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- measuring  of hadron => access to  of parton  
     => 3-dim partonic picture of target in momentum space
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- different hadron species => separate  of different flavors k⊥
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- focus on unpolarized  : enters any asymmetrydσ dσ↑ − dσ↓

dσ↑ + dσ↓



unpolarized SIDIS, factorized cross section
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unpolarized SIDIS, factorized cross section

hard part TMDPDF TMDFF

∫ dϕh
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Most recent global fits 

Accuracy SIDIS Drell-Yan N of points χ2/Npoints Flavor dep.

PV 2017 
arXiv:1703.10157 NLL ✔ ✔ 8059 1.5 ✘

SV 2019 
arXiv:1912.06532 N3LL(-) ✔ ✔  (LHC) 1039 1.06 ✘

MAPTMD 2022 
arXiv:2206.07598 N3LL(-) ✔ ✔  (LHC) 2031 1.06 ✘

MAPTMD 2024 
arXiv:2405.13833 N3LL ✔ ✔  (LHC) 2031 1.08 ✔

ART25 
arXiv:2503.11201 N4LL(-) ✔ ✔  (LHC) 1209 1.05 ✔

increasing   accuracy   &   precision

(-)  not all ingredients available at given accuracy
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Accuracy SIDIS Drell-Yan N of points χ2/Npoints Flavor dep.

PV 2017 
arXiv:1703.10157 NLL ✔ ✔ 8059 1.5 ✘

SV 2019 
arXiv:1912.06532 N3LL(-) ✔ ✔  (LHC) 1039 1.06 ✘

MAPTMD 2022 
arXiv:2206.07598 N3LL(-) ✔ ✔  (LHC) 2031 1.06 ✘

MAPTMD 2024 
arXiv:2405.13833 N3LL ✔ ✔  (LHC) 2031 1.08 ✔

ART25 
arXiv:2503.11201 N4LL(-) ✔ ✔  (LHC) 1209 1.05 ✔

MAPTMD24:  the first high-quality global fit with  
                      flavor sensitivity of the intrinsic quark k⊥

Bacchetta et al. (MAP), JHEP 08 (24) 232, arXiv:2405.13833



Baseline:  MAPTMD24 global fit 

Fourier Transform of combination of  
2 Gaussians + 1 weighted Gaussian

5 channels:     (“s”) q = u , ū , d , d̄ , sea

TMD PDF 

TMD FF 

5 channels:   favored pion    
                     unfavored pion   
                     favored Kaon   
                     favored strange Kaon   
                     unfavored Kaon  

u → π+, . . .
d → π+, . . .

u → K+, . . .
s̄ → K+, . . .

d, s → K+, . . .

Fourier Transform of combination of  
2 Gaussians

nonperturbative input

Bacchetta et al. (MAP), JHEP 08 (24) 232, arXiv:2405.13833

f q
1 (x, b2

T; Q0)
Gaussian widths  

depend on x

Gaussian widths  
depend on z

total of 96 parameters



g
2

N
1
d

N
2
d

N
3
d

Æ
1
d

Æ
2
d

Æ
3
d

æ
1
d

æ
3
d

∏
1
d

∏
2
d

N
1
d̄

N
2
d̄

N
3
d̄

Æ
1
d̄

Æ
2
d̄

Æ
3
d̄

æ
1
d̄

æ
3
d̄

∏
1
d̄

∏
2
d̄

N
1
u

N
2
u

N
3
u

Æ
1
u

Æ
2
u

Æ
3
u

æ
1
u

æ
3
u

∏
1
u

∏
2
u

N
1
ū
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ū

N
1
se

a
N

2
se

a
N

3
se

a
Æ

1
se

a
Æ

2
se

a
Æ

3
se

a
æ

1
se

a
æ

3
se

a
∏

1
se

a
∏

2
se

a
N

4
u

º
N

5
u

º
Ø

1
u

º
Ø

2
u

º
± 1

u
º

± 2
u

º
∞

1
u

º
∞

2
u

º
∏

F
u

º
N

4
se

a
º

N
5
se

a
º

Ø
1
se

a
º

Ø
2
se

a
º

± 1
se

a
º

± 2
se

a
º

∞
1
se

a
º

∞
2
se

a
º

∏
F

se
a
º

N
4
u

K
N

5
u

K
Ø

1
u

K
Ø

2
u

K
± 1

u
K

± 2
u

K
∞

1
u

K
∞

2
u

K
∏

F
u

K
N

4
s̄K

N
5
s̄K

Ø
1
s̄K

Ø
2
s̄K

± 1
s̄K

± 2
s̄K

∞
1
s̄K

∞
2
s̄K

∏
F

s̄K
N

4
se

a
K

N
5
se

a
K

Ø
1
se

a
K

Ø
2
se

a
K

± 1
se

a
K

± 2
se

a
K

∞
1
se

a
K

∞
2
se

a
K

∏
F

se
a
K

g2
N1d
N2d
N3d
Æ1d
Æ2d
Æ3d
æ1d
æ3d
∏1d
∏2d

N1d̄
N2d̄
N3d̄
Æ1d̄
Æ2d̄
Æ3d̄
æ1d̄
æ3d̄
∏1d̄
∏2d̄
N1u
N2u
N3u
Æ1u
Æ2u
Æ3u
æ1u
æ3u
∏1u
∏2u
N1ū
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Bacchetta et al. (MAP), JHEP 08 (24) 232, arXiv:2405.13833



