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Abstract

In 2016 and 2017, the COMPASS Collaboration at CERN collected a large sample of DIS
events with a longitudinally polarised 160 GeV/c muon beam scattering off a liquid hy-
drogen target. Part of the collected data has been analysed to extract preliminary results
for the amplitudes of the modulations in the azimuthal angle of the charged hadrons
and for their transverse-momentum distributions. These observables give relevant in-
formation for the study of the transverse momentum and spin structure of the nucleon.
Similarly to the results obtained in COMPASS with a deuteron target, the azimuthal
asymmetries exhibit interesting kinematic dependences, while the squared-transverse-
momentum distributions can be described by two exponentials.

1 Introduction

The Semi-Inclusive Deep Inelastic Scattering (SIDIS) is a powerful tool to access the nucleon
structure. In the SIDIS process:

`(l) + N(P)→ `(l ′) + h(Ph) + X (PX ) (1)

a high energy lepton ` scatters off a target nucleon N and at least one hadron h is detected in
coincidence with the scattered lepton. The quantities in parentheses denote the four-momenta
and X represents the unobserved part of the final state. In the Gamma Nucleon System, where
the virtual photon and the target nucleon are collinear, the z-axis is along the virtual photon
momentum and the x-axis along the leptons transverse momentum, the SIDIS cross-section
for an unpolarised nucleon target reads [1]:
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where x is the Bjorken scaling variable; Q2 is the photon virtuality; y is the inelasticity, corre-
sponding, in the laboratory system, to the ratio of the virtual photon energy to the incoming
lepton energy; z is the ratio of the energy of the final state hadron to that of the virtual photon
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2 DATA ANALYSIS

as measured in the laboratory; φh is the azimuthal angle of the hadron and PT is the transverse
momentum of the hadron with respect to the virtual photon; α is the electromagnetic coupling
constant; γ is defined as γ = 2M x/Q; the kinematic factor ε corresponds to the ratio of the
longitudinal and transverse photon flux; λ is the beam lepton longitudinal polarization.

Five structure functions, indicated as F f (φh)
X Y,Z , where X (Y ) indicates the beam (target) po-

larization, Z the virtual photon polarization and f (φh) is a function of the hadron azimuthal
angle, appear in the cross-section. According to the factorization theorem [2], they can be
written as convolutions of Transverse-Momentum-Dependent Parton Distribution Functions
(TMD-PDFs) and Fragmentation Functions (TMD-FFs). Up to the order 1/Q (twist-3):
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where:

C[wf D] =

∫

d2kT d2p⊥δ(PT − zkT − p⊥)wf D (4)

and where ĥ = PT/|PT |. The FUU ,T structure function is given by the convolution of the un-

polarised TMD-PDF f1 with the unpolarised TMD-FF D1, while F cos2φh
UU is written in terms of

the Boer-Mulders TMD-PDFs h⊥1 and of the Collins FF H⊥1 . The expression for F cosφh
UU , in the

Wandzura-Wilczek approximation [3], contains a contribution proportional to the convolu-
tion of h⊥1 with H⊥1 , together with a second term, proportional to the convolution of f1 and
D1. The presence of this term was suggested long ago by Cahn [4, 5]. The Cahn effect also
contributes to the F cos2φh

UU structure function at twist-4: however, this is just one of the possible
contributions arising at the same twist, generally not known [6]. The convolutions C can be
solved analytically e.g. assuming an exponential dependence of PDFs and FFs on the squared
transverse momenta (the Gaussian Ansatz), according to which, for instance, an exponential
trend is expected for FUU ,T :

FUU ,T =
∑

q

e2
q x f q

1 (x ,Q2)Dh/q
1 (z,Q2) e

−
P2
T
〈P2

T 〉 , (5)

where 〈P2
T 〉 = z2〈k2

T 〉 + 〈p
2
⊥〉. A measurement of the φh-integrated unpolarised SIDIS cross-

section allows accessing the P2
T -dependence of FUU ,T , while the features of the unpolarised

TMDs can be accessed by measuring the amplitudes of the modulations in the azimuthal angle
(azimuthal asymmetries) Acosφh

UU , Acos2φh
UU and Asinφh

LU of the final-state hadrons.

2 Data analysis

In 2016 and 2017 the COMPASS Collaboration at CERN collected SIDIS data with a longitudi-
nally polarised positive or negative muon beam scattering off a liquid hydrogen target. Part of
these data has been analysed to investigate the unpolarised structure functions, through the
measurement of the azimuthal asymmetries Acosφh

UU , Acos2φh
UU and Asinφh

LU and of the distributions
of the transverse momentum of the final state hadrons. The data used in this analysis were
collected during the 2016 data taking and correspond to about 11% of the total sample.
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3 RESULTS

The selection of the DIS events has been performed requiring Q2 > 1 (GeV/c)2 and W > 5 GeV/c2.
In addition, x has been selected to be in the range 0.003 < x < 0.130 (the upper limit being
fixed by the reduced acceptance of the apparatus); events with y < 0.2 or y > 0.9 have been
removed, to ensure a good event reconstruction and flat acceptance corrections and to limit
the impact of radiative effects; the polar angle of the virtual photon θγ∗ has been required to be
smaller than 60 mrad. The hadrons have been selected to have z > 0.1 and PT > 0.1 GeV/c.

