PROCEEDINGS

OF SCIENCE

EPSQ9 - Global NLO analysis of nuclear PDFs and
their uncertainties

K. J. Eskola, H. Paukkunen*
Department of Physics, University of Jyvaskyla and Heldimdtitute of Physics, Finland

E-mail: kari . eskol a, hannu. paukkunen@hys. j yu. fi
C. A. Salgado

Departamento de Fisica de Particulas and IGFAE, Univerdalde Santiago de Compostela,
Spain

E-mail: car | os. sal gado@isc. es

In this talk, we introduce our recently completed nextdading order (NLO) global analysis of
the nuclear parton distribution functions (nPDFs) calld®RSB9 — a higher order successor to
the well-known leading-order (LO) analysis EKS98 and atsour previous LO work EPS08.
As an extension to similar global analyses carried out berognoups, we complement the data
from deep inelastit + A scattering and Drell-Yan dilepton measurements iA pellisions by
inclusive midrapidity pion production data from d+Au ceibns at RHIC, which results in better
constrained gluon distributions than before. The most itaod new ingredient, however, is the
detailed error analysis, which employs the Hessian methaddaich allows us to map out the
parameter-space vicinity of the best-fit to a collectionBbi error sets. These error sets provide
the end-user a way to compute how the PDF-uncertaintiegpvafiagate into the cross sections
of his/her interest. The EPS09 package to be released sdbnpmtain both the NLO and LO
results for the best fits and the uncertainty sets.
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1. Introduction

The global analyses of the free-nucleon parton distribution functidbs¢Pare based on three
fundamental aspects of QCD: asymptotic freedom, collinear factorizatobacahe evolution of the
PDFs. These properties allow to compute the inclusive hard processsgogons, schematically

Tasnix = Y QD) @ Gijnix @ Q)+ 6 (),
]

wherefis denote the universal, process-independent PDFs obeying the P{3] Avolution equa-
tions, anddi;n,x are perturbatively computable coefficients. This approach has ptovweark
extremely well with increasingly more different types of data included in thayars. In the
case of bound nucleons the validity of factorization is not as well estalllige® e.g. Ref. [2]),
but it has nevertheless turned out to provide a very good descriptitireaforld data from deep
inelastic scattering (DIS) and Drell-Yan (DY) dilepton measurements involvingear targets
[3,4,5,6, 7, 8]: in the nuclear environment the shape of the PDFsevewis different from the
free-nucleon PDFs. Here, we give an overview of our recent Nldbaj analysis of the nuclear
PDFs (nPDFs) and their uncertainties [9].

2. Analysismethod and framewor k

Our analysis follows the usual global DGLAP procedure:

e The PDFs are parametrized at a chosen initial scale Q(ZJ imposing the sum rules. In
this work we do not parametrize the absolute nPDFs, but the nuclear modifiactors
RA(X, Qg) encoding the relative difference to the free-proton PDFs through

fAx Q%) = RA(x, @) fCTE@M(x @?). (2.1)

Above, fCTEQSIM(y 2) refers to the CTEQ6.1M set of free proton PDFs [10] in K&
scheme and zero-mass variable flavour-number scheme. We consideditferent modifi-
cation factorsiR}(x, Q3) for bothu andd valence quarksRg(x,Q3) for all sea quarks, and

RA(x,Q3) for gluons.

e Theabsolute PDFsat the parametrization scale Q% are connected to other perturbative
scales Q% > Q% through the DGL AP evolution. In this way, also the nuclear modification
factorsR*(x, Q%) become scale-dependent and the initial flavour-independence maysalso d
appear. An efficient numerical solver for the parton evolution is an iedisgble tool for
any global analysis, but in the case of nPDFs this is even more critical abvags need
to perform the evolution separately for 13 different nuclei — an ordenagnitude more
computation time than what is needed in a free-proton analysis.

