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STRUCTURE FUNCTIONS AND TWO-SPIN ASYMMETRIES
IN SEMI-INCLUSIVE REACTIONS v, (¥,)N = v, (¥,)h*X
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The structure functions and longitudinal spin asymmetries in semi-inclusive reactions v, (v, )N — vH(VH)hiX are

investigated within the framework of the Standard Model. Expressions for the non-polarization and polarization structure
functions of hadrons are obtained. Within the framework of the quark-parton model, all structure functions are determined

and spin asymmetries are studied in detail.
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1. INTRODUCTION
The Standard Model (SM), based on a local
gauge  theory  with a  symmetry  group

SU.(3)xSU (2)xU, (1), describes well the

physics of elementary particles [1, 2]. There is not a
single experiment in particle physics, the results of
which do not agree with the predictions of the Stand-
ard Model. One of the most accurate checks of the SM
was performed at the LEP and SLC electron-positron
colliders. Along with electron-positron annihilation,
the processes of deep inelastic scattering of leptons by
nucleons play an important role in the verification of
the standard model and are currently being intensively
studied theoretically and experimentally [3-11]. Ex-
periments COMPASS, HERMES, EMC, EIC, ZEUS,
carried out with polarized leptons and targets, open up
new possibilities for studying the internal structure of
nucleons. In [10, 11], within the framework of the
quark-parton model, polarization asymmetries in the
processes of deep inelastic scattering of leptons by
nucleons were studied. However, in these works, the
non-polarization and polarization structure functions
of hadrons were not considered. In the present work,

we study the production of a charged n-or K*-
hadron in deep-inelastic scattering of neutrinos (anti-
neutrinos) by polarized nucleons:

v, +N(hy)—>v, +h*+X, 1)
2

where hN — is the longitudinal polarization of the

v, +N(h) >V, +h*+X,

target nucleon, the h* =", K*, X — system of

undetected hadrons. The non-polarization and polari-
zation structure functions of hadrons are introduced
and analytical expressions are obtained for the differ-
ential cross sections of processes (1)-(2) and spin
asymmetries.

2. KINEMATIC VARIABLES OF REACTION
eVl v \ht

v,(V,ON - v, (v )h*X
The process of deep inelastic scattering of neu-
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trinos (antineutrinos) by nucleons with the formation
of a hadron h is described by the Feynman diagram
shown in Fig. 1. The shaded area shows that the target
nucleon has an internal structure, which is taken into
account by introducing the structure functions.

v,(K) (k')

Z2(q) _h(P,)

el X(P)

Fig. 1.Feynman diagram of a semi-inclusive reaction
v,N — v, hX

The semi-inclusive process
v,+N —v, +h+ X is described by the follow-

ing invariant variables:
1) square of momentum transfer to hadrons

QZ :_q2 —(I(—k')2 z4EE'Sin2%, (3)

where O — is the scattering angle of neutrinos, E and

E'— the energies of the initial and scattered neutri-
nos;
2) conventional kinematic variables of deep ine-

lastic scattering
Q’ _(-P).

X=——- ' - ’
2(P-q) (k-P)
3) scaling variable that determines the fraction of
the energy carried away by the hadron h:
P-P
2= (P-R) : ()
(P-q)
4) the square of the total energy of the neutrino
and target nucleon in the center of mass system:

y (4)
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Q2 the neutrino and hadron tensors.
=(k+P)?= , (6) The neutrino tensor contains symmetric and anti-
symmetric parts:
where M — is the nucleon mass.

