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Abstract Azimuthal asymmetries in semi-inclusive pro-
duction of positive (h+) and negative hadrons (h−) have
been measured by scattering 160 GeV muons off longi-
tudinally polarised deuterons at CERN. The asymmetries
were decomposed in several terms according to their ex-
pected modulation in the azimuthal angle φ of the outgoing
hadron. Each term receives contributions from one or sev-
eral spin and transverse-momentum-dependent parton dis-
tribution and fragmentation functions. The amplitudes of all
φ-modulation terms of the hadron asymmetries integrated
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over the kinematic variables are found to be consistent with
zero within statistical errors, while the constant terms are
nonzero and equal for h+ and h− within the statistical er-
rors. The dependencies of the φ-modulated terms versus the
Bjorken momentum fraction x, the hadron fractional mo-
mentum z, and the hadron transverse momentum pT

h were
studied. The x dependence of the constant terms for both
positive and negative hadrons is in agreement with the longi-
tudinal double-spin hadron asymmetries, measured in semi-
inclusive deep-inelastic scattering. The x dependence of the
sinφ-modulation term is less pronounced than that in the
corresponding HERMES data. All other dependencies of the
φ-modulation amplitudes are consistent with zero within the
statistical errors.

1 Introduction

Starting from the first polarised lepton scattering experi-
ments at SLAC [1, 2] and at CERN by the EMC [3, 4],
the longitudinal spin structure of the nucleon has been in-
vestigated over the past 20 years by the SMC [5], HER-
MES [6, 7], CLAS [8–10] and COMPASS [11–15] Collab-
orations. The cross-section asymmetries A1 and Ah

1 were
measured respectively in inclusive Deep Inelastic Scattering
(DIS)

�� + �N → �′ + X (1)

and Semi-Inclusive Deep-Inelastic Scattering (SIDIS)

�� + �N → �′ + h + X (2)

of longitudinally polarised leptons (��) off longitudinally po-
larised nucleons ( �N ). SIDIS, where in addition to the scat-
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Fig. 1 (a) The kinematics of
the SIDIS process shown for
antiparallel target polarisation
P‖ w.r.t. the beam momentum
(φS = π ). (b) Squared modulus
of the matrix element of the
SIDIS reaction
� + �N → �′ + h + X summed
over the final states X

tered lepton a hadron h is detected, gives access to the in-
dividual quark spin distributions. From the measured spin-
dependent asymmetries the contributions of quark spins to
the spin of nucleons as well as the spin quark distribution
functions for valence and sea quarks have been determined.

The hadron transverse momentum leads to a dependence
of the SIDIS cross-section on the hadron azimuthal angle
φ (Fig. 1a) and to asymmetries in the hadron production.
The asymmetries have been predicted [16–18] and elabo-
rated on in a number of theoretical papers (see Refs. [19–
24] and references therein). The azimuthal asymmetries are
related to transverse-momentum-dependent Parton Distrib-
ution Functions (PDF) and polarised and nonpolarised Par-
ton Fragmentation Functions (PFF). They can depend on
the transverse or longitudinal component of the quark spin.
These asymmetries were first observed by SMC [25], HER-
MES [26, 27] and CLAS [28, 29]. Further studies were per-
formed both with transversely polarised targets by HER-
MES (proton) [30–32] and COMPASS (deuteron, proton)
[33–36] and with longitudinally polarised targets by HER-
MES (proton, deuteron) [37, 38] and CLAS (proton) [39].
Some of the measured azimuthal asymmetries (e.g. the so-
called “Collins asymmetry”) for the proton are rather large,
reaching up to 10% [30–32], others however (e.g. the so-
called “pretzelosity”), do not exceed a couple of percent
[40] and their investigation requires very high statistics. The
asymmetries for the deuteron are found to be much smaller
than those for the proton indicating opposite signs of contri-
butions from u and d quarks [22, 23].

A search for azimuthal asymmetries for unidentified
hadrons with longitudinally polarised deuterons is presented
below. These new data will test in a wide (x,Q2) range the
existence of still unobserved azimuthal asymmetries con-
nected to several transverse-momentum-dependent PDFs.

