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I . INTRODUCTION 

Usually the hadron-hadron reactions at large transverse 
momentum can be explained assuming that the large PT jets 
arise from hard scattering between constituent particles 
(partons) in the incoming hadrons/1~ 

The first application of asymptotically free gauge theo- _ 
ry /2/in this direction has been found in ref/ 31. The observation 
of scale breaking effects in ep , ILP and 11P -scattering being 
in agreement with the QCD predictions suggests us to paramet
rize the constituent distributions in a manner consistent 
with QCD and to include it in large pT production calculations. 
Such attempts are made in refs. 14-6/, 

In the recent note/71 concerning scale breaking phenomena 
in the large transverse momentum hadron production, the ano
malous dimension quark counting rules have been proposed. It 
turned out that scaling violation rate of the corresponding 
invariant cross-sections is related to the number of valence 
quarks participating in the hard scattering. 

Note, that these results were derived in the leading order 
of QCD restricting to the quark scattering subprocess and the 
so-called nonsignlet part of quark distributions, which do
minate in hadron scattering at large xT. 

On the other hand, it is commonly known from QCD the rela
tive importance of the flavour singlet sector of quark and 
gluon densities, especially at low x. IJ.ecause the Q2-depen
dence is different for different parton distributions, the 
singlet contribution can play an important role in derivation 
of the counting rules for inclusive reactions. 

The purpose of this work is to extend the method, proposed 
in ref,/7/ to cover the singlet part of the structure func
tions and all allowed parton subprocesses as well. 

In the next section we reconsider the Q 2 -evolution of the 
DIS structure functions in the parametrization needed for our 
purposes. Then, we repeat shortly the results: for the cross 
sections asymptotics in nonsinglet case 171. Contributions of 
the singlet parton densities are presented in Sec.4. _ 

Section 5 deals with the higher order perturbative correc
tions to the one-particle (jet) invariant cross sections. Fi
nally, ~Jn the last section we discuss the problem of the asymp
totic p-4 ~aw in hadron collisions in terms of the obtained 
quark cJunt!ng rules. 
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2. Q2-DEVELOPMENT OF DEEP INELASTIC STRUCTURE FUNCTIONS 

The structure functions of deep inelastic lepton scatter
ing in parton model satisfy approximate Bjorken scaling, QCD 
then predicts the deviation from exact scaling, which mani
fests itself in the Q2-dependence of different parton distri
butions. This behaviour can be easily understood in terms of 
the so-catled evolution equations for the quark and gluon 
densities /8/, 

a<;(x,Q2) as<rJ1.ft ..2.-{P (~-)q. (y,{/)+ Pqa(~)G(y,Q2)] 
' = ----· qq y I y . alnQ2 211 X Y 

aG(x,Q2) 

amQ 2 

2.. 2f 
as (Q 1 1 d X 2 2 =-·f ..!!X..[P (-)£q.(y,Q )+P0 (A..)G(y,Q )]. 

2 71 X Y qq Y j-1 J 0 Y 

(2. I) 

These eqs. account the effects of scaling violation in 
parton structure functions arising in perturbation expansion 
of renormalizable gauge theory. 

Here the sum runs over the quark flavors, and ~j (z), i,j .. q,G 
are probabilities of the corresponding q ~ Gq transitions. 
Eqs. (2.1) are valid strictly for the massless quarks. 2 

Let us consider an arbitrary structure function F(x,Q ) = 
£ xq(x,Q2). It can be split into a singlet and nonsinglet 

pieces. By making separation between valence and "sea" quark 
densities (for SU(f) symmetric sea) 

q (x) .. qv(x) + qs (x), Qv= u,d (2.2) 

q
8
(x)-u,ii, d, 'd', s, s , ... , 

eqs. (2.1) reduce to the three integrodifferential equations 
for the q(x) , q (x) and G(x), respectively. The first one is 
determined by the operators, nonsinglets in flavor symmetry 
group and is decoupled from two others. The latter eqs. are 
satisfied by the q

8 
and G densities, which do not carry fla

vor quantum numbers and are determined by mixing between fla
vor singlet and nonsinglet parts of the corresponding opera
tors. 

It is important to note, that solutions of eqs. (2.1) re
quir,e the knowledge of the definite boundary co~ditions. If 
we k~ow the functions q(:"':) and G(x) for some Q .Q~ 
(a. (Q 0)/277« 1) then the latter eqs. enable us to obtain the 
dfstributions q(x,Q2) and G(x,Q2) for arbitrary values of 
Q2> Q~ • 

-
1' 

Following the prescription of ref./7/ we choose the form 
of x -dependence of the structure functions at large x and 
fixed Q2 ,.Q~ as dictated by the dimensional quark counting 
(spectator rule)*/9/ 

2 2 2n-3 
xF(x,Q ,.Q0 )- (1-x) , x .. 1, (2.3 

where n is minimal number of hard constituents in hadron: 

Mesons Baryons 

--0== n • nv : 2 ~ n • nv '"' ~ 

~ 

n • nG : 3 ---<:§ n • nG = 

~ n- n 5 = I. ~ n = ns = 

~ 

and Dy , n
8 

,fio are the power law exponents in (2.3) for 
the valence, sea-quark and gluon distributions, respective!: 

Solutions of the evolution equations (2.1) for (2.2) witl 
the boundary conditions (2.3) now can be easily obtained, 
e.g., by Mellin transformation of the corresponding quark a1 
gluon densities 

2 1 n-2 2 . 
Fi (n,Q ): f x dxFi (x,Q ), 1• V,S,G. (2.• 

0 

\ole write down these solutions in Appendix A*. For the Q
2
· 

development of different»parton densities, contributing to 
the x- 1 region, we have: 

~ 2nv-3+r~ .. 
xF(x,Q2 )-K{()(l-x' . H(x.~) 

(2. 

*Up to 2 M=2(h1-h2 ), where h 1 and h 2 are hadron and quar 
helicities, respectively. 

** See also the results of ref! 101
• In addition in the pres 

paper contributions of the nonleading terms are included, 
dominating at low values of x. 
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** See also the results of ref! 101• In addition in the present 
paper contributions of the nonleading terms are included, 
domin<i'ting at low values of x. 

3 



1 
r~·-2-+ r_f_)_, 

F(x.~).. G(x) , H(x,f) .. 
( 

CIJ..X),) 
_2_.( __t~&------
5 r(2nv-1+re>[ln...l....+ '1'(2nv-1+rel+C] 

1-x 

(1-x) 1+6/4rf 
_, .. ..._..... -------:), 

qs(x) 9 1 9 r(2n\""1+-re>f.ln-+'P(2nv-1+-r~C] 
4 1-x 4 

3/40 r.{(1-x) 2 --- .. .......,_._ 
1 

r(2nv+r f)[ln-+ 'P(2nv+r~+Cl 
1-x 

where ( .. ln[a 8 (Q~)/a 8(r;f )] 
21-2( 

, r-16/(33-2f), f- quark flavor num-

ber, c .. yE-·--·· 
20 

K (e> .. [a
8 
(Q~)/ a

8
(Q2)]r(S/4-YE>, r(2nv-2), 

and 
yE= 0.5772 ... ; 'P(z) .. dln r(z)/dz 

are Euler~s number and digamma function, respectively. 
Note, that in the framework of leading order QCD perturba

tion theory, we can consider the Q2-development of the par
ton fragmentation functions on the equal footing. The diffe
rence between F(x,Q2) and D(z,Q2) which arises beyond the 
leading order corresponds to the breakdown of the Gribov-Li
patov reciprocity relation/111. 

3. ANOMALOUS DIMENSION QUARK COUNTING. 
NONSINGLET CASE 

In this section we repeat the arguments of ref.
171 

and 
give a general formula called in the following the anomalous 
dimension quark counting rule. It determines the leading log 
corrections to the canonical point-like asymptotics/

9
/ of an 

arbitrary particle reaction at large transferred momentum in 
terms of active and passive quarks of the hadrons participat
ing in the relevant reaction. 

The invariant cross section for the large PT hadron (jet) 
production in two hadron collisions AB-o C(J)+ ... reads 

( ) 

2 
AB-.CX 1 1 D (x )/x 

' a en ~ f dx f dx F (x )F J:xJ I c /c 
0 0

1 dx · 
AB ... jet X a,b,c xmin &x min b a/ N. a b/ 8(x 0 -1) 

0 

4 
• 

& b 
3 ,... ,.. ,.. ,.. ,., ,.. 

a:Eda/d p, ·S/778(B+t+u)(da/dt)&b, 

(3. I) ,., 

II 

l 

where (d;/dt)e.b is the hard parton scattering cross-sect 
a,b ... q,tt', G and in the jet kinematic case 

~ 2 ~ 2 ~ 2 
s =(P~,+Ib) :,x&xbs; t =(Pa-Pc) =Sat; u •(Pb-Pc) = xbu; 

xmin = x
1
/(1-x2), 

a 
min I )· u xb =Xax 2 (x~~.-x 1 , x1 .. --. 

