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Nuclear structure at high energies

Important current research topic:

• Understand fundamental q, g dynamics of p, n bound in nuclei

• Determine initial conditions in creation of new state of matter:
Color-glass condensate (CGC) → Quark-gluon plasma (QGP)

Knowns and (known) unknowns:

• Evolution of PDFs fq,g (x ,Q2) with squared energy Q2:
Calculable at NLO and beyond through DGLAP equations

• Dependence on longitudinal momentum fraction x :
QCD factorization theorem → global fits to experimental data

• Fundamental dynamics of nuclear modifications:
Parametrized, but remain to be fully understood

nPDFs: nCTEQ, DSSZ, EPPS, HKN, KSASG, nNNPDF, TUJU
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(Perturbative) Quantum Chromodynamics
Nuclear structure function(s) in deep-inelastic scattering (DIS):

FA
2 (x ,Q2) =

∑

i

f
(A,Z)
i (x ,Q2)⊗ C2,i (x ,Q

2)

QCD factorization theorem, Wilson coefficients C2,i at NLO

Nuclear parton density functions (nPDFs):

f
(A,Z)
i (x ,Q2) =

Z

A
f
p/A
i (x ,Q2) +

A− Z

A
f
n/A
i (x ,Q2)

DGLAP evolution equations:

∂fi (x ,Q
2)

∂ logQ2
=

∫ 1

x

dz

z
Pij

(x
z
, αs(Q2)

)
fj(z ,Q

2)

Sum rules, but also isospin symmetry:

f
n/A
d ,u (x ,Q2) = f

p/A
u,d (x ,Q2)
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Nuclear modification factor
M. Arneodo, Phys. Rep. 240 (1994) 301; S. Malace, D. Gaskell, D. Higinbotham, Int. J. Mod. Phys. E23 (2014) 1430013

Definition:

f
p/A
i (x ,Q2) = RA

i (x ,Q2)f pi (x ,Q)
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Fig. 1 Illustration of the EPPS16 fit function RA
i (x, Q2

0).

would otherwise (that is, if ↵ = 1) develop if xa < 0.1.
The coe�cients ai, bi, ci are fully determined by the
asymptotic small-x limit y0 = RA

i (x ! 0, Q2
0), the an-

tishadowing maximum ya = RA
i (xa, Q2

0) and the EMC

minimum ye = RA
i (xe, Q

2
0), as well as requiring con-

tinuity and vanishing first derivatives at the matching
points xa and xe. The A dependencies of y0, ya, ye are

parametrized as

yi(A) = yi(Aref)

✓
A

Aref

◆�i[yi(Aref )�1]

, (3)

where �i � 0 and Aref = 12. By construction, the nu-
clear e↵ects (deviations from unity) are now larger for
heavier nuclei. Without the factor yi(Aref) � 1 in the
exponent one can more easily fall into a peculiar situa-
tion in which e.g. yi(Aref) < 1, but yi(A � Aref) > 1,
which seems physically unlikely. For the valence quarks

and gluons the values of y0 are determined by requiring
the sum rules

Z 1

0

dxfp/A
uV

(x, Q2
0) = 2, (4)

Z 1

0

dxf
p/A
dV

(x, Q2
0) = 1, (5)

Z 1

0

dxx
X

i

f
p/A
i (x, Q2

0) = 1, (6)

separately for each nucleus and thus the A dependence
of these y0 is not parametrized. All other parameters

than y0, ya, ye are A-independent. In our present frame-
work we consider the deuteron (A = 2) to be free
from nuclear e↵ects though few-percent e↵ects at high
x are found e.g. in Ref. [57]. The bound neutron PDFs

f
n/A
i (x, Q2) are obtained from the bound proton PDFs

by assuming isospin symmetry,

f
n/A
u,u (x, Q2) = f

p/A

d,d
(x, Q2), (7)

f
n/A

d,d
(x, Q2) = f

p/A
u,u (x, Q2), (8)

f
n/A
i (x, Q2) = f

p/A
i (x, Q2) for other flavours. (9)

Above the parametrization scale Q2 > Q2
0 the nu-

clear PDFs are obtained by solving the DGLAP evo-
lution equations with 2-loop splitting functions [58,59].
We use our own DGLAP evolution code which is based
on the solution method described in Ref. [60] and also
explained and benchmarked in Ref. [61]. Our parametri-
zation scale Q2

0 is fixed to the charm pole mass Q2
0 =

m2
c where mc = 1.3 GeV. The bottom quark mass is

mb = 4.75 GeV and the value of the strong coupling
constant is set by ↵s(MZ) = 0.118, where MZ is the
mass of the Z boson.

