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The W term, dominates at low transverse momentum (qT ≪Q)


So far, the Y term has been excluded in the Pavia analyses
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At small transverse momentum, the dominant part is given by TMDs. 
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TMDs formally depend on two scales, but we set them equal.
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The analysis is usually done in Fourier-transformed space
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TMD STRUCTURE 
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nonperturbative part 
of TMD

collinear PDF

perturbative Sudakov 
form factor

nonperturbative part 
of evolution

see, e.g.,  
Collins, “Foundations of Perturbative QCD” (11) 

matching coefficients 
(perturbative)
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(inhibits perturbative contribution)



EFFECTS OF b∗ PRESCRIPTION 

➤ At bT> bmax , the perturbative contributions are inhibited and 
replaced by nonperturbative contributions (roughly speaking, at 
small transverse momentum)


➤ At bT< bmin the TMD is modified, but it should influence the 
region outside the applicability of TMD factorization (roughly 
speaking, at high transverse momentum) 


➤ At Q=1, only, the integral of the TMD is by construction equal to 
the collinear PDF (see also talk by Z. Sun) 
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LOW-bT MODIFICATIONS
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lidity of the W -term approximation does not end at a
sharp point in qT, and thus a smooth function character-
izes general physical expectations. A reasonable choice
is
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The only differences between the old and new W -term

are: i) the use of bc(bT) rather than bT in W̃ , and ii) the
multiplication by Ξ(qT/Q, η). (The second modification
was proposed by Collins in Ref. [4, Eq. (13.75)]. There Ξ
is called F (qT/Q).) Equation (38) matches the standard
definition in the limit that C5 and η approach infinity.
Finally, we will present a fully optimized formula for

WNew(qT, Q; η, C5) corresponding to the one for the orig-
inal W (qT, Q) in Eq. (35).
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The steps for finding a useful formula for the evolved WNew(qT, Q; η, C5) are as follows. Equation (32) becomes
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Now the definition of W̃ (bT, Q) is unchanged, and only the bT → bc(bT) replacement is new. Therefore instead of
Eq. (35) we simply need
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This is the same as Eq. (35) except that b∗(bc(bT)) and µ̄ = C1/b∗(bc(bT)) are used instead of b∗(bT) and
µb∗ = C1/b∗(bT). Note that gK(bc(bT); bmax) depends on Q through bc, albeit only for bT ! 1/Q. For bT & 1/Q,
gK(bc(bT); bmax) → gK(bT; bmax). Also, gK(bc(bT); bmax) does not vanish exactly as bT → 0 but instead approaches a
power of 1/Q.
Up to this point, we have introduced two new parameters, η and C5, in the treatment of the W -term.
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dẑ

ẑ3
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Collins et al. 
arXiv:1605.00671 

see, e.g., Bozzi, Catani, De Florian, Grazzini  
hep-ph/0302104 

• The justification is to recover the integrated result (“unitarity constraint”)


• Modification at low bT is allowed because resummed calculation is anyway 
unreliable there 

http://www.arxiv.org/abs/1605.00671
http://arxiv.org/abs/hep-ph/0302104


RECENT TMD FITS OF UNPOLARIZED DATA

12

Framework HERMES COMPASS DY Z 
production N of points χ2/Npoints

Pavia 2017

arXiv:1703.10157 NLL ✔ ✔ ✔ ✔ 8059 1.55

SV 2017

arXiv:1706.01473 NNLLʹ ✘ ✘ ✔ ✔ 309 1.23

BSV 2019

arXiv:1902.08474 NNLLʹ ✘ ✘ ✔ ✔ 457 1.17

SV 2019

arXiv:1912.06532 NNLLʹ ✔ ✔ ✔ ✔ 1039 1.06

Pavia 2019

arXiv:1912.07550 N3LL ✘ ✘ ✔ ✔ 353 1.02

http://arxiv.org/abs/arXiv:1703.10157
http://arxiv.org/abs/arXiv:1912.07550


What have we been doing in the last 
two years?

