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Abstract. Unpolarised semi-inclusive DIS is receiving a growing interest as a powerful tool to access poorly
known universal functions that play a key role in many processes, in particular in the study of the spin structure
of the nucleon. These functions can be investigated through experimental observables such as hadron multiplic-
ities in the collinear and transverse framework, the dihadron multiplicities, the azimuthal asymmetries and some
others. New results on these observables by the COMPASS experiment at CERN will be shown and discussed.

1 Introduction

Over the last few decades, a major effort has been dedi-
cated, both on experimental and theoretical sides, to the
study of the nucleon spin structure by determining the
parton helicity and transversity distributions, considering
that the internal 2−D partonic structure of the nucleon is
precisely known except the strange quark density which
still carries a large uncertainty. The transverse momen-
tum structure of the nucleon, however, was not consid-
ered with the same level of priority although it is poorly
known. Recently, a considerable effort is being dedicated
to achieve a good level of understanding of the internal
3−D partonic structure of the nucleon. Thus a growing in-
terest in the determination of the Transverse Momentum
Dependent (TMD) Parton Distribution Functions (PDFs)
and Fragmentation Functions (FFs) is taking place.

The most viable and promising process to as-
sess/determine k⊥ and p⊥ and their kinematical dependen-
cies as well as their dependencies upon quark charges and
flavours is the Semi-Inclusive Deep-Inelastic Scattering.
In the framework of perturbative QCD (pQCD) at leading
twist, SIDIS is viewed as the hard scattering of a lepton
off a quark or antiquark, which subsequently hadronizes
into final state hadrons. The hard-scattering cross section
is calculable in pQCD while the PDFs and FFs are non
perturbative quantities. In the collinear framework, i.e. in-
tegrated over transverse momentum, they are believed to
be universal, i.e, process-independent. In this case, PDFs
are know with a high precision while FFs are know for pi-
ons and poorly known for kaons. With the inclusion of the
kinematic dependence on the hadron transverse momen-
tum, beyond the standard collinear factorisation is reached
and the transverse momentum dependence of PDFs and
FFs is assessed. While the TMD-PDFs parametrize the
flavour transverse momentum structure of the nucleon and
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encode details about the motion of quarks inside a nu-
cleon due to their intrinsic transverse momentum (referred
to as k⊥), the TMD-FFs encode details about producing a
final-state hadron with a component of hadron momentum
transverse with respect to the momentum transfer (referred
to as ph⊥) different from zero.

In addition to the many advantages that SIDIS offers
as flavour and charge separation, its relevance for spin
physics and its accessibility to large hadron energy frac-
tion, it covers a wide range in the energy scale (accessing
smaller Q2) allowing to improve the scale coverage in the
Q2 evolution, essential to determine gluon contribution.
SIDIS measurements profit from the different probabili-
ties to produce a hadron of certain specie from a parton
of a given flavour and have been successfully performed
at fixed-target experiments for k⊥ & p⊥ integrated observ-
ables.

In this paper, we present recent measurements of ex-
perimental observables which encode details of the trans-
verse momentum effects in SIDIS, using data samples col-
lected by the COMPASS collaboration at CERN. Among
these observables are the p2

T -dependent multiplicities and
the azimuthal asymmetries of unidentified hadrons, both
measured in unpolarised semi-inclusive DIS. In sec. 2, the
experimental setup is briefly described, the hadrons multi-
plicities (analysis and results) are presented in sec. 3 and
the azimuthal asymmetries are presented in sec. 5.

2 The Experiment

COMPASS is a fixed target experiment which uses the
muon beam delivered by the CERN Super Proton Syn-
chrotron (SPS). The momentum of the beam is determined
at the end of the beam line with a precision of 0.3% and
its trajectory is measured before the target in a set of sil-
icon and scintillating fibre detectors. The target consists
of three cells, located among the beam one after the other,
filled with 6LiD immersed in a liquid 3He/4He mixture.
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The two-stage COMPASS spectrometer is designed to re-
construct scattered muons and produced hadrons in a wide
range of angle and momentum. Particle tracking is per-
formed by a variety of tracking detectors before and after
the two spectrometer magnets. The direction of the recon-
structed tracks at the interaction point is determined with
a precision of 0.2 mead while the momentum resolution is
1.2% in the first spectrometer stage and 0.5% in the sec-
ond. The trigger is formed by hodoscope systems supple-
mented by hadron calorimeters.

