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We present results on the quark and gluon polarization in the nucleon obtained in a combined next to leading
order analysis to the available inclusive and semi-inclusive polarized deep inelastic scattering data. Using the
Lagrange multiplier method, we asses the uncertainty inherent to the extraction of the different spin dependent
parton densities in a QCD global fit, and the impact of the increased set of semi-inclusive data now available.
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I. INTRODUCTION

For more than fifteen years, polarized inclusive deep inelas-
tic scattering (pDIS) has been the main source of information
on how the individual partons in the nucleon are polarized at
very short distances.

Many alternative experiments have been conceived to im-
prove this situation. The most mature among them are those
based on polarized semi-inclusive deep inelastic scattering
(pSIDIS), i.e. a pDIS experiment where a particular hadron
is tagged in the hadronic final state. Choosing different target
and final state hadrons, the respective cross sections are sen-
sitive to different combinations of flavored quarks and anti-
quarks, to be disentangled. These experiments began with the
pioneering efforts of SMC, in the late nineties [1], followed
by those of HERMES at DESY [2], and lately COMPASS at
CERN [3], and are planned to be improved at the Thomas Jef-
ferson National Laboratory (JLAB) in the near future [4].

The phenomenological impact of the pSIDIS data proved
to be encouraging although scarce in the initial stage: the re-
duced number of data and the relatively large estimated errors,
at best allowed to check the consistency between pDIS and
pSIDIS in a variety of spin-flavor symmetry scenarios [5-7].
With the availability of larger sets of pSIDIS data, much more
precise, and for final state hadrons and targets of different fla-
vor composition, the situation now has changed dramatically.
pSIDIS data have a non negligible weight in combined global
fits at present, comparable to that of inclusive data, and also
show clear preferences for the light sea quark polarization. It
also helps to constrain the strange sea quark and gluon polar-
ization complementing the information already obtained from
pDIS.

In the following we present results obtained in a combined
next to leading order analysis to the recently updated set of
pDIS and pSIDIS data [8]. Specifically, we focused on the ex-
traction of sea quark and gluon densities, analyzing the con-
straining power of the data on the individual densities. As re-
sult, we found not only a complete agreement between pDIS
and pSIDIS data, but a very useful complementarity, leading
to rather well constrained densities.

Using the Lagrange multiplier approach [9], we explored
the profile of the %2 function against different degrees of po-
larization in each parton flavor. In this way we obtained es-
timates for the uncertainty in the net polarization of each fla-

vor, and in the parameters of the pPDFs. We compared re-
sults obtained with the two most recent sets of fragmentation
functions. The differences are found to be within conservative
estimates for the uncertainties. Nevertheless, there is a clear
preference for a given set of FF over the other, shown in a dif-
ference of several units in the %2 of the respective global fits.
In NLO global fits the overall agreement between theory and
the full set of data is sensibly higher than in LO case.

Finally, we analyze the behavior of the cross section for
longitudinally polarized proton-proton collisions into neutral
pions with a wide range of pPDFs sets coming from a rather
conservative uncertainty interval. This observable is found to
be crucially sensitive to the polarized gluon density and there-
fore an invaluable tool. We compute the required precision to
be reached in the programed experiments in order to constrain
even further this distribution and also future sets of pPDFs.
A similar analysis is made for forthcoming pSIDIS data to be
obtained at JLAB.

II. GLOBAL FIT

In our analysis [8], we followed the same conventions and
definitions for the polarized inclusive asymmetries and parton
densities adopted in references [6, 7], however we used more
recent inputs, such as unpolarized parton densities [10] and
the respective values for 0. In the totally inclusive case, the
spin dependent asymmetries are given by:

o) & (.0
FY (.0~ FY(x,0%)/21 + RY(x.0%)

AY (x,0%) , (1)

where the inclusive spin-dependent nucleon structure function
gV (x,0%) can be written at NLO as a convolution between po-
larized parton densities for quarks and gluons, Ag;(x, Q%) and
Ag(x,0?), respectively, and coefficient functions AC;(x)[11];
FN(x, Q?) is the unpolarized nucleon structure function that
can be written in terms of FJ¥(x,0?) and R, the ratio of the
longitudinal to transverse cross section [12].

