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Motivation
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• Study quark and gluon content of nucleons and nuclei in

• hadron-hadron scattering,

• hadron-nucleus scattering,

• or any asymmetric reactions (nucleus/hadron A + nucleus/hadron B),

described by Parton Distribution Functions (PDF)

• Evaluate the baseline for more sophisticated studies, like: 

• new state of matter in heavy-ion collisions, 

• charm and beauty quark production,  

• quarkonium productions and 

• the interpretation of the LHC,RHIC, EIC data.



Framework – Collinear factorization
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Cross sections in collinear factorization and perturbative QCD

𝑑𝜎 = σ𝑎,𝑏 ׬ 𝑑𝑥𝑎𝑑𝑥𝑏𝑓𝑎( 𝑥𝑎, 𝜇𝐹)𝑓𝑏(𝑥𝑏 , 𝜇𝐹)𝑑 ො𝜎𝑎𝑏→𝐾(ෝ𝑠, 𝜇𝐹,𝜇𝑅)

Parton-level

(differential)

Cross section

Parton density functions

where the partonic cross section is calculated using:
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Leading order

Next-to-next-to-leading order
Next-to-leading order

For charm, beauty, quarkonium production, the scales are small and 𝛼𝑆 is large 

(0.15 ~ 0.25), NLO corrections are very large and cannot be neglected.  

Such processes are usually accompanied with the largest nuclear corrections in proton-nucleus 

and nucleus-nucleus collisions



Parton-distribution  functions  (PDFs): essential link between hadronic cross sections and

perturbatively calculable partonic cross sections

Challenging situation for PDFs of nucleons inside nuclei (nPDFs): nuclear data significantly more 

complex to collect with two additional degrees of freedom (protons and neutrons)

nPDFs and PDFs give information on:

• the nuclear / hadronic structure in terms of quarks and gluons;

• the initial state of relativistic heavy-ion collisions, 

   to use perturbative probes of the Quark Gluon Plasma to study its properties

• nPDFs cannot be computed 

and similarly, to the proton PDFs are fit to experimental data. 

Only the evolution is perturbative

Framework - PDFs

6

• Collinear factorization in terms of nPDFs is assumed and should be tested case by case

• Automating computations of cross sections with nPDFs up to NLO is highly desirable



Quark nPDFs
Since the early 1980s, from the ratio of structure functions 𝐹2 , we know that the nuclei are not a simple 

collection of free nucleons. 

In other words, nPDFs deviate from a simple sum of nucleon PDFs. To study such deviations, it is

customary to rely on NMFs, like:

𝑅 𝐹2
ℓ𝐴 =

𝐹2
ℓ𝐴

(𝑍𝐹2
ℓ𝑝

+ 𝐴 − 𝑍 𝐹2
ℓ𝑛)

One expects:

• 𝑅𝑞
𝐴 >1 for x ≳ 0.8 (Fermi-motion region),

• 𝑅𝑞
𝐴 <1 for 0.25 ≲ x ≲ 0.8 (EMC region), 

• 𝑅𝑞
𝐴 >1 for 0.1 ≲ x ≲ 0.25 (antishadowing region)

• 𝑅𝑞
𝐴 <1 for x ≲ 0.1 (shadowing region)

• 𝑅𝑞
𝐴 ~ 1: absence of nuclear effects

𝑅𝑖
𝐴(𝑥, 𝜇𝐹) =

𝑍𝑓𝑖
𝑝/𝐴

+ 𝐴 − 𝑍 𝑓𝑖
𝑛/𝐴

𝑍𝑓𝑖
𝑝

+ 𝐴 − 𝑍 𝑓𝑖
𝑛
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arXiv:1712.07024v2 [hep-ph] 



Nuclear Modification Factors

We can define nuclear modification factors 𝑅𝐴𝐴, 𝑅𝑝𝐴 :

𝑅𝑝𝐴 ≡
𝜎𝑝𝐴

1 × 𝐴 × 𝜎𝑝𝑝

𝑅𝐴𝐵 =
𝜎𝐴𝐵

𝐴𝐵 𝜎𝑝𝑝

For rare/hard probes 𝜎𝑁𝑁
𝑝𝑟𝑜𝑏𝑒

≪ 𝜎𝑁𝑁
𝑖𝑛𝑒𝑙  

𝜎𝐴𝐵
𝑝𝑟𝑜𝑏𝑒

= 𝐴 × 𝐵 × 𝜎𝑁𝑁
𝑝𝑟𝑜𝑏𝑒

[Each probe is produced independently] 

