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Abstract. We consider the azimuthal and Pr-dependence of hadrons produced in unpolarized Semi-
Inclusive Deep Inelastic Scattering (SIDIS) processes, within the factorized QCD parton model. It is shown
that at small Pr values, Pr < 1GeV/c, lowest-order contributions, coupled to unintegrated (transverse-
momentum-dependent) quark distribution and fragmentation functions, describe all data. At larger Pr
values, Pr 2 1GeV/c, the usual pQCD higher-order collinear contributions dominate. Having explained
the full Pr range of available data, we give new detailed predictions concerning the azimuthal and
Pr-dependence of hadrons which could be measured in ongoing or planned experiments by HERMES,

COMPASS and JLab Collaborations.

PACS. 13.88.+e Polarization in interactions and scattering — 13.60.-r Photon and charged-lepton inter-
actions with hadrons — 13.85.Ni Inclusive production with identified hadrons

1 Introduction

In ref. [1] a comprehensive analysis of Semi-Inclusive Deep
Inelastic Scattering (SIDIS) processes within a factorized
QCD parton model at O(a?) was performed in a kinemat-
ical scheme in which the intrinsic tranverse momenta of
the quarks inside the initial proton (k) and of the final
detected hadron with respect to the fragmenting quark
(pL) were fully taken into account. The dependence of
the unpolarized cross-section on the azimuthal angle ¢
between the leptonic and the hadron production plane
(Cahn effect [2]) was compared to the available exper-
imental data, and used to estimate the average values
of (k%) and (p%). These values were adopted in model-
ing the intrinsic motion dependence of the quark distri-
bution and fragmentation functions. This allowed a con-
sistent description of the azimuthal dependence observed
by HERMES and COMPASS Collaborations in SIDIS off
transversely polarized protons [3,4], with the subsequent
extraction [1,5] of the Sivers distribution function [6].

In ref. [1] the main emphasis, following the original idea
of Cahn, was on the role of the parton intrinsic motion,
with the use of unintegrated quark distribution and frag-
mentation functions. That applies to large-Q? processes,
in a kinematical regime in which Pr ~ Aqgcp ~ ki,
where Pr = |Pr| is the magnitude of the final hadron
transverse momentum. In this region QCD factorization
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with unintegrated distributions holds [7] and lowest-order
QED elementary processes, £ ¢ — £ q, are dominating: the
soft Pr of the detected hadron is mainly originating from
quark intrinsic motion [8-10], rather than from higher-
order pQCD interactions, which, instead, would domi-
nantly produce large- Py hadrons [11-14].

Indeed, a look at the results of ref. [1] (see, in particu-
lar, figs. 5 and 6) immediately shows that, while the inclu-
sion of intrinsic k£, and p; —coupled to lowest-order par-
tonic interactions— leads to an excellent agreement with
the data for small values of the transverse momentum Pr
of the final hadron, it badly fails at higher Pr: the turning
point is around Pr ~ 1 GeV/e. A similar conclusion was
drawn in ref. [12]. The large- Pr region has been discussed
at length in the literature and is related to contributions
from higher-order QCD processes, like hard gluonic radia-
tion and elementary scatterings initiated by gluons: these
cannot be neglected when Pr > Aqcp [11-14].

In this paper we start by showing that a complete
agreement with data in the full range of Pr can be
achieved; for Pr < 1GeV/c we follow the approach
of ref. [1] —Pr originated by the intrinsic k¥, and p;
with O(a?) partonic interaction— while in the range of
Pr > 1GeV/cwe add the pQCD contributions —collinear
partonic configurations with higher-order (up to O(a?2))
partonic interactions which generate the large Pr. We
shall see that indeed most available data can be ex-
plained; the intrinsic k£, contributions work well at small
Pr < 1GeV/c and fail above that, while the higher-order
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pQCD collinear contributions explain well the large Pr >
1GeV/c data and fail, or are not even applicable, be-
low that. The two contributions match in the overlap-
ping region, Pr ~ 1GeV/e, where it might be diffi-
cult to disentangle one from the other, as they describe
the same physics. Infact parton intrinsic motions origi-
nate not only from confinement, but also from soft gluon
emission, which, due to QCD helicity conservation, can-
not be strictly collinear. Similar studies, concerning sin-
gle transverse-spin asymmetries in Drell-Yan and SIDIS
processes, with separate contributions —TMD quark dis-
tributions and higher-twist quark gluon correlations— in
separate regions, have recently been published [15,16].

