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    3DSPIN: structure of the nucleon

distribution of partons?

Difference between flavors?

Does it get wider at low x?

missing spin budget?

spin and partonic 
motion correlation?
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Orbital motion - Nucleon Structure from 1D to 3D  

[Bacchetta’s talk (2016)] 
H.!Gao!

Generalized!parton!distribuFon!(GPD)!
Transverse!momentum!dependent!parton!distribuFon!(TMD)!
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All our assumptions, the notation, and the general theoretical framework are briefly outlined in Sec. II. In Sec. III,
we describe our fitting procedure. In Sec. IV, we present our final results, and in Sec. V we draw some conclusions
and outlooks.

II. THEORETICAL FRAMEWORK

In one-particle semi-inclusive DIS, a lepton ` with momentum l scatters to a final state with momentum l

0 o↵ a
hadron target N with mass M and momentum P , producing (at least) one hadron h in the final state with mass Mh

and momentum Ph:

`(l) +N(P ) ! `(l0) + h(Ph) +X . (1)

The space-like momentum transfer is q = l � l

0, with Q

2 = �q

2. We introduce the usual invariants

x =
Q

2

2P · q , y =
P · q
P · l , z =

P · Ph

P · q , � =
2Mx

Q

. (2)

The available data refer to hadron multiplicities in semi-inclusive DIS, namely to the di↵erential number of hadrons
produced per corresponding inclusive DIS event. In terms of cross sections, we define the multiplicities as

m

h
N (x, z,P 2

hT , Q
2) =

d�

h
N/dxdzdP 2

hT dQ
2

d�

DIS

/dxdQ

2

, (3)

where d�

h
N is the di↵erential cross section for the semi-inclusive DIS process and d�

DIS

is the corresponding inclusive
one, and where PhT is the component of Ph transverse to q. In the single-photon-exchange approximation, the
multiplicities can be written as ratios of structure functions (see [29] for details):

m

h
N (x, z,P 2

hT , Q
2) =

⇡ FUU,T (x, z,P 2

hT , Q
2) + ⇡ "FUU,L(x, z,P 2

hT , Q
2)

FT (x,Q2) + "FL(x,Q2)
, (4)

where

" =
1 � y � 1

4

�

2

y

2

1 � y + 1

2

y

2 + 1

4

�

2

y

2

. (5)

We recall that the notation FXY,Z indicates the response of the hadron target with polarization Y to a lepton beam
with polarization X and for the virtual photon exchanged in the polarization state Z. Therefore, the numerator of
Eq. (4) involves semi-inclusive DIS processes with only unpolarized beam and target. We remark that the above
expressions assume a complete integration over the azimuthal angle of the detected hadron. Acceptance e↵ects may
modify these formulae, due to the presence of azimuthal modulations in the cross section, though for the data used
here such e↵ects were included in the systematic uncertainties.

We consider the limitsM2

/Q

2 ⌧ 1 and P 2

hT /Q
2 ⌧ 1. Within them, the longitudinal structure function FUU,L in the

numerator of Eq. (4) can be neglected [30]. In the denominator, the standard inclusive longitudinal structure function
FL is non negligible and contains contributions of order ↵S . However, in our analysis we assume a parton-model
picture and we neglect such contributions; hence, consistently we neglect the contribution of FL in the denominator
of Eq. (4). It may also be noted that in the transverse-momentum analysis of the data, FL induces a change in
normalization that depends on x, but is independent of z and P 2

hT , the kinematic variables most relevant in the
fitting procedure. Hence, we do not expect large e↵ects on the resulting parameters.

To express the structure functions in terms of TMD PDFs and FFs, we rely on the factorized formula for semi-
inclusive DIS at low transverse momenta [31–39]:

FUU,T (x, z,P
2

hT , Q
2) =

X

a

Ha
UU,T (Q

2;µ2)

Z
dk

?

dP
?

f

a
1

�
x,k2

?

;µ2

�
D

a
~

h
1

�
z,P 2

?

;µ2

�
�

�
zk

?

� PhT + P
?

�

+ YUU,T

�
Q

2

,P 2

hT

�
+ O

�
M/Q

�
. (6)

Here, HUU,T is the hard scattering part; fa
1

(x,k2

?

;µ2) is the TMD PDF for an unpolarized parton of flavor a in an
unpolarized proton, carrying longitudinal momentum fraction x and transverse momentum k

?

at the factorization
scale µ

2, which in the following we choose to be equal to Q

2. D

a
~

h
1

(z,P 2

?

;µ2) is the TMD FF for an unpolarized

dependence  on:

p

xp

kT

Unpolarized

x
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Extraction from SIDIS & Drell-Yan
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FIG. 1. Diagram describing the relevant momenta involved in a semi-inclusive DIS event: a virtual photon (defining the
reference axis) strikes a parton inside a proton. The parton has a transverse momentum k

?

(not measured). The struck
parton fragments into a hadron, which acquires a further transverse momentum P

?

(not measured). The total measured
transverse-momentum of the final hadron is PhT . When Q

2 is very large, the longitudinal components are all much larger than
the transverse components. In this regime, PhT ⇡ zk

?

+ P
?

(see also Ref. [42]).

parton of flavor a fragmenting into an unpolarized hadron h carrying longitudinal momentum fraction z and transverse
momentum P

?