As is well known, at NLO and beyond the PDFs do
not need to be positive definite and we do not impose

such a restriction either. In fact, doing so would be ar-
tificial since the parametrization scale is, in principle,
arbitrary and positive definite PDFs, say, at Q2

0 = m2
c

may easily correspond to negative small-x PDFs at a
scale just slightly below Q2

0. As we could have equally
well parametrized the PDFs at such a lower value of Q2

0,

we see that restricting the PDFs to be always positive
would be an unphysical requirement.

3 Experimental data

All the `�A DIS, pA DY and RHIC DAu pion data sets
we use in the present analysis are the same as in the

EPS09 fit. The only modification on this part is that we
now remove the isoscalar corrections of the EMC, NMC
and SLAC data (see the next subsection), which is im-

portant as we have freed the flavour dependence of the
quark nuclear modifications. The `�A DIS data (cross
sections or structure functions F2) are always normal-
ized by the `�D measurements and, as in EPS09, the

only kinematic cut on these data is Q2 > m2
c . This

is somewhat lower than in typical free-proton fits and
the implicit assumption is (also in not setting a cut in

the mass of the hadronic final state) that the possi-
ble higher-twist e↵ects will cancel in ratios of structure
functions/cross sections. While potential signs of 1/Q2

e↵ects have been seen in the HERA data [62] already

around Q2 = 10GeV2, these e↵ects occur at signifi-
cantly smaller x than what is the reach of the `�A DIS
data.

From the older measurements, also pion-nucleus DY

data from the NA3 [48], NA10 [49], and E615 [50] col-
laborations are now included. These data have been

Regions:

• Shadowing: Surface nucleons absorb qq̄ dipole, cast shadow

• Antishadowing: Imposed by momentum sum rule

• EMC effect: qv suppression due to nuclear binding, pions,
quark clusters, Nachtmann scaling, short-range correlations, ...

• Fermi motion: Nucleons move, FA
2 =

∫ A
x dz fN(z) FN

2 ( xz )
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nCTEQ15 parametrization, evolution and global fit
K. Kovarik et al., Phys. Rev. D 93 (2016) 085037

Parametrization:

xf
p/A
i (x ,Q0) = c0x

c1(1− x)c2ec3x(1 + ec4x)c5

ck → ck,0 + ck,1(1− A−ck,2)

Proton baseline: ∼ CTEQ6.1 (w/o nuclear data)

Evolution:

• DGLAP evolution of nuclear PDFs for each flavor/gluon

Global fit:

• Fixed target data: DIS A/D, A/A’; DY pA/pA’

• Collider data: PHENIX/STAR π0; LHC data? ν data?
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Heavy quark and quarkonium data from the LHC
P. Duwentäster, MK et al. [nCTEQ Coll.], Phys. Rev. D 105 (2022) 114043 [2204.09982]
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Methodology for heavy quark/quarkonium production
P. Duwentäster, MK et al. [nCTEQ Coll.], Phys. Rev. D 105 (2022) 114043 [2204.09982]

Data-driven approach (Crystal Ball function):

∣∣Agg→Q+X

∣∣2 =
λ2κŝ

M2
Q

ea|y| ×


e

−κ
p2T
M2
Q if pT ≤ 〈pT 〉

e

−κ 〈pT 〉
2

M2
Q

(
1 + κ

n

p2T−〈pT 〉
2

M2
Q

)−n

if pT > 〈pT 〉

• Originally proposed for J/Ψ pairs and double parton scattering
[C.H. Kom, A. Kulesza, J. Stirling, PRL 107 (2011) 082002]

• Impact on nPDFs demonstrated with reweighting studies
[A. Kusina, J.P. Lansberg, I. Schienbein, H.S. Shao, PRL 121 (2018) 052004 and PRD 104 (2021) 014010]

• New rapidity dependence allows to cover also LHCb data

Choice of proton PDF (nCTEQ15) and factorization scales:
6

TABLE I: Scale choices for the di↵erent particles.

