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COMPASS COmmonMuon andProton Apparatus forStructure andSpectroscopy) is a fixed
target experiment at CERN dedicated to studies of the spirctsre of the nucleon and of the
spectroscopy of hadrons. During the years 2002-2004, 200G-and 2010 the COMPASS col-
laboration has collected a large amount of data by scatfgolarized 160 GeV/c muons on
polarized®LiD and NH; targets. These data were used in particulary to evaluatgltios con-
tribution AG to the nucleon spin, to measure the helicity quark distidmsxAq(x) and for study
the transversity effects.

In 2008-2009 COMPASS performed a search fér@xotic mesons, glueballs or hybrids, through
light hadron spectroscopy in high energy 190 GeX/eproton reactions using both centrally pro-
duced and diffractive events. Preliminary results fronsthsearches are discussed.

Finally the future COMPASS-II experimental program bey@&al1 is presented. A study of
Generalised Parton Distributions (GPDs) will be done inlesiwe reactions like Deeply Vir-
tual Compton Scattering (DVCS) and Deeply Virtual Mesondeigiion (DVMP). In parallel the
study of flavour separation and hadron fragmentation in Sapilusive Deep Inelastic Scatter-
ing (SIDIS) will be continued. Drell-Yan (DY) processes Mike used for study of Transverse
Momentum Dependent distributions (TMDs) using a transgrpolarized target. A Primakoff
reaction will be used to extract pion and kaon polarisabgit
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1. THE COMPASS EXPERIMENT

The goal of the COMPASS experiment at CERN is to scrutinize how nuclandsother
hadrons are built up from quarks and gluons. The main physics aidessstudied by the Collabo-
ration are the polarization of the constituents of a polarized nucleon, theamdskecay patterns of
the light hadronic system with either exotic quantum numbers or strong gluxcitaton. At hard
scales Quantum Chromodynamics (QCD) is well established but in the manhadive regime,
despite the numerous experimental data, a fundamental understandedyonic structure is still
missing.

COMPASS takes advantage of a variety of high energy and high intensitysb@auons and
hadrons) being located at the M2 beam line of CERN’s Super Protonh&ynen (SPS). The
COMPASS set-up was designed for beams of 100 to 200 GeV/c and wasiguilid two large
dipole magnets, defining two consecutive spectrometers, covering ladgaraall scattering angles
separately Fig]1. To match the expected particle flux in the various locatiorg thierspectrom-
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Figure 1: Layout of the COMPASS spectrometer.

eter, COMPASS uses wide variety of very different tracking detecsilison detectors and scin-
tillating fibers, Micromegas and GEM micromesh detectors, large proporteombtrift chambers.
Particle identification is performed using a RICH counter and both electrostiagend hadron
calorimeters. The polarized target (actually the largest polarized tardlé iworld), consists of
two oppositely polarized cells, 68mlong each, surrounded by a large solenoid superconducting
magnet. Until 2006, the two cells were filled witfPRiD target material (mainly deuterium), for
which polarizations higher than 50% were routinely achieved. In 200¥0-2011 the ammonia
(NH3, mainly proton) target, reaching polarizations of 90% and higher was udsd, the target
material has been distributed in three cells, of 30, 60 and 30 cm length. Zd@&a new tar-
get magnet has been installed, increasing the acceptancetfi@mrad to+180 mrad. A full
description of the spectrometer can be foundjn [1].

This article consists of three parts. Thiest partis dedicated to the study of the nucleon spin
structure (2003-2007 and 2010 years). Baeeond parpresents the results from the hadron reac-
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tions (2004 short test run and 2008-2009 years). Intthied part the COMPASS-II experimental
program for next 3 years starting from 2012 will be discussed.

2. Part I: NUCLEON SPIN STRUCTURE

2.1 A “spin-crisis” and the gluon polarization measurements

Since 1988, when the EMC experiment found that only a small fraction ofiticéeon spin
is carried by the quark)X = 12+ 9+ 14% [3], the origin of the spin of the nucleon remains
an intriguing puzzle. The discrepancy between this measurement angeaatation following
from the relativistic quark models, which predict that 60% of the nucledm sgould come from
the spin of quark and anti-quark constituerfs [3], was named the “sisis’cr The EMC re-
sult has been confirmed by series of deep inelastic scattering experimePERA, SLAC and
DESY, giving, on average, a contribution from the quaf& to the nucleon spin of~ 30%.
The spin 1/2 of the nucleon can be decomposed as
1/2 =1/2A% + AG + Lg.g and one concludes that
the missing contribution to the nucleon spin must
come from the gluonadG, and/or from the orbital
angular momentd g, 4. The measurement of the
gluon polarization is very important since a possi-
ble solution of the “spin-crisis” and violation of the
Ellis-Jaffe sum rule[[3] is produced &G is of or-
der of 3. HereAG is the first moment of the gluon