e The cross-sections are computed using the factorization theorem. In the present analysis
the DIS and DY data constitute the main part of the experimental input, but weeais
ploy the midrapdityri®-production data measured in d+Au collisions at RHIC. Inclusion of
the n®-data provides important further constraints for the gluon modification tiegpantly
complementary to the DIS and DY data.
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e Thecomputed cross-sections are compared with the experimental data, and the initial
parametrization isvaried until the best agreement with the data isfound. Our definition
for the “best agreement” is based on minimizing the followjfgfunction

x*({a}) = %WN xu({a}) (2.2)

Oi

Within each data sd\l, D; denotes the experimental data value withpoint-to-point un-
certainty, andr; is the theory prediction corresponding to a parametefagt If an over-

all normalization uncertaintgy°™ is specified by the experiment, the normalization factor
fn € [L— oQ°™, 1+ o{°™ is introduced. Its value is determined by minimizigg and the
final fy is thus an output of the analysis. The weight factmksare used to amplify the
importance of those data sets whose content is physically relevant, bvbation to x?2
would otherwize be too small to have an effect on the autormededinimization.

In addition to finding the parameter gef} that optimally fits the experimental data, quantify-
ing the uncertainties stemming from the experimental errors has become @asingly important
topic in the context of global PDF analyses. The Hessian method [1lide®w® practical way of
treating this issue. It is based on a quadratic approximation foxtreound its minimuny3,

0"12X2
0a;0a;

X ~xo+22 (& —a’)(ay o+ZHuaa a’)(aj —aj), (2.4)
which defines the Hessian matitik Non-zero off-diagonal elements in the Hessian matrix are a
sign of correlations between the original fit parameters, invalidating thelataridiagonal) error

propagation formula
aX 2 [oX 2
(AX)2:<0 a -da ) +<a % 5a2> 4o (2.5)

for a PDF-dependent quantity (cross sectign)Therefore, it is useful to diagonalize the Hessian
matrix, such that

X =xe+y 7, (2.6)

where eacty is a certain linear combination of the original parameters arg@ly. In these
variables, the usual form of the error propagation

2 2
(AX)Z—(gxl oz ) +(Z>Z 522) 4 (2.7)

stands on a much more solid ground. How to determine the size of the deviadtipiss however,

a difficult issue where no universally agreed procedure exists. \Wsider 15 parameters in the
expansion (2.6) and the prescription which we adopt here is to choos@gasuch thaty? grows

by a certain fixed amouriy?. Requiring each data set to remain close to its 90%-confidence
range, we end up with a choidg(? = 50 (see Appendix A of Ref. [9] for details).
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Much of the practicality of the Hessian method resides in constructing PDFs&ts, which
we denote b)&f. Eacth is obtained by displacing the fit parameters to the positive/negative
direction alongz, such thaty? grows by the chosefx? = 50. Approximating the derivatives in
Eq. (2.7) by a finite difference, we may then re-write the error formula as

@2 = 53 [X(8) - x(8))" 28)

WhereX(Sf) denotes the value of the quantiycomputed by the seij. If the lower and upper
uncertaintieg\X* differ, they should be computed separately, using the prescription [12]

(AXH)? ~ Z [max{X(§) - X(),X(S;) - X($),0}]? (2.9)
(@) 3 [max{X(S) - X(5).X(S) ~X(50,0]%,

whereS’ denotes the best fit.

Along with the grids and interpolation routine for the best NLO and LO fits,rmw release
— a computer routine called EPS09 [13] — contains also 30 error setseddaircomputation of
the uncertainties to nuclear cross-section ratios similar to those we presiemfatiowing section.
However, as can be understood from the definition (2.1), the total tanutgrin the absolute nPDFs
is a combination of uncertainties from the baseline set CTEQ6.1M and thasetlfre nuclear
modificationsR®. Therefore, if an absolute cross-section is computed, also the CTEQSrbM
sets (with the EPS09 central set) should be included when calculating ittainte

3. Resaults

In this section we present a selection of results from the NLO analysist, KirBig. 1 we
plot the obtained modifications at two scalesQdt= 1.69Ge\? and atQ? = 100Ge\#, which is
to demonstrate the scale-dependence of the modifications and their unimertame prominent
feature to be noticed is that even if there is a rather large uncertainty batief smallx gluon
modificationR'(“5 atQ%, the scale evolution tends to bring even a very strong gluon shadowirgy clos
to no shadowing a®? ~ 100 Ge\? — a very clear prediction of the DGLAP approach.