Having achieved such a complete understanding of the
Pr-dependence of the SIDIS cross-sections we obtain a full
confidence on the regions of applicability of the two ap-
proaches. We re-analyse the azimuthal dependence of the
unpolarized cross-section —the Cahn effect, described in
ref. [1]— which depends on quantities integrated over Pr.
The actual data are dominated by the low-Pr contribu-
tions, and the results previously obtained remain valid; we
obtain slightly different values of the parameters (k2 ) and
(p%). We then consider running experiments (HERMES,
COMPASS and experiments at JLab) and physical ob-
servables which are being or will soon be measured. They
are mainly in the small- Py regions and we give full sets of
predictions for them.

The plan of the paper is the following: in sect. 2 we give
a short overview of the kinematics and a collection of the
basic formulae needed for the computation of the SIDIS
cross-sections, both in the low-Pr approach of ref. [1] and
in the pQCD large-Pr region; in sect. 3 we discuss and
compare our results for do/dPr, do/d¢, and {(cos ¢p) with
the existing experimental data, over a very wide range of
Pr values; in sect. 4 we give predictions for the forthcom-
ing measurements of do/dPr and (cos ¢) at HERMES,
Compass and JLab. Some considerations on (cos 2¢p,) are
made. Finally, in sect. 5 we draw our conclusions.

2 Kinematics and cross-sections

We consider SIDIS processes £p — ¢h X in the y*pc.m.
frame, as shown in fig. 1. The photon and the proton col-
lide along the z-axis with momenta q and P, respectively;
the leptonic plane coincides with the x-z plane. We adopt
the usual SIDIS variables (neglecting all masses):

1—1p:
s=(P+07, (P+q?=W?"=-—"0¢7,

:I?B]
2 2
s @ Q
qg = Qa T Bj 2Pq W2+Q27
_P-q_ Q2 _P-Ph
L& -2 R M
P-t ;s P.q

The SIDIS differential cross-section can schematically
be written in terms of a perturbative expansion in orders
of o as follows:

do = a%dog +aldoy +a?dog + ...,

(2)
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Fig. 1. Three-dimensional kinematics of the SIDIS process.

where do is a shorthand notation to indicate

dSUEpHEhX
dep,; dydzn 2Pr P97 dzp, Q2 dey 2Pr

d50£pa£hX

3)

The first term in this expansion is the lowest-order one;
in the elementary interaction, £q — £q, a virtual photon
with four-momentum ¢ strikes a quark which carries a
transverse momentum k; = & (cos ¢, sin ¢, 0) in addition
to a fraction z of the light-cone proton momentum. The
final detected hadron h originates from the fragmentation
of the outgoing quark: p, is the transverse momentum of h
with respect to the direction of the fragmenting quark and
z is the fraction of the light-cone quark momentum car-
ried by the resulting hadron. Consequently, the detected
hadron can have a transverse momentum Pr with a mag-
nitude Py ~ (k) ~ (p, ). Indeed, this is the main source
of hadrons with a small value of Pr [12,8-10].

Such a mechanism translates into a factorized [7] ex-
pression for the SIDIS cross-section, valid at all orders in

(k1/Q):

5 {p—lhX
d’o

dzp; dQ2 dz, & Pr

da.fq%fq 2

2 h _
;/d ki fo(e, kL) T2 J—th (z,p1) =
2na? 3% 4 42
Zeg/kol falz, k1) 22 QF DZ(ZaPi)
q Bj
-1
Z TBj zp; k3
— — 14 ——== 4
e (P i (@
as explained in ref. [1], where the exact relationships be-
tween z, z, p| and the observables zg;, 21, Pr are given.
Notice that at O(k./Q) one has zp; = =, z, = z and

