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Introduction.  Plentiful DIS data exist from fixed-target experiments at largad low scale)?,
which is typically excluded in global QCD fits by imposing cuts on the invariantsag 3.8
GeV in order to exclude the region where higher-twists and other subtgadity Q? effects are
important. However, there are many reason why one should try and obéiisgp PDFs at large
x. For example, they are necessary to reduce the uncertainty on the @Ef§rdaand in searches
for new physics in highpr spectra or large mass at the LHC. On the other end of the energy
spectrum, the behavior of ratios likk'u or Au/u andAd/d atx — 1 can discriminate between
models of the non perturbative structure of the nucleon. Finally, the tamatgrin the extraction
of the helicity gluon PDF at the smallestwhich can be reached in forward particle production
in p-+ p collisions, is fundamentally limited by the PDF uncertainty on the largerark against
which the gluon scatters.

While these are certainly noble and necessary goals, the most interesigad af largex
global fits is their ability to connect particle physics at high-energy with dxdidrand nuclear
physics at medium energy [1]. For example, datd\bandZ forward rapidity boson production at
Tevatron and the LHC, which can reach large values aain constrain the extrapolationxe= 1
of the down-quark to up-quark ratio in the proton, and (with enough statigtiecision) indicate
which nonperturbative proton structure model best captures thdsfieconfinement on hadron
structure. Likewise, but less obviously, global PDF fits can be usetbasta study the structure of
the nucleus and the differences between bound and free protomghifdr current models display
large theoretical uncertainties. This is possilelg, by exploiting the interplay of Deep Inelastic
Scattering (DIS) datan deuteron targetswhich allow one to extract a nuclear model dependent
quark distribution at large [2—4], and weak interaction processas proton targetswhich also
depend on thd quark but are naturally free from nuclear effects. Global fits canttihasdetectors
such as CDF at the Tevatron or LHCb at the LHC into nuclear physicsiexgets complementing
more traditional lower energy ones on fixed nuclear targets, such e8exsdn Lab.

The CTEQ-Jefferson Lab global PDF fits. The CTEQ-Jefferson Lab (CJ) collaboration was
formed with the aim to include subleadi®1/Q?) effects and large-corrections in the pertur-
bative calculations utilized in global PDF fits — initially, target mass correctiodsparametrized
higher-twist terms — and to investigate the effect of relaxing the invarians masto just inside
the resonance regioW > 1.7 GeV. The resulting fits [2—4] have culminated in the release of the
“CJ12” PDF sets, valid in the whole 18 < x < 0.9 range. These are available on the CTEQ-JLab
web page [5] and as part of the LHAPDF interface [6]. The fits wertopmed at NLO in the zero
mass variable flavor number scheme, withfixed to the the particle data book’s world average.
Full heavy quark treatments, fits of the strong coupling constant and ioelokthe available LHC
data will be considered next.

The CJ PDFs have been shown to be stable with the weaker cuts, and #aseaf about 1000
DIS data points has led to significantly reduced errors, in particular up-80%®on thed quark
at largex = 0.6, where precise data sensitive to this distribution are otherwise scdr&@infzed
quark flavor separation at larges currently almost entirely dependent on DIS on deuteron target,
corrections for nuclear Fermi motion and binding effects are includedhyatuting the nucleon
structure functions with a smearing function calculated from the deuteree fuaction. As thau
quark is well constrained by data on proton targets,diygiark becomes directly sensitive to the
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Figure 1: Left: PDF uncertainties for the CJ12mitdquark compared with the total uncertainty including

nuclear corrections and with a fit excluding all Deuteroradatative to the CJ12mid seRight: d/u ratio
for the CJ12min, CJ12mid and CJ12max PDFs. Plots taken frein[&.

nuclear corrections. The effect [2] is a large suppression at>jighd a mild but non-negligible
increase at intermediatestill inside the “safe” region defined by the lard§@rcut discussed above,
as recently confirmed by Ball et al. [7].

