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Abstract We present a thorough analysis of unpolarized
Drell–Yan (DY) pair production in pion–nucleus scattering.
On the nucleus side, we use nuclear parton distributions along
with parametrisations of the nucleon partonic transverse dis-
tribution available in the literature. Partonic longitudinal and
transverse distributions of the pion are those obtained in a
recent calculation in a Nambu–Jona Lasinio (NJL) frame-
work, with Pauli–Villars regularization. The scale of the NJL
model is determined with a minimisation procedure compar-
ing NLO predictions based on NJL evolved pion distributions
to rapidity differential DY cross sections data. The resulting
distributions are then used to describe, up to next-to-leading
logarithmic accuracy, the transverse momentum spectrum of
dilepton pairs up to a transverse momentum of 2 GeV. With
no additional parameters, fair agreement is found with avail-
able pion–nucleus data, confirming the virtues of the NJL
description of pion parton structure. We find sizable evolution
effects on the shape of the distributions and on the generated
average transverse momentum of the dilepton pair. We fur-
thermore discuss the possibility of gaining information about
the behavior of the pion unpolarized transverse momentum
dependent parton distribution from pion nucleus DY data.

1 Introduction

The non perturbative transverse structure of hadrons has
attracted recently much attention and the issue of extract-
ing transverse momentum dependendent parton distributions
(TMDs) from data taken in different processes in present and
forthcoming high-luminosity facilities represents an impor-
tant goal of nowadays hadronic Physics. In particular, Drell–
Yan (DY) pair production [1], discussed in this paper, and
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semi-inclusive deep inelastic scattering are the main pro-
cesses under investigation [2].

The cross section for DY pair production, differential in
the transverse momentum of the pair,qT , is a particularly suit-
able observable for this kind of studies. In particular at small
qT , where the TMD formalism is formulated, fixed order cal-
culation of this process show large logarithmic corrections
due to an incomplete cancellation of soft and collinear sin-
gularities between real and virtual contributions and need to
be resummed to all orders to recover the predictivity of the
theory [3–5].

The description of theqT DY spectrum in pp collisions has
reached a high degree of sophistication [6]. On one side, the-
oretical improvements have increased the perturbative accu-
racy of the predictions [7–11]. On the other side, global fits of
DY production at different energies have given access to the
non perturbative proton transverse structure [12,13]. Both
aspects have received increasing attention due to the formal-
isation of new and old concepts in the TMD language [14–
17]. While there are differences between the language used in
the modern and the older TMD approaches, physical results
should not depend on it. A detailed comparison of the for-
malisms can be found in Refs. [18,19].

At high energy colliders, this improved knowledge aims
to an increasingly better description of electroweak bosons
production, with the HiggsqT spectrum being the highlighted
case. Measurements of qT spectrum of the DY process, at
lower centre of mass energies, are instead more sensitive to
the hadronic non perturbative transverse structure.

DY pair production in pion–nucleus scattering is a unique
probe of pion parton distribution functions (PDFs) and, as
such represents a source of information on the pion parton
structure. In particular for the qT spectrum this was realized
long time ago by the authors of Ref. [20]. More recently,

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-018-6115-3&domain=pdf
http://orcid.org/0000-0001-8906-2440
mailto:aurorecourtoy@gmail.com


644 Page 2 of 12 Eur. Phys. J. C (2018) 78 :644

phenomenological analyses have appeared [21]. A fit to the
qT spectrum of DY pairs produced in pion–nucleus collisions
has been recently presented in Ref. [22].

Pion TMDs, which could be extracted in principle in a
next generation of pion–nucleus DY experiments [23], have
received recently considerable theoretical interest [21,24–
26,28–31]. In this paper we study the DY unpolarized pair
production in pion–nucleus scattering, to next-to-leading
logarithmic (NLL) perturbative accuracy, up to a transverse
momentum of the produced lepton pair of 2 GeV. As non per-
turbative inputs, we use, for the bound nucleons, a longitudi-
nal structure which takes into account nuclear effects and, for
the transverse structure, a well established parameterization
obtained through a phenomenological fit to proton–proton
DY data (called, from now on, KN05 prescription) [12]. For
the pion, we use TMDs obtained in a recent calculation [30],
within a Nambu–Jona Lasinio (NJL) framework [32], with
Pauli–Villars regularization. The corresponding RGE scale
of the model is determined in a novel way by comparing the
DY unpolarized cross section, integrated over qT , described
by evolved pion PDFs evaluated in the NJL model to the data.

The aim of the present paper is to study the perfor-
mances of the NJL model, widely used to describe the non-
perturbative meson structure, against DY differential cross
section data for the first time. We also analyze to what extent
this process can be used to obtain information on the pion
transverse structure in momentum space, as it happens for
the proton in the corresponding process.

The paper is structured as follows. In the next section,
we present the set-up of the calculation and introduce the
ingredients used to describe the proton and pion structure.
In the third section, we discuss the results of the calculation
of DY cross sections in the kinematics of presently available
data for pion-tungsten scattering. Eventually, we draw our
conclusions in the last section.

2 Setting-up the calculation

2.1 Drell–Yan cross section

In the following we will be interested in the process of the
type

h1(p1) h2(p2) → γ ∗(q) + X, (1)

in which a virtual photon is produced with large invariant
mass Q2 and transverse momentum qT in the collisions of
two hadrons at a centre-of-mass energy s = (p1 + p2)

2,
with p1,2 the four momentum of hadrons h1,2, respectively.
When q2

T becomes small compared to Q2, large logarithmic
corrections of the form of αn

s logm(Q2/q2
T ) with 0 ≤ m ≤

2n − 1 appear in fixed order results, being n the order of the

perturbative calculation. These large logarithmic corrections
can be resummed to all orders by using the Collins-Soper-
Sterman (CSS) formalism [6]. In this limit, of interest for
the present analysis and neglecting finite corrections in the
qT ∼ Q region, the cross-section can be written as

dσ

dq2
T dτdy

=
∑

a,b

σ
(LO)
qq̄

∫ ∞

0
db

b

2
J0(b qT ) Sq (Q, b) Sh1h2

N P (b)

×
[
( fa/h1 ⊗ Cqa)

(
x1,

b2
0

b2

)
( fb/h2 ⊗ Cq̄b)

(
x2,

b2
0

b2

)

+ q ↔ q̄

]
. (2)

where b0 = 2e−γe , the symbol ⊗ stands for convolution and
σ

(LO)
qq̄ is the leading-order total partonic cross section for

producing a lepton pair, σ(qq̄ → l+l−), and it is given by

σ
(LO)
qq̄ = 4πα2

em

9Q2 e2
q . (3)

In Eq. (2), the a, b indices run on quark and gluons, J0(b qT )

is the Bessel function of first kind and fi/h corresponds to
the distribution of a parton i in a hadron h. The cross section
in Eq. (2) is differential in τ = Q2/s and y, the rapidity of
the DY pair. Momentum fractions appearing in parton distri-
bution functions can be expressed in terms of these variables
as

x1(2) = √
τe±y, y = 1

2
ln

x1

x2
. (4)