Pr=zk, +p.i. fy(z, k1) and D"(z,p.) are the parton
density and the fragmentation function, respectively, for
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Fig. 2. Feynman diagrams corresponding to ¢q and {g elemen-
tary scattering at first order in as.

which we assume the usual z, k| or z, p, factorization,
with a Gaussian k) - and p, -dependence:

1 .2 2
fq( ) fq( ) <k2> kJ'/<kJ')7
]. 2 2
h _ nh —p1/{PL
Dq(z,pJ_)—Dq(z)me P /{p ), (5)
so that

/ Lk fyle k) = foa).
/ dp, D!'(z,p,) = D'(2). (6)

The integration over d?k; in eq. (4) induces a de-
pendence on cos¢yp (at O(Pr/@)) and on cos2¢, (at
O(Pr/Q)?), where ¢, is the azimuthal angle of Pr. The
explicit expression, at O(Pr/Q), is given by:

d5 g tr—+thX 2rae?
~ _ ) D"
dzp; dQ? dzy d2 Pr zq: Q4 f‘I('rBJ) q(zh)

|1+ (1—-y)? -4 2=y 1;;/5&)211 Pr cos¢h}
T
1 pp)
wEpe ™

where, (P2) = (p?) + 22(k%).

Let us now consider the contributions of order a,, doy
in eq. (2). We follow the approach of ref. [12]. The relevant
partonic processes, shown in fig. 2, are those in which the
quark emits a hard gluon or those initiated by gluons:

Y'H+q—=q+9 YV'H+a—=9+q YV H+g—=a+q. (8)

It is clear that now, contrary to the lowest-order QED
process, v* + ¢ — ¢, the final parton can have a large
transverse momentum, even starting from a collinear con-
figuration. Such a contribution certainly dominates the
production of hadrons with large Pr values.

One introduces the parton variables 2’ and 2z’, defined
similarly to the hadronic variables zp; and zj,

O ) I AL )
2k-q &7 kg ¢’

where k and k' are the four-momenta of the incident and
fragmenting partons, respectively. £ and ( are the usual
light-cone momentum fractions, which, in the collinear

(9)
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configuration with massless partons are given by k = ¢P
and P, = (k’. We denote by pr (not to be confused with
p.1) the transverse momentum, with respect to the ~*-
direction, of the final fragmenting parton, Py = (pr.

The semi-inclusive DIS cross-section, in the QCD par-
ton model with collinear configuration, can be written, in
general, as:

d3 glp—1hX
dzp;dy dz, &P

3 / dz' d2' d®pr dE s (xp; — €2') 8 (2 — C2)

4,J

dé;

X0 Pr=(pr)fi(6. Q) g o dpr

D} (¢,Q%) . (10)

To first order in «y the partonic cross-section is given
by [17,12]

d(}ij 04262
Ly M2
da' dy dz' Epr 167r2Q4y g
ZI
8 (- Z-)-2¢?) ()

where ij denote the initial and fragmenting partons, ij =
a4, q9, 9q. Inserting the above expression into eq. (10)
yields, for the O(as) cross-section:

Ip—IhX
d° alpﬂ

_ a2 eg i/1 dl‘l
dzpjdydzp d2Pr 1672 Q* J,,,

' P2+ z7(1—2")Q?

1 P2
XZfz(xB] Q)Luu M} Dj <Zh+ﬁ,Q )
(12)
with [12]
, 64w (k)2 (K24 )
L;wMélq - TQ (k‘ . k.//)(k/ . k.ll)

- {[1+ (-9 [ -1 =)

1+ (2'2")? ool (1
o L) e
#(1-y)

“Natoaz

(2-y)
x[z'2' + (1 —2")(1 — 2")] cos ¢n

+4z'2' (1 —y) c0s2¢h},
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+42'(1—y)(1—2") cos 2q§h}, (14)
o 64T (K2 (R (L )
LunMyy = =70 (k- k") (k- k")

= 8ma 2—2{[1 +(1—y) ][ + (1 —a)’]

12 N2
M + 16x'(1 — a:')(l - )

2'(1—2")
2'(1—a)(1—-y)
—4\/ =) (2 —-v)

x (1 —=2z")(1 — 22") cos ¢y,

+8z'(1—2")(1—y) cos 2¢h}, (15)

where we have explicitely written the scalar products in
terms of x', y, 2’ and cos ¢;. Notice the appearance of the
cos ¢y, and cos 2¢y, terms: ¢y, is the azimuthal angle of the
fragmenting partons, which, in a collinear configuration,
concides with the azimuthal angle of the detected final
hadron. The above expressions agree with results previ-
ously obtained in the literature [17].

