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We map the distribution of unpolarized quarks inside a unpolarized pion as a function of the quark’s
transverse momentum, encoded in unpolarized transverse momentum distributions (TMDs). We extract the
pion TMDs from available data of unpolarized pion-nucleus Drell–Yan processes, where the cross section
is differential in the lepton-pair transverse momentum. In the cross section, pion TMDs are convoluted with
nucleon TMDs that we consistently take from our previous studies. We obtain a fairly good agreement with
data. We present also predictions for pion-nucleus scattering that is being measured by the COMPASS
Collaboration.
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I. INTRODUCTION

The pion is the simplest of all hadrons and together with
the nucleon constitutes one of the most fundamental entities
in the visible Universe. In the Standard Model, both
particles are built as bound states of the quark and gluon
degrees of freedom of quantum chromodynamics (QCD).
However, in this context the pion plays a unique role since
it is the Goldstone boson of chiral symmetry breaking.
Therefore, it is extremely important to investigate its
internal structure and understand how the latter is respon-
sible of the macroscopic differences between the bound
state of a pion and of a nucleon (see, e.g., Ref. [1] for a
review).

The internal structure of the pion can be described in
terms of parton distribution functions (PDFs). Starting from
the 1990s, PDFs have been extracted from data in various
papers [2–12]. In spite of this extensive literature, the
structure of the pion is known to a much less extent than
that of the proton, due to the scarcity of data on high-energy
scattering processes involving pions.
While PDFs describe the distribution of quarks and gluons

as a function of only their momentum component longi-
tudinal to the parent hadron, transverse momentum distribu-
tions (TMDs) describe the distribution in three-dimensional
momentum space. If the knowledge of the one-dimensional
structure of the pion is limited, almost nothing is known about
its three-dimensional structure. Model calculations of pion
TMDs have been discussed in Refs. [13–20].
The extraction of TMDs from data is based on TMD

factorization theorems and is more challenging than that of
collinear PDFs. For proton TMDs, factorization theorems
have been proven for semi-inclusive deep-inelastic scatter-
ing (SIDIS), for Drell-Yan (DY) lepton-pair production in
hadronic collisions, and for semi-inclusive electron-posi-
tron annihilations (see Ref. [21] and references therein).
Recently, very accurate studies of proton unpolarized
TMDs have been released [22–28], some of which are
based on a global analysis of such processes. For pion
TMDs, data are available only for the DY process and only
two analyses have been published [29,30].
In this paper, we present an extraction of unpolarized

pion quark TMDs by analyzing for the first time the whole
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set of available data for the DY lepton-pair production in
π−-nucleus collisions, obtained from the E615 [31] and
E537 [32] experiments. The cross section differential in the
lepton-pair transverse momentum can be written as a
convolution of a unpolarized proton TMD and a unpola-
rized pion TMD. For the proton TMD, we use the result
recently obtained by the MAP collaboration [28] and we
extract the pion TMD from data using the same formalism.
With respect to Ref. [30], we use more data and different
prescriptions for the implementation of TMD evolution.
With respect to Ref. [29], we use more data, a higher
theoretical accuracy, a up-to-date extraction of the proton
TMDs, and we consistently use the same Collins–Soper
kernel for proton and pion TMDs.

II. FORMALISM

In the DY process

hAðPAÞþhBðPBÞ→ γ�ðqÞþX→lþðlÞþl−ðl0ÞþX ð1Þ

the collision between two hadrons hA and hB with four-
momenta PA and PB, respectively, and center-of-mass
energy squared s ¼ ðPA þ PBÞ2, produces a neutral vector
boson γ�=Z with four-momentum q and large invariant
mass Q ¼

ffiffiffiffiffi

q2
p

. The vector boson eventually decays into a
lepton and an antilepton with four-momenta constrained by
momentum conservation, q ¼ lþ l0. The cross section of
this process can be written in terms of two structure
functions F1

UU, F
2
UU. Being M the mass of the incoming

hadrons and qT the transverse component of the vector
boson momentum, in the kinematic region whereM2 ≪ Q2

and q2T ≪ Q2 the structure function F2
UU is suppressed.

