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Abstract We consider distributions of unpolarized (polar-
ized) quarks in unpolarized (polarized) hadrons. Our approa-
ch is based on QCD factorization. We begin with a study
of the basic factorization for the parton—hadron scattering
amplitudes in the forward kinematics and suggest a model
for non-perturbative contributions to such amplitudes. This
model is based on this simple observation: after emitting an
active quark by the initial hadron, the remaining set of quarks
and gluons becomes unstable, so a description of this col-
ored state can approximately be done in terms of resonances,
which leads to expressions of the Breit—Wigner type. Then
we reduce these formulas to obtain explicit expressions for
the quark-hadron scattering amplitudes and quark distribu-
tions in K7- and collinear factorizations.

1 Introduction

QCD factorization, i.e. separation of perturbative and non-
perturbative QCD contributions, proved to be an efficient
instrument for describing hadron reaction at high energies.
Being first applied to processes in the hard kinematics in the
form of collinear factorization [1-13], it was soon extended
to cover the forward kinematic region, with DGLAP [14-17]
used to account for the perturbative contributions. Then, in
order to be able to use BFKL [18-20], a new kind of fac-
torization, Kr-factorization was suggested in Ref. [21,22].
These kinds of factorization are usually illustrated by identi-
cal pictures. For instance, factorization of the DIS hadronic
tensor W, is conventionally depicted by the construction
in Fig. 1 both in collinear and in Kr-factorizations, where
the upper, perturbative blob and the lower, non-perturbative
blob are connected by two-parton state. The upper blob in
Fig. 1 is calculated with regular perturbative means. On
the contrary, the lower blob is conventionally introduced
from purely phenomenological considerations. Collinear and
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K r-factorizations operate with different parametrizations for
momentum k of the connecting partons and, as a result, they
are described by different formulas. Collinear factorization
assumes that

k= pBp, ey

while Kr-factorization allows for the transverse momentum
in addition:

k=pp+kdi, @

accounting therefore for one longitudinal and two transverse
components of k. However, as a matter of fact, k has four
components: two of them are longitudinal and the other two
are transverse. Accounting for the missing longitudinal com-
ponent « (for the definition of « see Eq. (3)) drove us to sug-
gesting a new, more general factorization, which we called
in Ref. [23,24] basic factorization. In contrast to K- and
collinear factorizations, the analytic expressions in basic fac-
torization can be obtained from the graphs of the type of the
one in Fig. 1 with applying the standard Feynman rules.

It is worth recalling briefly our derivation of basic fac-
torization; for details see Ref. [23,24]. Let us consider the
Compton scattering amplitude off a hadron in the forward
kinematics. It is depicted in Fig. 2.

The blob in Fig. 2 denotes an ensemble of perturbative and
non-perturbative contributions. This blob can be expanded
into an infinite series of terms; each of them is represented by
two blobs connected with n parton lines, n = 2, 3, .. .. Con-
sidering only the simplest, two-parton state, we arrive at the
graph similar to the one in the r.h.s. of Fig. 1 but without the
s-cut and with both blobs accommodating perturbative and
non-perturbative contributions at the same time. The integra-
tion of the convolution in Fig. 1 over momentum k now runs
over the whole phase space and it is expected to lead to a
finite result. However, the propagators of the connecting par-
tons become singular at k> = 0 (we neglect quark masses).
Besides, the upper blob may contain IR-sensitive perturbative
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Fig. 1 Conventional illustration of QCD factorization. The s-cut of the
graph is implied

contributions ~ In” (2pk/k?) (with n = 1,2, ...). In addi-
tion, it yields the factor 2gk/k>, when unpolarized gluon
ladders are included into the consideration. The only way
to kill such an IR singularity is to assume that the lowest,
non-perturbative blob should tend to zero fast enough when
k* — 0. Doing so and repeating a similar procedure to reg-
ulate the UV singularity, we bring the convolution in Fig. 1
to agreement with the factorization concept: perturbative and
non-perturbative contributions are located in different blobs.
This is a new form of QCD factorization which we name
basic factorization.

We demonstrated in Ref. [23,24] that basic factorization
can be reduced step-by-step first to K7- and then to collinear
factorizations. In Ref. [23,24] we began with considering
basic factorization for Compton scattering amplitudes in the
forward kinematics, where integration over momentum k of
the connecting partons in Fig. 1 runs over the whole phase
space. Confronting the two obvious facts that, on the one
hand, the integration over k should yield a finite result and
that, on the other hand, the perturbative part in Fig. 1 (the
upper, perturbative blob and propagators of the connecting
partons) is divergent in both the infra-red (IR) and ultra-violet
(UV) regions allowed us to impose integrability restrictions
on the lowest blob, which are necessary for the convolution
in Fig. 1 to be finite. The obtained restrictions led us to theo-
retical constraints on the fits for the parton distributions to the
DIS structure functions in collinear and Kp-factorizations.
In particular, we predicted the general form of the fits in K-
factorization and excluded the factors x ™ from the fits in
both K- and collinear factorizations.

Another interesting object, where factorization is used, is
the distribution of partons in hadrons. In the present paper
we examine their properties in the IR and UV regions and
suggest a simple resonance model for the non-perturbative
contributions to the parton distributions. Our argumenta-
tion in favor of this model is as follows: after emitting
an active quark by a hadron, the remains of the hadron,
i.e. a set of quarks and gluons, acquires a color and there-
fore it becomes unstable. So, this colored state can be
described in terms of resonances. We begin with consid-
ering amplitudes of the quark—hadron (QHA) and gluon—
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Fig. 2 Amplitude for forward
Compton scattering off a hadron
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hadron (GHA) scattering in the forward kinematics. The
optical theorem relates such amplitudes to the parton distri-
butions. Throughout the paper we use the standard Sudakov
parametrization [25] for the momentum k of the connecting
partons:

k=—aq +Bp +ki, 3

where momenta ¢’ and p’ are massless, p’> ~ ¢’* ~ 0, and
they are made of the hadron momentum p and the parton
momentum g:

pP=p+xq, ¢ =q+xip, 4)

where x; = —p?/w = —M?/w, x; = —q°/w, with
w = 2pq ~2p'q’. In these terms

2pk = w(—a — x28), 2qk =w(p — x1a),
k* = —waf — ki. 5)

