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Executive Summary

The research fields of hadron spectroscopy and hadron structure are closely connected
since their very beginnings. In 1964, spin-1/2 quarks were conjectured to be the build-
ing blocks of baryons and mesons in order to explain their quantum numbers observed
in hadron spectroscopy. In 1969, when interpreting data from first direct studies of the
structure of the proton, partons were hypothesised as its internal constituents and soon
after identified with quarks. In the early 1970’s, Quantum Chromodynamics (QCD) be-
came accepted as the theory of strong interactions, explaining the observed weakening
of the interquark forces at short distances or large momentum transfers. QCD not only
describes hard processes through perturbative expansions, but also the non-perturbative
dynamics of the strong interaction, down to soft and extremely soft processes which are
involved in meson spectroscopy and linked to chiral perturbation theory.

Parton Distribution Functions (PDFs) describe the structure of the nucleon as
a function of the nucleon momentum fraction carried by a parton of a certain species.
They are studied primarily in Deeply Inelastic Scattering (DIS) where the longitudinal
momentum structure of the nucleon is explored in the collinear approximation, i.e. ne-
glecting transverse degrees of freedom. Up to now, PDF's were investigated independently
from nucleon electromagnetic form factors that are related to ratios of the observed elas-
tic electron—nucleon scattering cross section to that predicted for a structureless nucleon.
The recently developed theoretical framework of Generalised Parton Distributions (GPDs)
embodies both form factors and PDFs, such that GPDs can be considered as momentum-
dissected form factors which provide information on the transverse localisation of a parton
as a function of the fraction it carries of the nucleon’s longitudinal momentum. Obtain-
ing such a “3-dimensional picture” of the nucleon is sometimes referred to as “nucleon
tomography”. In a complementary approach, the subtle effects of intrinsic transverse par-
ton momenta are described by Transverse-Momentum-Dependent PDFs (TMDs). These
effects become visible in hadronic Drell-Yan (DY) and Semi-Inclusive DIS (SIDIS) pro-
cesses. The structure of hadrons can not yet be calculated in QCD from first principles.
However, the deformation of the shape of a hadron in an external electromagnetic field,
described by polarisabilities, can be predicted by chiral perturbation theory which is a
low-energy expansion of the QCD Lagrangian.

More than 10 years ago, the COMPASS experiment was conceived as “COmmon
Muon and Proton apparatus for Structure and Spectroscopy”, capable of addressing a
large variety of open problems in both hadron structure and spectroscopy. As such, it
can be considered as a “QCD experiment”. By now, an impressive list of results has been
published concerning nucleon structure, while the physics harvest of the recent two years
of hadron spectroscopy data taking is just in its beginnings. The COMPASS apparatus
has been proven to be very versatile, so that it offers the unique chance to address in
the future another large variety of newly opened QCD-related challenges in both nucleon
structure and hadron spectroscopy, at very moderate upgrade costs. It consists of a high-
precision forward spectrometer and either an unpolarised, longitudinally or transversely
polarised target. It is located at the unique CERN SPS M2 beam line that delivers hadron
or naturally polarised ;* beams in the energy range between 50 GeV and 280 GeV.

This proposal lays the ground for a new decade of fascinating QCD-related studies
of nucleon structure and in hadron spectroscopy. It details the physics scope and re-
lated hardware upgrades for those topics for which data taking can be envisaged to start
in 2012. This implies mainly studies of chiral perturbation theory, “unpolarised” gen-
eralised parton distributions, and transverse-momentum-dependent parton distributions.



More distant projects, as the whole complex of future QCD studies using hadron spec-
troscopy and also studies of “polarised” GPDs, will be described later in an addendum
to this proposal. All these studies will significantly expand our knowledge on key aspects
of hadron structure and spectroscopy which are inaccessible to any other facility existing
or under construction.