Therefore, the cross section can be expressed as

dσDY

djqT jdydQ
≃
16π2α2

9Q3
jqT jF1

UUðxA; xB; qT; QÞ

¼ 16π2α2

9Q3
jqT j

xAxB
2π

HDYðQ; μÞ
X

a

caðQ2Þ

×
Z

djbT jjbT jJ0ðjqT jjbT jÞf̂a1ðxA; b2T ; μ; ζAÞ

× f̂ā1ðxB; b2T ; μ; ζBÞ; ð2Þ

where α is the electromagnetic coupling, y is the pseudor-
apidity of the vector boson, xA;B ¼ Q

ffiffi

s
p e�y, HDY is the hard

factor and f̂a1 is the Fourier transform of the unpolarized
TMD PDF for flavor a,1 which depends on the renormal-
ization and rapidity scales μ and ζ, respectively. The
summation over a in Eq. (2) runs over the active quarks
and antiquarks at the hard scale Q, with caðQ2Þ the
corresponding electroweak charges [28].

The dependence of f̂1 on the scales μ and ζ arises from
the removal of the ultraviolet and rapidity divergences in its
operator definition. The evolution of TMDs from some
initial scales μi, ζi, to some final μf, ζf, is given by

f̂a1ðx; b2T ; μf; ζfÞ ¼ f̂a1ðx; b2T ; μi; ζiÞ exp
�

Z

μf

μi

dμ
μ
γðμ; ζfÞ

�

×

�

ζf
ζi

�

KðjbT j;μiÞ=2
: ð3Þ

The anomalous dimension γ for the renormalization-group
evolution in μ reads:

γðμ; ζÞ ¼ γFðαsðμÞÞ − γKðαsðμÞÞ ln
ffiffiffi

ζ
p
μ

; ð4Þ

where γK is the cusp anomalous dimension and
γFðαsðμÞÞ ¼ γðμ; μ2Þ gives the boundary condition [26].
The Collins–Soper kernel K is the anomalous dimension
for the evolution in the renormalization of rapidity diver-
gences scale ζ [21]. In the MS renormalization scheme, it
turns out that the choice of the initial scale μi ¼

ffiffiffiffi

ζi
p ¼

μbðjbT jÞ ¼ 2e−γE=jbT j (with γE the Euler constant) greatly
simplifies the expression of f̂1 [26]. However, in order to
prevent μb from becoming larger than Q at small jbT j and/
or hitting the Landau pole at large jbT j it is necessary to
introduce an ad-hoc prescription b�ðb2TÞ to avoid these
limits. Then, the TMD PDF can be simply rewritten as [26]

f̂1ðx; b2T ; μ; ζÞ ¼
�

f̂1ðx; b2T ; μ; ζÞ
f̂1ðx; b�ðb2TÞ; μ; ζÞ

�

f̂1ðx; b�ðb2TÞ; μ; ζÞ

≡ f1NPðx; b2T ; ζÞf̂1ðx; b�ðb2TÞ; μ; ζÞ; ð5Þ

which effectively defines the nonperturbative part f1NP of
the TMD PDF.
Performing at the input scales μi ¼

ffiffiffiffi

ζi
p ¼ μb� ¼

2e−γE=b�ðb2TÞ the operator product expansion (OPE) of
the TMD PDFs around jbT j ¼ 0 one can match the TMD
PDF onto its collinear counterpart:

f̂a1ðx; b�ðb2TÞ; μb� ; μ2b� Þ

¼
X

b

Z

1

x

dx0

x0
Cabðx0; b�ðb2TÞ; μb� ; μ2b� Þfb1

�

x
x0
; μb�

�

≡ ½C ⊗ f1�ðx; b�ðb2TÞ; μb� ; μ2b� Þ; ð6Þ

where the sum runs over quarks, antiquarks, and the gluon.
The matching coefficients C are calculated as a perturbative
expansion in powers of αs.
The net result of the inclusion of the nonperturbative

ingredients into the evolved TMD PDF reads:1For the definition of the Fourier transform see Ref. [28].
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f̂a1ðx; b2T ; μf; ζfÞ ¼ ½C ⊗ f1�ðx; b�ðb2TÞ; μb� ; μ2b� Þ