The DIS data constitutes the bulk of the experimental data available for thal glodlysis of
nPDFs. In Fig. 2 we show some of the measured nuclear modifications-a¥)(DIS structure
functions with respect to Deuterium,

2\ FZA(X7 QZ)

R Q)= Ear gy (3.9)
and the comparison with our EPS09 NLO results. The shaded bands tlemnateertainty derived
from the 30 EPSO9NLO error sets and, as should be noticed, their widthriparable to the
error bars in the experimental data. Thigosteriorisupports the validity of our procedure for
determining theAx2. Similar conclusion can be drawn upon inspecting the nuclear effects in the
Drell-Yan data
1dahe /dM2dxy
1daBs /dM2dxq o’

Ry (X1,2,M?) = (3.2)
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Figure 1. The nuclear modificationBy, Rs, Rg for Lead at our initial scal@% =1.69Ge\? and atQ? =

100Ge\f. The thick black lines indicate the best-fit results, wherée dotted green curves denote the

individual error sets. The shaded bands are computed usin@ D).
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Figure 2: The calculated NLCR,‘_-\Z(X, Q?) (filled symbols and error bands) compared with the NMC 95 [14]
and the reanalysed NMC 95 [15] data (open symbols).

whereM? is the invariant mass of the lepton pair axgh = /M2/se™ (y is the pair rapidity).
Comparison to the E772 and E866 data is shown in Fig. 3. Let us mention thB7 ##data
atx, > 0.1 carry some residual sensitivity also to the gluons and sea quarks, tduichot been
noticed before.

The nuclear modification for inclusive pion production in d+Au collisionstredato p+p is
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Figure 3: The computed NLQRS, (x,M?) (filled squares and error bands) as a functiomaindx, com-
pared with the E866 [17] and the E772 [16] data (open squares)
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Figure 4: The computedrya, (thick black line and blue error band) yt= 0 for inclusive pion production
compared with the PHENIX [18] data (open squares). The & are the statistical uncertainties, and the
yellow band indicates the point-to-point systematic esrorhe PHENIX data have been multiplied by the
optimized normalization factofy = 1.03, which is an output of our analysis. The STAR data [19] fope
circles), multiplied byfy = 0.90, are also shown although they were not included in the ER8Aalysis.

defined as

RgAu =

{Neolr) dergp/d prdy

1 dN/dprdy minbias 20”0 /dprdy

d20fP/dprdy ’

(3.3)

wherepr, y are the transverse momentum and rapidity of the pion,(Blggh) denotes the number
of binary nucleon-nucleon collisions. A comparison with the PHENIX andSdlata is shown in
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Fig. 4, and evidently, the shape of the spectrum gets very well repedducour parametrization.
The downward trend toward larger provides direct evidence for an EMC-effect in the large-
gluons, while the suppression toward sm@ajl is in line with the gluon shadowing. No addi-
tional effects are needed to reproduce the observed spectra. Ib irealssuring that this shape is
practically independent of the fragmentation functions used in the calculatiorodern sets like
[20, 21, 22] all give equal results.

Special attention should be paid to the scale-breaking effects in the data #meir good
description by the DGLAP evolution. These effects are clearly visible e.theii886 Drell-Yan
data in Fig. 3 where the trend of diminishing nuclear effects toward largariant massvi? is
observed. Also, from the DIS data as a functiorQ3f shown in Fig. 5, the general features can be
filtered out: At smalk the Q?-slopes tend to be positive, while toward largehe slopes gradually
die out and become even slightly negative.
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Figure 5. The calculated NLO scale evolution (solid black lines anmdrelbands) of the ratit’§25“/F2C and
Fs°/FP, compared with the NMC data [23] for several fixed valuesg.of