PV17 PV19

MAP21
work still in progress…



NANGA PARBAT: A PUBLIC PLATFORM FOR TMD STUDIES
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https://github.com/MapCollaboration/NangaParbat



Collinear fragmentation functions not available 
beyond NLO

PERTURBATIVE ORDER OF EACH INGREDIENT
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hard factor and 
matching coefficients

ingredients in perturbative 
Sudakov form factor

Order in powers of αS

Accuracy H and C K and γF γK PDF and αS evol.
LL 0 - 1 -

NLL 0 1 2 LO

NLL’ 1 1 2 NLO

NNLL 1 2 3 NLO
NNLL’ 2 2 3 NNLO

N3LL− 2 3 4 NLO
N3LL 2 3 4 NNLO
N3LL’ 3 3 4 N3LO



COMPARISON OF DIFFERENT ORDERS IN DY
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Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro, Piacenza, Radici, arXiv:1912.07550

http://arxiv.org/abs/arXiv:1912.07550


COMPARISON OF DIFFERENT ORDER SIDIS
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Preliminary
COMPASS multiplicities (one of many bins)

The description considerably worsens at higher orders



RATIO DATA/PREDICTIONS
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Preliminary
COMPASS multiplicitiesCOMPASS multiplicities (one of many bins)

The discrepancy amounts to a constant factor



OUR TENTATIVE SOLUTION
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nonmix.

The prefactor is independent of the fitting parameters  



NONMIXED TERMS IN COLLINEAR SIDIS CROSS SECTION

20

4. Low transverse momentum: phenomenology

4A Appendix: di�erence between the TMD integral
and the integrated SIDIS cross section at O(UB)

In this Appendix we report the theoretical formula for the SIDIS cross section inte-
grated over transverse momentum at O(UB), for the reader who wants to compare
it with the integral of the TMD cross section (Sec. 4.1.2). This expression can be
found, for instance, in [84]:
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4. Low transverse momentum: phenomenology

4A Appendix: di�erence between the TMD integral
and the integrated SIDIS cross section at O(UB)

In this Appendix we report the theoretical formula for the SIDIS cross section inte-
grated over transverse momentum at O(UB), for the reader who wants to compare
it with the integral of the TMD cross section (Sec. 4.1.2). This expression can be
found, for instance, in [84]:
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where the first term of the sum gives the structure function �1, and the second
term the longitudinal structure function �! . Square brackets denote a double
convolution over both G and I. The QCD coe�cients ⇠ 5
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SOLUTION 2: ENHANCE TMD CONTRIBUTIONS
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Fig. 10: Upper panels: Multiplicities of positively (full squares) and negatively (full circles) charged hadrons as a
function of P2

hT in four z bins at hQ2i = 9.78 (GeV/c)2 and hxi = 0.149. Lower panels: Ratio of multiplicities of
positively and negatively charged hadron. Only statistical uncertainties are shown.

It seems that the same “physics” is dominating at least for 
 GeV,  

which means  GeV in the lowest-z bin

0 ≤ PhT ≤ 0.7
0 ≤ qT ≤ 2.8

⟨Q⟩ = 3.1 GeV

 
COMPASS Collab., arXiv:1709.07374 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MAP21 TMD FIT CHOICES (PRELIMINARY)
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Q2 > 1.4 GeV2
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qT < 0.2Q (DY)
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(SIDIS)
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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 –
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11 parameters for TMD PDF  
+ 2 for NP evolution +14 for FF   

= 27 free parameters

Still working on the final form
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N2LL: EXAMPLE OF BAD BINS
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GENERAL CONSIDERATIONS ABOUT UNPOLARIZED TMDS

➤ SIDIS data can be described very well at NLL, but require 
normalisation factors at NLL’ or higher


➤ The identification of the region of applicability of the 
TMD formalism is still an open issue 


➤ Good global χ2 can be reached at N2LL, but some LHC 
data remain hard to describe

29
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Bacchetta, Delcarro, Pisano, Radici, Signori, arXiv:1703.10157
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Total number of data points: 8059


Total χ2/dof = 1.55 

Q2 > 1.4 GeV2

0.2 < z < 0.7

PhT , qT < Min[0.2 Q, 0.7 Qz] + 0.5 GeV
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We consider the sensitivity of our results to the parameterizations adopted for the
collinear quark PDFs. The χ2/d.o.f. varies from its original value 1.51, obtained with the
NLO GJR 2008 parametrization [62], to 1.84 using NLO MSTW 2008 [98], and 1.85 using
NLO CJ12 [99]. In both cases, the agreement with Hermes and Z boson data is not
affected significanlty, the agreement with Compass data becomes slightly worse, and the
agreement with DY data becomes clearly worse.

