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Big amount of information collected in the last decades regarding hadron production through 
fragmentation functions. 
We still need to improve our knowledge on fragmentation functions focusing on specific hadrons.

The  baryon has a simple structure:  

u and d quarks form a spin-0 isospin singlet state 
the  spin is carried almost entirely by the strange quark

Λ0

Λ0

u d

s

State of the art of fits  (for unpolarized  FF) 
D. De Florian, M. Stratmann, W. Vogelsang (1998) , SIA data from LEP, TASSO, CELLO, HRS, SLD


S. Albino, B. A. Kniehl, G. Kramer      (2006)  SIA data with  
                                                            (2008)  SIA data with   ,  collisions (BRAHMS, PHENIX, STAR)


F. A. Ceccopieri, D. Mancusi (2013),  in target fragmentation region 

J. Gao, C. Liu, M. Li, X. Shen, H. Xing, Y. Zhao, Y. Zhou (2025) 

Λ

s = MZ
s ≤ MZ pp(p̄)

Λ

new global fit including SIA, SIDIS, pp collisions 2025 ⟶
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Experiment Observable     (GeV)
ARGUS Multiplicity 10
BELLE Cross section 10.52

TASSO @ 14,22,34 
GeV

Cross section 14,22,34
TASSO @ 33.3 Cross section 33.3

TASSO @ 34.8,42.1 
GeV

Cross section 34.8, 42.1
CELLO Multiplicity 35

HRS Cross section 29
MARK II Cross section 29
ALEPH Multiplicity 91.2

DELPHI @ 91 GeV Multiplicity 91.2
OPAL Multiplicity 91.2

SLD unt, uds-tag, c-
tag, b-tag

Multiplicity 91.2

DELPHI @ 183,189 Multiplicity 183,189

Experiment Observable     (GeV)
Chicago-Harvard 

-Illinois-Oxford @ 
Fermilab

Multiplicity 20

EMC Multiplicity 23.5

E665 Multiplicity 30

H1 Multiplicity 300
ZEUS Multiplicity 318

SIA 
NC SIDIS 

s
s
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Experiment Observable     (GeV)

STAR Multiplicity 200

CDF Multiplicity 630 & 1800

ALICE Multiplicity 7000 & 13000

pp collisions 
sExperiment Observable      (GeV)

NOMAD Cross section 45.3 

ABCMO Multiplicity 43

Chang et al. 
(Fermilab) Multiplicity >10

WA59 Multiplicity 44.2

CC SIDIS 
< Eν >

1
N

d2NΛ

dpTdy
 or  1

N
d3NΛ

dp3
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dσh

dz
(z, Q) =

4πα2

Q2
Fh

2(z, Q)

Fh
2(z, Q) =

1
nf

nf

∑
q

e2
q(Q)[CS

2,q (z, αs(Q)) ⊗ Dh
Σ (z, Q) + CNS

2,q (z, αs(Q)) ⊗ Dh
NS (z, Q) + CS

2,g (z, αs(Q)) ⊗ Dh
g (z, Q)]

 

 

Q2 = q2

z =
2Ph ⋅ q

Q2

s = Q l+(k1) + l−(k2) → Λ(PΛ) + X

SINGLE INCLUSIVE 
ANNIHILATIONSIA 

kinematics 

Differential cross section

Fragmentation structure function 

} Λ
Dh

q

q̄

ℓ−

ℓ+

k1

k2 γ*, Z

NNPDF Collaboration, V. Bertone et al.,  
Eur.Phys.J.C 77 (2017) 8, 516

THEORETICAL BASIS 
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SIA          Treated as in S. Albino, B. A. Kniehl, and G. Kramer (2008)⟶ z = z (xp, mh)

z(ph, mh) =
2

s
(p2

h + m2
h)1/2

z(xp, mh) = xp (1 +
4m2

h

x2
ps )