× exp

�

Z

μf

μb�

dμ
μ
γðμ; ζfÞ

�

×

�

ζf
μ2b�

�

Kðb�ðb2TÞ;μb� Þ=2
f1NPðx; b2T ; ζfÞ:

ð7Þ

For the collision of a pion and a nucleus (that in first
approximation is described as a collection of free nucle-
ons), the cross section of Eq. (2) involves the TMD PDFs
f̂a1p and f̂a1π of a quark a in the proton and in the pion,

respectively. As for the proton, we use for f̂a1p the recent
global extraction of the MAP Collaboration [28] at next-to-
next-to-next-leading-logarithm (N3LL) accuracy, adopting
the same b�ðb2TÞ prescription and the same parametrization
of the nonperturbative part fp1NP (which was considered to
be flavor-independent). As for the pion, for f̂a1π we
consistently retain the same b�ðb2TÞ prescription as in
Ref. [28], but we use the following expression for fπ1NP:

fπ1NPðx; b2T ; ζÞ ¼ e−g1πðxÞ
b2
T
4

�

ζ

Q0

�

gKðb2T Þ=2

¼ e−g1πðxÞ
b2
T
4

�

ζ

Q0

�

−g2
2

b2
T
4

; ð8Þ

where Q0 is an arbitrary starting scale that we choose to be
1 GeV, and g2 is a parameter taken from Ref. [28],
corresponding to the model for the nonperturbative part
of the Collins-Soper kernel. The x-dependence of the width
g1π is given by

g1πðxÞ ¼ N1π
xσπ ð1 − xÞα2π
x̂σπ ð1 − x̂Þα2π ; ð9Þ

with x̂ ¼ 0.1. In conclusion, we have a total of 3 free
parameters to fit to data: N1π , σπ , and απ .
According to the choice of the proton TMD PDF, we

assume fπ1NP to be flavor-independent.

III. DATA SELECTION

In this section we describe the experimental data
included in our analysis. We consider data from the two
DY experiments (E615 [31] and E537 [32]) that used π−

beams impinging on tungsten targets. The coverage of
these data in the x-Q2 plane is shown in Fig. 1.
Since our study is based on TMD factorization, which is

applicable only in the kinematical region jqT j ≪ Q, we
apply to the datasets the following cut:

jqT j
Q

< 0.3þ 0.6
Q

: ð10Þ

This cut is slightly different from the analogous one used in
the proton TMD extraction: since the availability of data is
limited, this cut is a good compromise between the necessity
of includingmore data and the necessity of stayingwithin the
limits of applicability of TMD factorization.
In order to avoid the kinematical regionof invariantmasses

around theϒ resonance,we also exclude those bins of theDY
experiment E615 for which 9.00 GeV < Q < 11.70GeV.
The numbers of experimental data before and after the
application of these cuts are reported in Table I, together
with other useful details regarding the experimental proc-
esses, like the definition of the observables and the values of
ffiffiffi

s
p

and Q.
Each of the considered datasets has systematic and

statistical uncertainties. The statistical uncertainties are quite
large for both E537 (8%) and E615 (16%). We choose to
treat them as uncorrelated, while we treat the systematic

FIG. 1. The coverage of E615 [31] (blue) and E537 [32] (light
blue) data in the plane x-Q2.

TABLE I. For each experiment we indicate the original number Ndat of data points, the number Ncut of data points
included in the fit after applying the kinematical cuts, the delivered observable, the center-of-mass energy

ffiffiffi

s
p

, the
range in invariant mass Q, the number of considered bins in Q and the integration range in xF. The width of the
Q–bins for E537 is 0.5 GeV, for E615 the width increases withQ: for the first four bins it is 0.45 GeV, for the next two
ones it is 0.9 GeV, and for the last two ones it is 1.35 GeV.