Cross sections differential in xF = x1 − x2 = 2q‖/
√
s, the

longitudinal momentum of the pair in the hadronic centre
of mass system, can be obtained from those differential in
rapidity y by a suitable transformation. By defining A =√
x2
F + 4τ one gets

x1 = xF
2

+ A

2
, x2 = − xF

2
+ A

2
, dy = dxF/A. (5)

Momentum conservation further imposes that |xF | < 1 − τ .
The large logarithmic corrections are conventiently exponen-
tiated in b-space in the Sudakov perturbative form factor

Sq (Q, b)

= exp

{
−

∫ Q2

b2
0/b2

dq2

q2

[
A(αs(q

2)) ln
Q2

q2 + B(αs(q
2))

]}
. (6)

The functions Cab in Eq. (2) and A, B in Eq. (6) have per-
turbative expansions in αs ,

A(αs) =
∞∑

n=1

( αs

2π

)n
A(n),

B(αs) =
∞∑

n=1

( αs

2π

)n
B(n), (7)
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Cab(αs, z) = δab δ(1 − z) +
∞∑

n=1

( αs

2π

)n
C (n)
ab (z). (8)

At present, the perturbative Sudakov form factor can be eval-
uated at next-to-next-to-leading logarithmic (NNLL) accu-
racy [11]. In the qq̄ annihilation channel pertinent to Drell–
Yan production, the evaluation of the Sudakov form factor at
next-to-leading logarithmic (NLL) accuracy, the one reached
in the present analysis, involves the coefficients

A(1) = 2CF B(1) = −3CF , (9)

which are the coefficient of the singular (1−z)−1 and δ(1−z)
terms of the one-loop splitting function P(0)

qq (z) and

A(2) = K A(1), K = CA

(
67

18
− π2

6

)
− n f TR

10

9
, (10)

which is the coefficient of the singular term of the two-loop
splitting function P(1)

qq (z) in the z → 1 limit [34]. The general

expression for C (1)
ab are given by [11,35]

C (1)
qa (z) = C (1)

q̄b (z)

= δqaCF (1 − z) + δqa δ(1 − z)CF

(
−4 + π2

2

)
,

C (1)
qg (z) = C (1)

q̄g (z) = 2TR z(1 − z). (11)

Color factors in the previous equations are given by CA = 3,
CF = 4/3, TR = 1/2 with n f being the number of active
flavours. Together with the use of NLO pdfs, this guarantees
the evaluation of the cross section at small qT at NLL accu-
racy. The last ingredient in Eq. (2) is the non perturbative
form factor, Sh1h2

N P (b), which encodes the transverse struc-
ture of both the colliding hadrons. The latter is either fixed
by comparison with data or parametrized with the help of
hadronic models, as we shall do in this paper.

2.2 Proton structure

Predictions for the transverse momentum spectrum of DY
pairs produced in pion–proton collisions do rely on the
knowledge of the proton NP form factor. The latter is
extracted from the transverse momentum spectrum of DY
pairs produced in proton–proton (pp) and proton–nucleus
(pA) collisions. Quite recent analyses [15,16] have appeared
which address such an extraction. Since our aim here is to
establish the possibility of studying the pion transverse non
perturbative structure in pion–nucleus DY experiments, we
here intend to minimize the uncertainity coming from the
proton structure part of the calculation. We use the well
known and widely accepted results of Konychev and Nadol-
sky (KN05) [12] obtained within the CSS formalism [6]
where S pp

N P (b) is extracted from global fit to Z -boson and

low mass DY data, updating the results presented in Ref. [13].
The latter is parametrised as

S pp
N P (b) (12)

= exp{−[a1 + a2 ln(M/(3.2 GeV)) + a3 ln(100x1x2)]b2}.
The ai parameters appearing in Eq. (12) are determined by a
minimisation procedure against data and are given by [12]

a1 = 0.201 ± 0.011, a2 = 0.184 ± 0.018,

a3 = −0.026 ± 0.007. (13)

The fit is fully specified once a prescription for the treatment
of the non perturbative, large-b, region both in the Sudakov
form factor, Eq. (6), and the parton distributions is given.
The authors of Ref. [12] adopt the so-called b�-prescription,
substituting b with

b�(b, bmax ) = b
√

1 +
(

b
bmax

)2
, (14)

and setting bmax = 1.5 GeV−1 in the perturbative form fac-
tor. In principle, the same setting should be used in PDFs,
which are evaluated at the factorisation scale μF = b0/b∗.
However this choice for bmax may imply a call to a specific
PDFs parameterization below their lowest available scale,
Qin . Since in Ref. [12] cross sections are evaluated with
the NLO CTEQ6M PDFs [36], whose lowest Q accessible
is Qin = 1.3 GeV, the b�-prescription entering PDFs calls
is used with bmax = b0/Qin � 0.86 GeV−1 which always
guarantees μF > Qin . It is important to remark that the non
perturbative form factor is determined not only by fitting the
parameters of the chosen functional form, but also by the
specific regularisation prescription and its associated param-
eters adopted to deal with the infrared region. In general all
these ingredients have been found to be highly correlated.

In order to present a benchmark of our code and to gauge
how theory performs in extrapolation regions, we compare
predictions from KN05 to the pA data of Ref. [37]. An addi-
tional ±25% normalisation error is assigned to the data [37].
In the original KN05 analysis, only the data at plab = 400
GeV, qT < 1.4 GeV, 5 < M/GeV < 9 were included in the
fit. In such a restricted region indeed the theory (solid lines)
performs well offering a good benchmark of our code, as
shown in the first row of Fig. 1. Since the πW data to be ana-
lyzed in the following are at plab=252 GeV, it is important to
check how well the theory performs in extrapolation regions
at lower

√
s and higher DY rapidity. Therefore we present

in the second and third rows of Fig. 1 the KN05 benchmark
(dashed lines) versus data [37] at plab= 200 and 300 GeV,
which were not included in the KN05 fit. By using Eq. (4)
and Eq. (5) and assuming the invariant mass values indicated
on the plots, the rapidity coverage of these data can be con-
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Fig. 1 Theoretical predictions obtained with the KN05 model [12]
compared to DY transverse momentum spectra in pA collisions [37] in
bins of the invariant mass of the pair, M , expressed in GeV, for differ-
ent incident beam energies and DY pairs rapidities. Solid lines indicate

predictions in the phase space region included in the KN05 fit whereas
dashed ones indicate predictions in an extrapolation regime. The error
band corresponds to the a′

i s error propagation

verted to the range 0 < xF < 0.3. In both cases we find good
agreement between data and theory up to qT ∼ 2 GeV giving
us confidence that the KN05 model can be successfully used
in this (xF , qT ) range at the

√
s of interest in this analysis.

