PHYSICAL REVIEW D 67, 034014 (2003

Integral equation for spin dependent unintegrated parton distributions incorporating double
In?(1/x) effects at lowx
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In this paper we derive an integral equation for the evolution of unintegtkteditudinally) polarized quark
and gluon parton distributions. The conventional Catani-Ciafaloni-Fiorani-March&@#M) framework is
modified at smalk in order to incorporate the QCD expectations concerning the doufftEih resummation
at low x for the integrated distributions. Complete Altarelli-Parisi splitting functions are included that makes
the formalism compatible with the leading order Altarelli-Parisi evolution at large and moderately small values
of x. The obtained modified polarized CCFM equation is shown to be partially diagonalized by the Fourier-
Bessel transformation. Results of the numerical solution for this modifed polarized CCFM equation for the
nonsinglet quark distributions are presented.
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I. INTRODUCTION (3) We shall explore the relative simplicity of the system
of the modified polarized CCFM equations due to absence of
The basic universal quantities which describe the inclunoneikonal form factors and utilize the transverse coordinate
sive cross sections of hard processes within the QCD imrepresentation of those equations. The transverse coordinate
proved parton model are the scale dependent parton distribly, is related to the transverse momentum of the partons
tions. These distributions depend upon the longitudinathrough the Fourier-Bessel transformation and the system of
momentum fractiorx and the hard scal@? and correspond the CCFM equation can be partially diagonalized by this
to the integrals over transverse momentlm of the so  transformation.
calledunintegrateddistributions describing théscale depen- The content of our paper is as follows. In the next section
deny x andk, parton distributions. The unintegrated distri- e recall the original formulation of the CCFM equation
butions are needed in the description of less inclusive quarjeveloped in Ref[9] and include the polarized quark distri-
tities which are sensitive to the transverse momenta of thgtions, while in Secs. Ill and IV we formulate the modifi-
partons[1-5]. cations of the CCFM framework, which will incorporate the
The unintegrated parton distributions are described in pefgcp expectations concerning the doubl& 1) resumma-
turbative QCD by the Catani-Ciafaloni-Fiorani-Marchesini tion at low x and the complete Altarelli-Parisi evolution of
(CCFM) equation[6—8] which is based on color coherence jntegrated densities in moderately small and large values of
which implies angular ordering. It embodies in a unified wayy \we observe that the modifed CCFM equations, including
the [leading order(LO)] Altarelli-Parisi evolution at large  thejr extension discussed in Secs. IV and V can be partially
and moderately small values afwith the BalitskitFadin-  diagonalized by the Fourier-Bessel transformation. Sec. V is
Kuraev-Lipatov(BFKL) dynamics at smalk. devoted to the numerical analysis of the modified CCFM
The CCFM equation which was originally formulated for equations and for simplicity we limit ourselves to the nons-
unpolarized parton densities has recently been generalized fRglet quark distributions. Finally, in Sec. VI we summarize

spin dependent unintegrated parton distributio8s The  oyr main results and give our conclusions.
novel feature of the spin dependent case is its different struc-

ture at smalk and in particular the absenc:_a of the nonei_konal Il. THE ORIGINAL CCEM FORMULATION

(or non-Sudakoy form factors. We also include thespin o | ONGITUDINALLY POLARIZED UNINTEGRATED

dependentquark distributions, leading first to a system of PARTON DISTRIBUTIONS

CCFM equations for unintegrated spin dependent quark and

gluon distributions. We shall then extend the analysis of Ref. Along the lines of Refs[6—8] a version of the CCFM

[9] along the following lines. equation has been derived for the longitudinally polarized
(1) We shall incorporate theoretical QCD expectationsgluon distribution[9]. For the corresponding expressions in-

concerning the double logarithmic smalleffects. We ob- cluding quarks one has to take into consideration that the soft

serve in particular that both the angular ordering constrainemission occurs predominantly from a ladder of gluons be-

and the kernels of the corresponding system of the CCFMause of their larger spin quantum number. Therefore, quarks

equations have to be appropriately modified. appear only as initial states playing automatically the role of
(2) We shall include complete splitting functioms,,(z) the hardest emission which enters in the Altarelli Parisi split-

and not only their singular and finite parts in the linzit ting function, see Fig. 1. Therefore, the arguments presented

—1 andz—0, respectively. in Ref.[9] are valid in the case of quarks as well. The po-
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larization does not enter into the soft emission. Conse- ¢ dg'?
quently, again a noneikonal form factor is absent and the\(99[qg?,(zg)?]=exp —Ca FJ 2
eikonal form factor is identical to the one in the unpolarized (zo®q

case. Furthermore, in its original formulation the CCFM

equation is an evolution equation valid only in the limits y flfQOIQ’ dz' afq'%(1-2")?]

