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The structure functions and longitudinal spin asymmetries in semi-inclusive reactions XhN ±

µµµµ νν→νν )()(  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

)1()2()3( YLC USUSU ×× , 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 ±π - or ±K - 
hadron in deep-inelastic scattering of neutrinos (anti-
neutrinos) by polarized nucleons: 

 

   ,)( XhhN N ++ν→+ν ±
µµ        (1) 

 ,)( XhhN N ++ν→+ν ±
µµ            (2) 

where Nh  – is the longitudinal polarization of the 

target nucleon, the ,, ±±± π= Kh  −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 

XhN ±
µµµµ νν→νν )()(  

The process of deep inelastic scattering of neu-

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. 

 
 

 
 

Fig. 1.Feynman diagram of a semi-inclusive reaction    
          hXN µµ ν→ν  

 

The semi-inclusive process 
XhN ++ν→+ν µµ  is described by the follow-

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

      
2

sin'4)'( 2222 θ
≈−−=−= EEkkqQ ,     (3)        

where −θ  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 

                  
)(2

2

qP
Qx
⋅

= , 
)(
)(

Pk
Pqy
⋅
⋅= ;                (4) 

 

3) scaling variable that determines the fraction of 
the energy carried away by the hadron h : 

 
)(
)(

qP
PPz h

⋅
⋅

= ;                                  (5) 

4) the square of the total energy of the neutrino 
and target nucleon in the center of mass system: 
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                 2
2

2)( M
xy
QPkS +=+= , (6) 

where −M  is the nucleon mass. 
In the lowest order of perturbation theory, the 

differential effective cross section for deep inelastic 
neutrino scattering (it is always left-handed) by polar-
ized nucleons can be written in the form 

 

                 µνµνη
απ

=
σ HL

Q
y

dxdydz
hd

Z
N

4

23 2)( . (7) 

Here  

              
2

22

222
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πα

=η
Z

ZF
Z MQ

QMG , (8) 

−FG  Fermi constant of weak interactions, ZM  – is 
the mass of a charged Z -boson, µνL  and µνH  are 

the neutrino and hadron tensors. 
The neutrino tensor contains symmetric and anti-

symmetric parts: 
 

])([8 σρµνρσµννµνµµν ′ε−′⋅−′+′= kkigkkkkkkL . 
(9) 

 
3. STRUCTURE FUNCTIONS OF A NUCLEON 

 
The hadronic tensor µνH  contains three non-

polarization ( 21, FF  and 3F ) and five polarization    

( 4321 ,,, gggg  and 5g ) structure functions, de-

pending on invariant variables zx,  and 2Q . 
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Here −µS  is the 4-vector of nucleon polarization, a µP~  and µS~  are defined as: 

 µµµ
⋅

−= q
q

qPPP 2
)(~

,   µµµ
⋅

−= q
q

qSSS 2
)(~

.  

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 21, FF  and 3F : 
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23

2
114 FyxyF

Q
MyxyFxy

xyQdxdydz
d

Z , (11) 

the «+» sign corresponds to neutrino scattering, and the «–» sign corresponds to antineutrino. 
In the deeply inelastic region 22 MQ >> , the differential cross section (11) usually takes the form 

 }2)1(])1(1[2])1(1{[2
3

2
1

2
2

23

LZ FyxFyxFy
xyQdxdydz

d
⋅−±⋅−−+⋅−+η

πα
=

σ
, (12) 

where the longitudinal structure function is: 
 12 2xFFFL −= . (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: 
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At 22 MQ >> , the contribution to the cross section of the polarization structure functions 2g  and 3g  
vanishes: 

 })1(])1(1[])1(1{[8
1

2
5

2
2

23

LZ gyxgyxgy
xyQdxdydz

d
−+⋅−−+⋅−+η

πα
=

σ∆
,              (15) 

 
where  

 54 2xgggL −= .                      (16) 
 

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: 
 

qqqq +νν→+νν+νν→+νν µµµµµµµµ )()(,)()( . 
  

The Feynman diagram of neutrino-quark scatter-
ing is shown in Fig. 2. 

 

 
 

Fig. 2. Feynman diagram reaction qq µµ ν→ν . 
 

Calculation of this diagram leads to the follow-
ing structure functions: 

 

,)]()()()([)]()([2

,)]()()()([)]()([

22
2

22
1

∑

∑

++=

++=

q

h
q

N
q

h
q

N
qRL

q

h
q

N
q

h
q

N
qRL

zDxfzDxfqgqgxF

zDxfzDxfqgqgF

 

 

 

,)]()()()([)]()([

,)]()()()([)]()([2

,)]()()()([)]()([

,)]()()()([)]()([

22
5

22
4

22
1

22
3

∑

∑

∑

∑

∆+∆−−=

∆+∆−−=

∆+∆+=

−−=

q

h
q

N
q

h
q

N
qRL

q

h
q

N
q

h
q

N
qRL

q

h
q

N
q

h
q

N
qRL

q

h
q

N
q

h
q

N
qRL

zDxfzDxfqgqgg

zDxfzDxfqgqgxg

zDxfzDxfqgqgg

zDxfzDxfqgqgF

 (17) 