In the lowest order of perturbation theory, the L. =8kk’+k'k —(k-k')g, . — k'].
differential effective cross section for deep inelastic w ey o 1ok
neutrino scattering (it is always left-handed) by polar- ©)

ized nucleons can be written in the form
d’c(hy) 2nya’

3. STRUCTURE FUNCTIONS OF A NUCLEON

= L.H . 7
dxdydz Q! Mz b P " The hadronic tensor H = contains three non-
Here ) , polarization (F,, F, and F;) and five polarization
GFM§ Q2 (® i
= , y 9,, 05, 0, and Q) structure functions, de-
Nz [2\/5%(1 Q7+ M2 10 J27 Y31 Y4 5

) ) ) pending on invariant variables X, zZ and QZ.
G — Fermi constant of weak interactions, M, -

the mass of a charged Z -boson, L, and H  are

q qV
Huv:(_ pv az ]Fl(X’Z!Q2)+

55 0P
[TRY F AN o' B
+(P'q) Z(X’ZlQ ) p.VOLB 2(P )

e, (Ff‘f*q{ 10,(4.2.0 ){s “ar ]gz(x,z,Qz)}

1 |1 (S-q) 2
+ﬁ[ ( +S P) P )PHP}g3(x,z,Q)+

(59| RR [ L 44 j
g( 1Z1Q )+ - g(XZQ) (10)
OIS q* )7
Here SH — is the 4-vector of nucleon polarization, a |5 and §u are defined as:

P =P - (P q) §os 59,

u' i i qz pe

3(X,Z,Q )+

If the target nucleon is not polarized, then the differential cross section for deep inelastic neutrino (anti-
neutrino) scattering by a nucleon contains non-polarization structure functions Fl, F2 and F;:

d? 4mo M?
dxd;:jz = x;CQZ n{xyzFl +(1— y— xzyzgjﬁ + xy(l—%jﬁ} : (11)

the «+» sign corresponds to neutrino scattering, and the «—» sign corresponds to antineutrino.
In the deeply inelastic region Q2 >> M2, the differential cross section (11) usually takes the form

d? 210
dXd;dZ = X;gz [+~ Y)z]'ZXFl"‘[l—(l— y)?]-xF, £ (1- y)-2F}, (12

where the longitudinal structure function is:

F.=F, -2xF. (13)
If the nucleon is polarized, then the difference between the differential cross sections of reaction (1) for
two values of the nucleon helicity is:

d®Ac  8ma? M 2 , M? , M?
dxdydz: ny"' up 2—y—2x y Q— xygl+4x QZ g, +2x y?x
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2 2 2
x[l— y—x2y? '\(_\/)Iz]% +[1+ 2x2y'\(gz]ﬁl— y—x’y? '\(1/)|ng4 + xyzgs}} (14)

At Q2 >> M2, the contribution to the cross section of the polarization structure functions ¢, and g,
vanishes:
8o’

d°Ac - o )
vz~ Q7 ML Y1 X0 4 - ()T xg, + (- )93

(15)

I
(16)

where The Feynman diagram of neutrino-quark scatter-

ing is shown in Fig. 2.

v, (k)

9. = 04— 2Xgs.

Let us find the structure functions of hadrons in
the quark-parton model. According to this model:

1) the nucleon consists of valence quarks and a
quark-antiquark sea. In the region of deep-inelastic
scattering, there is no interaction between partons,
they behave like free particles;

2) in the Breit system, the momenta of partons
are directed in the direction of the momentum of the
nucleon and each parton carries a certain fraction of
the momentum of the nucleon;

3) a neutral intermediate Z -boson interacts
with a parton that has a fraction of the momentum of a
nucleon X and transfers momentum q to it, and all

other partons simply observe the process.

Parton subprocesses of deep inelastic reactions
(1) and (2) are neutrino (antineutrino) quark and anti-
quark scattering:

v.(K)

Z%(q)

q(p) q(p')

Fig. 2. Feynman diagram reaction v, q —v,q.