—0 andx—1, and therefore, the Altarelli Parisi kernels en- 0 1—7' T

ter only in interpolated form, taking the limisz—0 andz

—1 into account. The complete polarized CCFM equations 6)
take the following general form:

and the interpolating Altarelli-Parisi kernels then reade

Af(x,k7 ,Q%) = (AP Af) (x,k? ,Q?), Ref. [10]):
Af(x,k?,Q%) = (APCCF%Afk)(x,kf QY. (D
2—z
Here we have used PAPO(Z) ZCAl =

CCFM CCFM

o Afs R Aqu AP
= an P = 1
APAPO(Z) ( )

CCFM CCFM
Afy Aqu Ang
2
Here Afg is the unintegrated polarized gluon distribution APO 1+ 72
function,Afs the unintegrated polarized singlet quark parton APgq (2)=Ce7—

distribution function andAf, denotes any polarized nons-

inglet combination of quark parton distribution functions

such as the tripletAf3) and the octet contributionA(fg). APL%2)=Cr(2~2). (6)
For the convolution one has the structure

CCEM 2 The fact that in the polarized case the CCFM splitting ker-
(AP ®Af)(x.kT,Q%) nels are independent &f allows a factorization in terms of

20004 (= dq? [1-Qola dz the Fourier-Bessel transformation
Zf o z—zf — 0(Q-7a.])

0 ® Q¢ (APCCPM A f)(x,b% ,Q2)
X APCC™M(z g2 \Q?)Af(x/z,k!%,q?), (3) '
=f d%k, e Pk (APCPMe Af) (x,k2 Q%)
using IZL=IZL+(1—Z)(§L In terms of the principles dis-

cussed above one obtains for the CCFM splitting kernels 1dz Q2/22 qu
CCFM,, 2 ~2 _Jo[(l 2)|byla.[]
APgs (2,97 ,Q%)
. adg?(1-2)? CCFM 5 2 A2\ AF) 2 2
—A9[Q2,(24,)7] s[‘héw )’ APAPYz) X APCS™M(7,62 ,Q2)AT(x/z,b% ,0?). (7)
APGe™(z,97,Q?) One should note that(x,Q?) = f(x,0,Q?) is just thek, in-

tegrated parton distribution.
2 2
- adqi(1-2)7]
=A0[Q%(zq) ) l27T APL2), IIl. MODIFICATIONS TO MAKE CONTACT
WITH LADDER DIAGRAMS

APSE™Mz,qf ,Q?) It may easily be observed that the angular ordering con-
straint which is embodied within the CCFM equation gener-

(@O 2 adq?(1-2)?] APO ates the double fie1/x) terms for the integrated parton dis-
=A¢"[Q%(2q) 55— APqq (2), tributions. The result concerning resummation of those terms

turns out to be, however, different from the QCD expecta-
tions discussed in Reff11—14. The double IA(1/x) effects

in QCD are generated by the ladder and nonladder brems-
strahlung diagrams.

APGE™M(z,097,Q%)

A (ZaL)Z]aS[qi(l_Z)Z] PAPO(Z) " In order to get the expected double logarithmic limit of
€ ' 2 the integrated distributions corresponding to the ladder dia-
grams contribution it is sufficient to replace the angular or-
The eikonal form factors have the form dering constraint®(Q—2z|q,|) by the stronger constraint
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9 q, FIG. 1. Construction of the po-
larized CCFM equation for quarks
from the one for gluons. The ker-
nels forqg, qg, andgq splitting
are subsequently constructed from

jecetmcccae

oot oo . . .
p the gg soft emission by amending
the corresponding hard initial
P states. Here the solid line de-
q gq

scribes gluons while the dashed

/ \ line denotes quarks.

% % 9 K w
P i P’ P
| b
T 5
9 B ®PF, = Foq ® Fyg

0(Q*- zqi) in the corresponding evolution equations for (4) We represent the splitting functiond P,,(z) as
integrated distributions. The latter just correspond to the Ap,,(z)=AP,,(0)+AP,4,(z), where AP,,(0)=0. Fol-

Fourier transformed unintegrated evolution equationb at Ref.[14 hall multiplvA P...(0 dAP. b
=0. We assume that this replacement can be done for arblO\EVIang ZZ g a]nv(\j/e(; (32 m; )Ip yres;ebgztlz/;; in atk;](ez) |n)t/e-
N 1 ’

rary val f the transver rdin D hi
trary values of the transverse coordindte. Due to this Sgrands of the corresponding integral equations. Following

replacement we will obtain an equation which incorporate h | ¢ Refl14 Il th di
the known collineafLO Altarelli-Paris) evolution for a not e terminology of Ref[14] we call the corresponding con-
tributions to the evolution kernels the “ladder” and

too smallx and the double logarithmic asymptotics fer o .
g ymp “Altarelli-Parisi” contributions, respectively.