In Sect. 2 we introduce the quark—hadron scattering ampli-
tudes in the forward kinematics and examine their IR and
UV behavior. In Sect. 3 we consider separately the unpolar-
ized and spin-dependent quark—hadron amplitudes in basic
factorization and suggest a model for non-perturbative contri-
butions to the amplitudes. This model involves a spinor struc-
ture accompanied by invariant amplitudes 7(Y) and 75 In
Sect. 3 we specify the spinor structure of the non-perturbative
contributions to the amplitudes and parton distributions. In
Sect. 4 we show how basic factorization for the quark—hadron
amplitudes and quark distributions in hadrons can be reduced
to K7- and collinear factorizations. In Sect. 5 we focus on a
model for the invariant amplitudes 7Y and 7). The model
is based on a description of 7Y) and TS in a quasi-resonant
way and through the optical theorem it easily leads to non-
perturbative contributions to the parton distributions, with
expressions of the Breit—Wigner kind both in the basic and
in the K7-factorizations. Finally, Sect. 6 is for concluding
remarks.

2 Quark-hadron amplitudes

In the factorization approach, the quark—hadron amplitudes
(QHA) Aq are expressed through convolutions of perturba-
tive amplitudes AP*™ and non-perturbative amplitudes 7' as
shown in Fig. 3.
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Fig. 3 Factorization of the quark—hadron amplitude

Fig. 4 Born approximation for the factorized quark—hadron amplitude

In the Born approximation APV is depicted in Fig. 4 as
a one-rung ladder. Adding more ladder rungs together with
the inclusion of non-ladder graphs and resumming all such
graphs convert the Born amplitude into A®°™ In the present
paper we do not consider mixing of quark and gluon ladder
rungs, i.e. we consider the graphs where the vertical quark
lines go from the bottom to the top without breaking.

We begin with consideration of the quark—hadron ampli-
tudes Aq in basic factorization, studying the simplest case
depicted in Fig. 4, where the perturbative contributions are
accounted for in the Born approximation and we denote such
distributions By. In basic factorization one can use the stan-
dard Feynman rules to write down the analytic expression
corresponding to the graphs in Figs. 3 and 4. Doing so, we
obtain

d*k @(q)yukTytk, pYkyyu(q)
2n)* k2k2(q + k)2 e
(6)

Bq = —14ma;CF

where we have used the standard notation Cp = (N2 —
1)/(2N) = 4/3 and o is the QCD coupling. In Eq. (6) T,
corresponds to the lowest blob in Fig. 3. It is an altogether
non-perturbative object. Throughout the paper we will call it
the primary quark—hadron amplitude.! Choosing the Feyn-
man gauge, where d;;, = g,,v, for the virtual gluon and the

! In Ref. [26,27] non-perturbative contributions to parton distributions
in the context of collinear factorization were called intrinsic contribu-
tions.

Sudakov parametrization (3) for the quark momentum k, we
rewrite Eq. (6) as follows:

a;Cr 5, Q) vk Tk, pYky,u(q)
B, = — dadpBd k
17 T g w/ WAk 2 g+ k)2

(7

Throughout the paper, for the sake of simplicity, we will
treat the external quarks with momentum ¢ as on-shell ones,
though our reasoning remains valid also when they are off-
shell. Introducing the density matrix

1 A
o(p)(q) = E(é +mq)(1 = y55q), ®)

with g, mq and Sq being the quark momentum, mass, and
spin, respectively, we bring Eq. (7) to the following form:

.C Tr[p kTy(k, p)k
%%ﬂmzwfwwyhrm@mwﬂq<pmm
87 K2k (q+k)?

©))

We stress that the replacement of Eq. (7) by Eq. (9) is not
necessary for us but it allows us to carry out a more detailed
consideration of Ag. In particular, we can consider sepa-

rately the spin-dependent, BéSPin), and independent, Bc(lLlnp 01),

quark—hadron amplitudes in a simple way:

(unpol) o;Cr 5
B =i w/dadﬂd ky
2(qk)Tr[]€7ﬁq(unpol)] — kZTr[équ(unpol)]
: ., (10)
k2k2(q + k)?
L aCr
Béspln) = _8sn'3 mqw/dadﬁdzkl
20830 TrlyskTy ™™k Trlys Sy 7 ™)
k2k*(q+k)? :
(1)

In Egs. (10) and (11) we have replaced the general pri-
mary amplitude f"q by the more specific amplitudes f"(](u”p‘)l),

f"(](Spln). In Eq. (10) we have neglected a contribution ~ m
in p(g) compared to the contribution ~ ¢. Integrations in
Egs. (10) and (11) run over the whole phase space and
this is supposed to yield finite results. However, there can
be singularities in the integrands and they should be reg-
ulated. Regulating them with introducing various cut-offs
would be unphysical, so the only way out is to impose
appropriate constraints on the primary quark—hadron ampli-
tudes, f"(l(unp oD , f“q(smn) , so that we kill the singularities. When
the perturbative amplitude A®™ is calculated in the Born
approximation, the only possible singularities in Eqs. (10)
and (11) are IR singularities at k> = 0 and UV singulari-
ties which we relate to integrations over «. However, when
AP js beyond the Born approximation, there appear other

@ Springer
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kinds of singularities, called in Ref. [28] rapidity divergences.
Below we consider the handling of these singularities in the
framework of basic factorization.

2.1 Rapidity divergences of QHA

Rapidity divergences were investigated first in Ref. [28]
and then in Ref. [29,30] in the context of Kp-factorization.
Detailed investigation of this problem can be found in
Ref. [31]. In the lowest order of perturbative QCD, the rapid-
ity divergences come from the graphs in Fig. 5 (and symmet-
rical graphs as well), where the radiative corrections calcu-
lated in the first-loop approximation are convoluted with the
unintegrated parton distribution ®. Let us stress that ® accu-
mulates both perturbative and non-perturbative corrections.
When such convolutions are considered in Kr-factorizat-
ion, each of the graphs in Fig. 5 acquires logarithmic diver-
gences arising from integration over the momentum /. (with
I+ = (lo+1.)/+/2). They are called rapidity divergences and
they can be got rid of as shown in Ref. [28] when the Feynman
gauge is used for the gluon propagators and in Ref. [29,30]
for the case of the light-cone gauge. In Refs. [28-30] the
rapidity divergences are cured by redefining P.