 

where WqL Qqg θ−±= 2sin
2
1)(  and 

WqR Qqg θ−= 2sin)(  – are the left and right cou-

pling constants of a quark with a Z -boson (the «±» 
sign corresponds to an up and down quark, respective-
ly), )(xf N

q  ( −))(' xf N
q  the distribution function of a 

quark q  (antiquark q ) in a nucleon N , )(zDh
q   

( )(zDh
q ) – is a function of fragmentation of a quark 

q  (antiquark q ) into a hadron h , 

)()()( xfxfxf qq
N

q
−+ −=∆ ,  

( )(xf N
q∆ )()( xfxf qq

−+ −= ), ))(()( xfxf qq
++  
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and ))(()( xfxf qq
−−  – determines the distribution of 

a quark q  (antiquark q ) with positive and negative 
helicity in a nucleon with positive helicity.  

In the quark-parton model, there are connec-
tions between the structure functions: 

 

02,02 5412 =−==−= xgggxFFF LL . 
 

Thus, as in the case of non-polarization structure 
functions 1F  and 3F , there are only two polarization 

structure functions 1g  and 5g . Of these, 1F  and 1g  

they preserve P-parity, a 3F  and 5g  – 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 2Q . 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 2Q  increases, the 
number of emitted gluons increases, which leads to an 
increase in qq -quark pairs and the gluon distribution 
density. 

 
4. SPIN ASYMMETRIES 
 

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

±±

±±

↑↓↑↑

↑↓↑↑±

σ+σ
σ−σ

=
hh

hh
h
NA ,                           (18) 
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σ−σ+σ−σ
σ−σ−σ−σ

=
hhhh

hhhh
hh

NA ,       

(19) 
 

where h
↑↑σ  and h

↑↓σ  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 
+h

NA  and 
−h

NA  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: 

 
 

)()(
)()(
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xdxuAd
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υυπ

+
∆+∆

=
+

)]()1()()[()]()1()()[(
)]()1()()[()]()1()()[(
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++
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.    (20) 

Here )(xuυ  and )(xdυ  – are the distribution functions of valence u - and d -quarks in a proton. Under the 

condition 1→y , spin asymmetry (20) depends only on the distribution functions of valence u - and d -quarks 
in the proton: 

 
)()(

)()()1(
xdxu

xdxuyAd
υυ

υυπ

+
∆+∆

=→
+

.                                                         (21) 

Another two-spin asymmetry 
−+ −hh

NA  does not depend on the functions of quark fragmentation into a 

hadron h ; they are the distribution functions of quarks in a nucleon (the contribution of sea quarks is not taken 
into account): 
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υ
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Under the condition 1→y , the asymmetry 
−+ −KK

pA  depends only on the distribution functions of the va-
lence u -quark in the proton 

                                            
)(
)(

xu
xuA KK

p
υ

υ− ∆
−=

−+
.                                                             (24) 

We have obtained expressions for the two-spin asymmetries 
−+ π−π

pA  и 
−+ −KK

pA  in processes 
±

µµ π+ν→+ν p X+  and ±
µµ +ν→+ν Kp X+  taking into account the contribution of sea quarks 

(integrated over the variable y ): 

+−∆−−∆=ν υυµ
π−π −+ )]()(3)[()]()(3)[({)( 2222 dgdgxdugugxupA RLRLp −−∆ )]()()[(4 22 ugugxu RLs  
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 )]}()()[(4 22 dgdgxd RLs −∆−  ++−+ υυ )]()(3)[()]()(3)[({ 2222 dgdgxdugugxu RLRL  

)]()()[(2 22 ugugxu RLs −+ 122 )]}()()[(2 −−− dgdgxd RLs ;                          (25) 

×−∆−−∆+−∆= υ
− −+

)]}()()[(4)]()()[(4)]()(3)[({ 222222 ugugxsugugxuugugxuA RLRLsRL
KK

p  

 −−++× υ )]()()[(2)]()(3)[({ 2222 ugugxuugugxu RLsRL
122 )]}()()[(2 −− dgdgxs RL , (26) 

 
here )(xuυ , )(xdυ  and )(xss  – distribution func-

tion of valence u -, d - and sea s -quarks in a proton. 

Formulas for asymmetries 
−+ π−π

pA  and 
−+ −KK

pA  
in the processes of deep inelastic scattering of antineu-
trinos ±

µµ π+ν→+ν p X+  and 
±

µµ +ν→+ν Kp X+  are obtained from (25) 

and (26) by simple changes RL gg ↔ .  
 
5. ANALYSIS OF THE OBTAINED RESULTS 

 
We pass to the estimation of the spin asymme-

tries 
±h

NA  and 
−+ −hh

NA . 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 

)1( →
+π yAd  (formula (21)) on the variable x . As 

follows from the figure, this asymmetry is positive 
and monotonically increases with increasing variable 
x . With 1.0=x  the asymmetry is 10%, and with 

9.0=x  the value it reaches 90%. 
 

