


1. Introduction

Proceases with polarized particles draw the increasing attention
as the most . delicate inatrument for verification of the QCD. It is
known that QCD allows in principle the description of some spin ef-
fects if the spin distribution " and quark-gluon correlation func~
tions 2 are known., They cannot be oalculated in perturbative QCD
Just as the ugual parton distribution‘functions and have to be extrac=-
ted from experiments, An important role play here different sum rules,
Among them the Bjorken/3/, E11is-Jafte/4/, Burkhardt-Cottingham’>
sum rules are the most known. A new set of sum rules has been recent-
ly proposed in paper )

Of particular 1mportange are the sum rules due to conservation
laws: the energy-momentum, charge, baryon charge, etc. In this connec-
tion it is natural to ask together with R.Peynman: "what resiriotions
if any on the wave function ocome from the fact that the total angu-
lar momentum of the proton is Jjust 1/27"

Though Peynman himself did not answer his question, - the naive
expeotation 1n the spirit of the parton model 15 :

%L\G]f + A9 = M
where Aq and A(? are differences of first moments of opposite heli-
cities of quarks (flavour { ) and gluons (e.g. A9 ﬁh(‘? 9*+_*]_ 9#») ).

This sum rule however is in contradiction with the leading ap-~
proximation of the QCD evolution equations
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where the dot means the derivative with respect to f% C? » In this
approximation f) -10 =0 (due to the quark helicity conservation along
a quark line) and 137and ‘£33 are not zero. So, the sum rule (1)
cannot be valid for all §?.

Several attempts were undertaken to avoid this contradiction:



1) A rather elegant idea was proposed in work/B/ to compensate the
right-hand side of the second row of (2) due to cancellation of quark
and gluon contributions. In this case ZA% and Ag are expressed
through the number of flavours.However the picture thus obtained:
compensation of two large terms in (1) to obtain 1/2 seems improbable.

i11) There was also an attempt to change the kernels of the evolu-
tion equation by adding some terms singular at X=0 to guarantee a
constant gluon contribution.” However, there are no grounds for this
procedureln/(unlike introducing singularity at X =1).

1i1) A more interesting is the attempt/1°’11/ to include the or-
bital angular momentum into sum rule (1) to compensate the growth of
the gluon contribution with increasing 672. A more accurate analy-
sis, however, shows that the orbital momentum gives a zeroth contri-’
bution to the sum rule. .

Really, the commonly adopted receipt for obtaining the sum
rule consists in choosing a conserved operator’with no anomalous di-
mention and in calculating it in the limit of free fields. For a
quark field such an operator is the axial current which conserves in
the chiral 1limit 07-90 « For the free field it gives

— - .
<P,sl§1h3'“<}' $)ps>=Mst, (3
where S’4 is the 4 -vector of polarisation. The first moment of spin

" distribution functions is connected just with this matrix element
e/ which results in

ZA?{zi' (4)
The axial current is directly expressed. through the canonical tensor
of the spin moment of quark

Mpv MV T oAy r
gt = 4 ez Y, (5)
and ) v ’ o
%A q*= <P.S‘S)'H lps> Eurpy S (6)

To obtain the conserved angular momentum, one has to add to (6) the
orbital momentum

<psIRFT - 2" TR £ §™ o
It is zero however because of the symmetry of matrix elements of the
energy-momentum tensor T The same result can be obtained from trans-
lation invariance of the matrix element (7), which allows us to put
2=0 . The physical reason of this result is the absence of the na-
tural frame of reference for the inclusive process.
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So, without gluons (or with scalar gluons) the quark spin momen-
tum is conserved and again we arrive at the sum rule (4), It was Just
the way it was obtained several years ago in work 14 « The drawback
of this result is neglect of the vector character of gluon fields,
which lead, owing to the triangular anomaly, to nonconservation of
the axial current. In Sect. 2 we will show that the anomaly changes
the relation (1) and makes it conmsistent with the QCD evdlution equa-
tions (Sect. 3). The anomaly contribution changes also the Ellis-
-~Jaffe sum rule for the structure function 34 which gets now in
gocd agreement with experiment.

