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1. What is ManeParse?

Parton Distribution Functions (PDFs) are essential elements for
making predictions involving hadrons (protons and nuclei) in the
initial state. For example, at the LHC, we can compute the Higgs
production cross section (¢ ) using the formulaopp.y = Y, pfap®
fo/p ® wap—n where PDFs f;p and fy,,p give the probability density
for finding partons “a” and “b” in the two proton beams, and the
hard cross section, wgp_. 4, gives the probability density for partons
a and b producing the Higgs, H. The PDFs cannot be computed from
first principles at this time, so they must be extracted using fits

* This paper and its associated computer program are available via the Computer
Physics Communication homepage on ScienceDirect (http://www.sciencedirect.
com/science/journal/00104655).

* Corresponding author.
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to experimental data.! This analysis is performed by a number of
collaborations, and the PDFs are generally distributed as a grid of
values in x and Q which must be interpolated to generate the PDF
fasp(x, Q) for flavor “a” in hadron “P” at momentum fraction x and
energy scale Q.

ManeParse’ is a flexible, modular, lightweight, stand-alone
package used to provide access to a wide variety of PDFs within
Mathematica. To illustrate the flexibility, in Fig. 1 we show how
ManeParse can work simultaneously with different PDF sets from
avariety of groups.® This figure displays the selected PDF sets listed
in Table 3. Some of the sets are in the LHAPDF6 grid format [3],
and others are in the older PDS grid format [4]. These sets also

1 Lattice QCD has made great strides in computing PDFs in recent years [1,2].

2 The ManeParse program was originally developed to run on the SMU comput-
ing cluster “ManeFrame” which is a play on words inspired by the school mascot,
Peruna the pony.

3 All plots presented here have been generated in Mathematica.
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Fig. 1. (a) We display xqu(x, Q) for the up-quark at Q = 2 GeV as a function of x for the 10 PDFs listed in Table 3. (b) We display the ratio of the PDFs in (a) compared to
CT10 proton PDF (A = 1) as a function of x. While we do not identify them individually, the one curve (yellow) that distinctly deviates from the others is the nuclear PDF for
lead A = 208. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

have different numbers of active flavors, N, different values for
the initial evolution scale, Qy, different values for the heavy quark
masses, {mc, my, m;}, and they can represent either free protons or
protons bound in nuclei. Nevertheless, ManeParse is able to easily
compare and contrast sets from different groups in a common
framework.

As ManeParse is a stand-alone code, this complements a num-
ber of other available programs such as the QCDNUM program,[5]
the APFEL program including the web-plotter,* the Transverse Mo-
mentum Dependent (TMD) distributions plotter hosted at DESY,
and also the Durham HepData online PDF plotting and calculation
tool.° The online tools provide the ability to quickly plot PDFs,
ratios, and luminosities. Then with ManeParse, it is easy to take
the next step and compute cross sections and other user-selected
quantities in the Mathematica environment.

In this paper we describe the key features of ManeParse avail-
able to the user. In Section 2, we sketch a minimal example of
how the program is used. In Section 3, we provide some details
of how the PDFs are parsed, stored and interpolated. In Section 4,
we display some example plots that are easily constructed using
ManeParse. In Section 5, we provide examples of the functions
in the pdfError module. Finally, we discuss files provided by
ManeParse and how to obtain the external PDF files.

2. A simple example

We begin by outlining a simple example of how ManeParse may
be used. After loading the ManeParse packages into Mathemat-
ica, the user can enter the following commands:

Get [pdfParseLHA.m]
iSetl=pdfParseLHA[LHA_file.info,LHA_file.dat]
pdfFunction[iSetl,iParton,x,Q]

Get [pdfParseCTEQ.m]
iSet2=pdfParseCTEQ[PDS_file.pds]
pdfFunction[iSet2, iParton,x,Q]

The first and fourth line load the parsing subpackages included in
ManeParse. Loading either of these, causes the pdfCalc package
to be loaded as well. The second line reads an LHAPDF6 formatted
external data file (LHA_File.dat) and its associated information
file (LHA_File.info), and generates an internal PDF set that
is referenced by the integer iSet1. The fifth line reads a PDS
formatted external data file’ (PDS_File.pds) and generates an
internal PDF set that is referenced by the integer iSet2.

4 Details can be found in Ref, [6] and online at: http://apfel.mi.infn.it/.
5 Details can be found in Refs. [7,8] and online at: http://tmdplotter.desy.de/.
6 Details can be found online at: http://hepdata.cedar.ac.uk/pdf/pdf3.html.

7 Note that the LHAPDF6 files have both a data file and an info file whereas the
older CTEQ PDS files have only a data file.

After reading these data files, the user is provided with the core
function for computing the PDFs: pdfFunction[iSet,iParton,
x,Q] . Here, iSet selects the individual PDF set, iParton selects
the parton flavor as shown in Table 1, and {x,Q} specify the
momentum fraction, x, and the energy scale, Q, in GeV.

pdfFunction performs the bulk of the work for the
ManeParse program, so the package has been optimized for speed
to make it practical to perform single or double integrals in a
reasonable amount of time; specifically, the pdfFunction call
generally takes less than 1 ms per core on a standard laptop or
desktop.

Additionally, ManeParse can handle an arbitrary number of
PDF sets and can switch between sets without delay. When the
external PDF file is parsed, the data is stored internally (about
1 Mb per PDF set) and the iSet variable essentially functions as
a pointer to the set; thus, it is trivial to loop over many PDF sets
as was done in Fig. 1. This feature contrasts to some of the older
FORTRAN programs, which could only store a fixed number of sets
in memory and often had to re-read the data files.

These are the key elements of the package, however, we also
provide many auxiliary functions described below. Consistent with
the Mathematica convention, all our public functions begin with
the prefix “pdf”. One can obtain a complete list with the command
7pdf*. The usage message for individual functions is displayed in
a similar manner to:

?pdfFunction
pdfFunction[setNumber, flavor, X, Q]

e This function returns the interpolated value of the PDF for
the .pds/.dat file specified by setNumber, for the given
flavor and value of Bjorken x and scale Q.

e Warning: The results of this function are only reliable be-
tween the maximum and minimum values of x and Q in the
.pds/.dat file

3. Inside the ManeParse package
3.1. Overview of package

ManeParse internally consists of four modules (or sub-
packages) as illustrated in Fig. 2. The modular structure of
ManeParse allows for separate parsers for the LHAPDF6
(pdfParseLHA) and PDS (pdfParseCTEQ) grids which read the

8 1f interpolation outside the given grid is requested by the user, ManeParse is
equipped to handle this. The Mathematica interpolator will throw a warning
message and proceed to use built-in extrapolation techniques. The ManeParse in-
terpolator will extrapolate using the behavior defined with pdf SetXpower.
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The standard Monte Carlo (MC) flavor numbering convention [9] used within ManeParse. This differs from the mass-
ordered convention used in many older CTEQ releases. ManeParse converts these releases into the MC ordering.

flavor#  Oor21  +1 +2 +3 +4 +5 +6
parton gluon down/dbar up/ubar strange/sbar charm/cbar bottom/bbar top/tbar
ManeParse Table 1).!" The standard MC convention also labels the gluon as
iParton = 21; for compatibility, the gluon in ManeParse can be
ParseLHA identified with either iParton = 21 or iParton = 0.
S ManeParse is able to work with PDF sets with different num-
™ bers of flavors. For example, in Fig. 1, the NNPDF set includes Ny =
e 6 where iParton = {t, ..., t}, while most of the other sets have
FLes f Nr = 5. 1f a flavor, iParton, is not defined, pdfFunction will
pfErrors return zero. This feature allows the user to write a sum over all
quarks Y fi(x, Q) fori = {—6, ..., 6} without worrying whether

Fig. 2. A schematic overview of the ManeParse package and the individual
modules.

individual file types and pass the information on to a common
calculation (pdfCalc) module.