8 
Xlf" - ..1. • s 

In the leading log approximation the initial valence q\ 
distribution function (nonsinglet part of (2.5)) in the x 
region has the following form 

...2 cAKA(f) A-t NS 
xaFa/A(xa,lol-)=--:7-(1-x&) ,F(x)eF (x), (: 

rcA> 2 

where 

- A 
A=A +rf-2(nv-1)+rf. 

2 e =-log as (Q ) 

KA (f) =6Xp I r f(3/4- YE )I· r(A), 

and n~anA is the valence quark number in hadron A.Insert 
this expression (and similarly the Fb/B -function) in ha 
scattering Ansatz (3.1), we find in the jet production ca 

a expl2r f(3/4-y-)l a(AB-.jetX)•(~) --..=:--..,-~CA cBr(A)r(B)(x x )
2 

J , Pi r(A) r(B) 
1 

2' 

A+B 1 d A-t B~1 1-x.1-xg, 
(1 X ) 

-
11 

udvu v 8[(1-u-V)+-- -uv] 

J 
- 1-X2 (1-x·\11-xn\ ., 

= ---~--~- ff- --"'~-:.i&.-· A B 00 ;. 1-x1-x 2 2 1-x1-x !>_ 2 
(1-x

1
) (1-x2) L1- ----ul [1- --"'V] 

_ _ 1-x2 1-x 1 
A+B;_1 _ (1-x1-L - - 1-xs.2 - -• - . 1-x1-x 2 1-xrx: 

-- -~-::-B(A,B)(-....--1 F1 (B,A-2,4,A+B.-----.--
(1-x21A(1-x1 )B x 1 (1-x1)(1-x2 ) 1-x 1 

where B(a.$) is Euler~s Beta function andF1(a,$,$',y',x,y) 
hypergeometric function of two variables 112/ (see Appendil 

In the case of 8=90°, x 1-x2=xT/2 r , 
A , d(A+B)---rhu 

u(AB-.jet) .. (~i:f ~~~\J!}B(' A+B·ll[a (p2T)] A+B 1<1>, 
p2 4r(A+B) s 

T 
where 

<I>=X~1-x~2)F 1 , t'=(1-xT)/(1-xT/2) 
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and 

F
1
eF

1
(tr,.A'-2,4,A+B; t'/(1-:;./2), t'). (3.4) 

Thus, in the limit xT ... 1 we have 

A 
cAc8 r(A}r(B) A+B-1 { 2 }2D(A+B) 

u( B-ojet)•uo •- •t a (p ) , 
4r(A+B) 8 T 

(3.5) 

where 

2 
A11)2 

2 
A+B (XT)2 ( )-2rln2 

aO • \-2 - as • 
PT 4 

-- A(B) 
t • 1-XT• 1-2pT f,.js, A(B)•2(n V -1), 

D(n) .. a(n)-r(1/n +log t ), 

and NS 1 •+ 
d(n)• dn -r(1/ 4 - 2n(n+1) 

n 
I 1/k) 
k•2 

is the one-loop anomalous dimension of the nonsinglet quark 
distribution function. 

For the arbitrary hard~rocess asymptotic the following 
general formula is valid 1 1 

Ed 2 
8 p -1 HD(a )-2rln2 

u· all £ 2 1 P 
-(AB-oCX)CI) (-

2
)- (a (pT) · 

dsp P r(s ) a T p 

(3. 6) 

Here H is the total number of active quarks, which coincides 
with the total number of hadrons in reaction and sp ·2npasslve .. 
• I 2(n 

1 
-1) is twice the total number of passive quarks 

1 -hadron a • 

(spectators) belonging to the hadrons which participate in 
the reaction. 

We present some illustrative examples of this formula: 

6 
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r(A) 
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Finally, we stress that the logarithmic exponents in (3 
are determined by the anomalous dimensions of the moments • 
nonsinglet quark distribution and decay functions of the P· 
ticipating hadrons. The numbers of the corresponding momen 
(indices of d:s ) are related to the numbers of valence 
quarks constituting these hadrons (see Table 1). 

.. 
4. QUARK COUNTING FOR SINGLET DISTRIBUTIONS 

Now we proceed with the calculation of the more general 
case of jet and single particle production in hadron colli 
at large pT. 

In what follows we shall consider the contribution of t 
singlet parton distribution as well as examine all the fun 
mental parton subprocesses 

qi q j ... qi q j • qiG ... qiG • 

qiqi ... GO • 

oo .. qiqi 

oo ... oo qiqj ... qiqj • 

which can contribute in the leading order in a8 to the ir 
riant cross-section (3. I). Now instead of the (Fa, Fb, 'De) 
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Eda U)ts )2 (1-xT) 2 +3D(A+B+C) 
d3P PI r(A+B+C) [ as<P;>l 

S•A+B+C Fig.4. Inclusive hadron produc
tion at large PT in A+B-+C+ ••• ; 

sp =A+B+C =2(nA+"s+"c -3); H ·=3 

Finally, we stress that the logarithmic exponents in (3.6) 
are determined by the anomalous dimensions of the moments of 
nonsinglet quark distribution and decay functions of the par
ticipating hadrons. The numbers of the corresponding moments 
(indices of d:s ) are related to the numbers of valence 
quarks constituting these hadrons (see Table 1). • 
4. QUARK COUNTING FOR SINGLET DISTRIBUTIONS 

Now we proceed with the calculation of the more general 
case of jet and single particle production in hadron collision 
at large pT. 

In what follows we shall consider the contribution of the. 
singlet parton distribution as well as examine all the funda
mental parton subprocesses 

qj q j _, qj q j • qiG .. qiG , -GG _, qiqi 

qi q i .. qi q i , q i q i .. GG , G G .. G G 

whisP can contribute in the leading order in a 8 to the inva
riant cross-section (3. I). Now instead of the (F

8
, Fb, 'De) we 
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1 

2 

3 

4 

5 

6 

Table 

Anomalous dimensions d(n) ,. d ~s of the nonsinglet 
quark operators, corresponding to the different hard 
processes (different spectator numbers sp ) 

X e +- ~ d(Sp) P R 0 C E S S = e-Jp.-, 
·.f:- H•d(Sp) 

A + li~C+ •••J Sp•2K 

l. + 1T'" ~ t + ,~, d[2(2-1 >] 1•d(2) 

l -t f ~ JT 1'" ,, d (2(2-1 u 1• d(2) 

f"t"P~ ~ +''' d~o-1n 1•d(4) 

! +1T-t f+lf +~·, d ~(4-22'] 2•d(4) 

f ·+ p ~ .t +ir ·t-~··, d ~(5-2)] 2•d(6) 

'Jf + p -4- jet) t, ff + , .. d J.2<5-2H 2•d(6) 

t + p ~ l +p + '..!' d ~(6-2>] 2•d(8) 

p-+ p~ ~et)() (f+, .. , d~(6-2n 2•d(8) 

jT -t p~ Jr + ,,~ d l!<7-3n 3•d(8) 

p..,. p~ Jr+ ,,, d ~(8-3~ 3•d(10) 

Jr+P~ Jr+7r....,_,, d ~(9-4~ 4•d(10) 

p--rp ·~ P+ ,, d !<9-3)] 3•d(12) 

7r+ P ~ Jri"P+,,.. d ~(1o-4j 4•d(12) 

P ·+- P ~ 7r·t r +''' d ~<1o-4n 4•d(12) 
- -----------

l 

substitute the functions ij~ F1 Fj Dk, where the indices i,j,k 

run over the f flavor of quarks (antiquarks) and gluons 

F
11

H(x,Q
2

)uaxq1(x,Q 2 ), i .. v,s,a 

and the final jet consists of the possible combinations of 
q(q) and G in accordance with the initial j -state. The 
derivation of the valence quark VV contribution to thea(AB~ 
~ C(j)+X) was performed in preceding section. We proceed now 
with the analysis of the nondiagonal terms VG, VS, etc., in 
leading order of perturbation theory. 

Inserting in (3.1) the corresponding singlet components 
of ~he parton distributions (2.5) and carrying out the inte
gration in the large pT(xT) region and 8·90°, we obtain 
final results for the processes of jet production and single
partic.le generation. 