<1. However, the equation does not sum up the single . ’ . .
In(1/X) contributions as it was done by the original CCFM/ (5) we Sh"?‘” _unfold the eikonal fo_rm factors in order to
treat real emission and virtual correction terms on equal foot-

BFKL (unpolarizedl equation. Having this point in mind we .
will henceforward call the evolution equation for the polar- ng. o .
ized unintegrated parton distributions which we derive start- Using those prescriptions we get the following unfolded
ing from the CCFM formulation and where we are including and modified polarized CCFM equations:
our modfications a modified polarized CCFM evolution
equation. Apart from this substitution in the argument of theAf
theta function to include the double logarithmic contribu-
tions, we shall also make the following modifications of the
original CCFM equations proposed in RE9]. ldz

(1) The argument ofrs will be set equal ta? instead of Xf 710@=%

200 _ 2

qi(1-2)%

(2) The nonsingular parts of the splitting functighwill +60(Q? )<i_22)
be included in the definition of the Sudakov form fa¢spr —q Z

(3) Following Ref. [14] we include complete splitting g
functions P,,(z) and not only their singular parts at=1 Z12 2 ° 2_ 52
and constant contributions at0. X ATz k" q0)+ ( 3 0Q ~zq)

N o - d%q, as(a?)
(xR Q7 =aT k) + [ S 2 e g2 -0))
mq; 27

120(Q*—zq)
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may be regarded as a reasonable approximation, particularly

4 .
- §Z®(Q2—Qf))Afz(X/Z-kL2 -QE)] in the region of large and moderately small values ahich
is dominated by the single loop approximation.
, 2. 6 11 N¢ Taking the Fourier-Bessel transformation on both sides of
—0Q a5+ 3
tributions f4(x,b? ,Q?%) andfy(x,b? ,Q?):
X Afy(x, k? ,qL)) (8)

_ s(q )
fo(x,b%,Q%)=10(x,b?)+ > —5—0(q° - Q})
en

dzc_]l ag( qi )
7Tq2 27T

Afg(x,k? ,Q2)=AT§(x,|Zf)+f 1d7
Xfo 7(Jo[bL(1—z)ql]®(z—X)

d
<O Qo>f Z(@(z X)
120(Q%—zq?) +60(Q%—q?)

z
1-z

8 4
+ §®<Q2—zqf)—§z®<Q2—qi>)

X|[—Ng®(Q*—z) y

g(x/z bl,ql)

+2zNe®(Q%—q)]Afy(x/2,k(?,q?)

z+7°

3

—zqf)+
XfZ(X/Z bL qu)] —Z®(Q2—Cﬁ)

x@(Qz—qf))Afg(x/z,Ef .q%)

(—6 11 fo(x,b?.02)|, (1D
8 1—7 ? glX,07, .q7
_ 2_ 42 _ z
z0(Q qL)(3(1_Z) 2)

— dqf ag(af)

2 _¢0 2 L —S\HL 2 2

where we have put explicit numbers for the factg and y fld_z N B
Ck, and also introduced the singlet spin dependent uninte- Jol b, (12)q,10(z=%)

grated quark distributions

X|[—Ng®(Q*—zqf)

Afy =3 (Afq +Afg). (10
The “nonsinglet” quark distributions evolve adfs but +2ZN:0(Q%~ qi)]fg(X/Z b?.a?)
without the gluon contribution on the right-hand-side of the
integral equation. (@)(QZ—zqf ql))
In Egs.(8) and (9) we set the upper limit of integration
overdz equal to 1 instead of £Q,/q since the integrands
are free from singularities a&=1. It should be noted that xfz(x/z bl ,ql) —z@(Qz—qf)
k! =k, +(1-2)q, . It should also be noted that the inhomo-
geneous termaT) andAT? in Egs.(8) and(9) do not con- ><( 8 ez 2
tain the Sudakov formfactors. They can be chosen to have 3(1-2) 2|15 (6b1,q1) (12

(for instance the Gaussian form ik, normalized to unity

and multiplied by the inpufintegrated distributions at the where

scaIeszQg. The latter could be taken from one of the

existing (LO) QCD analysis of spin dependent parton distri- &+ 2 A2\ _ 20 T 2 ~2
butiong. To bg precise }t/he inhoFr)noger?eous ter?ns are related |109P1:Q )_f a7k, exp(—ik, by JAT (KL, Q%)
to the starting distributions at the reference sd@jgin the "