Now let us study this situation in basic factorization. To
this end we consider a contribution of the graph in Fig. 6 to
the quark—hadron amplitude in basic factorization. We recall
that there are no cuts in Fig. 6 and the blob T accumulates
non-perturbative contributions only.

Fig. 5 Graphs contributing to rapidity divergences in unintegrated par-
ton distributions. The dashed lines denote cuts

—-q —-q

+ symmetrical graph

p p

Fig. 6 Graph contributing to quark—hadron amplitude

@ Springer

One of the remarkable features here is that analytic expres-
sions in basic factorization can be obtained by applying stan-
dard Feynman rules to the involved graphs. A second impor-
tant point is that one is free to use any gauge for perturba-
tive QCD calculations? in basic factorization, whereas the
blob T in Fig. 6 is altogether non-perturbative and there-
fore it is insensitive to the choice of the gauge. Applying the
Feynman rules to the graph in Fig. 6 and integrating over
the loop momentum /, we immediately conclude that this
integration yields a logarithmic UV-divergent contribution,
which, being complemented by a similar contribution from
the symmetrical graph and self-energy graphs, in a conven-
tional way leads to renormalization of the gluon—quark cou-
plings. After absorption of such divergent contributions by
the couplings, we obtain a renormalized amplitude which is
free of divergences. Then applying the optical theorem to this
construction, we arrive at the parton distributions and they
are also free of divergences. Obviously, the same treatment
can be applied to other UV divergences coming from the
perturbative component A®°™) in higher loops: all of them
can be absorbed by renormalizations. Now we focus on the
divergences resulting from integration of the convolutions in
Egs. (10) and (11), where the perturbative amplitudes A (Pe)
are in the Born approximation.

2.2 IR and UV stability of QHA

First of all, let us note that the denominators in Egs. (10)
and (11) can become singular in the infra-red (IR) region,
where k% ~ 0. In the case of purely perturbative QCD, IR
singularities are conventionally regulated by introducing IR
cut-offs. In our case there is no physical reason for that at all,
so we are left with the only way to kill these singularities: The
primary quark—hadron amplitudes f‘q should become small
at small &

N L G (12)

when k2 — 0. Now let us consider the ultra-violet (UV)
stability of the convolutions in Egs. (10) and (11). The inte-
gration over « in Egs. (10) and (11) runs from —oo to oo,
so at large |«| the integrands should decrease fast enough to
guarantee UV stability. First of all we focus on the integration
over « in Eq. (10). Taking into consideration that each factor
in the denominator of Eq. (10) is ~ « makes the denominator
~ o3, The term 2¢k in the numerator depends on & because
2gk = w(B — x1c) and the factors k% and k are ~ a, which
leads to
2qk k o?

KK (g + k)2 b (13)

2 For gauge invariance of basic factorization see Ref. [23,24].
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This divergence must be regulated by an appropriate decrease
of 74"""" at large |&|. The IR stability condition in Eq. (12)
states that YA"q(unpOl) ~ (k%) at small k2 but it can either
disappear or be kept at large |«|. Therefore we have two
options:

(A) The factor (k%)'*" survives at large |a|.

(B) The factor (k%) disappears at large |c|.

In the case (A), where IR and UV behaviors of fq(unpob are

related, 7A"q<unp°1) should behave at large |«| as follows:
Tq"PY ~ 1K = (@)1, (14)

with x > n > 0.
The IR and UV behaviors of f"(](u"p‘)l) are disconnected in
the case (B). It converts Eq. (14) into

7m0 g (15)

The first factor in Eq. (14) corresponds to the term (k2)tHn,
while a contribution generating the asymptotic factor in the
squared brackets has to be specified. We will do this in Sect. 5.
Now let us consider the spin-dependent amplitudes. In order
to guarantee their IR stability, the primary spin-dependent
amplitude f"(l(SPln) should also be ~ (k2)!*7 at small k2 but
the situation with its UV stability is more involved than in
the unpolarized case. Indeed, the quark spin Sy can be either
in the plane formed by p and ¢, ie. S = Sclll, or in the
transverse space, where Sq = Sql. Depending on it, there
are the longitudinal spin-dependent amplitude, B(‘]‘ and the
transverse one, B-. Now let us consider the term 2mqSqk in
Eq. (11) for different orientations of the quark spin. When
the spin is longitudinal,

2mqSqk = 2mg Sk = w(p — x1a) (16)

and k in the trace Tr[l?fq] is also ~ «. In contrast when the
spin is transverse,

2mgSqk = —2mq(S;kL), (17)

and therefore Squ does not depend on «. Then this k 1 should

be accompanied by another k 1 from the trace in order to get
anon-zero result at integration over the azimuthal angle. The
first term in the numerator of Eq. (11) does not depend on «,
while the second term is ~ «. [t means that, with IA‘q” dropped,
the explicit o-dependence of A(|]| at large |«| coincides with
the one in Eq. (13):

S(‘]‘klg o?
KK2(q + k2 b (18)
and

Stk k o
Ki2q + 02 o« (19)

It follows from Eq. (18) that the «-dependence of the

amplitude ]A"cll at large || is identical to the one of fq(u“pon:

~ ~ 1 —1—

TqH N Tq(unpO) -~ (al+n)[0[ 1 ] (20)
in the case (A) and

A A l _

Tl ~ 7 ~ (@) 1)
in the case (B). f"ql can decrease more slowly:

T~ (@' ™) (22)
in the case (A) and

Tl ~a'x (23)
in the case (B). Equations (12) and (20-23) guarantee the
integrability of the convolutions for the quark—hadron ampli-
tudes in basic factorization. These integrability require-
ments can be used as general theoretical constraints on non-
perturbative contributions to the amplitudes in basic factor-
ization (see Ref. [23,24] for detail) and we will use them in
the present paper. Each of Egs. (20) and (22) consists of two
factors. The first factor in these equations is universally gen-
erated by the term (k?)!*", while contributions generating
the factors in squared brackets will be specified in Sect. 5.

