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Abstract

We reproduced (almost consistently) LO pQCD differential

cross-sections for charged meson (𝜋±, K±, p, p̄) production

Used contemporary parton distribution functions (PDFs)

and fragmentation functions.

Compared with experimental data of p+p at√
𝑠 = 630, 2000, 5360 GeV.
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Introduction

In hard pQCD, processes with final-state hadrons are described

in terms of

Perturbative hard-scattering cross-sections d𝜎̂𝑖𝑗→𝑘𝑙

Non-perturbative structure functions𝑓𝐴
𝑖 (𝑥, 𝑄2),𝐷𝑓→ℎ(𝑧, 𝜇2

𝐹 )

Schematically,

d𝜎𝐴𝐵→ℎ+𝑋

dΦ
= ∑

𝑖,𝑗,𝑘
𝐷𝑘→ℎ ⊗ 𝑓𝐴

𝑖 ⊗ 𝑓𝐵
𝑗 ⊗ d𝜎𝑖𝑗→𝑘+𝑋

dΦ
(1)

Collins, Soper, & Sterman (1989), arXiv:hep-ph/0409313
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Structure Functions

DGLAP renormalisation group equation:

𝜕𝑓𝐴
𝑖 (𝑥, 𝑄2)
𝜕 ln𝑄2 = 𝛼𝑠(𝑄2)

2𝜋
∑

𝑗
∫

1

𝑥

𝑑𝑥′

𝑥′ 𝑃𝑖𝑗(𝑥′)𝑓𝐴
𝑗 (𝑥/𝑥′, 𝑄2) (2)

𝜕𝐷𝑖→ℎ(𝑧, 𝜇2
𝐹 )

𝜕 ln𝜇2 = 𝛼𝑠(𝜇2
𝐹 )

2𝜋
∑

𝑗
∫

1

𝑧′

𝑑𝑧′

𝑧
𝑃𝑗𝑖(𝑧′)𝐷𝑗→ℎ(𝑧/𝑧′, 𝜇2

𝐹 ) (3)
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Parton Distribution Functions

We used the CT18LO global fit.
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Yan, Hou, Nadolsky, & Yuan (2023), arXiv:2205.00137 [hep-ph]
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Strong Coupling Running

𝛽(𝛼𝑠) = d𝛼𝑠
d ln𝜇

= −𝛽0
𝛼2

𝑠
2𝜋

− 𝛽1
𝛼3

𝑠
(2𝜋)2 + 𝒪(𝛼4

𝑠) (4)
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𝛼(0)
𝑠 (𝜇) = 2𝜋

𝛽0(𝑁𝑓) ln( 𝜇
ΛQCD(𝑁𝑓)

)
,

𝛽0 =
11𝐶𝐴 − 4𝑇𝐹 𝑁𝑓

6
(5)

Callan (1970), Phys. Rev. D 2, 1541
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Parton Interaction Spectra

LO interaction cross-section of a hard 2-to-2 QCD vertex:

d𝜎̂𝑖𝑗→𝑘𝑙

d ̂𝑡
( ̂𝑠, ̂𝑡, 𝑢̂) = 𝜋𝛼2

𝑠
̂𝑠2 ∣⟨ℳ𝑖𝑗→𝑘𝑙( ̂𝑠, ̂𝑡, 𝑢̂)⟩∣2 (6)

gg  gg
gd  gd
du  du
pT- 4

αs2 (no units)
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ij

kl

dt
(G

eV
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4 )

Combridge, Kripfganz, & Ranft (1977)
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Parton Production Spectra

Parton pairs (𝑘, 𝑙) produced back-to-back in the transverse

plane have the LO cross-section

d𝜎𝐴𝐵→𝑘𝑙

d𝑝2
𝑇 d𝑦1 d𝑦2

= ∑
𝑖,𝑗

𝑥1𝑓𝐴
𝑖 (𝑥1, 𝑄2) 𝑥2𝑓𝐵

𝑗 (𝑥2, 𝑄2) d𝜎̂𝑖𝑗→𝑘𝑙

d ̂𝑡
(7)

So the inclusive cross-section to produce parton 𝑓 is

d𝜎𝐴𝐵→𝑓+𝑋

d𝑝2
𝑇 d𝑦𝑓

= ∫ d𝑦1 d𝑦2 ∑
⟨𝑘,𝑙⟩

d𝜎𝐴𝐵→𝑘𝑙

d𝑝2
𝑇 d𝑦1 d𝑦2

× [𝛿𝑘𝑓𝛿(𝑦𝑓 − 𝑦1) + 𝛿𝑙𝑓𝛿(𝑦𝑓 − 𝑦2)] 1
1 + 𝛿𝑘𝑙

(8)

Eskola & Honkanen (2003), arXiv:hep-ph/0205048
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Fragmentation Functions

We used the DSS dataset, containing 𝜋±, K±, p(p̄), h±

fragmentation functions from NLO combined analyses.
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de Florian, Sassot, & Stratmann (2007), arXiv:hep-ph/0703242
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Hadron Production Spectra

The inclusive cross-section to produce hadron ℎ is

d𝜎𝐴𝐵→ℎ+𝑋

d𝑞2
𝑇 d𝑦

= 𝐾(
√

𝑠) 𝐽(𝑚𝑇 , 𝑦) ∑
𝑓

∫ d𝑧
𝑧2 𝐷𝑓→ℎ(𝑧, 𝜇2

𝐹 )d𝜎𝐴𝐵→𝑓+𝑋

d𝑝2
𝑇 d𝑦𝑓

∣
𝑝2

𝑇 ,𝑦𝑓

(9)