 
Fig. 3. Dependence of asymmetry +π

dA  on variable x . 
 

Fig. 4 illustrates the dependence of the two- 

spin asymmetry 
−+ −KK

pA  in processes 

XKp ++ν→+ν ±
µµ  on the variable x  at vari-

ous fixed values y : 1.0=y  (curve 1), 4,0=y  
(curve 2), and 4,0=y  (curve 3). As you can see, 
with an increase in the variable x , the asymmetry first 
sharply decreases and, reaching a minimum near it

2,0≈x , begins to grow. The graphs plotted at the 

Weinberg parameter 232.0sin 2 =θW  value. The 

figure also shows that an increase in the variable y  
leads to an increase in the two-spin asymmetry 

−+ −KK
pA . 

In fig. 5 shows the dependence of asymmetry 
−+−KK

pA  in processes →+νµ p  XK ++ν ±
µ  

and XKp ++ν→+ν ±
µµ  on a variable x . In 

the process →+νµ p  XK ++ν ±
µ , the asym-

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

XKp ++ν→+ν ±
µµ , the asymmetr is negative 

and an increase x  leads to a decrease in asymmetry. 
 
CONCLUSION 
 

 

 
 

Fig. 4. Dependence of asymmetry )( pA KK
p µ

− ν
−+  at x . 

 

 
Fig. 5. Dependence of asymmetry −+ −KK

pA  on variable x in 

reactions XKp ±
µµ ν→ν  (curve 1) and 

XKp ±
µµ ν→ν  (curve 2).  
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By introducing non-polarization and polayriza-

tion structure functions, differential cross sections of 
deep inelastic processes XhN ++ν→+ν ±

µµ  

and XhN ++ν→+ν ±
µµ  obtained. Two-spin 

asymmetries
+h

NA , 
−h

NA  and 
−+ −hh

NA  are determined. 

In the quark-parton model, structure functions found, 
and the dependence of two-spin asymmetries on the 
invariant variable x  is investigated. The results illus-
trated with graphs. 

 
 
 

_____________________________________ 
 
[1] J. Beringer et al. (Particle Data Group Collabo-

ration). 2012, Phys. Rev., D 86, 010001. 
[2] S.K. Abdullaev. Standard model, properties of 

leptons and quarks (in Azerb.). Baku, Zeka Print, 
2017, 276 p. 

[3] P.J. Mulders. Polarized structure functions. Pro-
gress in Particle and Nuclear Physics, 2005, 
№55, p.243-269. 

[4] D. De Florian, G.A. Navarro, R. Sassot. Sea 
quarks and gluon polarization in the nucleon at 
NLO accuracy. Phys. Rev., 2005, v. D 71, 
094018, p. 1-12 

[5] Y. Koike, J. Nagashima. Double spin asymme-
tries for large-pT hadron production in semi-
inclusive DIS. arxiv: hep-ph/0302061, 2003, v.2, 
p.1-25. 

[6] I.A. Savin. COMPASS results on the nucleon 
spin structure. Nuclear Physics B (Proceedings 
Supplements), 2011, 219-220, 94-101pp. 

[7] K. Nikolayev. The polarized valence quark distri-
bution from COMPASS. Spin-Praha-2007. 

[8] HERMES Collaboration. Quark helicity distribu-
tions in the nucleon for up, down, and strange 

quarks from semi-inclusive deep-inelastic scat-
tering.  Phys. Rev., 2005, D71, p. 012003.  

[9] COMPASS Collaboration (Alexakhin, V.Yu. et 
al.) The Deuteron Spin-dependent Structure 
Function g1(d) and its First Moment Phys. Lett., 
2007, B 647, p. 8-17. 

[10] S.K. Abdullayev. Double-spin asymmetries in 
semi-inclusive DIS // Azerbaijan Journal of 
Physics, Fizika, Baku, 2013, V. XIX, №3, p.19-
24. 

[11] S.K. Abdullayev, A.I. Mukhtarov, M.Sh. Gojayev. 
Double-spin asymmetries in semi-inclusive DIS 
Azerbaijan Journal of Physics, Fizika, Baku, 
2009, V. XV, №1, p.61-67. 

[12] D. De Florian, G.A. Navarro, R. Sassot. Sea 
quarks and gluon polarization in the nucleon at 
NLO accuracy Phys. Rev., 2005, D71, p.094018-
1-12. 

[13] D. De Florian, R. Sassot, M. Stratmann. Global 
analysis of fragmentation functions for pions and 
kaons and their uncertainties Phys. Rev. 2007, v. 
D 75, p. 114010. 

 
 

 
Received:19.10.2020 

 


	Baku State University, Azerbaijan,
	AZ 1148, Baku, acad. Z. Khalilov, 23, m_qocayev@mail.ru