References [3, 4] have quantified the uncertainties ordtigark arising from theoretical
modeling of nuclear corrections, or “nuclear uncertainties” in shorts&mange from mild, corre-
sponding to the hardest of the modern deuteron wave functions (Wd@s#gded to a 0.3% nucleon
off-shellness, to strong, corresponding to the softest wave fundfiDaBonn) and a large, 2.1%
nucleon off-shellness, with a central value corresponding to the Avd\&wviunction and a 1.2%
off-shellness. The resulting PDFs are labeled CJ12min, CJ12max, 42d&l) respectively. The
uncertainties in the CJ1@quark distribution are illustrated in Fig. 1 left. The red band is the PDF
error calculated with the Hessian method and a tolerance factod 0. The blue band represents
the theoretical nuclear uncertainty, obtained as an envelope of the CJa2d{J12max fits, and
is of the same order of magnitude as the PDF error. The green band is EherRIDin a fit with-
out deuterium data and exceeds the nuclear uncertainties. This dertes8iteausefulness of the
deuterium data, even in the presence of the nuclear uncertainties that iitgroduces.

A further source of theoretical uncertainty was investigated in Ref][8yldere a more flexible
valenced, quark parametrization at largewith a small admixture of the valencg PDF was used:

() — dy(x) = 38 | ch()/ad + DX () 1)

wheread is thed quark normalization, antl andc are two additional parameters. The result is
that thed/u ratio at largex — 1 can now span the rang8, «| rather than being limited to either
0 oro as in all other PDF fits. A finite, nonzero value of this ratio is in fact expettestveral
nonperturbative models of hadron structure, see Ref. [8]. It is alpaired from a purely practical
point of view because it avoids potentially large biases on the fittgdark PDF, as discussed in
more detail later.

The ratios of thal to u PDFs for the three CJ12 sets are shown in Fig. 1 right. These are
constrained up ta ~ 0.8 by the enlarged data set considered in the CJ fits, but can be confidently
extrapolated tax = 1 thanks to the modified quark parametrization (1). It was found that

d/u 7 0.2240.20 (PDF) + 0.10 (nucl) 2
X—
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where the first error is from the PDF fits and the second is from the nucteeection models.
These values encompass the 0-0.5 range of available theoretical presi[8joHowever, a rela-
tively modest improvement in statistical precision and reduction of nuclezrtainty would allow
one to restrict the range of allowable physical mechanisms.

The same nuclear uncertainty also affects forward rapidity observabtgeduction of large
mass particles [9]. For example, the nuclear uncertainty becomes refevafit production at
rapidity larger than 2 at the Tevatron, and larger than 3.5 at the LHC.dfticles of heavier mass
such as a8V’ andZ’ bosons the nuclear uncertainty in the production cross section atdangg
become larger than 20% above the lower mass limit of about 2.5 TeV setdnytiiddC data [10].
One can then appreciate how nuclear uncertainties and otherd#ingeretical uncertainties may
significantly affect the interpretation of signals of new particles and aorate measurement of
their properties, which require a precise determination of QCD backdsoun

Constraining nuclear uncertainties with proton targets. As discussed in the introduction,
global QCD fits allow for the intriguing possibility to combine deuteron and praosoget data
to obtain experimental constraints on nuclear models, and at the same time fully tdiavail-
able statistics of the nuclear target data. For example, the directly reatiegvi asymmetry at
Tevatron is very sensitive to nuclear correctiony gt 2 [9]. A comparison with the very precise
CDF data as well as the totgP values in the CJ12 fits suggest that nuclear effects are somewhere
between the minimum and central ones considered in the CJ12min and CJ12mésfiectively.
This was also confirmed in a similar analysis by Martin et al. [11], where tleaucorrections
were fitted to data rather than calculated in a microscopic model. On the phevlogieal side,
this result disfavors nonperturbative proton models based on the SpiBjlavor symmetry, which
predictd/u— 1/2 asx — 1. More importantly, it exemplifies the power of global fits in combining
data from across the board, and is the first step in establishing the expt&irfendation that
was until now missing for a qualitative jump in our ability to theoretically understanttidescribe
high-energy processes in nuclei — and this without even utilizing nuclegatsh