1/2

z(ξ, mh) = e−ξ (1 + 4e2ξ m2
h

s )
1/2

z =
Eh

Eb
=

2Eh

s
xp =

ph

pb
=

2ph

s

ξ = ln(1/xp)
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d3σ
dxdQdz

=
4πα2

xQ3
[(1 + (1 − y)2F2(x, z, Q) − y2FL(x, z, Q)]

 

 

 

Q2 = − q2

x =
Q2

2p ⋅ q

z =
P ⋅ Ph

P ⋅ q

y =
Q2

xs

  


                                                            

Fi(x, z, Q) = x∑
qq̄

e2
q [(Ci,qq(x, z, Q) ⊗ fq(x, Q) + Ci,qg(x, z, Q) ⊗ fg(x, Q)) ⊗ DΛ

q (z, Q)
+ (Ci,gq(x, z, Q) ⊗ fq(x, Q)) ⊗ DΛ

g (z, Q)] i = 2,L

ℓ(k) + N(P) → ℓ(k′￼) + Λ(PΛ) + X

SIDIS 
Kinematics } ΛDh

q

ℓ

P fP
q } X

ℓ

k
k′￼

γ*, Z

Differential cross section

Fragmentation structure function within collinear factorisation  (Q ≫ ΛQCD)

SEMI INCLUSIVE 
DIS

R. A. Khalek et al., 
Phys.Rev.D 104 (2021) 3, 034007

MAPFF1.0
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SIDIS      Most datasets provide                 ⟶
1
σT

dσh

dxF      current fragmentation region xF > 0

     target fragmentation region    xF < 0
⟶
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Most datasets provide               
1
σT

dσh

dxF

     target fragmentation region    xF < 0

     current fragmentation region xF > 0

} Λ
Dh

q

ℓ

P fP
q

ℓ
k

k′￼

γ*, Z

Handled with fracture functions  
F. A. Ceccopieri, D. Mancusi (2013)  

⟶
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dM
dz

= [∫
Qmax

Qmin

dQ∫
xmax

xmin

dx∫
zmax

zmin

dz
d3σ

dxdQdz ]/[Δz ∫
Qmax

Qmin

dQ∫
xmax

xmin

dx
d2σ

dxdQ ] R. A. Khalek et al., 
Phys.Rev.D 104 (2021) 3, 034007

MAPFF1.0

Integrated multiplicity

Most datasets provide               
1
σT

dσh

dxF

     target fragmentation region xF < 0

     current fragmentation region xF > 0
} ΛDh

q

ℓ

P fP
q

ℓ
k

k′￼

γ*, Z

Q2

 We restrict to      for proper SIDIS analysis xF > 0

⟶

⟶ z =
xF

2
1 + (1 +

4M2
Λ

x2
FW2 )

1/2

z = xF
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Bin by bin integration

dM
dz

= [∫
Qmax

Qmin

dQ∫
xmax

xmin

dx∫
zmax

zmin

dz
d3σ

dxdQdz ]/[Δz ∫
Qmax

Qmin

dQ∫
xmax

xmin

dx
d2σ

dxdQ ] R. A. Khalek et al., 
Phys.Rev.D 104 (2021) 3, 034007

MAPFF1.0

Integrated multiplicity

SIDIS HADRON MASS EFFECTS

Whole range of integration in x and Q 
(as specified by the collaboration)   

Experiment   range x range

CHIO @ Fermilab 4 <      < 50 0.001 < x < 1

EMC     > 4 0.02 < x < 1

E665     > 1 0.003 < x < 1

H1 10 <     < 70 0.0001 < x < 0.01

ZEUS 10 <    < 10240 0.001< x < 0.75

Phase space reduction 

Qmax < s

 xmin = max [xcollab
min ,

Q2

symax ]
xmax = min [xcollab

max ,
Q2

symin
,

Q2

Q2 + W2 ]

Q2

Q2

Q2

Q2

Q2

Q2

/ 21
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𝒢 (x(k)) ∝ exp [(x(k) − μ)T C−1 (x(k) − μ)]

