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COMPASS (COmmon Muon and Proton Apparatus for Structure and Spectroscopy) is a fixed target expor-
iment at CERN dedicated to studies of the spin structure of the nucleon and of the spectroscopy ol hadrons.
During the years 2002-2001 and 2006-2007, the COMPASS collaboration has collected a large amount of data
by scattering polarized 160 GeV /¢ muons on polarized SLiD and NHy targets. Those data were used to cvaluate
the gluon contribution to the nucleon spin. The gluon polarization was directly measured from the cross-section
helicity asymmetry of D mesons production in the photon-gluon fusion reaction.

In 2008 COMPASS will perform a scarch for J7-cxotic mesons, gluchalls or hybrids, through light hadron
spectroscopy in high encrgy (190 GeV /¢ 77 ) pion-proton reactions using both centrally produced and diffractive
events. Preliminary results from diffractive pion dissociation into a 7~ 7~ 7' final state obtained in 2004 arc also

discussed.

1. THE COMPASS EXPERIMENT

The goal of the COMPASS experiment at
CERN is to scrutinize how nucleons and other
hadrons are built up from quarks and gluons. The
main physics observables studied by the Collabo-
ration arc the polarisation of the constituents of
a polarised nucleon, the mass and decay patterns
of the light hadronic system with cither exotic
quantum numbers or strong gluonic excitation.

COMPASS takes advantage of a variety of high
intensity beams (muons and hadrons) being lo-
cated at the M2 beam line of CERN’s Super
Proton Synchrotron (SPS). The COMPASS sct-
up was designed for the beams of 100 to 200
GeV/c and was built around two large dipole
magnets, defining two consecutive spectrometers,
covering a large and small scattering angles sepa-
rately. To match the expected particle flux in the
various locations along the spectrometer, COM-
PASS uses wide variety of very different track-
ing detectors: silicon detectors and scintillating
fibers, Micromegas and GEM micromesh detec-
tors, large proportional and drift chambers. Par-

ticle identification is performed using a RICH
counter and both clectromagnetic and hadron
calorimeters. The polarized target (actually the
largest polarized target in the world), consists of
two oppositely polarized cells, 60 em long each,
surrounded by a large solenoid superconducting
magnet.  Until 2006, the two cells were filled
with a °LiD target material (mainly deuterium),
for which polarizations better than 50% are rou-
tinely achieved. In 2007 we are using ammonia
(NHj;, mainly proton), reaching polarizations of
90% and higher. Since 2006 a new target mag-
net has been used, increasing the aceeptance from
+70 mrad to £180 mrad. Also, the target mate-
rial has been distributed in three cells, of 30, 60
and 30 cm length. A full description of the spec-
trometer can be found in [1].

Until 2008, the COMPASS collaboration has
studied the spin structure of the nucleon via deep
inelastic polarised muon-nucleon scattering. The
160 GeV polarised muon beam from SIS, with
an intensity of 2 x 10% muons per 4.8 s spill and a
polarisation of ~ 76% is scattered off' a polarised
deuteron target. The target material, SLiD, has



been chosen for its high dilution factor (fraction
of polarised nucleons [ ~ 40%). To reduce false
asymmectries, the two target cells are polarised in
opposite directions. The target polarization, of
~ 50%, is reversed once every & hours.

In 2008 COMDPASS takes data with a hadron
(composed of mainly 77 particles) beam. Several
modifications were introduced in the COMPASS
setup in order to adapt its capabilities to the con-
straints introduced by the hadron beam and by
the hadron physics program requirements. These
modifications are discussed in Section 3.2.

2. A “SPIN-CRISIS” AND THE GLUON
POLARISATION MEASUREMENTS

Since 1988, when the EMC experiment found
that only a small fraction of the nucleon spin is
carried by the quarks, AY = 12 +£ 9 + 14% [2],
the origin of the spin of the nucleon remains an
intriguing puzzle. The discrepancy between this
measurement and an expectation following from
the relativistic quark models, which predict that
60% of the nucleon spin should come from the
spin of quark and anti-quark constituents[3], was
named “spin-crises”. The EMC result has been
confirmed by scries of deep inclastic scattering ex-
periments at CERN, SLAC and DESY, giving, on
average, a contribution from the quarks AX to
the nucleon spin is ~ 30%.