3 Modeling the spinor structure of f‘q

Our next step is to simplify the traces in Egs. (10) and (11).
In order to do it, we have to specify the spinor structure of
the primary QHA fq. By definition, fq is altogether non-
perturbative, so specifying its spinor structure can only be
done on the basis of phenomenological considerations. How-
ever, any model expression for f"q should respect the integra-
bility conditions in Egs. (12) and (14) and (20) and (22).
There is the well-known expression for the density matrix of
an elementary fermion:

~

A L. A 1. -
,0(17)=§(P+M)(1—V55)%g—E(P+M)VSS, (24

where M and § are the fermion mass and spin. This expres-
sion leads us to approximate 7 as follows:

Ty = p TV W2, 2pk) — (p + M)ys8 TSSO (2, 2pk), (25)

where p, S are the hadron momentum and spin, respectively,
and Tq(U), Tq(S) are scalar functions. Throughout the paper
we will call them invariant quark—hadron amplitudes. Sub-
stituting Ty of Eq. (12) in Egs. (10) and (11) and calculating
the traces, we arrive at the following expressions:
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oo ! w
By = L dadﬂdkl[ m]
k
x (k_ziz> (T4, 2pk))

1 2 % (unpol)
T / dadBdk? By (¢, k)
1 T<U> k%, 2pk 26
x|z | T 6 2pk), (26)

were we have denoted by Eéunp D the perturbative amplitude
in the Born approximation for the forward annihilation of
unpolarized quark—quark pair. We have neglected contribu-
tions ~ x1 2 in the numerator of Eq. (26) and will do this in
expressions for the spin-dependent amplitudes. These terms,
if necessary, can easily be accounted for with a more accurate
implementation of Egs. (3)—(26). Let us consider the struc-
ture of the integrand in Eq. (26) in more detail. The amplitude
in the last brackets is entirely non-perturbative. It is supposed
to mimic a transition from hadrons to quarks. The fraction in
the middle corresponds to convoluting the perturbative and
non-perturbative amplitudes. The fraction in the first brack-
ets corresponds to the perturbative amplitude for the forward
scattering of quarks in the Born approximation. We explic-
itly wrote the factor 1€ there to recall that this amplitude has
an s-channel imaginary part. Doing similarly, we obtain an
expression for the spin-dependent amplitudes:

; 2c
BSP™ — g6 8 L omgMuw / dadpdk,

2(kSq)(kS) — k?

(kSq) (kS) (5¢5) 7 27

kK2k%[(q + k)? +1€] 1

Let us consider Eq. (27) for a different orientation of the
hadron spin:

(i) The hadron spin S is in the plane formed by momenta p
and ¢, so for this case we use the notation § = § I,
(i) The hadron spin is transverse to this plane. We denote

this case as § = S=.

Amplitude Ag for the first case is given by the expression
very close to the unpolarized amplitude:

2mM (SIS
(g +k)? 4 1€

1
=, 2|2
B = —i 63 /d(xdﬂdkj_|: g°Cr
K 5
<\ =2 TV k>, 2 pk)
1 ~
—1e f dadBd’k, B{" (. k)

k2
X ( >T<|>(k2 2pk), (28)

k2k?

@ Springer

whereas the transverse amplitude is given by a different
expression:

1
B{Y = 15 / dordBdi] [—gch

wap
x <k2k2> TP (k*, 2pk)

2mM(sqLSL)
(g +k)?+1e

— —1—3 / dadpdki B{M (. k)

x (szig) 7D K2, 2pk), (29)
with Eé”), Eg‘) being the perturbative spin-dependent Born
amplitudes. Accounting for perturbative QCD radiative cor-
rections converts the Born amplitudes Eéunpo}), E(g”), Eéj‘)
in Egs. (26), (28), and (29) into perturbative dimensionless
amplitudes Z&unpob, Z((]”), ZEIL), the other factors remaining
unchanged:

O P

ki W) 1,2
X k_2 Tq (k ) 2pk)’

1
() — 170
Ag(p.g) =13 /dﬁ daAy’(q. k)
K\ 202
X k_2 Tq (k ,2pk),
[ ) _ T
Ag (pq) = —1o-3 /dﬁ =da A( (g, k)
x < wk";ﬂ ) T (2, 2pk). (30)

Taking the s-imaginary part of Eq. (26), we arrive at
the totally unintegrated, or fully unintegrated as stated in
Ref. [32], distribution of unpolarized quarks in the hadron

1B .
D;mpo in the Born appr0x1mat10n

D(UHPOIB) 8 2/dﬂ dO{ [gZCFS(ﬁ_x_Z)]

k2
xk—;xpm(kz, 2pk)

1 ﬁdk )
=7 | el Cra —x/p— /)]
k2
xk—é\ll(gl)(kz,Zpk) (31)
where x = —¢%/w, z = ki/w, and \Dél) is the

primary quark distribution of unpolarized quarks in the
hadron, \I/C(ll) = (l/n)%Tq(U). This object is altogether non-
perturbative. Applying the optical theorem to Eq. (30), we
arrive at the parton distributions beyond the Born approxi-
mation:
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D((]unpol) (x qz)

1 d,B d 1 2 (unpol) 2 3_

= — —5-daDyg kHdg | —=

) 5 (c/B.a* /KB | 25
X \I-'C(ll)(kz, wo),

1 dp dk7

D(”)(x q ) 50

~ k2
—5Eda DV (x/B, 4* 1K) (,;)