“Normalized” MAPTMD24 TMD PDFs  

• very different kT behavior 
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FIG. 9: Comparison between the unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor dependent
approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as functions of
the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central panel), and

x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.
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FIG. 10: Comparison between the normalized unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor-
dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
functions of the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with

• it changes with x 

th. error band =  
68% of all replicas

Bacchetta et al. (MAP), JHEP 08 (24) 232, arXiv:2405.13833f q
1(x, k2

⊥; Q)
f q
1(x,0; Q)
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This is the table of configurations we used at the moment in current ESR draft

Will likely need to be adjusted and we should discuss at workshop a version for the ESR

*

* impact studies performed with 10x130 rescaled to lumi=10 fb-1



Phase space of baseline MAPTMD24
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Phase space of EIC @10x130
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including EIC pseudodata in the fit:  
MAPTMD24  

2031 pts 
+ EIC
+ ~1700 pts   π
+ ~3400 pts   π+Κ



EIC impact studies

target = proton    final state = π , π + K    beams = 10x130 GeV

lumi = 5 , 10 fb-1         uncertainty band = [ f q
1 − ⟨ f q
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⟨ f q

1⟩ ](x, k2
⊥; Q2)
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EIC impact studies

target = proton    final state = π , π + K    beams = 10x130 GeV

lumi = 5 , 10 fb-1         uncertainty band = [ f q
1 − ⟨ f q

1⟩
⟨ f q

1⟩ ](x, k2
⊥; Q2)

Take-away  
message :

significant impact only for some  bins and 
only for specific flavors q

(x, Q2)

Strategy : - search in  bins allowed by kinematics for  
   which flavor q the reduction in uncertainty is  
   maximum over all  ;  
- for these cases, analyze the  distribution

(x, Q2)

k⊥
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baseline: for the given (x,Q2) bin, it is the max. uncertainty over all  for down k⊥
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ū

s

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

f
q 1
(x

,k
2 ?
,Q

,Q
2
)

f
q 1
(x

,0
,Q

,Q
2
)

Q = 2 GeV
x = 0.01

u

d

d̄

ū
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ū

s

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

f
q 1
(x

,k
2 ?
,Q

,Q
2
)

f
q 1
(x

,0
,Q

,Q
2
)

Q = 2 GeV
x = 0.01

u

d

d̄

ū
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 LHC: precise data at high Q2 => test (flavor-blind) evolution 
 EIC @early phase-1:  
      limited Q2 range; but can test universality of CS kernel,  
      i.e. its hadron- and flavor-independence
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increasing precision on  
“sea” TMD  

i.e. 
≠ ū, d̄

s, s̄
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Proposed plot for the ESR
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- Kaon data might be important to constrain strange TMD
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10x130,  lumi = 5 fb-1 , SIDIS π+K
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10x130,  lumi = 10 fb-1 , SIDIS π+
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The  EIC  impact at x=0.1, Q=2 GeV

(simulation May ’24, only π+ production)
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ū 1
(x

,k
2 ?
,Q

,Q
2
)i

anti-up

Q = 2 GeV x = 0.1

MAPTMD24

MAPTMD24 + EIC

0.0 0.2 0.4 0.6 0.8 1.0 1.2

|k?|[GeV]

°0.20

°0.15

°0.10

°0.05

0.00

0.05

0.10

0.15

0.20

anti-up

Q = 2 GeV x = 0.01

MAPTMD24

MAPTMD24 + EIC

0.0 0.2 0.4 0.6 0.8 1.0 1.2

|k?|[GeV]

°0.20

°0.15

°0.10

°0.05

0.00

0.05

0.10

0.15

0.20

anti-up

Q = 2 GeV x = 0.001

MAPTMD24

MAPTMD24 + EIC

MAPTMD24 extraction - EIC Pseudodata

Strong impact at different values of x
12

Prelim
inary

0.0 0.2 0.4 0.6 0.8 1.0 1.2

|k?|[GeV]