2. The Gluon Contribution end Axial Anomaly

For the description of the gluon contribution one can use either
the expansion in §au79 invariant operators 15 or %-dependent par-
ton distributions 16 « These two approaches ﬁfe consistent with each
other with the exception of the firat momené: the evolution kermels
are known to be different from ze:ro/1 s however there is no gauge-
invariant operator of the required twist 3 (like the axial current
which describes the quark polarisation).

To resolve this contradiction, one may turm to the factorization
procedure/18 where the operator product expansion results from the
expansion of nonsingular bilocal operators into the Teylor series.

A variant of the procedure has been used by us in the transverse
polarization analysis 2/.

‘For simplicity let us consider the longitudinal polarization be-
cause the sum rule does not depend on the polarization direction due
to the well-known equation by Burkhardt-Cottinghamlsl or due to ro-
tation invariance on which it is based 1 .

Actions similar to /19,2/ give A AN
Qg Pup + 14 Aq () (¢ ir).‘ﬁ
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where cl_fs:gfs"neP_f‘n_rPS , éfsanEdeP P‘hp ’ (r\ A)‘-‘O,

Epcpn
Pl’ hl =0 1 Ph= {1 and is a polarization value. The parts ave-
raged over spin are written down &lso for completeness.

Let us notice that the distribution functions obtained have the
parton interpretation. It is obvious for quérks, because a density
matrix for a free quark has been obtained. For gluonsrit is easy to
gee that the right-hand side of (8) 1s a density matrix of a circular-



~-polarized gluon with Stocks parameters ; g « The first moments of
the spin distribution functions are

A9 =-CFAYY s © (9a)
Aq=7 <AJ> f‘A > n"ffspn (9b)

Let us otress that in axial gauge the gluon fields can be exp-
ressed though the strength temsor (Y= G%n, /20/

A,0m)= |t Gpy(GeTar). (10)

As a result, the moments of the bilocal operator in (8)

e T
CAGAD M = a7 [ (6o Gen 0D @
after integration acquire the form

< Ast (3")"Acod =< Gpy®) (") Genl®)) - (12)

That is for X>» 2 the local field operators are expressed through the
strength operators. (To check (12), it is enough to express in the
right-hand-side (] through A and use the gauge condition). In the
case of interest K=41 one integration cannot be accomplished, and
we have to deal with nonlooal strength operator matrix element:

<A AS> = [mmxcf ©3Gen(Tn)> - (1)

That is why we prefer to work with local field operators, the gauge
invariance being ensured by transversality of the coefficient func-
tion E’P‘. Notice also that the local operator in (9b) is proportio-

nal to the gluon spin tensor* 13/
To obtain the relation between the 71uon spin operator and

gimilar to (6) one can use the identity

SFSPM K gflPP e e SHP P o ghern . (18)

Ie here disregarded the colour structure which can be easily re~
atored, ¥Yor non-Abelian fields the term ﬁucA A is to be pre-~
sent which gives no contribution due to the gauge condition.

,s

which 1s a consequence of the space-time being four-dimensional.
Using it in (9b) one obtains
e
Ag=é<Af9rAe>£hP f* ' (15)

Now, one could seemingly use the total angular momentum conser-
vation and determine a relative contribution of quarks and gluons.
However, there is the problem that the spin moment is determi—
ned in a nonunique way. One can - redefine 1t together with the ener-
gy-momentum tensor preserving the equation of motion and the conserva-
tion laws., In particular, one can totally absorb the spin moment
into the energy-momentum tensor (e.g. the Belinfante tensor /21/)
which is naturally symmetric and gives no contribution to the sum
rule. So, the relative contribution of gluons in classical field
theory seems quite indefinite,

This ambiguity is totally fixed by quantum theory where the
conservation of the axial current is broken as 18 well known by the

triangular anomaly of Adler-Bell-Jackiw (Pig 1a).
e S 3 E
@)
Pigo 1

This anomaly'fixes alqo the conserved quark-gluon current
A _17,3111615‘ _ g /«GV/"(A“Q A __L)[‘p ARA‘AC) (16)
Js =YY =52, ™7 (A Ay ~ 30l AP By ).