“single loop” approximation[15,16 corresponding to the =277J kldkL‘JO(kLbL)Afi(Xakf ,Q?)
replacemen® (Q?—z o) by ©(Q?—q?) in the integrals in 0

Egs. (8), (9), since in general the integrals containing the (13)
function ®(Q?—zcf) do not vanish aQ?=Q3. Parametri-

zation of the driving term in terms of the parton distribution and

034014-4
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o2

d<b
Atk 00 - | 2y

. — 1 (=
xplik, b, Ti(b? Q%)= 5 | b, db,Jn(k,b. AT (x,bF Q7). (14

From a physical point of view one can interptet as an “impact parameter” giving the transverse distance of the partonic
probe. Then the following expressions are obtained:

dz 2/7 dq s(q )
o007 Q) =To0xb0)+ [ 5 fQ’ e (02,62 ) ol b (1 2)]

1dz (o022 d o
S s i s“h)f(/zbf.qglzao[|bl||qi|1 2] (ladden
J_

1dz 2 dof s(q 4
v ]S fQ S 2UE (w2, bl,qg( z)Jonblqul(l—z)]
J_

fg(x/z,bf ,9%)—fo(x,02 ,6?)

1dz deq a(q —
f J — = —2f4(x/z,b% ,q%) |l |b.]|q.[(1-2)]
L

(1-2)
2 d N
+jQ i @ xb?,0%)| 5 = 5 +6In(1-x)|  (Alareli Parisi), (15
% at 27 3

1dz Q%2 dq as(a? )
bt @) =T0cwty+ [ ([ 37 T TR ozt gt a1

1dz (0%; d
f f@/z a “s(qi) fg(x/z,b?,a?)NJol[b.[[a.[(1-2)]  (ladden)
L

4| (z+2)ts(x/z,b? ,0%)—2zfs(x,b? ,q?)

1dz (o2 dof a(q
I P I NIEE
L

(1-2)
2 d 8
+f°2 i S(qi)fi( x,b7 ,0%)| 2+ 3In(1-x)
Qo qi
1dz (02 dO; «
f f ° ql S(QL fo(x/z,b% ,q2)2zNeJo[[b, |[q.[(1-2)]  (Altarelli Parisi ). (16)
J_

The contribution for the quark nonsinglet part can be simply obtained from the expressions for the singlet part leaving simply
out all gluonic contributions

1dz (Q¥z dqf as(q?)—
s Q0= + [ 5[ 87 25wtz a3 S3(lb.[la,l(1-2)]  (ladden

1dz (g2 d
i = LR e

+fQ2 dch as(ch)
Q o 27

4| (z+2)f qNs(X/Z bf.a?) - ZZTq ns(x,b? ,a?)
(1-2)

2+8| 1
§n( —X)

fqns(X bL,ql) (Altarelli Parisi). (17)
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The expressions show that except for the scaleodnd APy4(0) APy4(0)
the occurrence of the Bessel functidiy the expression
match exactly the ones derived in REf4] calculating lad- Mo= )
der diagrams and combining this with the Altarelli Parisi APgy(0) APy (0)
evolution. This shows the tight relationship that can be (22)
shown between modified CCFM and the ladder contribu-
tions.

N2-1
2N

IV. INCLUSION OF NONLADDER DIAGRAMS
Go= } (23

There is a third contribution to the evolution of uninte-
grated parton distributions which is not covered by the 0 N
“Altarelli-Parisi+ladder” approximation of the modified po-

larized CCFM equation, these are the nonladder bremsstrakr—he singlet partial wave matri, is linked with the anoma-
lung contributions. The method of implementing the nonlad-, i ension matrix55Yw,a;) controlling the evolution
der prem.sstrahlung corrections in general Into the dOUb.I%f the moments of the integrated spin dependent distributions
logarithmic resummation was proposed by Kirschner and Li-
patov[13]. For integrated polarized parton distributions they F0=8772y§E3(w ay). (24)
have been implemented in R¢L4]. The method developed B

in Ref.[13] is based on the infrared equations for the partial _ _ ) )
wavesF, g o, ay): The anomalous dimension matrix corresponding to the solu-

tion of Eq.(19) is given by

: : )
RE _®
Fos= . (19 7S (o as)= 2 ® 27%w?