Large values of Pr cannot be generated by the modest
amount of intrinsic motion [1]; we expect that eq. (12)
will dominantly describe the cross-sections for the lepto-
production of hadrons with Pr values above 1 (GeV/c).

Let us finally briefly consider the contributions of or-
der a2 (NLO), doz in eq. (2). These, for the production
of large- Py hadrons, have been recently computed [13,14],
resulting in large corrections to the O(ay) (LO) results,
and leading to a good agreement with experimental data.
It would be unnecessarily complicated, for our purposes,
to take exactly into account these contributions, as we
have done for the LO ones, via egs. (12)—(15). The most
simple way of inserting the NLO results in our study is
via the K-factor, defined as the NLO to LO ratio of the
SIDIS cross-sections. A close examination of the K-factor
shows a clear dependence on Pr and the other kinematical
variables: for example, it may be larger than 10 at low Pp
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and 2, while approaching unity at larger values (see, for
example, fig. 3 of ref. [13]). However, we shall need to use
the K-factor only in limited ranges of Pr (up to 3GeV/c
at most) and @2, depending on the sets of experimental
data we consider: in these limited kinematical regions we
find that a satisfactory description of the SIDIS experi-
mental data can be achieved by using constant values of
K, which will be indicated in each case.

Therefore, we will effectively include O(a?) contribu-
tions in our computations by writing eq. (2) as

do = aldog +af Kdoy + ..., (16

=

where dop and do; are calculated according to egs. (4)
and (12), respectively. The first term dominates at Pr <
1GeV/e, and the second one at Pr 2 1GeV/ec.

3 Numerical results

In ref. [1] several sets of experimental data, showing the ex-
plicit dependence of the SIDIS unpolarized cross-sections
on the azimuthal angle ¢; and on Pr, were considered.
A comprehensive fit, based on, eq. (4) —or its simplified
version valid up to O(k1/Q), eq. (7)— was performed, in
order to determine the values of (k%) and (p?% ), obtaining

(k%) =0.25 (GeV)?, (p?) =0.20 (GeV)?. (17)
These values were assumed to be constant and flavour
independent. We have explicitely checked that introducing
z, z-dependences in (k% ) and (p? ), while complicating the
numerics, does not significantly change our results, since
the z and z ranges of the experiments we consider are
limited. This was discussed in ref. [1].

The study of ref. [1] also showed clearly that eq. (4)
—zeroth-order pQCD with TMD distribution and frag-
mentation function— works very well in the Pr ~
Agep =~ ki region, but fails at larger Pr values, where
higher-order pQCD contributions, with collinear partonic
configurations, are expected to take over and explain the
data. The transition point is around Pr ~ 1 GeV/c.

We have redone the analysis of ref. [1] taking into ac-
count, in the appropriate kinematical regions, also the
pQCD contributions. It turns out that, while a complete
description of the data in the full Py range is possible, a
little variation is required to the values given in eq. (17).
Actually, the resulting change is included within a 20%
variation of the parameters, already considered in ref. [1].

Figures 3-7 show our results obtained by adding, ac-
cording to eq. (16), the contributions of eq. (4) to the
contributions (computed above Pr = 1 GeV/c) of eq. (12).
We have used

(k1) =0.28 (GeV)?,  (p1)=0.25 (GeV)*, (18)
again constant and flavour independent. The K-factor
was fixed to be a constant, with different values accord-
ing to the different Pr and Q2 ranges involved. Here,
and throughout the paper we have adopted the MRSTO01
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Fig. 3. The normalized cross-section do/dP7: the dashed line
reproduces the @(a?) contributions, computed by taking into
account the partonic transverse intrinsic motion at all orders
in (k1/Q), eq. (4). The solid line corresponds to collinear
and pQCD contributions, computed at LO, with a K-factor
(K = 6) to account for NLO effects, eqs. (12)—(16). The data
are from EMC Collaboration measurements [20]. (k1) and (p.)

are fixed as in eq. (18).