The concept of GPDs attracted much attention after it was shown that the total
angular momentum of a given parton species, J/ for quarks (f = u, d or s) or JY for gluons,
is related to the second moment of the sum of the two GPDs H and FE. As of today, it is
by far not fully understood how the nucleon spin % is shared between the contributions of
intrinsic and orbital angular momenta of quarks of various flavors and gluons. Constraining
quark GPDs experimentally by measuring exclusive Deeply Virtual Compton Scattering
(DVCS), up — pyp, or Deeply Virtual Meson (M) Production (DVMP), up — u M p,
is the only known way to constrain the quark components of the nucleon’s spin budget
% =5 fmuds ) F 4 J9. Such data will also be very important to experimentally validate
GPD moments calculated from first principles through QCD calculations on the lattice. In
order to ensure exclusivity of DVCS and DVMP events, a new recoil detector will surround
a 2.5 m long liquid hydrogen target. The kinematic domain accessible with 160 GeV
muon beams cannot be explored by any other facility in the near future. The DVCS
cross section will be determined as a function of both the momentum transfer between
initial and final nucleons and the fraction of the longitudinal nucleon momentum carried
by the struck parton. A new electromagnetic calorimeter (ECALO) will provide coverage
of substantially higher values of this fraction as compared to the existing calorimeters
ECAL1 and ECAL2. One key result will be the first, model-independent answer on the
question how the transverse nucleon size varies gradually from the gluon/sea-quark region
to that dominated by valence quarks. Only COMPASS can explore the kinematic region
between the H1/ZEUs collider range and the HERMES/JLAB fixed-target range, so that
particularly important results can be expected from 3-dimensional nucleon “tomography”
within this kinematic domain. The transverse structure of the nucleon in the COMPASS
kinematic range is considered to be important input for background simulations in proton-
proton collisions at LHC. The second key result is information on the GPD H, obtained by
separating the real and imaginary parts of the DVCS amplitude. This will be accomplished
by combining data from positive and negative muon beams. The azimuthal dependence
of the cross section will be used to isolate the contribution of the GPD H, which is of
particular importance for the evaluation of the spin sum rule. The measurements with
the liquid hydrogen target will mainly constrain H. An extension of the programme is
envisaged using a transversely polarised target, mainly to constrain £. This will be subject
of an addendum to this proposal. After completion of data taking, the combined DVCS and
DVMP data set of H1, ZEUS, COMPASS, HERMES and JLLAB will constrain the nucleon-
helicity-conserving u and d quark GPDs over a wide kinematic range in parton longitudinal
momentum versus parton transverse localisation, and virtual-photon resolution scale. It
is expected that ongoing activities towards global fits of GPDs will lead to a reliable
determination of total and also orbital quark angular momenta.

Simultaneously with the GPD programme, high-statistics data will be recorded
on unpolarised semi-inclusive deep inelastic scattering, up — ph X. The pion and kaon
multiplicities will be used to extract at leading order oy (LO) the unpolarised strange
quark distribution function s(x) as well as fragmentation functions describing how a quark
fragments into a hadron. Presently, the poor knowledge of these quantities is the limiting



factor in the determination of the polarisation of strange quarks from SIDIS data. These
multiplicities will also represent important input to future global analyses beyond LO.