F3y F3S (9

Mo Fs(w,as>eo)

The anomalous dimension matrix contains the resummation
The infrared equations for the partial waves read of the double logarithmic {1/x) effects which correspond
to the sum of powers of/w? in the  space.
It should be noted that the inhomogeneous term in the
Adrrag 2ag nonlinear equatiori19) which is proportional taVl, is also
0~ ﬁFs(“’vas)GO proportional to the kernel matrix defining the ladder diagram
contributions in the double logarithmic approximation to the
evolution equation for thdintegrated parton distributions
[see EQs(8), (9) at b, =0]. The fact that in Eq(19 M,
appears in the inhomogeneous term while in Egs. (9) it
appears in the kernel matrix is linked with the fact that Eq.
(19) defines thegg-scattering amplitude in the representa-
tion, while Egs.(8), (9) define the parton distributions. The
4 N double logarithmic approximation of Eq), (9) atb, =0
T ag ; ; S
Fg(w,as)=——Mg+ —— —Fg(w,ay) would generate the anomalous dimension mafflg .., COr-
w 2mw do responding to ladder diagrams in the double logarithmic ap-
proximation which is given by

FO( w, as) =

+ Fg(a),as), (19

87w

1
+ —ng(w,aS), (20) w 2a Mg
P (26)

RES _
87w Yiaddek @, &s) = 2 2
Tw

where the matricedlo, Mg, andG, are given by It has been observed in RdfL4] that in order to get com-

plete anomalous dimension given by EB5) one has to add
the corresponding terms proportional Fg(w, ) Gq in the

__1 _ & kernel matrix defining contribution of ladder diagrams. In the
2N 2 two-scale unintegrated case one can simply add them by
Mg= ; (21) analogy to the Altarelli-Parisi and ladder contribution by in-
serting the factody[b, q, (1—2)]. The results are given be-
N 2N low.
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dz (o2 do? ag(q)— 8
oot @4 =Thoet+ [ 5[0 SR bt bl a2
L

1dz (%2 d
j fQ/z q as(qj_) fo(x/z,b2 ,q2)1200[|b. ||q.|(1-2)] (ladder)
L

fleJQZ dq? as(qJ_ 4
qt

fy(x/z,b? qn( z)Jo[lbllqu(l—z)]

f4(x/z,b? ,g%)—f4(x,b? ,g?)
iy ezl }Jo[|bL||QL|(1—Z)]

jleJQZ dch as(ch
L

HoNe e
> 3 n(1—x)

2 d
f @ 4 as(al) (Altarelli Parisi )

(x,b%,q%)
& q? 27 o00PLAL

1dz (2 dof s(q
f fQ by (21— z)]([rg
L

(Z)_) fz(X/Z bL ach)
gq

Es

jleJQZIZ dg? as(qL)

qz Go
1
(—z);) g(x/zbl,qi) (nonladder)

Jol [by [[a, (21— Z)](
Q2 [e]¢}

(27)

id 2qu s(q )
bt @) =T0uwty+ [ 5[ 3 TR ozt gt a1

1dz Q%2 dq as(9?)—
f j — SWL fg(x/z z,b?,2)NeJo[|b,[|a,](1-2)]  (ladder)

(Z+22)f2(X/Z bL ach) ZZfE(X bL !qL)
(1-2)

1dz (@2 dqf s(q
v ]S fQ S allb a1~ 25

fQZ dch as(q )—
+
or qJ_

2+8| 1
§n( X)

fz( bi ,qi)

1dz (02 dg° «
f jQ da? s(:-i f(x/z,b? ,q%)2zNeJo[|b, ||a. [(1-2)]  (Altarelli Parisi )

1dz (o2 dq’ (q F
5 ls @ el o] | =
J_ w

Go
(z); qqu(X/Z bL ,qi)

fleJQZ/z do? s(ql) Fs
L

97 | Go

L

(—z) 2—772) g(x/z bl ,qL) (nonladder).
qg

Jol|by [l [(1- Z)](

(28)

The contribution for the quark non-singlet part can be simply obtained from the expressions for the singlet part leaving simply
out all gluonic contributions
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B 1dz
fons(x,b%,Q3) =17 Ns(x’bi)J’fX 7fQ2 of
0 1

Q?z ﬂ ag( qu_ )—
2
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4
fans(x/z.b? ,a)33ol[b.[la.[(1-2)]  (ladder)

+fld_ZfQ2 ﬂ—%(qi)\] [|b.]| |(1—z)]f (z+2)fqns(x/z,b? af) — 22 ns(x,b .07
«zlg @ 2w o 3 (1-2)
o2 daf ag(q?)— , o[, 8 o
+ng E?fq,@(x,bi,ql) 2+ §In(1—x) (Altarelli Parisi )
1dz (2 dg® a4(q?) Fs Go| — 2 2
[ 1S T bl 2| =3 @ 7G| Tzt )

_flefQZ/z do? ag(a?)
x Z J@? qi 2

Jo[lbLHQJ(l_Z)](

qaq

Fg

= (nonladder).
w

.a?)