An extremely important point is the choice of kinematic cuts. Our default choices
are listed in tables 1–4. We consider also more stringent kinematic cuts on SIDIS data:
Q2 > 1.5GeV2 and 0.25 < z < 0.6 instead of Q2 > 1.4GeV2 and 0.2 < z < 0.7, leaving
the other ones unchanged. The number of bins with these cuts reduces from 8059 to 5679
and the χ2/d.o.f. decreases to the value 1.23. In addition, if we replace the constraint
PhT < Min[0.2Q, 0.7Qz] + 0.5GeV with PhT < Min[0.2Q, 0.5Qz] + 0.3GeV, the number
of bins reduces to 3380 and the χ2/d.o.f. decreases further to 0.96. By adopting the even
stricter cut PhT < 0.2Qz, the number of bins drops to only 477, with a χ2/d.o.f. =1.02. We
can conclude that our fit, obtained by fitting data in an extended kinematic region, where
TMD factorization may be questioned, works extremely well also in a narrower region,
where TMD factorization is expected to be under control.

5 Conclusions

In this work we demonstrated for the first time that it is possible to perform a simultaneous
fit of unpolarized TMD PDFs and FFs to data of SIDIS, Drell-Yan and Z boson production
at small transverse momentum collected by different experiments. This constitutes the
first attempt towards a global fit of fa

1 (x, k
2
⊥) and Da→h

1 (z, P 2
⊥) in the context of TMD

factorization and with the implementation of TMD evolution at NLL accuracy.
We extracted unpolarized TMDs using 8059 data points with 11 free parameters using

a replica methodology. We selected data with Q2 > 1.4GeV2 and 0.2 < z < 0.7. We
restricted our fit to the small transverse momentum region, selecting the maximum value
of transverse momentum on the basis of phenomenological considerations (see section 3).
With these choices, we included regions where TMD factorization could be questioned,
but we checked that our results describe very well the regions where TMD factorization is
supposed to hold. The average χ2/d.o.f. is 1.55 ± 0.05 and can be improved up to 1.02
restricting the kinematic cuts, without changing the parameters (see section 4.3). Most of
the discrepancies between experimental data and theory comes from the normalization and
not from the transverse momentum shape.

Our fit is performed assuming that the intrinsic transverse momentum dependence of
TMD PDFs and FFs can be parametrized by a normalized linear combination of a Gaussian
and a weighted Gaussian. We considered that the widths of the Gaussians depend on the
longitudinal momenta. We neglected a possible flavor dependence. For the nonperturbative
component of TMD evolution, we adopted the choice most often used in the literature (see
section 2.3).

We plan to release grids of the parametrizations studied in this work via TMDlib [100]
to facilitate phenomenological studies for present and future experiments.
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We consider the sensitivity of our results to the parameterizations adopted for the
collinear quark PDFs. The χ2/d.o.f. varies from its original value 1.51, obtained with the
NLO GJR 2008 parametrization [62], to 1.84 using NLO MSTW 2008 [98], and 1.85 using
NLO CJ12 [99]. In both cases, the agreement with Hermes and Z boson data is not
affected significanlty, the agreement with Compass data becomes slightly worse, and the
agreement with DY data becomes clearly worse.