The Paper is organised as follows. In Sect. 2 a short theo-
retical overview with the basic formulae is given. The analy-
sis method and the data selection are described in Sects. 3
and 4, respectively. The results are presented in Sect. 5 and
their stability and systematic uncertainty are discussed in
Sect. 6, followed by the conclusions in Sect. 7.

2 Theoretical framework

The kinematics of the SIDIS reaction is shown in Fig. 1a.
The 4-momenta of the incident and scattered muon are
denoted by � and �′, respectively. The momentum trans-
fer is given by q = � − �′ with Q2 = −q2 and θγ is the
angle of the momentum �q of the virtual photon with re-
spect to the beam. The vectors ph and P‖ are the hadron
momentum and the longitudinal target polarisation, respec-
tively. Their transverse components ph

T and PT are defined
with respect to the virtual photon momentum. The longi-
tudinal component |PL| = P‖ cos θγ is approximately equal
to P‖ due to the smallness of the angle θγ . The small
transverse component is equal to |PT | = P‖ sin(θγ ) where
sin(θγ ) ≈ 2(Mx/Q)

√
1 − y, M is the nucleon mass and

y = q · p/p · � is the fraction of the muon energy lost in
the laboratory reference frame. The angle φ is the azimuthal
angle between the scattering plane and the hadron produc-
tion plane and φS is the angle of the target polarisation vec-
tor with respect to the lepton scattering plane. The invariant
mass squared of the virtual photon–nucleon system W 2, the
Bjorken variable x and the hadron momentum fraction z,
characterising SIDIS together with Q2 and y, are defined as
W 2 = (p + q)2, x = Q2/2p · q , z = p · ph/p · q where p is
the 4-momentum of the incident nucleon.

The general expression of the total differential cross-
section for the SIDIS reaction is a linear function of the
muon beam polarisation Pμ and of the target polarisation
components PL and PT

dσ = dσ00 + Pμ dσL0 + PL(dσ0L + Pμ dσLL)

+ |PT |(dσ0T + Pμ dσLT ), (3)

where the first (second) subscript of the partial cross-
sections refers to the beam (target) polarisation.

The asymmetry a(φ) for hadron production from a lon-
gitudinally polarised target is defined by

a(φ) = dσ←⇒ − dσ←⇐

|PL|(dσ←⇒ + dσ←⇐)

= −dσ0L + Pμ dσLL − tan θγ (dσ0T + Pμ dσLT )

dσ00 + Pμ dσL0
, (4)
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where ⇒ or ⇐ denotes the target polarisation along or op-
posite to the muon beam direction and ← denotes the beam
polarisation, which is always opposite to the beam direction.
The partial cross-sections dσ00 and dσL0 do not contribute
to the numerator of the asymmetry (see (4)) while dσ0T

and dσLT are suppressed by the small value of |PT |/|PL| =
tan θγ ≈ 2(Mx/Q)

√
1 − y.

In the parton model (one-photon approximation, handbag-
type diagram) the squared modulus of the matrix element of
the SIDIS reaction is represented by a diagram of the type
shown in Fig. 1b. The chiral-odd transversity1 PDF h1(x)

coupled to the chiral-odd Collins PFF H⊥
1 (z) is given as an

example. Each of the partial cross-sections in (3) is char-
acterised by several terms including a convolution of PDF
and PFF multiplied by a function of the azimuthal angle
of the outgoing hadron. Ignoring the pure twist-3 (“tilde”)
fragmentation functions and retaining only terms up to order
(M/Q), the contributions to (4) for unpolarised or spin-zero
hadron production have the forms

dσ00 ∝ xf1(x) ⊗ D1(z) + εxh⊥
1 (x) ⊗ H⊥

1 (z) cos(2φ)

+ √
2ε(1 + ε)

M

Q
x2(h(x) ⊗ H⊥

1 (z)

+ f ⊥(x) ⊗ D1(z)
)

cosφ,

dσL0 ∝ √
2ε(1 − ε)

M

Q
x2(e(x) ⊗ H⊥

1 (z)