The spin 1/2 of the nucleon can be decomposed
as 1/2 = 1/2AY. + AG + Ly, and one can con-
clude that the missing contribution to the nucleon
spin must come from the gluons AG, and/or from
the orbital angular momenta Lq .

Here AG is the first moment of the gluon he-
licity distribution Ag(zg). Experimentally, the
Aglay) 1

glxy)
z4 of nucleon momentum is measured. The gluon

polarisation can be directly measured via the spin
asymmetry of the Photon-Gluon Fusion (PGF)
process, shown in Fig. 1. The fragmenting qq
pairs arc then detected with two different, but
complementary methods.
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Figure 1. The photon gluon fusion process, used
for direct measurements of the gluon polarisa-
tion. Fragmentation of the created ¢g pairs into
charmed D mesons gives a sample of events with

.. . A
minimal background for a 7(’ measurement.

In the first method (Popen charm”[4]) the
cvents where the charmed quark hadronises into
a DY or a D* meson are selected. In the second
one (low [5] and high Q? [6] "high-pr pairs”),
the PGF events are identified by requiring that
two opposite-charge high-transverse momentum
hadrons are detected in coincidence. Since this
method sclects light quarks as well, its counting
rate is high; however, competing background pro-
cesses play an important role introducing model
dependence of its description. On the contrary
the “open charm”  leptoproduction method is
clean, free from physics background but statis-
tically limited.

Here we report results of the latest "open
charm” analysis which includes the data collected
between 2002 and 2006.

2.1. The <%> from ”open charm” method

The cleanest way to tag the PGF reaction
is the v*g — ¢¢ process because the pres-
ence of ¢ quarks inside the nucleon is negli-
gibly small.  The created ¢¢ pairs predomi-
nantly fragment into vector and pseudoscalar
charmed-non-strange mesons in the following pro-
portions D*(2010):D*(2007)%:D*:D° = 3:3:1:1.
All neutral and 68% of the charged vector



COMPASS experiment at CERN: open charm results and future hadron program 3

mesons decay into the pscudoscalar DY meson
and the 7%, 7% mesons or v D*(2007)" —
D79 DP~: D*(2010)* — Dz*.  Therefore,
taking into account the DU direct production
and the cascade decays of vector mesons, the D
mesons are produced more copiously than other
weakly decaying D species.

The "open charm” analysis of the 2002-2006
data is based on the charged two-prong Cabibbo
favoured D° — Kr decay channel with the
branching ratio equals (3.80 + 0.09) x 102

The separation of the primary and secondary
DY meson decay vertices is impossible due to mul-
tiple scattering in the thick polarised target, so
an cfficient particle identification with the RICH,
even in low-multiplicity DY decay modes, is cru-
cial in such analysis. The constraint on mass dif-
ference AM = M5« — Mpo (so-called “D* tag”)
was used for the effective combinatorial back-
ground suppression. In cach event with DU can-
didate the soft charged w-meson was scarched
for in order to detect the possible decay chain
D*(2010)* — D% *. Finally two D® samples
were obtained (Iig. 2) with and without “D*
tag”. The gluon polarization % is extracted from
the measured double spin asymmetry Aery, of the
D cross-section,

Ac;z:p - PBP[.faLLﬁq/g<éqg> (1)

using the analysing power? a;,,,, target polari-

sation Py, beam polarisation Pg , dilution fac-
tor f and, finally, the signal purity ﬁ As
the”open charm” method is a statistically lim-
ited, a weighted method was developed to min-
imize the statistical crror.  In order to take
into account the individual sensitivity of the se-

A .
lected events to Tg they were weighted as w =

P/;fa/,/,ﬁ [4].