D0 J/ B ! J/ ⌥(1S)  (2S) B !  (2S)

µ2
0 4M2

D + p2
T,D M2

J/ + p2
T,J/ 4M2

B +
M2

B

M2
J/ 

p2
T,J/ M2

⌥(1S) + p2
T,⌥(1S) M2

 (2S) + p2
T, (2S) 4M2

B +
M2

B

M2
 (2S)

p2
T, (2S)

TABLE II: Crystal Ball parameters and �2/d.o.f. values for the Crystal Ball function for the di↵erent processes.

D0 J/ B ! J/ ⌥(1S)  (2S) B !  (2S)

 0.33457 0.47892 0.15488 0.94524 0.21589 0.45273

� 1.82596 0.30379 0.12137 0.06562 0.07528 0.13852

hpT i 2.40097 5.29310 -7.65026 8.63780 8.98819 7.80526

n 2.00076 2.17366 1.55538 1.93239 1.07203 1.64797

a -0.03295 0.02816 -0.08083 0.22389 -0.10614 0.06179

Npoints 34 501 375 55

�2/Ndof 0.25 0.88 0.92 0.77

D. Comparison with D0 production in the
GMVFNS

The predictions for D0 production can also be
compared with perturbative calculations. These
calculations can be carried out using the General-
Mass Variable-Flavor-Number-Scheme (GMVFNS)
implementation of heavy quark production at NLO QCD
by Kniehl et al. [31, 32]. Fig. 3 shows a comparison of
the predictions obtained from the GMVFNS code, with
those from our Crystal Ball fit for the data sets used in
the fit for all the pp ! D0 + X data used in the baseline
fit. In the input of GMVFNS we use the nCTEQ15
proton PDF set, we set the c quark mass to mc = 1.3
GeV, and the renormalization and the initial/final

factorization scales to µr = µi = µf =
p

p2
T + 4m2

c .
As a fragmentation function we use the one with
identifier 712 from the KKKS08 set of fragmentation
functions [90] which was obtained in a global fit to Belle,
CLEO, ALEPH and OPAL data. The uncertainties of
the GMVFNS predictions are obtained by varying the
three scales individually by a factor of two, such that
there is never a factor four between two scales. These
uncertainties are similar in size as the data uncertainty,
except for the low-pT region, where they are somewhat
larger. Overall the central prediction of the GMVFNS
calculation slightly overshoots the data. This can
perhaps be attributed to the contribution from largely
unconstrained gluon component of the fragmentation
function, which contributes at almost 50%. However,
there is always overlap between the data and GMVFNS
theory uncertainty. The uncertainty of the Crystal Ball
fit is similar in size as the GMVFNS one for large pT , but
contrary to the latter it decreases for lower pT values.
The central values are very close to the data points,

as indicated by the low �2/Ndof value seen in Tab. II.
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D. Comparison with D0 production in the
GMVFNS

The predictions for D0 production can also be
compared with perturbative calculations. These
calculations can be carried out using the General-
Mass Variable-Flavor-Number-Scheme (GMVFNS)
implementation of heavy quark production at NLO QCD
by Kniehl et al. [31, 32]. Fig. 3 shows a comparison of
the predictions obtained from the GMVFNS code, with
those from our Crystal Ball fit for the data sets used in
the fit for all the pp ! D0 + X data used in the baseline
fit. In the input of GMVFNS we use the nCTEQ15
proton PDF set, we set the c quark mass to mc = 1.3
GeV, and the renormalization and the initial/final