; the term YUU,T is introduced to ensure a matching to the perturbative calculations at high transverse
momentum. The expression for FUU,T is known up to at least O(↵2

S), including the resummation of at least next-
to-next-to-leading logarithms of the type log (P 2

hT /Q
2). However, we are going to use here only the lowest-order

expression, which should still provide a good description at low P 2

hT and in a limited range of Q2. Eventually, Eq. (6)
simplifies to (see, e.g., Refs. [29, 40, 41])

FUU,T (x, z,P
2

hT , Q
2) =

X

a

e

2

a

⇥
f

a
1

⌦ D

a
~

h
1

⇤
(x, z,P 2

hT , Q
2) , (7)

where the convolution upon transverse momenta is defined as

⇥
f ⌦ D

⇤
(x, z,P 2

hT , Q
2) = x

Z
dk

?

dP
?

�

�
zk

?

+ P
?

� PhT

�
f(x,k2

?

;Q2)D(z,P 2

?

;Q2) . (8)

In Fig. 1, we describe our notation for the transverse momenta (in agreement with the notation suggested by the
white paper in Ref. [2]), which is also reproduced below for convenience:

Momentum Physical description

k 4-momentum of parton in distribution function

p 4-momentum of fragmenting parton

k
?

light-cone transverse momentum of parton in distribution function

P
?

light-cone transverse momentum of final hadron w.r.t. fragmenting parton

PhT light-cone transverse momentum of final hadron w.r.t. virtual photon

A. Flavor-dependent Gaussian ansatz

The Gaussian ansatz consists in assuming the following functional form for the transverse-momentum dependence
of both the TMD PDF f

a
1

and the TMD FF D

a
~

h
1

in Eq. (7):

f

a
1

(x,k2

?

;Q2) =
f

a
1

(x,Q2)

⇡hk2

?,ai
e

�k2

?/hk2

?,ai
D

a
~

h
1

(z,P 2

?

, Q

2) =
D

a
~

h
1

(z;Q2)

⇡hP 2

?,a
~

hi e

�P 2

?/hP 2

?,a
~

hi
. (9)
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TMD Evolution

HERMES, Q ≈ 1.5 GeV

CDF, Q ≈ 91 GeV

Width of TMDs changes of one order of magnitude  → 
12

to reproduce shift of 
TMD peak with energy scale

EVOLUTION
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Fourier transform: 
bT space
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Perturbative ingredients
PAVIA 2017
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Model: non perturbative elements

inspired by models (p-wave contribution)

g1(x) = N1
(1� x)↵ x

�

(1� x̂)↵ x̂
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x-dependence of TMD width

input TMD PDF (Q2=1GeV2)
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x̂ = 0.1

✓
e�

k2
T
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ˆfa
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Model: non perturbative elements

Models - intrinsic momenta and evolution

22

weighted sum of two different Gaussians,
both for distributions and fragmentations

In total we have 12 parameters, for intrinsic transverse momentum 
(5 PDFs, 6 FFs) and evolution (g2)

( Kinematic dependence of the average transverse momenta as in Pavia/Ams. 2013 )

gK = �g2
b2
T

2

F̃i,NP (x, bT ) =

hk2
?ii e�hk2

?iib2
T/4 + �hk02

?ii
✓
1� hk02

?ii b
2
T
4

◆
e�hk02

? iib2
T/4

hk2
?ii + �hk02

?ii

g2 = 0.14± 0.01 GeV

estimate from 33 replicas

N1,↵,�,�

N3, N4,�, �, �,�F

4 for TMD PDF
6 for TMD FF

1 for NP contribution to

TMD evolution
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Models - bT prescription
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Experimental data

SIDIS μN

CDF

Z Production

hermes

SIDIS eN

1514
data points

6252
data points

1514data points151415141514

90
data points
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Data selection and analysis

Q2 > 1.4 GeV2 

0.2 < z < 0.7 

PhT , qT < Min[0.2Q , 0.7Qz] + 0.5 GeV

Motivations behind kinematical cuts

TMD factorization (PhT/z << Q2)
Avoid target fragmentation (low z)

and exclusive contributions (high z)
19



Data region

Adolph et al., EPJ C73 (13)

Airapetian et al., PRD87 (2013)
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Data region

Adolph et al., EPJ C73 (13)

Airapetian et al., PRD87 (2013)

Abbot et al. hep-ex/9909020 
Affolder et al. hep-ex/0001021 
Abazov et al. arXiv:0712.0803 
Aaltonen et al. arXiv:1207.7138 

Ito et al., PRD93 (81) 
Moreno et al. PRD 43 (91) 
Antreyan et al. PRL47 (81)
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Framework SIDIS

HERMES

SIDIS

COMPASS DY Z 

production # points

KN 

2006 NLL/NLO ✗ ✗ ✓ ✓ 98

Pavia 
2013 No Evo ✓ ✗ ✗ ✗ 1539

Torino 
2014 No Evo ✓ 

(separately)
✓ 

(separately)
✗ ✗

576 (H)

6284 (C)