The calculation of the matrix element of the projection of the cur-
rent on the gauge vector /? gives immediately

Th - As L
-<JS>‘,’S—£}C]+TA5 ) | . (7

Due to conservation of the current jg the anomalous dimension of
the combination is zero in any order of the perturbation theory.

Uﬁing the standard method/23/ baged on the total angular momen-
tum conservation, Brﬂh"?=0 and on the definition of a state vec~
tor with heliecity

QEEOIIHE zs«e,,,\m



one can obtain the sum rule
ol
249+ #7749 = 1 (18)

It has been taken into account also that the contribution of the
gluon spin is controlled by axial anomaly and that the orbital momen-
tum gives no contribution,

One has to notice that the gluon contribution is linked with
the topological number. The difference A from zero could mean a
nontrivial topological structure of the QCD vacuum. This delicate
question, however, needs further investigation. Now it is clear only
that the relative contribution of quarks and gluons to sum rule cor-
responding to the conservation of the angular momentum is determined
by such a fundamental feature of the theory as the axial anomaly.

3. Evolution Equations and Sum Rules for the Structure Function

Consider now the evolution of singlet parton distribution func-
tions Aq and A/ Lshr Ag AG g with the change of the momentum
transfer Q". The functions and Ag have the parton interpre-
tation so one can use the results of standard calculations.

The firet moment of the evolution kernel P35, can be expressed
through the standard kermel .%7 obtained in the pioneering work
by Allterelly and Parisi /16/

Fyq = TN By = = AJOR (19

where C,(R)= (/V 1)/2/\/ /N is the number of colour.
Due to conservation of ZA%"PAg

By = (2 ,) 12 4 &) 20

which exactly coincides with the results of two-loop calculations
(Fig. 1b) of Kadaira/24/. (Recall that one-loop calculations give
zero contributions). This serves as a good check of conservation of
(18). . .
Por calculation of B"" one has to add to the standard gluon
kemel/“/f)ﬁj :é(/m’-Z/‘{() . the result of differentiation of = (Q?)

9'3 = P + w ‘ (21)
33 | 3 ¢
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using the expreasion for /3(9(5). we got

P:5 =0. (22)

Using again the conservation of ZA %-*Ag one can find
=- P (23)
Bog =~ Pgy =0

This result is a secondcheck of the validity of (19) because,

as is well known , the anomaly, Pig. 1a, is not renormalized by
higher orders of the perturbation theory. So, the diagrams of Pig .
1c have to give zero contribution .. Thus, we finally obtain

Z‘; .A(h _ (:is)?. ~-Q .O ZAq“
43 ~ A a o)\ 4§
= 3N} Cy(R)+ (k).

(24)

Rotice also that the second eiﬁenvector of (24) is the quark
contribution Zd7 which is known to be multiplicative}_y renor-
1;12:%}236.. This does not prevent, however, its mixing with Ag (cf.

).

2 ~ .

With increasing ?° both moments ZAZand Ag tend to cons-
tant limits

o) 2y [ oAs(@) NG (R)
%:AZ( ) =gA7{(Q-)e"PL T 3a-24F (25)
Ag(m)z 1 -Z 49,6, (26)

the former decreasing and the 1latter increasing. This change,
however, is not large and is about 10% from the region @2~ 1 (GeV/c )2
where {g=0.2 - 0.3. '

Now let us apply the results obtained to describe deep inelas-
tic scattering on a polarized target. We are interested in the gluon
contribution to the first moment of the structux:f funotion 94 . A8
the natural moment of gluon distribution 1is 43. , the correspond-
ing coefficient function &, has to be of order 0(1). To find it,
we use the result of work/24/ where the coefficient function Ejy of
the diagram of Pig‘. 1d has been calculated. For the first moment we
have to use only the term independent of LO=‘/X + It is finite and
determined by the axial anomaly
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E1=——3—/V,<e> e, Eg=-ge%>. (27)
So, the first moment of 3()()w111 have the form (see Appendix)
zfdxéa(x)-ZZ%A? —<ez>43 (28)

i.e. the gluon fleld results in a negative correction to the Ellis-~
~Jaffe sum rule,
For estimation of this correction let us use the sum rule (18)
and following Ellis and Jaffe/4’25/ neglect the contribution of s-
quarks. Then one can express the quark contribution through the cons-
+ . +
tant gAEGA/GV = 1,25420,006 .and tpe ratio’’/p = 0,631=0,024
-4
3'/D .
~ = =TT ‘et
2447{ ~ du+Ad da o+l = 0,687%0.069 , (29)
i.e. the quarks carry about 70% of the nucleon spin  at 0g(1 Ge\r/c)2
(the region where 3 and F/D were measured). In its turn the gluon
contribution is '