Cij = δijσ2
i,unc + ∑

β

σ(β)
i,corrσ

(β)
j,corr

x(k) = μ + L ⋅ r(k)

1
Nrep

Nrep

∑
k

x(k)
i ≃ μi,

1
Nrep

Nrep

∑
k

x(k)
i x(k)

j ≃ μiμj + Cij

• Statistical framework 
relies on Monte Carlo 
sampling method

Data is assumed to be sampled from a multivariate Gaussian distribution:

With ,  replicas of a set of  values   x(k) = {x(k)
1 , x(k)

2 , …, x(k)
Ndat

} k = 1,…, Nrep Ndat

 expectation values = measured dataμ = {μ1, μ2, …, μNdat
}

Elements of the covariance matrix 

Generation of replicas using the Cholesky decomposition  L, (C = L ⋅ LT)

With  such that r(k)
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Computation of SIA and SIDIS cross sections 
 

 

Perturbative expansion of the coefficient functions  (NLO and NNLO) 

 
 

DGLAP Evolution of FFs 


PDF for SIDIS

dσh

dz
(z, Q) =

4πα2

Q2
Fh

2(z, Q)

d3σ
dxdQdz

=
4πα2

xQ3
[(1 + (1 − y)2F2(x, z, Q2) − y2FL(x, z, Q2)]

C(x, z, Q) = ∑
n

( αs(Q)
4π )

n

C(n)(x, z)



Alessia Bongallino MAP Meeting 202515

METHODOLOGY
IWHSS 
QCD-N

2 

2 
5

/ 21

z DΛ
i (z, μ0 = 5 GeV) = (𝒩i (z, θ) − 𝒩i (1,θ))2

z

H1

H2

H20

N1

N7

N6

N5

N4

N3

N2

⋮

DΛ
u , DΛ

d , DΛ
s , DΛ

ū = DΛ
d̄ = DΛ

s̄ , DΛ
c+, DΛ

b+, DΛ
g

7 independent flavours 

• NNAD 

Parameterisation choice: 
single one-layered feed-forward Neural Network 

𝒩i (z, θ)

input node: 
momentum fraction

output nodes: 
independent flavours

hidden layers  
with sigmoid 

activation function f + = f + f̄

NN parameterisation and 
analytical derivatives 
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z DΛ
i (z, μ0 = 5 GeV) = (𝒩i (z, θ) − 𝒩i (1,θ))2

Parameterisation

DΛ
u , DΛ

d , DΛ
s , DΛ

ū = DΛ
d̄ = DΛ

s̄ , DΛ
c+, DΛ

b+, DΛ
g

7 independent flavours 

χ2(k) ≡ (T(θ(k)) − x(k))T C−1 (T(θ(k)) − x(k))

Propagation of PDF correlated uncertainties for SIDIS using the NNPDF31_n(n)lo_pch_as_0118  set 

Minimisation algorithm: Levenberg-Marquardt implemented in Ceres-solver 

z

H1

H2

H20

N1

N7

N6

N5

N4

N3

N2

⋮
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z
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10°1

100

101

TASSO 33 GeV §§̄

MAPLAMBDA N2LO wmc

0.1 0.2 0.3 0.4 0.5
z

0.75
1.00
1.25

R
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io
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D
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10°2

10°1

100

OPAL §§̄ 91.2 GeV

MAPLAMBDA N2LO wmc

0.1 0.2 0.3 0.4 0.5 0.6 0.7
z

1.00
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R
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D
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10°3