Analogously, for the semi-inclusive asymmetries we have:

_ Jpdzg)"(x,2,0%)

ANh X, 2 ~ ;
1 ( Q ) ‘Z fZ dZFlNh(X,Z,QZ)
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TABLE I: Inclusive and semi-inclusive data used in the fit.

Collaboration Target Final state # points Refs.
EMC proton inclusive 10 [16]
SMC proton, deuteron inclusive 12,12 [17]
E-143 proton, deuteron inclusive 82, 82 [18]
E-155 proton, deuteron inclusive 24,24 [19]

Hermes proton,deuteron,helium inclusive 9,9,9 [2]
E-142 helium inclusive 8 [20]
E-154 helium inclusive 17 [21]
Hall A helium inclusive 3 [22]

COMPASS deuteron inclusive 12 [3]

SMC proton,deuteron Wt h~ 24,24 [1]

Hermes proton, deuteron, helium ot Kt K KT 36,63,18 [2]
Total 478

TABLE II: %2 values and first moments for distributions at Q> = 10 GeV?

) ) )
set X Xpis _ Xsipis

Su &d 35 5¢g &%

KRE 430.91 206.01 224.90
O
KKP 436.17 205.66 230.51

-0.0487 -0.0545 -0.0508 0.680 0.284
0.0866

-0.107 -0.0454 0.574 0.311

KRE 457.54 213.48 244.06
O
KKP 448.71 219.72 228.99

-0.0136 -0.0432 -0.0415 0.121 0.252
0.0497 -0.0608 -0.0365 0.187 0.271

where the superscript & denotes the hadron detected in the fi-
nal state, and the variable z is given by the ratio between the
hadron energy and that of the spectators in the target. The
region Z, over which z is integrated, is determined by kine-
matical cuts applied when measuring the asymmetries. For
the spin dependent structure function gllv (x, 0?), we use the
NLO expression [13]

Fragmentation functions were taken from either [14] or
[15], respectively. We also used the flavor symmetry and fla-
vor separation criteria proposed in [14], at the respective ini-
tial scales Q7. The data sets analyzed include only points with
Q% > 1 GeV?, listed in Table I, and totaling 478 data points.

In Table II we summarize the results of the best NLO and
LO global fits to all the data listed in Table I. We present fits
obtained using alternatively fragmentation functions from ref-
erence [14], labeled as KRE, and from reference [15], labeled
as KKP.

Since the fit involves 20 parameters, the number of degrees
of freedom for these fits is 478-20=458. Consequently, the
x? values obtained are excellent for NLO fits and very good
for LO. The better agreement between theory and experiment
found at NLO, highlights the importance of the corresponding
QCD corrections, for the present level of accuracy achieved by
the data.

In NLO fits there seems to be better agreement when using
KRE fragmentation functions. The difference between the to-
tal (% values between KRE and KKP NLO fits comes mainly
from the contributions related to pSIDIS data, while those as-
sociated to inclusive data are almost the same, as one should
expect in a fully consistent scenario.

Table II includes also the first moment of each flavor distri-
bution at Q2 = 10 GeV?, and that for the singlet distribution
O, as reference. Most noticeably, while the KRE NLO fit

favors the idea of a SU(3) symmetric sea, KKP NLO finds u
polarized opposite to d and to 5. Gluon and strange sea quark
polarization are similar in both fits and the total polarization
carried by quarks is found to be around 30%.

In Figures 1 and 2 we show the inclusive and semi-inclusive
asymmetries computed with the different parameterizations
both at LO and NLO accuracy, against the corresponding data
sets. The differences between the various sets can hardly be
noticed in the comparison to inclusive data in Figure 1, al-
though are more significant when comparing to pSIDIS data,
specially in the case of proton targets. This is due to the
fact that the main difference between the sets are the light
sea quark densities, which are probed by pSIDIS processes
of proton targets. The pSIDIS asymmetries for deuterium tar-
gets are, of course, less sensitive to these differences since
they average % and d contributions.