NLO [18] set of distribution functions and the fragmenta-
tion functions by Kretzer [19] at NLO.

Let us comment in greater detail on each single plot. In
fig. 3 we compare our results to the EMC measurements of
the SIDIS P2 distributions (normalized to the integrated
DIS cross-section) [20], defined as

1 do 1
opis AP} 20pis

Ao tr—thX
da:Bj dy dzh d2PT ’
(19)
where the integration covers the zp;, y, z;, and Pr regions
consistent with the experimental cuts:
Q*>5 (GeV/e)?, Ej, > 5 (GeV),
0.1 <z, <1, 0.2<y<038.

/d¢h d:l?Bj dy th

The dashed lines reproduce the O(a?) contribution, com-
puted by taking into account the partonic transverse in-
trinsic motion at all orders in (k, /@), whereas the solid
lines correspond to the SIDIS cross-section as obtained by
including LO corrections and the K-factor (K = 6) to
account for NLO effects. The two contributions together
give a very good complementary description of the data
over the full Pr domain. Unavoidably, there is a slight
mismatch at the transition point, Py = 1GeV/c, where
both contributions somewhat describe the same physics,
and some kind of average should be performed to avoid
double counting. The value K = 6 is the simplest, al-
though rough, approximation, in the kinematical range of
the data considered here, to the computed K-factor (see,
fig. 3 of ref. [13]). oprg is evaluated starting from eq. (17)
of ref. [1]; pQCD corrections for this integrated quantity
are negligible.

A similar very good agreement, shown in fig. 4, is ob-
tained when comparing our computations with the ex-
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Fig. 4. The normalized cross-section do/dPr: the dashed line
reproduces the O(ag) contribution, computed by taking into
account the partonic transverse intrinsic motion at all orders
in the (k1/Q) expansion, eq. (4); the solid line corresponds
to the SIDIS cross-section as given by LO contributions and a
K-factor (K = 1.5) to account for NLO effects, eqs. (12)—(16).
The data are from ZEUS Collaboration measurements [21].
(k1) and (p.) are fixed as in eq. (18).

do/d@, (arbitrary units)

@, (radians) @, (radians)

Fig. 5. The cross-section do/d¢p: the solid line is obtained
by including all orders in (k1 /@), the LO corrections and a
K = 6 factor to account for NLO effects. The data are from
EMC measurements [9]. (k1) and (p, ) are fixed as in eq. (18).

perimental measurements of the ZEUS Collaboration at
DESY [21]. Here, the SIDIS differential cross-section,

dsaépaéhX

dedeQthdQPT ’

(20)
is obtained by performing the integrations according to
the following experimental conditions:

1 do 1

= dopdzg;dQ?dz, P
opis dPr UDIs/ ondrp;dQ"dzn Pr

10 < Q% < 160 (GeV/e)?, 75 < W < 175 (GeV), (21)
and the K-factor is taken to be 1.5 (as shown in fig. 8 of
ref. [13]).

In fig. 5 we compare our results to the EMC mea-
surements of the (not normalized) ¢j distributions [9],



378

<cos @>

-02

| | | |
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Fig. 6. (cos¢y) as a function of P§“!: the dashed line repro-
duces the O(a!) contribution, computed by taking into ac-
count the partonic transverse intrinsic motion at all orders in
(kL/Q); the solid line corresponds to the SIDIS cross-section
as obtained by including LO corrections and a K = 6 factor to
account for NLO effects. The data are from the E665 Collab-
oration [10].