TheW charge asymmetry at CDF unfortunately seems the only observable thenttyihas
this potential. The lepton asymmetry has insufficient largeverage due to decay vertex smearing,
while Z rapidity distributions from CDF and D@ have insufficient precision [4]. tA¢ LHC
one would need measurements with better than 10% precisipi &5, namely, at the edge of
the LHCb acceptance. The potential of large rapidity reconstrudteethd Z measurements in
p+ p collisions at RHIC should also be explored. Finally, parity-violating DISteciag provides
another way to separateandd quarks. Recent measurementsFQ% at HERA and the planned
largex measurements at the upgraded Jefferson Lab accelerator will pralditimnal leverage to
constrain nuclear corrections.

Theoretical biases atx — 1. The importance of using a more flexibtequark parametriza-
tion than in traditional fits cannot be overemphasized. Figures 2 and 3a&ltomparison of the
CJ12mid fits to a fit obtained with the stand&vd> 3.5 GeV cut, and a fit obtained witv > 1.7
GeV but standard-quark parametrization, namely=c=0in Eq. (1).

In Figure 2, the ratios of the up, down quarks and the gluons in the 2 new fite CJ12mid fit
are presented with a toleran€e= 1 for clarity of presentation. The fit using standard parametriza-
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Figure 2: Comparison of PDF obtained with a conventiowal> 3.5 GeV cut, and using the old|, quark
parametrization withW > 1.7 GeV to the CJ12mid set. A toleran€e= 1 is used for clarity.

tion starts deviating from the CJ12mid fit>ag> 0.5. This behavior is clearly not data driven (it
starts already inside the covered kinematic range) but forced by thmeddunctional form for
d O (1—x)2 rather than the more flexible parametrization (1). The deep dive of theasthehd
quark towards 0 can be compensated in the fit by an increasgark distribution, due to the
correlation induced by largeDIS data.

A deeper insight can be obtained by looking at the atdheplots in Fig 3. In this case the
standard parametrization forcdgu to take either a value of O @p. In contrast the extended
parametrization allows the whole ran¢f@ «|. In the CJ12 fit, the data does not seem to warrant
the behavior of the standard parametrization, which lies at the edge of theRP&r band of the
CJ12mid fit. In summary, Not only does the standéhrametrization underestimates the central
fitted value atx = 0,5, but also and crucially it underestimates the PDF uncertainty as well as the
nuclear uncertainty.

Other potential biases exist at largeThese are related to theoretical corrections not yet in-
cluded included in the perturbative QCD calculations utilized in the CJ12 asadyg, largex
resummation, jet mass corrections and higher-order terms in the pertaregpsnsion. However,
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Figure 3: PDF errors with tolerancé = 10 and nuclear uncertainties for the fits of the previous feigu
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these either scale as an inverse powebfor resemble one at loW@? and will mainly affect
the extraction of the HT term, leaving the leading-twist PDFs largely unclibag& happens for
the model dependence of target mass corrections [2]. This makes tioe digparametrization
possibly the largest but typically neglected theoretical bias in the determirdtibad-quark dis-
tribution at largex. A full theoretical unbiasing should be pursued by generalizingdthguark
functional form adopted in the CJ12 fits and investigating how solid the rejpt@atitative extrac-
tion of d-quark errors ax — 1 is.

Conclusions. The recent studies by the CTEQ-Jefferson Lab collaboration, culmingetitige
public CJ12 PDF release [4], have demonstrated the intimate interconnetckiadronic, nuclear
and high-energy physics. Namely, global QCD fits have become capatdastraining theoreti-
cal models of nuclear corrections in the deuteron. Not only will this retlue@uclear uncertainty
on the fitted PDFs with important phenomenological consequences on ghgsging from non-
perturbative proton structure to beyond the standard model interadtiail,also provide a new
avenue for progress in the theoretical understanding of high-emeapesses involvingiuclei
using weak interactions gorotontargets from Jefferson Lab to the LHC.
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