DEMS 
2014 NNLL/NLO ✗ ✗ ✓ ✓ 223

Pavia 
2017 NLL/LO ✓ ✓ ✓ ✓ 8059

SV 

2017 NNLL/NNLO ✗ ✗ ✓ ✓ 309

21



Summary of results

Total number of data points: 8059
Total number of free parameters: 11

➛ 4 for TMD PDFs   ➛ 6 for TMD FFs
➛ 1 for TMD evolution

Pavia / Ams. 2016 : an almost global fit

16

Framework HERMES COMPASS DY Z 
production N of points

Pavia 2016
(+Amsterdam) LO-NLL ✔ ✔ ✔ ✔ 8156

A step closer to a global fit of 
quark unpolarized TMDs

Flexible functional form, beyond
the Gaussian assumption

PROs CONs

includes TMD evolution

no “pure” info on TMD FFs

accuracy of TMD evolution : 
not the state of the art

need for a light and fast analysis codereplica methodology (in progress)

kinematic and flavor dependence 
in intrinsic part of TMDs (in progress)

Pavia 2017 
(+ JLab) 8059

�

2
/d.of. = 1.55± 0.05

[ JHEP06(2017)081 ]
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Drell-Yan  data

�2/dof 0.32 0.84 0.99 1.12

Q2 Evolution: The peak is now at about 1 GeV, it was at 0.4 GeV for SIDIS
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Z-boson production data

�2/dof 1.36 1.11 2.00 1.73

Q2 Evolution: The peak is now at about 4 GeV CDF

normalization : fixed from DEMS fit, different from exp. 
(not really relevant for TMD  parametrizations)
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Mean transverse momentum
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Change in TMD width

x-dependence



Best fit value: transverse momenta
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Flavor independent scenario

Inclusion of DY/Z diminishes the correlation

Red/orange regions : 68% CL from replica method

Inclusion of Compass increases the     
 and reduces its spread

e+e- would further reduce the correlation

Caveat for comparisons : 
NP effects (as the intrinsic momentum) always 

depend on the accuracy 
of the perturbative part ;

determined as observed - calculable

hP 2
?i

Bacchetta, Delcarro, Pisano, Radici, Signori  JHEP06(2017)081

Red/orange regions: 68% CL from replica method

Inclusion of DY/Z diminishes the correlation

Inclusion of Compass increases the            and reduces its spread

e+e- would further reduce the correlation

hP 2
?i
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Shape uncertainties in replicas

32

x-dependence of a single replica.

Most of them are similar.

Shape of four selected replicas.
Still huge uncertainties.



Original χ2/dof = 1.51 

Normalization of HERMES data as done for COMPASS:

 χ2/dof = 1.27


Parametrizations for collinear PDFs 

(NLO GJR 2008 default choice):

NLO MSTW 2008 (1.84), NLO CJ12 (1.85)


More stringent cuts 

(TMD factorization better under control)  χ2/dof  → 1

Ex: Q2 > 1.5 GeV2; 0.25 < z < 0.6; PhT < 0.2Qz ⇒ χ2/dof = 1.02 (477 bins)

Stability of results
Test of our default choices 
How does the χ2 of a single replica change if we modify them?
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PAVIA 2018
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correction to the 
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Data to be included
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Different binning in Z (larger) 

Reduced number of data 

Much higher statistics 
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Sensitive to z value

6

0.5

1

1.5

2

0.5

1

1.5

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

0.8

1

1.2

0.8

1

1.2

0.8

1

1.2

0.8

1

1.2

0.5

1

1.5

0.5

1

1.5

0.5

1

1.5

0.5

1

1.5

0.5

1

1.5

0.5

1

1.5

0.5

1

1.5

0.2 0.4 0.6 0.8

u + u

u = d

z 
D
π  (z

,Q
2 )

z 
D

i
+

Q2 = 10 GeV2

d + d

s = s

gluon

z

z 
D
π  (z

,Q
2 )

z 
D

i
+

c = c

z

THIS FIT

DSS
with 68 and 90% C.L. bands

u + u

THIS FIT / DSS

d + d

rel. uncertainty for zD
i  (z,Q

2)
rel. uncertainty for zD

π +

u = d

s = s

gluon

rel. uncertainty for zD
i  (z,Q

2)
rel. uncertainty for zD

π +

z

c = c 0.5

1

1.5

0.2 0.4 0.6 0.8

FIG. 1: The individual FFs for positively charged pions zDπ+

i (z,Q2) at Q2 = 10GeV2 along with uncertainty estimates at
68% and 90% C.L. indicated by the inner and outer shaded bands, respectively. The panels on the right-hand-side show the
corresponding relative uncertainties. Also shown is a comparison to the previous global analysis by DSS [10] (dashed lines).