2.3 Pion structure

A calculation of pion TMDs in a NJL framework, with Pauli–
Villars regularisation, has been recently presented in Ref.
[30]. Model calculations of meson partonic structure within
this approach have a long story of successful predictions [38–

43]. Collinear parton distributions obtained within a model
have to be associated to a low momentum scale Q2

0 and, in
order to be used to predict measured quantities, have to be
evolved to higher momentum scales according to perturbative
QCD (pQCD).

In Ref. [30] the unpolarized NJL parton TMD has been
obtained. Among its good properties, we stress that, upon
integration over the intrinsic quark transverse momentum kT ,
the pion PDF q(x) is properly recovered with correct normal-
isation and the momentum sum rule is exactly satisfied. This
is due to the fact that NJL is a field theoretical scheme and
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the correct support of the PDF, 0 ≤ x ≤ 1, is not imposed but
arises naturally. In particular, the momentum sum rule reads∫
dx x q (x) = 0.5, i.e. the fraction of momentum carried

by each quark is one half of the total momentum, since at
the scale of the model only valence quarks are present. The
dependence on kT of the TMD obtained in Ref. [30] is very
important for the present study. It is worth stressing that, in
this approach, the kT dependence is automatically generated
by the NJL dynamics and it is not imposed by using any edu-
cated guess. This is an important feature of the results of Ref.
[30], not found in other approaches [21,27]. In this paper we
will use the pion TMD obtained in Ref. [30] in the chiral
limit, the latter allowing for a factorisation of the x and kT
dependence at the low but undetermined scale Q2

0 associated
to the model:

f q/π (xπ , kT , Q2
0) = q(xπ , Q2

0)T (kT ) , (15)

where one has (in π−, of interest here):

q(xπ , Q2
0) = dv(xπ , Q2

0) = ū(xπ , Q2
0) = 1. (16)

The function T is given by

T (kT ) = 3

4π3

(
m

fπ

)2 ∑

i=0,2

ci
k2
T + m2

i

, (17)

which, due to a proper combination of the ci [30], behaves
as k−6

T for asymptotic values of kT = |kT | and satisfies the
normalisation
∫

d2kT T (kT ) = 1. (18)

Since the distribution Eq. (17) depends only upon k2
T , its

Fourier transform can be cast in the form

Sπ
N P (b) = 3

2π2

(
m

fπ

)2 ∑

i=0,2

∫
dkT kT J0(bkT )

ci
k2
T + m2

i

= 3

2π2

(
m

fπ

)2 ∑

i=0,2

ci K0(mi b) , (19)

where K0 is the modified Bessel function of the second kind.
The parameters used in Eq. (19) are given in Ref. [30] and
read

m2
0 = m2 = (0.238 GeV)2,

m2
1 = m2 + 	2, m2

2 = m2 + 2	2,

	 = 0.860 GeV,

c0 = 1, c1 = −2, c2 = 1,

fπ = 0.0924 GeV.

We notice that, beyond the chiral limit, the factorised expres-
sion (15) is violated only slightly due to a non trivial x-
dependence (see, e.g., Ref. [46]). We have therefore used the

expression valid in the chiral limit to avoid further irrele-
vant complications in an evaluation which is already rather
involved.

As noted above, the NJL pion model corresponds to a low
hadronic scale Q2

0. Such a low scale has been determined pre-
viously by directly comparing the second moment of the pion
PDF evaluated in NJL model with the results from the anal-
ysis of Ref. [48]. The procedure gives a value of Q2

0 = 0.18
GeV2 at NLO [45,46].1 In the present paper we use a dif-
ferent strategy: we consider Q2

0 a free parameter of the NJL
model which is then fixed with a minimisation procedure,
outlined in the following, of the theoretical π−W DY cross
sections, differential in

√
τ and xF , against the correspond-

ing experimental ones [44]. Theoretical cross sections are
calculated according to

d2σ

dQ2dxF
= 4πα2

em

9Q2s
∑

i j

e2
i

∫ 1

x1

dt1

∫ 1

x2

dt2
d2σ̂ i j

dQ2dxF
fi/π (t1, Q

2) f j/p(t2, Q
2) ,

(20)

where the partonic cross sections dσ̂ i j are calculated at NLO
accuracy by using the results of Ref. [48]. An additional cor-
rection takes into account the correct number of gluon polar-
isations in the MS in dimensional regularisation [49]. The
NJL pion PDFs are evolved to NLO accuracy in the Vari-
able Flavor Number Scheme, with the initial condition given
in Eq. (16), with the help of the QCDNUM [50] evolution
code. The QCD parameters are those of the NLO CTEQ6M
parameterisation [36]. In particular we set the NLO running

coupling to α
(n f =5)
s (MZ ) = 0.118 at the Z -boson mass, MZ .

Since the data we are comparing to are obtained on a tungsten
target, we take into account nuclear effects by using nuclear
PDFs of Ref. [51]. We have carried out a χ2 study to estab-
lish the hadronic scale of the model that describes the best
the data at NLO in pQCD. Two cases have been considered:
an evaluation of the χ2 for the full range of xF and another
one with a cut xF < 0.4, since the NJL model is expected to
better reproduce the pion valence distributions, expected to
populate the range of large and positive xF . The scales thus
determined are

Q2
0, no cut = 0.212+0.011

−0.012 GeV2,

Q2
0, cut = 0.209+0.008

−0.009 GeV2, (21)

and correspond to a chisquare value of χ2/d.o.f.= 2.1 and
1.9, respectively. The quoted errors correspond to a variation
of one unit in χ2, i.e. 1-σ . Those results are compatible with
each other. We will therefore refer to Q2

0 = 0.21 GeV2, as the

1 Other schemes give higher values for the hadronic scale, i.e. up to
∼ 1 GeV2 [47].
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Fig. 2 Drell–Yan pairs production in π−W collisions. Next-to-leading order cross sections obtained by using evolved NJL pion PDFs for three
values of Q2

0 are compared to data of Ref. [44]

scale associated to the pion NJL model. The other two curves
in Fig. 2, corresponding to Q2

0 = 0.19 GeV2 and Q2
0 = 0.25

GeV2 respectively, are added, in order to show the sensitivity
to this particular choice of infrared Q2

0. It is worth noticing
that the results show an acceptable agreement, both in shape
and in normalisation. More in detail, a tendency of the the-
ory to undershoot the data is identified in the range of small
xF (−0.2 < xF < 0.2). This deficiency is not unexpected
since, in the mentioned kinematic region, the dominant con-
tribution to the cross sections involves sea quarks and gluons
which are absent at Q2

0 and are radiatively generated by QCD
evolution. This is a typical drawback of models which con-
tain only valence contributions at the hadronic scale. At this
point we would like to mention that the theoretical descrip-
tion of the xF -spectra at large xF and the determination of
pion parton distributions can be further improved employ-
ing resummation techniques presented in Refs. [49,52,53].
It is worth noticing that, as shown in those papers, threshold
NLL resummation of the Wilson coefficients leads to larger
cross sections at large x with respect to NLO ones. This,
in turn, implies softer pion PDFs at large x . In the present

context, this fact would imply a scale Q2
0 for the NJL model

lower than the one already determined by using NLO Wilson
coefficients in Eq. (20).

