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Investigation of the quark structure of the nucleon is one of most important tasks of
modern high energy physics. In this respect deep inelastic scattering (DIS) is of special
importance. Thus, the very impressive result of the New Muon Collaboration (NMC)
experiment was obtained in 1991, when the unpolarized structure functions of the proton
and neutron, F}(z) and F}(z), were precisely measured within a wide range of Bjorken's
X, and, it was established that the integral fol %(FP(z) — Fp(z)] does not equal 1/3
(Gottfried sum rule) but has a much smaller value 0.235 £ 0.0026. This means that the

densities of u and d sea quarks, @(z) and d(z), in the proton have different values, and
1
/ dz [d(z) - @(z)] = 0.147 £ 0.039 # 0.
)

In polarized DIS, instead of the unpolarized total ¢ = ¢' + g;, sea ¢ and valence
gv = ¢ — § quark densities, the set of the respective polarized quantities 8¢(z, Q%) =
qT(It QZ) - q;(z, Q2)1 617(3:, Qz) = qT(I’Q2) - q-l(x’ Qz) and 5!1V(1=,Q2) = 5q(I,Q2) -
83(z, Q?) is the subject of the investigation. So, the question arises: does the difference
between the polarized u and d sea quark densities di(z, Q%) — éd(z, Q?) also differ from
zero? Recently, a series of theoretical papers appeared ([1-4]) where it was predicted that
the quantity §a(z, Q%) — dd(z, Q%) does not equal zero. However, the model-dependent
results for 8i(z, Q?) — 6d(z, Q?) essentially differ each from other in these papers. So, it
is very desirable to find a reliable way to extract this quantity directly from experiment
data. For this purpose it is not sufficient to use just the inclusive polarized DIS data, and
one has to investigate semi-inclusive polarized DIS processes like

A+pd) 2 pu+h+ X

Such processes provide direct access to the individual polarized quark and antiquark
distributions via measurements of the respective spin asymmetries.'

Unfortunately, the description of semi-inclusive DIS processes turns out to be much
more complicated in comparison with the traditional inclusive polarized DIS. First, the
fragmentation functions are involved, for which no quite reliable information is available?
Second (and this is the most serious problem), the consideration even of the next to
leading (NLO) QCD order turns out to be extremely difficult, since it involves double
convolution products. So, to achieve a reliable description it is very desirable, on the one
hand, to exclude from consideration the fragmentation functions, whenever possible, and,
on the other hand (and this is the main task), to try to simplify the NLO consideration
as much as possible, without which one can say nothing about the reliability and stability
of results obtained within the quark-parton model (QPM).

It is well known that within QPM one can completely exclude the fragmentation
functions from the expressions for the valence quark polarized distributions dgy through
experimentally measured asymmetries. To this end, instead of the usual virtual photon
asymmetry A:N = APy (which is expressed in terms of the directly measured asymmetry
Al = (nh, - nl)/(nh, +nl;) as A}y = (PaPrfD)'A;,,), one has to measure so called
"difference asymmetry” A% ~A" (6] (see also [5,7]) which is expressed in terms of the

1Such a kind of measurements were performed by SMC and HERMES experiments and are also
planned by the COMPASS collaboration.
2 For discussion of this subject see, for example [5] and references therein.



respective counting rates as
1 (o} -nd) - (ot — )
R h )
PyPrfD (nh, —n) + (nfy — n)

where the event densities nfy . = dNJj 4 /dz, ie. nly4ndz are the numbers of events
for antiparallel (parallel) orientations of here muon and target nuclear (proton or deutron
here) spins for the hadrons of type h registered in the interval dz. Coefficients Pg and
Pr, f and D are the beam and target polarizations, dilution and depolarization factors,
respectively,(for details on these coefficients see, for example, [8,9] and references therein).
Then, the QPM expressions for the difference asymmetries look like (see, for example,
COMPASS project [10], appendix A)

AlMz, Q% 2) = 1)

A“+_*_ — 46'u.v - 6dv . A’+_"_ - 46dv - 6‘uv.
P 4uV-dv ! " 4dv—‘u.v ’
AT = duy + bdy .
d - uy +dy !
AK+-K_ = @_V_
P uy ?
AR = Ay @

i.e., on the one hand, they contain only valence quark polarized densities, and, on the
other hand, have the remarkable property to be free of any fragmentation functions.

All this is very good, but we are interested here in the sea quark polarized distributions,
and, besides, the main question arises - what will happen with all this beauty in the next
to leading order QCD?