mum zDπ+

i at NLO accuracy for i = u+ ū, d+ d̄, ū = d,
s = s̄, c = c̄, and the gluon g (solid lines) along with our
uncertainty estimates at 68% C.L. (inner bands) and 90%
C.L. (outer bands), obtained as described in Sec. II C.
For better visibility, the rightmost panels give the rela-
tive uncertainties for the same set of zDπ+

i . The results
of the previous NLO DSS fit are shown as dashed lines.
As can be inferred from Fig. 1, for the light quark fla-

vors the old DSS results are either close to the updated
fit or within its 90% C.L. uncertainty band. The best
determined pion FFs is Dπ+

u+ū, where the relative uncer-
tainties are below 10% at 90% C.L. throughout most of
the relevant z range. Only for z ! 0.8 the errors rapidly
increase because of the lack of experimental constraints
in this region. The corresponding uncertainties for Dπ+

d+d̄
turn out to be slightly larger as they also include possi-
ble violations of SU(2) charge symmetry through Eq. (3).
We stress again, that at variance with the DSS analysis
[10], the new fit does not favor any SU(2) breaking. For

the unfavored FFs, Dπ+

ū = Dπ+

d are determined well in a
much more limited range of z, and uncertainties start to
increase already for z ! 0.5. The corresponding ambigu-
ities on Dπ+

s = Dπ+

s̄ are about a factor of two larger and
amount to at least 25% at 90% C.L. for z ≃ 0.3.
Bigger deviations from the DSS analysis are found for

both the gluon and the charm FFs. In the latter case,
this is driven by the greater flexibility of the functional
form, five fit parameters rather than three, which helps

with the overall quality of the global fit and cannot be
pin-pointed to a particular data set. In fact, there had
been no new charm (or bottom) tagged data since the

LEP and SLAC era. The significantly reduced Dπ+

g as
compared to the DSS fit is a result of the new Alice pp
data [32], which have a strong preference for less pions
from gluon fragmentation for basically all values of z.
We will discuss this finding, and possible tensions arising
with the pp data from RHIC, in more detail in Sec. III D.
The relative uncertainties on Dπ+

g at Q2 = 10GeV2 are
about 20% at 90% C.L. up to z ≃ 0.5 and quickly increase
towards larger z values.

We refrain from performing a detailed comparison to
the uncertainty estimates based on the data sets avail-
able for the original DSS analysis [10, 26] as they can be
viewed at best as a rough approximation. Only with the
quality and variety of data sets available for the current
global analysis one can arrive at a first meaningful deter-
mination of uncertainties for parton-to-pion FFs, which
therefore constitutes as one of the main results of this
study.

We note that the new very precise SIA data from
BaBar [28] and Belle [29] help to reliably constrain
light quark FFs to much higher values of z than before,
in particular, Dπ+

u+ū. In combination with the LEP and
SLAC data, which, at Q2 = M2

Z , mainly constrain the to-
tal quark singlet fragmentation function, the new precise
data at

√
S ≃ 10.5GeV also help to provide some partial

6

0.5

1

1.5

2

0.5

1

1.5

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

0.8

1

1.2

0.8

1

1.2

0.8

1

1.2

0.8

1

1.2

0.5

1

1.5

0.5

1

1.5

0.5

1

1.5

0.5

1

1.5

0.5

1

1.5

0.5

1

1.5

0.5

1

1.5

0.2 0.4 0.6 0.8

u + u

u = d

z 
D
π  (z

,Q
2 )

z 
D

i+

Q2 = 10 GeV2

d + d

s = s

gluon

z

z 
D
π  (z

,Q
2 )

z 
D

i
+

c = c

z

THIS FIT

DSS
with 68 and 90% C.L. bands

u + u

THIS FIT / DSS

d + d

rel. uncertainty for zD
i  (z,Q

2)
rel. uncertainty for zD

π +

u = d

s = s

gluon

rel. uncertainty for zD
i  (z,Q

2)
rel. uncertainty for zD

π +

z

c = c 0.5

1

1.5

0.2 0.4 0.6 0.8

FIG. 1: The individual FFs for positively charged pions zDπ+

i (z,Q2) at Q2 = 10GeV2 along with uncertainty estimates at
68% and 90% C.L. indicated by the inner and outer shaded bands, respectively. The panels on the right-hand-side show the
corresponding relative uncertainties. Also shown is a comparison to the previous global analysis by DSS [10] (dashed lines).

mum zDπ+

i at NLO accuracy for i = u+ ū, d+ d̄, ū = d,
s = s̄, c = c̄, and the gluon g (solid lines) along with our
uncertainty estimates at 68% C.L. (inner bands) and 90%
C.L. (outer bands), obtained as described in Sec. II C.
For better visibility, the rightmost panels give the rela-
tive uncertainties for the same set of zDπ+

i . The results
of the previous NLO DSS fit are shown as dashed lines.
As can be inferred from Fig. 1, for the light quark fla-

vors the old DSS results are either close to the updated
fit or within its 90% C.L. uncertainty band. The best
determined pion FFs is Dπ+

u+ū, where the relative uncer-
tainties are below 10% at 90% C.L. throughout most of
the relevant z range. Only for z ! 0.8 the errors rapidly
increase because of the lack of experimental constraints
in this region. The corresponding uncertainties for Dπ+

d+d̄
turn out to be slightly larger as they also include possi-
ble violations of SU(2) charge symmetry through Eq. (3).
We stress again, that at variance with the DSS analysis
[10], the new fit does not favor any SU(2) breaking. For

the unfavored FFs, Dπ+

ū = Dπ+

d are determined well in a
much more limited range of z, and uncertainties start to
increase already for z ! 0.5. The corresponding ambigu-
ities on Dπ+

s = Dπ+

s̄ are about a factor of two larger and
amount to at least 25% at 90% C.L. for z ≃ 0.3.
Bigger deviations from the DSS analysis are found for

both the gluon and the charm FFs. In the latter case,
this is driven by the greater flexibility of the functional
form, five fit parameters rather than three, which helps

with the overall quality of the global fit and cannot be
pin-pointed to a particular data set. In fact, there had
been no new charm (or bottom) tagged data since the

LEP and SLAC era. The significantly reduced Dπ+

g as
compared to the DSS fit is a result of the new Alice pp
data [32], which have a strong preference for less pions
from gluon fragmentation for basically all values of z.
We will discuss this finding, and possible tensions arising
with the pp data from RHIC, in more detail in Sec. III D.
The relative uncertainties on Dπ+

g at Q2 = 10GeV2 are
about 20% at 90% C.L. up to z ≃ 0.5 and quickly increase
towards larger z values.

