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The investigation of transverse spin and transverse momentum effects in deep inelastic scattering is one of the
key physics programs of the COMPASS collaboration. In the years 2002-2004 COMPASS took data scattering
160 GeV muons on a transversely polarized *LiD target. In 2007, a transversely polarized NHs target was
used. Three different channels to access the transversity distribution function have been analyzed: The azimuthal
distribution of single hadrons, involving the Collins fragmentation function, the azimuthal dependence of the plane
containing hadron pairs, involving the two-hadron interference fragmentation function, and the measurement of
the transverse polarization of A hyperons in the final state. Transverse quark momentum effects in a transversely
polarized nucleon have been investigated by measuring the Sivers distribution function. Azimuthal asymmetries
in unpolarized semi-inclusive deep-inelastic scattering give important information on the inner structure of the
nucleon as well, and can be used to estimate both the quark transverse momentum k7 in an unpolarized nucleon
and to access the so-far unmeasured Boer-Mulders function. COMPASS has measured these asymmetries using
spin-averaged SLiD data.

1. Introduction The SIDIS cross-section in the one-photon ex-
change approximation contains eight transverse-

Most of our knowledge of the inner structure momentum dependent distribution functions [6].

of the nucleon is encoded in parton distribution
functions. They are used to describe hard scatter-
ing processes involving nucleons. While there has
been achieved a lot of understanding concerning
the longitudinal structure of a fast moving nu-
cleon, very little is known about its transverse
structure [1]. Transverse refers to the direction
of motion and concerns both the transverse spin
distribution and the parton intrinsic motion, k.

Recent data on single spin asymmetries in
semi-inclusive deep-inelastic scattering (SIDIS)
off transversely polarized nucleon targets [2,3]
triggered a lot of interest towards the transverse
momentum dependent and spin dependent distri-
bution and fragmentation functions [4]. Corre-
lations between spin and transverse momentum
(k1) induce new spin effects, which would be zero
in the absence of intrinsic motion of the quarks
in the nucleon [5].

Some of these can be extracted in SIDIS measur-
ing the azimuthal distribution of the hadrons in
the final state [7]. Three distribution functions
survive upon integration over the transverse mo-
menta: These are the quark momentum distribu-
tion g(x), the helicity distribution Ag¢(x), and the
transversity distribution Arg(z) [8]. The latter
is defined as the difference in the number density
of quarks with momentum fraction x with their
transverse spin parallel to the nucleon spin and
their transverse spin anti-parallel to the nucleon
spin [9].

To access transversity in SIDIS, one has to mea-
sure the quark polarization, i.e. use the so-called
‘quark polarimetry’. Different techniques have
been proposed so far. Three of them are used
in COMPASS:

e a measurement of the single-spin asymme-
tries (SSA) in the azimuthal distribution of



the final state hadrons (the Collins asym-
metry)

e a measurement of the SSA in the azimuthal
distribution of the plane containing final
state hadron pairs (the two-hadron asym-
metry)

e a measurement of the polarization of final
state hyperons (the A-polarimetry)

Of special interest among the transverse-
momentum dependent distribution functions are
the Sivers function qu(x,k—f) [10], which de-
scribes a possible deformation in the distribution
of the quark intrinsic transverse momentum in a
transversely polarized nucleon [11], and its chiral-
odd partner, the Boer-Mulders function [12], de-
scribing the transverse parton polarization in an
unpolarized hadron.

The Boer-Mulders function generates azi-
muthal asymmetries in unpolarized SIDIS, to-
gether with the so-called Cahn effect [13], which
arises from the fact that the kinematics is non-
collinear when kp is taken into account, and
with the perturbative gluon radiation, resulting
in higher order QCD processes.

In the past, unpolarized azimuthal asymme-
tries have been measured by the EMC collabo-
ration [14,15], with a liquid hydrogen target and
a muon beam, without separating hadrons of dif-
ferent charge. These data have been used [5] to
extract the average (k2 ) of quarks in the nucleon.
Azimuthal asymmetries have been also measured
by E665 [16] and at higher energies by ZEUS [17].
More recent are the measurements done by HER-
MES [18] and the COMPASS results presented
here.

