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COMPASS is a multi-purpose fixed target experiment at CERN’s Super Proton Synchrotron, dedicated to
the study of the structure of the nucleon and the spectroscopy of hadrons. The large acceptance and high
resolution two stage spectrometer takes advantage of the availability of a variety of high intensity beams (muons
and hadrons) with momenta up to 300 GeV/c. During the years 2002-2004 and 2006-2007 high statistics data for
inclusive and semi-inclusive deep inelastic scattering were collected using polarized 160 GeV/c muons on SLiD
and N H3 targets. These measurements have produced a wealth of results on the spin structure of the nucleon,
both in the longitudinal and in the transverse nucleon spin configuration. Since 2008, COMPASS has focused on
the search for exotic hadronic states in central production or diffractive projectile excitation of 190 GeV hadrons
on a liquid hydrogen target. Masses up to about 2.5 GeV/c? are accessible. An overview on the results obtained

so far and a short summary of the future plans of the collaboration will be given.

1. Introduction

The COMPASS (COmmon Muon and Proton
Apparatus for Structure and Spectroscopy) ex-
periment at CERN became operational in 2002.
Until 2007, the main interest of the collaboration
was focused on DIS measurements with 160 GeV'
uT-beams on polarized solid targets in order to
study the spin structure of the nucleon. Lon-
gitudinally and transversely polarized Deuterons
(SLiD, 2002-2006) and Protons (N Hs, 2007)
were used as target materials. More than 2000
Terabyte of data were recorded which corresponds
to about 5 - 100 events. A variety of results has
been meanwhile obtained covering subjects like
the polarized structure function g; and its first
moment [1-3], the gluon polarization inside the
nucleon [4,10], production of vector mesons [5],
transverse spin effects [6-8] or polarization of hy-
perons. Only a few days of effective data taking
was dedicated in 2004 for hadron beams, when
a short pilot run was carried out with 190 GeV
negative pions on nuclear targets. Despite the
shortness of this run, COMPASS collected a data
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sample with sufficiently large statistics to be com-
petitive with earlier experiments. First results
were obtained in the diffractive excitation of pions
via the reaction 77 p — 7 7 7 p. In 2008 and
2009, COMPASS dedicated its beam time com-
pletely for hadron spectroscopy in diffractive scat-
tering and central production. 7, K and p with
190 GeV were used as beam particles on LHy and
nuclear targets. In the following, I will summa-
rize the present situation of the spin structure of
the nucleon and present preliminary COMPASS
results on the gluon polarization AG/G. In the
second part, I will report on the meson spec-
troscopy results obtained from the 2004 pilot run
in m~p — 7777~ p. An outlook on future mea-
surements of COMPASS will be given. COM-
PASS results on flavor separation of the struc-
ture functions, A-polarizations, Primakoff mea-
surements and transverse spin effects will be pre-
sented by colleagues in the same conference.

2. Spectrometer

The COMPASS physics program mentioned
above puts high demands both on the beam
and on the experimental setup. The Super Pro-
ton Synchrotron (SPS) at CERN delivers proton



beams, secondary hadron beams (7, K) and ter-
tiary polarized muon beams with momenta be-
tween 100 and 300 GeV/c at intensities up to
4 -10"particles/s, as required by the small cross
sections of the processes under investigation in
the two experimental programs. COMPASS has
been designed to be a versatile apparatus with
large acceptance for charged and neutral parti-
cles (both in angle and momentum) and particle
ID. The apparatus consists of a two stage spec-
trometer with bending powers of 1 and 4.4 T'm,
respectively. Each magnet is preceded and fol-
lowed by tracking devices. Both stages are com-
pleted by electromagnetic and hadronic calorime-
try and muon identification. The identification
of charged particles takes place in a RICH (Ring
Imaging CHerenkov) detector. The target ma-
terial for DIS measurements is contained in two
cells of 60 ¢m length which are polarized by dy-
namic nuclear polarization in opposite directions.
This allows for the recording with both spin di-
rections simultaneously. Since 2006, a new target
solenoid has been used increasing the acceptance
from 70 mrad to 180 mrad. Also the number
of target cells with opposite polarization was in-
creased from 2 (4, -) to 3 (+, -, +). In this config-
uration the difference of acceptances between the
cells with opposite polarizations is significantly
reduced. The part upstream of the target con-
sists of a set of detectors which measure direc-
tion and momentum of incoming beam particles.
A full description of the COMPASS spectrome-
ter can be found under [9]. Modification of the
apparatus related to hadron data taking will be
described later.