An extremely important point is the choice of kinematic cuts. Our default choices
are listed in tables 1–4. We consider also more stringent kinematic cuts on SIDIS data:
Q2 > 1.5GeV2 and 0.25 < z < 0.6 instead of Q2 > 1.4GeV2 and 0.2 < z < 0.7, leaving
the other ones unchanged. The number of bins with these cuts reduces from 8059 to 5679
and the χ2/d.o.f. decreases to the value 1.23. In addition, if we replace the constraint
PhT < Min[0.2Q, 0.7Qz] + 0.5GeV with PhT < Min[0.2Q, 0.5Qz] + 0.3GeV, the number
of bins reduces to 3380 and the χ2/d.o.f. decreases further to 0.96. By adopting the even
stricter cut PhT < 0.2Qz, the number of bins drops to only 477, with a χ2/d.o.f. =1.02. We
can conclude that our fit, obtained by fitting data in an extended kinematic region, where
TMD factorization may be questioned, works extremely well also in a narrower region,
where TMD factorization is expected to be under control.

5 Conclusions

In this work we demonstrated for the first time that it is possible to perform a simultaneous
fit of unpolarized TMD PDFs and FFs to data of SIDIS, Drell-Yan and Z boson production
at small transverse momentum collected by different experiments. This constitutes the
first attempt towards a global fit of fa

1 (x, k
2
⊥) and Da→h

1 (z, P 2
⊥) in the context of TMD

factorization and with the implementation of TMD evolution at NLL accuracy.
We extracted unpolarized TMDs using 8059 data points with 11 free parameters using

a replica methodology. We selected data with Q2 > 1.4GeV2 and 0.2 < z < 0.7. We
restricted our fit to the small transverse momentum region, selecting the maximum value
of transverse momentum on the basis of phenomenological considerations (see section 3).
With these choices, we included regions where TMD factorization could be questioned,
but we checked that our results describe very well the regions where TMD factorization is
supposed to hold. The average χ2/d.o.f. is 1.55 ± 0.05 and can be improved up to 1.02
restricting the kinematic cuts, without changing the parameters (see section 4.3). Most of
the discrepancies between experimental data and theory comes from the normalization and
not from the transverse momentum shape.

Our fit is performed assuming that the intrinsic transverse momentum dependence of
TMD PDFs and FFs can be parametrized by a normalized linear combination of a Gaussian
and a weighted Gaussian. We considered that the widths of the Gaussians depend on the
longitudinal momenta. We neglected a possible flavor dependence. For the nonperturbative
component of TMD evolution, we adopted the choice most often used in the literature (see
section 2.3).

We plan to release grids of the parametrizations studied in this work via TMDlib [100]
to facilitate phenomenological studies for present and future experiments.
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Figure 4. Comparison between experimental data and theoretical predictions obtained at N3LL
accuracy for a representative subset of the datasets included in this analysis. The upper panel of
each plot displays the absolute qT distributions, while the lower panel displays the same distributions
normalised to the experimental central values. The blue bands represent the 1-� uncertainty of the
theoretical predictions.

parameter �, that measures the relative weight of Gaussian and q-Gaussian in Eq. (2.39), is
close to 0.5 indicating that these contributions weigh approximately the same. Concerning
the values of the parameters g2 and g2B associated to the non-perturbative contribution to
TMD evolution, we find that the coefficient g2B of the quartic term is small but significantly
different from zero. This seems to suggest that higher-power corrections to the commonly
assumed quadratic term g2 may be required by the data.

Further insight concerning the appropriateness of the functional form in Eqs. (2.39)-

Eqs. (2.39)-(2.40) as they are not a direct result of any of our fits.
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Figure 4. Comparison between experimental data and theoretical predictions obtained at N3LL
accuracy for a representative subset of the datasets included in this analysis. The upper panel of
each plot displays the absolute qT distributions, while the lower panel displays the same distributions
normalised to the experimental central values. The blue bands represent the 1-� uncertainty of the
theoretical predictions.

parameter �, that measures the relative weight of Gaussian and q-Gaussian in Eq. (2.39), is
close to 0.5 indicating that these contributions weigh approximately the same. Concerning
the values of the parameters g2 and g2B associated to the non-perturbative contribution to
TMD evolution, we find that the coefficient g2B of the quartic term is small but significantly
different from zero. This seems to suggest that higher-power corrections to the commonly
assumed quadratic term g2 may be required by the data.