A3=i— Z;-A‘h = 0,313 % 0.069. 7(30)

Substitution of(30)into(28)gives the possibility of estimating
the correction to the Ellis-Jaffe sum rule for the proton. With tak-~
ing into account s-quarks in the loop of Fig. 1d(4e">_2,/_9) one has '

Jgi(x)olx = (0.199%0,005)- -9-(0 313%0,069)=0.129%0.009

(without s—-quarks, <€ >= 5/!8. andg 0. 112%0. 024). These values
aro in good agreement with rosult of the Elc-group P =0, 113-
20.012%0,025 at Q%10 (Pev/c)?. For the neutron we predict g:—o .08.

4. Conclusion and Discussion

Thus, we have shown that the contribution of the spin of gluons
to the apin of the nucleon is determined by the axial anomaly of
Adler-Bell~-Jackiw. The new sum rule corresponding to conservation
of the angular momentum is consistent with the QCD evolution equa-
tions in all orders of o(s .The axial anomaly gluon contribution gi-
ves also a negative correction to the Ellis-Jaffe sum ruls for
which compensates the discrepancy with experiment.

The usually made @ssumption that AS >0 allows us to estimato )
the contribution of ZA? and A 3 from the low-energy /8 ~decay

s |
|

physics ( Q 1 GeV) and f£ind that gluons carry about 30% of the nuc-

leon spin and reduce the Ellis-Jaffe result aelmost to the experimen-
tal value. This also removes the contradiction of the EMC result with
the Bjorken sum rule. A serious question is high-twist corrections to
the deep inelastic scattering. However large enough 40 >for the EMC
data and also the calculations of ‘?, by the QCD sum rule method 121/
indicate that these corrections do not possibly exceed 30%. The role
of higher-twist corrections could become clear from experiments at
higher (QL.

Recently it has been suggested /28,29/ that the naive parton mo-
del assumption AS>0 1s not valld and that the Skyrme model combined
with the ‘/A. expansion results in Z49, =0 /2% 1 so, then
the EMC result is an argument against the Skyrme model because to-
gether with the Bjorken relation and SU(3) flavour hyperon decay

T‘:S(A ue ad-2A8 ): é, 39 explain the measured value of g’P with-
out gluon contribution. However, the gluon contribution being large
in this case ( Agci due to (18)) ruins this agreement.

The proposed gluon contribution can be directly measured in
many hard processes with polarized particles. Part of them is listed
in /28/ « The most important in our opinion are U/([, and charm produc-
tion in deep inelastic scattering and in Drell-Yan processes.

It is a pleasure for us to thank S.V.Ivanov, B.L.Ioffe, G.P.Kor=-
chemski, V,N.Pervushin, A,V.Radyushkin and Yu.Yu.Reznikov for useful
discussions, One of us (7.0,) is indebted also to V.P.Prisnyakov for
kind support of the work,

Aggndi_i

Due 'to an important role of the gluon contribution to the Ellis-
-Jaffe sum rule, let us conmsider its derivation to a greater detail.
We start with the factorized expression for virtual photon forward

scattering amplitude e

. A AW . t
Tr= aqese(brrty)s ageCeren 3°)- )
where @& means a convolution in X , and 'tc‘ and { are quark and

gluon Green functions calculated in 21,301 « The summation over quark
flavours with the process-dependent weight is implied, as usual

(1) = <oty ey ipten)lon, = 2Py s

y.l}



Jv; ()= <o\T(A(r)3m(ﬁ)AG(P))l°>“f" ¥ Ly @[“’)

Ercurey

Only the terms leading in g are taken into account., Changing prXp

and taking into mccount only the zero-~order term in X/&B in '{ end
4, (for gluons it is determined by the axial anomaly) one obtains
for the first moment

' M
TS et g 2 ).