The new LHAPDF6 format is intended as a standard that all
groups can use to release their results. Additionally, many older
PDF sets have been converted into this format.

The ManeParse modular structure provides flexibility, as the
user can use both LHAPDF6 and PDS format, or even write a custom
parser to read a set that is not in one of these formats.

The error PDFs module (pdfError) uses pdfCalc to construct
PDF uncertainties, luminosities, and correlations as illustrated in
Section 5.

The key elements of each PDF set include the 3-dimensional
{x, Q, Nr} grid and the associated information, which is stored as a
set of Mathematica rules. We now describe the features and some
details of these structures.

3.2. The PDF {x, Q, Nr} grid

The parsing routines pdfParseLHA and pdfParseCTEQ read
the external files and assemble the PDF sets into a common data
structure that is used by the pdfCalc module. The central struc-
ture is a 3-dimensional grid of PDF values in {x, Q, N} space, which
uses vectors {X,ec, Quec} to specify the grid points. The spacing of
{Xvec, Quec} Need not be uniform; typically, Q.. uses logarithmic
spacing, and X, is commonly logarithmic at small x and linear at
large x. Different spacings in X, and Q,.. do not pose a problem for
the pdfCalc package, as the grid points are simply interpolated
to provide the PDF at a particular point in {x, Q, Nr}. The user is
agnostic to the specific grid spacing chosen in a PDF release.

3.2.1. Ng convention

The Nr flavor dimension is determined by the iSet value
passed to pdfFunction. The association between the grid slice
in Nr and iSet is specified in the LHAPDF6 info file using the
“key:data” format such as “Flavors: [-5, —4, -3, -2,
-1, 1, 2, 3, 4, 5, 21]". This tells us which partons are
in the grid, and their proper order.” Note: we use the standard
Monte Carlo (MC) convention'® throughout ManeParse where
d = 1and u = 2 rather than the mass-ordered convention (see

9 For the PDS files, this information is contained in the header of the data file so
there is not a separate info file; pdfParseCTEQ extracts the proper association.
10 gee Ref. [9] “Review of Particle Physics”, Chapter 34 entitled “Monte Carlo
particle numbering scheme”.

some PDF sets might have less than 6 active flavors.

Additionally, the ManeParse framework has the flexibility to
handle new particles such as a 4th generation of quarks with
iParton = {b’,t'} = {7, 8} or a light gluino with iParton=g =
1000021 PDF by identifying the flavor index, iParton, with the
appropriate grid position in the LHAPDF6 info file.

3.2.2. Qsub-grids

At NNLO and beyond, the PDFs can become discontinuous
across the mass flavor thresholds. This is illustrated using the NNLO
MSTW set in Fig. 3 where we observe a discontinuity of both the
gluon and b-quark PDF across the b-quark threshold at m;, =
4.75 GeV. ManeParse accommodates this by using sub-grids in Q
as illustrated in Fig. 4(a); for example, we use separate grids below
and above the threshold at Q = mj, = 4.75 GeV. When we call the
PDF at a specific Q value, ManeParse looks up the relevant heavy
quark thresholds, {m., my, m;}, to determine which sub-grid to use
for the interpolation. For Q < my, sub-grid #2 (N = 4)is used, and
for Q > my, sub-grid #3 (Nf = 5) is chosen.

Note that for the x value (10~*) displayed in Fig. 3, the b-quark
PDF is negative for Q just above my; this is the correct higher-order
result and justifies (in part) why we do not force the PDFs to be
positive definite. This behavior also makes sense in terms of the
momentum sum rule, which we will discuss in Section 4.3.

3.2.3. An Ng-dependent PDF: f(x, Q, Nf)

Note, the use of sub-grids in Q also enables the use of overlap-
ping Nr ranges as in a hybrid scheme as described in Ref. [10]; in
this case, we generalize the PDF so that it also becomes a function
of the number of flavors: f(x, Q, Nr). This feature is useful if, for
example, we are performing a fit to data in the region Q ~ my;
we can perform a consistent N = 4 flavor fit even if some of
the data are above the N; = 5 threshold (Q > my) by selecting
f(x,Q, Nk = 4); thus, we avoid encountering any discontinuities
in the region of the data.’> We illustrate this generalized case for
f(x, Q, Np)inFig. 4(b). Here, the user has the freedom to choose the
active number of flavors, Ng, rather than being forced to transition
at the quark mass values as in Fig. 4(a).

3.3. The LHAPDF6 info file

In addition to the 3-dimensional {x, Q, Nr} grid, there is aux-
iliary material associated with each PDF set. In the LHA format,
each PDF collection has an associated “info” file which contains

11 caution is required here as many of the older CTEQ releases use the mass-
ordered convention with u = 1 and d = 2. ManeParse converts these mass-
ordered sets into the MC ordering.

12 Note that the APFEL PDF evolution library [11] is in the process of implementing
these features.
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Fig. 3. The discontinuity of the gluon (left) and b-quark (right) PDFs across the m, = 4.75 GeV flavor threshold; the horizontal axis is Q (in GeV), and the vertical axis is
xf(x, Q). The curves are for the MSTW2008nnlo68cl PDF with x = 10~“. Note that the gluon and b-quark shift in opposite directions to ensure the momentum sum rule is

satisfied.
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Fig. 4. A schematic representation of the Q sub-grids used to handle discontinuities across the heavy quark thresholds at {m., m,, m;}. Fig. (a) shows the conventional
arrangement for f(x, Q) with non-overlapping sub-grids; for a given Q, the N flavor dimension is uniquely determined. Fig. (b) shows a flavor-number-dependent PDF
f(x, Q, Np) where the user has the freedom to choose the N flavor dimension value (and hence the sub-grid).

Table 2

Sample YAML entries contained in the LHAPDF6 info file, and the corresponding rules
passed to Mathematica. The rules for a specific PDF set are obtained using the pdfGet-

Info[iSet]function.

YAML

Mathematica

key: “data”

SetDesc: “nCTEQ15 ...”

NumFlavors: 5

Flavors: [-5,—4,—3,—2,—1,1,2,3,4,5,21]
AlphaS_Qs: [1.299999%e + 00, ...]
UnknownKey: data

“key” — “data”

“SetDesc” — “nCTEQ15 ...”

“NumFlavors” —5
“Flavors”—{—5,—4,—3,—-2,—1,1,2,3,4,5,21}
“AlphaS_Qs”— {1.299999 x 10+ . }
“UnknownKey”— “data”

the additional data in a YAML format,'> whereas in the CTEQ
PDS format files, the auxiliary information is contained at the top
of each PDS data file. Each parser interprets this information and
builds a list of Mathematica rules.