8 

• 

t: 

Jet Production A+ B ... J +X 

f 
8 P -l A B 

u(AB ... J)=ao I. ·a
1

. (AB)~.~. , 
ij r(s P) J 1 J (4.1 

where 

a 0 =(as /p~ )2 2A+B (xi /2 )2(a 8 )-2rl~2 

The sum runs over the fundamental subprocesses V,S,G. 
Three-component vectors ~!=I entering eq. (4.1) contain 

information on the scale breiking of parton distributions ar 
lead to the logarithmic deviation from the canonical p-4 1~ 

T 
-> H D('\3) ... 
~ "'c.f(H)[a 8 (p~)] E(~). H=A,B 

( 

H~ ~V• 

~". ~. Ew, 
(4.: 

1, 
8 

D (s )-D(s ~ 
2 1 [as l ' p -<----:- ___ ........ ___ _..._., 
5 lf(H+r~+ 1)+e 'P(H+ ll-r~+1)+ e 
_?,0P~-· 4 
w (H +r ~ + 2)+ e 

where cH are the normalization constants, and the exponent: 
D(sl'l, D8 (sp) are determined by the corresponding anomalou: 
dimensions d(d 8

) of the nonsinglet and singlet operators 

D(n)-d(n)-r(l/n +log£), f = 1-XT 

D
8
(n)=d 8(n)- 1Lr(1/n+lOg£) 

4 I# (4. 
n 

d(n)""dNS =-r(3/4-I.1/k)+0(1/n 2 ) 
n 1 

n 
s s 33-2f 9 ~ I 2 d (n);:d =-r(---- -- .d/k)+0(1 n ). 

n 16 4 1 

The components of the a matrix which enter eq. (4.1) co 
respond to the definite combinations of the partonic subpro 
cess cross sections 1131 

A A 2 A< 

(da I dt)ij •rra 8 I s 2 • I.ij ( 8) 

( 

VAV8 , VASB , 
a1i (AB) = SA V 8 , SAS 8 , 

GA Vs' GASB, 

for 8=90°. 

VAGB) 
SAG B ' 

GAGB 

(4. 



1 

2 

3 

4 

5 

6 

Anomalous dimensions d(n) • d ~s 
quark operators, corresponding 
processes (different spectator 

. +-
K P R 0 C E S S e= e~JL-, 

·.f 
A+ B~C+•••I 

l.. + Tr ~ t + ... , 
l..,. r ~ 1r -r ,, 

f-rP~ l +,,, 
l +IT"~ f+lf +"' 
f ·+ p ~ .t +1r ·t-..:··, 
Jr+ P-4-Set).fjff+,, .. 

t -rp ~ l-t:P + '.!' 
p+ p~ 4ei,(, (f+,, 
jT"..,.. p~ Jr + ,,., 
p -t p ~ T+ ,, 
Jr + p-+ Jr+7r ...f,.-11'; 

p-rp ·~ P+ ,, 
If+ P ~ Jr+P+,,.. 
P·+P~ 1r·t-T+''' 

Table 

of the nonsinglet 
to the different hard 
numbers sp ) 

d(Sp) 

Sp•2K 
H•d(Sp) 

d [2(2-1 >] 1•d(2) 

d [2(2-1 u 1•d(2) 

d ~(3-1 t1 1•d(4) 

d i;!C4-2U 2•d(4) 

d @C5-2)] 2•d(6) 

d @<5-28 2•d(6) 

d ~(6-2>] 2•d(8) 

d j)C6-2D 2•d(8) 

d {!C7-3~ 3•d(8) 

d ~(B-38 3•d(10) 

d ~(9-4~ 4•d(10) 

d !<9-3)] 3•d(12) 

d ~(1o-4j 4•d(12) 

d ~(1Q-4~ 4•d(12) 

ubsti tute the functions ij~ Fi Fj D k, where the indices i,j,k 

un over the f flavor of quarks (antiquarks) and gluons 

Fi/H (x,Q
2 

)cnxqi(x,Q 2 ), i .. V,S,G 

I 

nd the final jet consists of the possible combinations of 
(q) and 0 in accordance with the initial j -state. The 
erivation of the valence quark VV contribution to the a(AB-+ 
C(j)+X) was performed in preceding section. We proceed now 
ith the analysis of the nondiagonal terms VG, VS, etc., in 
eading order of perturbation theory. 

Inserting in (3.1) the corresponding singlet components 
f the parton distributions (2.5) and carrying out the inte-
ration in the large PT(XT) region and 8 .. 9()0 , we obtain 
inal results for the processes of jet production and single
rticle generation. 

... 

. ~ 

Jet Production A+ B-+J +X 

' £ sp -1 A 8 
a(AB .... J)=ao l: ,ai. (AB)IIl.l!l., 

ij f(s P ) J 1 J (4. I) 

where 

(10 =(as /p~ )2 2A+B (xi /2 )2(a s )-2rl~2 

The sum runs over the fundamental subprocesses V,S,G. 
Three-component vectors~~~~· entering eq. (4.1) contain 

information on the scale breiking of parton distributions and 
lead to the logarithmic deviation from the canonical p-4 law 

T 
-+ H D(s ) -+ 
Ill .. c.{(H)[a 8 (p~)] P E(~). H=A,B 

lllv, 

(
H) ~·. :~. Ew. 

1, 
D

8
(sp)-D(s ~ 

2 < _1_ __ _ -~~L-----· 
5 .(H+f~+1)+f 'I'(H+ ~-r~+l)+ e 

4 _?.02~--, 
'I'(HH~+2)+f 

(4. 2) 

where cH are the normalization constants, and the exponents 
D(sr>l, 0 8 (sp) are determined by the corresponding anomalous 
dimensions d(d 8

) of the nonsinglet and singlet operators 

D(n)-d(n)-r(l!n +log£), £ = 1-XT 

0
8

(n) = d 
8
(n)- l.r(lln+ log£) 

4 

d(n)"' d NS =-r(3/4- ~ 1/k) + 0(1/n 2 ) 
n 1 

n 

-
s s 33-2f 9 ~ 2 

d (n) = d =-r(----- -- .. 1/k)+O(l/n ). 
n 16 4 1 

(4. 3) 

The components of the a matrix which enter eq. (4.1) cor
respond to the definite combinations of the partonic subpro
cess cross sections 1131 

~ ~ 2 ~ 

(dtT/dt>tj "'77a 8 /s 2 • ~ij (8) 

(

VAV8 , VASB, 
aij(A.B)= SAV 8 , SASs. 

,, GA Vs' OASB, 

for 8=90°. 

VAGB ) 
SAGa ' 

GAGB 

(4.4) 
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where the matrix elements VV, GG,... correspond to. the sub
processes q q_. qq , GG _. GG, ... , etc., and are in general process 
dependent. For example: 

i) quark jet trigger AB-+q(q)+X 

( 

VV, 2nAP , 55nA/9 ) 
;(AB) • 2n8• p, 4f.p, 110f/9 

55nA/9, 110f/o, 7f/24 

(4.5) 

p-32/27 + 14t/3 •. 2/27U6+63f]. 
Note, that singlet components of the parton distributions 

contribute in this case only few percent to the invariant 
cross section at large pTwhen compared to the dominant va
lence quark contribution and increase for the small xT values. 

ii) gluon jet trigger AB-oG+X 

( 

VV, 56nA/27 , 

;(AB). 5Clng'27, 112f/27, 

55fis/9, llOf/9, 

55nA/9, ) 

UOf/9 

243/4 

iii) qua rk-g 1 uon jet trigger AB-+ q(ii)G +X 

( w. 2n···. IIOnA/9, ) 

;(AB) • 2n 8k, 4f·k, 220f/9, ' 

llOfis/9, 2201'/9, 243/4 + 7t/24 

k ·2/9· [ 10+21 f] ' 

(4. 6) 

(4. 7) 

where, the valence VV quark scattering contributions qq .. qq 
distinguish for the different initial particles VV: (f·4) 

i) q(q )jet ii) G get iii) q(ii) G jet 

pp .. jX 1360/27 0 1360/27 

pp' .. jX 1360/27 280/27 1640/27 

,r'p .. jX 296/9 112/27 1000/27 

IT+p .. jX 476/27 56/27 532/27 

(4. 8) 

10 

• 

In contrast with the case of quark jet production, the 
gluon trigger component in hadron collisions dominates. 