helicity distributionAg(xg). Experimentally, the po-
Ad(xg) 1

Figure 2: The photon gluon fusion process, o . .
: larization —~=-* of gluons carrying a fractiory of

used for direct measurements of the gluon po- | 9(xg) i q

larization. Fragmentation of the created hucleon momentum '_S m.easure ) _

pairs into charmed D mesons gives a sample The gluon polarization can be directly mea-

of events with minimal background for % sured via the spin asymmetry of the Photon-Gluon

measurement. Fusion (PGF) process, shown in f]g.2. In this pro-
cess the fusion of the virtual photon and the gluon creates a quark-aritipair in the final state.
The fragmentingyq pairs are then detected with two different, but complementary methods.

a) The "open charm'{J4] method. The cleanest way to tag the PGF prisct#ssy*g — ct
chain because the presenceajuarks inside the nucleon is negligibly small. The createpairs
predominantly fragment into vector and pseudoscalar charmed-namgstnaesons. The constraint
on mass differencAM = Mp- —Mpo (So-called “D' tag”) was used for the effective combinatorial
background suppression. In total 90600 mesons were reconstructddl [4] in the following decay
D® — K, D° — Krm® and P — Krmrrmodes.

b) In the second "higlpr pairs” method [[5[]4] the PGF events are identified by requiring
that two opposite-charge high-transverse momentum hadrons are ddtect@ncidence. In the
"high-pt pairs" analysis the spin helicity asymmetry is calculated by selecting eventsringta
hadrons withpt above 0.7 and 0.4 GeV/c, for the first and for the second hadron witleceghe

IFurther instead o%;‘zg)) a simplified notation a%? will be used for gluon polarization non averagedwgrinterval

and(%) for the averaged one.
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virtual photon direction. Since this method selects light quarks as well, itdioguiate is high; so
the competing background processes play an important role introducingl miependence of its
description. On the contrary the "open charm" leptoproduction method is,dte& from physics
background but statistically limited.

All the gluon polarization measurements of the COMPASS are summarized jh Figetheo
with the SMC [$] and HERMES]7] results. It should be stressed that thidlsreesult for direct
measurements of tf(éé% is dominated by COMPASS and indicates a small valus@f Similarly,
the global QCD analysi$][8] af; data also indicates a small value of the first momet@f|AG|
= 0.2-0.3. To solve the "spin crisis" 10 times bigga6| is needed. These results are the probable
signature for a predominant role of the angular orbital momentum of qaentgluons in nucleon
spin decomposition.
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Figure 3: Summary of the world efforts for the direct <%> measurement LO QCD order results.eft,
NLO QCD order resultRight.

2.2 The helicity quark distriburions and the transversity effects.

0.4

- xad The cross-section for semi-inclusive
deep-inelastic scattering (SIDIS) in the one-
T R JeTT photon exchange approximation contains
005 XA E ad eight transverse-momentum dependent dis-
tribution functions [P]. Some of these can
—— be extracted measuring the azimuthal distri-
0c2f s 10 X bution of the hadrons in the final stat¢ ][10].
T Three distribution functions survive upon in-
004 Mt tegration over the transverse momenta: these
o v x are the quark momentum distributiag(x)
Figure 4: The helicity quark distributionxAq(x) for (v.vhe.rex.ls the Bjorken variable), th? heI_ICIty
five flavors compared to the global fit at LO from diStributionAq(x), and the transversity distri-

DSSV [1}]. Bands at bottom of graphs represent sys-butionArq(x).
tematic uncertainties. The latter is defined as the difference in

the number density of quarks with momentum fractiowith their transverse spin parallel to the
transversely polarized target and their spin anti-parallel to the tafg@t [11
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2.2.1 Semi-inclusive asymmetries and flavor separations

In parallel to the polarized inclusive DIS measurements, SIDIS eventgsevdreadditional
hadron tags the flavor of the struck quark, were recorded. The datathis reactiorup — uhX
are used to extract at LO the helicity quark distributions for each quavkrfleeparately down
to x = 0.004. This provides a wider picture of the nucleon spin, howegririag an additional
input, the quark Fragmentation Functions (FFs). COMPASS resilfs [&Zrawn in Fig]4. The
curve shows the global QCD fit of DSSY [13] at LO. Sea quark poldriistributionsxAq(x) and
xAs(x)are found to be compatible with zero within the statistical errors. In the futbeeSIDIS
sector will benefit from more precise determination of quark FFs (Seffjion 4

2.3 Collins and Sivers asymmetries in SIDIS

The existence of an azimuthal asymmetry in transversely polarized leptagioal of spinless
hadrons at leading twist, which depends oh-add fragmentation function and arises from final-
state interaction effects, was predicted by Colljng [14] and is generallykias the Collins effect.

