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Introduction
Cross sections in collinear factorization and perturbative QCD
𝑑𝜎 = σ𝑎,𝑏 𝑥𝑑 1 𝑑𝑥2 𝑓𝑎 ( 𝑥1 , 𝜇𝐹 )𝑓𝑏 (𝑥2 , 𝜇𝐹 )𝑑 𝜎ො𝑎𝑏→𝐾 (ෝ
𝑠, 𝜇𝐹 ,𝜇𝑅 )

Parton density
functions

Parton-level
(differential)
Cross section

where the partonic cross section is calculated by:
𝛼
𝜎 𝐵𝑜𝑟𝑛 (1 + 2𝜋𝑠 𝜎 1

𝛼𝑠 2
2
𝜎
2𝜋

𝛼𝑠 3
3
𝜎
2𝜋

𝜎ො =
+
+
Leading order
Next-to-leading order
Next-to-next-to leading order

+…)

For charm, beauty, quarkonium, etc. production the scale are not very large and 𝛼𝑆 is not so small (0.15 ~ 0.25),
NLO corrections are usually very large and cannot be neglected.
Also such processes are usually accompanied with the largest nuclear PDF corrections
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Introduction.
Parton-distribution functions (PDFs)
Parton-distribution functions (PDFs), provide the essential link between the measurable
hadronic cross sections and the perturbatively calculable cross sections of high-energy processes
induced by quarks and gluons.
The situation is challenging for PDFs of nucleons inside nuclei, nuclear data significantly more
complex to collect with two additional degrees of freedom (protons and neutrons)

Nuclear PDFs (nPDFs) allow one to get information on:
• the structure of the nuclei in terms of quarks and gluons;
• the initial state of heavy-ion collisions at the LHC and RHIC
especially, to use perturbative probes of the QGP to study its properties

• nPDFs cannot be computed and similarly to the proton PDFs are
fit to experimental data. Only the evolution is perturbative
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Introduction. Nuclear Modification Factors
In order to say are there any nuclear modifications we could use nuclear modification factors 𝑅𝐴𝐴 , 𝑅𝑝𝐴
This factors could be define in a following way:
𝑅𝐴𝐵 =

𝑅𝑝𝐴 ≡

𝜎𝐴𝐵

𝐴𝐵 𝜎𝑝𝑝

which can be differential in the transverse momentum or
the center-of-momentum rapidity of an any hadron

𝜎𝑝𝐴
1 × 𝐴 × 𝜎𝑝𝑝

This factors are defined such that

𝑅𝑝𝐴 ~ 1: absence of nuclear effects

𝑝𝑟𝑜𝑏𝑒

𝑖𝑛𝑒𝑙
The reason to use 𝑅𝐴𝐵 (or 𝑅𝑝𝐴 ) is that, for a rare/hard probe 𝜎𝑁𝑁 ≪ 𝜎𝑁𝑁
,
the yield per AB collisions is proportional to the number of NN collisions
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Introduction. Nuclear Modification Factors
Since the early 1980s, we know that the nuclei are not a simple collection of free nucleons, and nuclear PDFs are not equal to a sum of
nucleon PDFs.
In fact, often analyses rather bear on nuclear-modification factors (NMF), like in lepton-nucleus (ℓ𝐴) collisions for the deep-inelastic
scattering (DIS) structure function 𝐹2 and parton-level NMFs, instead of the absolute nuclear PDFs
𝑅

𝐹2ℓ𝐴

=

𝐹2ℓ𝐴
ℓ𝑝

(𝑍𝐹2 + 𝐴 − 𝑍 𝐹2ℓ𝑛 )

Based on earlier studies, for the quarks:
•
𝑅𝑞𝐴 >1 for x ≳ 0.8 (Fermi-motion region),
•
𝑅𝑞𝐴 <1 for 0.25 ≲ x ≲ 0.8 (EMC region),
•
𝑅𝑞𝐴 >1 for 0.1 ≲ x ≲ 0.25 (antishadowing region)
•
𝑅𝑞𝐴 <1 for x ≲ 0.1 (shadowing region)
𝑅𝑞𝐴 ~ 1: absence of nuclear effects

We translate these modifications into universal quantities: nuclear PDFs

Nuclear PDFs can be used like original PDFs with LHAPDF
library.
We assume that
• the factorization of the cross section is supposed to hold
even in presence of nuclear effects
• all the nuclear effects can be accounted by nPDFs and thus
can be computed with process generators.
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MadGraph
•

MadGraph 5 is a matrix element generator written in Python

•

Can generate cross section for any process in LO

•

Can compute cross section and generates events at NLO with QCD
corrections automatically

•

Using LHAPDF can compute the cross section for any PDF in it with
negligible CPU time

•

Fast process generation

•

Output in multiple languages and formats (root, HwU, gnuplot, etc…)

•

User-friendly command line interfaces
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Histogram output
Histogram With Uncertainty (HwU)

• A new standard for creating histograms

• A single histogram can store many different weights at once to account for scale, PDF and MC uncertainty.