3. The Spin Structure of the Nucleon

Taking into account quark and gluon orbital
angular momenta, the nucleon spin projection (in
units of f1) can be written as:

1
5:%AE+AG+A%+A%7 (1)

where AY = Au+ Ad+ As is the first moment
of the sum of the quark helicity distributions, AG
is the first moment of the polarized gluon distri-
bution and L, and L, are possible contributions
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from the orbital momentum from quarks and glu-
ons. The quantities Ag are defined as:

Ag = Ag(z)dx (2)

Ag(@) = ()™ +7q(2)™) = (a(@)™ +7(2)")(3)

Ag(z) can be interpreted as the difference of
number densities of quarks and anti-quarks with
the flavor ¢ = u, d, s and a momentum fraction x
of the nucleon, which have a spin parallel 11 or
anti-parallel 1] to the nucleon. Experimentally
AY is accessible via the spin dependent structure
function gi(z) = 1/23 e2Aq(x) and using the
values of the baryon decay constants (F'+ D) and
(3F—D). gy itself can be extracted from the cross
section asymmetry of polarized photon nucleon
scattering:

g1(x) ~ o1/2(x) — o3/2(2)
Fi(x)  o12(x) + 03/2()

=4 (4)

03/2(x) and oy 5(x) are the inclusive cross sec-
tions for photon absorption with spin parallel or
anti-parallel to the nucleon spin and Fj(z) =
1/23"e2q(x) is the spin independent structure
function. In COMPASS where g; () is extracted
from polarized muons (virtual polarized photon
scattering) the relation has to be slightly modi-
fied to:

A B

N=D 21+ R) 5)

Here, A is the longitudinal cross section asym-
metry for polarized muon nucleon scattering. D
is the depolarization factor, which takes into ac-
count the polarization transfer of virtual photons.
R = o, /or is the ratio of the longitudinal and
transverse photoabsorption cross sections. First
measurements of AY twenty years ago by the
European Muon Collaboration [11,12] resulted in
very small values (AY = 0.12 £+ 0.17) - a clear
sign that the nucleon spin cannot be carried alone
by the spin of the quarks. Later measurements
related to g1, which were performed at DESY,
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SLAC, J-Lab and at CERN increased the pre-
cision of AY by more than one order in magni-
tude and qualitatively confirmed the first result
from EMC. An illustration for the improved sit-
uation is given in figure 1. Here new results from
COMPASS, obtained from the scattering of po-
larized muons on polarized deuterons, are shown
together with those of other experiments for the
spinstructure function g¢(z) of the deuteron [2,3].
The measured values of COMPASS have been
evolved to a common Q2 = 3 (GeV/c)? by a new
NLO QCD fit of the world g;-data, and the first
moment 'Y has been evaluated [2]:

IY(Q? = 3(GeV/e)?) = / o (@)dz =
0

0.050 =+ 0.003(stat) =+ 0.003(evol) £ 0.005(syst) (6)

(For clarity we use here gi¥ instead of g, be-
cause the correction of the D-wave state of the
deuteron has been applied). As a result from the
same fit the following value for the quark polar-
ization AY is obtained as [2]:

A = 0.30 + 0.01(stat) + 0.02(evol) (7)

Adding the COMPASS results to the world data
reduces the error of AY roughly by a factor of
two, mainly owing to the possibility to access
small values in z. The original finding of EMC
that the spin structure of the nucleon cannot be
described alone by the spin of its quark content
still persists 20 years later. Consequently the
gluon polarization and/or the orbital angular mo-
menta of quarks and gluons must contribute to
the spin of the nucleon.

4. Direct Measurements of the Gluon Po-
larization

One possibility to probe directly the gluon
polarization is given by Photon Gluon Fusion
(PGF). In COMPASS, PGF events are tagged us-
ing either the production of open charm or look-
ing for two-jet events (events with hadron pairs
with large transverse momenta pr). It is impor-
tant to note that the spin dependence of the basic
process of PGF can be calculated in LO by per-
turbative QCD. The open charm production is
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Figure 1. The spin structure function gfl as a
function of x in comparison with the results of
other experiments (SMC, E143, E155, Hermes,
Clas). The COMPASS data reduces the experi-
mental uncertainties especially at small x.

regarded to be the cleanest way to probe PGF
events, since there are hardly any background
processes to be considered. Unfortunately the
cross sections are small and large statistics are
difficult to be achieved. In first order, the cross-
section helicity asymmetry AﬁE for open charm
can be written as:

= — (o™ =) /(o +0™)) ~ affF'%@)