X \Ilé”)(kz, wa),

1 B dk waf
D (x, %) = 50 —5=daD{ (x/B, 47 /%) (,7)
X \I/éj‘) (kz, wa). (32)

4 Reduction of basic factorization to conventional
factorizations

The conventional forms of factorization are the collinear and
the kp-factorizations. In Ref. [23,24] we described the reduc-
tion of basic factorization to K7- and collinear factoriza-
tions for the Compton scattering amplitudes and DIS struc-
ture functions without specifying the non-perturbative ampli-
tudes Tj. In this section we show that these results perfectly
agree with our assumption in Eq. (25) concerning the struc-
ture of 7. We demonstrate that the parton distributions in
both conventional factorizations can be obtained with step-
by-step reductions of the expressions for Dc(lunp()l) , Dé“) , Dc(lj‘)
in basic factorization. These reductions are the same for both
the parton—hadron amplitudes and the parton distributions,
they are insensitive to the spin and stands when the quarks are
replaced by gluons. Because of that we consider such reduc-
tions for a generic parton—hadron distribution D in basic fac-
torization and skip unessential factors:

k2
x V¥ (wa, kz), (33)

2
D(x,q%) = / ds LdaD“f’e“)(x/ﬂ qt /K% (" )

where D(®°™ stands for a perturbative contribution and W is
the altogether non-perturbative (we call it primary) parton—
hadron distribution. Actually, ¥ (we, k?) is the starting point
for the perturbative evolution. Integration in Eq. (33) runs
over the whole phase space. Let us note that in the literature
very often are considered purely transverse ¢: ¢> ~ qi.
Because of this we will use the notation qi instead of ¢ in
what follows, though Egs. (32) and (33) are also valid when

> #4q3.
4.1 Reduction to kp-factorization

In order to reduce Eq. (33) to kr-factorization, we have to
perform an integration with respect to o. However, this inte-

gration should not involve D®™  which, strictly speaking,
is impossible because DP™Y depends on k> and thereby it
depends on a: k> = —waf — ki. The only way out is to
assume that the main contributions to Eq. (33) come from
the region where

o L Umax = k3 /(wB), (34)

ie k? ~ —kﬁ_. Let us notice that approximating ladder
partons virtualities k> by their transverse momenta is well
known. It is used in all available evolution equations, includ-
ing DGLAP and BFKL, and now it allows us to convert
Eq. (33) into an expression for the unintegrated (transverse
momentum dependent [33]) parton distributions Dk 7 in k7-
factorization:

1 d r dk2 .
DKT(XJIi)”/ Fﬁfo k_zLDng)
x 1L
(/B g3 /)@ (wp, k3), (35)

where r = wf — qJZ_. Obviously, r ~ w ~ qi for large x,
while at very small x one can use r & wf. ® denotes the
primary (i.e. non-perturbative) k7 -parton distribution. It is
related to W as follows:

K3 /wp
O (w, k1) = f da W (wa, k7). (36)
0

4.2 Reduction to collinear factorization

In Ref. [23,24] we discussed how to reduce K -factorization
to the collinear one, using DIS structure functions as an exam-
ple. The same argumentation can be applied to the parton dis-
tributions. We briefly repeat it below. In order to reduce kr-
factorization to collinear factorization, we should perform the
integration of Eq. (35) with respect to k| without integrat-
ing DY Of course this cannot be done straightforwardly,
because DPe™V explicitly depends on k, . However, we can
doit approximately, assuming a sharp peaked dependence of
W (wa, k2 1) on k2 with maximum at ki = ,u as shown in
Fig.7. The closer this dependence is to § (k2 — ,uz) the higher
is the accuracy of the reduction. As discussed in Ref. [23,24],
the number of such maximums can be unlimited. We recall
that @ is non-perturbative, so typical values of © must be in
the non-perturbative range, i ~ A gc p. After the integration
of ® we arrive at the collinear factorization convolution

d eIl
; D (x/8, 43 /1P)p (B, 1),

(37)

DV (x, g% /1) ~

with p being the intrinsic factorization scale and ¢ being the
primary (non-perturbative) integrated parton distribution:

2 dki 2
BB, 1) = /Q SLowp. i), (38)

1
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(8, k1)

I ki

Fig. 7 The peaked form of ®(j, ki) with one maximum

where the integration region 2 is located around the max-
imum k3 = p?. At first sight, the form of the collinear
factorization presented in Eq. (37) contradicts the conven-
tional form. Indeed, the scale u in Eq. (37) corresponds to
the maximum in Fig. 7 and therefore its value is fixed. On
the contrary, the conventional form of the collinear factoriza-
tion operates with integrated parton distributions ¢ (8, [i%),
where the scale [t can have any arbitrary value. Then we
expect the value of 1 to be in the non-perturbative range,
where, as usually, & ~ few GeV, i.e. typically i >> . How-
ever, this contradiction can easily be solved as was shown
in Ref. [23,24]. The point is that a transition from ¢ (8, u?)
to @(B, 71*) can be done, applying the perturbative evolution
in the p2 -space to ¢ (B, w?) and keeping g fixed. It can be
written symbolically as

9B, 1% = E(7*, 1) ® ¢(B, 1), (39)

where E is the evolution operator in the u2-space. Spe-
cific expressions for E are different in different perturba-
tive approaches (see Appendix E for details). Equation (39)
makes it possible to arrive at the conventional unintegrated
distribution (8, 71%), fixed at an arbitrary scale 7i>. In con-
trast to ¢ (8, u?), the distribution ¢ (B, [i*) accumulates both
perturbative and non-perturbative contributions. It is easy to
show that our reasoning remains true in the case when @ has
several maximums or an infinite series of them. This point
was discussed in detail in Ref. [23,24], so we will not do it
in the present paper. Instead, we focus on the modeling of
invariant amplitudes 7 (V-5 as introduced in Eq. (25).

5 Modeling the invariant quark-hadron amplitudes
and primary quark distributions

In this section we suggest a model which mimics non-
perturbative QCD contributions in the primary hadron—quark
invariant amplitudes 7V>%) and in the primary quark distri-
butions in all available forms of factorization. Once again we
begin with a consideration of the invariant amplitudes 7'(V>5)
and then proceed to the quark distributions.

@ Springer

5.1 Resonance model for the primary quark—hadron
invariant amplitudes

The amplitudes 7V can be introduced in a model-
dependent way only because QCD has not been solved in
the non-perturbative region. All such models should satisfy
several restrictions:

(i) The IR stability conditions in Eq. (12) and the UV sta-
bility conditions in Egs. (20-23) should be respected, because
they guarantee integrability of the factorization convolutions.
We recall that the UV stability conditions derived in Sect. 2
depend on the UV-behavior of the factors regulating IR diver-
gences. Namely, Egs. (14), (20), and (22) correspond to the
case (A), while Egs. (15), (21), and (23) correspond to the
case (B). In the present paper we focus on the most UV-
divergent case (A), although our conclusions hold true for
the case (B) as well.