We propose to investigate the integral quantities, namely, the first Mellin moments
M'(8q) = [, dz [6g(z)] = Aq (g = u,d, s, ...) instead of the local polarized quark densities
6q(z) themselves. This provides very essential advaniages:

_First.

Even if the local quantity has a very small? value at each point x, the integral of this
quantity over the whole range of x-variables may already have quite a considerable value,
and, one can hope that QPM turns out to be a good approximation for integral quantities
like

Ai-Ad= /o ' i [p(a) — 6d(z). (3)

An argument in favor of such a hope (for (3)) is the circumstance that all the model
predictions [1-4] have one common feature: the local quantity 6i(z) — 8d(z) does not
change sign when x varies over its entire range 0 <z < 1.

Second.
To investigate integral quantities like (3) one can use QCD sum rules. In particular, one
can apply such a well established sum rule as the Bjorken sum rule?

1 a 2
[ delat sty = 3 2400 - 28 4 o2, (@

3 Notice, however, that the latest theoretical paper [4] on this subject predicts that the difference
between the polarized densities 6@ and §d should be even more significant than the difference between
the unpolarized sea quark densities: |8 — dd| > |& — d|.

4Throughout the paper, all the quantities considered in NLOQ are given in the MS scheme.
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ga/gv = 1.2537 % 0.0028

to express the quantity A — Ad of interest via the quantity Auy — Ady which, in turn,
is expressed via the measured difference asymmetries A;+"_ and A;+‘"_.

Third (and we consider this the most important advantage of the proposed procedure)
Application of the Mellin moments, instead of the local quantities themselves, results in a
remarkable simplification of the NLO QCD consideration of the semi-inclusive polarized
DIS, that is extremely complicated in terms of the local quantities.

Thus, let us consider the NLO [11] expression for the structure function g7

@) = 3 3¢ (fa+ 2420, 0.0+ ¢, 064 (2,07, (%)
99
where
_[tay (=
(con@=[ 2c(Z) s ©)

is the definition of the convolution product. From now on we will use the well known
remarkable property of the Mellin n-th moments

1
M™(f) = / dz 2" f(z) (7)

to split the convolution product (6) into a simple product of the Mellin moments of the
respective functions:

wices= [ oz / 1 %o (5) F) = MC)M™(f). ®)

So, taking the first Mellin moment of Eq. (5) and using the expressions for the Mellin
moments of the respective NLO (MS) Wilson coefficients
MY C,) = -2, MY C,) =0

one obtains {11) in NLO QCD:

Mg = /da:gpr 22( %Cm)/oldzaq ©)

and the same for g} with the substitution u > d. Substituting the last expressions for
M1g?] and M'[g?] into the Bjorken sum rule‘(4), one can see that the o, dependent
multipliers (1 — a,(Q?)/7) cancel out precisely in the left- and right-hand sides, and, one
arrives at the simple relation between the polarized densities of sea and valence quarks

/ dz (64— 8d) = % = - / dz (Suy — ddy), (10)
or, in the notation used here,
= 1 ga 1
i—-Ad=- 2 __ — Ady). 11
At - Ad 3oy 2 (Auy v) (11)



Thus, the relation between the first Mellin moments of the polarized sea and valence
quark distributions has a very simple form and does not contain a, dependence at all (i.e.
is an exact relation at least up to O(a?) corrections).

With such a simple relation between Ad — Ad and Auy — Ady at our disposal, , the
next step is to establish the relation between the Mellin _moments Auy and Ady and the
experimentally observable difference asymmetries A"( 4 in NLO QCD. For this purpose,
one can use the following relations [5,12,13) for the difference asymmetries

. N/k N/R
A, Q= S0 (N =p,n,d), 12
N

N _ Iz«lN/ﬁ

where the semi-inclusive analogs of the structure functions g/’ and FV, functions g,N /" and
F‘lN/ ", are related to the respective polarized and unpolarized semi-inclusive differential
cross-sections as follows [12]

h
s T = B -0 o), (13)
df:i;gz = 22;:2 L+ (0 o pving, 2, oy, (14)
where
FMh = F',Nﬂ'+—_1 +1(1——-yy)2 N/ (15)