+ g⊥(x) ⊗ D⊥
1 (z)

)
sinφ,

dσ0L ∝ εxh⊥
1L(x) ⊗ H⊥

1 (z) sin(2φ)

+ √
2ε(1 + ε)

M

Q
x2(hL(x) ⊗ H⊥

1 (z)

+ f ⊥
L (x) ⊗ D1(z)

)
sinφ, (5)

dσLL ∝
√

1 − ε2xg1L(x) ⊗ D1(z)

+ √
2ε(1 − ε)

M

Q
x2(g⊥

L (x) ⊗ D1(z)

+ eL(x) ⊗ H⊥
1 (z)

)
cosφ,

dσ0T ∝ ε
{
xh1(x) ⊗ H⊥

1 (z) sin(φ + φS)

+ xh⊥
1T (x) ⊗ H⊥

1 (z) sin(3φ − φS)
}

+ xf ⊥
1T (x) ⊗ D1(z) sin(φ − φS),

dσLT ∝
√

1 − ε2xg1T (x) ⊗ D1(z) cos(φ − φS),

where the target spin angle is φS = 0 or π . The ratio of
the virtual-photon flux with longitudinal to that with trans-
verse polarisation is given by ε ≈ 2(1 − y)/(2 − 2y + y2).

1In this Paper we follow the Amsterdam notations [20, 24] for PDF
and PFF.

The symbol ⊗ represents a convolution of a PDF and a PFF
weighted by a function of transverse momenta as defined in
(4.1)–(4.19) of Ref. [24] where also the exact expressions of
the cross-sections are given.

Some of the asymmetry modulations arising from (4)
and (5) have already been observed in experiments with ei-
ther transversely or longitudinally polarised targets. These
asymmetries involve the sinφ modulation in dσ0L due to the
twist-3 PDFs hL and f ⊥

L and that in dσ0T due to transversity
h1 and the Sivers PDF f ⊥

1T . The sin(2φ) modulation in dσ0L

arising from the “worm-gear” PDF h⊥
1L has been seen also.

Other asymmetries have not yet been observed experimen-
tally. These include the sin(3φ) modulation in dσ0T related
to the “pretzelosity” PDF and the cosφ modulations both in
dσLT due the “worm-gear” PDF g1T and in dσLL due to the
twist-3 g⊥

L and eL.
The aim of this study is to evaluate the azimuthal asym-

metries in hadron production from the longitudinally po-
larised target as a manifestation of the quark-spin and
transverse-momentum dependent PDFs and PFF mentioned
above and to investigate the x, z and ph

T dependence of the
corresponding modulation amplitudes.

3 Analysis

The experiment was performed in the muon beam M2 at
CERN with positive 160 GeV muons. The beam is naturally
polarised opposite to the muon momentum with an average
polarisation Pμ = −80%.

Briefly, the COMPASS setup [41] is a two-stage for-
ward spectrometer with the world’s largest polarised target,
tracking detectors and particle identification detectors be-
hind each of the two spectrometer magnets. Various track-
ing detectors (MICROMEGAS, GEM, Straw, MWPC, DC)
provide a precise determination of the particle coordinates,
while electromagnetic and hadron calorimeters, muon detec-
tors, and a RICH provide identification of secondary elec-
trons, muons and hadrons. The fast trigger and data acquisi-
tion systems provide for high statistics measurements.

The method of analysis takes advantage of the polarised
target arrangement optimised for asymmetry measurements.
In 2002–2004 the target consisted of an upstream cell (“U”)
and a downstream cell (“D”) placed along the axis of a
2.5 T solenoidal magnet centred along the beam direction.
The target material 6LiD was kept at a low temperature in a
3He–4He dilution refrigerator. The material in the cells was
polarised longitudinally with opposite orientations by Dy-
namic Nuclear Polarisation. The beam traverses both cells
and data are taken simultaneously for both polarisations. To
minimise remaining systematic effects caused by possible
time-dependent variations of the acceptance, the polarisa-
tion of the cells is reversed three times per day by adiabati-
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cally inverting the solenoid field. To avoid possible system-
atic acceptance effects resulting from the different solenoid
field orientations, after a few weeks the same polarisation
configuration is realised with inverted magnetic field.

