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TMD formalism: factorization

https://inspirehep.net/literature/796530


Collins, “Foundations of Perturbative QCD” 

TMD factorization: TMD components
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Non-perturbative part of the TMD

b⇤-prescription
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Nanga Parbat: a MAP fit framework
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Accuracy Ndata χ2/Ndata

PV 17 

Bacchetta, Delcarro et al.

JHEP 06 (2017)

NLL 8059 1.55

SV 2019 

Scimemi, Vladimirov

JHEP 06 (2020)

N3LL— 1039 1.06

MAPTMD22 

Bacchetta, Bertone et al. 

JHEP 10 (2022)

N3LL— 2031 1.06

Available global fits
DY + SIDIS

Flavor independent 8



Our starting point: MAPTMD22 FI global fit
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Global fit: DY + SIDIS 

2031 data points
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MAPTMD22 FI global fit

L = ln ( μ2

μ2
b )

2031 data points

Perturbative accuracy: N3LL—

Accuracy H and C K and γF γK PDFs/FFs and αS evol.

LL 0 - 1 -

NLL 0 1 2 LO

NLL’ 1 1 2 NLO

NNLL 1 2 3 NLO

NNLL’ 2 2 3 NNLO

N3LL— 2 3 4 NNLO + NLO 

N3LL 2 3 4 NNLO

N3LL’ 3 3 4 N3LO

PDF: MMHT2014nnlo
FF:   DSS14-17 NLO
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11 parameters for TMD PDF  
+ 1 for NP evolution + 9 for TMD FF   

= 21 free parameters
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from the presence of components of the quark wave function with angular momentum
L = 1 [67–71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton flavor
a [23, 38, 73]. In the present analysis, however, we assume they are flavor independent.
The justification for this choice is that most of the data we are considering are not suffi-
ciently sensitive to flavor differences, leading to unclear results. We will devote attention
to this issue in further studies.

Finally, we assume that the Gaussian width of the TMD depends on the fractional
longitudinal momentum x according to

g1(x) = N1
(1− x)α xσ

(1− x̂)α x̂σ
, (2.38)

where α, σ, and N1 ≡ g1(x̂) with x̂ = 0.1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(zβ + δ) (1− z)γ

(ẑβ + δ) (1− ẑ)γ
, (2.39)

where β, γ, δ, and N3,4 ≡ g3,4(ẑ) with ẑ = 0.5 are free parameters.
The average transverse momentum squared for the distributions in eq. (2.36) and (2.37)

can be computed analytically:

〈
k2
⊥
〉
(x) =

g1(x) + 2λg21(x)

1 + λg1(x)
,

〈
P 2
⊥
〉
(z) =

g23(z) + 2λF g34(z)

g3(z) + λF g24(z)
. (2.40)

3 Data analysis

The main goals of our work are to extract information about intrinsic transverse momenta,
to study the evolution of TMD parton distributions and fragmentation functions over a large
enough range of energy, and to test their universality among different processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan and Z boson production from
different experimental collaborations at different energy scales. In this section we describe
the data sets considered for each process and the applied kinematic cuts.

Table 1 refers to the data sets for SIDIS off proton target (Hermes experiment) and
presents their kinematic ranges. The same holds for table 2, table 3, table 4 for SIDIS
off deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not specified otherwise, the theoretical formulas are
computed at the average values of the kinematic variables in each bin.

3.1 Semi-inclusive DIS data

The SIDIS data are taken from Hermes [74] and Compass [75] experiments. Both data
sets have already been analyzed in previous works, e.g., refs. [23, 76], however they have
never been fitted together, including also the contributions deriving from TMD evolution.

The application of the TMD formalism to SIDIS depends on the capability of identifying
the current fragmentation region. This task has been recently discussed in ref. [39], where
the authors point out a possible overlap among different fragmentation regions when the

– 10 –

gK(b2T ) = �g22
b2T
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MAPTMD22 parametrisation



Really good description: χ2/Ndata = 1 . 06

Number of fitted parameters: 21

Global fit of DY and SIDIS data: 2031 data points 

Perturbative accuracy: N3LL—

Normalization of SIDIS multiplicities beyond NLL  

MAPTMD22 summary
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Number of fitted parameters: 21

Global fit of DY and SIDIS data: 2031 data points 

Normalization of SIDIS multiplicities beyond NLL  

Same data sets

Same approach

Same parametrisation

(Still flavour independent)

MAPTMD22 improvement:   MAPTMD24
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Number of fitted parameters: 21

Global fit of DY and SIDIS data: 2031 data points 

Perturbative accuracy: full N3LL

Normalization of SIDIS multiplicities beyond NLL  

MAPTMD22 improvement:   MAPTMD24

Same data sets

Same approach

Same parametrisation

PDF: MMHT2014nnlo
FF: DSS14-17 

NNPDF31NNLO
MAPFF10NNLO

R. Abdul Khalek, V. Bertone, E. R. Nocera et al., PLB 834 (2022) 137456
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Number of fitted parameters: 21