2. The COMPASS experiment

COMPASS is a fixed target experiment at
the CERN SPS accelerator with a wide physics
program focused on the nucleon spin structure
and on hadron spectroscopy. COMPASS inves-
tigates transversity and the transverse momen-
tum structure of the nucleon in semi-inclusive
deep-inelastic scattering. A 160 GeV muon beam
is scattered off a transversely polarized N Hgs or
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6LiD target. The scattered muon and the pro-
duced hadrons are detected in a wide-acceptance
two-stage spectrometer with excellent particle
identification capabilities [19]. In the years 2002,
2003, and 2004, data were collected on a trans-
versely polarized ®LiD target. In the run 2007,
data were taken with a transversely polarized
N Hj target. In the following I will focus on the
new results from the data taken on the polarized
NHj target and on the results for unpolarized
azimuthal asymmetries. The latter were obtained
by averaging over opposite spin orientations of the
SLiD target.

3. The Collins asymmetry

In semi-inclusive deep-inelastic scattering the
transversity distribution Apg(xz) can be mea-
sured in combination with the chiral odd Collins
fragmentation function A%.D}(x). According to
Collins, the fragmentation of a transversely polar-
ized quark into an unpolarized hadron generates
an azimuthal modulation of the hadron distribu-
tion with respect to the lepton scattering plane
[8]. The hadron yield N(®cou) can be written
as:

N(®con) = No-(14+f-Pi-Dnn-Acou-sin ®oon),(1)

where Ny is the average hadron yield, f the frac-
tion of polarized material in the target, P; the
target polarization, Dyy = (1—y)/(1—y+y?/2)
the depolarization factor, and y the fractional en-
ergy transfer of the muon. The angle ® ¢,y is the
Collins angle. It is defined as ®coy = ¢+ Ps —,
the sum of the hadron azimuthal angle ¢, and the
target spin vector azimuthal angle ¢, both with
respect to the lepton scattering plane [9]. The
measured Collins asymmetry Agoy can be fac-
torized into a convolution of the transversity dis-
tribution Arg(x) and the Collins fragmentation
function AY.D! (z, pr), summed over all quark fla-
vors q:

o €0 Arq(x) - ARD! (2, pr)
Zq eg : q(iE) : Dg(27pT)
Here, e, is the quark charge, D} (z,pr) the un-

polarized fragmentation function, z = E} /(E,, —
E,) the fraction of available energy carried by

(2)

AColl =
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the hadron and pr the hadron transverse mo-
mentum with respect to the virtual photon di-
rection. As can be seen from equation (1), the
Collins asymmetry shows as a sin ®¢,;; modula-
tion in the number of produced hadrons.

4. Two-hadron asymmetry

The chiral-odd transversity distribution

Apq(z) can be measured in combination with
the chiral-odd polarized two-hadron interference
fragmentation function H;'(z, M2,,) in SIDIS.
My, is the invariant mass of the Ath~ pair.
The fragmentation of a transversely polarized
quark into two unpolarized hadrons leads to an
azimuthal modulation in ®pg = ¢p + ¢s — 7 in
the SIDIS cross section. Here ¢r is the azimuthal
angle between Rr and the lepton scattering plane
and Ry is the transverse component of R defined
as:
R = (ZQ 'ﬁl — Z1 -ﬁg)/(zl+z2). (3)
p1 and p2 are the momenta in the laboratory
frame of h*t and h~ respectively. This definition
of Ry is invariant under boosts along the virtual
photon direction.

The number of produced oppositely charged
hadron pairs Nj+5,- can be written as:

Nh+h— = No-(1+f'Pt'DNN-ARs-Sin @Rs-sin 9)(4)

Here, 6 is the angle between the momentum vec-
tor of h* in the center of mass frame of the h*h -
pair and the momentum vector of the two hadron
system [4].