Experiment Ndat Ncut Observable
ffiffiffi

s
p

[GeV] Q range [GeV] NQ-bin xF range

E615 155 74 d2σ=dQdjqT j 21.8 4.05–13.05 8 0.0–1.0
E537 150 64 d2σ=dQdq2T 15.3 4.0–9.0 10 −0.1–1.0
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uncertainties as fully correlated. For small jbT j ≪ 1=ΛQCD,
the TMD PDFs can be matched onto the related collinear
PDFs [see Eq. (6)]. Therefore, we must consider the
systematic uncertainties induced by the choice of the
collinear PDFs. Consistently with Ref. [28], for the proton
TMD PDF we choose the PDF set MMHT2014 [33]; for the
pion we use the xFitter20 one [9]. We compute the PDF
uncertainties by using the Hessian method, and we consider
80% of them as fully correlated while the remaining 60% as
uncorrelated, as already done in Ref. [28].

IV. RESULTS

In this section, we present the results for the extraction of
the unpolarized quark TMD PDFs in a pion from a fit of all
the existing DY data involving pions (see Sec. III). Since
collinear sets for pion PDFs are presently available only at
next-to-leading-order (NLO) accuracy, the TMD PDFs can
be extracted at an accuracy that we defined as N3LL−
(similarly to Ref. [28]), i.e., all ingredients are at N3LL
accuracy, apart from the evolution of the collinear PDFs.
The error analysis is performed with the so-called

bootstrap method, by fitting an ensemble of 200 replicas
of experimental data. For consistency with Ref. [28], we
used the proton TMD PDFs extracted in the fit of Ref. [28]
and we associate the ith replica of quark TMD PDFs in the
pion to the same replica in the set of quark TMD PDFs in
the proton.

A. Fit quality

When using the bootstrap method, the full statistical
information is contained in the whole set of 200 replicas of
the extracted TMD PDFs. Nevertheless, we choose as the
most representative indicator of the quality of our fit the χ2

value of the best fit to the unfluctuated data, χ20 (also
referred as the central replica).
It is possible to decompose the value of χ20 as the sum of

two different contributions [28],

χ20 ¼ χ2D þ χ2λ ; ð11Þ

where χ2D is the contribution of uncorrelated uncertainties
and the penalty χ2λ is related to correlated uncertainties.
The breakup of χ20 into its components, normalized to the

number of data points surviving the kinematical cuts (Ncut),
is reported in Table II for the two experimental sets
included in this analysis.
We note that the global χ2λ=Ncut ¼ 0.92 reported in

Table II suggests that the comparison between data and
theory is strongly affected by normalization errors. In fact,
the partial values of χ2D indicate that the description of the
shape of the experimental data is very good (almost perfect
for the E615 dataset), but there is a systematic disagreement
between data and theory in the normalization, which
induces high values in the penalty χ2λ. Since theoretical

errors related to the collinear PDFs uncertainty of both pion
and proton are not larger than 5%–8%, we think that such a
large value of the penalty χ2λ is given by the correlated
systematic uncertainties of the experimental datasets
(∼16%). This conclusion is compatible with the findings
of Ref. [30], where the same issue was remarked for the
E615 dataset. Since low-energy fixed-target DY data are
properly described in global fits of unpolarized proton
TMDs (see, e.g., Refs. [22,24,26,28]), this normalization
issue does not seem to be related to the fact that E615 and
E537 experiments were done at low invariant masses Q. In
Ref. [30], it was pointed out that the observed issue could
be related to a wrong normalization of the experimen-
tal data.
In Fig. 2, we show the comparison between the result of

our fit (colored band) and experimental data (black points)
for a selection of Q bins of the E615 dataset. In the upper
panels, the differential DY cross section is shown as a
function of the transverse momentum jqT j of the virtual
vector boson, in the lower panels the ratio between theory
and data is displayed. The uncertainty bands correspond to
the 68% confidence level (C.L.), built by excluding the
largest and smallest 16% of the replicas. As mentioned
above, we note that the shape of the experimental data is
very well reproduced. The large error band reflects the large
correlated systematic errors of the considered dataset.
In Fig. 3, we show the same kind of comparison as in the