The analysing power a;,;, has to be determined
from a Monte Carlo simulation, as the kinematics
of the PGF cvent is not fully known because only
one of the two charmed mesons is reconstructed.
A parametrisation of ap; was produced, using a
neural network trained on a Monte Carlo sample

2The analysing power is defined as the ratio of spin-
dependant and spin-ndependant photon-gluon cross-
sections.
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Figure 2. Invariant mass distributions of the

DY — K= candidates without (top) and with
(bottom) “D* tag”.

generated by the AROMA generator and recon-
structed as for the real data. A correlation of 82%
is obtained between the parametrised and gener-
ated ay,;,. The signal purity ﬁ parametrisation
was built with Real Data taking into account the
kinematics of the event, the RICH response and
the invariant mass M(Kx)[4]. This information
provides a large range of variation for % re-
sulting in a gain in statistics. A second advantage
of this method is that the selection cuts can be
relaxed sparing some signal events The resulting
gains in statistics are 15% and 45% for the D°
tagged and not tagged sample, respectively [4].
The statistical precision of the gluon polarisation
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Figure 3. Comparison of dircet gluon polari-
sation measurcments obtained from open charm
and high p; hadron pairs analyses. The distribu-
‘ - Ag 2 WV /2 for the e
tlon of <% at Q¥ = 3 (GeV/c)® for the QCD fits
[9] with AG > 0 and AG < 0 are also shown.

measurement depends from the signal purity as

follows 6(A(—]‘q) X ﬁ
- STt

Combining all 2002-2006 data a preliminary
value of
(B9Y — _0.4940.27(stat) +0.11(syst.)  (2)

g

corresponding to xg = (J.llfg"(l]é and a scale of

p? ~ 13 (GeV/e)? is obtained [4]. The largest

contributions to the systematic uncertainty come

from the parametrisation of a;,;, and -

2.2. Summary of the direct <%> measure-
ments

The COMPASS results[4][5][6] are summarised
in Fig. 3 and compared to previous measurcments
of SMC [7] and HERMES [8] experiments. The
measurements indicate that AG is small around
x4 ~ 0.1

In the same plot the distributions of % derived
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from the QCD fits [9] are shown. The results of
QCD analysis in the next to leading order (NLO)
on all ¢g;(z) deep inclastic scattering data pro-
vide two solutions for the gluon spin distribution
function AG: one positive and one negative, as
indicated by the two curves in Fig. 3. The two
solutions describe the data cqually well, so that
no preference for any of the curves can be given
so far. For both cases, at Q? = 3(GeV/c)? the
first moment of Ag is found to be small and in
the range 0.2 — 0.3 in absolute value.

3. FUTURE HADRON PROGRAM

3.1. Introduction

Thirty-five years after the recognition that
quark and gluons are the building blocks of mat-
ter, hadronic physics is at a turning point. The
quark models of hadrons do not supply a realistic
picture of the confinement of quarks and gluons
in hadrons. A field theoretical based understand-
ing is needed, in the framework of QCD. New
theoretical tools have been developed and some
experimental data have opened the way, but we
are still lacking precise information on two cen-
tral subjects: the spectroscopy of so-called exotic
states, and the spatial structure of the nucleon.
This is the context where, after several years of

Figure 4. (left) Central production: large rapid-
ity gap between scattered beam and produced
particles; beam particle looses ~ 10% of its en-
crgy; particles at large angles; possible source of
glueballs. (right) Diffractive scattering: forward
kinematics; large cross-section (~ mb); need to
separate particles at very small angles: study of
JEC exotic mesons.
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running with a muon beam to study nucleon spin
structure, the COMPASS collaboration is now
preparing for the search for new exotic states,
glucballs or hybrids, through light hadron spec-
troscopy in high energy pion-proton reactions, us-
ing both centrally produced and diffractive events
(Fig. 4). QCD and derived models predict in par-
ticular the existence of ggg hybrids, which are
difficult to identify experimentally due to mixing
with ordinary ¢q mesons. However, some of them
might have quantum numbers forbidden for ¢g
systems, e. g. J'¢ =0"—, 0t—, 1-F. Their ob-
servation would therefore provide a fundamental
confirmation of QCD.
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Figure 5. Schematic view of the COMPASS lay-
out for the hadron beam.

3.2. Spectrometer in the 2008 hadron run

For the run with a hadron beam, several major
modifications of the COMPASS setup were made.
The polarised target was substituted by a liquid
hydrogen target with a cell of 40 ¢m length and
3.5 ¢cm diameter, surrounded by a T'ime-of-Flight
(ToF) system, as shown in Fig. 5. To the cx-
isting upstream silicon telescope, a downstream
telescope was added, in order to precisely mea-
sure the direction of secondary particles produced
in the target.