The measured amplitude Arg is proportional
to the product of the transversity distribution and
the polarized two-hadron interference fragmenta-
tion function

ez-ATq( x) - H(z, M2,,)

A mv ) 5
S, ala) - DF 2 0 ®)
D2(z,M2,,) is the unpolarized two-hadron in-

terference fragmentation function. The polarized
two-hadron interference fragmentation function
can be expanded in the relative partial waves of
the hadron pair system, which up to the p-wave
level gives [4]:

H = HP + cos OH; VPP, (6)
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Figure 1. sin 8 distribution

Where H;"*" is given by the interference of s and
p waves, whereas the function H;""” originates
from the interference of two p waves with differ-
ent polarization. For this analysis the results are
obtained by integrating over 6, because the sin 6
distribution shown in Fig. 1 is strongly peaked
at one and the cos@ distribution is symmetric
around zero.

Both the interference fragmentation function
H(z,M2,) and the corresponding spin aver-
aged fragmentation function into two hadrons
DZ"(z, MZ,,) are unknown, and need to be mea-

sured in ete™ annihilation or to be evaluated us-
ing models [4,20-22].

5. The Sivers asymmetry

Another source of azimuthal asymmetry is re-
lated to the Sivers effect. The Sivers asymmetry
rises from a couphng of the intrinsic transverse
momentum k 7 of unpolarized quarks with the
spin of a transversely polarized nucleon [10]. The
correlation between the transverse nucleon spin
and the transverse quark momentum is descrlbed
by the Sivers distribution function Ad'q(z, 3 7).
The Sivers effect leads to an azimuthal modula-
tion of the produced hadron yield:

N((I)Siv) = NO . (1 + f : Pt . Asm . sin (I)Siv)- (7)

The Sivers angle is defined as ®g;y, = O — Ps.
The measured Sivers asymmetry Ag;, can be fac-
torized into a product of the Sivers distribution



function and the unpolarized fragmentation func-
tion D} (2):
N

o o Alg(z, k) Dl(2)

> g €5 a(x) - Di(2)
In this case the asymmetry Ag;, shows up as the
amplitude of a sin ®g;, modulation in the number
of produced hadrons.

Since the Collins and Sivers asymmetries are
independent azimuthal modulations of the cross
section for semi-inclusive deep-inelastic scattering

[12], both asymmetries can be determined exper-
imentally from the same dataset.

ASiU = (8)

6. Data sample and event selection

The polarized N H3 target consists of three cells
(upstream, central and downstream) of 30, 60 and
30 cm length, respectively. The upstream and
downstream cell are polarized in one direction
while the middle cell is polarized oppositely. The
target material has a high polarization of about
90%. The dilution factor of the ammonia tar-
get is constant at 0.15 in z and pp bins, while
it increases with x from 0.14 to 0.17. The direc-
tion of the target polarization was reversed every
five days. The asymmetries are analyzed using at
the same time data from two time periods with
opposite polarization and from the different tar-
get cells. The data have been selected requiring a
good stability of the spectrometer within one and
between consecutive periods of data taking.

To select DIS events, kinematic cuts of
the squared four momentum transfer Q2 >
1 (GeV/c)?, the hadronic invariant mass W >
5 GeV/c? and the fractional energy transfer of
the muon 0.1 < y < 0.9 were applied. The hadron
sample on which the single hadron asymmetries
are computed consists of all charged hadrons
originating from the reaction vertex with pr >
0.1 GeV/c and z > 0.2.

The Collins and Sivers asymmetries were eval-
uated as a function of x, z, and pr integrating
over the other two variables. The extraction of
the amplitudes is then performed fitting the ex-
pression for the transverse polarization dependent
part of the semi-inclusive DIS cross section [12]
to the measured count rates in the target cells
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by a unbinned extended maximum likelihood fit,
taking into account the spectrometer acceptance.
The results have been checked by several other
methods described in Ref. [2].

The hadron pair sample consists of all oppo-
sitely charged hadron pair combinations originat-
ing from the reaction vertex. The hadrons used in
the analysis have z > 0.1 and x > 0.1. Both cuts
ensure that the hadron is not produced in the tar-
get fragmentation. To reject exclusively produced
po—rnesons7 a cut on the sum of the energy frac-
tions of both hadrons was applied z; + 25 < 0.9.
Finally, in order to have a good definition of the
azimuthal angle ¢r a cut on Ry > 0.07GeV/c
was applied.