(i1) The invariant amplitudes should respect the optical
theorem, so they should have s-channel imaginary parts.

(iii) These amplitudes should guarantee the step-by-step
reductions from basic factorization to k7-factorization and
then to collinear factorization as described in Sect. 4.

The expressions for the unpolarized and spin-dependent
amplitudes with the longitudinal spin in Eq. (30) are much
alike, while the expression for the transverse spin amplitude
differs from them. Despite this difference, our model equally
stands for all spin-dependent amplitudes and quark distri-
butions, regardless of the spin orientation. To describe the
invariant primary quark—hadron amplitudes, we suggest a
model of the resonance type for Tq(U’S):

7.9 (pk, k)

B Ry (k%)

(k= p)> = M} +1T1)((k — p)? = M3 +1T2)
75 (pk, k?)

_ Rs(k?)
((k — p)* — M2 +1T3)((k — p)2 — M2 +1T4)

(40)

where the Ry, g(k?) are supposed to behave as Ry, (k%) ~
(k)17 at small k2. We need at least two resonances to satisfy
the UV stability requirement of Eq. (14). Indeed, Eq. (40)
leads to x = 1, while a model with one resonance corre-
spondsto x = 0. Formally, Eq. (40) contains the independent
parameters M| 2 3 4 and I'1 2 3 4 but we do not see a physical
reason forbidding us to identify Tq(U) and Tq(s), which would
leave us with the parameters M; > and I"1 2 only. In terms of
the Sudakov variables, the Tq(U’S) are

Tq(U)(th, k2)
B Ry (k%)
C (wa + k2 — p3 + i) (wa + k2 — p3 +1Ty)
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Tq(S)(woz, kz)

Rs(k*)
- 2 2 G
(wa + k% — u3 +13) (wa + k2 — wy +1Tg)
where k? = —waff — ki and
2= M2 = p “2)

We suggest that the values of u? and I'j should be within the
non-perturbative scale domain, with sz > I';. It is conve-
nient to write 7U-S as the sum of two resonances:

7.9 (wa, k%)

B Ry (k?)
(u3 —p3) —1(Ty —T)

5 [ 1 - 1 ] |
(wo+k2—p3+1Ty)  (wat k2—p3+1T2)
75 (wa, k%)
B Rs(k?)
(W3- up —1(T3—Ty)

1 1
x - )
|:(woz+k2—u§+zfg) (wa+ k2—u3+1f‘4)j|
43)

It seems that specifying Ry, s cannot be done unambiguously.
We postpone investigating this problem to the future, while
in the present paper we use Ry s defined as follows:

2o\ 2o\
Ru=r|——) ., Rs=as|——] @4
U U<k2+“%]> s S<k2+ﬂé> #4)

where Ay s and ,u%,’ 5 (,u%], ¢ > 0) are independent parame-
ters, though we think that Ry and R could coincide, which
would diminish the number of free parameters. It is easy to
check now that the expressions for Tq(U), Tq(S) introduced in
Eq. (41) obey the condition of IR stability in Eq. (12) with
arbitrary n. In contrast, the value of the UV parameter x
(introduced in Egs. (14) and (20) to guarantee UV stability)
is now fixed: x = 1 in Eq. (41). Equations (25) and (41) are
suggested for invariant amplitudes Tq(U’ in basic factoriza-
tion. Reducing basic factorization to kr-factorization con-
verts Tq(U’S) into new amplitudes Tq(U’S). They are obtained

from Tq(U’S) by integrating them with respect to «:

Omax
V(B k) = fo doT " (o, k%), (45)

where r = U, S. The upper limit of integration, omax should
obey Eq. (34), so we choose

Umax ~ kT /(wp). (46)

According to Eq. (34), k% ~ —ki. The integration leads to the
following expression for fq(] ) (see Appendix D for details):

~ 1
7B,k ~ SRy (kD)

1 1
|2 — tor — >
k1(1=B)/B—pi+iI'1 k1 (A=B)/B—p;+1I"2
+ATq(U),

~ 1
LY (B, kD) ~ S Rs(kY)

1 1
| T2 — > to5 — >
ki(1=B)/B—ps5+1T's k1 (1—=B)/B—py+ily
+ATS, (47)

where ATq(U) and ATq(S) are

2 2
AFO) _ ! o (Ftmimn)
T )T =T\ K il
~ 1 k% +u3—T
ATS = 1(L“3l3.(48)

n
$ (WD T3=Ty)  \kf+pi—iTy

They depend on &k very slowly and they can be neglected
at large ki.

5.2 Primary quark distributions

The optical theorem relates the s-channel imaginary parts of
TW-5 and TW-9 to the primary quark distributions Wy g
in basic factorization and to unintegrated (or) quark distri-
butions & s in k7-factorization, respectively. So, applying
the optical theorem, we obtain the following expression for
the primary quark distribution W, in basic factorization:

1 Ry(k?)

Uy (we, k) = ————
T (g — p13)

Fl FZ
X — ,
(wa + k2 — M%)z + F% (wa + k2 — u%)z + F%
1 Rs(k?)

