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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 isshown
that at small Pr values, Pr < 1 GeV/c, lowest order contributions, coupled to unintegrated (Trans-
verse Momentum Dependent) quark distribution and fragmentation functions, describe all data.
Atlarger Pr values, Pr > 1 GeV/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 Py dependence of hadrons which could be measured in ongoing or planned
experiments by HERMES, COMPASS and JLab collaborations.
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1. Introduction

In Ref. [fl] a comprehensive analysis of Semi-Inclusive Deep Inelastic Scattering (SIDIS) pro-
cesses within a factorized QCD parton model at ¢ (a?) was performed in a kinematical 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 (p ) 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 [J]) was compared to the available experimental data,
and used to estimate the average values of (k) and (p? ).

In Ref. [fll] 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 fragmentation functions. That
applies to large Q? processes, in a kinematical regime in which Pr ~ Nacp ~ K|, where Pr = |Pr|
is the magnitude of the final hadron transverse momentum. In this region QCD factorization with
unintegrated distributions holds [B] and lowest order QED elementary processes, £q — £, are
dominating: the soft Pr of the detected hadron is mainly originating from quark intrinsic motion [f,
B, Bl rather than from higher order pQCD interactions, which, instead, would dominantly produce
large Pr hadrons [[, 8 G, L0, [LT]].

In this paper (see Ref.[[L3] for details) we start by showing that a complete agreement with
data in the full range of Pr can be achieved; for Pr < 1 GeV/c we follow the approach of Ref. [fl]
— Pr originated by the intrinsic k; and p; with ¢(a2) partonic interaction — while in the range
of Pr > 1 GeV/c we add the pQCD contributions — collinear partonic configurations with higher
order [up to & (a2)] partonic interactions which generate the large Pr. We shall see that indeed
most available data can be explained; the intrinsic k; contributions work well at small Pr <1
GeV/c and fail above that, while the higher order pQCD collinear contributions explain well the
large Pr > 1 GeV/c data and fail, or are not even applicable, below that. The two contributions
match in the overlapping region, Pr ~ 1 GeV/c, where it might be difficult to disentangle one from
the other, as they describe the same physics. Infact parton intrinsic motions originate not only from
confinement, but also from soft gluon emission, which, due to QCD helicity conservation, cannot
be strictly collinear. Similar studies, concerning single transverse-spin asymmetries in Drell-Yan
and SIDIS processes, with separate contributions — TMD quark distributions and higher-twist quark
gluon correlations — in separate regions, have recently been published [fL3, [[4].

2. Kinematics and Cross Sections

We consider SIDIS processes £ p — £hX in the y*p c.m. frame. The photon and the proton
collide along the z axis with momenta g and P respectively; the leptonic plane coincides with the
x-z plane. We adopt the usual SIDIS variables (neglecting all masses):

1—x,
s= (P+0)? (PJrq)ZZWZZTXBJQ2 o =-Q
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Q¥ @ _Pg @ _P-R
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The SIDIS differential cross section can schematically be written in terms of a perturbative
expansion in orders of ag as follows

do = aldap+ aldoi+aZdo,+..., (2.2)
d5o-ép—>£hx dSGZp—>€hX

dx, dydz,d2Py " dx, dQ2dz, 02Py

where do is a short hand notation to indicate

Lowest order cross section reads:

dBa P dgla~ta 2
= d?k, fq(x,k ) ——5—J = DIl
d)%j szthdZPT %/ L q(xv L) sz z q(zﬂ pJ_)
2ol &+ (02 Z %, X, k2 \ !
= d’k, fq(x.k,) 5= =——— DI\(z, ——'<1+—'—l> 2.3
%eé/ L Q( 1) )ﬁsz o q( pJ_)Zh X x Q2 (2.3)
we assume the usual X,k or z p, factorization, with a gaussian k; and p, dependence:
1 2 /12 1 2 2
fa(X, K1) = fg(X) —5—e¥/&0 DRz p,) =Dz e PL/PL) (2.4)
q l) q ) T[(ki> q( L) q( ) n.<pi>

One introduces the parton variables x" and Z, defined similarly to the hadronic variables x;
and z, 5 K 2
Q % :

XIS 9

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 configuration with massless
partons are given by k = P and B, = K. We denote by p; (not to be confused with p,) the
transverse momentum, with respect to the y* direction, of the final fragmenting parton, Pt = { pt.
The semi-inclusive DIS cross section at lading order of ag, in the QCD parton model with

collinear configuration, can be written, in general, as:

d5g'P—1hx / , )
ey~ 3 02025 (%, £) 8~ 7) 7 Pr )
x fi (& QZ) d;iith (¢ QZ) ) (2.6)
| ) dX/dde/ d2p_|_ ] )
To first order in as the partonic cross section is given by [E,
da-” _ aZ uv 2 z 2
X dydz d2p;  16r2Qr Y M o pr—5(1=x)(1-2)Q7), 2.7)

where i j denote the initial and fragmenting partons, i j = qqg, g, 9g.