A non-negligible fraction of the selected hadron sample is constituted by the decay products
of exclusive, diffractively produced vector mesons (mostly ρ0 → π+π− and φ → K+K−),
whose production mechanism can not be interpreted in the framework of the parton model.
The decay products are concentrated at low x , low PT and high z; in addition, they show
strong azimuthal modulations. Hence, their impact on the measured TMD observables has
to be taken into account. In COMPASS, this has been done for both the P2

T -distributions [7]
and, more recently, for the azimuthal asymmetries [8]. For the analysis of the 2016 data, the
diffractive events have been selected (and discarded) by requiring ztot = zh+ + zh− > 0.95; the
remaining contribution of non-fully reconstructed pairs has been estimated and corrected for
using the HEPGEN Monte Carlo [9], normalised to the data using the reconstructed pairs.

The acceptance corrections have been evaluated using the LEPTO Monte Carlo [10] and
applied in each kinematic bin, after correcting for the exclusive hadrons.

3 Results

3.1 Azimuthal asymmetries

The three azimuthal asymmetries have been measured in bins of x , z and PT , both in a one-
dimensional (1D) and in a three-dimensional (3D) approach. In the 1D case, the asymmetries
have been inspected as a function of one variable, while integrating over the other two; in the
3D case, a simultaneous binning in x , z and PT has been performed. In addition, the 1D ap-
proach has been applied also in four Q2 bins. The azimuthal asymmetries have been obtained
from a fit of the azimuthal distributions of the final-state hadrons after discarding (subtract-
ing) the visible (non-visible) contribution of the decay hadrons from diffractively produced
vector mesons and after correcting for acceptance. The fit procedure has been implemented
independently for µ+ and µ− data, and the corresponding results averaged after checking their
compatibility.

The 1D results are shown in Fig. 1 (left). The Acosφh
UU asymmetries are large, clearly different

from zero, with a linear trend in PT and an interesting difference between positive and nega-
tive hadrons, not expected from a flavor-independent Cahn mechanism but already observed
in a previous COMPASS measurement on deuteron [11]. The Acos2φh

UU asymmetry is generally
smaller, being compatible with zero for positive hadrons and different from zero for negative
hadrons. The Asinφh

LU asymmetry shows larger uncertainties due to the kinematic corrections.

The Acosφh
UU asymmetries also shows a remarkable dependence on Q2, as shown in Fig. 1 (right).

The 3D results for Acosφh
UU are shown in Fig. 2: this asymmetry, generally of negative sign as ex-

pected from the Cahn effect, is characterised by a smooth dependence on x and PT , becoming
compatible with zero at large z. The shown uncertainties are statistical only; the systematic
uncertainty has been estimated to be σs yst ∼ σstat in the 1D case.

3.2 P2
T distributions

The transverse-momentum distributions have been produced separately for µ+,µ−, h+, h− af-
ter the exclusive hadrons and acceptance corrections; they have been normalised to the value

3



4 CONCLUSION
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Figure 1: Left: Azimuthal asymmetries Acosφh
UU (top row), Acos2φh

UU (middle row) and

Asinφh
LU (bottom row) for positive (red) and negative hadrons (black). Right: Q2-

dependence of Acosφh
UU in bins of x for positive (red) and negative hadrons (black).

in the first bin in P2
T and averaged over the beam charge. Figure 3 shows the distributions for

positive hadrons up to P2
T = 3 (GeV/c)2 in the four z bins (full markers), and in bins of x and

Q2, with a further arbitrary normalization introduced for a better readability. At low P2
T , the

trend is exponential, as expected, while a second component at higher P2
T can also be seen.

While the distributions do not exhibit a significant x-dependence, a mild dependence on Q2

can instead be observed, with a larger 〈P2
T 〉 at higher Q2. The dependence on z is remarkable.

No significant difference between the shape of positive and negative hadrons distributions has
been found. These shapes can be used to get independent information on 〈k2

T 〉 through the
relation 〈P2

T 〉 = z2〈k2
T 〉 + 〈p

2
⊥〉. The shown uncertainties are statistical only; the systematic

uncertainty has been estimated to be σs yst = 0.3 σstat . The new results are compared in the
same plot to the published COMPASS results on deuteron [7] (open markers): the two sets of
results are in qualitative agreement, particularly at small z. In addition, the distributions of
q2

T = P2
T/z

2 have been produced from the same samples: they are shown for positive hadrons
in Fig. 4 (full markers) where they are compared with the distributions obtained from the con-
version of the P2

T -distributions, done using dqT ≈ dPT/z (empty markers). A good agreement
can be observed between the two extractions both in size and shape.

4 Conclusion

In 2016 and 2017, the COMPASS Collaboration at CERN collected SIDIS data using an unpo-
larised proton target. Preliminary results for the azimuthal asymmetries and the transverse
momentum distributions, which give important information on the TMD structure of the nu-
cleon, have been produced from part of the data, taking into account the non-negligible con-
tribution of the hadrons produced in the decay of diffractively produced vector mesons. The
azimuthal asymmetries shown here exhibit clear and strong kinematic dependences, while
the trend of the P2

T -distributions is smooth, as already observed in previous COMPASS mea-
surements. The inclusion of more data in the analysis and the use of refined Monte Carlo
simulations will increase the statistical precision and reduce the systematic uncertainties, also
allowing for a direct measurement of the transverse-momentum-dependent unpolarised SIDIS
cross-section, to be done in the near future.
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Figure 2: Acosφh
UU asymmetry for positive (red) and negative hadrons (black), as a

function of x and in bins of z (vertical axis) and PT (horizontal axis).
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Figure 3: P2
T distributions for positive hadrons in four z bins and in bins of x and

Q2, for the new preliminary results on proton (full markers) and for the published
deuteron results [7].
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