In SIDIS the transversity distributioftrq(x) can be measured in combination with the chiral odd
Collins fragmentation functioA%Dg(x). The hadron yieldN(®cq) can be written ad(Pco)
=Np x (14 f x B x Dnn X Acoll X SiN(Pcolr), WwhereNp is the average hadron yieldl,the fraction

of polarized material in the targeR the target polarizationDyy = (1—y)/(1—y+y?/2) the
depolarization factory the fractional energy transfer of the muon &gl the Collins asymmetry.
The angle®¢,) is the so called Collins angle. It is definedd@gq = @ — @, the difference of
the hadron azimuthal angtg and the quark spin azimuthal anggeafter the scattering, both with
respect to the lepton scattering plane. The measured Collins asymfggircan be factorized
into a convolution of the transversity distributidn-g(x) and the Collins fragmentation function
summed over all quark flavocg

An entirely different mechanism was suggested by Sivels [15] assilpesause of the trans-
verse spin effects observed in pp scattering. This mechanism couldaetssonsible for a spin
asymmetry in the cross-section of SIDIS of leptons on transversely petarimcleons. Sivers
conjecture was the possible existence of a correlation between the rsmsvementunks of an
unpolarized quark in a transversely polarized nucleon and the nuctdarization vector. The cor-
relation between the transverse nucleon spin and the transverse quakdntom is described by
the Sivers distribution functiongq(x,RT). The Sivers effect results in an azimuthal modulation of
the produced hadron yieldd(®sj,) =N x (1+ f x R x Dyn x Asiy X Sin(®sjy). The Sivers angle
is defined asPsjy = @ — @, wheregs is the azimuthal angle of the target spin vector. The measured
Sivers asymmetnAsiy can be factorized into a product of the Sivers distribution function and the
unpolarized fragmentation functidiDG(z).

2.3.1 COMPASS measurements

Since the Collins and Sivers asymmetries are independent azimuthal modutzftibe cross
section for semi-inclusive deep-inelastic scatteripd [16], both asymmetdeatetermined experi-
mentally in a common fit to the same data set, taking into account the acceptancemédhrem-
eter [I7]. In the first plot of Fig]5 the results for the Collins asymmetry on tioéop target are
shown as a function af for positive and negative pions. The asymmetry increases up to about
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Figure 5: First plot: Collins asymmetry on the proton for positive (black) andatag (red) pions as a
function of x. Second one:Collins asymmetry for kaonsThird one: Sivers asymmetry for piond.ast
plot: Sivers asymmetry for kaons.

10% with opposite sign for negative and positive pions. This result coafihe measurement of
a sizable Collins function and transversity distribution. The asymmetry fatig@and negative
kaons is shown in the second plot of fjg.5. At largethe asymmetry is different from zero as well
and shows opposite signs for positive and negative kaons. The daidgrmportant information
for global fits taking into account the Collins fragmentation function from BEland the Collins
asymmetries from COMPASS and HERMES to obtain constrains to the traitg\disgribution
for u, d, squarks [18].

In the third plot in the Fig]5 the results for the Sivers asymmetry on the protoghawn as a
function of x. The Sivers asymmetry for negative pions is small and statigtmampatible with
zero. For positive pions the Sivers asymmetry is positive. The Sivgrsrastry for kaons is shown
on the last forth plot. More detailed discussion of the COMPASS resultseéindin [19].

3. Partll: HADRON REACTIONS

Central production: Diffractive dissociation: Coulomb production:

J
h tl hfast a

R.P

R.P #

Prarge: t2 Plow o Below Pracger Pafow

Figure 6: At COMPASS three production mechanisms are accessibéét: Diffractive dissociation of
a beam hadron via Reggeon exchange: forward kinematigge Eoss-sectionr~{ mb); need to separate
particles at very small angles; studyBi°-exotic mesonsMiddle : Central production via double Reggeon
fusion: large rapidity gap between scattered beam and pestiparticles; beam particle loosesl0% of
its energy; particles at large angles; possible sourceustiglls.Right: Coulomb production: the pion and
kaon polarizabilities measurements.