Single Hadron Production A+B-+ C +X 
s -1 

f p A B C 
u (AB-+ C) •·uo I -'aijk (ABC) tf> 1 ~tj ltk (4. 9 

ljk r(s ) 
p 

All quantities ente~ing eq. (4.9)* are defined by (4.1)-(4. 
and elements of the three-dimensional matrix a ljk (ABC) hav 
the following form: 

(

vvv. 

vsv, 

VGV, 

vvs, 

vss. 

vas, 

(

svv, 

ssv, 

SGV, 

svs. 

sss. 

SGS, 

and 

avv. avs. 

( osv. (liS, 

GGV, GOS, 

~~)-(~:~ 
voo vav, 

2nA• p, 

55nA/9, 

vvs, VVG 

) (4.1 56nA/27 

55nA/9 

:oo) ·( ~:: 
SGG 55nc'9• UOf/9, 

56n8 /27 

mrm) 
UOt/9 

(4. I 

2nsP· 

4f •P • 

GVG ) GVV, 55118 /9, 

080 •. ( 55n 0 /9, IIOIIg, 

oao 7nc/48, 14f/48, 

55n8 /9 

110f/ ·9 ) ' 

243/4 

(4.: 

where the elements VVV, ... , etc., label the corresponding ele· 
mentary subprocess, for example 

VGV: q+ .0-oq+X 
VVV: q+q -+q+X (4. 

VOO: q +0-+ G +X, ... 

*Assuming the validity of the reciprocity relation
1111

. 



ere the matrix elements VV, GO,... correspond to. the sub
ocesses qq ... q q , GO ... GO, ... , etc. , and are in general process 
pendent. For example: 

quark jet trigger AB ... q(fi)+X 

( 

VV, 2nAP , 55nA/9 ) 
a (AB) • 2n8 • p, 4f.p, 110f/9 

55nA/9, 110f/o, 7f/24 

(4.5) 

p-32/27 + 14f/3 •. 2/27[16+63f]. 
Note, that singlet components of the parton distributions 

ntribute in this case only few percent to the invariant 
oss section at large pTwhen compared to the dominant va-
nce quark contribution and increase for the small xT values. 

:i) gluon jet trigger AB ... G+X 

( 

VV, 56nA/27 , 

i(AB) • 5!1ns'27, 112f/27, 

55n8/9, llOf/9, 

55nA/9, ) 
UOf/9 

243/4 

ii) quark-gluon jet trigger AB ... q@G+X 

( vv. 2n···. llllo./9, ) 

i(AB) • 2n 8k, 4f·k, 220f/9, ' 

110n8/9, 220f/9, 243/4 + 7f/24 

k .. 2/9·[10+21f]' 

(4. 6) 

(4. 7) 

!here, the valence VV quark scattering contributitms qq ... qq 
istinguish for the different initial particles VV: ~-4) 

i) q(q )jet ii) G get iii) q@ G jet 

p ... JX 1360/27 0 1360/27 

p' ... J X 1360/27 280/27 1640/27 
-p ... jX 296/9 112/27 1000/27 
+p ... JX 4,76/27 56/27 532/27 

(4.8) 

• 

In contrast with the case of quark jet production, the 
gluon trigg~r component in hadron collisions dominates. 

Single Hadron Production A+B ... C +X 
8 -1 

£ p A B C 
u(AB ... C)•·uo I -'aiJk (ABC)~l~J ~k (4.9) 

ljk r(s ) p 
All quantities ente~ing eq. (4.9)* are defined by (4.1)-(4.3), 
and elements of the three-dimensional matrix a IJk (ABC) have 
the following form: 

(::: 
vvs, 

~~)-(::.· 
vvs, VVG 

) (4.10) VSS, 2nA. p, 56nA/27 

VGV, vas. VGO VOV, 55nA/9, 55nA/9 

(:::: 
SGV, 

56n8 /27 

mrm) 
110f/9 

(4. II) 

svs. 

: 0o ) . ( ~:.v: 
SGG 551lc'9, llOf/9, 

2nsP· 

SSS, 4f •P • 

SGS, 

and 

(::: 
GGV, 

65n 8/9 

110f/ ·9 ) ' 

243/4 

(4.12) 

ovs. GVG ) GVV, 65na,/9, 

GSG • ( 55n 0 /9, 1101/g, 

OGG 711c/48, 14f/48, 

ass, 

008, 

where the elements VVV, ... , etc., label the corresponding ele
mentary subprocess, for example 

VVV: Q+Q ... Q+ X 
VGV: q+ o ... q+X 

(4.13) 

VGG: q+Q ... G+X, ... 

• Assuming the validity of the reciprocity relation1111. 
~ 
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Note, that elements VVV, SVV, ... , etc., depend in general 
on the type of hadrons A, B, C participating in the inclu-
sive reaction A+ B .. C +X and on the quark flavors. In parti-
cular, for the case of two proton collisions, and for f=4: 

PP ... IT+ 
_, 

ITO IT p p 

vvv !!!. ..il§.. §M), 256 0 
27 27 27 -f 

SVV= VSV .!i§.Q_ .iii ..iQi 122 JU! 
27 27 9 27 

VGV=GVV 110 55 55 275 
0 --9' 9' 6 9 

and independently on the final states 

VVG(pp)=O. VVS(pp) = 1360/27. 
+ 

The matrix elements a ijk for the IT-p and pp -scattering 
are given in Table 2. 

Note, that spectator number Sp (twice of the passive 
constituent number in the nonsinglet case) becomes 

H H 
sp=2(I.ni -H)+.I-~sp• (4.14) 

i=l 1=1 

here, H is the number of hadrons in process, n i is the va
lence quark number in the i -th hadron ( n =2 for mesons; 
n = 3 for baryons), ~sp is additional passive quark from 
the nonvalence states, ~sp=1( 2) in the case of gluon ("sea" 
quark), respectively. 

·• 

12 .. 

Thus, sp runs over the following values 

A+B ... C+X --A+B +jet+_! 

vv Sp vvv Sp 

VG sp +1 VGV Sp+1 

VS,GG sp +2 VSV,VGG Sp+2 (4. 15) 

as. Sp+3 GSV, GOG Sp+ 3 

ssv. GGS Sp+4 
SSG Sp+ 5 

ss sp +4 

sss s p+ 6 

.. 
I 

I 
' i 

,1·1 

'i(~i 

I ':1 

l,f"i·-

Table 2 

The elements of matrices (4.10)-(4.12) for the 
pp~ and rr±p -scattering 

pp ... IT+ 
_, 

ITO p' I p IT 

vvv 620 620 620 38 38 
_, -· _, 

27 27 27 

svv I J.1i 2480 ·404 122 614 
27 9 

_, 
27 27 

GVV I 55 111~ ' 
55 275 

0 9' 6' -· 9 

1~ 280 VGV.VGV(pp) VVS=- '• VVG=--, VSV.VSV(pp), 
27 27 

IT-'p ... I IT+ 
_, 

ITO p p IT 

vvv I 272 568 140 .!!!.. 296 -· 27 -· --27 9 27 9 

vsv I 272 448 _@., 1480 .2!1.., 
27' 9 27 27' 27 

VGV I 0 I 110 55 .!!!., ~ --g' 9' 9 9 

296 112 
SVV.SVV(pp), GVV. GVV (pp) VVS=-·· VVG .. --, 

9 27 

J/1 

I IT+ 
_, 

ITO -· IT p .. IT p p 

vvv I 728 136 
32 !Q.t .!!!. fir' 27 27 3 

vsv I 448 272 808 .211.. 1480 
9' 27 

_, -27 27 27 

VGV I 110 0 §, 55 110 
9 

_, 
9' 9 9 

vvs .. !l!L 56 GVV. GVV (pp) VVG. --. SVV .. SVV(pp), 27 • 27 



Note, that elements VVV, SVV, ••. , etc., depend in general 
n the type of hadrons A, 8, C participating in the inclu-
ive reaction A+ 8 ... C +X and on the quark flavors. In parti-
ular, for the case of two proton collisions, and for f=4: 

pp ... 17+ _, 
170 17 p p 

vvv 944 .ill_ MQ, 256 - --g 0 
27 27 27 

svv~ vsv .M§.Q.. ...w. ..!IK 122 _1i14 
27 27 9 27 

VGV=GVV 
110 55 55 275 

0 --g-' 9' 6' 9' 

nd independently on the final states 

VVS(pp) = 1360/27. VVG(pp)=O, 
he matrix elements a ijk for the 11±P and pp -scattering 
re given in Table 2. 