Further insight concerning the appropriateness of the functional form in Eqs. (2.39)-

Eqs. (2.39)-(2.40) as they are not a direct result of any of our fits.
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Global χ2/dof = 1.02 
 

Pavia19: first DY fit at N3LL,  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with µb⇤ ⌘ µb(b⇤(bT )). The dependence on µ evidently cancels in the ratio. In addition,
for large values of bT µb⇤ saturates to some minimal value while µb becomes increasingly
small. As a consequence of this departure between µb⇤ and µb, as well as between

p
⇣ and

µb, the exponential in Eq. (2.37) tends to be suppressed, and so does fNP. Conversely, as
bT becomes small b⇤ approaches bmin. Using the definition in Eq. (2.33), it follows that µb⇤

saturates to Q while µb becomes larger and larger. In this limit, we have [51]

fNP �!
bT!0

1 + O
✓

1

Qp

◆
, (2.38)

where p is some positive number. Since TMD factorisation applies to leading-power in
qT /Q, we can neglect the power suppressed contribution such that fNP ! 1 for bT ! 0.
It is important to stress that the separation between perturbative and non-perturbative
components of a TMD is arbitrary and depends on the particular choice of b⇤ (or in general
on the prescription used to regularise the Landau pole). For any given choice, only the
combination in Eq. (2.36) is meaningful, and it is misleading to refer to fNP as to the
non-perturbative part of TMDs in a universal sense.

Following the requirements discussed above, we parameterise fNP as

fNP(x, bT , ⇣) =

"
1 � �

1 + g1(x)
b2T
4

+ � exp

✓
�g1B(x)

b2T
4

◆#

⇥ exp


�
�
g2 + g2Bb2T

�
ln

✓
⇣

Q2
0

◆
b2T
4

�
,

(2.39)

with Q0 = 1 GeV and with the g1(x) and g1B(x) functions given by

g1(x) =
N1

x�
exp


� 1

2�2
ln2

⇣x

↵

⌘�
,

g1B(x) =
N1B

x�B
exp


� 1

2�2
B

ln2

✓
x

↵B

◆�
.

(2.40)

There are a total of 9 free parameters (�, g2, g2B, N1, �, ↵, N1B, �B, ↵B) to be determined
from data.

Apart from the logarithmic dependence on ⇣, the functional form (2.39) is motivated by
empirical considerations. The first line parameterises the “intrinsic” TMD non-perturbative
contribution and it only depends on x and bT . The second line accounts for the non-
perturbative correction to the perturbative evolution. Therefore, it only depends on bT (on
top of the known dependence on ⇣).

The intrinsic contribution is a combination of a q-Gaussian (or Tsallis) distribution
(first term) and a standard Gaussian distribution (second term). The q-Gaussian has a
larger tail than the standard Gaussian, meaning that it gives a bigger contribution to the
TMD at small transverse momentum. We found that this combination is able to reproduce
the behaviour at very small qT of the experimental distributions from the lowest to the
highest energies considered in our analysis.
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• q-Guassian + Gaussian


• nontrivial x dependence


• no flavor dependence


• non-Gaussian nonperturbative TMD evolution

expression in bT space

Parameter Value
g2 0.036 ± 0.009
N1 0.625 ± 0.282
↵ 0.205 ± 0.010
� 0.370 ± 0.063
� 0.580 ± 0.092

N1B 0.044 ± 0.012
↵B 0.069 ± 0.009
�B 0.356 ± 0.075
g2B 0.012 ± 0.003

Table 5. Average and standard deviation over the Monte Carlo replicas of the free parameters
fitted to the data and graphical representation of the correlation matrix.

(2.40) can be gathered by looking at the statistical correlations between parameters. In
the right panel of Tab. 5, we show a graphical representation of the correlation matrix of
the fitted parameters. The first observation is that (off-diagonal) correlations are generally
not very large. There is however one exception, i.e. the parameters � and � seem to
be strongly anti-correlated. This may indicate that the interplay between q-Gaussian and
Gaussian may be significantly x dependent. We leave a deeper study of this feature to a
future publication.
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Figure 5. The TMD of the down quark at µ =
p

⇣ = Q = 2 GeV (left plot) and 10 GeV (right
plot) as a function of the partonic transverse momentum k? for three different values of x. The
bands give the 1-� uncertainty.