One should notice also that the convolution of the total expres-
sion for the gluon Green function’/24/ with EPEPN enables us to
obtain the coefficient fumction E.J, for other moments.The result
differs from that of by factor 4 that may be a consequence of
normalization of the amputated Green functions of local singlet
operators. .

References

1. Peynman R, Hadron-Photon Interaction, N.Y., Bedjamin, 1972,

2, Efremov A.V., Teryaev 0.V. Yad.Piz. 39 (1984) 1517.

3. Bjorken J.D., Phys.Rev. 148 (1966) 1467.

4. Ellis J., Jaffe R.L. Phys.Rev. D9 (1974) 1444.

5. Burkhardt H., Cottingham W. Ann.Phys. (USA) 56 (1976) 453.

6. Efremov A.V., Teryaev 0.V. Phys.Lett. 200 (1988) -363.

7. Seghal L.M. Phys.Rev. D16 (1974) 1663.

8. Bajpal R.P., Ramachandran R., Phys.Lett. B97 (1980) 125.

9. Richter-Was E., Szwed J.J. Z.Phys. C31 (1986) 607.

10. Ratcliffe P.G. In: Proc. of VII Int.Symp. on High Energy Spin
Phys., Protvino, 1986, p. 45. :

11, Ratoliffe P.G. Phys.Lett. 192 (1987) 180,

12, Bukhrostov A.P., Kuraev E.A., Lipatov L.N, Pis'ma JEPT 37
(1983) 406; JEPT 87 (1984) 37.

13. Bogolubov N.N., Shirkov D,V. Introduction to the Theory of
Quantized Fields, Intesc. Publ. K. Y., 1959.

14. Efremov A,V,, Teryaev 0.V, Sov, J.,Nucl.Phys. 36 (1982) 140; °
Yad.Piz, 36 (1982) 242.

15, Ahmed M., Ross G.C. Nucl.Phys. 111B (1976) 441.

16. Alterelli G., Parisi G. Nucl.Phys. B126 (1977) 298,

17. Efremov A,V., Radyushkin A.V. Phys.Lett. B63 (1976) 449,

10

18,
19.
20,

21,
22,

23.
24.
25.
26,

27.
28,

29.‘

30.
31.

Efremov A.V., Radyushkin A.V, Theor. and Math.Phys. 44 (1961)
774; Teor.Mat.Piz. 44 (1980) 327.

Bllis R.K,, Purmanski W,, Petronzio R. Nucl.Phys. B207
(1982) 1. '

Ivanov S.V., Korchemskii G.P., Radyushkin A.V. Yad Piz. 44
(1986) 230.

Belinfante F.J. Physica 6 (1939) 887.

Adler S.L, Phys.Rev. 117 (1969) 2426;

Bell J.S., Jackiw R, Nuovo Cim. A51 (1967) 47.

‘Indurain F. Quantum Chromodynamics, Springer, 1983.

Kodaira J, Nucl.Phys. B165 (1980) 129.

Jaffe R.L. Phys.Lett. 193 (1987) 101,

Sloan T. Proc. of Intern. Europhys.Conf, on High Energy Phys.,
Uppsala, 1987; Preprint CERN EP/87-188,

Belyaev V.M., Ioffe B.,L., Kogan Ya.I. Phys.Lett. B151 (1985) 290.
Brodsky S,.,, Ellis J., Karlinger M. SLAC-PUB 4519, Jan. 1988,
Gluck M., Reya B, Prepr. DO-TH 88/4, Jan. 1988,

Kodaira J, et. al. Nucl.Phys. B159 (1979) 99.

Sheiman J, Nucl.Phys. B152 (1979) 273.

Received by Publishing Department
on May 13, 1988,

11



WILL YOU FILL BLANK SPACES IN YOUR LIBRARY?

You can receive by post the books listed below. Prices — in US $, including the packing

and registered postage.

D13-8463 Procéedings of the XI International Symposium on Nuclear
Electronics. Bratislava, Czechoslovakia, 1983.