The transverse momentum of partons is a central element in understanding the
3-dimensional structure of the nucleon. From the measured azimuthal asymmetries of
hadrons produced in unpolarised SIDIS and DY processes a sizable transverse momentum
was derived. When this intrinsic transverse momentum is taken into account, several new
functions are required to describe the structure of the nucleon. Transverse spin, in fact,
couples naturally to intrinsic transverse momentum, and the resulting correlations are en-
coded in various transverse-momentum-dependent parton distribution and fragmentation
functions. The SIDIS cross section contains convolutions of these two types of functions,
while the convolutions in the DY cross section comprise only PDFs and/or TMDs. In
spite of the widespread interest in this approach which goes beyond collinear QCD, the
field is still in its infancy and only data can sort out which correlations are apprecia-
bly different from zero and relevant. Of particular interest are the correlations between
quark transverse momentum and nucleon transverse spin, and between quark transverse
spin and its transverse momentum in an unpolarised nucleon, which are encoded in the
so-called Sivers and Boer-Mulders functions, both (naively) 7-odd. The Boer-Mulders
function contributes to the azimuthal modulations in the cross sections of unpolarised
SIDIS and DY processes which have been observed since many years. We intend to ac-
curately measure such modulations both in DY and in SIDIS (this last measurement in
parallel to the GPD programme). Much attention in the recent years has been devoted
to the Sivers function originally proposed to explain the large single-spin asymmetries
observed in hadron—hadron scattering. From T-invariance arguments, for a long time it
was believed to be zero. One of the main theoretical achievements of the recent years was
the discovery that the Wilson-line structure of parton distributions, which is necessary to
enforce gauge invariance of QCD, implies a sign difference between the 7T-odd distribu-
tions measured in SIDIS and the same distributions measured in DY. According to this
“restricted universality”, the Sivers function can be different from zero but must have
opposite sign in SIDIS and DY. There is a keen interest in the community to test this
prediction which is rooted in fundamental aspects of QCD, and many laboratories are
planning experiments just to test it. The Sivers function was recently measured by HER-
MES and COMPASS in SIDIS off transversely polarised targets and shown to be different
from zero and measurable. In order to test its sign change, DY experiments with trans-
versely polarised hadrons are required, but none were performed so far. The main goal
of our DY programme is to measure for the first time on a transversely polarised target
the process 7~ p! — p*p~X. This will be a unique measurement as at COMPASS energies
the virtual photon originates mainly from the fusion of a @ quark from the pion and a
u quark from the nucleon, both in valence-like kinematics. In two years of data taking
with the 190 GeV 7~ beam and the COMPASS spectrometer with the NH3 transversely
polarised target, the fundamental prediction for the sign of the u quark Sivers function
can be tested for the first time.

Measurements of exclusive final states produced by incoming high-energy pions
at very small momentum transfer to the recoiling nucleus, explore the Primakoff region
where the cross section is dominated by the exchange of a quasi-real photon. The initial
7% system may scatter into 77 (Compton reaction), 7~7%, 7#=7%7° 7 xTx~, or fi-
nal states containing more pions. In QCD, chiral Perturbation Theory (ChPT) predicts
the low-energy behaviour for all these reactions at small intermediate-state masses m?

™y
from threshold to a few pion masses. The chiral expansion of the cross section contains



several low-energy constants which describe important physical properties of the pion.
For the Compton reaction, the ChPT calculations result in deviations from the QED
bremsstrahlung cross section that is exactly calculable for a point-like particle. The first
term in the expansion in m,. originates from the electric and magnetic dipole polarisabil-
ities of the charged pion, «, and 3., and is proportional to their difference o, — ;. In
order to resolve these two polarisabilities independently, i.e. to also determine a,; + (,, it
is necessary to measure the cross section differential in the centre-of-momentum scattering
angle 6.,,, in which the two contributions have a complementary functional dependence.
At that level of precision, it is possible (and necessary) to also account for the most rele-
vant combination of the pion quadrupole polarisabilities, as — 5. Its effect has a similar
0., dependence as that of o, — 3, but is proportional to mfw instead of mzw. The planned
measurements will also allow for the determination of the two combinations o, + 3, and
ag — [, for the first time. The neutral (electromagnetic) trigger permits at the same
time the precise measurement of final states containing one or more 7°. The threshold
behaviour of 7~7" determines the chiral anomaly constant I}, for which the new data set
will allow a new level of experimental precision beyond that of the theoretical prediction
of about 1%.