The scale and PDF uncertainty envelope computation is done automatically by the module when output
Error estimation:
If we refer to the PDF uncertainty:
The PDF uncertainty is obtained by computing the cross section with the different PDFs of the PDF set and
deriving the uncertainty for these numbers
For the scales:
𝜇𝑅 and 𝜇𝐹 are varied inside MadGraph code and the different pieces of the cross-section are reweighted with
different values of alphas(𝜇𝑅 ) and PDF(𝜇𝐹 )
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What should be done

𝑅𝑝𝐴 ≡

𝑅𝐴𝑝 ≡

Basically:

MADatNLO.HwU

HwU

𝜎𝑝𝐴
1 × 𝐴 × 𝜎𝑝𝑝
𝜎𝐴𝑝

1 × 𝐴 × 𝜎𝑝𝑝

𝑅𝑝𝐴 (𝑦𝑐.𝑚.𝑠 ) = 𝑅𝐴𝑝 (−𝑦𝑐.𝑚.𝑠 )

𝑑𝜎 = σ𝑎,𝑏 𝑥𝑑 1 𝑑𝑥2 𝑓𝑎 ( 𝑥1 , 𝜇𝐹 )𝑓𝑏 (𝑥2 , 𝜇𝐹 )𝑑𝜎ො𝑎𝑏→𝐾 (ෝ
𝑠, 𝜇𝐹 ,𝜇𝑅 )
Input files

Output files
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Working examples

CT14nnlo – proton PDF
nCTEQ15_208_82 - nucleon PDF

𝑅𝑝𝐴 ≡

𝑅𝐴𝑝 ≡

𝑆𝑁𝑁 = 5.02 TeV

𝐶ℎ𝑎𝑟𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

(𝐷0 )

𝜎𝑝𝐴
1 × 𝐴 × 𝜎𝑝𝑝
𝜎𝐴𝑝
1 × 𝐴 × 𝜎𝑝𝑝

𝑅𝑝𝐴 (𝑦𝑐.𝑚.𝑠 ) = 𝑅𝐴𝑝 (−𝑦𝑐.𝑚.𝑠 )

𝑝𝑇 < 10 𝐺𝑒𝑉

Data points from: JHEP 10 (2017) 090,
arXiv:1707.02750 [hep-ex].
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Working examples

CT14nnlo – proton PDF
nCTEQ15_208_82 - nucleon PDF

𝑅𝑝𝐴 ≡

𝑅𝐴𝑝 ≡

𝑆𝑁𝑁 = 8.16 TeV

𝐵𝑜𝑡𝑡𝑜𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

(𝐵+ )

𝜎𝑝𝐴
1 × 𝐴 × 𝜎𝑝𝑝
𝜎𝐴𝑝
1 × 𝐴 × 𝜎𝑝𝑝

𝑅𝑝𝐴 (𝑦𝑐.𝑚.𝑠 ) = 𝑅𝐴𝑝 (−𝑦𝑐.𝑚.𝑠 )

𝑝𝑇 < 20 𝐺𝑒𝑉

Data points from:
Phys. Rev. D99 no. 5, (2019) 052011,
arXiv:1902.05599 [hep-ex].
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Working examples

CT14nnlo – proton PDF
nCTEQ15_208_82 - nucleon PDF

𝑅𝑝𝐴 ≡

𝑅𝐴𝑝 ≡

𝑆𝑁𝑁 = 8.16 TeV
𝑇𝑜𝑝 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝜎𝑝𝐴
1 × 𝐴 × 𝜎𝑝𝑝
𝜎𝐴𝑝
1 × 𝐴 × 𝜎𝑝𝑝

𝑅𝑝𝐴 (𝑦𝑐.𝑚.𝑠 ) = 𝑅𝐴𝑝 (−𝑦𝑐.𝑚.𝑠 )
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Summary
• The first NLO fixed-order calculation of p-A collisions was done using MadGraph5

• It can use various PDFs and nPDF from LHAPDF libraries
• Also, pA collisions can be calculated with different scales

• Uncertainties are calculated “on fly”
• Every output data will be stored in HwU files, which has high functionality

• In future, it will be implemented into NLOAccess (https://nloaccess.in2p3.fr)
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