2

(qi ) GO) re 2

—z|—=| fqns(X/z,b

> 5 qNsiX/Z,Dp
Q 21 aa

(29

Here (Fg/w?](2)) is the inverse Mellin transformation of Where APi(X,QS) are the input integrated spin dependent
Fg(w)/w?. Derived for largeN and fixeda,, one can use an Parton distributions at the reference scalg

approximate fornf11]

’IE Born

(z)=2maMgIn?(2),

so that one gets in our case, e.g.,

Go| __ N1
( <z>2w2)q~ oz eI’ (2).

Fg

w2

V. NUMERICAL STUDIES
A. The input distributions

B. Features of the evolution

(30 Settingb, =0 in Egs.(12) and(11), one obtains evolution
equations for the integrated polarized parton distributions
equivalent to those given in Ref14]. Therefore, thex and

Q? dependence of the unintegrated parton distributions will
be exactly the same as given by the Altarelli Parisi evolution
equations supplemented by ladder and nonladder contribu-
tions. In this way the modified polarized CCFM equation as
discussed here is consistent with the standard evolution of
the integrated polarized parton distributions. In fact the
whole transverse momentum dependence is governed by the
inclusion of the factorJg[b, q, (1—2)]. In principle, the
only genuine new feature of the modified CCFM equation is

(31

For the polarized input distributions we are going to usethe k;, (or b,) dependence. At large and moderately small

the LO Standard Scenario parametrization given in Réf].

values ofx one can make the “single-loop” approximation

The structure of the integrated input distributions is a factof15,16 corresponding to the replaceme®{Q?—zq’) by
mUltIp'IEd with the unpolarized input distributions given in just@(Qz—qi) in the “ladder” contribution and to neg|ect-
Ref.[18]. As we have “deexponentiated” the eikonal form ing the“non-ladder” contribution. Ab, =0 the modified po-

factor in the evolution equations, the input distributions havgarized CCFM equation in the single loop approximation
to beQ? independent. This is different from the usual unpo-equation reduces then to the LO Altarelli-Parisi equation in
larized CCFM-input distributions, where one uses for the integral form.

dependence the corresponding eikonal form faftdy. For Numerically, we perform the evolution using the Cheby-
thek, dependence of the input distributions a Gaussian Anshev approximation technique as discussed in the Appendix.
satz is commorj19]. In thlszway the input distribution as  The calculation is very time consuming, therefore, we take
defined at an input scal®; have the following general only eight polynomials in all cases into account. As the

scheme: Bessel functionJ, is oscillating the corresponding integra-
2 tion is numerically quite problematic. As a pragmatical solu-
~ 1 tion the integration is only performed up to the fourth zero.
0 2 A2y _ 2 M g yp p
AfF(x,kT,Q )—Api(X,Qo)eXP< 02) g We have checked that this procedure provides stable results.
As the mathematical structure is the same for singlet and
b2 o2 nonsinglet contributions we can restrict ourselves for the dis-
o ) . .
—ATO(x, b2 ,02)=Ap:(x,02 ex;{ L ) 32 cussion of thek, dependencg to the simple nonsinglet case.
i Q%) =4pi(x.Qo) 4 (32) In Fig. 2 we show the evolution of tHe dependence for the
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triplet contribution, k dependence DGLAP. ladder il;:ilzi_er
1 T T T T T T 2 , ) : 2
of — =01 Af(x,Q2) ————= Af(xQ?)
- —= x=0.01 ' ) '
23 | : |
10 -1 \ . : ! :
s evol. dist.: E E E
g 2 %= 10.0 Gev*® | : :
L] 2
_ 2 : : : d’k
<0 |k . o
| input dist.: I I non-
10 -3 E Qz- 0.26 G vg DGLAP, ladder, ladder
sp T ° (approximation)
2 2 2 I : 2 A2
10 -4 - ALV - Af(x, K ,Q)) +————= Af(x,k,Q")
0 1 2 3 4 5 H )
. DGLAP Eikonal
. . . kernel form factor
triplet contribution, k dependence -~
1 E T T T T T T pCCFM
s5F — x=0.1
z==§§\ —— x=0.01 FIG. 3. Relationship between the pCCFM evolution and its
10 -1¢ evol. dist.: 3 modified approximate form for unintegrated parton distributions on
St @°= 100.0 Gev*? E the one hand and the evolution of integrated parton distributions on
o ol ~. the other hand.
< to-2¢ e E
5f =~ ] genuine polarized CCFNpCCFM) formulation and includ-
B Lt dist ing some modifications incorporating the known collinear
10 -3¢ Qg: 0.26 Gev® \ 1 (LO Altarelli-Parisj evolution for a not too smabk and the
St \ ] double log asymptotics fok<1. This evolution equation
2r L A\ ‘ \\ which we call modified polarized CCFM equation does not
1o '40 1 2 3 4 5 sum up the single In(%) as it was done by the CCFM/BFKL

