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i=u,ū,d,d̄,···

Z 1

0

dx fi(x, µF ) σ̂e+i→f (k
µ = xPµ, Q2, · · · )

Calculating hadronic cross sections

University of Buenos Aires & University of TübingenRamiro Tomas Martinez,



e−p → e− +X
Parton Distribution functions (PDFs)

Deep Inelastic Scatering  (DIS)

proton

   Partonic
Cross section

Next to Leading Order
         NLO

Leading Order
      LO

NNLO

kµ = xPµ

0 ≤ x ≤ 1

dσe+p→f (P,Q
2) =

X
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Calculating hadronic cross sections

Deep Inelastic Scatering  (DIS) e−p → e− +X

dσA+B→f (PA, PB) =
�

a,b

� 1

0

dxa dxb fa(xa, µF )fb(xb, µF ) dσ̂a+b→f (xaPA, xbPB)
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dσe+p→f (P,Q
2) =

X

i=u,ū,d,d̄,···

Z 1

0

dx fi(x, µF ) σ̂e+i→f (k
µ = xPµ, Q2, · · · )

soft part hard part

soft part hard part

Proton-Proton collision - pp → X

Parton Distribution functions (PDFs)

kµ = xPµ

0 ≤ x ≤ 1

parton (quark or gluon)

Proton

Universality
        PDFs are
process-independent

Factorization
   Theorem
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Pqq(x) = CF
1 + x2

1− x

Pgq(x) = CF
1 + (1− x)2

x
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µ
∂

∂µ
fi(x, µ) =

�

j

� 1

x

dξ

ξ
Pij

�
x

ξ

�
fi(ξ, µ)

Pqg(x) = TR

�
x2 + (1− x)2

�

Pgg(x) = · · ·

µF =
√
10 GeV µF = 100 GeV

DGLAP

Scale evolution of PDFs (and FFs)

As the energy scale increases,
the gluon density generally
increases

Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) equations (1970s)

The scale evolution is
calculable using pQCD
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The kernels are calculated using pQCD
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Processes with hadrons in the final state
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Cross section

Fragmentation Functions (FFs)

Fragmentation Functions for Pions
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dσ(Q) =
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e.g.
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h could be any hadron

0 ≤ z ≤ 1

h = π0, π±, K ′s, η, p, Λ0, · · ·
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Processes with hadrons in the final state

    Partonic
Cross section

Fragmentation Functions (FFs)

Fragmentation Functions for Pions

e+ + e− → h+X

dσ(Q) =
X

i

Z 1

0

dz σ̂i(Q/µF )Di(z, µF )

e.g.

Scale evolution described by
the Altarelli–Parisi equations
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h could be any hadron

0 ≤ z ≤ 1

h = π0, π±, K ′s, η, p, Λ0, · · ·



√
s = 10 GeV

√
s = 30 GeV

χ2 =
�

i

(Di − Ti)
2

σ2
i

Ni, αi, βi

σ(e+ + e− → h+X)

Di(z, µ0) = Ni z
αi(1− z)βi

    How do we determine
fragmentation functions from data?

Function to be
  minimized

prediction of
perturbative QCD

pQCD calculation of
  the cross section.

e.g. Experimental data from
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Typical observables involving hadron production

p+ p → h+Xe+ + e− → h+X

q + q̄

h
e+

e− q̄

q

q

q̄
h

h

e−

qi
p

qi

h

e− + p → e− + h+X

e−

dσ =
�

i=u,ū,d,···
fi ⊗ dσ̂i ⊗Di

h

p

p
h

p

p
h

dσ =
�

i,j,k

fi ⊗ fj ⊗ dσ̂ij→k ⊗Dkdσ =
�

i=u,ū,d,···
dσ̂i ⊗Di

Sensitive to different quark flavorsSensitive to              combinations Sensitive to gluons
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h = π0, π±, K ′s, η, p, Λ0, · · ·