Calculation of this diagram leads to the follow-
v.(V)+q v, ()40 v,(T)+T v, (5,)+T- | ing structure functions:

F = Zq:[gﬁ(Q) +gr (@I (X)Dg (2)+ 3" (x)Dg (2)],
F, = ZXZq:[gf(Q) + 9= (@ILf," ()Dg (2)+ f3' (x)Dg (2)],
Fy = Zq:[gf(Q) =9I fy’ (\)Dy (2) - fy (X)Dg (2)],
9, = Zq:[gf(Q) + gz (@I[AT, (X)Dg (2) + Afy (x)Dg (2)],
17

9, =2x) [9(a) - 9 (MI[-Afy" (X)Dg (2) + Afy (x)Dg (2)],

95 = 2 [90(a) - 9 (I[-Af," (x)Dg (2) + Afy" () Dy (2)],

quark q (antiquark Q) inanucleon N, D(:‘(Z)

where g, (a) :i%—Qq sin?9,, and

( Dg (2)) - is a function of fragmentation of a quark

- _ in2 _ i - _
gr(q) =-Q,sin“6,, — are the left and right cou q (ntiquark @) into a hadron  h,

pling constants of a quark with a Z -boson (the «t»

sign corresponds to an up and down quark, respective-
ly), f'(X) (f4' (X))~ the distribution function of a

AN (X) = £ () - f(X),

(AP 00 = 170 =T, (), 7 () (7 (0)
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and f. (X) (f; (X)) — determines the distribution of

aquark g (antiquark @) with positive and negative

helicity in a nucleon with positive helicity.
In the quark-parton model, there are connec-
tions between the structure functions:

F.=F,-2xF =0, 9¢,=0,—-2xg,=0.

Thus, as in the case of non-polarization structure
functions F1 and F;, there are only two polarization

structure functions @, and g, . Of these, F and @,

they preserve P-parity, a F, and g — violate.

In the quark-parton model, the structure func-
tions are only functions of the invariants X and Z,
and they do not depend on the square of the momen-
tum transfer Q2 . This property is due to the fact that
in the Breit system the transverse momenta of partons
are very small. In quantum chromodynamics, the
emission of hard gluons by quarks leads to a logarith-
mic violation of scaling. As the Q2 increases, the
number of emitted gluons increases, which leads to an
increase in ({0 -quark pairs and the gluon distribution
density.

4. SPIN ASYMMETRIES

- _ Au,(x)+4d,(x) D (297 (u) - (1~ y)* gz (W)]+DF ()[gf(d) - (1~ y)* gz (d)]

In deep inelastic scattering of neutrinos (antineu-
trinos) by a polarized nucleon target, the main observ-
ables are the two-spin asymmetries

h* h*
+_O%1~0py

AV =

h* ht (18)
Oy +0qy

(01 o) ~(o%, ~ o)
(o3 —o31) +(oh, —of,)
(19)

AT =

where cl. and o} are the differential cross sec-

tions for the production of a semi-inclusive hadron h
in the parallel (antiparallel) direction of the spins of
the neutrino or antineutrino and the target nucleon.

The two-spin asymmetries A,Z and A,*\] de-
pend both on the distribution functions of quarks in a
nucleon and on the functions of fragmentation of
quarks into a hadron h.

For example, if we neglect the contribution of
sea quarks, then for the asymmetry in the scattering of

neutrinos on an isoscalar target, we can obtain the
formula:

A

u,()+d, () D (2)[g?(u)+1-y)’ga(u)]+ Dy (2)[gi(d)+@-y)*ga(d)]

20)

Here u, (x) and d_(X) - are the distribution functions of valence U - and d -quarks in a proton. Under the

condition Y — 1, spin asymmetry (20) depends only on the distribution functions of valence U - and d -quarks

in the proton:

_Au,(x)+Ad, (X)
u,(x)+d,(x)

Another two-spin asymmetry A,f\‘f‘h* does not depend on the functions of quark fragmentation into a

A (y -

(21)

hadron h ; they are the distribution functions of quarks in a nucleon (the contribution of sea quarks is not taken
into account):

ar AU IL9Z W) — (- )* g ()] - Ad, (X)[gE(d) — (- ¥)*gr(d)]

= , 22
p 0, (OL9? (W) + (- y)? g2 (W] + d, (0107 (d) + @ )?g2(d)] 2
e AUMIEHW - @ e )] -