Note, that spectator number Bp (twice of the passive 
onstituent number in the nonsinglet case) becomes 

H H 
sp=2(~ni-H)+.I..!\sp, (4.14) 

1=1 1~1 

ere, H is the number of hadrons in process, n i is the va
lence quark number in the i -th hadron ( n =2 for mesons; 
n ~ 3 for baryons), .!\sp is additional passive quark from 
lthe nonvalence states, .!\sp=l( 2) in the case of gluon ("sea" 
uark), respectively. 

Thus, sp runs over the following values 

-~~!.. A+B-+ C+X -
vv Sp vvv Sp 

VG sp + 1 VGV Sp+ 1 

VS,GG sp +2 VSV,VGG Sp+2 (4. IS) 

GS, Sp+3 GSV, GOG Sp+ 3 

ssv. GGS Sp+4 ss sp +4 ·• 
SSG Sp+ 5 

sss s p+ 6 

2 ., 

• I 
I 

:~ '' 

:<{ 
~" '· 

~'ll' 

-· ....... ~ 

Table 2 

The elements of matrices (4.10)-(4.12) for the 
pp'- and ,±p -scattering 

pp ... ,+ _, ,o p' p 17 

vw ~' 620 620 38 38 -· _, 
27 27 27 

svv 944 2480 ·404 122 614 - _, 
9 

_, 
27 27 27 

GVV 55 l!Q.., 55 275 0 9' 6' -· 9 9 
-

VVS=L3§.!L,, vva .. ~!L. VSV.VSV(pp), VGV.VGV(pp) 
27 27 

17-·p ... 17+ -· 170 p p 17 

vvv 272 568 140 .!!!.,. 296 -· 27 9 --: 
27 27 9 

vsv 272 448 ~ 1480 944' 
27' 9 27 27' 27 

VGV 0 110 55 .!!IL 55 --g· 9' 9 -9 

VVS= 296 
9' 

112 vvo ... -27., SVV.SVV(pp), GVV. GVV (pp) 

17+ p ... 

vvv 

vsv 

VGV 

vvs .. ..!?.!. 
' ·:; 27 • 

• 
17+ -· 170 -· 

17 p 

728 136 32 202 -· 27 -· 27 27 

448 272 808 
9' 27 -· ~ 
110 0 9 

VVG. ~-. SW .. SW(pp), 
27 

27 

~. 
9 

27 

55 -· 9 

GW.GVV(pp) 

p 

lli.. 
3 

1480 -· 27 

110 
9' 
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Thus, in the leading order of QCD perturbation theory 
taking into account the nonvalence hadron constituents modi
fies the hard scattering cross section and leads at large 
PT(x T) to the powe~ series expansion in f .. 1-xT 

( 

AB . t) 2-2 r ln2+ HD (Bp ) Sp-1 2H ... 
-+ J8 (CJs ) E k Ll(SP'k) 

u :, ,I c f (a ) , ) 
AB ... c p4 k .. o k s (4. 16 

T 

A(B) 
where sp=A+B, and H .. 2, for AB ... jet+X , A(B)c2n v -2,sp-A+B+C, 
andH-3, for AB-+C+X , and Co=l ,{).(sp,k•0)=0 , /).(sp.k=l) = 
=2[D{Bp+l)-D(sp)], etc. 2 

Like the nonsinglet case171• exponents of a 8 (P T ) charac
terizing the deviation of the inclusive cross sections from 
the scaling form (p;4 ) are determined by the anomalous di
mensions of the structure function moments. Furthermore, the 
moments number (indices of anomalous dimension) becomes the 
physical meaning of spectator number. According to eq. (4. 16) 
the effective exponent /).n, which corresponds to the scaling 
deviation of inclusive cross sections: PT'n (n = 4+ 611) in-
creases with Bp, i.e., together with the complexity of hadrons 
participating in reaction (number of nonvalence passive con
stituents). Note, that this analysis becomes more significant 
for the lower xT values, and/or for the gluon initiated pro
cesses. 

5. ANOMALOUS DIMENSION QUARK COUNTING 
BEYOND THE LEADING ORDER 

In this section we shall discuss the next to leading order 
corrections to inclusive jet and single particle production 
cross sections at large transverse momentum. A lot has been 
learned the last time about higher order QCD corrections to 
deep-inelastic scattering1141.These corrections turn out to 
improve agreement of the theory with the experimental data. 
There are however still many problems to be solved. In parti
cular, the open questions remain, especially the uncertainties 
in the form and magnitude of higher order corrections in ana
lysis of inclusive hadron initiated processes in QCD114-171. 

It was shown in preceding sections that the asymptotics 
of the hard hadronic cross-sections are related with the ano
malous logp~ counting, controlled in some universal way in 
leading order QCD perturbation theory by the number of ac
tive and passive constituents in hadrons. 

Here, we shall put particular emphasis on the higher order 
corrections in structure functions of DIS and the validity 

14! 
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of proposed anomalous dimension quark counting rules beyon 
the leading order. In what follows we restrict ourselves t 
the B-90° case and neglect the next-loop corrections to t 
hard scattering cross sections, which do not affect the un 
versality of the latter. 

Let us consider now the two-loop corrections to the evo 
tion of the quark distribution and decay functions /18-19/, 
For the nonsinglet moments (2.4) on the two-loop level, we 
have 

NS(2) 2 NS ...2 CJs (Q2) dn a (Q2 ) 
F2 (n,Q )-F2 (n,Y0)[-] [1+ ..!-R 2(n)]. (5 

a 8(~) 417 

where dn'"Y~~28o is the anomalous one-loop dimension (8 0 
= 11-2/3f), and the two-loop correction have the form"' 

1 Y~O) 81 Y~1 ) {1) 2 
--~(n)"' ----~+ en -c0 +c1logn+8/3log n, 
417 280 280 

38 

(5 

where 8 1=102-·'!rf , c0 ·-1.18 , c 1 =0.66. 
Note, that ~he running coupling constant a 8 (Q2 ) is de-

fined now as 1201 

a~2)(Q2)"'as(Q2) 477 --{1- ~!oglog(Q'liL]. 
8 0 log(Q2/A2) 8ij log(tJ2/A2) 

(5 

Notice, that the two-loop calculations depend in genera 
on the choice of the renormalization scheme and violate tt 
reciprocity relation of ref/ 11 ~ We must take into account 
a difference arising in higher orders between the functior 
F~2 ) (x,Q 2 ) and rl2' (z , Q2 ). 

Taking into account the boundary conditions (2.3) and i 
verting the moments** (5. 1), (5.2) we receive for the vale 
quark distribution in hadron -· (2) 2 cAK U} A-1 2x 
xF2 (x,Q )• _A (1-x) expla 8 •a'(A)I[1+--'!.log2 (1-x)], (.; 

I'(A ) 317 
where 

2- -
a'(A) =c0 -2/377•[lfl (A)+Y'(A)], 

- - 2 - A -
A=A- Ua(Q )·b(A)=2(nv -1)+r(- a 8 •b(A), 

- - 2 b(A )=Ct +41377 • 'I'(A), ( =-loga 8 (Q ); 

"' Here and through the paper in scheme MS and f = 4. 

**See a1so ref!211 . 



Thus, in the leading order of QCD perturbation theory 
taking into account the nonvalence hadron constituents modi
fies the hard scattering cross section and leads at large 
p (x ) to the power series expansion in ( .. 1-xT T T 

(
AB ... jet)::, 2-2rln2+HD(sp) Bp-1 

2
H A 

(lls ) ( k U(SP'k) 

p4 k;o Cki (as) • (4.16) 
T 

u AB ... c 

A(B) where sp=A+B, and H .. 2, for AB ... jet+X , A(B)=2n v -2,1'1p.A+B+C, 
and H-3. for AB...C+X , and co=1 , ~(sp.k •0)=0 , ~(sp.k=l) = 
=2[D(sp+1)-D(sp)], etc. 

2 Like the nonsinglet case171 , exponents of a
8
(P T ) charac

erizing the deviation of the inclusive cross sections from 
he scaling form (p;

4 
) are determined by the anomalous di

ensions of the structure function moments. Furthermore, the 
oments number (indices of anomalous dimension) becomes the 
hysical meaning of spectator number. According to eq. (4.16) 
he effective exponent ~. which corresponds to the scaling 
eviation of inclusive cross sections: pTn (n = 4+ ~) in-
reases with sp, i.e., together with the complexity of hadrons 
articipating in reaction (number of nonvalence passive con
tituents), Note, that this analysis becomes more significant 
or the lower xT values, and/or for the gluon initiated proesses. 