<cos @>

-0.15 |~

P$" (GeVic)

Fig. 7. (cos¢y) as a function of P§*!: the dashed line repro-
duces the O(a?) contribution, computed by taking into ac-
count the partonic transverse intrinsic motion at all orders in
(k1/Q); the solid line corresponds to the SIDIS cross-section
as obtained by including LO corrections and a K = 1.5 fac-
tor to account for NLO effects. The data are from the ZEUS
Collaboration [22].

proportional to

dotr—thX
dén

A g tr—thX

dejdy dzh dQPT )
(22)

/ d:l?Bj dy th PT dPT

The integration regions are fixed by the conditions

zr > 0.1,
02<y<038,

Pr> 0.2 (GeV /o),
Q? > 4 (GeV/c)?

where zp = 2P, /W and Py, is the longitudinal momen-
tum of the produced hadron relative to the virtual photon.

This is a quantity integrated over Py > 0.2GeV/c;
we have used only dog up to Pr = 1GeV/c and added
the K doy contributions (with K = 6) above that. We
notice, however, that the dominant contributions come
from very low Pr’s, while the pQCD contribution is al-
most negligible.
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Figures 6 and 7 show our predictions for the average
value of cos ¢, compared to the experimental data from
the FNAL E665 Collaboration [10] (up and ud interac-
tions at 490 GeV) and from the ZEUS Collaboration [22]
(positron-proton collisions at 300 GeV) respectively. Here
(cos ¢p) is defined as

i fdede2thd2PT COS ¢h dsa

= 23
{cos é1) [domdQPdendPrdioc (2
where d°c denotes the fully differential cross-section
5 p—LhX
o= 17 . (24)
dl‘B]‘ dQ2 dzh d2PT

For the FNAL E665 data sample the integral over Pr runs
from P§Ut to P7® ~ 10 GeV /c and the range of the other
variables is fixed by the following experimental cuts:

Q* > 3 (GeV)?, 300 < W? < 900 (GeV)?,
60 < v < 500 (GeV), E, > 8 (GeV),

0.1 <y<0.85, (25)

whereas for the ZEUS data sample the integral over Pr
runs from P§* to PRe* ~ 10 GeV /e, within the ranges

0.2 <y <038,
180 < Q% < 7220 (GeV)?.  (26)

As in the previous case, we have added perturbative cor-
rections only from Pr = 1 (GeV/c), leaving dog to be the
only contributing term for values of Pr below 1 (GeV/c).

The results we obtain are in good qualitative agree-
ment with the FNAL E665 experimental data. As ex-
pected, they show that the pQCD contributions are very
small at low P£U! values, but quickly increase as Pgut
raises, significantly correcting the fast fall of the O(a?)
term, as shown in fig. 6.

Instead, our results disagree with the ZEUS data, es-
pecially in the lower range of Pgut. This is surprising and
would deserve further experimental studies. The cos ¢y,
modulation, at small Pr values, is a kinematical higher-
twist effect, and decreases like Pr/Q for growing values
of @, as shown in eq. (7). Therefore we expect, and in-
deed we find, {cos ¢p) to be much smaller for ZEUS data,
which correspond to huge values of 2, than for E665 re-
sults, which correspond to much lower ()2 values.

We have also computed, with the same procedure,
(cos(2¢p)). We have seen that such a dependence can
arise both, at O(Pr/Q)?, from intrinsic motion, and, at
O(ay), from pQCD corrections. However, there is another
non-perturbative, leading-twist, small-Pr source of the
cos(2¢y)-dependence, related to the combined action of
the Boer-Mulders [23] and Collins [24] effects; this has
been studied in ref. [25] and, recently, in ref. [26], where
both the 1/Q? kinematical contribution and the Boer-
Mulders ® Collins one were studied and found to be of
comparable size. Therefore, our results, which ignore the
Boer-Mulders ® Collins contribution, can be considered
reliable only in the large- Pr region; indeed, in this region,
we find agreement with the ZEUS experimental data of
ref. [22], as shown in fig. 8.

001 <zp; <0.1,
0.2 < zp < 1.0,
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Fig. 8. (cos(2¢4)) as a function of PE*! as obtained by includ-
ing LO corrections and a K = 1.5 factor to account for NLO
effects. The data are from the ZEUS Collaboration [22].
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Fig. 9. Predictions for the normalized SIDIS cross-section cor-
responding to the production of 7™ as it will be measured by
the HERMES Collaboration in the forthcoming future. The
solid lines correspond to the SIDIS cross-section as obtained
by including all orders in the (ki /@) expansion. Notice that
QCD corrections have no influence in this range of low Pr’s.