Forty years after the recognition that quark and gluons are the buildingkdlof matter,
hadronic physics is at a turning point. The quark models of hadrons tsupply a realistic



COMPASS results Oleg Kouznetsov

picture of the confinement of quarks and gluons in hadrons. A field ¢ieat based understand-
ing is needed, in the framework of QCD. New theoretical tools have beesiaped and some
experimental data have opened the way, but we are still lacking prectseniation on two central
subjectsthe spectroscopy of so-called exotic states, and the spatial structure nitheon

This is the context where, after several years of running with a muom beatudy nucleon
spin structure, the COMPASS collaboration in 2008-2009 searcheddexttic states, glueballs
or hybrids through light hadron spectroscopy in high energy pion-proton reagtiosing both
centrally produced and diffractive events (Fjg.6). QCD and derivedatsepredict in particular the
existence ofjqg hybrids, which are difficult to identify experimentally due to mixing with ordinary
gg mesons. However, some of them might have quantum numbers forbiddeq &ystems, e.
g. JF¢=0"", 0t~, 1-*. Their observation would therefore provide a fundamental confirmation
of QCD. Lattice calculations predict a spin-exotic hybrid with mass within (1 G2Y/® [RQ).
Some promising candidates have been found for exampls 600 reported by BNL and VES
[ET]. A detailed description of the COMPASS results in this field can be fin(&j. [2

3.1 The COMPASS hadron setup

For the run with a hadron beam, several major modifications of the COMPA&®D svere
made. The polarized target was substituted by a liquid hydrogen target wéthaf 40 cm length
and 3.5 cm diameter, surrounded by a Recoil Proton Detector (RPD) totdeéeslow recoll
proton produced at large angle in central production and diffraciis®odiation. A big effort has
been dedicated to minimize the amount of material along the beam path and initredlege to
it, thus reducing the background from secondary interactions. New @&tors, with a pixels
readout in the central region, have been developdd [23] and usadédplacement of several of the
scintillating fibre detectors tracking the particles at very small angles. A positisolution of 90
um and timing resolution of 8 ns were reached.

The negative hadron beam consisted aB% 1, 2.4% K~ and 08% p whereas the positive
beam consisted of 78% p, 24.0% " and 14% K™, all with momenta of 190 GeV/c. The beam
particles were identified by CErenkov Differential counters with Achrom@tigy focus (CEDAR)
detectors located upstream of the tar§e} [24].

3.2 Partial Wave Analysis (PWA) and observation ofrg (1600 exotic state

First physics result from the COMPASS hadron program were obtailmeddy from the three-
day pilot run in 2004. In the analysis, presented[ir [25], the beam pisrassumed to dissociate
diffractively into an intermediate sta¥e . Exchange of a t-channel Pomeron is assumed, for which
X~ gets the same isospin |, G-parity G and C-parity C as the incoming piorPb — T+
in COMPASS using a 190 GeVit~ beam provide clean access to meson resonances with masses
below 2.5 GeV/é. The data sample comprised 420 000 events. The quantum numbérs oé.
the spin J, parity P and the spin projection M, were disentangled by PWAPW#e is based on
the isobar model and the Zemach formalism. One partial wave is charactbyizeset of quantum
numbersJP®Mé|isobaiL, whereJ™C represents the spin, parity and C-parity of the resonance X,
respectively. M anc (reflectivity) describe the spin projection. X is assumed to decay into a
di-pion [isobar} and a bachelorr, which have a relative orbital angular momentum L. Téa@bar
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further decays into ar* — pair. The PWA is divided into two steps, namely a mass-independent
and a mass-dependent fit.
For the subsequent mass-dependent fit

a subset of seven waves has been se- > S00-1ITprP H COMPASS 2004
lected: 00" [fo(980)]S, 1 *1t[pmP = 700 J e
(spin-exotic), 10" [pnS, 2 t0t[f,mS o 1 '
2740t [forD, 2t* 1 [prDand 4+ 1+ [pmG. "% % l L\l

The intensities and interferences of these § 400? } lr b

waves are parametrized with relativistic 300: H {l Lﬂ‘ : { }
Breit-Wigner (BW) and eventually back- ;22_ 'H H{ {‘ ; }&{ +
ground functions. From this fit, which is o GHI it
shown as red curve overlayed to the mass in- e va 3 l.i'la?s:ofl;n‘]:‘.SSstem i(;ef:)
dependent fit results, resonance masses and '

widths have been obtained. 'Sog_rrpb—> — SR

The Fig[} shows the spin-exotic 117 [pr]P  £-100F 01 - 106V
signal. The mass-dependent fit gives the 150 H
values of the mass and width of 1660 '2005_ .} f}-{i' e