The physics programme described in this proposal covers a period of five years,
one year for the tests of chiral perturbation theory and two years each for the GPD and
DY programmes. The tentative schedule for the first three years is as follows:

— 2012: Tests of chiral perturbation theory,

— 2013: GPD programme,

— 2014: Drell-Yan programme.
On the basis of the results from the 2008 and 2009 hadron runs, an addendum to this
proposal aiming at further hadron spectroscopy measurements will be submitted in due
time. The schedule of these measurements will be considered together with that of the
remaining parts of the proposed GPD and DY programmes, possibly taking into account
extensions of the latter as sketched in the proposal.



— PHYSICS CASE —



1 Hard exclusive photon and meson production
1.1  Generalised parton distributions and hard exclusive reactions

Generalised Parton Distributions [IH5] provide a novel and comprehensive descrip-
tion of the nucleon’s partonic structure and contain a wealth of new information. In
particular, they embody both nucleon electromagnetic form factors, i.e. ratios of the ob-
served elastic electron scattering to that predicted for a point-like nucleon, and Parton
Distribution Functions (PDFs) measured in DIS, i.e. parton number and helicity densi-
ties. Very importantly, GPDs provide a novel description of the nucleon as an extended
object, referred sometimes to as 3-dimensional “nucleon tomography” [6H8], which cor-
relates (transverse) spatial and (longitudinal) momentum degrees of freedom of quarks
and gluons. Moreover, the evaluation of GPDs may for the first time provide an insight
into orbital momenta of quarks and gluons, another fundamental property of the nucleon
[2, 3].

GPDs, just like ordinary PDFs, describe the structure of the nucleon indepen-
dently of the specific reaction by which the nucleon is probed, i.e. they are expected to
be universal quantities. The mapping of nucleon GPDs, which very recently became one
of the key objectives of high-energy nuclear physics, requires a comprehensive programme
of measuring various hard exclusive processes in a broad kinematic range, in particular
Deeply Virtual Compton Scattering (DVCS). In addition, Deeply Virtual Meson Produc-
tion (DVMP) is expected to add independent and complementary information.

The kinematic variables on which GPDs depend can be illustrated using the “hand-
bag” diagram shown in Fig. [1| which describes the DVCS process at leading twist in the
Bjorken limit (Q? — oo for fixed zg and ¢, i.e. |t|/Q? small). GPDs depend on the photon

P P
t=-A2

Figure 1: Handbag diagram for the DVCS process at leading twist.

virtuality Q? = —¢?, the total four-momentum squared t = (p—p')? = (¢—¢')* transferred
between initial and final nucleon states, and on x and £. The latter two variables repre-
sent respectively average and half the difference between the initial and final longitudinal
momentum fractions of the nucleon, carried by the parton throughout the process. While
in Deeply Inelastic Scattering (DIS), the momentum fraction x carried by the struck par-
ton is identified with the Bjorken variable xp = %, in the hard exclusive DVCS and
DVMP processes x is an internal variable that is integrated over in a convolution of the
given GPD with a kernel describing the hard virtual-photon quark interaction (see, e.g.
Eq. ) As such, x must not be identified with x g, which in these kinematics is related

to the skewness as & ~ xp/(2 — xp) in the Bjorken limit. Hence the skewness coverage

8



of a given leptoproduction measurement is approximately given by the range it covers in
TrB.

Based on the factorisation theorem [9], the short-distance information specific to
the virtual-photon quark interaction can be separated from the long-distance information
about nucleon structure contained in the GPDs. In the handbag approximation of DVCS,
GPDs can be understood as describing the quantum mechanical amplitude for “kicking
out” a parton of the fast moving nucleon by the virtual photon and “putting it back”
with a different momentum after it has radiated the real photon.