Ramiro Tomas Martinez, University of Buenos Aires & 
University of Tübingen 8

arXiv: 2507.04887v1
Phys. Rev. D 113, 092012 (2026)

Our Work… ❖ C. A. Aidala, D. A. Loomis, R. T. Martinez, R. Sassot, M. Stratmann ()



Ramiro Tomas Martinez, University of Buenos Aires & 
University of Tübingen

❖ Extraction of η-meson fragmentation functions (FFs) 
at Next to Leading Order (NLO)

8

arXiv: 2507.04887v1
Phys. Rev. D 113, 092012 (2026)

Our Work… ❖ C. A. Aidala, D. A. Loomis, R. T. Martinez, R. Sassot, M. Stratmann ()



Ramiro Tomas Martinez, University of Buenos Aires & 
University of Tübingen

❖ Extraction of η-meson fragmentation functions (FFs) 
at Next to Leading Order (NLO)

8

arXiv: 2507.04887v1
Phys. Rev. D 113, 092012 (2026)
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❖ 2010 —> First extraction of η FFs   (AESSS)
❖ C. A. Aidala, F. Ellinghauss, R. Sassot, J. P. Seele, M. Stratmann

❖ Phys. Rev. D 83, 034002 (2011) arXiv: 1009.6145v2

❖ Used the data available at the time
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After a decade and a half of LHC data...
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What happens if we 
perform a new fit 
using the new data?
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consistent description of the 

data sets over the full 
energy range.
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This is not the   
end of QCD  :)
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Observables in the forward region

Beam axis

Pseudorapidity

y = − ln [tan(θ/2)]

LHCb detector
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R. Sassot, P. Zurita, M. Stratmann 
Phys.Rev.D82(2010) 074011 

⟨ xi ⟩ ≡
∫ dxi xi

dσ
dxidpT

∫ dxi
dσ

dxidpT

, ⟨ z ⟩ ≡
∫ dz z dσ

dzdpT

∫ dz dσ
dzdpT

Observables in the forward region
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All data included in the fit
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Extracted η fragmentation functions
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https://github.com/rt-martinez/ALMSS25_ETA_nlo


Our FF set is publicly available in LHAPDF format.
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❖ The previous extraction tended to overestimate the η meson production cross 
sections measured by ALICE at high center-of-mass energies.

❖ By performing a new global fit including all currently available data, this 
tension can be significantly reduced.

❖ The main change in the new extraction is a softer gluon fragmentation 
function, which leads to a better description of the high-energy 
measurements.

❖ The resulting FF set provides a consistent description of the available data 
over a broad range of center-of-mass energies.

16

Conclusions



Thank you     :)



Backup
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Fit setup and data sets

Parametrization
Dη

i (z, μ0) = Ni zαi (1 − z)βi [1 + γi (1 − z)δi]
μ0 = 1 GeV

i = u, ū, d, ⋯, g

initial scale
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Fit setup and data sets

|η⟩ = |uū⟩ + |dd̄⟩ − 2|ss̄⟩

Dη
u = Dη

ū = Dη
d = Dη

d̄

Dη
s = Dη

s̄ = Ns Dη
u

Light quarks

Parametrization
Dη

i (z, μ0) = Ni zαi (1 − z)βi [1 + γi (1 − z)δi]
μ0 = 1 GeV

i = u, ū, d, ⋯, g

initial scale
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Fit setup and data sets

|η⟩ = |uū⟩ + |dd̄⟩ − 2|ss̄⟩

Dη
u = Dη

ū = Dη
d = Dη

d̄

Dη
s = Dη

s̄ = Ns Dη
u

Light quarks

Parametrization
Dη

i (z, μ0) = Ni zαi (1 − z)βi [1 + γi (1 − z)δi]
μ0 = 1 GeV

i = u, ū, d, ⋯, g

initial scale

Dη
c (z, mc) = Dη

c̄(z, mc) = Nc zαcDres
c (z, mc)

Dη
b(z, mb) = Dη

b̄
(z, mb) = Nb zαbDres

b (z, mb)

Dh+

i = Dπ+

i + DK+

i + Dp
i + Dres+

i

Heavy quarks 15 parameters
to be determined

PDFs:  MSHT20NLO  -  Eur.Phys.J.C 81 (2021) 341 (2012.04684)
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What happens if we 
perform a new fit 
using the new data?