Phase (degrees)

109, and 269t 21742 MeV/c? respectively 3 . ;4} }
which is consistent with the hybrid candidate —E He ‘-,;}i_ s
(1600 [23]. B i
350 A (I TpRP-T70pnS)
] ) _400311..11,.,1..,1,.,1..,1...1,..1,.,1...1.
3.3 Chiral Perturbation 06 08 1 1214 16 18 2 22 24

Theory (ChPT) predictions test b
Figure 7: Up: The spin-exotic 171" [pmP wave

VIT — T, a subprocess afr Pb — corresponding to the production of thg(1600 hy-
' brid candidate. A background and a BW function

T Ph a2t low momentum tre.msfe.f < have been used in the mass dependent fit to describe
0.001(GeV/c)* and a m m"m invariant this partial waveDown: Phase differences of the ex-
mass below thep threshold, has been mea- otic 1-+1+[p7]P wave to the 1+0* [prijSwave. The
sured using data from 200/ ]26]. The results, data points represent the result of the fit in mass bins;
are in agreement with Leading Order ChPT the lines are the result of the mass-dependent fit.

predictions [2]7].

The cross section of pion production in

3.4 Search for ther (1600 exotic state in 2008-2009 data

A preliminary mass independent PWA f25% of the available data from the 2008-09 data
set, collected using a hydrogen target and comprising 23 miltion™ 77~ events, confirms the
enhancement in the intensity aroulty = 1.7 GeV/c? [R§]. The phase motion with respect to
the 1I'* wave is also consistent with the 2004 data. The lthe exotic I wave and the phase
motion are presented in Fi§.&ight). In theLeft plot, showing the 1™ wave, a large bump is
observed at around 1GeV/c? for which the interpretation is under investigation. Mass-dependent
fit, leakage studies and background studies of e.g. the Deck effeohgoéng for more definite
conclusions.



COMPASS results Oleg Kouznetsov

10°
s "I'prP COMPASS 2008 5 _F AG( T prP-1"0"prs COMPASS 2008
Z -:': P ++} Tp = AT g J-‘U* ( PLS) Jr'p—»:n:'r:'lt'p
= i 0.1 GeVY/c® < 1" < 1.0 Gev'/e? 3 0,1 GeVZe® <14 1.0 Gew/c ”
& 20l I 38% of 2008 data 2 100 38% of 2008 data Far ¢4t
= L ¢ model 53b = model 53b e 4
@ = #
5 r o T so Tty
4 - + 4 +.
2 15 ﬁ" b2 iy
§ N Aot of A
I § v
10— b " e, ++0 L ,+'$7 " [ + |
- () :\0 oo’y
I + I
= ¥ it +
S . AT -100_— "--.. =
- = +
L f F
R — -150F~
S P I IR I IUNT APRPRPY (PUNUNN IR SPUPINN O Pl IS NN APUNINTS (NI AFUPUNE AUNUNN IS PR PRV B
0.6 038 1 12 1.4 1.6 1.8 2 22 24 0.6 0.8 1 1.2 1.4 1.6 1.8 2 z.2 24
Mass of ™ " n” System (GeV/e”) Mass of T T T Svystem (GeV/c”)

Figure 8: Left: The intensity of the 171*[pmP wave.Right: Phase differences of the exotic11* [pm]P
wave to the TT0" [prSwave.

3.5 Channels withr®

The two electromagnetic calorimeters allow for studies of neutral final st@as. example
is the ®m®mr final state, which provides an important consistency check withr™ 71~ channel.
Preliminary PWAs where therr it i~ and ther®r®mr final states are compared, show good
agreement between the observed wave intensities and the predictionsasig- and Bose sym-
metry [29]. Another channel with neutral particles in the final state istthre with n’ decaying
intonmrt . The first PWA of these data show a strong iwave, shown in Fi]9 where also the
intensity of the 2 wave and their phase difference are given. However, further stadéeeneeded
in order to draw conclusions about the resonance interpretation of thgBl]]. COMPASS can
also confirm the decay @f;(2040) into n’mr observed by BNL[[31].