The basic syntax of YAML is [key: ¢‘data’’], and the LHA
parser converts this into a Mathematica rule as { ‘key’’—
‘“data’’}. This can be viewed within ManeParse using the
function pdfGetInfo[iSet], and Table 2 demonstrates the some
sample mappings between the two.

If “key” is known to be a number, “data” is converted from
a string into a number. This behavior applies to values such as
{NumFlavors, QMin, MTop, ... }. If “key” is known to be a list such
as {Flavors, AlphaS_Qs}, “data” is converted from a string into a
Mathematica list. If “key” is unknown, “data” is left as a string.
This means that ManeParse can handle any unknown “key”, and
the user can modify these rules after the fact, or introduce a custom
modification by identifying “key” to the parser.

3.4. Interpolation
Once the 3-dimensional {x,Q,Nr} grid and auxiliary rules are
given to the pdfCalc module, we are ready to interact with the

PDFs. When the user calls for fi(x, Q), the pdfCalc module will
determine the appropriate Nr index and Q grid and do a 4-point

13 “yAML Ain't Markup Language” http://yaml.org/.

interpolation in the 2-dimensional {x, Q } space. For the interpola-
tion we use a 4-point Lagrange interpolation given by:'*

g(x) = co(x)yo + c1(X) y1 + C2(X)y2 + c3(%) y3

where y, = g(xi) are the PDF values at the grid points, and the
coefficients are given by:

! (X — Xm)
6 =T]_., o—
where the prime (') indicates the restriction j # m in the product.
This formula has the feature that the interpolated curve will always
contain the grid points {x;, y;}. The grid points do not need to be
equally spaced.

To perform the 2-dimensional interpolation, we extracta 4 x 4
sub-grid in {x, Q} space; we first compute 4 interpolations in
x-space, and then use these to perform a 4-point interpolation in
Q-space. Generally, pdfCalc will interpolate {x, Q} values with 2
grid points on each side, but at the edges of the grid, it will use
a 3-1 split. It also will extrapolate beyond the limits of the grid
and will return a number, even if it is unphysical. Except for setting
fi(x,Q) = 0 for x > 1, we do not check bounds, as this would slow

the computation; in the sample files, we do provide examples of
how the user can implement particular boundaries if desired.

14 we present the interpolation formulas in the x-variable; an equivalent form is
used for the Q interpolation.
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Additionally, we allow the interpolated PDF to be negative. At
very large x this can happen due to numerical uncertainty, but
there are also instances where a negative PDF is the physical result,
such as at NNLO (illustrated in Fig. 3). Within Mathematica, it
is easy for the user to impose particular limits (i.e. positivity) if
desired. The interpolation can be performed either with the Math-
ematica Interpolate function (default) or a custom 4-point
Lagrange interpolator and is set with the pdfSetInterpolator
function. We set the Mathematica Interpolate function as the
default, as it is slightly faster, but the custom 4-point Lagrange
interpolator often will provide better extrapolation of the PDFs
beyond the grid boundaries and has some adjustable parameters
which are useful in the small x region.

The PDF typically increases as 1/x* at small x where a ~ 1.5;
thus, we can improve the interpolation by scaling the PDF by a
factor of x* which is implemented by replacing y, — x® g(xx) and
g(x) — g(x)/x% This is why many of the PDF programs funda-
mentally compute with xf(x) rather than f(x). To return fi(x, Q) we
divide by x, but to avoid dividing by zero we internally impose a
default minimum x value of x,,;, = 10~3°. The default scaling factor
for the custom interpolator is a = 1, but this can be set with the
pdfSetXpower [a] function.

3.4.1. Interpolation quality

By construction, the interpolation curve will always intersect
the grid values: g(x;, Q;) = f(x;, Q;) if x; and Q; are grid points.
Therefore, the numerical uncertainty arises from how we connect
these grid points. We have bench-marked many of the PDF sets
to ensure our interpolations are accurate across the defined grid
in {x, Q} space. For the PDS files, our interpolation (with scaling
1/x? for a = 1.0) uses the same algorithm as the benchmark
CTEQ FORTRAN, so our results easily match to better than one
part in 103, The LHAPDFS6 interpolation uses a logarithmic bi-cubic
interpolation in the central region, and switches to linear near the
grid boundaries.'® To illustrate the range of numerical uncertainty,
we will show how the interpolation changes as we vary the a
power. We will also compare with the built-in Mathematica in-
terpolator. If a different interpolation is required, the a-parameter
can be tuned, or the user can supply a custom interpolation routine.

In Fig. 5, we show the ratio of the interpolated value for the
gluon PDF compared to the default Mathematica interpolation.
We select a Q value which is precisely a grid point, and then show
the variation as a function of x between these grid values. Figs. 5(a),
5(b), 5(c) show the results for three ranges of x, {small, mid, large},
while Figs. 5(d), 5(e) show the results for small Q and mid Q. In all
five plots, we observe that the interpolated curves match exactly at
the grid values (x;), as they should. In between the grid values, we
see there is a variation depending on the details of the interpolation
and the particular value of the scaling power a. We have varied the
scaling power over the range a ={0.0,0.5,1.0,1.5,2.0}. The scaling
power a = 0 matches with the default Mathematicainterpolation
routine, while @ = 1 compensates for the 1/x PDF behavior at
small x.

In Fig. 5(a), we observe that the variation is quite small in the
large x range (x ~ 0.5), of order ~3 x 10~®. For many calculations,
such as Higgs and W /Z boson production, the mid x range of (x ~
0.01), seen in Fig. 5(b), is the most relevant region and here we find
the variation to be a bit larger, of order ~1 x 10~%. At the small x
range (x ~ 107°), Fig. 5(c), we find the largest variation which can
be of order <10~3; this is partly because the PDFs are diverging in
the limit x — 0, so the relative error increases.'®

15 LHAPDF6 has validated a number of PDF sets, and these generally match both

our interpolator, with a = 1, and the Mathematica interpolator to 1 partin 1073,
16 The PDFs typically exhibit a rise at small x of the form 1/x%. At smaller Q values,
the exponent is commonly slightly larger than 1, and increases with increasing Q
toward an asymptotic limit in the range a ~ [1.5, 1.7]. Note, the momentum sum
rule requires a < 2 [12].

We now investigate the quality of the interpolation in the Q
variable. In Fig. 5(d), we show the small Q range, (Q ~ Qg). Here,
the steps in Q are about 20% apart and we see the variation is of
order ~5 x 1074, At the larger Q range in Fig. 5(e), the steps in Q
are up to 100% apart and we see the variation is of order ~1073; if
increased accuracy is required here, the obvious solution would be
to include more grid points in Q.

In general, we expect a = 1 yields the best representation of
the PDFs, and the spread between a = 0 and a = 1 is a reasonable
estimate of the uncertainty. Computing the momentum sum rule
(c.f,, Table 3) can also provide a useful check.

