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The W term dominates in the region where qT ≪Q
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The W term dominates in the region where qT ≪Q

Y term has been excluded in the Pavia analyses
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Fourier-transformed space to avoid convolutions


TMDs formally depend on two scales, but we set them equal

TMD Factorization - SIDIS

FUU,T (x, z,P
2
hT , Q

2)

= x
X

q

H
q
UU,T (Q

2, µ2)

Z
d2k? d2P? fa

1

�
x,k2

?;µ
2
�
Da!h

1

�
z,P 2

?;µ
2
�
�
�
zk? � P hT + P?

�

= x
X

a

H
q
UU,T (Q

2, µ2)

Z
dbT bTJ0(bT |P h?|)f̂

q
1

�
x, z2b2?;µ

2
�
D̂a!h

1

�
z, b2?;µ

2
�

<latexit sha1_base64="h9rqXCZCgENLY5CIMvyMu3u99Rs="></latexit>



5

TMD Factorization - Drell—Yan

PB

nucleon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PA

nucleon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

kA

kB

k⊥A

k⊥B
quark

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

quark
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

photon
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

qTq

antiquark

=
X

a

H1a
UU (Q

2, µ2)

Z
d2k?A d2k?B fa

1

�
xA,k

2
?A;µ

2
�
f ā
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6J. Collins, “Foundation of Perturbative QCD”



Structure of a TMD

How to model a TMD distribution?
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J. Collins, “Foundation of Perturbative QCD”
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Overcoming the normalization problem of SIDIS data
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from the presence of components of the quark wave function with angular momentum
L = 1 [67Ð71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton ßavor
a [23, 38, 73]. In the present analysis, however, we assume they are ßavor independent.
The justiÞcation for this choice is that most of the data we are considering are not su! -
ciently sensitive to ßavor di" erences, 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)! x"

(1 ! öx)! öx" , (2.38)

where ! , " , and N1 " g1(öx) with öx = 0 .1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(z# + #) (1 ! z)$

(öz# + #) (1 ! öz)$ , (2.39)

where $, %, #, and N3,4 " g3,4(öz) with öz = 0 .5 are free parameters.
The average transverse momentum squared for the distributions in eq. (2.36) and (2.37)

can be computed analytically:

!
k 2

!

"
(x) =

g1(x) + 2 &g2
1(x)

1 + &g1(x)
,

!
P 2

!

"
(z) =

g2
3(z) + 2 &F g3

4(z)
g3(z) + &F g2

4(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 di" erent processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan andZ boson production from
di" erent experimental collaborations at di" erent 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 o" proton target ( Hermes experiment) and
presents their kinematic ranges. The same holds for table2, table 3, table 4 for SIDIS
o" deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not speciÞed 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 Þtted 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 di" erent fragmentation regions when the

Ð 10 Ð
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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 di" erent processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan andZ boson production from
di" erent experimental collaborations at di" erent 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 o" proton target ( Hermes experiment) and
presents their kinematic ranges. The same holds for table2, table 3, table 4 for SIDIS
o" deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not speciÞed 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 Þtted 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 di" erent fragmentation regions when the
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from the presence of components of the quark wave function with angular momentum
L = 1 [67Ð71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton ßavor
a [23, 38, 73]. In the present analysis, however, we assume they are ßavor independent.
The justiÞcation for this choice is that most of the data we are considering are not su! -
ciently sensitive to ßavor di" erences, 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)! x"

(1 ! öx)! öx" , (2.38)

where ! , " , and N1 " g1(öx) with öx = 0 .1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(z# + #) (1 ! z)$

(öz# + #) (1 ! öz)$ , (2.39)

where $, %, #, and N3,4 " g3,4(öz) with öz = 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 di" erent processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan andZ boson production from
di" erent experimental collaborations at di" erent 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 o" proton target ( Hermes experiment) and
presents their kinematic ranges. The same holds for table2, table 3, table 4 for SIDIS
o" deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not speciÞed 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 Þtted 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 di" erent fragmentation regions when the
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from the presence of components of the quark wave function with angular momentum
L = 1 [67Ð71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton ßavor
a [23, 38, 73]. In the present analysis, however, we assume they are ßavor independent.
The justiÞcation for this choice is that most of the data we are considering are not su! -
ciently sensitive to ßavor di" erences, 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)! x"

(1 ! öx)! öx" , (2.38)

where ! , " , and N1 " g1(öx) with öx = 0 .1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(z# + #) (1 ! z)$
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where $, %, #, and N3,4 " g3,4(öz) with öz = 0 .5 are free parameters.
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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 di" erent processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan andZ boson production from
di" erent experimental collaborations at di" erent 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 o" proton target ( Hermes experiment) and
presents their kinematic ranges. The same holds for table2, table 3, table 4 for SIDIS
o" deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not speciÞed 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 Þtted 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 di" erent fragmentation regions when the
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Best theoretical accuracy reached 

Good global description obtained

Other data sets included in the fit
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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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N1! [GeV2] = 0.47± 0.12 #! = 4.50± 2.25 $! = 4.40± 1.34

Need of new data to better constrain the TMD
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27Figure 3 . The cross-section at di! erent orders of TMD factorization and for di ! erent boson energies.
The legend of the perturbative orders means that N k LO (N k LL) incorporates ak

s -order (ak ! 1
s -order) of the

coe" cient function, ak
s -order of anomalous dimensions with ak +1

s -order of ! cusp . The TMD distributions
and the NP part of the evolution are the same for all cases.

energies. In the plot the TMD distributions and the NP part of the evolution are held Þxed while
the perturbative orders are changed. The perturbative series converges very well, and the di! erence
between NNLO and N3LO factorization is of order of percents. This is an additional positive aspect
of the ! -prescription, which is due to fact that all perturbative series are evaluated atµ = Q.

2.4.1 Matching of TMD distribution to collinear distributions

The TMD are generic non-perturbative functions that depend on the parton fraction x and the
impact parameter b. A Þt of a two-variable function is a hopeless task due to the enormous
parametric freedom. This freedom can be essentially reduced by the matching of ab ! 0 boundary
of a TMD distribution to the corresponding collinear distribution. In the asymptotic limit of small- b
one has
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where f 1(x, µ) and d1(x, µ) are collinear PDF and FF, the label f # runs over all active quarks,
anti-quarks and a gluon, and
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$
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(4" )2 , (2.78)

with #E being the Euler constant and g being QCD coupling constant. The extra factor y$ 2

in eq. (2.77) is present due to the normalization di! erence of the TMD operator in eq. (2.21)
and the collinear operator, see e.g. [5, 25]. The coe" cient functions C and C can be calculated
with operator product expansion methods (for a general review see ref. [58]) and in the case of
unpolarized distributions the coe" cient functions are known up to NNLO [23, 25, 26, 29]. The
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Torino’s group also 
confirmed that large 
normalisation factors 
have to be introduced 
to describe COMPASS 
data
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Error propagation
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Hints of the 
appropriateness of 

the chosen 
functional form
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