For the azimuthal-asymmetry studies double ratios Rf of
event numbers are used

Rf (φ) = [
NU

+,f (φ)/ND−,f (φ)
] × [

ND+,f (φ)/NU
−,f (φ)

]
, (6)

where Nt
p,f (φ) is the number of events in a given φ bin orig-

inating from the target cell t (t = U , D) with the polarisation
orientation p (p = +, −) and the solenoid field orientation
f (f = +, −) w.r.t. to the beam direction.

Using (3), (5) the number of events can be expressed as

Nt
p,f = Ct

f (φ)Lt
p,f

[
(B0 + B1 cosφ + B2 cos 2φ

+ B3 sinφ + · · · )
± P t

p,f

(
A0 + A1 sinφ + A2 sin(2φ) + · · · )], (7)

where Ct
f (φ) is the acceptance factor, Lt

p,f is the luminos-
ity, and P t

p,f is the absolute value of the averaged product
of the measured positive or negative target polarisation and
the dilution factor2 calculated for the cell t [11–14]. The
coefficients B0, B1, . . . and A0, A1, . . . characterise the
target-spin-independent and the target-spin-dependent parts
of partial cross-sections contributing to the denominator and
numerator in (4), respectively.

Substituting (7) into (6), one can see that the multiplica-
tive acceptance factors cancel out as well as the luminosity
factors if the beam muons cross both cells. The ratios Rf (φ)

thus depend only on the asymmetry a(φ) (see (4)), which
can be expressed (to first order) by

af (φ) = [
Rf (φ) − 1

]
/
(
P U

+,f + P D+,f + P U
−,f + P D−,f

)
. (8)

Since the asymmetry should not depend on the orientation
of the solenoid field, one can expect a+ = a−. From the data
a small nonzero difference between a+ and a− was found.
This difference may be due to nonfactorisable solenoid-
field-dependent contributions in (7). However, these contri-
butions have different signs, as it was checked by Monte
Carlo simulations, and cancel out in the weighted sum
a(φ) = a+(φ) ⊕ a−(φ). Therefore, this sum—calculated
separately for each year of data taking and averaged at the
end—is used for the final results.

2The dilution factor is given by the ratio of the absorption cross-
sections on the deuteron to that of all nuclei entering the target cells. It
includes a correction for the relative polarisation of deuterons bound in
6Li with respect to free deuterons. It also includes the dilution due to
radiative events on the deuteron, which is taken into account by the ra-
tio of the one-photon exchange cross-section to the total cross-section.

4 Data selection

The data selection starts from the full data set of SIDIS
events taken in 2002–2004 with Q2 > 1 (GeV/c)2 and y >

0.1. For each event a reconstructed vertex with incoming and
outgoing muons and one or more additional outgoing tracks
is required. Applying cuts on the quality of reconstructed
tracks and vertices, the target volume, the momentum of the
incoming muon (140 < |l| < 180 GeV/c), the fraction of the
muon energy loss (y < 0.9) and the invariant mass of the vir-
tual photon–nucleon system (5 < W < 18 GeV/c2), about
96 × 106 of the SIDIS events remain for further analysis.

The tracks originating from SIDIS events have been iden-
tified as hadrons using the information from the hadron
calorimeters HCAL1 and HCAL2 [41]. A track is consid-
ered a hadron track if it hits one of the calorimeters, the
calorimeter has an associated cluster with energy greater
then 5 GeV in HCAL1 or greater then 7 GeV in HCAL2,
the coordinates of the cluster are compatible with those of
the track, and the energy of the cluster is compatible with
the momentum of the track. The total number of the hadrons
is about 53 × 106.