3 Predictions for πW collisions data

Predictions for the πW Drell–Yan cross sections are obtained
once appropriate modifications are implemented in Eq. (2).
Evolved NJL pion parton distributions replace proton PDFs
for hadron 1. Moreover the non-perturbative form factor
Sh1h2
N P (b) depends on the particle species initiating the reac-

tion. Therefore in πW collisions the latter is written as fol-
lows:

SπW
N P (b) = Sπ

N P (b)
√
S pp
N P (b) , (22)

where Sπ
N P (b) is given in Eq. (19) and the square root on

S pp
N P (b), given in Eq. (12), takes into account that now only

one proton is involved in the process. It is instructive to
directly compare the proton and pion non perturbative trans-
verse distributions used in the calculation. It is important to
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Fig. 3 Transverse profile in b-space for the NJL pion, Eq. (19), com-
pared, in the top panel, to the profile of the WLS pion [22] and, in the

bottom panel, to that of the KN05 proton,
√
Spp
N P (b), both evaluated for

different values of the scale M

remark that the NJL pion transverse distribution in Eq. (19)
differs from the corresponding proton factor in Eq. (12)
in that it does not contain any explicit dependence neither
on hard scale M nor on parton fractional momenta. Such
a comparison is meaningful at the typical scale for which
the transverse form factors and the longitudinal momentum
part factorize. For the pion case this happens at the scale
Q2

0 determined in the previous section. For the proton TMD
such a scale is ambiguously defined and, according to KN05
analysis, ranges between Q2

in and (b0/bK N05
max )2. Therefore

we choose M = Qin = 1.3 GeV in Eq. (12) and fix the
product x1x2 = M2/s, see Eq. (4), exploiting the π−W
kinematics with s calculated according to a beam energy of
plab = 252 GeV. This comparison is presented in Fig. 3,

where our result for the pion non-perturbative form factor,
Sπ
N P (b), is also compared to the parametrisation of the non-

perturbative pion form factor of Ref. [22] (called hereafter
WLS). The approach of Ref. [22] is rather different from
ours, both in the spirit and in the physical ingredients used.
As a matter of fact, in that paper the proton non-perturbative
form factor, S pp

N P (b), has a structure similar to that of our Eq.
(12) and for the pion the same form has been assumed, with
the corresponding parameters obtained from a fit of the same
cross section data used in the present paper. As a result, the
pion non-perturbative form factor depends on both the hard
scale and the parton momenta. A fit is then performed up to
qT � 3 GeV. We reiterate that our goal here is not to fit but
rather to assume a well known structure for the proton non-
perturbative form factor and to test the pure NJL predictions
for the pion against the data. The purpose of the comparison
with the WLS parametrisation is therefore mainly illustra-
tive and quantitative conclusions can be hardly reached. All
the distributions presented in Fig. 3 reduce to unity in the
b → 0 limit, since they are all normalised to unity in trans-
verse momentum space. In the top panel of Fig. 3 we com-
pare the NJL transverse distribution to the pion parametri-
sation of Ref. [22] (called hereafter WLS) obtained from a
fit of the same cross section data used in the present paper.
One may notice that, for this model, the width of the dis-
tribution is smaller with respect to the NJL one, implying a
larger average transverse momentum. In the bottom panel of
Fig. 3 one may notice that the NJL pion transverse distribu-
tion develops a larger tail with respect to the gaussian drop
of the proton distributions. Moreover the b-space width of
the KN05 proton with M = 1.3 GeV is larger with respect
to the pion one. When transformed back in kT space, this
implies that the intrinsic transverse momentum in the pion
is larger than the one in the proton, in agreement with the
general expectations, since the pion is a much smaller sys-
tem with respect to the proton. It is worth mentioning that
both the KN05 and WLS non perturbative form factors have
an explicit, althought slightly different, dependence upon the
hard scale M , in both cases set equal to the invariant mass of
the dilepton pair. Therefore we plot in each panels, as a repre-
sentative case, the curves corresponding to both form factors
evaluated with the scale set to M = 4 GeV. Comparing the
latter curves to the ones with M ∼ 1 GeV, we conclude that
the M-dependence generates a sizable non perturbative evo-
lution of the form factor which is more pronounced for KN05
proton model than for the WLS pion model.

We now turn to the discussion of the perturbative part of
the Sudakov form factor, Eq. (6). The latter, at variance with
its non perturbative counter part, does not depend upon the
type of initial state hadrons involved in the scattering pro-
cess. In principle, the same regularisation procedure should
be used both in the Sudakov and in the PDFs. This optimum
indeed faces some technical problem, for example the call to
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PDFs to values outside the boundary of the grid in which they
are defined and the different scales at which the transverse
distributions are assumed to factorise on the proton and pion
side, respectively. In order to accomodate all these different
settings, we find useful to split the perturbative form factor
in Eq. (6) in a form which allows to use distinct bmax on the
proton and pion side:

Sq (Q, b)

≡ Sq (Q, b∗, bp
max , b

π
max )

= exp

⎧
⎨

⎩−
∫ Q2

b2
0

b2∗(b
p
max )

dq2

2 q2

[
A(αs(q

2)) ln
Q2

q2 + B(αs(q
2))

]⎫
⎬

⎭

× exp

⎧
⎨

⎩−
∫ Q2

b2
0

b2∗(bπmax )

dq2

2 q2

[
A(αs(q

2)) ln
Q2

q2 + B(αs(q
2))

]⎫
⎬

⎭ .

(23)

For the proton parameters, we stick to KN05 settings since
the ai ’s in Eq. (12) optimized for bp

max = 1.5 GeV−1. On the
pion side there is some freedom in adjusting bN J L

max . However
the pion TMD shows a x − kT factorised structure only at
Q2

0, whose numerical value has been determined in the pre-
vious section. Therefore we can expect the b∗-prescription
to involve bπ

max values of the order b0/Q0 ∼ 2.44 GeV−1,
which will be our default value to be used both in the Sudakov
and in NJL pion parton distributions regularisation. We now
turn to the comparison to lepton pair qT -spectra collected
in tables D92–D97 of Refs. [44,54], measured in πW colli-
sions. Such data actually refer to less differential cross sec-
tions with respect to the one appearing in Eq. (2). In this
case differential cross sections are integrated over additional
variables according to values specified in experimental anal-
yses. We start presenting our results showing, in Fig. 4, cross
sections differential in qT integrated in 0 < xF < 1 in var-
ious bins of the invariant mass of the pair, M . The com-
parison is performed up to a qT ∼ 2 GeV, where we have
checked that the KN05 gives an adequate description of pp
data. All three different predictions, to be discussed in the
following, capture the normalisation of the data and share
a tendency to slightly overestimate the data at very small
qT and to underestimate them at larger qT . This effect pro-
gressively disappears increasing the mass of the lepton pair.
Comparing the two curves corresponding to bN J L

max = 2.44
GeV−1 and bN J L

max = 1.5 GeV−1, one may notice a sub-
stantial stability upon variation of the regulators on the pion
side. On the same plot, in order to investigate the sensitiv-
ity to the pion transverse distribution, we additionally show
the predictions obtained by substituting the pion transverse

factor, Eq. (19), with
√
S pp
N P (b). As shown in Fig. 3, the non

perturbative transverse distributions for the proton and pion
differ at low scales. The corresponding curve, indicated with
pp on the plot, is barely distinguishable from the other two.