We find that ratios of PDFs are more sensitive to the interpola-
tion than the PDFs themselves. For illustrative purposes, in Fig. 6,
we show an example of a poor interpolation generated with the
Mathematica interpolator compared to a good interpolation by
the custom 4-point Lagrange interpolation with the defaulta = 1
scaling; in general, we find the custom 4-point Lagrange interpo-
lation computes smoother ratios and provides better extrapolation
beyond the grid limits.

3.5. as Function

For some of the PDF sets, the value of as(Q ) is provided as a list
of points associated with Q,... For these sets, we interpolate as(Q)
to provide a matched function called pdf AlphaS [iSet,Q]; thisis
displayed in Fig. 7 for asample PDF set.!” The pdfGetInfo[iSet]
function will display the information associated with the corre-
sponding PDF set (including any «s values). If the PDF set does not
have any «s information, the pdf Alpha function will return Null.
In Fig. 7(a) we display as(Q) for the NNPDF set, and in Fig. 7(b) we
enlarge the region near m, = 4.18 GeV to display the discontinuity.
In general, as(Q ) will be discontinuous at NNLO and higher and at
all mass thresholds, {m., my, m;}.

4. Sample plots & calculations

The advantage of importing the PDF sets into Mathematica is
that we have the complete set of built-in tools that we can use
for calculating and graphing. We illustrate some of these features
here.

4.1. Graphical examples

To highlight the graphical capabilities, in Fig. 8 we display a
selection of PDFs using both linear (left) and log (right) scale. Using
the flexible graphics capabilities of Mathematica it is easy to
automatically generate such plots for different PDF sets.

4.2. Small x extrapolation

Sometimes it is useful to extrapolate to low x values beyond
the limits of the PDF grid; for example, the study of high en-
ergy cosmic ray experiments that use very small x extrapola-
tions [13,14]. We provide the command pdfLowFunction[iSet,
iParton,x,Q,power] which allows the user to choose the ex-
trapolation power in the small x region.'® An example is displayed
in Fig. 9 for the nCTEQ15 proton PDF. The minimum x value for this
set for the grid is Xy = 5 x 107%; beyond this limit pdfLowFunc-
tion will extrapolate using the form 1/x%. In this example, we vary
the power from 0.4 to 1.6; using the Mathematica integration
routines it is easy to find that this range of variation in the small
x behavior will only change the momentum fraction of the gluon
by 1/2%.

17 Since at Leading Order (LO), a5(Q) = 1/[Bo In(Q?/ A?)], we obtained improved
results by interpolating in 1/as(Q).

18 The “a” argument is optional; the default power is 1.0. We use a separate
function pdfLowFunction so as not to slow the computation of pdfFunction.
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4.3. Momentum sum rules

The PDFs satisfy a number of momentum and number sum
rules, and this provides a useful cross check on the results. The
momentum sum rule:

1
> [ as)=1.
i 0

says that the total momentum fraction of the partons must sum
to 100%. If any single parton flavor were not imported correctly,
this cross-check would be violated; hence, this provides a powerful
“sanity check” on our implementation. In Table 3 we display the
partonic momentum fractions (in percent) and the total; for each
PDF set the momentum sum rule checks within numerical accu-
racy.'?

(1)

19 Numerical uncertainties arise from the extrapolation down to x — 0, the
interpolation, and the integration precision.

While Table 3 presented the momentum fraction for a single
Q value (3 GeV), it is interesting to see how these values change
with the energy scale. In Fig. 10 we show the momentum carried
by each PDF flavor (in percent) as a function of Q in GeV. We can
see the heavy quarks, {c, b, t} enter as we cross the flavor mass
thresholds. In the limit of large Q, the {u, d, s} PDFs approach each
other asymptotically.

4.4. Nuclear correction factors

Given the PDFs, it is then trivial to build up simple calculations.
In Fig. 11 we display the nuclear correction factors F; /FéV for a
variety of nuclei. Here, the F, structure functions are related to the
PDFs via FJ{(x, Q) = X", € fya(x, Q) at leading order where F}' is
an isoscalar, and F3' is the scaled structure function®” for nuclei A.
We have also superimposed the uncertainty bands; we will discuss
this more in the following section.

4.5. Luminosity

Using the integration capabilities of Mathematica it is easy to
compute the differential parton-parton luminosity?' for partonsa
and b:[24]
degy 1 1

ds

Tdx . T s
_;m/r “heVAG (S V5) +@eb). @)

where 7 = §/s, and the cross section is

-5 (4)(%)

Note, the luminosity definition of Eq. (2) has dimensions of a cross
section (1/5), and in Eq. (3) we multiply by a scaled (dimensionless)
cross section (8 6p).

We define the pdfLuminosity function to compute Eq. (2).
The hadron-hadron production cross section for producing parti-
cle of mass /s = My is proportional to the luminosity times the
scaled partonic cross section So as in Eq. (3). In Fig. 12 we display
the differential luminosity dLg; /dM)% for parton-anti-parton (aa)
combinations; this luminosity would be appropriate if we were
interested in estimating the size of the cross section for the process
of quark-anti-quark annihilation into a Higgs boson, bb — H for
example.”

A A

S Uab)-

—~

(3)

20 wore specifically, FéV is the average of the proton and neutron (p+n)/2 and F? is
composed of Z protons, (A-Z) neutrons, and scaled by A to a make it “per nucleon:”
[Zp+(A—Z)n]/A.

21 There are other definitions of the luminosity in the literature which are dimen-
sionless such as £ = f; ® fp.

22 ManeParse also has the capability to handle custom PDFs. This allows the user
to explore a wide variety of phenomena, such as intrinsic heavy quarks, as long as
the custom PDFs are written in either LHAPDF6 or CTEQ format.
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We compute the momentum sum rule, Eq. (1), (in percent) for the individual partons at Q = 3 GeV. Partons {5, ¢, b} are not shown, but are equal to {s, c, b}. The totals

sum to 100% within uncertainties of integration and interpolation. Here the colors matched with each set correspond to that set in Figs. 1 and 8.

PDF Set Total u d g d u s c b
MSTW2008nnlo68cl [15] . 99.87 33 3.8 435 14.6 29.3 2.0 0.7 0
CT14nnlo [16] 100.01 3.1 3.7 434 14.6 29.7 2.0 0.8 0
NNPDF30_nnlo_as_0118_nf_6 [17] 99.98 32 3.7 43.6 14.6 294 2.2 0.8 0
HERAPDF20_NLO_VAR [18] . 99.98 3.9 3.0 41.7 14.6 31.2 22 0.6 0
abm12lhc_5_nnlo [19] . 100.14 29 35 434 14.8 30.4 2.0 0.7 0
CJ15nlo [20] . 99.96 3.0 3.7 433 15.1 29.8 1.8 0.7 0
nCTEQ15_1_1[21] . 100.10 3.1 3.8 43.0 15.0 30.2 1.8 0.7 0
nCTEQ15_208_82 [21] 99.99 2.7 34 44.6 17.0 27.2 1.8 0.8 0
ct10.pds [22] . 99.97 3.0 3.7 43.4 14.6 29.6 2.2 0.7 0
ctq66m.pds [4] . 99.98 29 3.6 43.6 14.5 294 2.3 0.7 0
1.3 1.3 -
nCTEQIS @ Q = 10 GeV nCTEQLS @ Q = 10 GeV
[ XFe ‘ — e ——
12 [ — 12 iLi
_.._kc PI — . P
o 1.1 ) o 1.1 ‘
7‘;_5 1 77/:“\ /LE' 1 P = -
/ _— ——— N
T = 3 === N\
= .9 R = 9 o 4
=% S \ —— < [— 7 \
8 S ——— | 9 — >
8 — 8 g \\
e — i
7 W ] N - \
6 < 6 :
12 3 4 5 6 7 8 9 1074 1073 1072 107! 1
T T

Fig. 11. Nuclear correction ratios Ff /Ff’ vs. x for Q = 10 GeV for the nCTEQ15 PDFs over an iso-scalar target. The left plot is on a linear scale, and the right plot is a log scale.