previous figure but for the E537 dataset. Again, in the upper
panels we compare the uncertainty bands at 68% C.L. from
our fit with experimental data (black points) for the DY
cross section as function of q2T for two different Q bins; the
lower panels contain the ratio between fit results and data.
The overall quality of the fit of E537 data is slightly worse

than the E615 one. The very similar value of χ20=Ncut in this
case is the result of different partial contributions. The
component χ2D due to uncorrelated uncertainties is three
times larger than in the E615 case and gives the largest
contribution to χ20. This is reflected in Fig. 3 where the data
points at low q2T are not well described by our fit. This
discrepancy could be related to the lack of flexibility of our
parametrization of the nonperturbative part of the quark
TMD PDF in the pion. We explored different models for
fπ1NP in Eq. (8), but with no significant change in the final
outcome. On the other side, the contribution of the penalty

TABLE II. The break up of the central replica χ20 into
components related to uncorrelated (χ2D) and correlated (χ2λ)
uncertainties, normalized to the number of data points surviving
the kinematical cuts (Ncut).

Experiments Ncut χ2D=Ncut χ2λ=Ncut χ20=Ncut

E537 64 1.00 0.57 1.57
E615 74 0.31 1.22 1.53

Total 138 0.63 0.92 1.55
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χ2λ is less than half of the E615 one. Indeed, the correlated
systematic uncertainties of the E537 dataset are much
smaller and signal that the normalization problem between
theory and data is less strong. This is reflected in much
smaller uncertainty bands of the fit results, as shown
in Fig. 3.
We also explored the behavior of our fit when reducing

the accuracy of the theoretical description. As expected,
the χ20 worsens (at N2LL, χ20=Ncut ¼ 1.72, at NLL,
χ20=Ncut ¼ 2.00) but it shows a nice convergence to the

N3LL result in Table II, when reading in reverse order.
Moreover, the best values of free parameters remain always
within the uncertainty bands, indicating that our fit results
are stable.

B. TMD distributions

We now discuss the quark TMD PDFs in the pion
extracted from our fit at N3LL−. In Table III, we list the
resulting average values and standard deviations of the

FIG. 3. Upper panels: comparison between data and theoretical predictions for the DY cross section differential in q2T for the E537
dataset for differentQ bins; uncertainty bands correspond to the 68% C.L. Lower panels: ratio between experimental data and theoretical
cross section.

FIG. 2. Comparison between data (black points) and our fit (colored band) for two different Q bins of the E615 dataset. Upper panels:
DY cross section differential in jqT j; lower panels: ratio between data and results of the fit. Uncertainty bands correspond to
the 68% C.L.
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three fitting parameters that describe the arbitrary non-
perturbative part of the TMD PDF in Eqs. (8) and (9). The
errors are very large and the parameters are not very well
constrained. As mentioned above, the same quality of
results is obtained by testing different models of non-
perturbative parametrizations. Hence, we conclude that the
current set of experimental data is not very sensitive to
these degrees of freedom and more data are needed to better
constrain them.
In agreement with Ref. [30], we also find that there are

strong correlations among the three different parameters.
This feature points again toward the need for new exper-
imental data to better constrain the quark TMDs in the pion.
In Fig. 4, we show the unpolarized TMD PDF for a d

quark in π− at μ ¼ ffiffiffi

ζ
p ¼ Q ¼ 2 GeV (left panel) and

10 GeV (right panel) as a function of the quark transverse
momentum jk⊥j for three different values of x ¼ 0.05, 0.1,
and 0.2. We select these three values of x in order to show
the TMD PDF in the region covered by the experimental
measurements (see Fig. 1). The error bands correspond to
the 68% C.L. They reflect the uncertainty on the fitting
parameters of Eq. (8) that are determined by propagating
the error in the collinear PDFs of both the pion and the
proton. However, since we used only the central member of
the set of collinear PDFs to perform the fit, the integral in
k⊥ of all TMD replicas is fixed, i.e., their value at bT ¼ 0 is
the same. As a consequence, the uncertainty related to
collinear PDFs is only partially accounted in the plots.