Such a comparison supports the hypothesis that the effect
of the perturbative evolution, driven by Eq. (23), is to wash
away differences in the non perturbative structure found at
the hadronic scale. This result implies a reduced sensitivity
to non perturbative structure. A quantitative analysis of the
results yields that the χ2/d.o. f. of the shown distributions
slowly decreases from values of order 4 to values of order 1
with increasing M from 4 GeV to 13 GeV.2 These numbers
are remarkably good if one considers that we are presenting
pure model predictions without a fitting of parameters a pos-
teriori. Besides, we observe that the agreement with data of
the NJL distributions is slightly better than those obtained
with a proton-like non-perturbative form factor for the pion,
in any M bin, and, more importantly, that the difference in
χ2/d.o. f. reaches 30 % for the lowest values of M . The
region of low (but still perturbative) M is therefore selected
as the most promising to access non-perturbative details of
the pion transverse structure.

We proceed our discussion presenting in Fig. 5 the com-
parison between theory predictions against the same data,
now integrated in the mass range 4 < M < 8.55 GeV in a
number of xF bins. We remind the reader that we have veri-
fied that the KN05 model gives a satisfactory description of
pp data up to xF ∼ 0.3. Up to this xF value, as shown in
the first row of Fig. 5, the description π−W data is fair, as
already observed in Fig. 4. Beyond that range, however, the
width of the theoretical curves decreases more rapidly than
observed in the data, with data substantially undershooted
beyond qT ∼ 1 GeV. This effect is more pronounced as xF
increases. In this region of relatively large pion fractional
momenta it would be tempting to invoke, in order to describe
the data, an x-dependent non perturbative structure. Such an
interesting hypothesis, however, cannot be tested unless fixed
order contributions at finite qT are included in the calcula-
tion. Moreover, given our working assumptions, the failure to
agree with data at large values of qT was somehow expected.
Whether it is due to the breakdown of the x−kT factorization,
the inclusion of a more complex NP Sudakov form factor or
the matching with the so called Y-term, further studies shall
be pursued to answer that question.

On the theoretical side, we would like to mention that,
in this range of quite large pion parton fractional momenta,
the theoretical description of the qT -spectrum can be fur-
ther improved employing joint resummation techniques
described in Refs. [55,56]. In order to better appreciate how
the width of theoretical predictions evolves with xF (and
therefore with xπ ) and the invariant mass of the lepton pair,
we show in Fig. 6 the average transverse momentum of the
pair, 〈q2

T 〉, calculated as

2 Notice that there is an additional 16% of systematic uncertainty to the
statistical one showed in the figures [54].
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Fig. 4 Predictions compared to cross sections in various invariant mass bins of the pair integrated in 0 < xF < 1. Data from Refs. [44,54]

〈q2
T 〉 =

∫ x max
F

x min
F

dxF

∫ τ max

τ min

dτ

∫ q2, max
T

0
dq2

T q2
T

d3σ

dxFdτdq2
T

∫ x max
F

x min
F

dxF

∫ τ max

τ min

dτ

∫ q2, max
T

0
dq2

T
d3σ

dxFdτdq2
T

.

(24)

Integration limits are provided by experimental conditions.
For data, indicated by black lines in Fig. 6, the phenomeno-
logical parametrisation presented in Ref. [44] is used. For
both theory and data, the 〈q2

T 〉 is calculated with a maximum
value of qmax

T = 2 GeV. Theory predictions tend to under-
shoot the data but, overall, a good shape agreement is found.
By comparing lines with and without TMD evolution (for
the latter the perturbative Sudakov Sq is removed from the

evaluation of Eq. (2)) one can appreciate its large impact on
the amount of generated 〈qT 〉. On the same plot, in order to
investigate the sensitivity to the pion transverse structure, we
additionally show the predictions obtained by substituting the

pion transverse factor, Eq. (19), with
√
S pp
N P (b). As already

seen in Fig. 4, differences are minimal, implying a reduced
sensitivity to details of the non perturbative transverse fac-
tor. Therefore if one aims to better appreciate the strictly non
perturbative form factor, one has to confine in corners where
TMD evolution is minimised, but still in a perturbative range.
These phase space regions can be identified by extrapolation
from the right plot as the one at the lowest, but still pertur-
bative, values of the invariant masses of the pair, as already
noticed above while discussing Fig. 4.
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Fig. 5 Predictions compared to differential cross sections in various xF bins integrated in the mass range 4 < M < 8.55 GeV. Data from
Refs. [44,54]

4 Conclusions

A thorough analysis of DY pair production in pion–nucleus
scattering has been presented. The main goal of our work
has been the test of model predictions, obtained within the
Nambu–Jona–Lasinio model for the transverse pion struc-
ture. In particular we have focused on the study of differential
transverse momentum spectra of DY pairs produced in pA
collisions calculated in the CSS framework at NLL accuracy
borrowing from the literature the longitudinal and transverse
proton structure. The pion is treated in the Nambu–Jona–
Lasinio model. No further assumption has been made: even
the momentum scale associated to the model is obtained via
a minimization procedure of NLO theory to DY experimen-
tal longitudinal spectra. The latter turns out to be a low one,

in line with that normally used, which could be predicted
within the spirit of the model without fitting “a posteriori”.
The agreement found between our pion–nucleus theoretical
cross sections and experimental data is rather successful, con-
firming the predictive power of the NJL model, for both the
longitudinal pion parton distributions and its transverse struc-
ture. We notice that the theory tends to systematically under-
shoot the data on the higher end of the considered qT interval.
All interpretations of this effect, however, are not conclusive
without the inclusion of the finite, fixed order, contributions
which populate the qT ∼ Q region and are neglected in our
calculation.