These factors are defined such that:

𝑅𝑝𝐴 ~ 1: absence of nuclear effects

9



nPDFs and event generators

Any PDFs can be used in up to NLO like proton PDFs with LHAPDF library 

Currently only the symmetric mode is implemented 

Reminder: we assume that

• the factorization of the cross section even in presence of nuclear effects 

• all the nuclear effects can be accounted by nPDFs and thus can be computed by 

event generators.
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MG5_aMC@NLO
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• Matrix element generator written in Python

• 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 additional CPU time (but 

only for symmetrical beam species)

• Scale and PDF uncertainties automatically 

computed and stored

11



Framework – Collinear factorization
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Cross sections in collinear factorization and perturbative QCD

𝑑𝜎 = σ𝑎,𝑏 ׬ 𝑑𝑥𝑎𝑑𝑥𝑏𝑓𝑎( 𝑥𝑎, 𝜇𝐹; 𝐿𝐻𝐴𝐼𝐷)𝑓𝑏(𝑥𝑏 , 𝜇𝐹; 𝐿𝐻𝐴𝐼𝐷) 𝑑 ො𝜎𝑎𝑏→𝑋(ෝ𝑠, 𝜇𝐹,𝜇𝑅)

• Asymmetric collisions for hadron-hadron     done by Anton Safronov 

• Photoproduction       done by Laboni Manna

𝑑𝜎𝐴𝐵→𝑋 = σ𝑎,𝑏 ׬ 𝑑𝑥𝑎𝑑𝑥𝑏 𝑓𝑎
𝐴( 𝑥𝑎 , 𝜇𝐹; 𝐿𝐻𝐴𝐼𝐷1)𝑓𝑎

𝐵(𝑥𝑏 , 𝜇𝐹; 𝐿𝐻𝐴𝐼𝐷2) 𝑑 ො𝜎𝑎𝑏→𝑋(ෝ𝑠, 𝜇𝐹,𝜇𝑅)

𝑑𝜎𝛾𝐻→𝑋 = σ𝑒,ℎ ׬ 𝑑𝑥𝛾𝑑𝑥ℎ𝑓𝛾
𝑒  ( 𝑥𝛾; 𝑄𝑚𝑎𝑥

2 )𝑓ℎ
𝐻(𝑥𝑏 , 𝜇𝐹; 𝐿𝐻𝐴𝐼𝐷)𝑑 ො𝜎𝛾ℎ→𝑋(𝑥𝛾, 𝑥ℎ, 𝜇𝐹,𝜇𝑅)

PoS(EPS-HEP2023)274

https://pos.sissa.it/449/274/


𝐶ℎ𝑎𝑟𝑚 𝑞𝑢𝑎𝑟𝑘 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

Example: c production in pPb collision at LHC 

For charm production, 𝝁𝑭 uncertainty nearly as large as the nPDF uncertainty
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JHEP 10 (2017) 090, arXiv:1707.02750 [hep-ex].

Helac-Onia

Scale and PDF uncertainties are automatically computed



𝐶ℎ𝑎𝑟𝑚 𝑞𝑢𝑎𝑟𝑘 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

Example: c production at fixed-target collisions at LHC 

In this case, 
Both scale variation (𝝁𝑭, 𝝁𝑹) is much larger then nPDF 

uncertainty
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Helac-Onia

arXiv:1810.07907v3 [hep-ex] 17 Oct 2019



𝐵𝑜𝑡𝑡𝑜𝑚 𝑞𝑢𝑎𝑟𝑘 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 

Example: b production in pPb collision at LHC 
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Phys. Rev. D99 no. 5, (2019) 052011, arXiv:1902.05599 [hep-ex].