3 Hadron Multiplicities

The hadron multiplicity is the most suitable observable
allowing to access TMD parton densities and fragmenta-
tion functions simultaneously. In the TMD factorisation
scheme, the spin-averaged differential cross section of the
SIDIS process for the production of a hadron h with trans-
verse momentum pT and fractional energy z at leading or-
der in αs and (k⊥/Q) reads:

dσh

dxBdQ2dzdp2
T

=
2π2α2

(xBs)2

[1 + (1 − y)2]
y2 FUU (1)

FUU =
∑

q

e2
q

∫
d2k⊥d2 p⊥ fq/p(xB, k⊥)

Dh/q(z, p⊥)δ(2)(pT − zk⊥ − p⊥)

(2)

The TMD-PDFs and TMD-FFs can be extracted using
experimental measurement of hadron multiplicities and as-
suming dedicated functional forms for the TMDs and that,
in the γ∗ − p c.m. frame, the measured transverse momen-
tum of a hadron (pT ) is generated by the quark intrinsic
transverse momentum (k⊥) and of the final hadron with
respect to the fragmenting quark (p⊥).

Previous measurements of pT -dependent hadron mul-
tiplicities have been performed at fixed target experiments
at HERMES [2] and COMPASS [1]. The latter used 2004
data collected by scattering 160 (GeV/c) muon beam off

a deuteron (6LiD) target, and was performed in a limited
kinematic regime (0.004 < x < 0.12, Q2 < 10 (GeV/c)2,
p2

T < 1.3 (GeV/c)2). due to the limited angular accep-
tance of the experiment. An upgrade of the COMPASS
spectrometer was performed in 2005 allowing a larger ge-
ometrical/angular acceptance and an improved RICH PID
efficiency. Data collected in 2006, covering a wider kine-
matic regime (larger xB and Q2) with an extended range
in p2

T up to 3 (GeV/c)2, are analysed and the results are
presented in this paper.

A hadron multiplicity is defined as the average density
number of hadrons produced per Deep-Inelastic Scattering
(DIS) reaction. Experimentally (Eq.3), it is defined by the
yields of hadrons produced in a selected DIS sample to
the number of DIS interactions recorded in this sample.
It can be extracted in bins of different kinematic variables
providing a multivariate experimental data appropriate for
phenomenological extraction of TMDs.

Mh(xB,Q2, z, p2
T ) =

1
d2nDIS (xB,Q2)

dxBdQ2

d4nh(xB,Q2, z, p2
T )

dxBdQ2dzdp2
T

(3)

For data selection, a DIS event is required to have a
primary interaction vertex lying in the fiducial target vol-
ume and associated to a muon beam track with an energy
in the range [140 GeV/c, 180 GeV/c] and a scattered muon
track. The DIS regime is defined by the photon virtuality
threshold Q2 > 1 (GeV/c)2. Furthermore, a cut W > 5
(GeV/c) is required to avoid the region of nucleon reso-
nances. The fractional muon energy transferred to the vir-
tual photon is required to be in [0.1, 0.9]. While the lower
cut avoid kinematic regions where the resolution of muon
track reconstruction degrades, the upper cut excludes kine-
matic regions highly affected by radiative effects. Finally
the covered xB range is [0.003,0.7]. The hadron selection
is performed on top of the DIS event selection.

The measured multiplicity is subject to many ef-
fects: limited kinematic and geometric acceptance effects,
smearing effects, radiative effects and should be corrected
for all of them. The correction for geometric acceptance
and smearing effects is the highest correction and is evalu-
ated using a Monte Carlo (MC) simulation composed of a
physics generator, a GEANT simulation of track generated
leptons and hadrons through a model of the apparatus and
finally an algorithm for track reconstruction identical to
the one used for experimental data. As the MC simulation
contains both the generated and reconstructed properties
of all recorded tracks, the acceptance correction factor is
defined by the ratio of the reconstructed hadron yield to the
generated one, both recorded from the selected DIS sam-
ple in simultaneous bins of xB and Q2 , z and p2

T as shown
in Eq. 4, where i( j) refers to the bin number based on
reconstructed (generated) properties of lepton and hadron
MC tracks for each variable.

εh(xB,Q2, z, p2
T ) =

nh
r (ixB , iQ2 , iz, ipT )

nh
g(ixB , iQ2 , jz, jpT )

∣∣∣∣∣∣
DIS rec

(4)

Only 3 bins in xB and Q2 and 2 bins in z are yet con-
sidered, the limits of these bins are presented in tab. 1.