III. UNCERTAINTIES

Many strategies have been implemented in order to assess
the uncertainties in PDFs and their propagation to observ-
ables, specially those associated with experimental errors in
the data. The Lagrange multiplier method [9] probes the un-
certainty in any observable or quantity of interest relating the
range of variation of one or more physical observables depen-
dent upon PDFs to the variation in the %> used to judge the
goodness of the fit to data. In Figure 3 we show the outcome
of varying the %2 of the NLO fits to data against the first mo-
ment of the respective polarized parton densities &g at 9% = 10
GeVZ, one at a time. This is, to minimize

qD(A"]’a]):Xz(al)—"_}\‘qSQ(aj) q:M7ﬁ,d,37S,g. (3)
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FIG. I: Inclusive asymmetries computed with LO and NLO pPDFs against the corresponding data.
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FIG. 2: Semi-inclusive asymmetries computed with LO and NLO pPDFs against the corresponding data.

In order to see the effect of the variation in %2 on the parton
distributions themselves, in Figure 4, we show KRE best fit
densities together with the uncertainty bands corresponding to
Ay? =1 (darker band) and Ay? = 2% (light shaded band). As
expected, the relative uncertainties in the total quark densities
and those strange quarks are rather small. For gluon densi-
ties the sz = 1 band is also small, but the most conservative
Ax? = 2% estimate is much more significative. For light sea

quarks the Ay? = 1 bands are moderate but the Ay> = 2% are
much more larger. The dot line corresponds to each respec-
tive unpolarized parton densities for that values of Q% and x,
showing that the positivity constraint is fulfilled.
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FIG. 3: ¥ profiles for NLO fits obtained using Lagrange multipliers at 0% = 10 GeV?2.

IV. FUTURE PROSPECTS

One of the measurements most eagerly awaited by the
spin physics community is that of single inclusive large pr
pion production in longitudinally polarized proton-proton col-
lisions, which is right now being run at BNL RHIC [23]. The
spin dependent asymmetry associated to this kind of process,
AZOL is defined, as usual, in terms of the ratio between the po-
larized and the unpolarized cross sections,

o dAcPromX
LL =

“

dorr—mX

which is strongly dependent on the gluon polarization.

The data obtained up to now by the PHENIX Collaboration
suggest a very small asymmetry, consistent with pPDFs sets
with a moderate gluon polarization. In the following we apply
the Lagrange multiplier method in order to explore the range
of variation of the estimates for this asymmetry associated to
the uncertainty in the present extraction of pPDFs.

In Figure 5 we show the range of variation of Azz at an
intermediate value for pr = 6 GeV obtained with different sets
of pPDFs against the variation of the %2 to pDIS and pSIDIS
data for these distributions. The profile of 2 defines a well

defined range of values for Agz allowed by present pPDFs.
The solid line represents the profile of %2 obtained using KRE
FFs, both in the global fit to data and in the computation of the
asymmetry. The dashed line represents the same but for KKP
FFs. The minima corresponding to both profiles are very close

suggesting a cancellation of the associated uncertainty. Notice
that both the extraction of the pPDFs, and also the estimate

of Azz with a given set, rely on a set of FFs. The double
dependence of the observable on the set of FFs used may had,
in principle, even potentiated the disagreement.

In Figure 5 we have included also the profiles obtained
using &g instead of Af}, in minimization as a dotted line in
the case of KRE and a dashed dotted line for KKP. Clearly,
the sea quark polarization can conspire in order to yield a
larger/smaller asymmetry than the one obtained with maxi-
mum/minimum gluon fit at a given 2, effect which in much
more apparent at larger values of ATL‘i This feature will have
to be taken into account in the future for a very precise mea-
surement of the gluon polarization.

