x)
0

-02
-O,L_

-06¢
-08¢t

001 0] x 10

FIG. 13. Description of E-142 data on the spin-dependent structure function
g5(x). The solid curve is the result of a calculation in accordance with the
instanton model, and the broken curve is the prediction of the three-quark
valence model.
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FIG. 14. Description of SMC data on the spin-dependent structure function
g2 (x). The solid curve is the result of a calculation in accordance with the
instanton model, and the dashed curve is the prediction of the three-quark
valence model.

cated structure of the QCD vacuum. Thus, the model of the
QCD vacuum as an instanton liquid makes it possible, at
least qualitatively, to explain the anomalous polarization of
the quark sea and its strong flavor asymmetry.

At the same time, the specific flavor and chiral properties
of the instanton-induced interaction, and also its anomalous
dependence on the energy and momentum transfer, make it
the most probable candidate for the fundamental QCD
mechanism of spin and flavor effects in deep inelastic scat-
tering and in high-energy hadronic processes.
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