This figure is comparable to Fig. 1 of Ref. [23].

4.6. W boson production

Next, we compute a simple leading-order (LO) cross section for
W™ boson production at the Tevatron proton-anti-proton collider
(1.96 TeV) and the LHC proton-proton collider (8 TeV). Schemati-
cally, the cross sectionis o (W) = f, ® fy ® way_ w+. There are two
convolution integrals, but the constraint that the partonic energies
sum to the boson mass W™ eliminates one [25,26]. Hence, this can
easily be performed inside of Mathematica, and the results are
displayed in Fig. 13. It is interesting to note the much larger width
of the rapidity distribution at the LHC as well as the increased rela-
tive contribution of the heavier quark channels (such as cs and us).

5. Error PDFs & correlations
5.1. PDF uncertainties

We now examine some of the added features provided by the
pdfError module. To accommodate the PDF errors, it is common
for the PDF groups to release a set of grids to characterize the
uncertainties; the number of PDFs in each error is typically in the
range 40 to 100, but can in principle be as many as 1000.

As Mathematica handles lists naturally, we can exploit this
feature to manipulate the error PDFs. The pdfFamilyParseLHA
and pdfFamilyParseCTEQ functions will read an entire directory
of PDFs and return the associated set numbers as a list; this list can
then be used to manipulate the entire group of error PDFs.

For example, we can use this feature to read the 100 PDFs of the
NNPDF set displayed in Fig. 14, capture the returned list of iSet
values, and pass this to the plotting function; we will describe this
more in the following.

When working with the error PDFs, the first step is to take the
list of iSet values and obtain a list of the PDF values. Constructing
the PDF error depends on whether the set is based on the Hessian
or the Monte Carlo method.

Luminosity

10" 107 10°
Mx(GeV)

Fig. 12. The differential parton-parton luminosity dL,/dM32 vs. My in GeV at /s =
14 TeV for (in descending order) a = {g, u, d, s, c, b}.

The Hessian PDF error sets can be organized as follows
{Xo. X{ X7, X5, X5, ..., Xy, Xy } where X, represents the central
set, {X;", X; } represent the plus and minus directions along eigen-
vector #1, and so on up to eigenvector N. For the Hessian PDF
sets, there should be an odd number equal to 2N + 1 where N is
the number of eigenvector directions. The PDF errors can then be
constructed using symmetric, plus, or minus definitions:[24,27]

AXLes = (4)
AXI = (5)
AXpimis = (6)
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These can be computed using the function pdfHessian-
Error[iSet, (method)], and can take an optional “method”
argument, {‘ ‘sym’’, ‘‘plus’’, ¢ ‘minus’’}, to specify which
formula is used to compute the error; the default being ¢ ‘sym’’.

We next turn to the Monte Carlo sets. For example, the
NNPDF set (#3 in Table 3) has 101 elements; the “zeroth” set is
the central set, and the remaining 100 replica sets span the PDF
uncertainty space. The central set is the average of all the sets,
and the PDF error is the standard deviation of the 100 replica
sets. For these sets, pdfMCCentral will return the central PDF
value. pdfMCError [iSet, (method)] will return the associated
error. This function can also take an optional “method” argument,
{“‘sym’’, ‘“‘plus’’,‘‘minus’’}, defined by Egs. (7) and (8)
and Eq. (9) [28,29].

The modification from the Hessian case is due to the MC error
PDFs using replica sets, not eigenvector pairs.>> The formula for

AXSI‘J’,’,fl is a straightforward extension of the Hessian case:

N
1
MC __ o 2
AXgym = Ny ,-2-1 [Xi — Xo] (7)

where N, counts the 100 replica sets not including the “zeroth”
central set. This quantity is simply the standard deviation of the
values. The 1/,/N,, factor compensates for the fact that Monte
Carlo sets can have an arbitrary number of replicas, in contrast to
the Hessian sets which have a fixed number of eigenvector sets.

It is possible to define extensions for Monte Carlo “plus” and
“minus” uncertainties as:[30]

N

1

AXME = A > " [max {X; — Xo. 0} (8)
TeP =1

23 See the LHAPDF6 reference [3] for a more complete description of the error
definitions and calculation.

N
1
AXiis = | = 2 [max(Xo —Xi, O} (9)

rep i=1
where Nriep are the number of replicas above/below the mean.

In Fig. 14(a), we compute the fractional PDF error for the
CT14 PDF gluon using the pdfHessianError function with the
‘“sym’’ formula of Eq. (4). The same is done for the NNPDF set
pdfMCError function, using Eq. (7). As expected, we see the un-
certainty increase both as x — 1 and at very small x values.

In Fig. 14(b), we compute the error bands for the down quark
in the CTEQ6.6 proton PDF and also the nCTEQ15 lead-208 PDF; as
expected, we see the uncertainties on the nuclear PDF are larger
than the proton PDF uncertainties.

5.2. Correlation angle
Finally, we can compute the correlation cosines via the
relation: [4]
— —
VX-VY
AX AY

1 N
T AAXAY Z X =x7) (" =v7) . (10)
i=1

cosg =

We have implemented separate functions pdfHessianCorrela-
tion and pdfMCCorrelation as the computation of the uncer-
tainty in the denominator AX AY could depend on Egs. (4)-(6) or
Egs. (7)-(9).

InFig. 15 we display an example where we show the correlation
cosine between the W cross section and the partonic flavors for
both the Tevatron and LHC. We observe the behavior of the flavors
is quite similar except for the u and d quarks which stand out at
large x.
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Fig. 15. The cosine of the correlation angle, cos ¢, as in Eq. (10), as a function of Bjorken-x for the leading-order W cross section and each of the partonic flavors. Differences
between Tevatron (top) pp collisions at V/S = 1.96 TeV and LHC (bottom) pp collisions at VS = 8 TeV are visible in the high-x region in both the central (]y| < 2) and high

absolute rapidity (|y| > 2) regions.

The cosine of the correlation angle indicates the degree to which
the error on a particular parton’s PDF contributes to the uncertainty
on some function of the PDFs, usually a physical observable. A
value close to one for some parton indicates that the PDF error
on the observable is being driven by the error on that parton’s
PDF. Similarly, a value close to zero indicates that the error on the
parton’s PDF does not contribute significantly to the error on the
observable. More details can be found in Ref. [4].