A big effort has been dedicated to minimise
the amount of material along the beam path and
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Figure 6. Target region showing: - the upstream
silicon micro-strip tracker, - the liquid hydro-
gen target, - the inner and outer ToF scintilla-
tor rings, - the downstream silicon micro-strip
tracker.

in the region close to it, thus reducing the back-
ground from secondary interactions. New GEM
detectors, with a pixclised readout in the central
region, have been developed [10] and used for a
replacement of several of the scintillating fibre de-
tectors tracking the particles at very small angles.
A position resolution of 90 pm and timing reso-
lution of 8 ns were reached.

The slow recoil proton produced at large an-
gle in central production and diffractive projec-
tile excitation is detected by the Recoil Proton
Detector (RPD) which surrounds the liquid hy-
drogen target, as shown in Fig. 6. The RPD is
made of an inner ring and an outer ring of scin-
tillator counters equipped with PMs fixed to a
cylindrical support structure. The Monte Carlo
momentum distribution of detected recoil protons
produced in the diffractive pion-proton scattering
shows that the momentum cutoff is at about 290
MceV /e, corresponding to a squared four momen-
tum transfer —t > 0.06 (GeV/c)?.

In 2008 COMPASS is collecting data from two
production mechanisms using «, K and p pro-

jectiles. The compositions of 190 GeV hadrons

beams are following - 96% =, 3.5% K, 0.5%p -
negative beam and -75% K, 25% 7 the positive
one. The beam intensity is 5 x 10%had/s and the
corresponding luminosity is 0.15 pb~!/day
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Figure 7. The invariant mass 7~ 7~ 7 final state
for 0.1 < # < 1.0 (GeV/c)?. In this kinematic do-
main of large four momentum transfer the scat-
tering on nucleons is dominating. Well-known
@1(1260), a2(1320) and 73 (1670) states come out
correctly

In diffractive scattering is planned to recorder
during ~ 35 days about 1.6 x 10° 7 (1600) events:
7 p — m(1600)p, 71 (1600) — 7 7 7"

During the 60 days is cxpected to recorder
~ 2 x 10% fo(1500) — nn — 4~ and ~ 1 x 107
f0(1500) — 277 27" decays in the central pro-
duction reaction 7~ p — 7~ fo(1500)p.

3.3. 2004 hadron pilot run and diffractive
dissociation

Diffractive dissociation rcaction® 7~ Pb —
a~x~ 7T in COMPASS using a 190 GeV/c 7~
beam provide clean access to meson resonances
with masses below 2.5 GeV/c?. In this mass re-
gion the candidates for spin-exotic states 1~ hy-
brid, the w1(1600), was observed in diffractive
production and decaying to pm~ [11]. During
the 2004 pilot hadron run, a competitive number
of events taken with a lead target were recorded
within a few days of data taking. Primary ver-
tices with one incoming negative and three out-

3Tn 2004 hadron run a Primakoff scattering was the main
aim, thus a lead target was chosen. A dedicated trigger
was sct up to study diflractive production also.
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Figure 8. Dalitz plots for a2(1320) (top) and for
w2 (1670) (bottom), selected by a £1I" cut around
its nominal mass. The dominant decays as — prw
and wy — pm, forr are clearly visible.

going (-, -, +) particles are required. An ex-
clusivity cut ensurcs that, taking into account
also the momentum transfer ¢ = [t| — [t|min to
the target, the total energy of the three outgo-
ing pions sums up to the beam energy. COM-
PASS has an excellent acceptance for diffrac-
tively produced 37 events, which is of the or-
der of (55 — 60)% The final event sample com-
prises about 420 000 events in the interval 0.1 <
t' < 1.0 (GeV/e)?. Fig. 7 presents their invariant
3m mass spectrum, which represents the domi-
nantly produced mesons a;(1260), a2(1320) and
m2(1670). In Fig. 8 the (non-squared) Dalitz plots
for the a2(1320) and 72(1670) mass regions are
show.
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Figure 9. (top) Intensity of the 17101 [p7|S wave
corresponding to the production of the a1(1260)
meson.  (bottorn) Tutensity of the 27707 fen]S
wave corresponding to the production of the
m2(1670) meson.