The possibility to distinguish between different non per-
turbative transverse momentum distributions in DY data
appears instead more questionable. In this complicated sce-
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Fig. 6 Top panel: lepton pair average transverse momentum, 〈q2
T 〉, as

a function of xF integrated in the mass range 4.0 < M/GeV< 8.55.
Bottom panel: 〈q2

T 〉 as a function of M integrated in the range 0 <

xF < 1. Averaged values are obtained integrating both predictions and
the phenomenological parametrisation of the data up to qmax

T = 2 GeV

nario, a possible strategy would be the measurement of DY
pion–nucleus qT -spectra, in bins of xF , at low values of the
mass of the pair, as the present study suggests to look into this
kinematical window to emphasize the non-perturbative con-
tent of the pion. Further analyses of the pion non-perturbative
form factor, as a function of the hard scale, should be pur-
sued so we could progress on that point. In the very same
window, new data could allow a deeper investigation of the
dependence of the non perturbative form factor upon the hard
scale of the process.

Acknowledgements We thank P. Nadolsky for a useful mail exchange
about details of the fit presented in Ref. [12]. This work was supported
in part by the Mineco under contract FPA2016-77177-C2-1-P, by GVA-

Prometeo/II/2014/066, by the Centro de Excelencia Severo Ochoa Pro-
gramme grant SEV-2014-0398 and by UNAM through the PIIF project
Perspectivas en Física de Partículas y Astropartículas. F.A.C. and S.S.
thank the Department of Theoretical Physics of the University of Valen-
cia for warm hospitality and support; F.A.C, A.C. and S.N. thank the
INFN, sezione di Perugia, and the Department of Physics and Geology
of the University of Perugia for warm hospitality and support.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.
Funded by SCOAP3.

References

1. S.D. Drell, T.M. Yan, Phys. Rev. Lett. 25, 316 (1970). Erra-
tum: [Phys. Rev. Lett. 25 (1970) 902]. https://doi.org/10.
1103/PhysRevLett.25.316, https://doi.org/10.1103/Phys-RevLett.
25.902.2

2. M. Diehl, Eur. Phys. J. A 52(6), 149 (2016). https://doi.org/10.
1140/epja/i2016-16149-3. arXiv:1512.01328 [hep-ph]

3. Y.L. Dokshitzer, D. Diakonov, S.I. Troian, Phys. Rept. 58, 269
(1980). https://doi.org/10.1016/0370-1573(80)90043-5

4. G. Parisi, R. Petronzio, Nucl. Phys. B 154, 427 (1979). https://doi.
org/10.1016/0550-3213(79)90040-3

5. G. Altarelli, R.K. Ellis, M. Greco, G. Martinelli, Nucl. Phys. B 246,
12 (1984). https://doi.org/10.1016/0550-3213(84)90112-3

6. J.C. Collins, D.E. Soper, G.F. Sterman, Nucl. Phys. B 250, 199
(1985). https://doi.org/10.1016/0550-3213(85)90479-1

7. G. Bozzi, S. Catani, G. Ferrera, D. de Florian, M. Grazzini, Nucl.
Phys. B 815, 174 (2009). https://doi.org/10.1016/j.nuclphysb.
2009.02.014. arXiv:0812.2862 [hep-ph]

8. G. Bozzi, S. Catani, G. Ferrera, D. de Florian, M. Grazzini, Phys.
Lett. B 696, 207 (2011). https://doi.org/10.1016/j.physletb.2010.
12.024. arXiv:1007.2351 [hep-ph]

9. S. Catani, D. de Florian, G. Ferrera, M. Grazzini, JHEP 1512, 047
(2015). https://doi.org/10.1007/JHEP12(2015)047

10. S. Catani, D. de Florian, M. Grazzini, Nucl. Phys. B 596,
299 (2001). https://doi.org/10.1016/S0550-3213(00)00617-9.
arXiv:hep-ph/0008184

11. D. de Florian, M. Grazzini, Phys. Rev. Lett.85, 4678 (2000). https://
doi.org/10.1103/PhysRevLett.85.4678. arXiv:hep-ph/0008152

12. A.V. Konychev, P.M. Nadolsky, Phys. Lett. B 633, 710
(2006). https://doi.org/10.1016/j.physletb.2005.12.063.
arXiv:hep-ph/0506225

13. F. Landry, R. Brock, P.M. Nadolsky, C.P. Yuan, Phys. Rev. D
67, 073016 (2003). https://doi.org/10.1103/PhysRevD.67.073016.
arXiv:hep-ph/0212159

14. S.M. Aybat, T.C. Rogers, Phys. Rev. D 83, 114042 (2011). https://
doi.org/10.1103/PhysRevD.83.114042

15. I. Scimemi, A. Vladimirov, Eur. Phys. J. C 78(2), 89 (2018) https://
doi.org/10.1140/epjc/s10052-018-5557-y. arXiv:1706.01473
[hep-ph]

16. A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, A. Signori, JHEP
1706, 081 (2017). https://doi.org/10.1007/JHEP06(2017)081.
arXiv:1703.10157 [hep-ph]

17. P. Sun, J. Isaacson, C.-P. Yuan, F. Yuan, Int. J. Mod. Phys. A 33(11),
1841006 (2018). https://doi.org/10.1142/S0217751X18410063.
arXiv:1406.3073 [hep-ph]

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.25.316
https://doi.org/10.1103/PhysRevLett.25.316
https://doi.org/10.1103/Phys-RevLett.25.902.2
https://doi.org/10.1103/Phys-RevLett.25.902.2
https://doi.org/10.1140/epja/i2016-16149-3
https://doi.org/10.1140/epja/i2016-16149-3
http://arxiv.org/abs/1512.01328
https://doi.org/10.1016/0370-1573(80)90043-5
https://doi.org/10.1016/0550-3213(79)90040-3
https://doi.org/10.1016/0550-3213(79)90040-3
https://doi.org/10.1016/0550-3213(84)90112-3
https://doi.org/10.1016/0550-3213(85)90479-1
https://doi.org/10.1016/j.nuclphysb.2009.02.014
https://doi.org/10.1016/j.nuclphysb.2009.02.014
http://arxiv.org/abs/0812.2862
https://doi.org/10.1016/j.physletb.2010.12.024
https://doi.org/10.1016/j.physletb.2010.12.024
http://arxiv.org/abs/1007.2351
https://doi.org/10.1007/JHEP12(2015)047
https://doi.org/10.1016/S0550-3213(00)00617-9
http://arxiv.org/abs/hep-ph/0008184
https://doi.org/10.1103/PhysRevLett.85.4678
https://doi.org/10.1103/PhysRevLett.85.4678
http://arxiv.org/abs/hep-ph/0008152
https://doi.org/10.1016/j.physletb.2005.12.063
http://arxiv.org/abs/hep-ph/0506225
https://doi.org/10.1103/PhysRevD.67.073016
http://arxiv.org/abs/hep-ph/0212159
https://doi.org/10.1103/PhysRevD.83.114042
https://doi.org/10.1103/PhysRevD.83.114042
https://doi.org/10.1140/epjc/s10052-018-5557-y
https://doi.org/10.1140/epjc/s10052-018-5557-y
http://arxiv.org/abs/1706.01473
https://doi.org/10.1007/JHEP06(2017)081
http://arxiv.org/abs/1703.10157
https://doi.org/10.1142/S0217751X18410063
http://arxiv.org/abs/1406.3073