Fitted κ
Factors
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Extracted η fragmentation functions
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300 FFs replicas
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Example of a cross-section calculation with uncertainties



LQCD

σ
�
e+e− → X

�

N3LO
Leading order
      (LO)

Next to leading order
          (NLO)

Next to next to leading order
              (NNLO)

Key ingredients in the calculation of a cross section

1) The theory Lagrangian Feynman rules are derived using quantum field theory (QFT)

2) Calculate the relevant diagrams for the process under consideration. e.g.

σ(Q) ∼
�

n

αn
s (µR)Cn(Q/µR)

µR
dαs

dµR
= β(αs) = β0

α2
s

2π
− β1

α3
s

(2π)2
+ · · ·

RGE  -  Renormalization Group Equations

αs(µ0)

αs

µ0
µR

3) Divergences and the evolution of αs

       Renormalization
              scale
µR :

Value to be
determined

Running predicted
by pQCDPerturbative expansion

αs(µR) =
αs(µ0)

1 + β0
αs(µ0)

2π ln
�

µ2

µ2
0

�

µ0 = mZ = 91.2 GeV

Reference scale

typically chosen as

LO solution
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µR = Q =
√
s

αs(µR) =
αs(µ0)

1 + β0
αs(µ0)

2π ln
�

µ2

µ2
0

�

σ(Q) ∼
�

n

αn
s (µR)Cn(Q/µR)

µR
dαs

dµR
= β(αs) = β0

α2
s

2π
− β1

α3
s

(2π)2
+ · · ·

RGE  -  Renormalization Group Equations

PDG QCD  Rev.  -  Phys. Rev. D110, 030001 (2024)
Fitting procedure
- A set of observables is considered
      * Experimental measurements
      * Theoretical calculations at a given perturbative order
- A renormalization scale is chosen. e.g. 

Perturbative expansion

       Renormalization
              scale
µR :

LO solution
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DH
q (z) ∝

�
dx− e−iP+

Hx−/z Tr
�
γ+�0|Ψ(0)P |H(P+

H )X��H(P+
H )X|P � Ψ̄(x)|0�

�

µ = 10 GeV

z z

D(z, µ)
µ0 = 1 GeV

D(z, µ0)

Di(z, µ0) = Ni z
αi(1− z)βi

µ
∂

∂µ
Di(z, µ) =

�

j

� 1

z

dζ

ζ
Pij

�
x

ζ

�
Di(ζ, µ)

Ni, αi, βi

The non-perturbative nature of FFs

PDFs and FFs at a given scale can, in principle, be calculated using QCD

Parameters to
be determined

It has no perturbative
        expansion

           Evolution governed by
the Altarelli–Parisi equations

We propose an ansatz
   (parametrization)
    at an initial scale
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σ̂
(0)
ab (Q,µR, µF )

σ̂
(1)
ab (Q,µR, µF )

NLO

σNLO(Q,µR, µF ) =
�

ab

fa(µF )⊗ fb(µF )⊗ σ̂
(0)
ab +

αs(µR)

2π

�

ab

fa(µF )⊗ fb(µF )⊗ σ̂
(1)
ab

µR = µF = Q

 

Q

2
≤ µi ≤ 2Q

arXiv: 2102.07607  -  Phys.Rev.Lett. 127 (2021) 7

LO

We have to choose
values for the scales

We can ask what
    happens if...

     Residual
dependence on
      μR, μF

Scale uncertainty
band

Scale dependence (bands)
decreases as the
perturbative order
increases

Dependence of the cross section σ on the scales μR, μF

 Truncated
perturbative
     series

e.g.

       At all orders,
    the cross section
would be independent
         of μR, μF
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