ANOMALOUS DIMENSION QUARK COUNTING 
BEYOND THE LEADING ORDER 

In this section we shall discuss the next to leading order 
rrections to inclusive jet and single particle production 
oss sections at large transverse momentum. A lot has been 
arned the last time about higher order QCD corr~ctions to 
ep-inelastic scattering1141.These corrections turn out to 
prove agreement of the theory with the experimental data. 
ere are however still many problems to be solved. In parti
lar, the open questions remain, especially the uncertainties 
the form and magnitude of higher order corrections in ana

sis of inclusive hadron initiated processes in QCD114-17/, 

It was shown in preceding sections that the asymptotics 
the hard hadronic cross-sections are related with the ano

lous logpi counting, controlled in some universal way in 
ding order QCD perturbation theory by the number of ac-
e and passive constituents in hadrons. 
Here, we shall p&t particular emphasis on the higher order 
rections in structure functions of DIS and the validity 

.-:. 

. ~ 
!~ 
I~ 
i .. ' ' 
' ,1 

~~l ' 

l:·· .. 

of proposed anomalous dimension quark counting rules beyond 
the leading order. In what follows we restrict ourselves to 
the 8-90°, case and neglect the next-loop corrections to the 
hard scattering cross sections, which do not affect the uni
versality of the latter. 

Let us consider now the two-loop corrections to the evolu
tion of the quark distribution and decay functions 118-19/, 
For the nonsinglet moments (2.4) on the two-loop level, we 
have 

NS(2) 2 NS ,.,2 aa (Q2) dn a (Q2) 
F2 (n,Q ) .. F2 (n,\,lo)[-(~)1 [1+ _4s-R2(n)]. (5.1) 

as o " 
where dn"'Y~0~28_o is the anomalous one-loop dimension ($

0
= 

= 11-2/3f), and the two-loop correction have the form* 
1 y(O) 8 Y(l) (1) 

--~(n) .. ._!!_, __ ~+ C0 -c
0

+c1Iogn+8/3log2n, (5.2) 477 280 280 38 
where 81 = 102- yC , c0 •-1.18 , c 1 =0.66. 

Note, that 1he running coupling constant a
8

(Q2 ) is de
fined now as 1201 

a~2)(Q2) .. as(Q2) 477 -{1- ~~oglog(Q2;.!2_], 
(5.3) 8 0 Iog (ci/ A2) 88 log ('~2/JVZ) 

Notice, that the two-loop calculations depend in general 
on the choice of the renormalization scheme and violate the 
reciprocity relation of ref/11~ We must take into account 
a difference arising in higher orders between the functions 
F~2 > (x,Q 2 ) and D2l(z, Q2 ). 

Taking into account the boundary conditions (2.3) and in
verting the moments** (5.1), (5.2) we receive for the valence 
quark distribution in hadron 

- " ,(2) 2 cAKA((l A-t , 2x 
2 xF 2 (x,Q )• _ (1-x) expla 8 •a (A)1!1+---tlog (1-x)], (5.4) 

I '(A ) 3" 
where 

2- -a'(A) =Co -2/377•[lfl (A)+,'(A)], 

- - 2 - A -
A=A- aa(Q )·b(A)=2(ny -1)+r(- a

8
·b(A), 

- - 2 b(A)=Ct+4/377·'I'(A), (=-loga
8

(Q ); 

"' Here and through the paper in scheme MS and f = 4. 
** See sl so re f.1211• 
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Factor KA ({L is defined by (3.2), but the constants <1J(c
1

) 
are given in MS scheme by eq. (5.2), and 'P(z)=dlnr(z)/dz 
and 'P'(z) are Euler's digamma function and its derivative, 
respectively. 

Note, that evolution development up to 0~2) of the struc
ture function can be represented in the form 8 

ax 2 - 4 -
~---...,2:-: a 8 •4r-a8 (a(A) + -·lf' (A)), 
alogQ 3rr 

with "boundary" condition 

A I 2 ...2 =A =2(nA -1), 
Q '"''"'0 

where 

a{A. ) .. c0 + c1 '1'(A> +L [ 1f'2 (A) -'I', (A) 1. 
3rr 

(5.5) 

that guarantees in the final result square dependence on the 
1 d · · dNS anoma ous 1mens1on n • 

To calculate the jet production cross section (3.1) in the 
secontl order, we rewrite now (5.4) in the following form: 

2 - -(2) --2 --2 a 8 (Q )[a(A)-b(A)Iog(t-x )] 
Fa/A (Xa•'"n"'~/A(xa,lol~ )·e a x 

2as 2 
x[ 1 + -log (1-Ka )] 

3rr 

(5. 6) 

2 and Fa/ A (lfa ,Q ) 
Inserting this 

the integrations, 

is the usual one-loops result (3.2). 
expression into eq. (3.1) and cyrraing out 
we obtain for xT- 1 and 8=90°: 

a<
2

>(AB ... JX)=a<t>(AB-.JX)I1+2a (p 2T)R(A,B)+ O(a2 )}. 
8 s 

(1) 3 where a· "'Eda/d p(AB-+JX) is given by (3.4) and 

16 

• 

R(A,B)=co- -Lr• 2
(A>+•

2
(B)+lf''(A)+ 'I''(B)l+ 

3rr 

+'I'(A+B)[c 1+.A.lf'(A>+ ..2..•<'B>l-
3rr 3rr 

-[c1 + ..L lf'(A+B)]logf' +~log 1' +I(A, B)] 
3rr 3rr 

f '•(1-xT )/(1-x.z. /2) 

(5. 7) 

(5. 8) 

' 

and the function I(A,B): 

I (A. B). y~ . r 
B(A,B)F1 o 

a ... t A-1 
dVV (1-V) [log2V + 

. 'V 2 . 2 [1 _ _!._] [ 1-f'V] 
1-~/2 

+ log2 __ 1-V 
'V ],. 

1- E 

reduces to 1-x.z.~ 

2I(A,B> = ['I'(A)-'I'{A+B)] 2 + ['I'(B)-'I'(A+B)] 2 + 

+ 'I''(A) +'I''(B)-2'1''(A+B)+O(a:). 

Collecting the factors (5.8) and (5.9), we obtain 

a( 2)(AB ... JX) .. a0 {AB ... JX)·[ 1 + 2 
2
as(Pitog 2 2d x 

3rr 

2 - - - -x exp{2a
8 

(pT)[a(A+B)-b(A+B)log2tl 1. 

(5. 

(5. 

Performing similar calculations in the case of single p< 
ticle cross section, we can formulate the general rule: 

a<2>(AB ... CX) = a(l) (AB ... CX) .exp { a
8 

A(sp) }.[ 1 + ~ H log22c], 
3rr 

A(sp)= [a(~)-b(sp)log2d+ ;"HT • 

and 
2-2r ln2 sp-1 

p>(AB ... CX)= ( ~) • ..:__. [a (p 2 )] HD(~p) 
p4 f'(s ) s T 

T p 

(5. 

where sp= sp +H. r (, and all other quanti ties in these expr 
sions are defined above and factor exp[~'\HT] arises due 
the difference in higher order between the quark distributi 
and fragmentation functions. This fact is related with the 
transition from the spacelike to timelike values of varia 
cf1221 , and HT is the total number of active quarks in sub 
processes, where q2 =-Q 2 >0*. 

*Formula (5.10) represents the particular case of eq.(5. 
for sp=A+B , H=2 and HT=O. 



FactorKA((.L is defined by (3.2), but the constants 1J(c
1

) 
are given in MS scheme by eq. (5.2), and 'l'(z)=dlnr(z)/dz 
and 'l''(z) are Euler's digamma function and its derivative, 
respectively. 

Note, that evolution development up to 0~2) of the struc
ture function can be represented in the form 8 

ax 2 - 4 -~-...,2,...: a 8 •4r-a 8 (a(A) + -lJI (A)), 
alogQ 317 

with "boundary" condition 

A I 2 ...9 = A =2(nA -1), 
Q ·wo 

where 

a(A. )"' c0 + c1 'P(A) +L [ '¥2 (A)-'¥, (A) J. 
317 

(5. 5) 

that guarantees in the final result square dependence on the 
d . · dNS anomalous 1mens1on n . 

