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Accuracy SIDIS DY Z production N of points χ2/Ndata
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SV 2019 
arXiv:1912.06532 N3LL ✔ ✔ ✔ 1039 1.06

MAPTMD22 N3LL ✔ ✔ ✔ 2031 1.06
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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
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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 –

f1NP(x, b
2
T ) / F.T. of

⇣
e�

k2
?

g1A + �Bk
2
?e

� k2
?

g1B + �Ce
� k2

?
g1C

⌘

<latexit sha1_base64="vFdH/DRpyerup3jpJu1HvhkIHUU="></latexit>

D1NP(x, b
2
T ) / F.T. of

✓
e�

P2
?

g3A + �FBk
2
?e

� P2
?

g3B

◆

<latexit sha1_base64="6MzhtNhc2bSTmsHZC3Bgnk5K6RI="></latexit>

MAPTMD22: Non perturbative part

10



J
H
E
P
0
6
(
2
0
1
7
)
0
8
1

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:

〈
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〉
(x) =

g1(x) + 2λg21(x)

1 + λg1(x)
,

〈
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⊥
〉
(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
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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
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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
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MAPTMD22 — Results of the fit χ2/Ndata = 1.06
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MAPTMD22 — Results of the fit χ2/Ndata = 1.06
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MAPTMD22 — Results of the fit χ2/Ndata = 1.06
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MAPTMD22 — Results of the fit χ2/Ndata = 1.06
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Fairly good agreement 
(DY high-energy)



MAPTMD22 — Results of the fit χ2/Ndata = 1.06

13

5

10

15

20

25

d
æ

d
|q

T
|[
p
b
G

eV
°

1
]

CDF Run I

5

10

15

20

CDF Run II

0 2 4 6 8 10 12
|qT |[GeV]

0.75

1.00

D
a
ta

/
P

re
d

0 2 4 6 8 10 12
|qT |[GeV]

0.9

1.0

1.1

TEVATRON

0.030

0.035

0.040

0.045

0.050

0.055

0.060

1 æ
d
æ

d
|q

T
|[
G

eV
°

1
]

CMS
p

s = 7 TeV

0 < |y| < 2.1

0.030

0.035

0.040

0.045

0.050

0.055
CMS
p

s = 8 TeV

0 < |y| < 2.1

2

3

4

5

6

7

8

d
æ

d
|q

T
|[
p
b
G

eV
°

1
]

CMS
p

s = 13 TeV

0 < |y| < 0.4

0 2 4 6 8 10
|qT |[GeV]

0.9

1.0

1.1

D
a
ta

/
P

re
d

0 2 4 6 8 10
|qT |[GeV]

0.9

1.0

1.1

0 2 4 6 8 10 12 14
|qT |[GeV]

1.0

1.1

CMS

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Fairly good agreement 
(DY high-energy)



MAPTMD22 — Results of the fit χ2/Ndata = 1.06

13

5

10

15

20

25

d
æ

d
|q

T
|[
p
b
G

eV
°

1
]

CDF Run I

5

10

15

20

CDF Run II

0 2 4 6 8 10 12
|qT |[GeV]

0.75

1.00

D
a
ta

/
P

re
d

0 2 4 6 8 10 12
|qT |[GeV]

0.9

1.0

1.1

TEVATRON

0.030

0.035

0.040

0.045

0.050

0.055

0.060

1 æ
d
æ

d
|q

T
|[
G

eV
°

1
]

CMS
p

s = 7 TeV

0 < |y| < 2.1

0.030

0.035

0.040

0.045

0.050

0.055
CMS
p

s = 8 TeV

0 < |y| < 2.1

2

3

4

5

6

7

8

d
æ

d
|q

T
|[
p
b
G

eV
°

1
]

CMS
p

s = 13 TeV

0 < |y| < 0.4

0 2 4 6 8 10
|qT |[GeV]

0.9

1.0

1.1

D
a
ta

/
P

re
d

0 2 4 6 8 10
|qT |[GeV]

0.9

1.0

1.1

0 2 4 6 8 10 12 14
|qT |[GeV]

1.0

1.1

CMS

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Fairly good agreement 
(DY high-energy)

0.03

0.04

0.05

0.06

1 æ
d
æ

d
|q

T
|[
G

eV
°

1
]