To close this section we show, in Fig. 6, a comparison of the nuclear modifisgtio Lead
from all available global NLO analyses. The comparison is shown ag#3 at1.69Ge\* and
atQ? = 100Ge\f. Most significant differences — that is, curves being outside our eands —
are found from the sea quarks and gluons. At kowhe differences shrink when the sc§@ is
increased, but at the highregion notable discrepancies persist at all scales. Most of the diffese
are presumably explainable by the assumed behaviours of the fit fundiidredso the choices for
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the considered data sets (e.g. HKN and nDS do not implement the pion datalifferences in
the definition ofy? carry some importance.
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Figure 6: Comparison of the nuclear modifications for Lea@&t= 1.69 Ge\? and atQ? = 100 Ge\f from
the NLO global DGLAP analyses HKNO7 [7], nDS [8] and this woBPS09.

4. Hadronsin theforward direction in d+Au at RHIC?

In our previous article [6], we studied the case of a very strong gluad®shking, motivated
by the suppression in the nuclear modificatiRya, for the negatively-charged hadron yield in the
forward rapidities § = 2.2,3.2) measured by the BRAHMS collaboration [24] in d+Au collisions
at RHIC. We now return to this issue by applying the EPS09NLO parametmnzatithis specific
process. The EPS09 predictions (with fDSS fragmentation function3 fBhpared with the
BRAHMS data for the absolute™ spectra,

1
d3NPP min.bias 1 d3gPP . d3NdAu min.bias <Ncoll> ﬂdSGdAu

d2prdy O',i\?ﬁlaStiCdszdy ' d2prdy O-’i\?ﬁlastic d2prdy (4.2)

are shown in Fig. 7. In thg = 2.2 bin, the measured p+p and d+Au spectra are both in good
agreement with the NLO pQCD. However, in the most forwarg 3.2 bin in the p+p case, there

is a systematic and significant discrepancy between the measured andedmpspectra. This
observation casts doubts on any conclusion made from the nuclear mibalifiBgs, alone —
clearly, one should first account for the absolute baseline spectrusrpicgdlisions. This is why

we have not included this BRAHMS data set in our global analysis, either.

5. Summary

We have here outlined our NLO analysis of nPDFs. The very good egmatewith the exper-
imental datax?/N ~ 0.79 — especially the correct description of the scaling-violation effects —
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Figure 7: Inclusiveh™ yield in p+p and d+Au collisions. The experimental-binned data [24] are shown
by open squares with statistical and systematical erraidedch quadrature. The blue band indicates the
90% confidence range derived from the CTEQ6.1M and EPSO9taitttes. The calculated cross-sections
have been averaged over the-bin width.

lends support to the validity of collinear factorization in nuclear collisionsaddition to the best
fit, we have distilled the experimental errors into the 30 nPDF error-setshwhcode the relevant
parameter-space neighbourhood of gfeminimum. All these sets will be available as a computer
routine at [13] for general use.

Although not discussed here, we have also performed the leadingtbfecounterpart of the
NLO analysis as we want to provide the uncertainty tools also for the widsdg-UO framework.
The best-fit quality is very similar both in LO and NLO, but the uncertainty bdretome some-
what smaller when going to higher order. In the LO case, our error sisahdeed accommodates
also the strong gluon shadowing suggested in our previous work EBF08 [

In the near future, more RHIC data will become available and publishedfaatatrization
will be tested further. Also pAruns at the LHC would be welcome for this purpose. Even better
possibilities for the nPDF studies would, however, be provided by the léptooelliders like the
planned eRHIC or LHeC.

During the recent years, the free-proton PDF analyses have djsadhited to a better or-
ganized prescription for treating the heavy quarks than the zero-mhssmeemployed in this
analysis and in CTEQ6.1M. Such general-mass scheme should be espegmiyant e.g. in
the case of charged-current neutrino interactions. Interestingly, TR€)ollaboration has lately
looked also at this type of data among other neutrino-Iron measuremehtar@éoticed that the
best fit tends to point to somewhat different nuclear modifications thanheva been obtained in
the global nPDF analyses. Both the extension of the nPDF analysis to theferass scheme and
a systematic investigation of the possible discrepancies between neutrinthandiata, remains
as future work.
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