k., unpolarized equation. An inclusion of the single log contri-
) butions would be very interesting, but is unfortunately be-
_FIG. 2. Transverse momentum dependence for the triplet congong the scope of this article. The modified CCFM equation
tribution Af3=g(Au+Au—Ad—Ad) of the full modified pPCCFM  yje|ds an approximate description, which contains contribu-
evolution (approximate form: Altarelli Parisit ladder + nonlad- tions of the type of “Altarelli Parisi,” “ladder,” and “non-
den. The thin lines 2show the input distributions QRSV LO Standardladder“ and which correspond to respective contributions in
scenario[17] for Q5=0.26 GeV for x=0.1 (solid andx=0.01 0 inteqrated case. We have utilized the fact that these equa-
(dasheg| while the bold lines show the same distribution evolved to ;- o 1o diagonalized using the Fourier-Bessel transfor-
2_ 2_
Q*=10 GeV’ (tOp). and Q°=100 GeV? (bOtt.om' It can be seen mation with the “impact parametet, . The nice feature of
from the logarithmical scale that the evolution leads to &road- is 1 f tion is that by simol ttithy = O b
ening away from the Gaussian shape to a mere simple exponentig?!s ranstormation 1s tha y simply se. ifg = ong ob-
decay. tains already the corresponding expressions for the integrated
parton distributions. In fact, the difference between both is

triplet contributionA f;=2(Au+Au—Ad—Ad). The input  only a factorJo[b, g, (1-2)]. As to theb, dependence the
distributions atQ2=0.26 Ge\? taken from the Glok-Reya- ~Mathematical structure is the same for the nonsinglet and
Stratmann-Vogelsan@SRSV) LO standard scenario sgt7] sm_glet contnbuﬂqns to the unintegrated parton d|_str|b_ut|ons.
are compared to the evolved distributions a2 Using the technique of the Chebyshgv approximation we
=10.0 GeV? andQ?=100.0 GeV. The width of the initial have performed the evolution for the triplet distributiaris
transverse momentum dependenckas been chosen to be 1 @nd observed a characteriskic broadening away from the
GeV. For the simulation the full content of the equation, theGaussian form to a more exponential decay. The relationship
Altarelli-Parisi, ladder and nonladder contributions all haveP&tween the genuine and the modified pCCFM for uninte-
been included. It is seen that due to the evolution khe grqted parton dlstrlbutlpn§ on'the one hand and the e\{olutyon
dependence is broadening away from a Gaussian behavior 8 intégrated parton distributions on the other hand is dis-
a more purely exponential decay. Such a feature has alreadj@yed in Fig. 3. The modifications to the genuine pCCFM

been seen in the purely gluonic formulation of the genuinéfduation correspond to the Altarelli-Parisi part plus ladder
polarized CCFM equation as discussed in FR8f. contributions in the evolution of the unintegrated parton dis-

tributions. The nonladder contributions have to be added by
hand. As the only difference in the evolution kernels for the
integrated and the unintegrated parton distributions in Fou-
In this paper we have derived an integral equation of theier space is the factodo[b, q, (1—2)], which becomes
unintegrated polarized parton distributions starting from aunity as the transverse impact paraméteigoes to zero, it is

VI. SUMMARY AND CONCLUSIONS
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clear that the diagram between transverse integration and 0, i#j,
evolution shown in Fig. 3 commutes. The next step will be to

use the modified polarized CCFM equation as presented here 1 Ti()T;(x)

to construct a consistent set of unintegrated polarized parton —— dx=
distributions from existing data. -1 VI=x

i=j+#0, (A3)

NIE

m, 1=]=0.
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be thekth zero of Ty (x) then one has as a discrete orthogo-

APPENDIX: APPROXIMATION BY CHEBYSHEV nality relation §,j<N)

POLYNOMIALS

A possible diagonalization of the problem from a math- 0, i#],
ematical point of view would be the transformation of the N
pCCFM equation[here using the weaker constrai®(Q B E C_
—zq,)] into Mellin space: ,Zl TiX)Tj(xi) = 2 1#0, (AS)
(AP Af)(w,b? Q%) N, i=j=0.