644 Page 12 of 12 Eur. Phys. J. C (2018) 78 :644

18. F.A. Ceccopieri, L. Trentadue, Phys. Lett. B 741, 97 (2015).
https://doi.org/10.1016/j.physletb.2014.12.024. arXiv:1407.7972
[hep-ph]

19. A. Prokudin, P. Sun, F. Yuan, Phys. Lett. B 750, 533 (2015). https://
doi.org/10.1016/j.physletb.2015.09.064. arXiv:1505.05588 [hep-
ph]

20. P. Chiappetta, M. Greco, Nucl. Phys. B 199, 77 (1982). https://doi.
org/10.1016/0550-3213(82)90567-3

21. B. Pasquini, P. Schweitzer, Phys. Rev. D 90(1), 014050 (2014).
https://doi.org/10.1103/PhysRevD.90.014050. arXiv:1406.2056
[hep-ph]

22. X. Wang, Z. Lu, I. Schmidt, JHEP 1708, 137 (2017). https://doi.
org/10.1007/JHEP08(2017)137. arXiv:1707.05207 [hep-ph]

23. COMPASS collaboration, F. Gautheron et al., COMPASS-II
Proposal. European Organization for Nuclear Research. http://
wwwcompass.cern.ch/compass/proposal/compass-II_proposal/
compass-II_proposal.pdf

24. M. Engelhardt, P. Hgler, B. Musch, J. Negele, A. Schfer, Phys.
Rev. D 93(5), 054501 (2016). https://doi.org/10.1103/PhysRevD.
93.054501. arXiv:1506.07826 [hep-lat]

25. B.U. Musch, P. Hagler, M. Engelhardt, J.W. Negele, A.
Schafer, Phys. Rev. D 85, 094510 (2012). https://doi.org/10.1103/
PhysRevD.85.094510. arXiv:1111.4249 [hep-lat]

26. Z. Lu, B.Q. Ma, Phys. Rev. D 70, 094044 (2004). https://doi.org/
10.1103/PhysRevD.70.094044. arXiv:hep-ph/0411043

27. T. Frederico, E. Pace, B. Pasquini, G. Salme, Phys. Rev. D
80, 054021 (2009). https://doi.org/10.1103/PhysRevD.80.054021.
arXiv:0907.5566 [hep-ph]

28. L. Gamberg, M. Schlegel, Phys. Lett. B 685, 95 (2010). https://doi.
org/10.1016/j.physletb.2009.12.067. arXiv:0911.1964 [hep-ph]

29. Z. Lu, B.Q. Ma, J. Zhu, Phys. Rev. D 86, 094023 (2012). https://
doi.org/10.1103/PhysRevD.86.094023. arXiv:1211.1745 [hep-ph]

30. S. Noguera, S. Scopetta, JHEP 1511, 102 (2015). https://doi.org/
10.1007/JHEP11(2015)102. arXiv:1508.01061 [hep-ph]

31. A. Bacchetta, S. Cotogno, B. Pasquini, Phys. Lett. B
771, 546 (2017). https://doi.org/10.1016/j.physletb.2017.05.072.
arXiv:1703.07669 [hep-ph]

32. S.P. Klevansky, Rev. Mod. Phys. 64, 649 (1992). https://doi.org/
10.1103/RevModPhys.64.649

33. M. Aghasyan, COMPASS Collaboration, Phys. Rev. Lett. 119(11),
112002 (2017). https://doi.org/10.1103/PhysRevLett.119.112002.
arXiv:1704.00488 [hep-ex]

34. J. Kodaira, L. Trentadue, Phys. Lett. 112B, 66 (1982). https://doi.
org/10.1016/0370-2693(82)90907-8

35. C.T.H. Davies, W.J. Stirling, Nucl. Phys. B 244, 337 (1984). https://
doi.org/10.1016/0550-3213(84)90316-X

36. J. Pumplin, D.R. Stump, J. Huston, H.L. Lai, P.M. Nadolsky, W.K.
Tung, JHEP 0207, 012 (2002). https://doi.org/10.1088/1126-6708/
2002/07/012. arXiv:hep-ph/0201195

37. A.S. Ito et al., Phys. Rev. D 23, 604 (1981). https://doi.org/10.1103/
PhysRevD.23.604

38. R.M. Davidson, E. Ruiz Arriola, Acta Phys. Polon. B 33, 1791
(2002). arXiv:hep-ph/0110291

39. L. Theussl, S. Noguera, V. Vento, Eur. Phys. J. A 20,
483 (2004). https://doi.org/10.1140/epja/i2003-10174-3.
arXiv:nucl-th/0211036

40. E. Ruiz Arriola, W. Broniowski, Phys. Rev. D 66, 094016
(2002). https://doi.org/10.1103/PhysRevD.66.094016.
arXiv:hep-ph/0207266

41. S. Noguera, S. Scopetta, Phys. Rev. D 85, 054004 (2012). https://
doi.org/10.1103/PhysRevD.85.054004. arXiv:1110.6402 [hep-ph]

42. H. Weigel, E. Ruiz Arriola, L.P. Gamberg, Nucl. Phys. B 560,
383 (1999). https://doi.org/10.1016/S0550-3213(99)00426-5.
arXiv:hep-ph/9905329

43. W. Broniowski, E. Ruiz Arriola, Phys. Rev. D 97(3),
034031 (2018). https://doi.org/10.1103/PhysRevD.97.034031.
arXiv:1711.03377 [hep-ph]

44. J.S. Conway et al., Phys. Rev. D 39, 92 (1989). https://doi.org/10.
1103/PhysRevD.39.92

45. A. Courtoy, S. Noguera, Phys. Lett. B 675, 38 (2009). https://doi.
org/10.1016/j.physletb.2009.03.070. arXiv:0811.0550 [hep-ph]

46. A. Courtoy, Ph. D. Thesis, Valencia University, 2009.
arXiv:1010.2974

47. S. Noguera, V. Vento, Eur. Phys. J. A 28, 227 (2006). https://doi.
org/10.1140/epja/i2006-10045-5. arXiv:hep-ph/0505102

48. P.J. Sutton, A.D. Martin, R.G. Roberts, W.J. Stirling, Phys. Rev. D
45, 2349 (1992). https://doi.org/10.1103/PhysRevD.45.2349

49. M. Aicher, A. Schafer, W. Vogelsang, Phys. Rev. Lett. 105,
252003 (2010). https://doi.org/10.1103/PhysRevLett.105.252003.
arXiv:1009.2481 [hep-ph]