°0.3

°0.2

°0.1

0.0

0.1

0.2

0.3

f
d 1
(x

,k
2 ?
,Q

,Q
2
)°

hf
d 1
(x

,k
2 ?
,Q

,Q
2
)i

hf
d 1
(x

,k
2 ?
,Q

,Q
2
)i

down

Q = 2 GeV x = 0.1

MAPTMD24

MAPTMD24 + EIC

0.0 0.2 0.4 0.6 0.8 1.0 1.2

|k?|[GeV]

°0.3

°0.2

°0.1

0.0

0.1

0.2

0.3

down

Q = 2 GeV x = 0.01

MAPTMD24

MAPTMD24 + EIC

0.0 0.2 0.4 0.6 0.8 1.0 1.2

|k?|[GeV]

°0.3

°0.2

°0.1

0.0

0.1

0.2

0.3

down

Q = 2 GeV x = 0.001

MAPTMD24

MAPTMD24 + EIC

MAPTMD24 extraction - EIC Pseudodata

Strong impact at different values of x
11

Prelim
inary

MAPTMD24 extraction - EIC Pseudodata

0.0 0.2 0.4 0.6 0.8 1.0 1.2

|k?|[GeV]

°0.100

°0.075

°0.050

°0.025

0.000

0.025

0.050

0.075

0.100

f
u 1
(x

,k
2 ?
,Q

,Q
2
)°

hf
u 1
(x

,k
2 ?
,Q

,Q
2
)i

hf
u 1
(x

,k
2 ?
,Q

,Q
2
)i

up

Q = 2 GeV x = 0.1

MAPTMD24

MAPTMD24 + EIC

0.0 0.2 0.4 0.6 0.8 1.0 1.2

|k?|[GeV]

°0.100

°0.075

°0.050

°0.025

0.000

0.025

0.050

0.075

0.100

up

Q = 2 GeV x = 0.01

MAPTMD24

MAPTMD24 + EIC

0.0 0.2 0.4 0.6 0.8 1.0 1.2

|k?|[GeV]

°0.100

°0.075

°0.050

°0.025

0.000

0.025

0.050

0.075

0.100

up

Q = 2 GeV x = 0.001

MAPTMD24

MAPTMD24 + EIC

Strong impact at different values of x
10

Prelim
inary

MAPTMD24   2031 
EIC                # pts.       lumi [fb-1] 
5x41              1273        2.85 
10x100          1611       51.3 
18x275          1648       10
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(simulation May ’24, only π+ production)
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EIC                # pts.       lumi [fb-1] 
5x41              1273        2.85 
10x100          1611       51.3 
18x275          1648       10
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The EIC impact with 10x100 at x=0.1, Q=2 GeV

L. Rossi, Ph.D. Thesis
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f̃ q
1(x, b2

T; μf , ζf ) = exp[∫
μf

μb*

dμ
μ (γF − γK log

ζf

μ )] exp[K(b*, μb) log
ζf

μb ]
× ∑

i
[Cqi(x, b*; μb, μ2

b) ⊗ f i
1(x, μb)]

× exp[gK(bT)log
ζf

Q0 ] fNP(x, bT)

accuracy       and C K and γF γK PDF and αS FF

LL 0 - 1 - -
NLL 0 1 2 LO LO
NLL’ 1 1 2 NLO NLO
NNLL 1 2 3 NLO NLO
NNLL’ 2 2 3 NNLO NNLO
N3LL(-) 2 3 4 NNLO NLO
N3LL 2 3 4 NNLO NNLO
N3LL’ 3 3     4 5 N3LO N3LO

N4LL(-) 3 3     4 5 N3LO NNLO
N4LL 3 3     4 5 N3LO N3LO

perturbative

αn
S

dσ
dxdzdqTdQ

∼ ℋSIDIS(Q2) 1
2π ∫

∞

0
dbT bT J0(bT, qT) f̃ q

1(x, b2
T; Q, Q2) D̃q→h

1 (z, b2
T; Q, Q2)

ℋ

similar formula for D̃q→h
1

Evolution of TMDs



Errors  Analysis

bootstrap method:       fitting M replicas of fluctuated exp. data  
                                   => extract M TMDs 
complete statistical information is contained in the set of all M TMDs, but 
quality indicator:   of central replica (fitting not unfluctuated data)χ2

0
χ2

0 ∼ ⟨χ2⟩replicas
include exp. / th. errors uncorrelated and correlated 

χ2 = χ2
D + χ2

λ

∑
bins

(exp − th
σ )2

σ2 = σ2
stat + σ2

uncorr

th = th + ∑
α

λασ(α)
corr χ2

λ = ∑
α

λ2
α

nuisance  
params.

penalty for correlated errors

nonperturbative precision

perturbative accuracy  N3LL + NNLO

χ2
0 /N = 1.08

propagate (correlated) th. errors from PDFs & FFs using the whole  
                 Monte Carlo set of  PDF = NNPDF3.1  &  FF = MAPFF1.0

quality of MAPTMD24: 