The asymmetries are evaluated in the restricted kine-
matic region of x = 0.004–0.7, z = 0.2–0.9, ph

T = 0.1–
1 GeV/c. The lower x-cut value corresponds to a cut on
Q2 > 1 (GeV/c)2, while the highest x value is determined
by the acceptance. The restriction of the energy fraction of
hadrons to z > 0.2 corresponds to the c.m. Feynman vari-

able xF ≈ z − (ph
T

2 + m2
h)/(zW

2) > 0 and assures that the
hadron comes from the current fragmentation region. This
cut removes almost half of the hadron tracks. The high-z cut
is applied to limit the influence of exclusive channels. The
low-ph

T cut guarantees a good determination of the hadron
angles while the high-ph

T cut corresponds kinematically to
the xF and W cuts. Distributions of the SIDIS events, from
which the hadrons are selected for asymmetry evaluations,
are shown in Fig. 2 vs. Q2 and y. The average value of Q2

is 3.26 (GeV/c)2. The distributions of the hadrons vs. z and
ph

T are shown in Fig. 3.

5 Results

The weighted sums of the azimuthal asymmetry a(φ) =
a+(φ) ⊕ a−(φ) for negative and positive hadrons have been
fitted by the function

a(φ) = aconst + asinφ sinφ + asin 2φ sin(2φ)

+ asin 3φ sin(3φ) + acosφ cosφ. (9)

The fit parameters af (φ) are connected to particular PDFs
and PFFs in (5) and can depend on x, z and ph

T . First, the
asymmetries a(φ) integrated over these kinematic variables
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Fig. 2 Distribution of the SIDIS events vs. Q2 (left) and vs. y (right)

Fig. 3 Distribution of hadrons from the restricted kinematic region vs. z (left) and vs. ph
T (right)

have been calculated and fitted in 10 φ bins. In a second
step the dependence of af (φ) on each of the variables was
studied while integrating over the other two variables. For
this purpose fits of a(φ) have been performed in 10 bins of
φ for each of the 6 bins in x, z, and ph

T . In (9) we have
disregarded the contribution of the cos 2φ term which could
appear from dσ00 in the denominator of (4). This amplitude
is expected [42–44] to not exceed 10% and would enter into
(9) with the factor aconst which is of order of 10−3 (see Ta-
ble 1). This is beyond our accuracy. The same comments are
valid for the contribution of the cosφ and sinφ amplitudes
coming from the denominator of (4). However, their contri-
butions are automatically taken into account by the corre-
sponding fit parameters.

For the integrated sample the parameters characteris-
ing the φ-modulation amplitudes are compatible with zero
within 1–1.5 standard deviations. The φ-independent para-
meters aconst differ from zero and are almost equal for h−
and h+ within the statistical errors. The fit parameters are
given in Table 1. The correlation coefficients of the fit pa-
rameters do not exceed 15%. Also given are the results for
fits considering only a constant term, a(φ) = aconst. The
φ-independent parts of the asymmetries appear due to the
first term of dσLL, which is proportional to the helicity PDF
g1L ≡ g1 convoluted with the PFF of unpolarised quarks in
an unpolarised hadron (see (5)). For the isoscalar deuteron
this contribution is expected to be only weakly dependent on
the hadron charge, as is confirmed by the results. Moreover,
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these constants are related to the hadron SIDIS asymmetry
Ah

1,d (x) for deuterons (see below).
The dependence of the amplitudes of the φ modulation

on the kinematic variables is shown in Figs. 4–8. The bin
sizes are optimised to contain more than 106 events in each
bin. Some points are slightly shifted horizontally for clarity.
Only statistical errors are shown. Systematic uncertainties
are estimated to be much smaller then the statistical ones
(see Sect. 6).

The asymmetry parameter aconst(x) divided by the av-
erage muon polarisation and the virtual-photon depolarisa-
tion factor D0 ≈ |Pμ|√1 − ε2 in the corresponding x bin

Table 1 Best values of the a(φ) fit parameters for positive and nega-
tive hadrons from the five- and one-parameter fits

Fit parameters h− h+ h− h+

×104

aconst 23 ± 17 40 ± 15 23 ± 16 35 ± 15

asinφ 15 ± 23 −30 ± 21 – –

asin 2φ 30 ± 23 −24 ± 21 – –

asin 3φ 40 ± 24 −10 ± 21 – –

acosφ −4 ± 24 38 ± 22 – –

χ2/n.d.f. 6.1/5 1.0/5 10.4/9 7.0/9

is shown in Fig. 4. By definition, the value aconst(x)/D0 is
equal to the asymmetry Ah

1,d (x) published earlier [15]. The
agreement of these data with those of the present analysis
demonstrates the internal consistency of the results obtained
by different methods.