We refrain from performing a detailed comparison to
the uncertainty estimates based on the data sets avail-
able for the original DSS analysis [10, 26] as they can be
viewed at best as a rough approximation. Only with the
quality and variety of data sets available for the current
global analysis one can arrive at a first meaningful deter-
mination of uncertainties for parton-to-pion FFs, which
therefore constitutes as one of the main results of this
study.

We note that the new very precise SIA data from
BaBar [28] and Belle [29] help to reliably constrain
light quark FFs to much higher values of z than before,
in particular, Dπ+

u+ū. In combination with the LEP and
SLAC data, which, at Q2 = M2

Z , mainly constrain the to-
tal quark singlet fragmentation function, the new precise
data at

√
S ≃ 10.5GeV also help to provide some partial
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if one keeps the same 
parameters and lets the 
normalization of each bin 

being fitted

= 1.68�2/dof

Ni between 0.92 and 1.52 for 90% of bins (COMPASS 17)
(total range 0.55< Ni <1.66)



Issues at high pT
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Here collinear factorization
should work!
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<latexit sha1_base64="/0C/w+lqddBVs/qkB5muDNfnpvs=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuAqJChZBKLrQZQX7gCaUyXTSDp08nJkIJXbhr7hxoYhbf8Odf+O0zUJbD1w4nHMv997jJ5xJZdvfRmFhcWl5pbhaWlvf2Nwyt3caMk4FoXUS81i0fCwpZxGtK6Y4bSWC4tDntOkPrsZ+84EKyeLoTg0T6oW4F7GAEay01DH3XHkvVCZH6AKdVKwKcs/RNW10zLJt2ROgeeLkpAw5ah3zy+3GJA1ppAjHUrYdO1FehoVihNNRyU0lTTAZ4B5taxrhkEovm9w/Qoda6aIgFroihSbq74kMh1IOQ193hlj15aw3Fv/z2qkKKl7GoiRVNCLTRUHKkYrROAzUZYISxYeaYCKYvhWRPhaYKB1ZSYfgzL48TxrHlmNbzu1puXqZx1GEfTiAI3DgDKpwAzWoA4FHeIZXeDOejBfj3fiYthaMfGYX/sD4/AEu5JQ+</latexit><latexit sha1_base64="/0C/w+lqddBVs/qkB5muDNfnpvs=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuAqJChZBKLrQZQX7gCaUyXTSDp08nJkIJXbhr7hxoYhbf8Odf+O0zUJbD1w4nHMv997jJ5xJZdvfRmFhcWl5pbhaWlvf2Nwyt3caMk4FoXUS81i0fCwpZxGtK6Y4bSWC4tDntOkPrsZ+84EKyeLoTg0T6oW4F7GAEay01DH3XHkvVCZH6AKdVKwKcs/RNW10zLJt2ROgeeLkpAw5ah3zy+3GJA1ppAjHUrYdO1FehoVihNNRyU0lTTAZ4B5taxrhkEovm9w/Qoda6aIgFroihSbq74kMh1IOQ193hlj15aw3Fv/z2qkKKl7GoiRVNCLTRUHKkYrROAzUZYISxYeaYCKYvhWRPhaYKB1ZSYfgzL48TxrHlmNbzu1puXqZx1GEfTiAI3DgDKpwAzWoA4FHeIZXeDOejBfj3fiYthaMfGYX/sD4/AEu5JQ+</latexit><latexit sha1_base64="/0C/w+lqddBVs/qkB5muDNfnpvs=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuAqJChZBKLrQZQX7gCaUyXTSDp08nJkIJXbhr7hxoYhbf8Odf+O0zUJbD1w4nHMv997jJ5xJZdvfRmFhcWl5pbhaWlvf2Nwyt3caMk4FoXUS81i0fCwpZxGtK6Y4bSWC4tDntOkPrsZ+84EKyeLoTg0T6oW4F7GAEay01DH3XHkvVCZH6AKdVKwKcs/RNW10zLJt2ROgeeLkpAw5ah3zy+3GJA1ppAjHUrYdO1FehoVihNNRyU0lTTAZ4B5taxrhkEovm9w/Qoda6aIgFroihSbq74kMh1IOQ193hlj15aw3Fv/z2qkKKl7GoiRVNCLTRUHKkYrROAzUZYISxYeaYCKYvhWRPhaYKB1ZSYfgzL48TxrHlmNbzu1puXqZx1GEfTiAI3DgDKpwAzWoA4FHeIZXeDOejBfj3fiYthaMfGYX/sD4/AEu5JQ+</latexit>