The semi-inclusive structure functions g’l’(")/ * are given in NLO by

20" = Y eZbqll + ® 23C.,®1D;
W
+ ("Z €160) ® 226Cy, ® D}
+ Ag® ac,,goa ZJD" (16)
gt = g vord, sess (17)
where '
[A®B®C|(z,2) = //d; dzz/ a B(z 2)C (:) (18)

is the double convolution product. The respective expressions for 2F P(")/A have the same
form with the substitution ¢ — ¢, 6C — C. The expressnons for the Wilson coefficients
6C‘W(qg 99) a'nd Cw(vg 99) = qu(qg 9q) + 2[(1 - y)/(l + (l - ] q9(99.,99) can be found’ for

5



example, in [12], Appendix C.
It is remarkable that due to the properties of the fragmentation functions:

D, = D' =Df =D} =D},
D, = Dy’ =D}y =Df =D, (19)

in the differences g?’/ - @™ and F¥/ L — FPI™ (and, therefore, in the asymmetries
A"J""' and A"+"’_) only the contributions containing the Wilson coefficients 6C,, and
qu survive. However, even then the system of double integral equations

(46uv - 6dv [1 + ®a,/(21r {Squ®](D| - 2) (I Qz' Z)
(4’U.V - dv)[l + ®a_,/(27r)qu®](D1 - DQ) reEh

AT @052 = AT (2,Q% 2l (20)
proposed by E. Christova and E. Leader [5], is extremely difficult to solve with respect to
the local quantities duy(z, Q?) and ddy(z, Q?). Besides, the range of integration D used
in ref. [5] has a very complicated form, namely:

z
—————— < <luwithz<2 <1
x+(1—z)z—z' with z < 2 <1, (21)
ifz+ (1 —z)z > 1, and, additionally, range
z<'<z/(z+(1~1))2

with z(1 — 2')/(z'(1 —2)) < 2’ < 1ifz + (1 - )z < 1. So, one can see that here even
application of the Mellin moments cannot simplify the situation.

Such enormous complification of the convolution integral range occurs if one in-
troduces (to take into account the target fragmentation contributions® and to exclude
the cross-section singularity problem at z, = 0) a new hadron kinematical variable
z = Ey/En(l — z) (yp c.m. frame) instead of the usual semi-inclusive variable z, =
(Ph)/(Pq) = (lab.system) E,/E.,. However, both problems compelling us to introduce
7, instead of 2,5, can be avoided (see, for example [12,13]) if one, just to neglect the target
fragmentation, applies a proper kinematical cut Z < 2, < 1, i.e. properly restricts the
kinematical region covered by the final state hadrons®. Then, one can safely use, instead
of z, the usual variable z,, which at once makes the mtegratlon range D in the double
convolution product (18) very simple:’ 'z <1’ <1, z, £z < 1. Note that in applying
the kinematical cut it is much more convenient to deal with the total numbers of events

1
N (@), = [ din nlrn (o, Q%20 (22)

within the entire interval z < z, < 1 and the respective integral difference asymmetries®
10 .

wt-n— .
A7 (2,Q% 2)

- 1 (Np - N}) - (N - NR)
z  PsPrfD(Nh - Nh)+ (Nh - NR)lz

Az, Q)|

5 Then, one should also add the target fragmentation contributions to the right-hand side of (16).

6 This is just what was done in the HERMES and COMPASS experiments, where the applied kine-
matical cut was z;, > Z =0.2.

"Namely the such range was used in the early seminal papers [14] (see also [12]).

8 Namely the integral spin symmetries A}y = [ Zl dz, g/* / J Zl dzy FN/* were measured by SMC and
HERMES experiments (see {8,9] and also [13]).



[z dznlgl" — gi"%)
[Ldz(FNP - FNR

(N =p,n,d), (23)

than with the local in z, quantities nyy ) (z, Q% z,) and A',:,""(J:, @?%; z,). So, the expres-
sions for the proton and deutron integral difference asymmetries assume the form °

(46‘uv Jdv fZ th[l + ®"‘(SC q®](D1 - Dg)

AT (2,Q%) 24
4 I (4uv - dv) fZ th[l + ®§:qu®l(Dl - DQ) ( )
B R 0 N (€A D R it D IO
437 Q)| = e s

f dz [(pr Fpr )+(Fn1r F"/" )]
(6uv + Jdv) fz dz;.[l + ® Jqu®](D1 Dg) (25)

(uv + dv fZ dz,,[l + ®§:qu®](D1 )

and the double convolution reads

[A®B&C]= / d’/ = A(2) B, ) (%), (26)