The arrows indicate the relative beam and tar-
get spin orientations. Here al%F is the analyzing
power of the underlying process pg — /L,66 which
includes also the depolarization factor D. As al-
ready mentioned the PGF process can be calcu-
lated in LO QCD and thus allows for the determi-
nation of aIL)gF from theory. In COMPASS, open
charm events are identified by the measurement

of the decay of DD’ .D** and D*~ mesons.
Only one meson is required by the event selection.
This meson is selected through its decay in one
of the two channels: D**(2010) — D%, —
K-rntn} . (D*-sample) and D® — K—n+ (D°-
sample) and their charge conjugates. Meanwhile
the full data set from 2002 to 2006 is analyzed.
The invariant mass spectra for the D* and D°-
samples are shown in figure 2. About 8700 events
of the first and 37400 events of the second sample
were collected.
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Figure 2. Invariant mass distributions of the K-
pairs for the D sample with 37398 good events
(upper plot) and the D* sample (lower plot) with
8675 good events [10].

The preliminary present value for the gluon po-
larization of COMPASS is:

Ag
<g

Here, events with D**(2010) — Dz} = —
K_7T+7TO7T$W + c.c. decays were included in the
analysis; z is in the range of 0.06 < x < 0.22 with
(x) ~ 0.11 and a scale (u?) ~ 13(GeV/c)?.

The production of hadron pairs with large
transverse momenta pp is also suited to tag for
PGF events. They are produced with much larger
statistics. Nevertheless other production mech-
anisms like DIS and QCD Compton Scattering
lead to the same indistinguishable final states and
have to be taken into account in the analysis. As
a result, the cross-section helicity asymmetry Aﬁq
for high pr hadron pair production contains in
addition to the contribution from PGF a contri-
bution from some background processes Apckgra-

5 A
Aﬁq ~ afLGF . 79 + Abckgrd (10)

)z = —0.39 + 0.24(stat) + 0.11(syst) (9)
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Figure 3. Compilation of the (Ag/g), mea-

surements from open charm and high-p; hadron
pair production by COMPASS [4], SMC [13] and
HERMES [14] as a function of x. The horizon-
tal bars mark the range in x for each measure-
ment, the vertical ones give the statistical pre-
cision and the total errors (if available). The
open charm measurement is at a scale of about
13 (GeV/c)?, other measurements at 3 (GeV/c)?.
The curves display two parameterizations from
the COMPASS QCD analysis at NLO [2], with
AG > 0 (broken line) and with AG < 0 (dotted
line).

Apekgra has to be determined from simula-
tion calculations using Monte Carlo techniques
and thus increases the model dependence in the
evaluation of (%%. COMPASS has extracted

two values for (Mﬂ from high pr hadron pair

events for two dif%erent kinematical regions with
Q? > 1 and @Q? < 1, taking into account dif-
ferent theoretical uncertainties. The preliminary
results are: 0.08 £+ 0.10(stat) £ 0.05(syst) and
0.016 £ 0.058(stat) £ 0.055(syst), respectively. In
both analyses, the mean value of (z) ~ 0.085 and
the scale (u?) ~ 3(GeVe)2.

The results are summarized in figure 3 and indi-
cate small values for Ag/g around = ~ 0.1. Small
values are in agreement with values obtained by
BNL and Hermes. This can be taken as a hint for
a small value for the first moment of the gluon he-
licity distribution AG , although the data points
are not sufficient for a prove. Nevertheless the
data may be used to constrain the values of Ag(x)
in future global NLO QCD analysis.
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5. Meson Spectroscopy

The simple SU(3)fiqvor constituent quark
model provides an amazingly successful descrip-
tion of the spectrum of light mesons in terms
of bound states of quarks ¢ with antiquarks g
with the flavors u, d or s. The states are
grouped into multiplets with the quantum num-
bers JP¢, where J is the total angular momen-
tum, P is the parity and C is the conjugation
parity. In addition the isospin I and the G-
parity are used to characterize these mesons. In
the constituent quark model, the parity quantum
numbers of mesons can be related to the angu-
lar momentum L and the total spin S = 0,1
of the gg-pairs: (P) = —15F1 C = (—1)L+9,
G = (—1)I+L+5. Despite the success of the con-
stituent quark model to describe to a large ex-
tent the observed meson spectrum, color singlet
states in QCD can not only be obtained by ¢g
constituent quark pairs, but also in other combi-
nations between quarks, antiquarks and gluons.
Such states, like tetra-quark objects (¢gqq), Glue-
balls (gg) or hybrids (¢gg) have frequently been
predicted by theory but never unambiguously ex-
perimentally proven. One complication originates
from the fact that these non-gg-configurations
may mix with the ordinary states and are thus,
depending on their production rate and the width
of the state, difficult to be identified. The ob-
servation of states with exotic quantum num-
bers, which are not accessible in the simple con-
stituent quark model (JXC = 0=—, 0t—, 177,
...) would give clear evidence for the existence
of quark-gluon configurations beyond the con-
stituent quark model, as allowed by QCD.