factorization scales to µr = µi = µf =
p

p2
T + 4m2

c .
As a fragmentation function we use the one with
identifier 712 from the KKKS08 set of fragmentation
functions [90] which was obtained in a global fit to Belle,
CLEO, ALEPH and OPAL data. The uncertainties of
the GMVFNS predictions are obtained by varying the
three scales individually by a factor of two, such that
there is never a factor four between two scales. These
uncertainties are similar in size as the data uncertainty,
except for the low-pT region, where they are somewhat
larger. Overall the central prediction of the GMVFNS
calculation slightly overshoots the data. This can
perhaps be attributed to the contribution from largely
unconstrained gluon component of the fragmentation
function, which contributes at almost 50%. However,
there is always overlap between the data and GMVFNS
theory uncertainty. The uncertainty of the Crystal Ball
fit is similar in size as the GMVFNS one for large pT , but
contrary to the latter it decreases for lower pT values.
The central values are very close to the data points,

as indicated by the low �2/Ndof value seen in Tab. II.
Overall the two methods are in very good agreement
with only minor discrepancies seen in the highest pT

bins.
We also compared our Crystall Ball fit and GMVFNS

predictions against more recent data of D0 production in
pp collisions from ALICE [91, 92] and LHCb [93], which
we have not been used in the present analysis. We do
not show the comparisons here, but we report that both
the Crystall Ball fit as well as GMVFNS reproduce the
ALICE and LHCb data well. This data could provide
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Are CC DIS data compatible with NC DIS and DY data?

• No (in particular high-precision NuTeV data)
[K. Kovarik, I. Schienbein et al., PRD 77 (2008) 054013, PRL 106 (2011) 122301; also prel. HKN]

• Yes (if taken without correlations, normalized)
[H. Paukkunen, C.A. Salgado, JHEP 07 (2010) 032, PRL 110 (2013) 212301; also DSSZ]

Neutrino data sets:

7

TABLE II. New neutrino data sets used in this analysis.

Data set Nucleus E⌫/⌫̄(GeV) #pts Corr.sys. Ref.

CDHSW ⌫ Fe 23 - 188 465 No [48]
CDHSW ⌫̄ 464
CCFR ⌫ Fe 35 - 340 1109 No [50]
CCFR ⌫̄ 1098
NuTeV ⌫ Fe 35 - 340 1170 Yes [23]
NuTeV ⌫̄ 966
Chorus ⌫ Pb 25 - 170 412 Yes [27]
Chorus ⌫̄ 412
CCFR dimuon ⌫ Fe 110 - 333 40 No [19]
CCFR dimuon ⌫̄ 87 - 266 38
NuTeV dimuon ⌫ Fe 90 - 245 38 No [19]
NuTeV dimuon ⌫̄ 79 - 222 34

measurements extend over different kinematic regions or
include correlated systematic uncertainties. However,
we show the results of a simplified comparison of the
measurements of inclusive (anti-)neutrino DIS double-
differential cross-sections in Tab. III. We choose an
incoming neutrino energy E⌫ ⇠ 85 GeV which is common
and typical for each of the experiments and average
over the uncertainties (statistical and systematical
errors are added in quadrature) for the corresponding
data at the given neutrino beam energy. Due to the
oversimplifications contained in this comparison we
cannot draw very detailed conclusions but we clearly
see a general trend. The neutrino data are much more
precise than their anti-neutrino counterparts. This
conclusion is true also for the remaining data not
considered in Tab. III. For neutrino data, we see that
at this energy NuTeV and CCFR data are the most
precise, followed by the data from Chorus and CDHSW.
For anti-neutrino data, the order is somewhat different:
NuTeV and CDHSW are comparable in precision,
followed by CCFR and Chorus. This conclusion has to
be taken with a grain of salt. The averaging procedure
and most importantly discarding the correlations might
change this simple picture. We will perform much more
detailed studies in the following.

B. Nuclear corrections from neutrino cross-section
data

Before we perform a global analysis including the
neutrino data in our nPDF framework, it is instructive to
attempt to quantify a nuclear correction factor extracted
purely from these data alone. Given that the neutrino
double-differential cross-section data are reported as a
function of the usual DIS variables x, y, and E⌫ , while
the nuclear ratio is typically given only as a function of

TABLE III. Relative experimental uncertainties (in percent)
of various data sets at E⌫ ⇠ 85 GeV where all the data sets
overlap.