Table 1. (xB,Q2) bins vs. which Mh± are extracted.

bin n. [xB,min,
xB,max]

[Q2
min, Q2

max] <Q2> <xB>

1 0.006, 0.008 [1.3, 1.7] 1.48 0.007
2 0.018, 0.025 [1.5, 2.5] 1.92 0.021
3 0.040, 0.070 [3.5, 6.0] 4.57 0.054

[zmin,zmax] <z>
1 0.2,0.3 0.25
2 0.3, 0.6 0.45

The overall acceptance correction factor is ≤ 0.35. In
addition to the acceptance effects, the measured multiplic-
ities are corrected for radiative effects (only xB and y de-
pendent) which introduce a bias to the kinematics of af-
fected DIS events, mainly at large y (y > 0.7 and small xB

(xB < 0.01) regions.
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Figure 1. h+ p2
T -dependent multiplicities (scaled to arbitrary units) with 1-exponential (dotted line) and 2-exponentials (dashed line)

fits. x refers to the kinematic variable xB. Only statistical errors are shown.
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Figure 2. h− p2
T -dependent distributions with 1-exponential (dotted line) and 2-exponentials (dashed line) fits. x refers to the kinematic

variable xB. Only statistical errors are shown.

The resulting multiplicities are shown in Fig. 1 (2) for
positive (negative) hadrons, in three different kinematic
bins (tab.1) and in two z bins. Experimental data points
are fitted with 1-exponential and 2-exponentials func-
tions versus p2

T , showing that the shape of experimental
data can not be described with a Gaussian parametri-
sation in the perspective of extracting TMD PDFs and FFs.

4 Hadron Azimuthal Asymmetries

With the inclusion of the kinematic dependence on the
hadron azimuthal angle φh, which is the angle between the
lepton scattering plane and the plane defined by the hadron
and the virtual photon directions, the spin-averaged cross
section in the one-photon approximation [4] is given by:

02015-p.3



Figure 3. cosUU
ϕh

and cosUU
2ϕh

and sinLU
ϕh

azimuthal asymmetries for charged unidentified hadrons (h±).

dσ
pT dpT dxBdydzdφh

= σ0(1 + ε1AUU
cos φh

cos φh+

ε2AUU
cos 2φh

cos 2φh + λε3ALU
sin φh

sin φh)
(5)

where α is the fine structure constant, σ0 is the φh inde-
pendent part of the cross section, λ is the longitudinal po-
larisation of the incident lepton and the quantities εi are de-
polarisation factors dependent upon y, ε1 = (2(2−y)

√
(1−

y))/(1 + (1 + y)2) and ε2 = (2(1− y))(1 + (1− y)2). As seen
in eq.5, the cross section exhibit a cos φh and a cos 2φh az-
imuthal modulations. They are generated by the so called
Cahn effect [5], which arises from the fact that the kine-
matics is non collinear when the k⊥ is taken into account
(i.e. a kinematical higher twist), and with the perturba-
tive gluon radiation, resulting in order αs QCD processes.
pQCD effects are becoming important for high transverse
momenta of the produced hadrons, while they are small
for pT up to 1 GeV/c. For the extraction of unpolarised
asymmetries the usual tricks to cancel the experimental
acceptance are not applicable and a full acceptance cor-
rection is needed in order to extract the amplitude of the
azimuthal modulations. On top of the Cahn effect come
the particularly interesting so called Boer-Mulders func-
tion, describing the transverse parton polarisation inside
an unpolarised hadron and generating azimuthal asymme-
tries in this part of the SIDIS cross section. It is a T-odd
function and describes the correlation between the quark

transverse spin and its transverse momentum in an unpo-
larised nucleon [6]. The Boer-Mulders PDFs contribute to
both the cosφh and the cos 2φh modulations.

Unpolarized azimuthal asymmetries have been mea-
sured by the EMC collaboration [7, 8], with a liquid hydro-
gen target and a muonn beam at a slightly higher energy,
but without charge separation for the final satte hadrons,
an important aspect since the Boer-Mulders contribution is
expected to have opposite sign or opposite charges. These
data have been used [9] to extract the average < k2

⊥ >.
Azimuthal asymmetries have been also measured by E665
[10] and at higher energies by ZEUS [11]. More recent are
the measurements done by HERMES [12] and by COM-
PASS [13], presented here.

To extract the asymmetries, the azimuthal hadron dis-
tributions N (ϕh) are reproduced, for each hadron charge,
in each kinematic bin and in 16 bins in ϕh for the range
[0, 2π]. These distributions are then corrected for the ap-
paratus acceptance, estimated using a Monte Carlo sim-
ulation, and fitted with a four parameter function. More
details about the extraction method and systematic studies
can be found in [13].

The cos φh (AUU
cos φh

), cos 2φh (AUU
cos 2φh

) and sinϕh

(ALU
sinϕh

) asymmetries are shown in fig.3 for both hadron
charges versus xB, z and ph

T . The error bars represent sta-
tistical uncertainties and the systematic uncertainties are
estimated to be as large as twice the statistical ones [13].
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Figure 4. Acosϕh
UU asymmetries for h± as a function of xB for different bins in z (from bottom to top) and ph

T (from left to right). The error
bars correspond to statistical uncertainties.