𝐾(
√

𝑠) is the beyond-LO factor

The parton cross-section is evaluated at

𝑝𝑇 = 𝑞𝑇
𝑧

𝐽(𝑚𝑇 , 𝑦) , 𝑦𝑓 = arcsinh(𝑚𝑇
𝑞𝑇

sinh 𝑦)

The integral bounds are

2𝑚𝑇√
𝑠

cosh 𝑦 ≤ 𝑧 ≤ min (1, 𝑞𝑇
𝑝0

𝐽(𝑚𝑇 , 𝑦))

Eskola & Honkanen (2003), arXiv:hep-ph/0205048
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Hadron Production Spectra
(Pseudo)rapidity

𝜂 = arcsinh(𝑞𝑧/𝑞𝑇 ) , 𝑦 = arcsinh(𝑞𝑧/√𝑞2
𝑇 + 𝑚2) (10)
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Hadron Production Spectra

The inclusive cross-section to produce hadron ℎ is

approximately

d𝜎𝐴𝐵→ℎ+𝑋

d𝑞2
𝑇 d𝑦

∣
𝑞𝑇 ≫𝑚

≈ 𝐾(
√

𝑠) ∑
𝑓

∫ d𝑧
𝑧2 𝐷𝑓→ℎ(𝑧, 𝜇2

𝐹 )d𝜎𝐴𝐵→𝑓+𝑋

d𝑝2
𝑇 d𝑦𝑓

∣
𝑝2

𝑇 ,𝑦𝑓

(11)

𝐾(
√

𝑠) is the beyond-LO factor

The parton cross-section is evaluated at

𝑝𝑇 = 𝑞𝑇
𝑧

, 𝑦𝑓 = arcsinh(𝑚𝑇
𝑞𝑇

sinh 𝜂)

The integral bounds are

2𝑚𝑇√
𝑠

cosh 𝜂 ≤ 𝑧 ≤ min(1, 𝑞𝑇
𝑝0

)
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Hadron Production Spectra
Collision system

double precision :: sqrt_s = 5360.d0 ! CME (in units of pt)

character(*) :: h_strs(3) = ['p', 'He4', 'Pb208']

character(*) :: pdf_files_lo(3) = [
'CT18LO.LHgrid', &
'EPPS21nlo_CT18Anlo_He4.LHgrid', &
'EPPS21nlo_CT18Anlo_Pb208.LHgrid']

! Alternative LO proton-PDF files:
! 'HERAPDF20_LO_EIG.LHgrid'
! 'MMHT2014lo68cl.LHgrid'
! 'NNPDF40_lo_as_01180.LHgrid'

character(*) :: pdf_files_nlo(3) = ['CT18NLO.LHgrid', '', '']
! Alternative NLO proton-PDF files:
! 'CT18ANLO.LHgrid'
! 'MSHT20nlo_as118.LHgrid'
! 'NNPDF40_nlo_as_0118.LHgrid'
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Hadron Production Spectra
Outoing product

! Transverse momentum points in GeV
double precision :: pt_arr(*) = [2.d0, 3.d0, 4.d0, 5.d0, 6.d0, &
7.d0, 8.d0, 9.d0, 10.d0, 12.5d0, 15.d0, 17.5d0, 20.d0, 30.d0, &
40.d0, 50.d0, 60.d0, 70.d0, 80.d0, 90.d0, 100.d0]

! Rapidity range of produced hadron
double precision :: y_min = -1.d0
double precision :: y_max = 1.d0

! Outgoing (produced) hadron
integer :: specie = 4 ! 1: pi, 2: K, 3: p, 4: h
integer :: charge = 0 ! -1: -, 0: avg, 1: +
integer :: set = 0 ! 0: best fit, +-i: hessian vars
character(2) :: conf = '90' ! '90': 90%, '68': 68%
character(2) :: year = '07' ! '07': 2007, '21': 2021
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Hadron Production Spectra
Computation

! perturbative order
integer :: order = 1 ! 1: lo, 2: nlo

! Factorization scales squared (in units of pt**2)
double precision :: scale_pdf = 1.d0
double precision :: scale_alpha = 1.d0
double precision :: scale_ff = 1.d0

! Integration options
logical :: integrate_pt = .false.
logical :: integrate_eta = .true.
double precision :: eta_min = y_min
double precision :: eta_max = y_max

! Vegas integration arguments
double precision :: vegas_tolerance = 1.d-6
integer :: vegas_ncalls = 100000
integer :: vegas_iter_max = 5
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Hadron Production Spectra

CMS (2025)
K = 1.45263
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Hadron Production Spectra
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Thank you!

Questions
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Cross section phase space

d𝜎̂𝑖𝑗→𝑘𝑙 = 1
2 ̂𝑠

(4𝜋𝛼𝑠)2|⟨ℳ𝑖𝑗→𝑘𝑙⟩|2 dΦ (12)

dΦ = (2𝜋)4𝛿(4)(𝑝1 + 𝑝2 − 𝑝3 − 𝑝4) 1
2𝐸3

d3𝑝3
(2𝜋)3

1
2𝐸4

d3𝑝4
(2𝜋)3

=
⎧{
⎨{⎩

1
8𝜋 ̂𝑠

d ̂𝑡

1
16𝜋2 d𝑝2

𝑇 d𝑦1 d𝑦2

(13)

d𝜎̂
d𝑝2

𝑇 d𝑦1 d𝑦2
= 1

2𝜋
d𝜎̂
d ̂𝑡

(14)

Jack Brand A pQCD Baseline for Parton and Hadron Production Spectra