10°2

10°1

100

ALEPH §§̄ 91.2 GeV

MAPLAMBDA N2LO wmc

0.2 0.4 0.6 0.8
z

0.5

1.0

1.5

R
at

io
to

D
at

a

10°2

10°1

ZEUS 160-640 GeV 2§§̄

MAPLAMBDA N2LO wmc

0.2 0.4 0.6 0.8
z

2

4

R
at

io
to

D
at

a

Preliminary
Preliminary

Preliminary
Preliminary

Preliminary
Preliminary

Experiment ω2 per point Ndat after cuts

SIDIS

E665 ! 0.27 4

E665 !̄ 1.22 3

EMC ! 0.92 4

EMC !̄ 0.18 3

H1 !!̄ 0.78 2

CHIO Fermilab ! 0.02 4

CHIO Fermilab !̄ 0.01 4

ZEUS !!̄ 10-40 GeV2 0.02 1

40-160 GeV2 0.33 2

160-640 GeV2 0.65 4

640-2560 GeV2 0.09 3

2560-10240 GeV2 0.001 1

SIA !+ !̄

ALEPH 0.53 25

ARGUS 1.35 16

BELLE 0.40 15

CELLO 0.59 7

DELPHI 91.2 GeV 2.31 10

HRS 0.99 12

MARK II 2.09 13

OPAL 0.81 15

SLD B 0.57 8

SLD C 1.94 8

SLD UDS 2.09 8

SLD 0.66 16

TASSO 14 GeV 0.27 3

TASSO 22 GeV 0.53 4

TASSO 33 GeV 0.77 5

TASSO 34 GeV 0.74 7

TASSO 34.8 GeV 2.74 10

TASSO 42.1 GeV 1.02 4

Total 0.97 221

Table 1: Table from the fit with 7 independent flavours

1

0.97 221Total
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 Stable fit between NLO and N2LO   
  

ω2/Ndat

Experiment NLO N2LO

E665 ! 0.21 0.27

E665 !̄ 0.99 1.22

EMC ! 1.05 0.92

EMC !̄ 0.19 0.18

H1 !!̄ 0.78 0.78

CHIO Fermilab ! 0.02 0.02

CHIO Fermilab !̄ 0.01 0.01

ZEUS !!̄ 10-40 GeV2 0.06 0.02

40-160 GeV2 0.33 0.33

160-640 GeV2 0.68 0.65

640-2560 GeV2 0.08 0.09

2560-10240 GeV2 0.002 0.001

SIA !+ !̄

ALEPH 0.55 0.53

ARGUS 1.39 1.35

BELLE 0.49 0.40

CELLO 0.59 0.59

DELPHI 91.2 GeV 2.30 2.31

HRS 0.99 0.99

MARK II 2.12 2.09

OPAL 0.81 0.81

SLD B 0.63 0.57

SLD C 1.92 1.94

SLD UDS 2.04 2.09

SLD 0.67 0.66

TASSO 14 GeV 0.27 0.27

TASSO 22 GeV 0.53 0.53

TASSO 33 GeV 0.77 0.77

TASSO 34 GeV 0.73 0.74

TASSO 34.8 GeV 2.77 2.74

TASSO 42.1 GeV 1.01 1.02

Total 0.98 0.97

1

 Fit with only SIA data at N2LO  
→ χ2 = 1.04

10°2

10°1

Delphi 189 GeV §§̄ data

MAPLAMBDA N2LO wmc

0.05 0.10 0.15 0.20
z

0.0

2.5

R
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io
to

D
at

a

10°2

10°1

Delphi 183 GeV §§̄ data

MAPLAMBDA N2LO wmc

0.05 0.10 0.15 0.20
z

1

2

R
at

io
to

D
at

a

 Delphi data at 183 & 189 GeV excluded  
    χ2

183 = 2.3, χ2
189 = 2.42, χ2

tot = 1.05

0.97Total 0.98
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2 
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 dominates over u and d!DΛ
s
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 DΛ
u  vs DΛ

d
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RECAP: New steps towards a better comprehension of the  baryon production in fragmentation  
 

Λ

NEXT STEPS: Extend the analysis to  

 Determination of  unpolarized collinear fragmentation function 
from SIA and SIDIS NC data by means of Neural Network and Monte 
Carlo sampling method as statistical framework at NLO and N2LO


=0.97 at N2LO obtained requiring 7 independent flavours


Hadron mass corrections included

Λ

χ2

CC SIDIS 


pp collisions


Longitudinally polarised Λ

u d

s

⋮
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