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We discuss the two most recent global analyses of nuclear parton distribution functions within the
nCTEQapproach. LHCdata on,//-boson, single-inclusive hadron and heavy quark/quarkonium
production are shown to not only significantly reduce the gluon uncertainty down to G ≥ 10−5,
but to also influence the strange quark density. The latter is further constrained by neutrino deep-
inelastic scattering and charm dimuon production data, whose consistency with neutral-current
experiments is also re-evaluated.
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1. Motivation

The nuclear structure at high energies is not only an interesting research topic by itself, as we
seek to understand the fundamental quark and gluon dynamics of protons and neutrons bound in
nuclei, but it also represents an important initial condition in the creation of a new state of matter, the
quark-gluon plasma. While the evolution of parton density functions (PDFs) 5 ?,=/�@,6 (G, &) with the
scale& is calculable in perturbative QCD through the DGLAP evolution equations, the dependence
on the longitudinal momentum fraction G is not. Thanks to the QCD factorization theorem, it is,
however, universal and can therefore be determined in global fits to a variety of experimental data.
Similarly, the fundamental dynamics of nuclear modifications such as shadowing, antishadowing,
the EMC effect and Fermi motion, can be parameterized, but remains to be fully theoretically
understood.

Global analyses of nuclear PDFs (nPDFs) have been and are performed by the nCTEQ, DSSZ,
EPPS, HKN, KSASG, nNNPDF and TUJU collaborations (cf. the papers cited in Ref. [1]). Within
the nCTEQ approach, the coefficients in the G-dependence of the nPDFs,

G 5
?/�
8
(G, &0) = 20G

21 (1 − G)22423G (1 + 424G)25 , (1)
2: → 2:,0 + 2:,1(1 − �−2:,2) (2)

depend directly on the nuclear mass number �, and the nPDFs are evolved for each quark flavor
and the gluon. Neutron PDFs are obtained from isospin symmetry. The nCTEQ15 fit was based on
fixed target data from deep-inelastic scattering (DIS) and Drell-Yan (DY) experiments to constrain
the quarks and antiquarks as well as RHIC neutral pion data to constrain the gluon. It was thus
limited in its precision, in particular at low G and for the strange quark. LHC data and a careful
reanalysis of neutrino DIS and charm dimuon data now offer the possibility to considerably improve
on this fit in both directions.

2. Heavy-quark and quarkonium data

The four LHC experiments have provided data on ,// boson and single inclusive hadron
production in ?� scattering, which have led to improved determinations of nPDFs within the
nCTEQ15WZ [1] and nCTEQ15WZSIH [2] global fits. While the main impact was on the gluon
density, whose uncertainty in the region G ∼ 10−3...10−2 at& = 2 GeVwas reduced twice by factors
of two, also the strange quark density at these values of G was affected and in particular pulled to
considerably larger values, although its uncertainty remained substantial.

A sizable data set, covering a large region in the kinematic (transverse-momentum ?) , center-
of-mass system rapidity Hcms) plane is now available fromheavy quark and quarkoniumproduction at
the LHC (see Fig. 1). A naive estimate shows that it allows to probe values of G = 2?) /

√
B exp(−|H |)

down to 10−5. This holds the promise for again much improved gluon and sea quark densities at
low G, which would e.g. significantly reduce the dominant error in the predicted charm meson
abundances in the statistical hadronization model [3].

A fast evaluation of the heavy quark and quarkonium production cross sections in ?� collisions
as required in global nPDF fits is possible, when they are assumed to be dominated by gluon
scattering, parametrized with a Crystal Ball function and fitted to the well measured cross sections
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Figure 1: Coverage of the kinematic (?) , Hcms)-plane of the quarkonium and open heavy quark production
data sets from proton-lead collisions. ALICE data is shown in red, ATLAS in blue, CMS in orange and
LHCb in green. The dashed and solid contours show the estimated G-dependence for

√
B = 5 and 8TeV,

respectively.

in ?? collisions [4]. The large regions of the kinematic plane (accessed in particular by LHCb)
require, however, to extend the ansatz to

��A66→Q+- ��2 = _2^B̂
"2Q

40 |Hcms | ×


4
−^

?2
)

"2Q if ?) ≤ 〈?) 〉

4
−^ 〈?) 〉

2

"2Q

(
1 + ^

=

?2
)
−〈?) 〉2

" 2Q

)−=
if ?) > 〈?) 〉

i.e. to include a rapidity dependence. The corresponding fits to the ?? baseline have been validated
with next-to-leading order (NLO) calculations in QCD [5] and NRQCD [6].