The hybrid with the lowest mass is predicted
in some models to have the quantum numbers
JPC = 17 and thus will not mix with ordi-
nary mesons [15]. Its mass should be in the range
between 1.3 — 2.2 GeV/c?. Three experimental
candidates were reported for such a state, the
71(1400) seen by E852 [16], VES [17] and Crys-
tal Barrel [18,19], the 71 (1600) seen by E852 and
VES [20-26,28] and the 71(2000) [25,28]. The
resonant nature of these states, however, is still
heavily disputed in the community [17,26]. One
possibility at COMPASS to search for the produc-
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tion of exotic mesons is diffractive dissociation.
Diffractive dissociation is a reaction of the type
a+b — c+d, where a is the incoming beam par-
ticle, b the target, c is a via Reggeon or Pomeron
exchange diffractively produced object and d is
the target recoil particle. The production kine-
matics is described by ¢ = [t| — |tmin|, Where
t = (pa —pe)? is the square of the four momentum
transferred from the incoming beam to the outgo-
ing system ¢ and |, | is the minimum value of |¢|
which is required for the production of a mass m..
COMPASS can cover t values ranging from zero
up to a few (GeV/c)?. During the Hadron Pilot
Run in 2004 of only a few days of effective data
taking, COMPASS collected a sufficiently large
statistics in order to shed new light on the exis-
tence of the 71 (1600). A 190 GeV/c 7~ -beam was
used on a 3mm lead target. The trigger was based
on a multiplicity increase of charged particles af-
ter the target, which allowed selecting events of
the type #~p — 7~ 7t7~p (which corresponds
to the diffractive process a + b — ¢ + d with the
subsequent decay ¢ — 7~ 7 t7 ™). For the further
analysis only events were used, where ¢’ is in the
range of 0.1 (GeV/c)? < t' < 1 (GeV/e)?. Fig-
ure 4 shows the invariant mass spectrum between
0.5 and 2.5 GeV/c? of the corresponding events.
The well known resonances aq(1260), as(1320)
and m2(1670) are clearly visible in the 7= 77~
invariant mass spectrum of 420000 events.

A partial wave analysis (PWA) of this data set



was performed which is based of the phenomeno-
logical isobar model, in which all multiple par-
ticle states can be described by sequential two-
body decays into intermediate resonances (iso-
bars). For the 7~ 7t~ -states, the excited state
is thus assumed to decay into a single bachelor
pion and a di-pion resonance, which by itself de-
cays again into 777 ~. All known isovector and
isoscalar (77) resonances have been included into
the analysis. In total 42 partial waves are consid-
ered by the PWA. The waves are characterized
by a set of quantum numbers J¥C M¢[isobar|L.
Here, M is the absolute value of the spin pro-
jection of the total angular momentum J of the
3 pion system onto the z-axis (of the Gottfried
Jackson frame); e is the reflectivity which de-
scribes the symmetry under a reflection through
the production plane [29]. L is the orbital angular
momentum between the isobar and the bachelor
pion.

The PWA is done in two steps. First, a fit
of the probability density in 37 phase space is
performed in 40 MeV/c? bins of the 37 invari-
ant mass m.. No dependence of the production
strength for a given wave on m, is introduced
at this point (mass-independent fit). In the sec-
ond step a mass-dependent x? fit to the result of
the first step is carried out taking into account
the mass dependence of the produced resonances
through relativistic Breit-Wigner functions (and
a possible coherent background). In this second
fit only a subset of six waves of the first step were
taken into account, selected by their significance
or by a rapid phase change in the 1.7 GeV/c? mass
region. These are: 0~ 707 f5(980)7S, 1107 prS,
27101 £2(980)7S, 2T T1TprD, 47 T11prG and
the exotic 1-T1*tprP. The preliminary results
obtained for the mass independent and mass de-
pendent fit for the three most prominent con-
tributing waves are shown in figure 5 a-c. Fig-
ure 5 d shows the intensity of the exotic wave
1717 pr P. In addition to the Breit-Wigner res-
onance at 1.66 GeV/c?, which is represented by
the line to the right and can be interpreted as the
71(1600), the 1~ wave has a shoulder at lower
masses (left line). This shoulder is described in
our PWA by a non-resonant background, possi-
bly caused by a Deck-like effect [27]. The resonant
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Figure 5. Intensities of major waves 170" pmrS
(a), 271 prD (c), and 270" fomrS (b) as well
as the intensity of the exotic wave 1= T17pnP
(d). The lines represent the result of the mass-
dependent fit (see text). The results are prelimi-
nary.
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Figure 6. Phase differences of the exotic