To calculate the jet production cross section (3.1) in the 
second order, we rewrite now (5.4) in the following form: 

2 - -(2) --2 --2 a 8 (Q )[a(A) -b(A)Iog(1-x )] 
Fa/A (Xa·''n""~/A(xa•'"r- )•e a x 

. 2Cis 2 
x[ 1 + -log (1-Xa )] 

317 

(5.6) 

and Fa/A (Xa_ ,Q
2

) is the usual one-loops result (3.2). 
Inserting this expression into eq. (3.1) and cyrraing 

the integrations, we obtain for xT-1 and 8=90°: 
out 

a<
2

>(AB ... JX)=aO>(AB-.JX)I1+2a (p 2T)R(A,B)+ O(a2 )I, 
8 8 

(1) 3 
where a :Eda/d p(AB->JX) is given by (3.4) and 

6 

R(A,B)=co- .!..rY 2
(A)+1'

2
(B)+1''(A)+ 'I''{B)l+ 

317 

+'¥(A+B)[c 1+-L.wc.A>+ .Lli'(B>l-
317 317 

-[c1 +-L'I'(A+B)]logf' + ~log1' +I(A,B)] 
317 • 317 

E ' .. (1-xT )/(1-x.r /2) 

• 

(5. 7) 

(5.8) 

and the function I(A,B): 

a ... t A-1 
I(A,B)- Y: . l dVV, (1-V) [log2V + 

B(A,B)F1 o [1- ..!.~ ]2 [ 1-t'V] 2 
1-Xr/2 

+ log2 1-V 
-- 'V ],. 
1- £ 

reduces to 1-x.r/~ 

2I(A,B>= ['I'(A)-'P(A+B)l 2 + ['¥(B)-'P(A+B)J 2 + 

+ 'I''(A) +'¥'(B)-2'¥'(A+B)+O(a:). 

Collecting the factors (5.8) and (5.9), we obtain 

a(
2

)(AB ... JX) .. a 0 tAB ... JX)·[ 1 + 2 2as<t?\og 2 2d x 
317 

2 - - - -x exp!2a
8 

(pT)[a(A+B)-b(A+B)log2d I. 

(5.9) 

(5. 10) 

Performing similar calculations in the case of single par
ticle cross section, we can formulate the general rule: 

and 

a<
2

>(AB-+CX) = a(l) (AB ... CX).exp{a
8

A(sp) }.[1 +~ 8 H log22d 
1 317 

A(sp)= [a(sp)-b(sp)log2E}+ ; 17 HT • 

2-2r ln2 Bp-1 
p>(AB-+CX)= L"!) • .!.._. [a (p 2 )] HD(~p) 

p4 r(s ) B T T p 

(5. II) 

where sp = sp +H • r f, and all other quanti ties in these expres-
sions are defined above and factor exp[~~HT] arises due to 
the difference in higher order between the quark distribution 
and fragmentation functions. This fact is related with the 
transition from the spacelike to timelike values of variable 
rJ?-

1221 
, and HT is the total number of active quarks in sub

processes, where q2=-Q 2 >0*. 

* Fo~ula (5.10) represents the particular case of eq.(5.11) 
for sp=A+B ·~ H=2 and HT=O. 
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Thus, taking into account the next to leading QCD correc
tions (at least to the nonsinglet quark distribution and frag
mentation functions) does not violate the universal character 
of the anomalous' dimension counting rules171• 

Note, that addition to these calculations of the second 
loop corresponds to the expansion of ~e effective a

8 
expo

nent in anomalous dimension series(a
8

) , 

1) - D(sp )+ c a I D2 (8 p) ± .... 

6, EFFECTIVE POWER AND P-T4 PROBLEM 

The a.d.q.c. rules give the algorithm for calculation of 
the hadron hard scattering asymptotics up to one-loop loga• 
rithmic QCD corrections to the canonical point-like pT4 law. 

Let us consider an arbitrary cross section for the large 
PT jet (single hadron) production 

u(AB-.C)- P-./ ·(~)·a~(p; ), (6. I) 

where, m •2-2rln2 +HD(s ) controls the magnitude of QCD scale 
violation in hadron coflisions. 

Calculation of the effective power 
-nerr 

u(AB-.C)-pT , (6.2) 

is rather simple because the invariant cross section (6.1) 
has the form of the structure function moments (2.4), satis
fying the evolution equation 

' 4 2 2 
~ [Pju(n,pT )] • a I CPT) d(n), ( 6. 3) 

a log p: 2, 

and thus, effective power (6.2) can be expressed in terms of 
the hadron structure corrections to the hard scattering of 
quarks in QCD. 

For the phenomenological purposes we exploite the follow
ing definition of the Deer at fixed values of zT variable: 

( 
(1)) _,_. 

u St•P T v 81 nerr (zT ·fixed). log /log----,., 
u(s2 ,p~>) Va2 

.• ..u> 2p<2> 
""T T Zop•-•-· . ..;a; ..;a;· 

(6.4) 

which corresponds to the two different measurements at energy-

18' 

• 

momentum s1 , p~> and s2.PC,:> respectively. According to tt 
definition the total effective power at large xTvalues is 

n err<zT)•4-2[ 2-2rlog2 + HD(8 p>1•R(.!J), 
82 

where 

D(8P)-d(sp)-r(.!..+ log(1-xT)), 
sp 

and quark resolution function at energies 8
1 

, 8 2 is 

(6.5 

R(~)- log(a 8 (8 1}/a 8 (82 )). (
6

,
6 82 log(Bt /82 } 

Thus, we obtain a parameter-free solution of the p~4 pro· 
lem in hadron collisions*. (The only parameter in eqs.(6.5) 
(6. 6) is the running constant scale AMs, which is fixed in 
DIS). Note, that this solution is expressed in terms of the 
perturbative logarithmic corrections to the dimensional powl 
asymptotics. The magnitude of these short distance correc
tions is governed by the quark content of the hadrons in re· 
action. The deviation from the pT4 point-like behaviour i1 
larger for a larger total number of passive constituents of 
the hadrons. See for illustration Table 3 and Figs.S-6~* 

Notice, the interesting consequence of these results ado{ 
ing to the different cross section ratios, In the case when 
the hadrons, participating in hard scattering reactions diff 
by some definite number of quarks, it is useful to formulate 
the following quark interval rule,e.g.,. for the one-quark 
differentiated processes: 

~. 8P • . .!!..:!.. ' 8p . 
It 

TTTT -o,jet, 4 TTtr-+ TT 6 

TTP -+ jet, 6 TTP .. tr 8 

pp .. jet, 8 pp -oTT 10 

PP-+ p, etc. 12 

*Note, we do not consider here the transverse momentum 
smearing effects, which have a little effect on the results, 
obtained in the large p T and xT region. 

* * ....2 " • Note, that we use the w-a-t var1able. 
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Thus, taking into account the next to leading QCD correc
tions (at least to the nonsinglet quark distribution and frag
mentation functions) does not violate the universal character 
of the anomalous' dimension counting rules171• 

Note, that addition to these calculations of the second 
loop corresponds to the expansion of ~e effective a

8 
expo

nent in anomalous dimension series(a
8

) , 

5) .. D(sp )+ c a 1 0
2 (s P) ± .... 

6. EFFECTIVE POWER AND p-T4 PROBLEM 

The a.d.q.c. rules give the algorithm for calculation of 
the hadron hard scattering asymptotics up to one-loop loga
rithmic QCD corrections to the canonical point-like pT4 law. 

Let us consider an arbitrary cross section for the large 
PT jet (single hadron) production 

a (AB .. c) - p;4 •<lr.r>•a: (p; ), (6, I) 

where, m •2-2rln2 +HD(s ) controls the magnitude of QCD scale 
violation in hadron coflisions. 

Calculation of the effective power 
-nerr 

a (AB-+C)- PT 
(6.2) 

is rather simple because the invariant cross section (6.1) 
has the form of the structure function moments (2.4), satis
fying the evolution equation 

al~[pta(n,p; )] • a,~)d(n), (6.3) 
aiogp: 2rr ' 

and thus, effective power (6.2) can be expressed in terms of 
the hadron structure corrections to the hard scattering of 
quarks in QCD. 

For the phenomenological purposes we exploite the follow
ing definition of the n8 rr at fixed values of zT variable: 

( (1)) .;-
nerr (zT ·fized). log u 81 'P T /log~ .• 

a(s2 ,p~>) Va2 
0..(1) 2p(2) 
"'~'T T z,.·-·-· · vii .;a;·· 

(6.4) 

hich corresponds to the two different measurements at energy-

8 

.. 