Ws(we k9 = 2 (U3 — 13

I'3 Iy
X - )
(wa +k2— 32 +T7  (wa+k2—p)?+T7
(49)

and a similar expression for the primary quark distribution
®y 5 in kr-factorization:

1
Dy (B, k) = ;Ru(ki)

X + s
[(ki(l—ﬂ)/ﬂ—u%)2+l“f (ki(l—ﬁ)/ﬂ—uﬁ)zﬂ“g}
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1
(B, k) = ;Rs(ki)

I'3 Iy
X + .
[(ki(l—ﬂ)/ﬁ—u§)2+r§ (ki(l—ﬁ)/ﬂ—ui)%ri}
(50)

Obviously, the expressions in Egs. (49) and (50) are of
the Breit—Wigner type. Substituting Eq. (50) in Eq. (35) and
integrating over ki, we arrive at the quark parton distribu-
tion DY in kr-factorization, where the non-perturbative
contributions i.e. the unintegrated parton distributions are

specified:
/ dp / r dk (pen)

x (x/B, ki/quU(kl)

k
D( T)( , J_)

X il
kK1 (1—pB)/B—up?+T7

)
k31 =B)/B—u3)?2+T3 |

B [T e
DI (2, ¢2) = f dp [ KL DP™ (8,2 /a2

Rs (k3
s l)[Uc (l—ﬁ)/ﬁ 13%+ T3

Iy
+ , 51
(k1 (1—p)/B —ui)2+rz} eb

where r is defined in Eq. (35). Let us consider the k|-
dependence in Eqs. (35) and (50) in more detail. Obviously,
the structures of the expressions for D;]kT) and DékT) (or @,
and ®y) are quite similar, so we consider Dg”) only. Then,
the expression in the squared brackets in Eq. (35), i.e. &y
of Eq. (50), is symmetric with respect to the replacement
1 = 2. Each term in the parentheses has a peaked form, with
maximums at ki = “%,2' The smaller I'y » is, the sharper
the peaks are. We recall that Ry g ~ (kf_)”’7 at small ki
By definition, see Eq. (42), M%,z = M12’2 — p?, so they can
be either positive or negative, while ki cannot be negative.
In any case, both terms in &y and ®g contribute to Dgg,
but the result of interference of the two peaks depends on
the values of the parameters. There are three particular cases
possible.

Case (i) both ,u% and ,u% are positive.

In this case both maximums are within the integration
region of Eq. (35) and interference of the two peaks generates
various forms of @y (8, ki), ranging from the picture with
two isolated peaks to a kind of plateau, depending on the
values of Ty 5.

Case (ii) u% > 0 and ,u% < 0 or vice versa.

@ Springer

Here the peak from the first term in Eq. (50) combines with
a tail of the contribution of the second term whose maximum
is beyond the integration region of Eq. (35). The resulting
picture has a resemblance to the dual model combining a
resonant and a constant term.

Case (iii) both ,u% and u% are negative.

The two maximums now are out of the integration region,
so tails of the peaks, taken by themselves, generate a form
slowly decreasing with the growth of ki. However, this slope
is affected by the impact of Ry . We recall that Ry = 0 at
k3 =0.

5.3 Primary quark distributions in collinear factorization
Performing an integration over ki in Eq. (35), we arrive at
the parton distributions DECOD in collinear factorization. Pre-
suming that the parameter I’ j is small, we write the result
of the integration in the following form (see Appendix C for
details):

co d CT
DED (x, %) ~ [f D™ (x/B. 42 /Dby (B. 1)
dIB (pert)
+ 5 —DF™ (x/B. 41 /up)du (B, 13), (52)
with
1 dik? Ry (k3T
b B i) ~ /sz K= — 2+ T
1 dk? Ry (k3T
(B, 13) ~ / ,
P12 o K2 (2 (1= p)/B—ud)?+T3
(53)
where the integration regions are Q1 = Q] ([0, w] and

Q1 = Q5 [0, w], with the subregions ], ), being located
around the maximums of the peaks. Formally, both terms
in Eq. (53) contribute to ¢y at any signs of y,%, ,u%, but
in the limit of sharp peaks these contributions have differ-
ent weights. At u% > 0, ,u% > 0 the two terms contribute
equally:

du ~ Ry(uiB/(1 — B)/ut + Ru(3B/(1 — B)) /113
+ 0, I). (54)

Mostly the first term contributes, when ,u% > 0, u% < 0

¢u ~ Ry(uiB/(1 = B)/ui + O(T), (55)

and vice versa. Finally, at M%, u% < 0 only the tails of the two
peaks contribute and therefore ¢ is small and flat compared
to the previous cases:

¢y ~ const. (56)
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(see Appendix E for details). When ,u% > 0, y,% >0

g
ou(w, u?) = / Fﬁﬁww(w, w2, 1w Ry (3B (1—B)uy

+E(w, 1?, W3Ry (W3B/(1 — pus 21, (57)

Ru(5B/(1 = B, ” = hup. (58)

Combining Egs. (57) and (58), integrating over 8 and remem-
bering that at small x the essential values of w are small leads
to the following expression for ¢y (w, %) (see Appendix E
for details):

1
dp Ay
ou(, )= | —p~t! [—QE(w, 1 ud)

x P 23]
A

+-CE(, 12 1d)
M1

Ay AU

N S E@, 1P 1) + 5 E(, 1 1) (59)

1 2%}

6 Conclusion

In the present paper we have considered the quark—hadron
scattering amplitudes and distributions of polarized and
unpolarized quarks in hadrons in the framework of the fac-
torization concept where both amplitudes and distributions
are expressed through convolutions of the perturbative and
non-perturbative components. We began with considering the
quark—hadron amplitudes in basic factorization where the
integration over the momenta of the connecting partons runs
over the whole phase space, and we obtained the conditions
for the factorization convolution to be stable both in the IR
and the UV regions. Then we demonstrated how to reduce
basic factorization to K7- and collinear factorizations. We
suggested a resonance model for non-perturbative contribu-
tions to the unpolarized and spin-dependent parton—hadron
scattering amplitudes. This model is based on the following
simple argumentation: after emitting an active quark by a
hadron, the remaining colored quark—gluon state cannot be
stable and therefore it can be described by quasi-resonant
expressions. We needed at least two resonances in basic fac-
torization and this remained true when basic factorization
was reduced to K7-factorization. Applying the optical theo-
rem to the resonance model provided us first with the expres-
sions of the Breit—Wigner type for non-perturbative (primary)
contributions to the quark distributions in the basic and K7-
factorizations and then, after one more reduction, to the par-
ton distributions in collinear factorization. To conclude, let
us notice that the resonance model can also be used for the
analysis of the non-singlet components of the DIS structure
functions.
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Appendix A: Amplitude for the forward Compton
scattering off a gluon in the box approximation

