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The exploration of the 3-dimensional structure of the ngJdéooth in momentum and in con-
figuration space, is one of the major issues in high energyonaghysics. Information on the
partonic 3-dimensional momentum structure is embeddetianttansverse Momentum Depen-
dent distributions (TMDs). Among them, the Sivers functiaich describes the number density
of unpolarized quarks inside a transversely polarizedoprots particularly interesting, as it is
expected to provide information on the partonic orbitalldagmomentum [5].

The Sivers functions farandd quarks have been extracted from SIDIS data by several groups
with consistent results [6, 7, 8, 9, 10, 5]. However, all th@henomenological fits have been
performed so far either neglecting the QCD scale dependgitbe TMDs — which was unknown
— or limiting it to the DGLAP evolution of the collinear un@oized parton distributions (which
appear as factors in the parameterization of the Sivergitns).

We present here, following Ref. [11], a simple strategy Whatlows, in the extraction of
the Sivers function from SIDIS data, to take into account Th&D evolution scheme proposed
by Aybat, Collins, Qiu and Rogers [1, 2, 3]; we then show hois #nalysis compares with the
previous extractions, with no TMD evolution.

In Ref. [11] we recasted the QCD evolution equation of the T®MD the coordinate space
proposed in Refs. [2] and [3] in a simplified way, taking theaemalization scalg:? and the
regulating paramete@& and{p all equal toQ?, as

F(%,br; Q) = F (x,br; Qo) R(Q,Qo, br) exp{—gK<bT> In %} : (1)
whereF can be either the unpolarized parton dIStrIbutIEI(IX, br;Q) = q/p(x br;Q), the unpo-
larized fragmentation functiors (x,br;Q) = Dh/q(z, br;Q), or the first derivative, with respect to
the parton impact parametsy, of the Sivers functionf (x,br; Q) = f1+' (x,br; Q); gk (br) is an
unknown, but universal and scale independent, functioriievﬁQQ, Qo, br) is the evolution kernel
defined as

~ Ho du Qd < Q2>}
R(Q,Qo,br) =ex In—/ , . 2
(Q.o.br) =exp{ e @
The anomalous dimensiops andyk appearing in Eq. (2), are given, at ordry; by [2]
Q% Cr (3 Q _ 2Cr
i T e (5 - ) = () 25 ©

The Q? evolution is therefore driven by the functiogg (br) and Ifi(Q, Qo, br). While the latter,
Eq. (2), can be easily evaluated, numerically or even aigally, the former, is essentially unknown
and will need to be taken from independent experimentaltgpu

The appropriate Fourier transform allows us to obtain te&itution and fragmentation func-
tions in the momentum space:

fup(k1iQ) = 5= [ dor b Jo(k.br) fyplx briQ) @
Bhya(2P1iQ) = 5, [ dbr brdo(krbr) Byg(zbr; Q) ©
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ok Q) = / dbr br Ju(k, br) 490, br; Q). (6)

where Jy and J; are Bessel functions, whiI¢{=q/p is the unpolarized TMD distribution function
for a parton of flavor inside a protonDy, q is the unpolarized TMD fragmentation function for
hadronh inside a partorg and fAqu is the Sivers distribution defined, for unpolarized partmsse

a transversely polarized proton, as:

EijkiJ_Sj

v ™)

foyp (KL, S Q) = Top(xki; Q) — i (x ki Q)
&ij k'LS]
Ky

= yp(cki; Q)+ 38"y (6kiQ) ®

The unknown input functiongg (br) and If(x,bT;Qo) inside Eqg. (1) have to be appropriately
parameterized. As already anticipatgd(br ) is a non-perturbative, but universal function, which
in the literature is usually parameterized in a quadratimfay (br) = %ggb%. As in Ref. [3], we
will adopt the results provided by a recent fit of Drell-Yartalfl2], and assumg> = 0.68 Ge\?.

The input functiong= (x,br; Qo) are parameterized by requiring that their Fourier-trams&
which give the corresponding TMD functions in the transgemsomentum space, coincide with
the previously adopte#l, -Gaussian forms, with the dependence factorized out. As shown in
Ref. [11], one finds

FunlbriQ) = fypx Qo) RIQ.Qobr) expf 8% (a2 + Zm )L (@)
Bie(2.51:Q) = 5 Dna2 Q) RQQu.br) exp{ 8% (2 + En 2 )} (10)
TiH(xbriQ) = -2/ f (6 QIRQ Qubrbr exp 82 (2 + )L
with M2 (2
_ (K2 2_/n2 — L2\ 1
= (k7)/4 B2 = (p1)/(42) 4y? = (K )s = m (12)

and ﬁ(Q, Qo,br) as in EQ. (2) Qo is taken to be 1 GeV.

Egs. (9)-(11) show that th®? evolution is controlled by the logarithmi@ dependence of the
br Gaussian width, together with the factﬁ(Q, Qo,br): for increasing values of?, they are
responsible for the typical broadening effect already oleskin Refs. [2] and [3].