Experiment #pts Relative Error(%)

CDHSW ⌫ 59 8.36
CDHSW ⌫̄ 59 10.75
CCFR ⌫ 54 6.01
CCFR ⌫̄ 54 16.90
NuTeV ⌫ 55 5.88
NuTeV ⌫̄ 54 10.29
Chorus ⌫ 65 7.70
Chorus ⌫̄ 65 18.32

x assuming the variation with changing Q2 is small, an
averaging procedure is necessary. We define the nuclear
ratio of the cross-section and its uncertainty for each data
point as

R�
i (x) =

�(x, yi, Ei)

�free(x, yi, Ei)
, (6)

�R�
i (x) =

��(x, yi, Ei)

�free(x, yi, Ei)
, (7)

where �free is the predicted differential cross section using
“free” iron or lead PDFs, fA,free

i , defined by

fA,free
i =

Z

A
fp
i +

A � Z

A
fn
i . (8)

Here, f
p(n)
i are the free proton (neutron) PDFs, which

in our case are taken from our proton baseline. The
quantity ��(x, yi, Ei) is the total sum of statistical and
systematic uncertainties for the data points added in
quadrature, except for the normalization uncertainty. We
construct a weighted average of the nuclear ratios, such
that for a given x the weighted-average ratio and its
uncertainty are:

R(x) =
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i , (9)
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where the sum runs over data points with the same x.
This averaging procedure is similar to the one used in
Ref. [29], although there are differences in the definition
of the weight wi and of the uncertainty �R(x). In such a
procedure the dependence on the remaining variables is
averaged out. This of course is only reasonable if there
is just a mild dependence of the nuclear correction factor
on the remaining variables. We have checked that this
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Are CC DIS data compatible with NC DIS and DY data?

• No (in particular high-precision NuTeV data)
[K. Kovarik, I. Schienbein et al., PRD 77 (2008) 054013, PRL 106 (2011) 122301; also prel. HKN]

• Yes (if taken without correlations, normalized)
[H. Paukkunen, C.A. Salgado, JHEP 07 (2010) 032, PRL 110 (2013) 212301; also DSSZ]

Neutrino data sets:

7
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Improvements:

• Remove experimental isoscalar corrections → u/d separation
[E.P. Segarra, MK et al., PRD 103 (2021) 114015]

• Deuteron correction from CJ15 → FD
2 = F p,nCTEQ15

2 × FD,CJ
2

F p,CJ
2

[A. Accardi et al., PRD 93 (2016) 114017]
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FN
2
     

Q2 = 8 GeV2

Influences description of all NC DIS data (FA
2 /F

D
2 ).

• Repeat nCTEQ15WZ+SIH analysis (better χ2/dof=0.782)
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For each experiment: SE (χ2
E (NE ),NE ) =

√
2χ2

E (NE )−√2NE − 1

Compatibility assessment:

21

TABLE VIII. Statistical information such as the total �2 and the number of data points for all analyses discussed here are
presented. Moreover, the �2-percentiles with respect to the default data sets of the reference fit nCTEQ15WZSIHdeut (denoted
S) and to the DimuChorus analysis (denoted S̄) are also given if applicable.

Analysis name �2
S/N �2

S/pt �2
S̄/N �2

S̄/pt ��2
S ��2

S̄ pS/pS̄

nCTEQ15WZSIHdeut 735/940 0.78 - - 0 - 0.500 / -
DimuChorus - - 1059/974 1.09 - 0 - / 0.500
BaseChorus 737/940 0.78 969/824 1.18 2 - 0.530 / -

BaseCDHSW 778/940 0.83 584/929 0.63 43 - 0.895 / -
BaseCCFR 815/940 0.87 2119/2207 0.96 80 - 0.989 / -
BaseNuTeV 807/940 0.86 3049/2136 1.43 72 - 0.981 / -

BaseNuTeVU 787/940 0.84 1984/2136 0.93 52 - 0.933 / -
BaseDimuNeuU 861/940 0.92 5569/5689 0.98 126 - 0.99978 / -
BaseDimuNeuX 781/940 0.83 5032/4644 1.08 46 - 0.908 / -
BaseDimuChorus 740/940 0.79 1117/974 1.15 5 58 0.559 / 0.885

FIG. 16. Distribution of the variable SE for all experiments in the BaseDimuNeuX analysis (left) and for all experiments in
the BaseDimuNeuU analysis (middle). The right panel shows the distribution of the variable SE from the BaseDimuChorus
analysis. All panels show the fitted Gaussian distribution to the actual SE distribution (blue) compared to the ideal Gaussian
SE distribution with µ = 0 and � = 1 (red). Note that in the case of the BaseDimuNeuX analysis we do not show a bin with
SE=9.72 which corresponds to the NuTeV neutrino data.