We have
ezas / /311,72
M;,LV)\,O = (l‘[tr)ww dIB da dkL
(1) (2) (3)
x[MMMp—i-MWAp—i—MMMp] (A1)
0 T @+ Ry s 6 — kyok)
KV k/zk/z(q i k/)z(k/ _ k)z ’
y@ _ Tln@ + Ry, + by
HVAp k2k2(q + k)2 (k' + k)2 ’
e[y (§ +K' = k) y, (' —k) v,k v (K +4)]
M;(fv)kp _ wilgq Yo YuK Y q (A2)

k2 (g +K)2 (K —k)2(q+K —k)2

Appendix B: Projection operators for forward Compton
amplitudes

The conventional way of dealing with the forward Compton
scattering amplitude A, is, in the first place, to simplify their
tensor structure. To this end, A, is represented as an expan-
sion of A, into a series of simpler tensors, each multiplied
by an invariant amplitude. Such tensors are called projection
operators. Through the optical theorem the invariant ampli-
tudes are related to the DIS structure functions.

In the case of the unpolarized Compton scattering such an
expansion looks as follows:

A =P\ A+ P A, (B1)
where
P = —gu +auav/a®. PY =(1/pg)

(Pu — 4 (Pa/a*) Py — 4v(Pq/q™) (B2)

are the projection operators and Ay, Aj are invariant ampli-
tudes. According to the optical theorem

1 1
Fi = —3A1, F, = —3A). (B3)
b b
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Similarly, for the polarized Compton scattering

Aw = P3) Az + P Ag, (B4)
where
PS) =164 Mq:Sp. P

= 1€ Mqr[Sp — pp(gS/qp)], (BS)

with M and S being the hadron mass and spin, respectively,
and A3 4 are spin-dependent invariant amplitudes. The opti-
cal theorem states that
g1 = l‘T‘Azn &= lTSAAL (B6)
b4 b4
All operators PL%) respect the electromagnetic current
conservation: g, P,%) =q P,YL) = 0.Itis convenient to intro-
duce the longitudinal, S!!, and transverse, S*, components of
the spin, so that S~ p = §+g = 0 and S| = p,(gS/pq). In
such terms Eq. (B4) can be written as follows:

Apy = 1€ M [S) A3 + Sy (A3 + Ag)]

= 1o M [SIAIl + 5 A1, (B7)

This expression is useful for practical attributing differ-
ent terms in the spin-dependent A, to the proper invariant
amplitudes. In the unpolarized case one can use the sim-
ple rule: expressions ~ g, contribute to Ay, while expres-
sions ~ p, p,/pq form Aj;. In contrast, the gauge invariance
admits adding arbitrary terms ~ q,, qy.

Appendix C: Convolutions involving the Breit—-Wigner
formula
Let us consider the following convolution:

= —/ dxf(x)

Replacing x by 7, with t = (x — xg)/ ', we convert Eq. (C1)
into

)2 T (b

F—I/oodtf(tl“Jr ) r (C2)
o) T

At small I', we can expand f(¢I" + x¢) in the power series
and retain several terms:

fUT +x0) = f(x0) + f'(x)tT + O(T).
Substituting Eq. (C3) in (C2) and integrating (C2) yields
F = f(xo)+ O().

(C3)

(C4
The first term in Eq. (C4) corresponds to the well-known
representation of the §-function:

1
— lim

- 6%0—x2+ 5 =8(x).

(C5)
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Appendix D: Integration in Eq. (45)

A generic expression to integrate can be written as

T _/amax dO{ B ]
~Jo (@—A@—-B) (A-B)

/amax 1 1 1
X da — =
) «—A a—B| (A—-B

Lo(=s) = G)]

Assuming that omax > A, B > |A — B| allows us to expand
the logarithms into the power series and retain the first terms
only, we have

~ 1[ 1 1
T~ +

2 | max — A Qmax

(D)

1
— B} ey In(A/B).
(D2)

We have written Eq. (D2) in the symmetrical form with
respect to A, B because Eq. (D1) has this feature.

Appendix E: Evolving the factorization scale in
collinear factorization

Using the Mellin transform, we can rewrite Eq. (37) as
follows:

do
D (x,¢%) = / o “Cy(w)E(w, ¢°, 1%

oo 2
x¢(w, 1?),

where the primary quark distribution is fixed at the scale u,
with u? < qf_. E(w, qJQ_, w?) is a generic notation for an
operator evolving the distribution ¢ (w, 1?) from the factor-
ization scale u” to qi, while C(w) is responsible for the x
-evolution. Choosing a scale I such that u? < i < qi and
representing E (o, qi, w?) as

100

(ED)

E(,q%, 1% = E(w,q2, B E(w, 2, 1?), (E2)
we bring DD to the conventional form
100
d -
DED(x,g2) = / 4 oy @ E@. ¢ )
100 271

xp(o, %), (E3)
where
o(w, 1% = E(w, i, 1P (B, u?), (E4)

which corresponds to Eq. (39). Actually, ¢(w, [?) is the
conventional parton distribution in the w-space (momentum
space). It is fixed at an arbitrary scale [i*> and related to
the standard integrated distribution 8¢ (x, 7i%) by the Mellin
transform. The evolution operator E (w, g2, 1?) is expressed
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in different terms, depending on the perturbative approach in
use. For instance, in LO DGLAP with fixed «; it is given by

E = explayyo(o) In(g?/u?)], (ES)

with yp being the LO DGLAP anomalous dimension and
Cr = 4/3. When in LO DGLAP «; is running and the stan-
dard parametrization oy = o (ki) is used in the Feynman
graphs, Eq. (ES) is changed,

2\ Yo/b
()"
u

with b being the first coefficient of the g-function. The
parametrization oy = o (ki) should not be used at small
x (see Ref. [36]). When it is replaced by the appropriate
parametrization and when the total resummation of the lead-
ing logarithms is done, Eq. (E6) is replaced by

E = explh(w) In(q?/u?)],

where 1 (w) is anew anomalous dimension. It accounts for the
total resummation of the leading double-logarithmic contri-
butions and running QCD coupling effects (see Ref. [34,35]
and the overview [36] for details).

(E6)

(ET)
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