6. Conclusions

We have presented the ManeParse package which provides
PDFs within the Mathematica framework. This is designed to
work with any of the LHAPDF6 format PDFs, and is extensible to
other formats such as the CTEQ PDS format. ManeParse can also
work with nuclear PDFs such as the nCTEQ15 sets.

The ManeParse package implements a number of novel fea-
tures. It adapts YAML relations into Mathematica rules including
unknown keys, and can handle discontinuities in both the PDFs
and o,(Q?). We have implemented a flexible interpolation with a
tunable parameter, and it can extrapolate to small x with a variable
power. Additionally, we have implemented functions to facilitate
the calculation of PDF uncertainties for both Hessian and Monte
Carlo PDF sets.

ManeParse provides many tools to simplify calculations in-
volving PDFs, and is fast enough such that even one or two
convolutions can easily be computed within the Mathematica
framework. We illustrated these features with examples of W
production, luminosity calculations, nuclear correction factors, and
Ne-dependent PDFs.

In summary, the ManeParse package is a versatile, flexible,
user-extensible tool that can be used by beginning users to make
simple PDF plots, as well as by advanced users investigating subtle
features of higher-order discontinuities and PDF uncertainty cal-
culations.
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Appendix A
A.1. ManeParse distribution files

The ManeParse package is distributed as a gzipped tar
file (about 2.6 Mb), and this is available at cteq.org or
ncteq.HepForge.org.

When this is unpacked, the ManeParse modules {pdfCalc,
pdfErrors, pdfParseCTEQ, pdfParseLHA} will be in the
./MP_Packages/ directory.

There is a Demo .nb Mathematica notebook which will illus-
trate the basic functionality of the program; we also include a
Demo . pdf file so the user can see examples of the correct output.

We do not distribute any PDF files, so these must be obtained
from the LHAPDF6 website?* or the CTEQ website.”> The README
file will explain how to run the MakeDemo.py python script to
download and set up the necessary directories for the PDF files.?°

The MakeDemo.py script will also run the Perl script
noe2.perl on the CT10 data files. Older versions of these files use
a two digit exponent (e.g. 1.23456E—12), but occasionally three
digits are required in which case the value is written as 1.23456-
123 instead of 1.23456E—123. While the GNU compiler writes and
reads this properly, other programs (including Mathematica) do
not, so the noe2.perl script fixes this. This script can also be
run interactively, in which case it will print out any lines that are
modified.

There is amanual in bothMathematica format (manual_v1.nb)
and PDF format (manual_v1.pdf); this allows the user to execute

24 http://lhapdf.hepforge.org/.
5 http://cteq.org/.
26 Python is not essential to ManeParse as the files can be set up manually.
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Fig. A.16. We display the gluon PDF f;(x, Q) atx = 0.03 vs. Q for Nr = {3, 4, 5, 6};
Ng = 3 is the largest, and Ny = 6 is the smallest curve.

the notebook directly, but also see how the output should look. The
manual provides examples of all the functions of ManeParse.

There is also a glossary file User . pdf which provides a list and
usage of all the commands.

A.2. Asimple example

First we define some directory paths. You should adjust for your
particular machine. Note, for LHAPDF6, the individual “dat” and
“info” files are stored in subdirectories.

pacDir=“../ManeParse/Demo/packs”
pdfDir=*./LHAPDF’
subDir1=pdfDir<>“/MSTW2008nnlo68cl”
subDir2=pdfDir<>“NNPDF30_nnlo_as_0118_nf 6”
ctqDir=*../ManeParse/Demo/PDF_Sets/PDS”

Next, we load the ManeParse packages. The pdfCalc pack-
age is automatically loaded by both pdfParseLHA and pdfPar-
seCTEQ, so we do not need to do this separately.

Get[pacDir<>“/pdfParseLHA.m"];
Get[pacDir<>*/pdfParseCTEQ.m”];
Get[pacDir<>*/pdfErrors.m”];

pdfParseLHA will read the PDF set and assign an “iSet” num-
ber, which in this case is 1.

iSetMSTW=

pdfParseLHA[
subDir1<>“/MSTW2008nnlo68cl.info”,
subDir1<>“/MSTW2008nnlo68cl_0000.dat”]

Out]...]:=1

The “iSet” numbers are assigned sequentially, and are returned
by pdfParseLHA which we use to define the variable iSetMSTW
(= 1in this example). We can then evaluate the PDF values.

iParton=0; (* Gluon *)

x=0.1;

q=10.;
pdfFunction[iSetMSTW,iParton,x,q]
Out[..]:=11.714

Next, we can read in an NNPDF PDF set.

iSetNNPDF=

pdfParseLHA[
subDir2<>“/NNPDF30_nnlo_as_0118_nf_6.info”,
subDir2 <>“/NNPDF30_nnlo_as_0118_nf_6_0000.dat”]

Out]...]:=2

We can then evaluate this PDF. We find it is similar (but not
identical) to the value above.

pdfFunction[iSetNNPDF,iParton,x,q]
Out][...]:=11.8288

Finally, we load a ctq66 PDFfile in the older “pds” format using
the pdfParseCTEQ function; note this only takes a single file as
the “info” details are contained in the “pds” file header.

iSetC66=pdfParseCTEQ[
ctqDir<>“/ctq66.00.pds”];
Out][...]:=3

pdfFunction[iSetC66,iParton,x,q]
Out]...]:=11.0883

Now that we have these functions defined inside of Mathemat-
ica, we can make use of all the numerical and graphical functions.
Detailed working examples are provided in the auxiliary files.

A.3. Ng-dependent PDF example

We provide an example of implementing the Ng-dependent
PDFs within the ManeParse framework using the matched set
of PDFs*’ with N = {3,4,5, 6} from Ref. [10]. We load the
ManeParse packages as above, and then read in the grid files
which are in “pds” format.

pdfDir="../vfnsnf”;

iSetNF3=pdfParseCTEQ[pdfDir<>“/nf3_q1.2.pds”]
iSetNF4=pdfParseCTEQ[pdfDir<>“/nf4_q1.2.pds”]
iSetNF5=pdfParseCTEQ[pdfDir<>*“/nf5_q1.2.pds”]
iSetNF6=pdfParseCTEQ[pdfDir<>“/nf6_q1.2.pds”]

pdfParseCTEQ returns the “iSet” number and we store these
in{iSetNF3, . . . }.The below function pdfNF allows the user
to choose N, and then returns the appropriate PDF.

Clear[pdfNF,nf,iParton,x,q];

pdfNF[nf_,iParton_,x_,q_]:=Module|[{iSet=0},
If[nf==3,iSet=iSetNF3];
If[nf==4,iSet=iSetNF4];
If[nf==5,iSet=iSetNF5];
If[nf==6,iSet=iSetNF6];
If[iSet==0,Return[Null]];
Return[pdfFunction[iSet,iParton,x,q]]

]

Note in the pdfNF function, the “iSet” variable is local to the
Module. We now compute some sample values.

iParton=0; (* Gluon *)

x=0.03;

q=10.;

{pdfNF[3,iParton,x,q], pdfNF[4,iParton,x,q],
pdfNF[5,iParton,x,q], pdfNF[6,iParton,x,q]}
Out[...]:={123.288, 117.694, 115.331, 115.341}

As we have taken Q = 10 GeV, we are above the charm and

bottom transition, but below the top transition; hence the N =
{5, 6} results are the same, but the Ny = {3, 4} values differ.