Large values of Pr cannot be generated by the modest amount of intrinsic motion []; we
expect that Eq.(2.6) 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 order a2 (NLO), do in Eq. (2.2). These,
for the production of large Pr hadrons, have been recently computed [[L0, 7], we will effectively
include &'(a2) contributions in our computations by writing Eq. (2-2) as

do = addog + aiKdop + ..., (2.8)

where dap and doy are calculated according to Egs. (2.3) and (R.6) respectively. The first term
dominates at Pr < 1 GeV/c, and the second one at Pr > 1 GeV/c.
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Figure 1: The normalized cross sectiondo/dPr and do/d¢,: the dashed line reproducesthe ¢'(ag) contri-
bution, computed by taking into account the partonic transverse intrinsic motion at all ordersin the (k, /Q)
expansion, Eq. @); the solid line corresponds to the SIDI S cross section as given by LO contributions and
aK factor (K = 1.5(left panel) and K = 6(right panel)) to account for NLO effects, Eqs. 2.6—(.8). The
data are from ZEUS collaboration measurements [[L§] and EMC measurements [f].

3. Numerical Results

Fig. ] shows our results obtained by adding, according to Eq. (£.8), the contributions of Eq.
(.3) to the contributions (computed above Pr = 1 GeV/c) of Eq. (2.6). We have used

(K2)=0.28(GeV)?  (p?)=0.25(GeV)?, (3.1)

again constant and flavour independent. The K factor was fixed to be a constant, with different
values according to the different Pr and Q? ranges involved. Here and throughout the paper we
have adopted the MRSTO01 NLO set of distribution functions and the fragmentation functions
by Kretzer [[L7] at NLO.

The dashed lines reproduce the ¢'(a2) contribution, computed by taking into account the
partonic transverse intrinsic motion at all orders in (k; /Q), whereas the solid lines correspond to
the SIDIS cross section as obtained by including LO corrections and the K 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, Pr =1
GeV/c, where both contributions somewhat describe the same physics, and some kind of average
should be performed to avoid double counting.

In Fig. [l one can clearly see that there present two distinct regimes. Low Pr region is mostly
due to non perturbative intrinsic k; dynamics, while high Pr domain is described by NLO QCD.

4. Predictionsfor forthcoming measurements

New data are expected from ongoing measurements or data analysis at HERMES, COMPASS
and JLab. The COMPASS experiment at CERN collects data in pud — ph*X processes at pjap =
160 GeV/c. Finally, JLab collects and will collect data in the collisions of 6 and 12 GeV.
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In Fig. B, we plot the average value of cos ¢, as function of one variable at a time, either z,

X5 Y OF Pr.
Here (cos @) is defined as

B [ dx;, dQ?dzyd?Pr cos ¢ d°0

= 4.1
where d°o denotes the fully differential cross section
5 1 p—(hX
o= 99 4.2)

dx, dQ2dzyd2Pr |

The cross section is heavily dominated by the dag term of Eq. (R.2), computed according to
Eq. 2.9

All the above mentioned experiments operate in the range of low Pr. We conclude that non
perturabtive dynamics is very important in order to understand and predict the forthcoming results.

These results depend on intrinsic momenta, both k, in the partonic distributions and p, in
the quark fragmentation. This is obvious for quantities like do/dPr and (cos @,) which could not
even be defined, at &(a?), without intrinsic motion (and pQCD corrections are negligible for the
experiments we consider). However, this is also true for the differential cross-sections in z, X, and
y: although they get contributions from intrinsic motion only at ¢ (Pr /Q)? these contributions can
be sizeable in the kinematical domains of HERMES, COMPASS and JLab.

5. Conclusions

We have considered the azimuthal and Py dependence of SIDIS data from low to large Pr; they
both cannot be explained in the simple parton model (¢(aQ)) 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 < 1 GeV/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 values, Pr > 1 GeV/c, the perturbative QCD contributions originating from hard
gluonic radiation processes and elementary scattering initiated by gluons, are dominant.

Having clearly established the complementarity of the two approaches, and in particular hav-
ing gained full confidence 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 collaborations, mainly in the low Pr region. These new data
will be a very important tool to test our knowledge of the intrinsic partonic internal motion and on
the TMD quark distribution and fragmentation functions.
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Figure 2. Predictions for (cosg,) corresponding to the production of " as it will be measured by the
HERMES and JLab and h* production at COMPASS collaboration in the forthcoming future. The solid
lines correspond to (cos¢yn) we fi nd by including al orders in the (k_/Q) expansion. Notice that QCD
corrections have no infence in this range of low Pt1’s.