50. M. Botje, Comput. Phys. Commun. 182, 490 (2011). https://doi.
org/10.1016/j.cpc.2010.10.020. arXiv:1005.1481 [hep-ph]

51. K. Kovarik, Phys. Rev. D 93(8), 085037 (2016). https://doi.org/10.
1103/PhysRevD.93.085037. arXiv:1509.00792 [hep-ph]

52. M. Aicher, A. Schafer, W. Vogelsang, Phys. Rev. D 83,
114023 (2011). https://doi.org/10.1103/PhysRevD.83.114023.
arXiv:1104.3512 [hep-ph]

53. D. Westmark, J.F. Owens, Phys. Rev. D 95(5), 056024 (2017).
https://doi.org/10.1103/PhysRevD.95.056024. arXiv:1701.06716
[hep-ph]

54. W.J. Stirling, M.R. Whalley, J. Phys. G 19, D1 (1993). https://doi.
org/10.1088/0954-3899/19/D/001

55. A. Kulesza, G.F. Sterman, W. Vogelsang, Phys. Rev. D
66, 014011 (2002). https://doi.org/10.1103/PhysRevD.66.014011.
arXiv:hep-ph/0202251

56. C. Muselli, S. Forte, G. Ridolfi, JHEP 1703, 106 (2017). https://
doi.org/10.1007/JHEP03(2017)106. arXiv:1701.01464 [hep-ph]

123

https://doi.org/10.1016/j.physletb.2014.12.024
http://arxiv.org/abs/1407.7972
https://doi.org/10.1016/j.physletb.2015.09.064
https://doi.org/10.1016/j.physletb.2015.09.064
http://arxiv.org/abs/1505.05588
https://doi.org/10.1016/0550-3213(82)90567-3
https://doi.org/10.1016/0550-3213(82)90567-3
https://doi.org/10.1103/PhysRevD.90.014050
http://arxiv.org/abs/1406.2056
https://doi.org/10.1007/JHEP08(2017)137
https://doi.org/10.1007/JHEP08(2017)137
http://arxiv.org/abs/1707.05207
http://wwwcompass.cern.ch/compass/proposal/compass-II_proposal/compass-II_proposal.pdf
http://wwwcompass.cern.ch/compass/proposal/compass-II_proposal/compass-II_proposal.pdf
http://wwwcompass.cern.ch/compass/proposal/compass-II_proposal/compass-II_proposal.pdf
https://doi.org/10.1103/PhysRevD.93.054501
https://doi.org/10.1103/PhysRevD.93.054501
http://arxiv.org/abs/1506.07826
https://doi.org/10.1103/PhysRevD.85.094510
https://doi.org/10.1103/PhysRevD.85.094510
http://arxiv.org/abs/1111.4249
https://doi.org/10.1103/PhysRevD.70.094044
https://doi.org/10.1103/PhysRevD.70.094044
http://arxiv.org/abs/hep-ph/0411043
https://doi.org/10.1103/PhysRevD.80.054021
http://arxiv.org/abs/0907.5566
https://doi.org/10.1016/j.physletb.2009.12.067
https://doi.org/10.1016/j.physletb.2009.12.067
http://arxiv.org/abs/0911.1964
https://doi.org/10.1103/PhysRevD.86.094023
https://doi.org/10.1103/PhysRevD.86.094023
http://arxiv.org/abs/1211.1745
https://doi.org/10.1007/JHEP11(2015)102
https://doi.org/10.1007/JHEP11(2015)102
http://arxiv.org/abs/1508.01061
https://doi.org/10.1016/j.physletb.2017.05.072
http://arxiv.org/abs/1703.07669
https://doi.org/10.1103/RevModPhys.64.649
https://doi.org/10.1103/RevModPhys.64.649
https://doi.org/10.1103/PhysRevLett.119.112002
http://arxiv.org/abs/1704.00488
https://doi.org/10.1016/0370-2693(82)90907-8
https://doi.org/10.1016/0370-2693(82)90907-8
https://doi.org/10.1016/0550-3213(84)90316-X
https://doi.org/10.1016/0550-3213(84)90316-X
https://doi.org/10.1088/1126-6708/2002/07/012
https://doi.org/10.1088/1126-6708/2002/07/012
http://arxiv.org/abs/hep-ph/0201195
https://doi.org/10.1103/PhysRevD.23.604
https://doi.org/10.1103/PhysRevD.23.604
http://arxiv.org/abs/hep-ph/0110291
https://doi.org/10.1140/epja/i2003-10174-3
http://arxiv.org/abs/nucl-th/0211036
https://doi.org/10.1103/PhysRevD.66.094016
http://arxiv.org/abs/hep-ph/0207266
https://doi.org/10.1103/PhysRevD.85.054004
https://doi.org/10.1103/PhysRevD.85.054004
http://arxiv.org/abs/1110.6402
https://doi.org/10.1016/S0550-3213(99)00426-5
http://arxiv.org/abs/hep-ph/9905329
https://doi.org/10.1103/PhysRevD.97.034031
http://arxiv.org/abs/1711.03377
https://doi.org/10.1103/PhysRevD.39.92
https://doi.org/10.1103/PhysRevD.39.92
https://doi.org/10.1016/j.physletb.2009.03.070
https://doi.org/10.1016/j.physletb.2009.03.070
http://arxiv.org/abs/0811.0550
http://arxiv.org/abs/1010.2974
https://doi.org/10.1140/epja/i2006-10045-5
https://doi.org/10.1140/epja/i2006-10045-5
http://arxiv.org/abs/hep-ph/0505102
https://doi.org/10.1103/PhysRevD.45.2349
https://doi.org/10.1103/PhysRevLett.105.252003
http://arxiv.org/abs/1009.2481
https://doi.org/10.1016/j.cpc.2010.10.020
https://doi.org/10.1016/j.cpc.2010.10.020
http://arxiv.org/abs/1005.1481
https://doi.org/10.1103/PhysRevD.93.085037
https://doi.org/10.1103/PhysRevD.93.085037
http://arxiv.org/abs/1509.00792
https://doi.org/10.1103/PhysRevD.83.114023
http://arxiv.org/abs/1104.3512
https://doi.org/10.1103/PhysRevD.95.056024
http://arxiv.org/abs/1701.06716
https://doi.org/10.1088/0954-3899/19/D/001
https://doi.org/10.1088/0954-3899/19/D/001
https://doi.org/10.1103/PhysRevD.66.014011
http://arxiv.org/abs/hep-ph/0202251
https://doi.org/10.1007/JHEP03(2017)106
https://doi.org/10.1007/JHEP03(2017)106
http://arxiv.org/abs/1701.01464

	Pion nucleus Drell–Yan process and parton transverse momentum in the pion
	Abstract 
	1 Introduction
	2 Setting-up the calculation
	2.1 Drell–Yan cross section
	2.2 Proton structure
	2.3 Pion structure

	3 Predictions for πW collisions data
	4 Conclusions
	Acknowledgements
	References