75, 000 COMPASS 2008 v F COMPASS 2008 T 205 COMPASS 2008 bl I
Z 7000 | 1 Tp— T Zo000— T Tp = TP 2 0 mpornp ‘..IM‘. ! MH{
= E 1 P, (I = 17) intensity = C k D, (" =2T)imtensity| = -204 phase D_-P, 1‘ 1 t {
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Figure 9: Left: The intensity of the 1™, Middle the intensity of the 2™ wave, andRight: the phase
difference between™" and T " in then’m channel.

3.6 Physics with Kaon and proton beams

The possibility to tag beam kaons with the CEDARSs in combination with the RICH identi-
fication of final state kaons makes COMPASS an excellent tool for studgng diffraction. In
a recent study, the reactid p — K~ 71" 1T~ precoi iS investigated[[32]. Recent results from the
ongoing PWA show a spectrum of states which is mostly in agreement with psekégults from
the ACCMOR collaboration[33]. Channels with kaons in the final state acecélisterest, in par-
ticularmp — (KK_n)r Precoil, Where COMPASS can provide about an order of magnitude more
events than a previous measurement by BNI. [34].
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Data collected with the proton beam have been used to measure the ratiorbéte/@eoss
sections ofpp— ppp andpp — ppw. This provides a tesf [B5] of the Okubo-lizuka-Zweig (OZI)
rule at high energy. The proton beam data are also being used farbspgctroscopy [6]. Events
are selected where the beam proton dissociates diffractively into ararymteX* which then
decays subsequently, via mesonic or baryonic isobars, into the final prater andpK+tK ™.

4. Part lll: COMPASS Il PROPOSAL

The COMPASS Il proposal[[37] was approved on December 2018&rfamitial data taking of
three years. The goal of future studies is to improve the knowledge ofitieon structure towards
a three dimensional picture.

4.1 DVCS measurement with high energy polarizedi™ and u— beams

A DVCS measurement with a 160 GeV muon beam was proposed for futukéRBSS pro-
gram [3]. COMPASS will explore the unchartggj (up to~ 0.27) domain between the HERA
collider experiments H1 and ZEUS and the fixed-target experiments as HESRivid the planned
12 GeV extension of the JLab. In the first phase data will be collected withid litydrogen target
to constrain the GPD H. A second phase of data taking with a polarized (aygenstrain the GPD
E) will be presented in an addendum to the present proposal in the fitata on DVMP [3B] will
be recorded simultaneously to the DVCS measurement.

DVCS has the same final state as the competing Bethe—Heitler (BH) prodesk,isvelastic
lepton—nucleon scattering with a hard photon emitted by either the incoming aviogtigpton.
The differential cross section for hard exclusive muoproduction alf paotons off an unpolarized
proton target can be writtenas

d*o(up— upy)
dxg;dQ2d]t]dg

= do® + (dofhsr+ Pu ol ©) + ey (Rel + Py Im1) (4.1)

whereP, is the polarization ané, the charge in units of the elementary charge of the polarized
muon beam. The interference tetnarises due to the interference of the DVCS and the BH pro-
cesses. The dependence @nthe azimuthal angle between lepton scattering plane and photon
production plane, is a characteristic feature of the cross section. CQRAfers the advantage
to provide various kinematic domains where either BH or DVCS dominate. As ¢fleePHeitler
amplitude is well known, the almost pure BH events at smalican be used as an excellent ref-
erence yield. In contrast the collection of almost pure DVCS events arlagg will allow the
measurement of thes;-dependence of thieslope of the cross section which is related to the tomo-
graphic partonic image of the nucleon. In the intermediate domain, the DVQ8kgion will be
boosted by the BH process through the interference term. COMPASSsisnhgthe only facility

to provide polarized leptons with either charge: polarizedandu~ beams. It should be noted
that with muon beams one naturally reverses both charge and helicity atTimisdeature allows
with the same apparatus the measurements of Beam Cl@rgad Spin § Difference for Unpo-

_|_
larized () protons: Zcsy =do™ —do ™ in which the BH contributiorcancels ouand Beam

4
2For simplicity do is used in the following instead xi(»ﬁl@ﬁgﬁ-
J
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Figure 10: Left: Projected statistical (error bars) and systematic (greydpaccuracy for a measurement
of the ¢ dependence of th&/cgy at COMPASS for 2 years of data taking (equivalent to an irstisgt
luminosity of 1222pb~1) and an overalglobal efficiencyegiobal = 0.1. Right: Projections for measuring
thexgj dependence of theslope parameteB(xg;) of the DVCS cross section. For comparison some HERA
results are shOW|1__[139]. The left vertical bar on each datatpodicates the statistical error only while the

right one includes also the systematic uncertainty, usinlg BCAL1 and ECAL2 (up) and also ECALO
(bottom).