Now, application of the first Mellin moment to the difference asymmetries A7 " (z,Q%)|2
and A:f'"_ (z,@%|z, given by (24) — (26), becomes extremely useful and allows one to
obtain a system of two purely algebraic equations for Auy = fol dz Sduy and Ady =

[ dz dy:

(4Auv - Adv)(M1 - Mz) = .A;,:p, (27)
(Auv + Adv)(Ml Mz) = ezp (28)
with the solution
1 A + A7 14457 — A;™P
A —_——_—— = . = e ————e
WM M, VT M oM, (29)
Here we introduce the notation
1 : 1
A;zp = / dz A;+_’r— (4U.V - dv)/ th[l + ®&qu®](D1 - DQ),
'} b4 z 2
1 1
Aezﬂ = / dx A:+—’_ (uv + dv)/ dz;.[l + ®ﬁqu®](D1 - Dz), (30)
0 z 2 X 2T
and
M, = M =M =M} =M],
M, M =M =M =M, (31)

9 To obtain (25) one uses that the deutron cross section is the sum of the proton and neutron cross
sections, which is valid up to corrections of order O(wp), where wp = 0.05 & 0.01 is the probability to

find deutron in the D-state.



where
MII 2y — ld Dh 2 Qs ldz’ AC, ! Dh Zn 2
,,(Q)= 4 Zh q(Zh,Q)'*'é; zh7 qq(z) q('z_,rQ) (32)
with the coefficient
1
ACy(2) = /0 dz 6Coq(w 2), (33)

that is given in Appendix. Thus, using the relation (11) between Au— Ad and Auy — Ady
one gets, eventually, a simple expression for At — Ad = fol dz (6u(z, Q%) — dd(z, Q?)) in
terms of experimentally measured quantities, that is valid in NLO QCD :
erp __ exp
Au—Ad=Lga AT 3AT (34)
2 9v  10(M - M)
It is easy to see that all the quantities present in the right-hand side, with the exception
of the two difference asymmetries A;+"’_ |z and AT ™™ |7 (entering into A;*P and A7,
respectively) can be extracted from unpolarized'® semi - inclusive data and can, thus,
be considered here as a known input. So, the only quantities that have to be measured
in polarized semi-inclusive DIS are the difference asymmetries A;’+“"_| z and A;+"_| z
which, in turn, are just simple combinations of the directly measured counting rates.

In conclusion, we would like to stress that application of the Mellin moments, instead
of the local polarized densities, happens to be very fruitful not only in the case of light u-
and d-quarks, but also for investigation of polarized strangeness in the nucleon (a paper
is now in preparation). Besides, we also plan to apply this procedure to the transverse
asymmetries in the nearest future. '

At present, a proposal for measurement of A% — Ad , based on the above described
procedure, is being prepared for the experiment COMPASS in collaboration with the
group of INFN - sezione di Torino and of Dipartimento di fisica generale " A.Avogadro”
of the Torino University.

The authors are grateful to R. Bertini, M. P. Bussa, O.Yu. Denisov, A.V. Efremov,
O.N. Ivanov, V.G. Kadyshevsky, V. Kallies, N.I. Kochelev, A.M. Kotzinian, E.A. Ku-
raev, A. Maggiora, G. Piragino, G. Pontecorvo for fruitful discussions, and one of us
(O.Yu. Shevchenko) for the hospitality and friendly atmosphere he met with in Torino.
We also wish to thank F. Bradamante, A.E. Dorokhov, M.G. Sapozhnikov and LA. Savin
for interest in this work.

Appendix: Mellin moments of polarized semi-inclusive DIS Wilson
coeflicients.

The NLO (MS) coefficient 6C,, has the form (see [12], Appendix C)
6Coq = Cly —2Cr(1 - z)(1 —2) (Cr = 4/3), (35)

19With the standard and well established assumption that the fragmentation functions do not depend
on the spin. Then, the unpolarized fragmentation functions D can be taken either from independent
measurements of e*e™ - annihilation into hadrons {15} or in hadron production in unpolarized DIS [16]



where

c 132+L(z)+L2()

L]

Cr { —86(1 — z)5(1 - 2) + §(1 - z)[ Pry(2)In

+

(1—z)]+6(1—z)[ q,,(z)an + Ly(z) - Lg(z)+(1—z)]+

9 i 1 o l+z 142
(1-z)4(1-2)y (1-2)y (1-2)4

+

+2(1 + zz)} , (36)