The sinφ modulation amplitudes of the azimuthal asym-
metry are shown in Fig. 5. Such a modulation is expected
as a combined effect from the twist-3 PDFs hL and f ⊥

L en-
tering dσ0L as well as from the twist-2 transversity PDF h1

and Sivers PDF f ⊥
1T entering dσ0T (see (5)), all contribut-

ing to the azimuthal asymmetries with a factor Mx/Q. The
individual PDF contributions can not be separated within a
single experiment. The observed x dependence of this am-
plitude is less pronounced in the COMPASS data than in the
HERMES [38] data.3 The latter are obtained for leading pi-
ons, while our data include all hadrons and cover a much
wider range in x, Q2 and W 2. When restricting our kine-
matic region to that of HERMES for the amplitude asinφ

compatible results are obtained.
The amplitudes of the sin(2φ) modulation shown in

Fig. 6 are small, consistent with zero within the errors. They

3The sign of HERMES data was inverted in order to match our defini-
tion of spin asymmetry by (4).

Fig. 4 Dependence of the aconst parameter on the kinematic variables. The values of Ah
(1,d)(x) from Ref. [15] are also shown

Fig. 5 Dependence of the modulation amplitude asinφ on the kinematic variables and similar data of HERMES [38] for identified leading pions
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Fig. 6 Dependence of the modulation amplitude asin 2φ on the kinematic variables. The x dependence of this amplitude is compared to the data
and calculations by H. Avakian et al. [45] for HERMES kinematics3 for positive (solid line) and negative (dashed line) hadrons

Fig. 7 Dependence of the modulation amplitude asin 3φ on the kinematic variables

Fig. 8 Dependence of the modulation amplitude acosφ on the kinematic variables

are due to the PDF h⊥
1L in dσ0L (see (5)) which is approxi-

mately linked [45] to the transversity PDF h1 by a relation
of the Wandzura–Wilczek type.

The data on the modulation amplitude asin 3φ shown in
Fig. 7 are compatible with zero as our results on the ampli-
tude of the sin(3φ − φS) modulation extracted from trans-
versely polarised deuterons [40] (φS = 0, π for longitudinal
target polarisation). This modulation would be due to the
pretzelosity PDF h⊥

1T in dσ0T and is suppressed by the fac-
tor tan θγ ∼ xM/Q.

The cosφ modulation of the azimuthal asymmetries for

a longitudinally polarised target is studied here for the first

time. The data presented in Fig. 8 are consistent with no

variations of the modulation amplitudes vs. x, z and ph
T .

This amplitude is proportional to the muon beam polar-

isation and would be due to a pure twist-3 PDF g⊥
L in

dσLL, an analogue to the Cahn effect [46, 47] in unpo-

larised SIDIS [42–44], and g1T in dσLT , suppressed by

tan θγ ∼ xM/Q.
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Fig. 9 Comparison of results for the h− azimuthal asymmetry parameter aconst(x)/D0, aconst(z) and aconst(ph
T ) for different regions: z = 0.05–0.9

and z = 0.2–0.9

6 Stability of the results and systematics

In the above analysis the z cut (z > 0.2) has been applied to
reject hadrons originating from the target fragmentation re-
gion. To check if a lower cut can affect the results presented
in Table 1 and in Figs. 4–8, we have repeated the analysis
with the cut z > 0.05 and obtained consistent results. The
results for the two different z cuts are compared in Fig. 9
for the asymmetry parameters aconst(x)/D0, aconst(z), and
aconst(ph

T ). The x dependence of this parameter does not
depend on the applied z cut, i.e. there is no influence of the
target fragmentation region on the x dependence for the se-
lected sample of events down to z = 0.05. The observed ph