Global fit of DY and SIDIS data: 2031 data points 

Perturbative accuracy: full N3LL

Normalization of SIDIS multiplicities beyond NLL  

Same data sets

Same approach

Same parametrisation

PDF: MMHT2014nnlo
FF: DSS14-17 

NNPDF31NNLO
MAPFF10NNLO

Not as good description: χ2/Ndata = 1 . 40

MAPTMD22 improvement:   MAPTMD24
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Number of fitted parameters: 21

Global fit of DY and SIDIS data: 2031 data points 

Perturbative accuracy: full N3LL

Normalization of SIDIS multiplicities beyond NLL  

Same data sets

Same approach

Same parametrisation

PDF: MMHT2014nnlo
FF: DSS14-17 

NNPDF31NNLO
MAPFF10NNLO

Not as good description: χ2/Ndata = 1 . 40 Improved 
framework 
but worse 

description. WHY?

MAPTMD22 improvement:   MAPTMD24
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TMD  
extraction

collinear 
configuration

χ2 /Ndata

DY SIDIS Total

MAPTMD22 MMHT+DSS 1.66 0.87 1.06

MAPTMD24 FI NNPDF+MAPFF 1.58 1.34 1.40

MAPTMD* χ2 comparison
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configuration
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MAPTMD* χ2 comparison
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configuration

χ2 /Ndata
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MAPTMD22 MMHT+DSS 1.66 0.87 1.06

MAPTMD24 FI NNPDF+MAPFF 1.58 1.34 1.40

SIDIS: convolution of TMD PDF x FF
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MAPTMD* χ2 comparison
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smaller uncertainties
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MAPTMD24 collinear configurations
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MMHT + DSS (MAP22)2405.13833

MAPTMD24 collinear configurations
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SIDIS e + p → e′￼+ π+ + X
e + p → e′￼+ π− + X
e + p → e′￼+ K+ + X
e + p → e′￼+ K− + X

+ D target

SIDIS

D target, unidentified final state

Drell-Yan in the initial stateqq̄

h

MAPTMD24: included processes 
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MAPTMD24: included processes 

SIDIS e + p → e′￼+ π+ + X
e + p → e′￼+ π− + X
e + p → e′￼+ K+ + X
e + p → e′￼+ K− + X

+ D target

SIDIS

D target, unidentified final state

Drell-Yan in the initial stateqq̄

h

HIGH sensitivity to

flavor dependence

LOW sensitivity to

flavor dependence
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MAPTMD24: need for flavor

Statement: introducing new FFs highlighted a tension between 
theory and  SIDIS data.


A possible solution is to introduce fl
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u, d
ū, d̄
s (sea)

p

u → K+, . . .
s̄ → K+, . . .
d → K+, . . .

K+

u → π+, . . .
d → π+, . . .

π+

Negative fragmenting mesons: charge conjugation

MAPTMD24 flavor parametrization
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 u, d, ū, d̄, sea

p

MAPTMD24 flavor parametrization

PDF: 5 sets of parameters 

FF: 5 sets of parameters 
favored and unfavored pion fragmentation; 

favored, unfavored and s-quark kaon fragmentation

(10x5) parameters for TMD PDF  
+ (9x5) for TMD FF   
+ 1 for NP evolution 

= 96 free parameters

Same parametrisation as MAPTMD22 but…
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MAPTMD24 extraction - Results 
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SIDIS data: really good agreement

MAPTMD24 - Results
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DY fixed: still really good agreement
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DY collider: quite good agreement
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MAPTMD24 - Results
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ū

s

2405.13833

MAPTMD24 - TMD PDF

36



0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|k?| [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

f
1
(x

,k
2 ?
,Q

,Q
2
)

f
1
(x

,0
,Q

,Q
2
)

Q = 2 GeV

x = 0.1
u

d

d̄

ū
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ū

s

Very different - behaviours!k⊥ It also changes with x
2405.13833

MAPTMD24 - TMD PDF

36



0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|k?| [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

f
1
(x

,k
2 ?
,Q

,Q
2
)

f
1
(x

,0
,Q

,Q
2
)

Q = 2 GeV

x = 0.1
u

d

d̄

ū
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ū

s

Very different - behaviours!k⊥ It also changes with x

The sea is the least constrained

2405.13833

MAPTMD24 - TMD PDF

36



0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|k?| [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

f
1
(x

,k
2 ?
,Q

,Q
2
)

f
1
(x

,0
,Q

,Q
2
)

Q = 2 GeV

x = 0.1
u

d

d̄

ū

s

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|k?| [GeV]

Q = 2 GeV

x = 0.01
u

d

d̄

ū
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The extractions of unpolarized quark TMDs through global fits have reached very 
high accuracy (NNNLL), we need to introduce flavor dependence to obtain good 
theory/data agreement

MAPTMD24 is the first simultaneous extraction of flavor-dependent 
unpolarized TMD PDFs and FF through a global fit

We observed significant differences between the flavors in the TMD PDFs.

We observed significant differences between different final hadrons in the 

 TMD FFs.

We are finding a weak signal between different flavors in the same final hadron.

Conclusions
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