27 These PDF sets are available at http://ncteq.hepforge.org/.


http://ncteq.hepforge.org/

D.B. Clark et al. / Computer Physics Communications 216 (2017) 126-137

In Fig. A.16 we display the gluon PDF vs. Q for N = {3, 4, 5, 6}.

We observe as we activate more flavors in the PDF evolution the
gluon is reduced as a function of Ng. This decrease in the gluon PDF
will be (partially) compensated by the new N channels.

Appendix B. Supplementary data

Supplementary material related to this article can be found

online at http://dx.doi.org/10.1016/j.cpc.2017.03.004.

References

(1

[2

3

[4

5

[6

(7

8

[9

(10]

(11]

[12]

Y.-Q. Ma, J.-W. Qiu, Proceedings, QCD Evolution Workshop (QCD 2014),
Int. J. Mod. Phys. Conf. Ser. 37 (2015) 156004 1. http://dx.doi.org/10.1142/
S$2010194515600411. arXiv:1412.2688.

C. Alexandrou, Theory and Experiment for Hadrons on the Light-Front (Light
Cone 2015) Frascati, Italy, September 21-25, 2015, 2016. http://dx.doi.org/10.

1007/s00601-016-1073-5. https://inspirehep.net/record/1424848/files/arXiv:

1602.08726.pdf. arXiv:1602.08726.

A. Buckley, ]. Ferrando, S. Lloyd, K. Nordstrom, B. Page, M. Riifenacht, M.
Schonherr, G. Watt, Eur. Phys. J. C 75 (2015) 132. http://dx.doi.org/10.1140/
epjc/s10052-015-3318-8. arXiv:1412.7420.

P.M. Nadolsky, H.-L. Lai, Q.-H. Cao, J. Huston, J. Pumplin, D. Stump, W.-K. Tung,
C.P.Yuan, Phys. Rev. D 78 (2008) 013004. http://dx.doi.org/10.1103/PhysRevD.
78.013004. arXiv:0802.0007.

M. Botje, Comput. Phys. Comm. 182 (2011) 490-532. http://dx.doi.org/10.
1016/j.cpc.2010.10.020. arXiv:1005.1481.

S. Carrazza, A. Ferrara, D. Palazzo, ]. Rojo, J. Phys. G 42 (5) (2015) 057001.
http://dx.doi.org/10.1088/0954-3899/42/5/057001. arXiv:1410.5456.

F. Hautmann, H. Jung, M. Krdmer, P.J. Mulders, E.R. Nocera, T.C. Rogers, A.
Signori, Eur. Phys. J. C 74 (2014) 3220. http://dx.doi.org/10.1140/epjc/s10052-
014-3220-9. arXiv:1408.3015.

F. Hautmann, H. Jung, S.T. Monfared, Eur. Phys. J. C 74 (2014) 3082.
http://dx.doi.org/10.1140/epjc/s10052-014-3082- 1. arXiv:1407.5935.

KA. Olive, et al., Chin. Phys. C 38 (2014) 090001. http://dx.doi.org/10.1088/
1674-1137/38/9/090001.

A.Kusina, F.I. Olness, 1. Schienbein, T. Jezo, K. Kovarik, T. Stavreva, J.Y. Yu, Phys.
Rev. D 88 (7) (2013) 074032. http://dx.doi.org/10.1103/PhysRevD.88.074032.
arXiv:1306.6553.

V. Bertone, S. Carrazza, J. Rojo, Comput. Phys. Comm. 185 (2014) 1647-1668.
http://dx.doi.org/10.1016/j.cpc.2014.03.007. arXiv:1310.1394.

S. Lomatch, F.I Olness, J.C. Collins, Nuclear Phys. B 317 (1989) 617-634.
http://dx.doi.org/10.1016/0550-3213(89)90535-X.

[13]

(14]

(15]

(16]

[17]
(18]
(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]
(29]

(30]

137

C.A. Argelles, F. Halzen, L. Wille, M. Kroll, M.H. Reno, Phys. Rev. D 92 (7) (2015)
074040. http://dx.doi.org/10.1103/PhysRevD.92.074040. arXiv:1504.06639.
A. Bhattacharya, R. Enberg, M.H. Reno, I. Sarcevic, A. Stasto, ]J. High Energy
Phys. 06 (2015) 110. http://dx.doi.org/10.1007 /JHEPO6(2015)110. arXiv:1502.
01076.

A.D.Martin, W.]. Stirling, R.S. Thorne, G. Watt, Eur. Phys.]. C63 (2009) 189-285.
http://dx.doi.org/10.1140/epjc/s10052-009- 1072-5. arXiv:0901.0002.
S.Dulat, T.-J. Hou, J. Gao, M. Guzzi, ]. Huston, P. Nadolsky, ]. Pumplin, C. Schmidt,
D. Stump, C.P. Yuan, Phys. Rev. D 93 (3) (2016) 033006. http://dx.doi.org/10.
1103/PhysRevD.93.033006. arXiv:1506.07443.

R.D. Ball, et al., J. High Energy Phys. 04 (2015) 040. http://dx.doi.org/10.1007/
JHEP04(2015)040. arXiv:1410.8849.

H. Abramowicz, et al., Eur. Phys. J. C 75 (12) (2015) 580. http://dx.doi.org/10.
1140/epjc/s10052-015-3710-4. arXiv:1506.06042.

S. Alekhin, J. Blumlein, S. Moch, Phys. Rev. D 89 (5) (2014) 054028.
http://dx.doi.org/10.1103/PhysRevD.89.054028. arXiv:1310.3059.

A. Accardi, L.T. Brady, W. Melnitchouk, J.F. Owens, N. Sato, Constraints on large-
x parton distributions from new weak boson production and deep-inelastic
scattering data, 2016. arXiv:1602.03154.

K. Kovarik, et al., Phys. Rev. D 93 (8) (2016) 085037. http://dx.doi.org/10.1103/
PhysRevD.93.085037. arXiv:1509.00792.

H.-L. Lai, M. Guzzi, J. Huston, Z. Li, P.M. Nadolsky, ]. Pumplin, C.P. Yuan, Phys.
Rev. D 82 (2010) 074024. http://dx.doi.org/10.1103/PhysRevD.82.074024.
arXiv:1007.2241.

L. Schienbein, J.Y. Yu, K. Kovarik, C. Keppel, J.G. Morfin, F. Olness, J.F. Owens,
Phys. Rev. D 80 (2009) 094004.
http://dx.doi.org/10.1103/PhysRevD.80.094004. arXiv:0907.2357.

J-M. Campbell, JW. Huston, WJ. Stirling, Rep. Progr. Phys. 70 (2007) 89.
http://dx.doi.org/10.1088/0034-4885/70/1/R02. arXiv:hep-ph/0611148.

A. Kusina, T. Stavreva, S. Berge, F.I. Olness, I. Schienbein, K. Kovarik, T. Jezo,
J.Y. Yu, K. Park, Phys. Rev. D 85 (2012) 094028. http://dx.doi.org/10.1103/
PhysRevD.85.094028. arXiv:1203.1290.