p p ! µ+µ�X
<latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit><latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit><latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit><latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit>

qT ' Q
<latexit sha1_base64="bPlJ+2+SNW0GtMDRUlheLpD6n18=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuiG5ct9AVtCJPppB06M0lnJkINxV9x40IRt/6HO//GSZqFth64cDjnXu69J4gZVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edVSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINJneZ330gUtFItPQsJh5HI0FDipE2km+fTP20NYcDRTmZwmYlh29XnZqTA64StyBVUKDh21+DYYQTToTGDCnVd51YeymSmmJG5pVBokiM8ASNSN9QgThRXppfP4fnRhnCMJKmhIa5+nsiRVypGQ9MJ0d6rJa9TPzP6yc6vPFSKuJEE4EXi8KEQR3BLAo4pJJgzWaGICypuRXiMZIIaxNYFoK7/PIq6VzWXKfmNq+q9dsijjI4BWfgArjgGtTBPWiANsDgETyDV/BmPVkv1rv1sWgtWcXMMfgD6/MH1fWS1w==</latexit><latexit sha1_base64="bPlJ+2+SNW0GtMDRUlheLpD6n18=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuiG5ct9AVtCJPppB06M0lnJkINxV9x40IRt/6HO//GSZqFth64cDjnXu69J4gZVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edVSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINJneZ330gUtFItPQsJh5HI0FDipE2km+fTP20NYcDRTmZwmYlh29XnZqTA64StyBVUKDh21+DYYQTToTGDCnVd51YeymSmmJG5pVBokiM8ASNSN9QgThRXppfP4fnRhnCMJKmhIa5+nsiRVypGQ9MJ0d6rJa9TPzP6yc6vPFSKuJEE4EXi8KEQR3BLAo4pJJgzWaGICypuRXiMZIIaxNYFoK7/PIq6VzWXKfmNq+q9dsijjI4BWfgArjgGtTBPWiANsDgETyDV/BmPVkv1rv1sWgtWcXMMfgD6/MH1fWS1w==</latexit><latexit sha1_base64="bPlJ+2+SNW0GtMDRUlheLpD6n18=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuiG5ct9AVtCJPppB06M0lnJkINxV9x40IRt/6HO//GSZqFth64cDjnXu69J4gZVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edVSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINJneZ330gUtFItPQsJh5HI0FDipE2km+fTP20NYcDRTmZwmYlh29XnZqTA64StyBVUKDh21+DYYQTToTGDCnVd51YeymSmmJG5pVBokiM8ASNSN9QgThRXppfP4fnRhnCMJKmhIa5+nsiRVypGQ9MJ0d6rJa9TPzP6yc6vPFSKuJEE4EXi8KEQR3BLAo4pJJgzWaGICypuRXiMZIIaxNYFoK7/PIq6VzWXKfmNq+q9dsijjI4BWfgArjgGtTBPWiANsDgETyDV/BmPVkv1rv1sWgtWcXMMfgD6/MH1fWS1w==</latexit><latexit sha1_base64="bPlJ+2+SNW0GtMDRUlheLpD6n18=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuiG5ct9AVtCJPppB06M0lnJkINxV9x40IRt/6HO//GSZqFth64cDjnXu69J4gZVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edVSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINJneZ330gUtFItPQsJh5HI0FDipE2km+fTP20NYcDRTmZwmYlh29XnZqTA64StyBVUKDh21+DYYQTToTGDCnVd51YeymSmmJG5pVBokiM8ASNSN9QgThRXppfP4fnRhnCMJKmhIa5+nsiRVypGQ9MJ0d6rJa9TPzP6yc6vPFSKuJEE4EXi8KEQR3BLAo4pJJgzWaGICypuRXiMZIIaxNYFoK7/PIq6VzWXKfmNq+q9dsijjI4BWfgArjgGtTBPWiANsDgETyDV/BmPVkv1rv1sWgtWcXMMfgD6/MH1fWS1w==</latexit>
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Here collinear factorization
should work!
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<latexit sha1_base64="/0C/w+lqddBVs/qkB5muDNfnpvs=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuAqJChZBKLrQZQX7gCaUyXTSDp08nJkIJXbhr7hxoYhbf8Odf+O0zUJbD1w4nHMv997jJ5xJZdvfRmFhcWl5pbhaWlvf2Nwyt3caMk4FoXUS81i0fCwpZxGtK6Y4bSWC4tDntOkPrsZ+84EKyeLoTg0T6oW4F7GAEay01DH3XHkvVCZH6AKdVKwKcs/RNW10zLJt2ROgeeLkpAw5ah3zy+3GJA1ppAjHUrYdO1FehoVihNNRyU0lTTAZ4B5taxrhkEovm9w/Qoda6aIgFroihSbq74kMh1IOQ193hlj15aw3Fv/z2qkKKl7GoiRVNCLTRUHKkYrROAzUZYISxYeaYCKYvhWRPhaYKB1ZSYfgzL48TxrHlmNbzu1puXqZx1GEfTiAI3DgDKpwAzWoA4FHeIZXeDOejBfj3fiYthaMfGYX/sD4/AEu5JQ+</latexit><latexit sha1_base64="/0C/w+lqddBVs/qkB5muDNfnpvs=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuAqJChZBKLrQZQX7gCaUyXTSDp08nJkIJXbhr7hxoYhbf8Odf+O0zUJbD1w4nHMv997jJ5xJZdvfRmFhcWl5pbhaWlvf2Nwyt3caMk4FoXUS81i0fCwpZxGtK6Y4bSWC4tDntOkPrsZ+84EKyeLoTg0T6oW4F7GAEay01DH3XHkvVCZH6AKdVKwKcs/RNW10zLJt2ROgeeLkpAw5ah3zy+3GJA1ppAjHUrYdO1FehoVihNNRyU0lTTAZ4B5taxrhkEovm9w/Qoda6aIgFroihSbq74kMh1IOQ193hlj15aw3Fv/z2qkKKl7GoiRVNCLTRUHKkYrROAzUZYISxYeaYCKYvhWRPhaYKB1ZSYfgzL48TxrHlmNbzu1puXqZx1GEfTiAI3DgDKpwAzWoA4FHeIZXeDOejBfj3fiYthaMfGYX/sD4/AEu5JQ+</latexit><latexit sha1_base64="/0C/w+lqddBVs/qkB5muDNfnpvs=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuAqJChZBKLrQZQX7gCaUyXTSDp08nJkIJXbhr7hxoYhbf8Odf+O0zUJbD1w4nHMv997jJ5xJZdvfRmFhcWl5pbhaWlvf2Nwyt3caMk4FoXUS81i0fCwpZxGtK6Y4bSWC4tDntOkPrsZ+84EKyeLoTg0T6oW4F7GAEay01DH3XHkvVCZH6AKdVKwKcs/RNW10zLJt2ROgeeLkpAw5ah3zy+3GJA1ppAjHUrYdO1FehoVihNNRyU0lTTAZ4B5taxrhkEovm9w/Qoda6aIgFroihSbq74kMh1IOQ193hlj15aw3Fv/z2qkKKl7GoiRVNCLTRUHKkYrROAzUZYISxYeaYCKYvhWRPhaYKB1ZSYfgzL48TxrHlmNbzu1puXqZx1GEfTiAI3DgDKpwAzWoA4FHeIZXeDOejBfj3fiYthaMfGYX/sD4/AEu5JQ+</latexit>