" 0, (OL92(W) + (- y)? g2 ()]

Under the condition Y — 1, the asymmetry A:,O’Ki depends only on the distribution functions of the va-

lence U -quark in the proton
Au, (¥)

u,(x)

We have obtained expressions for the two-spin asymmetries Agt“i

AL = (24)

AK*—K’

b in processes

VptPp—o>v, + " + X and VpytPp—>v, + K* + X taking into account the contribution of sea quarks
(integrated over the variable Y ):

AF (v, ) ={Au, ()[BYZ (U) - g& (W] - Ad, ()3g? (d) — g& ()] + 4Au, ()[g{ (U) — 9z (U)] -

17
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—4Ad,()[97 (d) — g (@)1} {u, ()39 (U) + g (W)]-d, (¥)[3g(d) + gr (d)]+

+2u,(0)[9¢ (U) = 9 (U)] - 2d, (x)[g{ (d) — g (d)I}

(25)

AST ={Au, (0[397 (u) — g5 (U)]+4Au, (X)[g7 () — g7 ()] - 4As(X)[7 () — ga (U]}

x{u, ()[BYE (U) + g2 (W] +2u, ()G (u) — g& ()] = 25()[g{ (d) - g ()1},

here u,(X), d (X) and S (X) - distribution func-
tion of valence U -, d - and sea S -quarks in a proton.

Formulas for asymmetries Agtnf and A:)C’Kf
in the processes of deep inelastic scattering of antineu-
eVl b +
vp+tp—=>v, +nt + X

trinos and

V,+p—>V, +K*+ X are obtained from (25)

and (26) by simple changes J, <> Qj.

5. ANALYSIS OF THE OBTAINED RESULTS

We pass to the estimation of the spin asymme-

tries Al and A" . For this purpose, we used the

distribution functions of quarks in a proton given in
[4, 12, 13]

In fig. 3 shows the dependence of the asymmetry
AT (y —1) (formula (21)) on the variable X. As
follows from the figure, this asymmetry is positive
and monotonically increases with increasing variable
X. With X =0.1 the asymmetry is 10%, and with
X =0.9 the value it reaches 90%.

1.0

08 |

06

Asymmetries

04 |

02

0.0

0 0.2 04 0.6 0.8 1

x

Fig. 3. Dependence of asymmetry Aé” on variable X.
Fig. 4 illustrates the dependence of the two-
K*—K~
Ap

vV, +Pp—v, +K*+X onthe variable X at vari-

spin  asymmetry in  processes

ous fixed values y: Yy =0.1 (curve 1), y=0/4

(curve 2), and Yy =0,4 (curve 3). As you can see,

with an increase in the variable X , the asymmetry first
sharply decreases and, reaching a minimum near it

X~ 0,2, begins to grow. The graphs plotted at the
Weinberg parameter sin?@,, =0.232 value. The

(26)

| figure also shows that an increase in the variable y

18

leads to an increase in the two-spin asymmetry
A

In fig. 5 shows the dependence of asymmetry
A% i processes V,+p—> v, +KT+X
and v, +p—>V, +K*+X onavariable X. In
the process V,+tp—> Vv, t K*+ X, the asym-

metry is positive and increases with the growth of the
variable X. In the process

V,tpov, + K* 4+ X , the asymmetr is negative
and an increase X leads to a decrease in asymmetry.

CONCLUSION
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Fig. 4. Dependence of asymmetry AX" %" (v, p) at X.
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Fig. 5. Dependence of asymmetry AF*f“K’ on variable x in

reactions v, p—>v,K*X  (curve 1) and

v, p—>V KX (curve 2).



STRUCTURE FUNCTIONS AND TWO-SPIN ASYMMETRIESIN SEMI-INCLUSIVE REACTIONS...

By introducing non-polarization and polayriza-

tion structure functions, differential cross sections of

deep inelastic processes v, +N —>v + h* + X

and v, +N —V +h*+X obtained. Two-spin

asymmetries Al , A and A,Q " are determined.
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