+ —
Charge and Spin Sum of cross sectiotgsy = do™ +do ™ in which the BH contributiomloes
not cancel out

From these measurements the real and imaginary part of Compton FormsH&#&) can be
extracted. A CFF is a sum over flavdref convolutions of the respective GPDs with a perturba-
tively calculable kernel describing the hayth interaction. In the differenc&csy the analysis of
the ¢ dependence will provide a measurements of the real part of the condisyy CFF. Fid.J0
(Left) shows the projected statistical accuracy in a particiay, Q?) bin, for a measurement of
the g-dependence of thgcsu. Fig[I{ Right) shows the projected statistical accuracy for a mea-
surement at COMPASS of thej-dependence of thieslope parameteB(xg;j) of the DVCS cross
section. Data orB exist only for the HERA collidexg-range from 10 to 0.01 [39]. In the
valence region, where no experimental determinationB ekist, some information comes from
fits adjusted to form factor data which give ~ 1 Ge\? [#Q]. For the simulation two values
a’ = 0.125 anda’ = 0.26 are shown which correspond to the half and the total of the value for
Pomeron exchange in soft scattering processes.

Two DVCS test runs were performed to verify the feasibility of the DVCSpam. The 2009
run provided a first direct measurement of the relative contributionssoBth and DVCS events in
the COMPASS kinematical region.

Apart of hermetic coverage with electromagnetic calorimetry for future nreasents the
COMPASS spectrometer has to be upgraded with a 2.5 m long liquid hydroggt énd a 4 m
long recoil proton detector. A first data taking with the full new set-up is péahfor the end of
2012.
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4.2 SIDIS measurements

In parallel to the DVCS and DVMP measurements the study of SIDIS will b&éraged. The
additional information provided by a final state hadron allows to accessabm §eparated PDFs.
These are relatively well constrained in the case of light quarks, buthio strange quark the
uncertainties are still considerably large. COMPASS can give valuablg iofhelp constraining
the unpolarized strange quark distribution functi) in the region of large xxg; > 0.006).
The final state hadrons from the unpolarized SIDIS processes artifigie by the RICH and the
calorimeters. From this study the Fragmentation Functions (FF) in geneththarkaon FF in
particular will be accessible. Due to the large amount of data, detailed stfdies dependence
on several kinematic variables likg;j, z, Q? and pr for hadron multiplicities will be possible,
which will also provide high precision inputs to NLO pQCD analyses. A sigaifidmprovement
of the statistical accuracy ¢§+ S) PDF is expected, even with only one week of data-taking.

4.3 Drell-Yan measurements

sin
% T "
0913 .. m beam 190 GeV/c =
0.8 DY 4 - 9 GeV/c? 02f Drell-Yan, 4 < M < 9 GeV/c2
0.76 e
E 0.15[— /_\
0.6] generated r -
= 0.1
a8t accepted ; //
0'42_ 0.05:— A
E r o
O
0-25_ 0 05:_ B PRD79 (2009) 054010
0.1 E —&— COMPASS, 280 days
- | | ‘ I I I ‘ i I _0.1TIJlllll]ll\;ll]lllllllell||AIllllllJJl
102 03 04 05 06 07 0.8 09 1 T ' —
X, Xg=XrX ;

Figure 11: Left: Kinematic range ir; vs. Xp, covered by COMPASS (in blue) for yi > 4 GeV/c? and
My, <9 GeV/c?. Right: Statistical accuracy of the Sivers asymmetry in 2 years td-theking, compared
with the theory prediction from |E2], for the Drell-Yan COMBS case in the dimuons high mass region.

Complementary aspects of the nucleon can be studied with TMDs accesseithé polarized
Drell-Yan procesg[41]. The TMDs provide us with a dynamic picture ofitheleon, by taking into
account the intrinsic transverse momenﬂTum)f its constituents. Until now COMPASS has studied
TMDs from SIDIS processes. DY data will allow a test of the factorizatiosedz: the sign of the
Sivers and Boer-Mulders functions are expected to be opposite in BYSHDIS. In COMPASS
four azimuthal asymmetries can be studied, which are proportional to kaiores of PDFs of the
pion and the proton: Boer-Mulders, Sivers, pretzelosity and trasgyeThe measurement will
probe the valence quarks regign > 0.1, where the theory predicts sizable asymmetries.