Po(z) = %2: + 26(1 - 2),
Li(z) = (1 + 2 (%}_—'fl)+ La(z) = llt’: Inz, @37)
and the ”+" prescription is given by
[t e = [ U - o ot (38)
Simple calculation of the n-th moment M"(8C,,) gives
Ma(3Cyq) = Cr {5(1 —2) [ -8 + 13: +1n AQ; (- —oy- % - 1%‘ - 2\Il(n))

1 1 1 1
6 (6’7 +3 ( m) + 6 (f_l + m) +7t 4 127‘1’(1‘&) + 3\1’2(71)
d¥(n) 1
+ 3‘I’2(n+2) - 6_dn_) +C(2,n) +C(2,2+n) + m]

‘ﬁ[‘r +¥(n)) + (1 + 2)[y + ¥(n)]

! l+ L ) pofls 2
(1-2), 1+n n l+n

= Q n?—3n-2
+ PW(Z) M2 + LI(Z) + Lz(Z) + (1 )m ,
where ¥(z) = ['(z)/T'(z); v ~ 0.577216 is the Euler constant.
For example, the first two moments are

3 1 Q?
§m+6(1-2)( 7+?+ l M2)+

M, (0Cs) = ACy = Cr [1 +22—

+ P L L)+ Lz(z)] . (39)

Mg
17 1
6 (1- Z)+

2 2
81n Q 7+ 91‘—3;) + Pp(2)In 5 M2 + Li(z) + Ly(2) + ;(l - z)] . (40)

M2 (6qu) CF [ +2z - + %6(1 - Z)( -41+ 27!'2—'

9
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Cucaxau A.H., lllepuenxo O.10., Camoitto B.H. E2-2000-268
TNonyuHK03HBHOE TNTyGOKOHEYNPYToe paccesHHe

B TEPMHMHaX MOMEHTOB MenuHa

1. MonapusoBaHHble pacnpeNe/leHns NerKuX MOPCKHX KBapKOB

B cBA3M C NOAYMHKIIIO3UBHBIMM NPOLECCaMi [IyOOKOHEYNPYTOTO pacCesiHuA
NpeNnaraeTcs pacCMaTpHBaTh MEpBbie MOMEHTBI MennHa Ag OT MOMAPH30BAHHBIX
pacnpeneneHdi KBapKOB (AaHTHKBAPKOB) BMECTO COOTBETCTBYIOLUHX ITEPEMEHHBIX
8q (x), noKanbHBIX MO 6bEPKEHOBCKOMY X . DTO €T OYEHb CYHIECTBEHHOE Ynpollie-
Hue paccmoTpenus B o, KXJ[-mopsake H, KpoMe TOro, MO3BOJIET HCIIO/Ib30BaTh
cooTsercTBytolune npasuna cymm KXJ1. ITonyyeHo BelpaxeHHe Wi A —Ad B o
KXI-nopsaake, asisiouieecs NpocTod KOMOHHALKER HENOCPEACTBEHHO HU3Mepse-
MBIX aCHMMETPHH H BENHYMH, MOY4aEMbIX H3 JAHHBIX B HEMOJIIPH30BAHHOM Cltyyae.

Pabora BeinonHeHa B Jlabopatopuu teopernyeckodt ¢usukn um. H.H.Boro-

mobosa, Jlaboparopuu saepHbix npobaem uM. B.I1.[xenenosa u 8 HayuHom ueH-
Tpe npHKIagHbIX ucenenosannii OMSIH.

Mpenpuut O6LEAHHEHHOrO KHCTHTYTa ARepHBbIX HccnenoBanuid. lybna, 2000

Sissakian A.N.. Shevchenko O.Yu., Samoilov V.N. E2-2000-268
Semi-Inclusive Polarized DIS in Terms of Mellin Moments
1. Light Sea Quark Polarized Distributions

In connection with the semi-inclusive polarized DIS, it is proposed to consid-
er the first Mellin moments Aq of the polarized quark and antiquark densities, in-
stead of the respective variables 8q(x), local in Bjorken x themselves. This gives
rise to a very essential simplification of the next-to-leading order (NLO) QC
and, besides, allows one to use the respective QCD sum rules. An expression for
Al —-Ad in NLO is obtained which is just a simple combination of the directly

measured asymmetries and of the quantities taken from the unpolarized data.
The investigation has been performed at the Bogoliubov Laboratory of Theo-

retical Physics, at the Dzhelepov Laboratory of Nuclear Problems and at the Sci-
entific Center of Application Research, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2000
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