We notice that in both the left and right panels of
Fig. 4 the TMD PDF at x ¼ 0.05 shows the largest error
band, particularly at small values of jk⊥j. This kinematic
region is at the boundary of the phase space covered by the
considered experiments. Future data from the COMPASS
Collaboration are expected to play an important role in
improving this picture.
The mean squared transverse momentum of quarks

in the pion at Q ¼ 1 GeV and x ¼ 0.1 corresponds to
the parameter N1π of our fit and turns out to be
hk2⊥i ¼ 0.47� 0.12, somewhat larger than the correspond-
ing quantity for the proton (see Fig. 16 or Ref. [28]).
Therefore, our analysis indicates that the TMD of quarks in
the pion is wider than that in the proton.
We stress that the nonperturbative model for the jk⊥j-

dependence of the extracted TMDs is flavor-independent.
The only difference between two flavors arises from
collinear PDFs [see Eq. (7)].

C. Predictions at COMPASS kinematics

The COMPASS Collaboration has recently released data
for (un)polarized azimuthal asymmetries in the (polarized)
pion–induced Drell–Yan processes [34,35], and will prob-
ably release in the near future also data for the unpolarized
cross section.
In Fig. 5, we show theoretical predictions based on our fit

for the unpolarized pion–nucleus DY cross section as
function of the virtual vector boson transverse momentum
jqT j. The left panel refers to the tungsten (W) nucleus, while
the right panel to the ammonia molecule (NH3). The
kinematics is the same of Ref. [35] and is similar to the
one covered in Fig. 1 by the experimental data analyzed in
our fit. The uncertainty bands at 68% C.L. are evidently
large, indicating that the available information we have
on the internal structure of the pion is not sufficient to
make accurate predictions. Hopefully, the upcoming
COMPASS data for the pion–nucleus DY process will

FIG. 4. The TMD PDF of the down quark in π− at μ ¼ ffiffiffi

ζ
p ¼ Q ¼ 2 GeV (left panel) and 10 GeV (right panel) as a function of the

partonic transverse momentum jk⊥j for x ¼ 0.05, 0.1 and 0.2. The uncertainty bands correspond to the 68% C.L.

TABLE III. Average and one standard deviation over the
Monte Carlo replicas of the fitting parameters in the nonpertur-
bative part of the quark TMD PDFs in a pion.

Parameter Average� σ

N1π ½GeV2� 0.47� 0.12
σπ 4.50� 2.25
απ 4.40� 1.34
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help to better constrain TMD PDFs in the pion, in particular
shedding light on the normalization issue between theory
and data.

V. CONCLUSIONS AND OUTLOOK

In this paper, we have presented an extraction of the
unpolarized quark TMD PDF in the pion, based for the first
time on the analysis of the whole set of available data for
the production of DY lepton pairs in π−-nucleus collisions
from the E615 [31] and E537 [32] experiments. Our dataset
includes 138 data points that can reasonably be described in
the TMD formalism, in terms of TMD PDFs of the proton
and of the pion. The information about the proton is fixed
according to a recent extraction from the MAP collabora-
tion [28], based on the analysis of a much larger dataset. We
modeled the pion TMD PDF as a simple Gaussian with an
x-dependent width, described by three free parameters
in total.
We obtained a fairly good description of the data, with a

global χ2 per data point of 1.55. We emphasize that about

60% of this value comes from fully correlated normaliza-
tion errors.
The TMD PDFs obtained by our fit, illustrated in Fig. 4,

are naturally affected by larger error bands compared to
proton TMD PDFs, even using a simple and rigid func-
tional form.
Our results can be used also to make predictions for

future measurements. For instance, we provided predic-
tions for the unpolarized cross section in pion–nucleus DY
collisions at the COMPASS kinematics.

The public codes released by the collaboration are
available at [36].
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