p p ! µ+µ�X
<latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit><latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit><latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit><latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit>

Similar issue in SIDIS 
at high PhT (COMPASS 2017)

N.Sato @QCDevo2018

qT ' Q
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Conclusions

First global extraction of TMDs from SIDIS, DY and Z boson

Test of the universality and evolution formalism of partonic TMDs

•compatible with parameters obtained from 
previous analysis

•requires further considerations on normalisation


New Data
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What we need

•flavor separation (proton target, identified 
hadrons)

•average z-value of bins

•new unpolarised Drell-Yan data (possible p-p, p-
pbar?)  especially at high qT 
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low energy Drell-Yan data  
Experiment Reaction Year TMD 

fits
PDF 
fits

high-qT
tail

R209 p-p 1981 ✔ ✘ ✔

E288 p-Cu,  
p-Pt 1981 ✔ ✘ ✘

E605 p-Cu 1991 ✔ ✔ ✘

E866 p-p, 
p-d 2003 ✘ ✔ ✔
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The replica method
mHx,z,PhT ,Q2L, proton target

Xx\~0.15
XQ2\~2.9 GeV2

0.0 0.4 0.8
PhT

1

2

3
p-

0.27<z<0.30
0.38<z<0.48

Example of original data



The replica method
mHx,z,PhT ,Q2L, proton target

Xx\~0.15
XQ2\~2.9 GeV2

0.0 0.4 0.8
PhT

1

2

3
p-

0.27<z<0.30
0.38<z<0.48

Example of original data

two targets

4 final hadrons

5 x bins

7 z bins



The replica method
mHx,z,PhT ,Q2L, proton target

Xx\~0.15
XQ2\~2.9 GeV2

0.0 0.4 0.8
PhT

1

2

3
p-

0.27<z<0.30
0.38<z<0.48

Data are replicated (with Gaussian distribution)



The replica method
mHx,z,PhT ,Q2L, proton target

Xx\~0.15
XQ2\~2.9 GeV2

0.0 0.4 0.8
PhT

1

2

3
p-

0.27<z<0.30
0.38<z<0.48

The fit is performed on the replicated data



The replica method
mHx,z,PhT ,Q2L, proton target

Xx\~0.15
XQ2\~2.9 GeV2

0.0 0.4 0.8
PhT

1

2

3
p-

0.27<z<0.30
0.38<z<0.48

The procedure is repeated 200 times



The replica method
mHx,z,PhT ,Q2L, proton target

Xx\~0.15
XQ2\~2.9 GeV2

0.0 0.4 0.8
PhT

1

2

3
p-

0.27<z<0.30
0.38<z<0.48

For each point, a central 68% confidence interval is identified



Previous fit studies

Framework HERMES COMPASS DY Z 
production N of points

KN 2006
 hep-ph/0506225

LO-NLL ✘ ✘ ✔ ✔ 98

Pavia 2013
(+Amsterdam, Bilbao)
 arXiv:1309.3507

No evo 
(QPM) ✔ ✘ ✘ ✘ 1538

Torino 2014
(+JLab)

 arXiv:1312.6261

No evo 
(QPM)

✔
(separately)

✔
(separately) ✘ ✘

576 (H)
6284 (C)

DEMS 2014
arXiv:1407.3311

NLO-NNLL ✘ ✘ ✔ ✔ 223

EIKV 2014
 arXiv:1401.5078

LO-NLL 1 (x,Q2) bin 1 (x,Q2) bin ✔ ✔ 500 (?)