B. NuTeV with uncorrelated systematic errors

The second possible approach to lessen the tensions
we consider is to enlarge the errors of the experimental
data causing the tension. An equivalent to enlarging the
errors of all data of a data set is to introduce a weight
for this data set in the calculation of the �2-function. We
have investigated this option in our previous analysis [26]
and found no acceptable way to include the neutrino DIS
data in a global analysis.

In a similar spirit, previous analyses [26, 28]
enlarged the errors of the NuTeV cross-section data
by not considering the correlated systematic errors.
Let us therefore explore the effect of neglecting
these correlations on the combined analysis. First,
we have performed a fit with the data from the
nCTEQ15WZSIHdeut analysis and only from the
NuTeV experiment using uncorrelated systematic errors.
The analysis BaseNuTeVU clearly shows that with
uncorrelated systematic errors the framework we use to
fit the experimental data can, for the first time, describe
the NuTeV data well with �2/pt=0.93. Moreover,

comparing to the BaseNuTeV analysis which used
correlated systematic errors, we see that the tension with
the neutral current data is reduced but still present (for
details see Tab. VIII). This shows that the inconsistencies
cannot be attributed solely to the use of correlated
systematic errors. For completeness, we have also
performed a global analysis much like BaseDimuNeu
but without correlations in the case of the NuTeV
data (called BaseDimuNeuU). Here a similar picture
emerges. The neutrino data are described much better
(�2/pt=0.98), but the tension with the neutral current
data is unchanged. Some details of the tensions are
again visible in the SE-distribution shown in Fig. 16,
where the standard deviation of the distribution is much
larger than unity (� = 1.89). Large SE contributions
can be traced back to the neutrino di-muon data from
both CCFR (SE=4.77) and NuTeV (SE=3.19) which
as we have seen before prefer a different strange quark
PDF compared to the inclusive neutrino data. The
tensions with the neutral current DIS data have also
not improved but rather got worse compared to the
BaseDimuNeu analysis (see Tab. VII). The largest SE
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we consider is to enlarge the errors of the experimental
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errors of all data of a data set is to introduce a weight
for this data set in the calculation of the �2-function. We
have investigated this option in our previous analysis [26]
and found no acceptable way to include the neutrino DIS
data in a global analysis.

In a similar spirit, previous analyses [26, 28]
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these correlations on the combined analysis. First,
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BaseDimuNeuU:

• Exclude NuTeV correlations

• Unpublished, may have underestimated systematic uncertainty

• Neutrino data better described, but tension with NC remains

BaseDimuNeuX:

• Exclude data at x < 0.1

• Nuclear shadowing might be different in CC and NC

• Barely consistent with baseline (∆χ2 = 46 > 45)

BaseDimuChorus:

• Include only dimuon and Chorus data

• All data well described
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Impact of neutrino DIS data
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Conclusions and Outlook
Wealth of LHC heavy quark and quarkonium data:

• Well described by data-driven approach

• Validated with NLO NRQCD and GM-VFNS

• Constrain gluon down to x = 10−5, very small uncertainty

Wealth of fixed-target neutrino data (high statistics, older):

• Long-standing debate about compatibility with NC and DY

• Reanalysis with improved baseline, three compatibility criteria

• Three proposed solutions, only one (DimuChorus) really works

• Neutrino data constrain in particular the strange quark

Outlook:

• Many individual nCTEQ analyses (also HIX, more coming)

• Must and will be combined → nCTEQ22 release this year

• More LHC data (jets, photons), update proton, NNLO etc.
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