ATLAS
p

s = 7 TeV

0 < |y| < 1

ATLAS
p

s = 7 TeV

1 < |y| < 2

ATLAS
p

s = 7 TeV

2 < |y| < 2.4

0 2 4 6 8 10 12
|qT |[GeV]

0.95
1.00
1.05

D
a
ta

/
P

re
d

0 2 4 6 8 10 12
|qT |[GeV]

0 2 4 6 8 10 12
|qT |[GeV]

ATLAS



MAPTMD22 — Results of the fit χ2/Ndata = 1.06

13

5

10

15

20

25

d
æ

d
|q

T
|[
p
b
G

eV
°

1
]

CDF Run I

5

10

15

20

CDF Run II

0 2 4 6 8 10 12
|qT |[GeV]

0.75

1.00

D
a
ta

/
P

re
d

0 2 4 6 8 10 12
|qT |[GeV]

0.9

1.0

1.1

TEVATRON

0.030

0.035

0.040

0.045

0.050

0.055

0.060

1 æ
d
æ

d
|q

T
|[
G

eV
°

1
]

CMS
p

s = 7 TeV

0 < |y| < 2.1

0.030

0.035

0.040

0.045

0.050

0.055
CMS
p

s = 8 TeV

0 < |y| < 2.1

2

3

4

5

6

7

8

d
æ

d
|q

T
|[
p
b
G

eV
°

1
]

CMS
p

s = 13 TeV

0 < |y| < 0.4

0 2 4 6 8 10
|qT |[GeV]

0.9

1.0

1.1

D
a
ta

/
P

re
d

0 2 4 6 8 10
|qT |[GeV]

0.9

1.0

1.1

0 2 4 6 8 10 12 14
|qT |[GeV]

1.0

1.1

CMS

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.87 0.06 0.93
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15

DY collider total 251 1.86 0.2 2.06

DY fixed-target total 233 0.85 0.4 1.24

HERMES total 344 0.48 0.23 0.71
COMPASS total 1203 0.62 0.3 0.92

SIDIS total 1547 0.59 0.28 0.87

Total 2031 0.77 0.29 1.06
<latexit sha1_base64="WvvuUep1WxtfD0UvddvdOFP90C8="></latexit>

Fairly good agreement 
(DY high-energy)

0.03

0.04

0.05

0.06

1 æ
d
æ

d
|q

T
|[
G

eV
°

1
]

ATLAS
p

s = 7 TeV

0 < |y| < 1

ATLAS
p

s = 7 TeV

1 < |y| < 2

ATLAS
p

s = 7 TeV

2 < |y| < 2.4

0 2 4 6 8 10 12
|qT |[GeV]

0.95
1.00
1.05

D
a
ta

/
P

re
d

0 2 4 6 8 10 12
|qT |[GeV]

0 2 4 6 8 10 12
|qT |[GeV]

ATLAS

χ2/Ndata = 5.05  
(DY ATLAS) 



0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

|k?| [GeV]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

x
f

u 1
(x

,k
2 ?
,Q

,Q
2
)

Q = 2 GeV

x = 0.1

x = 0.01

x = 0.001

0.0 0.5 1.0 1.5 2.0 2.5 3.0

|k?| [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

x
f

u 1
(x

,k
2 ?
,Q

,Q
2
)

Q = 10 GeV

x = 0.1

x = 0.01

x = 0.001

Visualization of TMD PDFs

14



0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

|k?| [GeV]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

x
f

u 1
(x

,k
2 ?
,Q

,Q
2
)

Q = 2 GeV

x = 0.1

x = 0.01

x = 0.001

0.0 0.5 1.0 1.5 2.0 2.5 3.0

|k?| [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

x
f

u 1
(x

,k
2 ?
,Q

,Q
2
)

Q = 10 GeV

x = 0.1

x = 0.01

x = 0.001

Visualization of TMD PDFs

14



0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

|k?| [GeV]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

x
f

u 1
(x

,k
2 ?
,Q

,Q
2
)

Q = 2 GeV

x = 0.1

x = 0.01

x = 0.001

0.0 0.5 1.0 1.5 2.0 2.5 3.0

|k?| [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

x
f

u 1
(x

,k
2 ?
,Q

,Q
2
)

Q = 10 GeV

x = 0.1

x = 0.01

x = 0.001

Need more data

at low-x

Visualization of TMD PDFs

14



0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

|P?| [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

z
D

u
!