The ALU
sinϕh

is found to be small and compatible with zero
for h−. For h+ however, it is slightly positive and increas-
ing with z. The cosϕh and cos 2ϕh asymmetries are found
to be significantly different from zero. The AUU

cos φh
asym-

metry is negative for both hadron charges with a larger
absolute values for positive hadrons and strongly depends
on kinematic variables, in particular z and ph

T . Versus z, it
has a constant value u to z h 0.5 and increase at larger z
up to 0.15 in absolute value. Versus ph

T it shows a similar
behaviour being constant up to ph

T ' 0.35 GeV/c and then
rapidly increases in absolute value. The AUU

cos 2φh
is found to

be significantly positive for both charges with a larger ab-
solute values for negative hadrons. It also shows a strong
kinematic dependence. While it shows a descending trend
versus xB, it decreases versus z and ph

T up to z ' 0.6 and
ph

T ' 0.4 GeV/c. First theoretical attempts to describe the
observed strong kinematic dependencies in terms of Cahn
and Boer-Mulders effects could not reproduce the trends

suggested by experimental results in particular the ph
T de-

pendence.

Table 2. z, pT and xB bins used in the azimuthal asymmetries.

z pT xB

0.20-0.25 0.10-0.30 0.003-0.012
0.25-0.32 0.30-0.50 0.012- 0.02
0.32-0.40 0.50-0.64 0.02-0.038
0.40-0.55 0.64-1.00 0.038-0.13
0.55-0.70
0.70-0.85

A deeper investigation of the observed kinematic de-
pendencies has been performed by extracting the az-
imuthal modulations binning simultaneously the data in
xB, z and ph

T (3-dimensional binning as shown in tab. 2).
The results for AUU

cosϕh
and AUU

cos 2ϕh
are shown, versus xB

02015-p.5



Figure 5. Acos 2ϕh
UU asymmetries for h± as a function of xB for different bins in z and ph

T , same as Fig. 4.

in bins of z and ph
T , in Figs. 4 and 5 respectively, where

the error bars represents statistical uncertainties. It has
been checked that projecting the asymmetries on any of
the three kinematic variables reproduce the results for the
integrated asymmetries, as expected. For ALU

sinϕh
, no spe-

cific effect could be observed due to large statistical er-
rors and the results are not shown here. The large nega-
tive signal of AUU

cos φh
at small x is originated by high z and

small ph
T hadrons, i.e. 0.55 < z < 0.8 and 0.1 GeV/c

< ph
T < 0.64 GeV/c. In addition, the absolute values of

AUU
cosϕ increases with ph

T for z < 0.55. For AUU
cos 2ϕh

asymme-
try, its large positively increasing signal versus xB is origi-
nated by high z and small ph

T hadrons, i,e, 0.55 < z < 0.85
and 0.1 GeV/c < ph

T < 0.5 GeV/c. For ph
T > 0.5 GeV/c,

the asymmetry shows a linear xB dependence. The dif-
ference between positive and negative hadron charges is
mainly seen at large ph

T (0.64 GeV/c < ph
T < 1 GeV/c). To

summarise, the experimental data shows different trends in
the various regions in (z,ph

T ) suggesting that there are dif-

ferent regimes with different dominant processes. Thus, a
new phenomenological approach taking into account these
observations is needed for a better description of the ex-
perimental data and a deeper understanding of the physics
behind.

5 Conclusions

COMPASS has produced new inputs for global QCD anal-
ysis to extract the intrinsic transverse momenta of quarks.
The first are the p2

T -dependent hadron multiplicities mea-
sured using data collected in 2006 by scattering a 160 GeV
muon beam off a deuteron (6Lid) target. Yet, only part of
the total set is shown in three (xB,Q2) kinematic bins and
2 z ranges. However the total set covers a wide kinematic
domain in xB down to 0.003 and Q2 up to 30 (GeV/c)2

and covers a p2
T range up to 3 (GeV/c)2. The experimental

data clearly need 2-exponentials function to produce their
shape. The second input are the azimuthal asymmetries
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measured using 2004 data. Two sets of results are pro-
duced, the first by binning the data in xB,z and ph

T integrat-
ing over the other two variables and the second in a three-
dimensional grid of the three variables. The asymmetries
of the cos φh and cos 2ϕh modulations show strong kine-
matic dependencies which could not be reproduced by the
existing phenomenological approach. These results con-
stitute an important input to improve the understanding of
the transverse momentum structure of the nucleon.
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