Pavia 2016
(+Amsterdam) LO-NLL ✔ ✔ ✔ ✔ 8156Pavia 2017 
(+ JLab) 8059
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μ and b∗ prescriptions
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μ and b∗ prescriptions
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Choice Choice
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μ and b∗ prescriptions

e
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1 (x, bT ;µ2) =
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C̃a/i ⌦ f

i
1

�
(x, b⇤;µb)eS̃(b⇤;µb,µ)

e

gK(bT ) ln µ
µ0

f̂

a
NP(x, bT )

Choice Choice

b⇤ ⌘
bTp

1 + b2

T /b2

max

b⇤ ⌘ b
max

✓
1� e

� b4T
b4
max

◆
1/4

µb = 2e��E /b⇤

µb = Q0 + qT b⇤ = bT

µb = 2e��E /b⇤

Collins, Soper, Sterman, NPB250 (85)

DEMS 2014 

Bacchetta, Echevarria, Mulders, Radici, Signori  
arXiv:1508.00402
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μ and b∗ prescriptions
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T /b2
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� b4T
b4
max

◆
1/4

µb = 2e��E /b⇤

µb = Q0 + qT b⇤ = bT

µb = 2e��E /b⇤

Collins, Soper, Sterman, NPB250 (85)

DEMS 2014 

Bacchetta, Echevarria, Mulders, Radici, Signori  
arXiv:1508.00402
 

Laenen, Sterman, Vogelsang, PRL 84 (00)Complex-b prescription
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Pavia 2017 perturbative ingredients
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Model: non perturbative elements

sum of two different gaussians
with different variance
with kinematic dependence on transverse momenta

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

To NLL accuracy, we need the following terms [31, 52]

A1 = CF , A2 =
1

2
CF

[
CA

(
67

18
− π2

6

)
− 5

9
Nf

]
, B1 = −3

2
CF . (2.32)

We use the approximate analytic expression for αS at NLO with the ΛQCD = 340MeV,
296MeV, 214MeV for three, four, five flavors, respectively, corresponding to a value of
αS(MZ) = 0.117. We fix the flavor thresholds at mc = 1.5GeV and mb = 4.7GeV. The
integration of the Sudakov exponent in eq. (2.30) can be done analytically (for the complete
expressions see, e.g., refs. [36, 53, 54]).

Following refs. [55–57], for the nonperturbative Sudakov factor we make the traditional
choice

gK(ξT ) = −g2ξ
2
T /2 (2.33)

with g2 a free parameter. Recently, several alternative forms have been proposed [58, 59].
Also, recent theoretical studies aimed at calculating this term using nonperturbative meth-
ods [60]. All these choices should be tested in future studies. In ref. [61], a good agreement
with data was achieved even without this term, but this is not possible when including data
at low Q2.

In this analysis, for the collinear PDFs fa
1 we adopt the GJR08FFnloE set [62] through

the LHAPDF library [63], and for the collinear fragmentation functions the DSS14 NLO
set for pions [64] and the DSS07 NLO set for kaons [65].3 We will comment on the use of
other PDF sets in section 4.3.

We parametrize the intrinsic nonperturbative parts of the TMDs in the following ways

f̃a
1NP(x, ξ

2
T ) =

1

2π
e−g1a

ξ2T
4

(
1− λg21a

1 + λg1a

ξ2T
4

)
, (2.34)

D̃a→h
1NP (z, ξ2T ) =

g3a→h e
−g3a→h

ξ2T
4z2 +

(
λF /z2

)
g24a→h

(
1− g4a→h

ξ2T
4z2

)
e−g4a→h

ξ2T
4z2

2πz2
(
g3a→h +

(
λF /z2

)
g24a→h

) . (2.35)

After performing the anti-Fourier transform, the f1NP and D1NP in momentum space cor-
respond to

fa
1NP(x,k

2
⊥) =

1

π

(
1 + λk2

⊥
)

g1a + λ g21a
e
− k2⊥

g1a , (2.36)

Da→h
1NP (z,P 2

⊥) =
1

π

1

g3a→h +
(
λF /z2

)
g24a→h

(
e
− P 2

⊥
g3a→h + λF

P 2
⊥

z2
e
− P 2

⊥
g4a→h

)
. (2.37)

The TMD PDF at the starting scale is therefore a normalized sum of a Gaussian with
variance g1 and the same Gaussian weighted by a factor λk2

⊥. The TMD FF at the starting
scale is a normalized sum of a Gaussian with variance g3 and a second Gaussian with
variance g4 weighted by a factor λFP 2

⊥/z
2. The choice of this particular functional forms

is motivated by model calculations: the weighted Gaussian in the TMD PDF could arise
3After the completion of our analysis, a new set of kaon fragmentation function was presented in ref. [66].
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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:
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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:
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,
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(z) =
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. (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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