7. Transverse target results

In Fig.2 the results for the Collins asymmetry
on a proton target are shown as a function of x,
z, and pp for positive and negative hadrons. For
small z up to x = 0.05 the measured asymmetry
is small and statistically compatible with zero,
while in the last points an asymmetry different
from zero is visible. The asymmetry increases up
to about 10% with opposite sign for negative and
positive hadrons.

In Fig.3 the results for the Sivers asymmetry
are shown as a function of z, z, and py. The
Sivers asymmetry is small and statistically com-
patible with zero for both positive and negative
hadrons.

The two-hadron asymmetry as a function of x,
z and My, is shown in Fig. 4. A strong asymme-
try in the valence x-region can be observed, which
implies a non-zero transversity distribution and a
non-zero polarized two hadron interference frag-
mentation function H;. In the invariant mass
binning one observes a strong signal around the
pP-mass and the asymmetry is negative over the
whole mass range. The lines are predictions from
Bacchetta and Radici, which are based on the
transversity distribution from Anselmino et al.
and on a fit to HERMES data [23]. It can be
seen that the predictions are by about a factor of
3 smaller than the measured asymmetry.
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Figure 2. Collins asymmetry on the proton for unidentified positive (triangles) and negative (circles)
hadrons as a function of z, z, and py. The bands indicate the systematic uncertainty of the measurement.
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Figure 3. Sivers asymmetry on the proton for unidentified positive (triangles) and negative (circles)
hadrons as a function of x, z, and pr.
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Figure 4. Two-hadron asymmetry Ars as a function of z, z and Mj,,, compared to predictions of [23].
The lower bands indicate the systematic uncertainty of the measurement.



8. Azimuthal asymmetries in DIS off an
unpolarized target

The cross-section for hadron production in
lepton-nucleon DIS /N — ¢'hX for unpolarized
targets and an unpolarized or longitudinally po-
larized beam has the following form [24]:

do _ _o® 1+(-y)*,
dwdydquﬁhdpiT T zyQ? 2
COS
[Fuur + Fuu,r + €1 cos on by, on 9)

+e9co8(201) Fio 2" + Auea sin ¢, Fi "]

where « is the fine structure constant. Fyy r,
Fuu.n, FE3O FES 2% and F5 %" are structure
functions. Their first and second subscripts in-
dicate the beam and target polarization, respec-
tively, and the last subscript denotes, if present,
the polarization of the virtual photon. A, is the
longitudinal beam polarization and:

2(2—y)VI=y

€1 (1+(ﬁ)—y)2y

© = T (10)
2y /T=7

& = 14?(1711?)!2

are depolarization factors. The Boer-Mulders
parton distribution function contributes to the
cos ¢y, and the cos 2¢, moments as well, together
with the Cahn effect [13] which arises from the
fact that the kinematics is non collinear when
the k) is taken into account, and with the per-
turbative gluon radiation, resulting in order ag
QCD processes. pQCD effects become important
for high transverse momenta pr of the produced
hadrons.

9. Analysis of unpolarized asymmetries

The event selection requires standard DIS cuts,
ie. Q% > 1 (GeV/c)?, mass of the final hadronic
state W > 5 GeV/c?, 0.1 < y < 0.9, and the
detection of at least one hadron in the final state.
For the detected hadrons it is also required that:

e the fraction of the virtual photon energy
carried by the hadron is 0.2 < z < 0.85
to select hadrons from the current fragmen-
tation region.
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e the hadron transverse momentum is 0.1 <
pr < 1.5 GeV/c for a better determination
of the azimuthal angle ¢,.

Data taken with a longitudinally polarized and
a transversely polarized target have both been
spin-averaged to obtain an unpolarized data sam-
ple. The statistics corresponds after all cuts to
5 x 10% positive hadrons and 4 x 10% negative
hadrons.

In the measurement of unpolarized asymme-
tries a Monte Carlo simulation is used to correct
for acceptance effects of the detector. The SIDIS
event generation is performed by Lepto[25], the
experimental setup and the particle interactions
in the detectors are simulated by COMGEANT.