4 Predictions for forthcoming measurements

New data are expected from ongoing measurements or
data analysis at HERMES, COMPASS and JLab. They
concern dominantly the small-Pr (and, hopefully, large
enough Q?) region, where we have seen that the sim-
ple partonic approach, with unintegrated distribution and
fragmentation functions, can give a very satisfactory de-
scription of the available data. We can easily give detailed
predictions which can soon be tested, allowing a further
check on the role of intrinsic motions in affecting physical
observables. We consider the SIDIS cross-sections and the
average value of cos ¢y,. Also (cos 2¢y,), keeping in mind the
comments at the end of the previous section, is computed.

In fig. 9, we plot the SIDIS cross-section, for 7+ pro-
duction at HERMES, as a function of one variable at a
time, either zp, £Bj, y or Pr; the integration over the un-
observed variables has been performed consistently with
the setup of the HERMES experiment, which studies the
scattering of positrons at pj., = 27.57 GeV/c against a
fixed hydrogen gas target:

Q*>1 (GeV/c)?, W?2>10GeV?, Pr>0.05GeV/e,
0.023 <zp; <04, 02<2z, <07, 01<y<0.85,
2 < E, <15GeV. (27)
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Fig. 10. Predictions for {cos ¢y ) corresponding to the produc-
tion of 71 as it will be measured by the HERMES Collabora-
tion in the forthcoming future. The solid lines correspond to
{cos ¢1) we find by including all orders in the (k1 /Q) expan-
sion. Notice that QCD corrections have no influence in this
range of low Pr’s.
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Fig. 11. Predictions for (cos2¢p) corresponding to the pro-
duction of 7 as it will be measured by the HERMES Collab-
oration in the forthcoming future. The solid line is obtained
by including all contributions and all orders in the (k. /Q) ex-
pansion. The dashed line corresponds to the perturbative QCD
contributions only.

In these kinematical regions the cross-section is heavily
dominated by the dog term of eq. (2), computed according
to eq. (4); op1s is computed according to eq. (17) of ref. [1].
We also evaluate the average value of cos ¢, in the same
kinematical region, shown in fig. 10, and of cos 2¢y,, shown
in fig. 11. The latter, however, can only be taken as a
partial (higher-twist) contribution to the real {cos2¢}),
as explained at the end of the last section.

We notice that very similar predictions, for the cross-
section, (cos ¢p,) and (cos 2¢y,), are obtained for 7% and 7~
production, which we do not show.

The COMPASS experiment at CERN collects data in
pd — puh* X processes at pap = 160 GeV /e, covering the
following kinematical regions:

Q*>1 (GeV/c)?,
E, <15GeV, 0.2<z, <1,

W?>25GeV?, Pr>0.1GeV/ec,
0.1<y<0.9. (28)

Figure 12 shows our corresponding predictions for
the SIDIS cross-section —for the production of positively
charged hadrons— as a function of the kinematical vari-
ables z,, xgj, y and Pr, as obtained from eq. (4). Notice
that we neglect nuclear corrections and use the isospin
symmetry in order to obtain the parton distribution
functions of the deuterium. Predictions for (cos¢y) are
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Fig. 12. Predictions for the normalized SIDIS cross-section
corresponding to the production of positively charged hadrons
as it will be measured by the COMPASS Collaboration in the
forthcoming future. The solid lines correspond to the SIDIS
cross-section as obtained by including all orders in the (k1 /Q)
expansion.
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Fig. 13. Predictions for {cos ¢;) corresponding to the produc-
tion of positively charged hadrons as it will be measured by the
COMPASS Collaboration in the forthcoming future. The solid
lines correspond to {cos ¢») we find by including all orders in
the (k1 /Q) expansion.
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Fig. 14. Predictions for (cos2¢;) corresponding to the pro-
duction of positively charged hadrons as it will be measured
by the COMPASS Collaboration in the forthcoming future.
The solid line is obtained by including all contributions and all
orders in the (k1 /Q) expansion. The dashed line corresponds
to the perturbative QCD contributions only.

presented in fig. 13 and the higher-twist contributions to
(cos2¢y) in fig. 14, where QCD corrections (dashed line)
are also shown for comparison. Notice that, in contrast to
the HERMES case, the perturbative QCD corrections are
relatively important, as COMPASS data can reach higher
Py values. The transition from the non-perturbative to the
perturbative regime, which takes place at Pr ~ 1GeV, is
in fact well visible in the right panel of fig. 13.