K. Kovarik, T. Stavreva, A. Kusina, T. Jezo, F.I. Olness, I. Schienbein, J.Y. Yu,
Proceedings, Ringberg Workshop on New Trends in HERA Physics 2011,
Nucl. Phys. Proc. Suppl. 222-224 (2012) 52-60. http://dx.doi.org/10.1016/j.
nuclphysbps.2012.03.007. arXiv:1201.1946.

J. Pumplin, D.R. Stump, J. Huston, H.L. Lai, P.M. Nadolsky, W.K. Tung, J. High
Energy Phys. 07 (2002) 012. http://dx.doi.org/10.1088/1126-6708/2002/07/
012. arXiv:hep-ph/0201195.

S. Alekhin, The PDFALHC Working Group Interim Report, 2011. arXiv:1101.
0536.

J. Gao, P. Nadolsky, ]J. High Energy Phys. 07 (2014) 035. http://dx.doi.org/10.
1007/JHEP07(2014)035. arXiv:1401.0013.

P.M. Nadolsky, Z. Sullivan, Proceedings of APS /| DPF | DPB Summer Study on the
Future of Particle Physics (Snowmass 2001), Snowmass, Colorado, 30 Jun-21
Jul 2001, EConf C010630, 2001, P510. arXiv:hep-ph/0110378.


http://dx.doi.org/10.1016/j.cpc.2017.03.004
http://dx.doi.org/10.1142/S2010194515600411
http://dx.doi.org/10.1142/S2010194515600411
http://dx.doi.org/10.1142/S2010194515600411
http://arxiv.org/1412.2688
http://dx.doi.org/10.1007/s00601-016-1073-5
http://dx.doi.org/10.1007/s00601-016-1073-5
http://dx.doi.org/10.1007/s00601-016-1073-5
https://inspirehep.net/record/1424848/files/arXiv:1602.08726.pdf
https://inspirehep.net/record/1424848/files/arXiv:1602.08726.pdf
https://inspirehep.net/record/1424848/files/arXiv:1602.08726.pdf
http://arxiv.org/abs/1602.08726
http://dx.doi.org/10.1140/epjc/s10052-015-3318-8
http://dx.doi.org/10.1140/epjc/s10052-015-3318-8
http://dx.doi.org/10.1140/epjc/s10052-015-3318-8
http://arxiv.org/abs/1412.7420
http://dx.doi.org/10.1103/PhysRevD.78.013004
http://dx.doi.org/10.1103/PhysRevD.78.013004
http://dx.doi.org/10.1103/PhysRevD.78.013004
http://arxiv.org/abs/0802.0007
http://dx.doi.org/10.1016/j.cpc.2010.10.020
http://dx.doi.org/10.1016/j.cpc.2010.10.020
http://dx.doi.org/10.1016/j.cpc.2010.10.020
http://arxiv.org/abs/1005.1481
http://dx.doi.org/10.1088/0954-3899/42/5/057001
http://arxiv.org/abs/1410.5456
http://dx.doi.org/10.1140/epjc/s10052-014-3220-9
http://dx.doi.org/10.1140/epjc/s10052-014-3220-9
http://dx.doi.org/10.1140/epjc/s10052-014-3220-9
http://arxiv.org/abs/1408.3015
http://dx.doi.org/10.1140/epjc/s10052-014-3082-1
http://arxiv.org/abs/1407.5935
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1103/PhysRevD.88.074032
http://arxiv.org/abs/1306.6553
http://dx.doi.org/10.1016/j.cpc.2014.03.007
http://arxiv.org/abs/1310.1394
http://dx.doi.org/10.1016/0550-3213(89)90535-X
http://dx.doi.org/10.1103/PhysRevD.92.074040
http://arxiv.org/abs/1504.06639
http://dx.doi.org/10.1007/JHEP06(2015)110
http://arxiv.org/abs/1502.01076
http://arxiv.org/abs/1502.01076
http://arxiv.org/abs/1502.01076
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://arxiv.org/abs/0901.0002
http://dx.doi.org/10.1103/PhysRevD.93.033006
http://dx.doi.org/10.1103/PhysRevD.93.033006
http://dx.doi.org/10.1103/PhysRevD.93.033006
http://arxiv.org/abs/1506.07443
http://dx.doi.org/10.1007/JHEP04(2015)040
http://dx.doi.org/10.1007/JHEP04(2015)040
http://dx.doi.org/10.1007/JHEP04(2015)040
http://arxiv.org/abs/1410.8849
http://dx.doi.org/10.1140/epjc/s10052-015-3710-4
http://dx.doi.org/10.1140/epjc/s10052-015-3710-4
http://dx.doi.org/10.1140/epjc/s10052-015-3710-4
http://arxiv.org/abs/1506.06042
http://dx.doi.org/10.1103/PhysRevD.89.054028
http://arxiv.org/abs/1310.3059
http://arxiv.org/abs/1602.03154
http://dx.doi.org/10.1103/PhysRevD.93.085037
http://dx.doi.org/10.1103/PhysRevD.93.085037
http://dx.doi.org/10.1103/PhysRevD.93.085037
http://arxiv.org/abs/1509.00792
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://arxiv.org/abs/1007.2241
http://dx.doi.org/10.1103/PhysRevD.80.094004
http://arxiv.org/abs/0907.2357
http://dx.doi.org/10.1088/0034-4885/70/1/R02
http://arxiv.org/abs/hep-ph/0611148
http://dx.doi.org/10.1103/PhysRevD.85.094028
http://dx.doi.org/10.1103/PhysRevD.85.094028
http://dx.doi.org/10.1103/PhysRevD.85.094028
http://arxiv.org/abs/1203.1290
http://dx.doi.org/10.1016/j.nuclphysbps.2012.03.007
http://dx.doi.org/10.1016/j.nuclphysbps.2012.03.007
http://dx.doi.org/10.1016/j.nuclphysbps.2012.03.007
http://arxiv.org/abs/1201.1946
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://arxiv.org/abs/hep-ph/0201195
http://arxiv.org/abs/1101.0536
http://arxiv.org/abs/1101.0536
http://arxiv.org/abs/1101.0536
http://dx.doi.org/10.1007/JHEP07(2014)035
http://dx.doi.org/10.1007/JHEP07(2014)035
http://dx.doi.org/10.1007/JHEP07(2014)035
http://arxiv.org/abs/1401.0013
http://arxiv.org/abs/hep-ph/0110378

	ManeParse: A Mathematica reader for Parton Distribution Functions 
	What is ManeParse? 
	A simple example
	Inside the ManeParse package
	Overview of package
	The PDF { x,Q,NF}  grid
	NF convention
	Q sub-grids
	An NF-dependent PDF: f(x,Q,NF) 

	The LHAPDF6 info file
	Interpolation
	Interpolation quality

	αS Function

	Sample plots & calculations
	Graphical examples
	Small x extrapolation
	Momentum sum rules
	Nuclear correction factors
	Luminosity
	W boson production

	Error PDFs & correlations
	PDF uncertainties
	Correlation angle

	Conclusions
	Acknowledgments
	Appendix A
	 ManeParse distribution files
	A simple example
	NF-dependent PDF example

	Supplementary data
	References