The DVCS final state is identical to that of the competing Bethe-Heitler (BH)
(bremsstrahlung) process and hence both processes interfere on the level of amplitudes.
The resulting interference term permits access to certain linear combinations of GPDs,
which makes hard exclusive single-photon leptoproduction a powerful tool to study GPDs.
Complementarily, DVMP will allow independent access to different bilinear combinations
of GPDs. B

The GPDs H/ and H’ (f = u,d, s, g), which describe the case of nucleon-helicity
conservation in the scattering process, include as limiting cases the well-measured parton
density and helicity distributions ¢/ and~Aqf , respectively. The case of nucleon-helicity
flip is described by the GPDs E/ and E/, for which there are no such limiting cases.
Gluon GPDs enter in DVCS only beyond leading order in «; (LO), analogous to DIS.

GPDs attracted much attention after it was shown that the total angular momen-

tum of a given parton species f is related to the 2°¢ moment of the sum of the two GPDs
H/ and E’ via the Ji relation [2]

1 1
Jf(Q2) = 5 PH(%/ dx T [Hf($7€7t7Q2)+Ef(xaéathQ)} ) (1)

—vJ
which holds for any value of £. This finding in 1997 was one of two major reasons that
strongly boosted experimental and theoretical activities towards determinations of GPDs
as it opened the way to constrain the contributions J9 from total quark angular momenta

to the nucleon’s spin budget

S= 3 @+ @), )
q=u,d,s

where J9 is the total gluon contribution to the nucleon spin. The Ji relation Eq. is
the only known—though not straightforward—way to constrain the quark total angular
momentum contributions to the nucleon spin budget. Progress in its evaluation, on the
one hand, will have to rely on global analyses of experimental data for various exclusive
processes in the broadest possible kinematic range. Here, sufficient knowledge about the
kinematic dependencies of GPDs in the full kinematic range is essential as e.g. unknown
nodes in an unmeasured region would render reliable GPD fits impossible. On the other
hand, QCD simulations on an Euclidean lattice have been used to determine the second
moments of the GPDs H and E that enter the Ji relation. Using chiral perturbation
theory to extrapolate to the physical pion mass, the results for v and d quarks are J" =
0.236 & 0.006 and J¢ = 0.002 + 0.004. The uncertainties are only statistical, as some of
the systematic uncertainties are very hard to quantify [I0-12]. No practical way is known

to evaluate the Ji relation for partons other than v and d quarks.
A particularly simple physical interpretation for GPDs as probability density exists
in the limiting case £ = 0 where the parton carries the same longitudinal momentum frac-
tion z in initial and final state and hence the momentum transfer t = —A? = —A7 — A?
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Figure 2: Nucleon tomography: (a) The Fourier transform of the —A? dependence of
the GPD H/(z,0,—A?) for fixed x describes the distribution of the transverse distance
b = |by| of partons carrying the fraction = of the nucleon’s longitudinal momentum
P, from the centre of momentum of the nucleon. (b) Sketch of tomographic views of
the transverse spatial parton distribution in the nucleon at certain parton longitudinal
momentum fractions z. Figure adapted from Ref. [13].

is purely transverse, t = —A?%. In this case, in analogy to the case of form factors, the
Fourier transform of the —A2 dependence of the GPD H/(x,0, —A?2) for fixed  describes
the spatial distribution of partons of species f carrying the longitudinal momentum frac-
tion x, with respect to their transverse distance b, from the centre of momentum of the
nucleon (impact-parameter representation) [7]

f — A, —iAL by g7 f 2
¢ (x,b)) = / e H’(z,0,—A%). (3)
(2m)?

The “three-dimensional” impact-parameter-dependent parton distribution ¢/(z,b,) can
be interpreted as providing a set of “tomographic images” of the nucleon, as illustrated
by the cartoon shown in Fig. [2] Nucleon tomography continues attracting great attention,
more than 300 publications on both experimental and theoretical aspects have appeared
over the last 10 years.