1=t1TprP wave to other resonances seem to
confirm its resonant nature (preliminary results).
Top: Phase difference between the 1~ T1%prP
and the 17T0% prS wave. Bottom: Phase differ-
ence between the 1717 pr P and the 2770t fomr S
wave.

nature of the 117 p7 P wave can be reconfirmed
by the motion of its phase relative to other states.
Figure 6 b shows the phase difference between
27107 £2(980)7S and the exotic wave. No signif-
icant change is observed which can be attributed
to the fact that both resonances 71(1600) and
m2(1670) have similar masses and widths, causing
the relative phase to be almost constant. In con-
trary as shown by figure 6 a, the phase difference
relative to the 17707 pr S state clearly shows vari-
ations around 1.6 GeV/c?. Since the a; (1260)
is no longer resonating at this mass, both obser-
vations can be regarded as an independent ver-
ification of the resonant origin of the ;(1600).
Nevertheless it is important to note that a recon-

firmation of the existence of that resonance by
different final states would be essential.

6. Hadron Spectroscopy in 2008 and 2009
at COMPASS

A number of new detectors have been installed
in order to optimize the setup. This includes
two CEDAR detectors in the beam line to iden-
tify beam pions or kaons via Cherenkov radia-
tion, a recoil proton detector consisting of two
concentric rings of scintillators surrounding a 40
cm long liquid hydrogen target, a set of silicon
microstrip detectors cooled to cryogenic temper-
atures for improved radiation hardness, five novel
GEM detectors with pixel readout for very small
area tracking, and 800 radiation-hard Shashlik
blocks for the central part of the second electro-
magnetic calorimeter. The measurements in 2008
were dedicated to the continuation of meson spec-
troscopy in diffractive scattering with negative pi-
ons on protons from a LHs-target. We expect to
increase the presently available world statistics
for 71(1600) by about a factor of ten. Since these
were the first measurements with hadron beams
and a completed electromagnetic calorimetry at
COMPASS, final states with 7° and 5 have now
become accessible to the offline analysis and will
lead to new results in different final states. The
CEDAR detectors allow now for the measurement
of diffractive excitations of K-mesons, which are
part of the beam and were measured parasitically.
In 2009 COMPASS has mainly been running with
190 GeV/c proton beams. The main goal is the
search for neutral exotic mesons in central pro-
duction, a process where particles will be pro-
duced in Reggeon-Reggeon collisions, while the
beam and target particles will only loose a small
fraction of their energy. Masses up to 2.7 GeV/c?
are accessible. One of the interesting objects to
be studied might be the fo(1500) — 71, a state
which has been seen by Crystal Barrel and the
WA102 collaboration and is often referred to as a
glueball candidate with the non exotic quantum
numbers 07+, Therefore it can mix with other
isoscalar mesons. Also here COMPASS has the
chance to improve the world statistics in central
production by a factor of 10 and put new insights



to the origin of this resonance. The meson spec-
trum in the mass region up to 2.5 GeV/c? will be
explored with high statistics for the first time.

7. Outlook and Future Perspectives

Just recently COMPASS was approved for two
years of additional data taking using the muon
beam and the polarized proton target. The
beam time will be evenly split on both, preci-
sion measurements of the transverse spin effects
in SIDIS and precision measurements of the spin-
dependent longitudinal structure function of the
proton at small z. The years after will be based
on a new proposal which is presently under prepa-
ration. One major part of the new proposal will
be the study of the nucleon structure via Gener-
alized Parton Distributions by measuring Deeply
Virtual Compton Scattering (DVCS) and Deeply
Virtual Meson Production (DVPM) on both an
unpolarized liquid hydrogen and a polarized tar-
get. A second part will focus on the study of
transverse momentum dependent and transver-
sity distributions in Drell-Yan by detecting the
Drell-Yan process in the scattering of a pion beam
on a transversely polarized target. The continua-
tion of measurements with hadron beams is also
planned.
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