To conclude this section, in Fig. 5 we show the down-quark TMD at µ =
p

⇣ = Q =

2 GeV (left plot) and 10 GeV (right plot) as a function of the partonic transverse momentum
k? for x = 0.001, 0.1, 0.3. The 1-� uncertainty bands are also shown. As expected, TMDs
are suppressed as k? grows and the suppression becomes relatively stronger as Q increases.
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with µb⇤ ⌘ µb(b⇤(bT )). The dependence on µ evidently cancels in the ratio. In addition,
for large values of bT µb⇤ saturates to some minimal value while µb becomes increasingly
small. As a consequence of this departure between µb⇤ and µb, as well as between

p
⇣ and

µb, the exponential in Eq. (2.37) tends to be suppressed, and so does fNP. Conversely, as
bT becomes small b⇤ approaches bmin. Using the definition in Eq. (2.33), it follows that µb⇤

saturates to Q while µb becomes larger and larger. In this limit, we have [51]

fNP �!
bT!0
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1

Qp

◆
, (2.38)

where p is some positive number. Since TMD factorisation applies to leading-power in
qT /Q, we can neglect the power suppressed contribution such that fNP ! 1 for bT ! 0.
It is important to stress that the separation between perturbative and non-perturbative
components of a TMD is arbitrary and depends on the particular choice of b⇤ (or in general
on the prescription used to regularise the Landau pole). For any given choice, only the
combination in Eq. (2.36) is meaningful, and it is misleading to refer to fNP as to the
non-perturbative part of TMDs in a universal sense.

Following the requirements discussed above, we parameterise fNP as

fNP(x, bT , ⇣) =
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with Q0 = 1 GeV and with the g1(x) and g1B(x) functions given by

g1(x) =
N1
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
� 1
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g1B(x) =
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(2.40)

There are a total of 9 free parameters (�, g2, g2B, N1, �, ↵, N1B, �B, ↵B) to be determined
from data.

Apart from the logarithmic dependence on ⇣, the functional form (2.39) is motivated by
empirical considerations. The first line parameterises the “intrinsic” TMD non-perturbative
contribution and it only depends on x and bT . The second line accounts for the non-
perturbative correction to the perturbative evolution. Therefore, it only depends on bT (on
top of the known dependence on ⇣).

The intrinsic contribution is a combination of a q-Gaussian (or Tsallis) distribution
(first term) and a standard Gaussian distribution (second term). The q-Gaussian has a
larger tail than the standard Gaussian, meaning that it gives a bigger contribution to the
TMD at small transverse momentum. We found that this combination is able to reproduce
the behaviour at very small qT of the experimental distributions from the lowest to the
highest energies considered in our analysis.

– 13 –

PV17 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:

〈
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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Transverse-momentum-dependent Multiplicities of Charged Hadrons in Muon- . . . 13
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Fig. 10: Upper panels: Multiplicities of positively (full squares) and negatively (full circles) charged hadrons as a
function of P2

hT in four z bins at hQ2i = 9.78 (GeV/c)2 and hxi = 0.149. Lower panels: Ratio of multiplicities of
positively and negatively charged hadron. Only statistical uncertainties are shown.

It seems that the same “physics” is dominating at least for 
 GeV,  

which means  GeV in the lowest-z bin

0 ≤ PhT ≤ 0.7
0 ≤ qT ≤ 2.8

⟨Q⟩ = 3.1 GeV
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Perturbative approach:  
TMD region = where the log 
divergence of the fixed-order 
calculation dominates 
(resummation is required)

Nonperturbative approach: 
TMD region = where either 
the log divergence OR the 
nonperturbative 
contributions dominate

TMD region (ideal situation)
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Perturbative approach:  
TMD region = where the log 
divergence of the fixed-order 
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