The Drell-Yan measurements will be done witlra beam at 190 GeV/c and a two celNdi;
transversely polarized target. The like-sign muon pairs sample will be usestitoate the combi-
natorial background, which is expected to be negligible in the high massrégjp> 4 GeV/c?
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and M,, < 9 GeV/c? where we propose to do the main measurement. Kinematic rangeaafix
variables which are the fractions of the momentum carried by the interactitgnga the incom-
ing pion and target proton respectively, covered by COMPASS is stwwRig[1] (eft). Main
part of potentially observed DY events correspond to annihilation of calemarkgx,,xp, > 0.1).
In 280 days of data-taking, one expects to collect 230 000 high massYarekvents. In Fig.]1
(Right) the statistical accuracy of the Sivers asymmetry is shown together with iy thvesaliction
available for the high mass Drell-Yan case at COMPASS, fiforh [42). iBitisof Drell-Yan mea-
surements at COMPASS was studied during tests runs. The most importanasmerformed in
2009. The number of found/ds is found to be in good agreement with the expected yield as well
as the number of DY events. COMPASS has the potential to become the fiestragnt to access
the TMDs of the nucleon in a polarized Drell-Yan experiment.

4.4 Primakoff

Future COMPASS measurement of pion o 7.&9?( ol Y
and kaon polarizabilities will provide a test @ eyj\ ~ E, \ )
of ChPT, the theory predicting the strong in- /Q\\ f i
teraction dynamics of Goldstone bosons. The «2 a2) .
deviation from the point-like behavior of the Primakoff Inverse Compton

pion is revealed by its response in the pres-Figure 12: The Primakoff reaction pA- pAy and
ence of an electromagnetic field. This effect, embedded in this processus the inverse Compton pro-
called the pion polarizability, is given in lead- C€SSyTT— yTL.

ing order by a sum of three terms which dependogrand 3s, the dipole and quadrupole electric
and magnetic responses. Although a number of measurements, mairdy, fof3;, were per-
formed no firm conclusion yet could be drawn on the comparison to thel g@diction fora;; -
Br=(5.70+1.0) x 1074 fm3 [P7].

COMPASS will measure the polarizabilities using the Primakoff reaction;ppAy (Fig[12).
Embedded in this reaction is the inverse Compton progass yr with the y being deviated at an
angleB. By measuring the modulations thone accesses each of the polarizability terms. With
a total measurement time of about 120 days (90 daysrfand 30 days fou, planned in 2012)

a statistical precision foet,; - B of 0.66 x 10~ fm? is expected. First measurementaf + B
is planned also. The statistical precisionmf + B is expected to be.025x 1074 fm3. The
prediction foray + B is about 016 x 10~4 fm* [R7].

The kaon polarizabilities can also be measured in COMPASS for the veryirfies thanks to
the beam particle identification provided by the CEDAR detectors in the COMNRAEAM line.

Reactions with one or two neutral pions instead of a photon in the final statalleiv to
investigate the chiral anomaly and get further insight into chiral dynamics.

5. CONCLUSION
COMPASS is a major player in the study of the nucleon spin structure. Direz$unements

of the gluon polarizatior(%> indicate a small value of the first momefAG. The global QCD
analysis ofg; also shows small valugAG| ~ 0.2 — 0.3. To solve the "spin crisis" 10 times bigger
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|AG| is needed. From another side these results are the probable signataeréalominant role
of the angular orbital momentum of quarks and gluons in the nucleon spomygexsition.

In the "longitudinal” spin physics the helicity quark distributioasqg(x) were measured, in
the"transverse" spin physics the evidence that transversity PDF &ads Sinction are different
from zero was obtained. The study of transverse spin effects nagtierf precise measurements
and the COMPASS facility is the only place where SIDIS can be measuregha¢hergy.

COMPASS has excellent potential to contribute for searching QCD allovegeissike multi-
quarks, glueballs and hybrids because it has access to 3 productibamsus: diffractive disso-
ciation, central and coulomb productions. A large amount of data, 1Gid®3 world statistics,
were collected with hadron beam in 2008-2009. A candidate#(t600 exotic state in the 2004
short pilot run was already observed. Preliminary analysis of 20@® 2fata confirms this obser-
vation.

COMPASS has also a great potential in such new fields as DVCS for thg efu@PDs,
polarised Drell-Yan to study TMDs and in the measurements of pion (kadadigabilities.

The work has started to get the spectrometer upgraded for the newapragrd to be ready
for data taking in 2012, 2014-2016.
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