N = 2031



“Normalized” MAPTMD24 TMD FF  

D1(z,PT;Q)

D1(z,0;Q)
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FIG. 11: Comparison between the unpolarized TMD FFs for the fragmentation into a ⇡
+ of up (purple) and down (green)

quarks, extracted in the MAPTMD24 fit with a flavor dependent approach, as functions of the hadronic transverse
momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4 (left panel), and z = 0.6 (right panel). The uncertainty bands

represent the 68% C.L.
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FIG. 12: Comparison between the normalized unpolarized TMD FFs for the fragmentation into a ⇡
+ of up (purple) and

down (green) quarks, extracted in the MAPTMD24 fit with a flavor dependent approach, in the same conditions and
with same notation as in the previous figure.

a TMD PDF of a sea quark, which is small and has large uncertainties in our extraction.
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FIG. 13: Comparison between the unpolarized TMD FFs for the fragmentation of up (purple), down (green), and anti-
strange (orange) quarks into a K

+, extracted in the MAPTMD24 fit with a flavor dependent approach, as functions of
the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4 (left panel), and z = 0.6 (right panel).

The uncertainty bands represent the 68% C.L.
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FIG. 14: Comparison between the normalized unpolarized TMD FFs for the fragmentation of up (purple), down (green),
and anti-strange (orange) quarks into a K

+, extracted in the MAPTMD24 fit with a flavor dependent approach, in the
same kinematic conditions and with same notation as in the previous figure.

2. Collins-Soper kernel

In Fig. 15, we show the result for the Collins–Soper (CS) kernel obtained in our MAPTMD24 extraction
at N3LL with a flavor-dependent approach, compared to our previous MAPTMD22 results. The form of the
CS kernel at low values of |bT | is unchanged, as it depends on perturbative ingredients. The behavior at high
|bT | is determined by the combination of the b⇤ prescription and the parametrization of the nonperturbative
component of TMD evolution in Eq. (30).

In our new MAPTMD24 extraction, the value of the parameter g2 is smaller than in MAPTMD22: it is
approximately 0.12, about half as big as the MAPTMD22 result (⇡ 0.25). Because of this di↵erence, the
new MAPTMD24 CS kernel is flatter than the MAPTMD22 one. This feature is not related to the flavor
dependence of the new extraction, because it is present also in the MAPTMD24 FI and MAPTMD24 HD
scenarios. Instead, it is due to the di↵erences in the perturbative ingredients between the present work and the
MAPTMD22 analysis, already discussed in Sec. II C.

The size of the error band on the CS kernel is small and similar to the MAPTMD22 one. It is possible that
our fit procedure leads to an underestimation of the errors, especially for the CS kernel, since its functional
form is particularly rigid and determined by a single parameter (see Eq. (30)).

Our result can be compared with other recent extractions in the literature. The ART23 extraction [8]
included DY data only and obtained a CS kernel similar to the MAPTMD22, which is therefore steeper than
our MAPTMD24 result. Ref. [88] obtained a result, based on a smaller set of DY data and a simplified analysis,
with larger error bands that are compatible with MAPTMD22, ART23 and also MAPTMD24. The result
obtained in Ref. [89], obtained with DY data only, is also compatible with MAPTMD22 and ART23, and about
1.5 sigma away from our present results.

Apart from data-driven extractions, there have been several computations of the CS kernel in lattice QCD [90–
102]. The error bars are still relatively large and there are sizeable di↵erences between di↵erent computations.
Our MAPTMD24 extraction is compatible with the recent work of Ref. [102].

3. Average squared transverse momenta

In order to measure the e↵ective width of the TMDs, in this section we study their average squared transverse
momentum at specific values of x and µ =

p
⇣ = Q, defined as [103, 104]:

hk2
?iq(x, Q) =

´
d2k? k2

? fq
1 (x, k2

?, Q, Q2)´
d2k? fq

1 (x, k2
?, Q, Q2)

=
2M2 f̂q (1)

1 (x, |bT |, Q, Q2)

f̂q
1 (x, |bT |, Q, Q2)

����
|bT |=0

, (31)

where the Fourier transform f̂q
1 of the TMD PDF has been defined in Eq. (6), and the first Bessel moment of

the TMD PDF f̂q (1)
1 is defined as [103]:

f̂q (1)
1 (x, |bT |, Q, Q2) =

2⇡
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ˆ +1

0
d|k?|

k2
?

|bT |
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�
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�
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1 (x, k2

?, Q, Q2) = � 2

M2

@

@b2
T

f̂q
1 (x, |bT |, Q, Q2) .

(32)
As discussed in Ref. [7], we shift the value of |bT | in Eq. (31) from 0 to |bT | = 2.0 bmax, a value well inside the

nonperturbative region [104], that ensures meaningful values for the average squared transverse momenta that
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