As R(Q, Qo, br) shows only a weak dependence on (smallfi.e. largek, ) through the upper
integration limitpy [11], we can assumB(Q, Qo, br) to be constant iy and Fourier-transform
the evolution equations (9), (10) and (11) analyticallyhivitthis approximation, to find

. L/Wz
fo/p(%K1;Q) = fq/p(%, Qo) R(Q, Q) S (13)
~ e pJ_/WE
Dh/q(Z P.; Q) = Dn/q(z, Qo) R(Q, Qo) — (14)
F
A fq/pT(X,kLv ) = kJ_ \/—e< >SAN q/pT(X7Q0) (Q Qo) ki/wz (15)
(k) i
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Table 1: The total x2 corresponding to the TMD-fit, the TMD-analytical-fit and tB&SLAP-fit. The
most significant partial contributions, enhancing theet#hce between TMD and non-TMD evolutions
are shown.

TMD Evolution (exact) TMD Evolution (analytical) DGLAP Elation

X2 = 2558 X& = 2757 X5 = 3156

X3¢ = 102 X3.¢= 110 X3¢ = 126
X2 =107 X2 =129 X2 =275
HERMEST X2 = 43 X2 = 43 X2 =86
X5 =91 X3 =105 X3 =225
X2= 6.7 X2 =112 X2 =292
COMPASSh* X2 =178 X2 =185 X2 =16.6
X5 =124 Xb. =242 X5 =118

where fy/(x, Qo) and Dy /4(z, Qo) are the usual integrated PDF evaluated at the initial SQale
andAMfy i (x,Qo) gives thex dependence of the Sivers function [11]. Most importantf, wé
andwg are the “evolving” Gaussian widths, defined as:

W ()20, W= () +22min 2. wd= ()s+2gn 2 (16)

Qo Qo Qo
Notice that theQ? evolution of the TMD PDFs is now determined by the overaltda®(Q, Qo)
and, most crucially, by th®? dependent Gaussian widt{Q, Qo).

It is interesting to point that the evolution fact@(Q, Qp), controlling the TMD evolution, is
the same for all functions (TMD PDFs, TMD FFs and Sivers ) anflavor independent: conse-
qguently it will appear, squared, in both numerator and denatar of the Sivers azimuthal asym-
metry and, approximately, cancel out. Therefore, we caelsabnclude that most of the TMD
evolution of the azimuthal asymmetries is controlled by ltigarithmic Q dependence of thie,
Gaussian widths?(Q, Qo), Eq. (16).

The aim of our paper is to analyze the available polarizedISifata from the HERMES
and COMPASS collaborations in order to understand whethaobthey show signs of the TMD
evolution proposed in Ref. [3].

~ In particular we perform three different data fits of the S[8ivers single spin asymmetry
ASN®=%) measured by HERMES and COMPASS: a fit (TMD-fit) in which we adie TMD
evolution equations shown in Egs. (9)-(11); a second fit (F&Halytical-fit) in which we apply
the same TMD evolution, but using the analytical approxiamedf Egs. (13)—(15); a fit (DGLAP-
fit) in which we follow our previous work, as done so far in REf0, 13], using the DGLAP
evolution equation only in the collinear part of the TMDs.

Table | shows the main results of our fitting procedure. Thet tmtal x2,, which amounts to
256, is obtained by using the TMD evolution, followed by ayistly higherx?2, of the analytical
approximation, and a definitely larggg, ~ 316 corresponding to the DGLAP fit. To examine
the origin of this difference between TMD and DGLAP evoluation Ref. [11] we have shown
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Figure1: The results obtained from our fit of the SIDAST*~®) Sivers asymmetries applying TMD evo-
lution (red, solid lines) are compared with the analogosslts found by using DGLAP evolution equations
(blue, dashed lines). The green, dash-dotted lines camelsip the results obtained by using the approxi-
mated analytical TMD evolution (see text for further degpilThe experimental data are from HERMES [14]
(left panel) and COMPASS [15] (right panel) Collaborations

the individual contributions tg?, of each experiment (HERMES, COMPASS N#iz and onlLiD
targets), for all types of detected hadrons and for all dem observedx( zandPr). It turns out
that the difference of about 6g%-points between the TMD and the DGLAP fits is not equally
distributed among alk?s per data point; rather, it is mainly concentrated in therasgtry forrrt
production at HERMES and fdr" production at COMPASS, especially when this asymmetry is
observed as a function of thxevariable. These differences are explicitly shown in Tdble

It is important to stress that, ass directly proportional t®? through the kinematical relation
Q? = xys, thex behavior of the asymmetries is intimately connected ta t@éievolution. While
the HERMES experimental bins cover a very modest rang@%ofalues, from 13 Ge\? to 6.2
GeV?, COMPASS data raise to a maximu@f of 20.5 Ge\?, enabling to test more severely the
TMD Q? evolution in SIDIS.

These aspects are illustrated in Fig. 1, where the SIDISMmmetrieAﬂ¥%_%) obtained
in the three fits are shown in the same plot. It is evident thatRGLAP evolution seems to be
unable to describe the correctrend,i.e. the right Q% behavior, while the TMD evolution (red
solid line) follows much better the larg@? data points, corresponding to the lagtins measured
by COMPASS.

In conclusions, we have reconsidered the Sivers effect IHSSexperiments, by upgrading
old fits with the addition of the most recent HERMES and COMBAfata, and by implementing,
for the first time, the newly introduced TMD evolution eqoats in our analysis. We have com-
pared the results obtained using the TMD evolution equatith the results found by considering
only the DGLAP evolution of the collinear part of the TMDs. Wed some clear evidence that
the available SIDIS data, in particular those at the lar@¥svalues, support the TMD evolution
scheme. Further experimental data, covering a yet widgerafiQ?, are necessary to confirm this.
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