Unfortunately, the data collected so far in the first two runs
of the PHENIX detector at RHIC have estimated errors much
larger than the uncertainties in the values Aﬂ coming from
the fits, however this situation is going to change dramati-

cally in the near future. In Figure 6 we plot AZZ as a func-
tion of pr using the best NLO fits coming from KRE and
KKP FFs (solid lines and dashes, respectively) and also with
KRE variants designed to enhance/reduce Aﬁ with Ay? = 2%
(dotted-dashed lines). We have also included the expected un-
certainties for the next two runs centered at KRE best fit esti-
mate [24]. Clearly, the future measurement of the asymmetry
would certainly be able to constrain even further the gluon and
therefore reduce the uncertainties in pPDFs.

Another source of complementary information to further
constrain the extraction of pPDFs and also FFs is the exper-
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FIG. 4: Parton densities at 9> = 10 GeV?2, and the uncertainty bands corresponding to Ax? = 1 and Ay? = 2%
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FIG. 5: Profile of the global %2 to data against A}_‘Z at pr = 6 GeV

imental program of the E04-113 experiment at JLAB, which
propose to measure pion and kaon pSIDIS asymmetries for
proton and deuteron targets [4]. In Figure 7a we show the
profile of %2 of the global fits using KRE (solid line) and

0.03
A Runb5
0.02 r B
0.01 r i
TI0
ALL
0
-0.01 + — KRENLO 1
---- KRE NLO AX*=2%
---- KKPNLO
-0.02 L L L L L L

0 2 4 6 8 10 12 14
pT (GeVic)

FIG. 6: A}_‘OL vs. pr computed with different pPDF sets and the esti-
mated errors expected by PHENIX at RHIC.

KKP (dashes) FFs against the ©~ pSIDIS asymmetry on pro-
ton targets at one of the kinematic configurations of E04-113
(xgj = 0.203, 0> = 2.3 GeV? < z >=0.5). The expected
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FIG. 7: Profile of the global 2 to data against A;f and A;,( ~ proposed to be measured by E04-113 at JLAB.

uncertainty for the measurement of this asymmetry shown in
the bottom of the figure, is significantly smaller than those of
the previous measurements, and also smaller than the present
uncertainty coming from the fit. In Figure 7b we show the
same as in the previous figure but but for negative kaons.
This asymmetry has not been measured yet and the difference
between the predictions coming form KRE (solid line) and
KKP (dashes) sets is much larger that the expected uncertain-
ties. The measurement of this last observable together with
the combined effect of data for different targets (proton and
deuteron) and final state hadrons (positive and negative pions
and kaons) will certainly constrain the fit even further, specif-
ically the sea quark densities, and at the same time provide a
more stringent test on the quark flavor separation for the FFs
used in the analysis.

V. CONCLUSIONS

The availability of an important set of new data on polar-
ized processes together with the appropriate theoretical tools
required to interpret them, obtained and developed in the last
few years, have led the extraction of pPDFs in the proton
to mature and to become an important source of information
which will still keep growing in the near future.

In this paper, we have assessed the feasibility of obtaining
pPDFs, with special emphasis on the sea quark densities, from

a combined NLO QCD analysis of pDIS and pSIDIS data. We
have estimated the uncertainties associated to the extraction
of each parton density, finding a well constrained scenario.
pSIDIS data is not only consistent with pDIS, but improves
the constraining power of the fit for all the distributions, being
crucial for the light sea quarks.

The overall picture found for the quark densities at a 10
GeV? is one in which, within uncertainties, up quarks are al-
most 100% polarized parallel to the proton, down quarks anti-
parallel in a similar proportion, and sea quarks have a small
flavor symmetric negative polarization [8, 25]

Two programmed experiments, the one based on the
PHENIX detector already running at RHIC, and the E04-113
experiment at JLab will be able to reduce dramatically the un-
certainty in both the gluon and the light sea quark densities
respectively, the latter providing also an even more stringent
test on fragmentation functions.
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