The experimental acceptance as a function of
the azimuthal angle A(¢y) is then calculated as
the ratio of reconstructed over generated events
for each bin of z, z and pr in which the asymme-
tries are measured. The measured distribution,
corrected for acceptance, is fitted with the fol-
lowing functional form:

N(én) = No (1 + AR, 4 cos ppt
AP 26 COS 20 + Agnd, sin qSh)

The contribution of the acceptance corrections to
the systematic error was studied with care. As
the asymmetries were extracted from data taken
both with longitudinal and transverse target con-
figurations, comparing the two results gives the
effect of the acceptance changes due to the dif-
ferent configuration of the target magnet and to
the different direction of the incoming beam (for
the transverse setup the beam is bent in order
to leave the target with the same direction as in
the longitudinal case). In order to check the ef-
fect of the Monte Carlo simulation parameters,
the acceptance was calculated using two different
sets of Lepto parameters. All the resulting asym-
metries were compared in order to quantify the
systematic error in each kinematic bin. Further
systematic tests, like splitting the data sample
according to the event topology and to the time
of the measurement, gave no significant contribu-
tions.



Transverse Spin Effects at COMPASS

o] h" COMPASS | 2004 °LiD (part)

Xg; z p, [GeVic]
s
of, h COMPASS | 2004 °LiD (part)
. + 4 I et
0.1+ P r .. r ...
0.2F . * []
-0.3

107 10" 02 04 06 08 05 1
Bj z [ [GeVic]

Figure 5. cos¢p asymmetries from COMPASS
deuteron data for positive (upper row) and neg-
ative (lower raw) hadrons; the asymmetries are
divided by the kinematic factor £; and the bands
indicate the size of the systematic uncertainty.
The superimposed curves are the values predicted
by [26] taking into account the Cahn effect only.

10. Results for unpolarized asymmetries

The sin ¢;, asymmetries measured by COM-
PASS, not shown here, are compatible with zero,
at the present level of statistical and systematic
errors, over the full range of x, z and pr covered
by the data.

The cos ¢, asymmetries extracted from COM-
PASS deuteron data are shown in Fig. 5 for
positive (upper row) and negative (lower row)
hadrons, as a function of x, z and pr. The
bands indicate the size of the systematic error.
The asymmetries show the same trend for posi-
tive and negative hadrons with slightly larger ab-
solute values for positive hadrons. Values as large
as 30—40% are reached in the last point of the z
range. The theoretical predictions [26] in Fig. 5
takes into account the Cahn effect only, which
does not depend on the hadron charge. The Boer-
Mulders parton distribution function is not taken
into account in this prediction.

The cos2¢;, asymmetries are shown in Fig. 6
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Figure 6. cos2¢; asymmetries from COMPASS
deuteron data for positive (upper row) and neg-
ative (lower raw) hadrons; the asymmetries are
divided by the kinematic factor £; and the bands
indicate size of the systematic error.

together with the theoretical predictions of [27],
which take into account the kinematic contribu-
tion given by the Cahn effect, first order pQCD
(which, as expected, is negligible in the low pr
region), and the Boer-Mulders parton distribu-
tion function (coupled to the Collins fragmenta-
tion function), which gives a different contribu-
tion to positive and negative hadrons. In [27] the
Boer-Mulders parton distribution function is as-
sumed to be proportional to the Sivers function as
extracted from preliminary HERMES data. The
COMPASS data show an amplitude different for
positive and negative hadrons, a trend which con-
firms the theoretical predictions. There is a sat-
isfactory agreement between the data points and
the model calculations, which hints to a non-zero
Boer-Mulders parton distribution function.

11. Summary

New preliminary results for Collins and Sivers
asymmetries measured at COMPASS in semi-



inclusive deep-inelastic scattering off a trans-
versely polarized proton target have been pre-
sented. For x > 0.05, a Collins asymmetry dif-
ferent from zero and with opposite sign for pos-
itive and negative hadrons has been observed.
Within statistical precision of the measurement,
the Sivers asymmetry is yet compatible with zero,
both for negative and positive hadrons. In 2010,
COMPASS will continue a full year of data taking
with a transversely polarized proton target and
largely increase the statistical precision of both
the Collins and Sivers results.

The measured unpolarized azimuthal asymme-
tries on the deuteron target show large cos ¢, and
cos 2¢, moments which can be qualitatively de-
scribed in model calculations taking into account
the Cahn effect and the intrinsic k7 of the quarks
in the nucleon and the Boer-Mulders structure
function.
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