º
+

1
(z

,P
2 ?
,Q

,Q
2
)

Q = 2 GeV

z = 0.3

z = 0.6

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

|P?| [GeV]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

z
D

u
!

º
+

1
(z

,P
2 ?
,Q

,Q
2
)

Q = 10 GeV

z = 0.3

z = 0.6

Visualization of TMD FFs

15



0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

|P?| [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

z
D

u
!

º
+

1
(z

,P
2 ?
,Q

,Q
2
)

Q = 2 GeV

z = 0.3

z = 0.6

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

|P?| [GeV]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

z
D

u
!

º
+

1
(z

,P
2 ?
,Q

,Q
2
)

Q = 10 GeV

z = 0.3

z = 0.6

Visualization of TMD FFs

15



0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

|P?| [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

z
D

u
!

º
+

1
(z

,P
2 ?
,Q

,Q
2
)

Q = 2 GeV

z = 0.3

z = 0.6

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

|P?| [GeV]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

z
D

u
!

º
+

1
(z

,P
2 ?
,Q

,Q
2
)

Q = 10 GeV

z = 0.3

z = 0.6

Need new

Information

Visualization of TMD FFs

15



Impact studies

10°5 10°4 10°3 10°2 10°1 100

x

100

101

102

103

104

105

Q
2
[G

eV
2
]

E605
E772
E288
STAR
PHENIX
CDF
D0
LHCb
CMS
ATLAS
HERMES
COMPASS

26 16



Impact studies

10°5 10°4 10°3 10°2 10°1 100

x

100

101

102

103

104

105

Q
2
[G

eV
2
]

E605
E772
E288
STAR
PHENIX
CDF
D0
LHCb
CMS
ATLAS
HERMES
COMPASS
EIC

+ EIC

Electron Ion Collider

26 16



Impact studies

10°5 10°4 10°3 10°2 10°1 100

x

100

101

102

103

104

105

Q
2
[G

eV
2
]

E605
E772
E288
STAR
PHENIX
CDF
D0
LHCb
CMS
ATLAS
HERMES
COMPASS
EIC

+ EIC
+ JLab 20

Electron Ion Collider

Jefferson Lab 20+ 

26 16



Impact studies - JLab 20+
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Accuracy SIDIS DY Z production N of points χ2/Ndata

Pavia 2017 
arXiv:1703.10157 NLL ✔ ✔ ✔ 8059 1.55

SV 2019 
arXiv:1912.06532 N3LL ✔ ✔ ✔ 1039 1.06

MAPTMD22 N3LL ✔ ✔ ✔ 2031 1.06

-

-

MAP Collaboration, JHEP 10 (2022) 18

A new global fit: MAPTMD22

http://arxiv.org/abs/arXiv:1703.10157
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And the  
other hadrons?

MAP Collaboration, JHEP 10 (2022) 18

A new global fit: MAPTMD22
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Available fits of Pion TMDs

19MAP Collaboration, PRD 107 (2023)
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Accuracy DY N of points χ2/Ndata

Wang et al, 2017 
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MAPTMDPion22: Included datasets

<latexit sha1_base64="cuq1j5EnKQL2TNE/F94AzId10qg="></latexit>

Experiment
p
s [GeV] Q [GeV] Nbins xF

E615 (Q-di↵) 21.8 4.05 < Q < 13.05 10 (8) 0 < xF < 1
E537 (Q-di↵) 15.3 4.0 < Q < 9.0 10 -0.1 < xF < 1

W. J. Stirling et al. 1993 

E. Anassontzis et al. 1988 

Pion-induced Drell-Yan process

π− + W → μ+ + μ− + X

20
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MAPTMDPion22: Included datasets
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MAPTMDPion22: Included datasets
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Experiment Number of points Statistical errors Systematic errors Theoretical errors

E615 (Q-diff) 74/155 5% 16% 5-8%

E537 (Q-diff) 64/150 15-20% 8% 5-8%

Total 138/305 Large
Uncertainties

Large Normalization
Errors Extra uncertainties
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