3.4. Partial Wave Analysis (PWA) results

The PWA is based on the isobar model and
the Zemach formalism.  One partial wave is
characterizved by a set of quantum numbers
JC Me[isobar]L, where J ¢ represents the spin,
parity and C-parity of the resonance X, respec-
tively, M and e (reflectivity) describe the spin
projection. X is assumed to decay into a di-pion
[isobar] and a bachclor 77, which have a rela-
tive orbital angular momentum L. The isobar
further decays into a atn~ pair. The PWA is
divided into two steps, namely a mass indepen-
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Figurc 10. The spin-cxotic 17717 [pr] P wave cor-
responding to the production of the 7 (1600) hy-
brid candidate. A background (purple) and a BW
function (blue) have been used in the mass depen-
dent fit to describe this partial wave.

dent and a For the subsequent mass dependent
fit a subset of seven waves has been selected:
0~10Ff5(980)7]S, 1-T1t[pa]|P (spin-cxotic),
10 prlS, 20t for]S, 27 F0% [for| D,
2471 % [pr]D and4t 11 [pr]G.  The intensities
and interferences of these waves are parameter-
ized with relativistic Breit-Wigner (BW) and
eventually background functions. From this fit,
which is shown as red curve overlayed to the
mass independent fit results, resonance masses
and widths have been obtained.

In Fig. 9 the intensity of the two dominant par-
tial waves in the mass dependent fit is presented.
The Fig. 10 shows the spin-exotic 171 71 (1600)
signal. The mass-dependent fit gives the values of
the mass and width of 1.660+8:gég and 0.269f8:g22
GeV /c? respectively which is consistent with the
hybrid candidate 7 (1600) [11].

The preliminary values of BW parameters of
all fitted resonances arc presented in Table 1.
The well known states of a3 (1260), a2(1320) and
m(1670) arc well resolved confirming the PDG
values for mass and width with high quality. In
addition, we observe states not yet established in
the PDG like 7;(1600), as well as hints for the
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Preliminary results from mass-dependent fit compared to PDG values

State Mass& Width

COMPASS + stat + syst (GeV/c?)

PDG (GeV/c?)

a1 (1260) M 1.256 £ 0.006 + 0.007 - 0.017 1.230 + 0.040
I'  0.366 £ 0.009 + 0.028 - 0.025 0.250 to 0.600
a2 (1320) M 1.321 £ 0.001 + 0.000 - 0.007 1.3183 £ 0.0006
I'  0.110 £ 0.002 + 0.002 - 0.015 0.107 £ 0.005
1 (1600) M  1.660 £ 0.010 + 0.000 - 0.064 1.653+0.018-0.015
'  0.269 £ 0.021 + 0.042 - 0.064 0.225+4-0.045 -0.028
m3(1670) M 1.659 £ 0.003 + 0.024 - 0.008 1.6724 £ 0.0032
'  0.271 £ 0.009 + 0.022 - 0.024 0.259 £+ 0.009
1 (1800) M 1.785 £ 0.009 + 0.012 - 0.006 1.812 + 0.014
I'  0.208 £ 0.022 + 0.020 - 0.037 0.207 £ 0.013
a4(2040) M 1.884 £ 0.013 + 0.050 - 0.002 2.001 + 0.010
'  0.295 £ 0.024 + 0.046 - 0.019 0.313 £ 0.031
known state a4(2040). Remarkably we observe REFERENCES

the well established ) (1800) despite being a very
small signal as it is produced preferably at small
momentum transfers to be analyzed later. mass
dependent fit [12].

4. Conclusion and outlook

In summary, all COMPASS results for gluon
polarisation measurements performed on data
taken in 2002-2006 indicate a small value of AG.
Similarly, the QCD analysis of g; data also in-
dicates a small value of the first moment of Ag.
These results are the probable signature for a pre-
dominant role of the angular orbital momentum
in nucleon spin decomposition in the frame of the
parton modcl and perturbative QCD.

The data taking continues in 2008 with a spece-
trometer modified for hadron spectroscopy stud-
ies. The first goal in the diffractive scattering will
be a further investigation of the hybrid candidate
71(1600). In the central production the efforts
will be put to glucball candidate f,(1500).

The PWA analysis of the diffractive meson
production obtained in the 2004 preliminary
hadron run shows that the well-known a;(1260),
a2(1320) and m2(1670) states are correctly mea-
sured. Morcover, this analysis shows a clear sig-
nal for the still controversial spin-exotic 7 (1600)
meson.
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