The result, shown in Fig. 2 (red), is indeed impressive, in particular when compared to the
previous nCTEQ15 (black), nCTEQ15WZ (blue) and nCTEQ15WZSIH (green) fits. The value of
j2 per degree of freedom (dof) decreases from 1.23 to 0.90, 0.92 and 0.86, respectively, despite
the fact that the latter three fits have been performed with 19 instead of the 16 free parameters
of the original nCTEQ15 fit. This is of course due to the addition of (precise and compatible)
data points, which increases their number from 740 in nCTEQ15 to 860 in nCTEQ15WZ, 948
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Figure 2: Ratio of lead and proton PDFs from different nCTEQ15 versions. The baseline nCTEQ15 fit is
shown in black, nCTEQ15WZ in blue, nCTEQ15WZSIH in green, and the new nCTEQ15HQ fit in red.

in nCTEQ15WZSIH and 1484 in nCTEQ15HQ. The gluon density is now determined down to
G = 10−5 with an uncertainty that is almost an order of magnitude smaller than in nCTEQ15WZSIH.
Interestingly, the rise in the strange quark density observed there is not confirmed in the new fit,
although its uncertainty remains again large [7].

3. Neutrino DIS and dimuon data

Charged current (CC) neutrinoDIS and charm dimuon production data have long been known to
be very sensitive to the strange quark density. The compatibility of the correspondingmeasurements
from CDHSW, CCFR, NuTeV and Chorus with neutral current (NC) DIS measurements has,
however, been critically discussed in the literature [8, 9].

We have re-evaluated the tensions of the neutrino data both internally andwith the data sets used
in nCTEQ15WZSIH, taking into account nuclear effects in the calculation of the deuteron structure
function with a new baseline fit (nCTEQ15WZSIHdeut) [10]. Increasing the number of data points
from 740 in nCTEQ15 to 940 required an increase in the tolerance from Δj2 = 35 to 45. We
found that even with this improved baseline and larger tolerance the tensions persist, independently
of the proton baseline and the treatment of data correlation and normalization uncertainties. The
tension can just be relieved using a kinematic cut of G > 0.1 with an increase of Δj2 by 46 for 4644
neutrino data points, but a global fit using only Chorus and dimuon data (BaseDimuChorus) leads
to a much better fit without any additional cuts and an overall increase of Δj2 by 5 for 974 neutrino
data points.

In Fig. 3 we compare the PDFs from our best neutrino fit (BaseDimuChorus) to those from
the baseline fit (nCTEQ15WZSIHdeut). As one can see, the neutrino data affect only the central
value of the strange quark and at the same time considerably reduce its uncertainty. In addition, the
Chrous (anti-)neutrino cross section data lead to reduced uncertainties of the valence quark PDFs.
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Figure 3: The fitted lead PDF ratio to nCTEQ15WZSIHdeut. All uncertainty bands are obtained using the
Hessian method with Δj2 = 45.

Breaking down the contributions to the total j2 from different classes of experiments as a function
of the free parameters shows that the valence quark and the antiquark parameters are still mainly
constrained by the NC DIS experiments and the gluon parameters by ,// and SIH production at
the LHC, while the strange quark parameters are constrained by the Chorus and dimuon data [11].

4. Conclusions and outlook

In conclusion, the LHC has produced a wealth of precise data on heavy quark and quarkonium
production in ?� collisions covering large regions of the kinematic plane in transverse momentum
and rapidity, that provide access to very low values of the parton momentum fraction in heavy
nuclei. These data are well described by a data-driven approach, which is both in agreement with
NLOQCD and NRQCD calculations and allows for a sufficiently fast evaluation of the cross section
in global fits of nPDFs. Consequently, our new fit nCTEQ15HQ that includes these data constrains
the gluon density down to G = 10−5 with an uncertainty that is almost an order of magnitude smaller
than in previous global fits such as nCTEQ15.

There exists also a wealth of high statistics, but older fixed-target neutrino DIS and charm
dimuon production data, which have a large potential for flavor separation and are therefore even
regularly used in proton PDF analyses. We have re-assessed the compatibility of these data with
NC DIS and other data with a deuteron-improved baseline using three different criteria, finding that
the tensions persisted independently of the proton baseline and the treatment of data correlation
and normalization uncertainties. A kinematic cut of G > 0.1 can just relieve the tensions, but using
only Chorus and dimuon data leads to a much better fit, better constrains the strange quark and also
reduces the uncertainties on the valence quarks and the antiquarks.

Due to lack of space, we have not discussed here our recent study of JLab DIS data at high
values of G and intermediate-to-low values of & [10] as well as ongoing work on other LHC data,
which will soon lead to a new release of global nPDFs within the nCTEQ approach.
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