Finally, JLab collects and will collect data in the col-
lisions of 6 and 12 GeV electrons from a fixed He? target.
In this case the relevant kinematical regions are the fol-
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Fig. 15. Predictions for the normalized SIDIS cross-section
corresponding to the production of 7t as it will be measured
by the JLab Collaboration in the forthcoming future. The solid
lines correspond to the SIDIS cross-section as obtained by in-
cluding all orders in the (k. /Q) expansion. Notice that QCD
corrections have no influence in this range of low Pr’s.
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Fig. 16. Predictions for {cos ¢5) corresponding to the produc-
tion of #¥ as it will be measured by the JLab Collaboration in
the forthcoming future. The solid lines correspond to {cos ¢y)
we find by including all orders in the (k) /Q) expansion. No-
tice that QCD corrections have no influence in this range of
low Pr’s.
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Fig. 17. Predictions for {cos 2¢},) corresponding to the produc-
tion of 7 as it will be measured by the JLab Collaboration in
the forthcoming future. The solid lines correspond to {cos 2¢s)
we find by including all orders in the (k1 /Q) expansion. No-
tice that QCD corrections have no influence in this range of
low Pr’s.

lowing:
Q*>1(GeV/e)?, W?>4GeV?, Pr>0.1GeV/c,
1.0< E, <35GeV, 04<2,<0.7, 01<zp;<0.6

0.4 <y <0.85. (29)

Our results for the corresponding SIDIS cross-sections,
(cos ¢p) and (cos2¢y,) are shown in figs. 15, 16 and 17 re-
spectively: as for the previous experiments, also the JLab
data are dominated by O(a?) terms and are almost com-
pletely insensitive to the LO and NLO perturbative QCD
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corrections. Again, we show results for 7+ production, but
very similar ones hold for 7~ and 7%, which we do not
show.

All these results depend on intrinsic momenta, both
k| in the partonic distributions and p, in the quark frag-
mentation. This is obvious for quantities like do/dPr and
(cos ¢p) which could not even be defined, at O(a?), with-
out intrinsic motion (and pQCD corrections are negligible
for the experiments we consider). However, this is also
true for the differential cross-sections in 2z, xp; and y: al-
though they get contributions from intrinsic motion only
at O(Pr/Q)?, as one can explicitly see from eq. (7), these
contributions can be sizeable in the kinematical domains
of HERMES, COMPASS and JLab.

5 Conclusions

We have considered the azimuthal and Pr-dependence of
SIDIS data from low to large Pr; they both cannot be ex-
plained in the simple parton model (O(a?)) with collinear
configurations. They can originate from intrinsic motions
and/or pQCD corrections. The outcome of our analysis
turns out to be very simple: up to Pr < 1GeV/c the
simple parton model with unintegrated distribution and
fragmentation functions explains the data and leads to a
good evaluation of (k) ) and (p, ), while at larger Pr val-
ues, Pr 2 1GeV /¢, the perturbative QCD contributions
originating from hard gluonic radiation processes and el-
ementary scattering initiated by gluons, are dominant.

Having clearly established the complementarity of the
two approaches, and in particular having gained full con-
fidence in the domain of applicability of the unintegrated
parton model, we have given predictions for the cross-
sections and for the values of (cos ¢, ), as they will soon be
measured by HERMES, COMPASS and JLab Collabora-
tions, mainly in the low-Pr region. These new data will
be a very important tool to test our knowledge of the in-
trinsic partonic internal motion and on the TMD quark
distribution and fragmentation functions.
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