The central point is that for any arbitrary functid¢x) in the

1
— -1 CCFM 2 2
= fo dxx”" (AP AT)(x,bT, Q%) interval [ —1,1] the N coefficientsc; given by

o dgf 2 2 ! 1 2 o N N
=f , —ZAfw,bL,qL)(J dz2 " 1Jg[(1-2) o=y 2 fOE)T-04Y)
Q di 0 k=1
5 1
X |b, [0, [JAPSS™(2,67 Q%) , N k=5 k=5
» =Nk21f cos\ 7| |eos @(j~1)——
o _ 2,~2y—-1/2
*J - AT(w,b? ) f(m) dzz (A6)
Q@ qf 0
yield an approximation formula
<aa-lb P e Q0. A N
1
f00~| 2 aTea)| -5, (A7)
Unfortunately, it turns out that the back transformation after -
evolution, especially as regards the smaltegion, is nu- which is exact on alkf(’\') k=1....N. Therefore, one can

merically quite problematic. Therefore, we take a different
approach here, where both thhg and thex dependence is
expanded into properly chosen Chebyshev polynomial
These are defined in the following way:

always substitute the continuous integral expression for the
g’solation of the coefficients; by a discrete one

] s S
T,.(x)=cog narcco$x)], W) 12 1
1 1
Hﬁkﬂ cos\ m———/ [co w(l—l)T
T1(X)=X, e
Tne () =2XT() = Taa(x),  n=1, So, choosing a cutof ., large enough, one can define a set

(A2) of variables
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2102 Inz
(oo NIy T4y0=T{1—2mX_)=Tsz
IN(Q7a/Q3) " (A10)
In(Q%/Q3)
t=2————-—1 (A9) In this way one can expand

IN(Q3,./Q3)

Correspondingly for arx,,, small enough one can define a . .
second set of variables Af(x,b, ,qf)zz Afij(b)eiTi— o (t) e T (),
i

Inx (Al1)

N Xmin’

y=1-2

wherec;=1/2 andc,=1 in all other cases. In this way the
CCFM equation transforms to a simple set of linear equa-
IN Ximin tions

Inz

y'=1-2

Af(x,b% ,Q%)=Af0(x,b?) + (AP Mg Af)(x,b% ,Q?)

=Af;(b2)=AF0 (b?)+ay; (b)) fij(b?),

IN(Xenin) IN(Q,0/ Q5) L Tiog(tdt (1 T4 )dyf f’[ 2(1- y)[InxmaX/In(QmaJQo)]dt,

2 e -2 )1 1=y2

InXmin '
exn( 5 (Y —y)>

IN(Xpyin) IN(Q2
., InGmin) (QmaJQo) [E S TatoT, 1yk’)f dy’ ftk 21N Xmax/ (@ Q)]

ajjir(b?)=—

XJO[(1_Z)|bL||QL|]APCCFM(ZJ,’t)Ti’*l(t,)Tr’*l

N2 k=1 /=1

X Jo[(1=2)[b, ||a, [JAP™(z,qf ,t) Ty 1 (t) Tjr 4 [1— (Y’ _yk')]] : (A12)

Here we used

K 1
2
ty=yx=co TN/ (A13)

The generalization for the gluon and quark singlet matrix valued expression is straightforward. The form of the master
equation(A12) has now the advantage that one has to handle only a simple two dimensional integration. For some contribu-
tions of the Altarelli-Parisi-like type the expressions are diagonad and qf . In those cases more simple expressions are
possible:

2 2
ry 212y .. deia’s(ch) § _ — 9
Af(x,Q%,bT) +ng £ 27 2+ 3In(1=x)|Af(x,q, ,b1)
2 2 S(QL 8
3% (b Tio 1 (L) Ti-a(tg2) =+ -+ 2 CrCyrFirpn(b? ) ra o, r-1(tg2)| 2+ 3IN(1=X) T (8o
kI’ q)

(A14)
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=fa(b2)=" -+ 2 by dy fi(b?),
1"k’

2 8
bkk’ = EJ: Cyr N 2+ §|n(1_ X]) Tk’*l(tj)kal(tj)i Xj :XET::-in I])/Z,
2 ?dqz o (q2) 2\ (1-t)f2
dyr=2 CI’NTlfl(tj)szJ —;SZ—;val(tqf), Qf= ﬁuan( 20 ) -
] Q d; max
(A15)
wheret; is again thejth zero of T(t).
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