E1,2-84-160 Proceedings of the 1983 JINR-CERN School of Physics.
Tabor, Czechoslovakia, 1983.

D2-84-366 Proceedings of the VII International Conference on the
Problems of Quantum Field Theory. Alushta, 1984,

D1,2-84-599 Proceedings of the VII Intemational Seminar on High
Energy Physics Problems. Dubna, 1984.

Dl7-84-850‘} Proceedings of the III International Symposium on Selected
Topics in Statistical Mechanics. Dubna, 1984 (2 volumes).
Proceedings of the IX All-Union Conference on Charged
Particie Accelerators. Dubna, 1984. (2 volumes)

D11-85-791 Proceedings of the International Conference on Computer
Algebra and Its Applications in Theoretical Physics.
Dubna, 1985.

D13-85-793 Proceedings of the XII International Symposium on
Nuclear Electronics, Dubna, 1985.

D4-85-851 Proceedings of the International School on Nuclear Structure
Alushta, 1986. .

D1,2-86-668 Proceedings of the VIII International Seminar on High
Energy Physics Problems, Dubna, 1986 (2 volumes)

D3,4,17-86-747 Proceedings of the V International School on Neutron
Physics. Alushta, 1986.

D9-87-105 Proceedings of the X All-Union Conference on Charged
Particle Accelerators. Dubna, 1986 (2 volumes)

D7-87-68 Proceedings of the International School-Seminar on Heavy Ion
Physics. Dubna, 1986.

D2-87-123 Proceedings of the Conference "Renormalization Group-86".
Dubna, 1986.

D4-87692 Proceedings of the International Conference on the Theory
of Few Body and Quark-Hadronic Systems. Dubna, 1987.

D2-87-798 Proceedings of the VIII Intemational Conference on the
Problems of Quantum Field Theory. Alushta, 1987.

D14-87-799 Proceedings of the International Symposium on Muon
and Pion Interactions with Matter. Dubna, 1987.

D17-88-95 Proceedings of the IV International Symposium

on Selected Topics in Statistical Mechanics. Dubna, 1987.

Orders for the above-mentioned books can be sent at the address:

Publishing Department, JINR
Head Post Office, P.O.Box 79 101000 Moscow, USSR

12.00

6.50

11.00

12.00

22.00

25.00

12.00

14.00

11.00

23.00

25.00

25.00

25.00

12.00

12.00

10.00

13.00

14.00

EdpemMoB A.B., TepseB 0.B. E2-88-287
CnuHOBasA CTPYKTYpa HYKJIOHA
H TpeyrojbHas aHOMAIIHUS

B pamxax KX]I mokasaHO, 4YTO BKNajg IJIKOHOB B IIPaBHJIO
CYyMM [OJIA CIIHHOBBIX pacnpefejyieHHH NapTOHOB, ONpenesiomHX
CIIHH HYKJIOHa, GHKCHpPYeTCA TpeyroJIbHOH aHoMamueit Apnepa—
Bemna-[IxaxuBa. HpBoe mpaBuio cyMM corjacyeTcsa C ypaBHe—
HuAMM 3Boonuu KXJI npudeM kBapkH HecyT okono /07 cnuHa
HYKnoHa. I[JII0OHHBI BKJIad NPUBOOMT K HOOaBOYHOMY CJiaraeMoMy
B mpaBuile cymMm Jmiuca-[kaddbe ana CTpykTypHoOH ¢yHKuuH gi,
OOBACHAIMEMY ero pacxXoxmeHHe C 3KCIepHMeHTOM.

Pa6oTa BemionHeHa B JlaGopaTopuH TeopeTHUYecKoil du3uku
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Spin Structure of the Nucleon
and Triangle Anomaly

Tt is shown that the gluon contribution to the sum ru-
le for spin parton distribution functions which determine
the spin of the nucleon is fixed by the axial Adler-Bell-
Jackiw anomaly. The new sum rule is consistent with QCD
evolution equations and predicts that quarks carry about
70% of the nucleon spin.The gluon contribution results in
negative extra term to the Ellis-Jaffe sum rule for the
structure function g, which accounts for its disagree-
ment with experiment.
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