T

dependence looks smoother with higher statistics.
The compatibility of the final results on the azimuthal

asymmetries obtained with the data taken in 2002–2004 has
been checked by building distributions of “pulls”

ai − 〈a〉
√

σ 2
ai

− σ 2〈a〉
, (10)

where ai is the asymmetry in a given year for a given hadron
charge and bin of the kinematic variables x, z, and ph

T . The
value 〈a〉 is the corresponding weighted mean over three
years and σ is the statistical error. The overall distribution
of pulls for all ai measurements (540 entries, i.e. 5 asym-
metries for positive and negative hadrons, 3 variables with 6
bins and 3 years of data taking) is shown in Fig. 10 together
with its fit by a Gaussian. As expected, the distribution of
pulls follows a standard distribution with mean close to zero
and sigma equal to unity indicating that the fluctuations in
the data are only statistical.

The double ratio (6) has been used to extract the asym-
metries because of the cancellation of acceptance and flux.
To check this cancellation, two different double ratios have

Fig. 10 Distribution of pulls for measurements of ai

been constructed using the same number of events, namely

F+(φ) = NU++ND−+
ND++NU−+

(11)

and

F−(φ) = NU+−ND−−
ND+−NU−−

(12)

for the positive and negative solenoid field orientations, re-
spectively. Substituting into (11), (12) the number of events
by the corresponding expressions given in (7), one could
see that these ratios depend neither on the acceptance nor
on the DIS cross-section. The above equations should re-
flect the relative integrated muon fluxes squared for the mea-
surements with different target polarisation but the same
solenoid field orientation and they are a good check of ac-
ceptance cancellation in (6).

Indeed, the ratios (11), (12) for the selected events in-
tegrated over all kinematic variables are found to be inde-
pendent of φ and the field orientations and are the same
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Fig. 11 Double ratios of event numbers for the weighted sum
F = F+(φ) ⊕ F−(φ) demonstrating the φ stability of the data taking
rates for negative (top), positive (middle) and all hadrons (bottom). The
parameters p0 represent the results of fits by a constant

for h+ and h− (i.e., φ-dependent acceptances Ct
f (φ) are

really cancelled). This is illustrated in Fig. 11 where the
weighted sums of F = F+(φ)⊕F−(φ) for negative and pos-
itive hadrons are shown together with results of their fit by a
constant.

The compatibility and stability tests indicated no system-
atic effects. It is therefore assumed that the systematic un-
certainties of the measured asymmetries due to variations of
the acceptance are smaller than the statistical errors.

The uncertainties due to the target and beam polarisation
are estimated to be of the order of 5% each. The uncertainty
of the dilution factor, which takes into account the target
material composition, is of the order of 2% [11–14]. Each
of them introduces the corresponding multiplicative uncer-
tainty in the asymmetry measurement. When combined in
quadratures, these errors give a global systematic multiplica-
tive uncertainty of less than 7%. The errors due to the addi-
tive radiative correction are negligible in the used kinemati-
cal region.

7 Conclusions

Azimuthal asymmetries a(φ) were studied in the production
of positive and negative hadrons by 160 GeV muons scat-
tering off the longitudinally polarised deuterons. Integrated
over the variables x, z, and ph

T , all φ-modulation amplitudes
of a(φ) are consistent with zero, while the φ-independent

parts of the a(φ) distributions differ from zero and are equal
for positive and negative hadrons within the statistical er-
rors. In the study of a(φ) as a function of x, z, and ph

T

the following results are obtained. The φ-independent terms
aconst(x) of a(φ) are in agreement with our earlier results
[15] and other published data on Ah

1,d , calculated by other

methods and using different cuts. The amplitudes asinφ are
small and in general compatible with the HERMES data
[38]. The amplitudes asin 2φ(x, z,ph

T ), asin 3φ(x, z,ph
T ) and

acosφ(x, z,ph
T ) are consistent with zero within statistical er-

rors.
These data will be useful to constrain models of the nu-

cleon structure. The present parton model description of
the SIDIS cross-sections involves a considerable number of
PDFs depending on the longitudinal and transverse compo-
nents of the nucleon spin. We believe that our data will help
to assess which PDFs are important in the description of the
nucleon structure.
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