<
1
> d <2> • A d. h. momentum s 1 , PT an 8 2 ,p T respect1vely. ccor 1ng to t 1s 

definition the total effective power at large zTvalues is . 
n err (zT)•4-2[ 2-2rlog2 + HD(sp)1·R(.!J), 

se 
where 

D (sp)•d(sp )-r(..!. + log(l-zT)), 
sp 

(6.5) 

and quark resolution function at energies s
1 

, 8
2 

is 

R(~)- log(a 8 (8 1)/a 8 (82 )) . (
6

•
6

) 
8

2 log(Bt /s2 ) 

Thus, we obtain a parameter-free solution of the p~4 prob
lem in hadron collisions*. (The only parameter in eqs.(6.5)
(6.6) is the running constant scale AMi, which is fixed in 
DIS). Note, that this solution is expressed in terms of the 
perturbative logarithmic corrections to the dimensional power 
asymptotics. The magnitude of these short distance correc
tions is governed by the quark content of the hadrons in re
action. The deviation from the pT4 point-like behaviour is 
larger for a larger total number of passive constituents of 
the hadrons. See for illustration Table 3 and Figs.5-6~* 

Notice, the interesting consequence of these results adopt
ing to the different cross section ratios. In the case when 
the hadrons, participating in hard scattering reactions differ 
by some definite number of quarks, it is useful to formulate 
the following quark interval rule,e.g.,, for the one-quark 
differentiated processes: 

~. sp .. . H.a . sp . -
TTTT -+,jet , 4 rrrr-+ rr .. 6 

rrP-+jet, 6 rrP -+ TT 8 

pp .. jet, 8 pp -+ TT 10 

PP ... p, etc. 12 

*Note, we do not consider here the transverse momentum 
smearing effects, which have a little effect on the results, 
obtained in the large p T and zT region. 

** Nd'te, that we use the r;f._t, variable. 
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Table 3 

The PT power "err defined for fixed xT by Edu/d~ 
(PP->tr0 ,jet+X)- p -nerr (see eqs. (6.5) and (6.6)). 

The two values o£ nerr at each energy correspond 
to A,.o.J GeV/c and A,. 0.5 GeV/c (lower value), 
respectively 

PP ·~Jf 0+ X 

~ 0.1 0.2 0.3 
v 

0.4 0.5 0.6 0.7 o.8 

102 5.23 5.29 5.35 5.41 5.50 5.59 5.72 5.90 
5.97 6.05 6.15 6.26 6.39 6.55 6.75 7.04 

103 
4.99 5.03 5.08 5.13 5.20 5.28 5.38 5.52 
5.41 5.47 5o 53 5.61 5.71 5.82 5.96 6.17 

104 4.81 4.85 4.89 4.93 4.98 5.05 5.13 5.25 
5.08 5.12 5.18 5.24 5·31 5.39 5.51 5.66 

105 
4.69 4.72 5.76 4.79 4.84 4.90 4.97 5.07 
3.88 4·91 4.96 5.01 5.06 5.14 5.23 5.)6 

PP4 jei+X 

0.9 

6.21 
7.53 

5.77 
6.52 

5.46 
5.93 

5-24 
5-58 

I~ 0.1 0.2 0.3 0.4 
2 

0.5 0.6 0.7 o.8 0.9 

102 5' 14 5.07 5.06 5.07 5.10 5o15 5.22 5.32 5.51 
6.34 5.99 5.88 5.84 5.86 5.90 5.99 6.14 6.43 

103 
4.85 4.82 4.82 4.83 4.87 4.91 4.96 5.05 5.20 
5.37 5.27 5.24 5.24 5.27 5.32 5-39 5.51 5.72 -104 4.67 4.66 4.66 4.68 4.70 4o74 4.79 4.86 4o99 . 4.96 4.91 4.91 4.92 4.95 '4.99 5.06 5.15 5. 32 

105 4.54 4-55 4.56 4-57 4.60 4.63 4.67 4.73 4.84 
4.74 4.72 4.72 4.74 4.76 4.80 4.85 4o93 5.07 

-

20 .. 

7 
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5 

L 

-

A • 0.1GeV/c Sa 

~
IGeV~ 

103 - ~~~ 
- ~10 

Fig.5.Effective pT power n1 

(see eqs. (6.5) and (6.6)) 
the invariant cross-section 
rr0 -meson production in pp -, 
lision as a function of xT, 
calculated for two QCD seal 
A • 0. I Ge VIc and A.,. 0. 5 Ge V 
respectively 

:,[ A • 0.5GeV/c 

s-
(GeV2)_,~ 

~~ 6l 

51 
~: 

L 

0.1 0.3 0.5 07 0.9 
Xr 

Fig.~. Comparative curves, as 
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,t 
c 

4.5 

4 

11 •0.1Ge'fc 

s ·10L Gev2 PI 

____/; 
~ 

in F1g.5, for jet pnd lingle ~ 0.1 O.l 0.5 0.7 
"-production in pp -collision. Xr 

we have 

u{Sp+2) E 2 2 ~D (s )•H 
R[ ] = -[a8 (~ )]. P 

u (sp ) (sp +1)(Bp+2) T x T -fixed 
(I 

where 

&>(sp)•D(~ +2)-D(sp) .. 

2Bp+3 2 2r 8 
-r[ + 1'~'·-·-y 

{Sp + l)(Bp +2) Bp(Bp+2) - 8 p 8 p F 

(t 



Table 3 

The PT power n
8

rr defined for fixed xT by Eda/d3p 
(pp~ 17°,jet+X)- p -nerr (see eqs. (6.5) and (6.6)). 
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and YF= 4/25 is the quark anomalous dimension (Feynman gauge). 
As an illustration of this rule consider here the following 
ratios: 

bea~ (li!..!_) = (1-xT'f [ a (~ )]3yF 
rat1o ITP ... IT 9·10 s T 

par~icle .!'!..::!_ = ~-Z,.) [a (p2 )]6YF 
( ) 

2 12 

ratlO PP ... IT 11·12 s T' (6. 9) 

part1c e Jet pp ... IT 1-xT) ..2 ltyF . 1 I . ~ ) ( 2
+4Yp! 

· .. [a (v~ )] rat10 pp ... jet 9 •10 s T 

These ratios can be tested experimentally in measurements 
at different energies and transverse momentum. Due to the pa
rameterless nature of these predictions, a full phenomenolo
gical analysis of experimental data will be very desirable. 

7. CONCLUDING REMARKS 

Starting from the QCD evolution of the quark and gluon dis
tribution (fragmentation) functions and exploiting the spec
tator counting rules for the initial x-dependence of F(x,Q~) 
and D(z,Q~) at ~= Q~ we obtain in leading log approxima
tion the a.d.q.c. rules for any arbitrary inclusive hadron re
actions at large PT involving all the possible QCD hard scat
tering subprocesses and singlet distributions. 

Analysis of the next to the leading order QCD corrections 
to the quark evolution does not destroy the universality of 
these rules. On this base, QCD gives a unique parameter-free 

• . -nerr 
pred1ct10ns ( p T -solution) for a wide class of hard 
processes. 

The authors are very indebted to Prof. A.N.Tavkhelidze for 
his constant interest in this work and valuable remarks, and 
to Drs. K.G.Chetyrkin, N.V.Krasnikov, A.N.Kvinikhidze, R.M.Mu
radyan, A.V.Radyushkin, D.Robaschik, and A.N.Sissakian for 
useful discussions. 

• APPENDIX I 

Let us assume that the initial valence, "sea" quark and 
gluon distributions at Q2.Q~ at large x have the f~rm: 
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and yF=4/25 is the quark anomalous dimension (Feynman gauge). 
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These ratios can be tested experimentally in measurements 
at different energies and transverse momentum. Due to the pa
rameterless nature of these predictions, a full phenomenolo
gical analysis of experimental data will be very desirable. 

7. CONCLUDING REMARKS 

Starting from the QCD evolution of the quark and gluon dis
tribution (fragmentation) functions and exploiting the spec
tator counting rules for the initial x-dependence of F(x,Q~) 
and D(z,Q~) at Q!-= Q~ we obtain in leading log approxima
tion the a.d.q.c. rules for any arbitrary inclusive hadron re
actions at large PT involving all the possible QCD hard scat
tering subprocesses and singlet distributions. 

Analysis of the next to the leading order QCD corrections 
to the quark evolution does not destroy the universality of 
these rules. On this base, QCD gives a unique parameter-free 
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gluon distributions at Q2 .. Qg at large x have the f~rm: 
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3. Gluons 
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Neglecting the non-leading (at x-+ 1) terms in (AI.I-8) we 
receive the set (2.5). 

APPENDIX II 

i) Hypergeometric function of two variables 
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where B(a,$) is the Euler" s Beta function, and 
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Y(z)=-dlogr(z~. Y'(z)= d logf(z); 
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