𝜇𝐹 = [ 0.5, 1, 2 ] 𝜇𝑅 

Helac-Onia



Example: Drell-Yan production in 𝝅𝑾 collision
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𝜏 =
𝑚𝑙𝑙

2

𝑠

𝑥𝐹 = 𝑥𝑝𝑖𝑜𝑛 − 𝑥𝑛𝑢𝑐𝑙𝑒𝑢𝑠

𝑥𝑝𝑖𝑜𝑛 = 𝜏𝑒𝑌

𝑥𝑛𝑢𝑐𝑙𝑒𝑢𝑠 = 𝜏𝑒−𝑌

4.05 GeV/c < 𝑚𝑙𝑙< 8.55 GeV/c

Phys.Rev.D 39 (1989) 92-122



Example: Drell-Yan production in 𝝅𝑾 collision
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arXiv:2103.02159v2 [hep-ph] 30 Nov 2021

Phys.Rev.D 39 (1989) 92-122

• For all 𝝉 regions and bins, differences do not exceed 5-10% percent range 

• Results match well those produced by the JAM collaboration 

• Small differences, could arise from instabilities that relate to Monte-Carlo 

algorithms and very narrow regions of invariant masses of muon pairs

𝜏 =
𝑚𝑙𝑙

2

𝑠



Example: Drell-Yan production in 𝝅𝑾 collision
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Photoproduction at EIC
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𝑅𝑒𝐴 =
𝜎𝑒𝐴

𝐴 𝜎𝑒𝑝
≡ 𝑅𝑔 (at LO)

EMC

Anti-shadowing

Shadowing

𝑊𝛾𝑁 = (𝑃𝛾 + 𝑃𝑁)



Photoproduction at EIC
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𝑅𝑒𝐴 =
𝜎𝑒𝐴

𝐴 𝜎𝑒𝑝
≡ 𝑅𝑔 (at LO)

EMC

Anti-shadowing

Shadowing

𝑊𝛾𝑁 = (𝑃𝛾 + 𝑃𝑁)
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𝑅𝑒𝐴 =
𝜎𝑒𝐴

𝐴 𝜎𝑒𝑝
≡ 𝑅𝑔 (at LO)

Measurement of the J/Psi production leads 
to accuracy improvements of the PDFs

(reweighting)

arXiv:2012.11462v2 [hep-ph] 8 Jan 2021

Photoproduction at EIC
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Photoproduction at EIC
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Photoproduction at EIC
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Photoproduction at EIC
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Photoproduction at EIC
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Conclusions

• Using collinear factorization and MadGraph5 it became possible to make:
• The first NLO fixed-order calculation of A-B and 𝜸𝑵 collisions

• Quarkonium production is still not possible by MG5, 

but soon will be developed by Chris and Alice 

• New codes are flexible in terms of PDFs due to the usage of the LHAPDF libraries
• This makes possible NLO predictions for charm mesons (like D0) or bottom mesons (like B+, B0) 

productions at LHC

• Usage of PDFs for photon or pion is also possible

• Predictions done by Helac-Onia and MG5 for

NMFs in 𝐞𝑨𝒖 collisions (photoproduction at EIC) shown in terms of:
• rapidity of the 𝑱/𝝍 and 

• c.m.s energy of the 𝜸𝑵



Backup
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Validations of MG5 in asymmetric collisions 

Validation vs MCFM for W production in proton-lead collisions at NLO
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• Very good agreement between MG5 and MCFM-based computations both for central value and uncertainties
• Uncertainties match, if MCFM-based computation done with asymmetric error estimation 



Validations of MG5 in asymmetric collisions 

arXiv:2204.10640v1 [nucl-ex]

Validation vs MCFM for CT14 + EPPS16 for W production at NLO
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• Good agreement between MG5 and MCFM-based computations for EPPS16

• Good agreement between MG5 and experimental data

• Slight difference in the uncertainty since MCFM-based computation done with symmetric uncertainties 



MadGraph in NLOAccess

About NLOAccess:

• available tools: HELAC-Onia, MG5_aMC@NLO

• secure two-step registration process 

• protected OwnCloud storage is given 

• file input as first way to submit a run 

• live user run status 

• user run history 

• guided input file creation and submission both 

for HELAC-Onia and MG5

https://nloaccess.in2p3.fr/ 

MG5_aMC@NLO is now available online with its full NLO version on 

NLOAccess (https://nloaccess.in2p3.fr/MG5/)

MG5 extension to asymmetric collisions will be 
included on NLOAccess

35

https://nloaccess.in2p3.fr/MG5/
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