In the study of the transverse structure of the nucleon, there are two quantities of
particular importance. The first one is the GPD at £ = 0 which does have a probabilis-
tic interpretation. It is related via Fourier transform to the distribution in the impact-
parameter b = |b, |, which represents the transverse distance between struck quark and
centre of momentum of the whole nucleon [7]. Lattice calculations can determine the
expectation value of b, averaged over x with different weights 2™ [14]. The transverse
distance between the struck parton and the centre of momentum of the spectator system
is given by r; = b/(1 — z) and provides an estimate of the overall transverse size of the
nucleon. One expects that its expectation value remains finite due to confinement, which
implies that the expectation value of b must tend to zero for x — 1.

The second important quantity is the GPD at x = £. It has no probabilistic inter-
pretation but nevertheless its Fourier transform is connected to the distance r; between
struck parton and spectator system [15] [16]. At leading order in ay (LO), the correspond-
ing average (r?(z)) can be directly obtained from the imaginary part of amplitudes of
exclusive processes. At small xp, where amplitudes are predominantly imaginary, one
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has the relation (r?(xp)) ~ 2 - B(xp) if the exclusive cross section is parametrised as
% o exp(—Blrs)lt]).

Results on the transverse size of the nucleon derived from measurements of the
experimental electromagnetic form factor correspond to an average over the longitudinal
momentum fractions x carried by the struck parton. The measured transverse r.m.s. charge
radius of the nucleon is about 0.7 fm. The present understanding of the x dependence of
the “partonic” transverse size of the nucleon is sketched in Fig. 2] At very large x, for
x — 1, the width of the distribution ¢/(z,b.) in b = |b_| is expected to vanish since
the active parton becomes the centre of momentum of the entire nucleon. In the valence
quark region, denoted by x ~ 0.3 in Fig. [2| we expect to mainly “see” the core of valence
quarks. Lattice calculations find average values of (b(x)) decreasing from about 0.5 fm to
about 0.25 fm for typical values of the longitudinal momentum fraction z ranging from
about 0.2 to about 0.4 [10, 12} [17]. The low-z range, denoted by “x ~ 0.003” in Fig. [2]
is dominated by sea quarks and gluons. This domain has been investigated by the HERA
collider experiments (zp = 1072...1073). An average transverse proton radius (r, (zg))
of 0.6540.02 fm was determined [I8] from the ¢-slope B(xp) of the DVCS cross section.
Although this is a different quantity than the average b value determined on the lattice,
an increase of about 20-30% in transverse nucleon size compared to the valence region is
expected in a chiral-dynamics approach that is applicable for x < M, /M, ~ 0.15, with
M, (M,) the pion (proton) mass [19] 20]. This model predicts a corresponding increase in
the transverse size of the nucleon due to the “pion cloud” which is expected to enhance
the gluon density with decreasing x. The variation in transverse nucleon size vs. z was
also investigated using model-dependent GPD fits based on most recent HERA DVCS
measurements, confirming its growth with decreasing = [21]. However, absolute numbers
from these fits still vary in the range 20-30% due to model uncertainties. We emphasise
that there exists no direct measurement of (r (zp)) in the xp range above 1072

The transverse distribution of partons with x > 0.01 also plays an important role
in the theory and phenomenology of high-energy pp/pp collisions with hard processes at
the Tevatron and LHC. Because events with hard processes require binary parton—parton
collisions, their centrality dependence and underlying event structure are generally very
different from those of minimum-bias events [22]. Knowing the transverse distribution of
the partons in the colliding protons from independent measurements through exclusive
ep/up scattering, one can calculate the centrality dependence and model the spectator
interactions in much more detail. This is particularly important for estimating the rate of
multijet production in pp collisions at LHC, which is expected to be high and represents
an important background in pp events with new physics processes. Precise information
about the transverse distribution of quarks and gluons with z > 0.01 will be highly
valuable for developing next-generation Monte Carlo generators for multijet events (for
a recent summary see Ref. [23]), and for revealing dynamical multiparton correlations
which enhance multiple hard processes beyond their geometric probability [24], 25]. The
transverse distribution of partons also determines the rapidity gap survival probability [26]
in central exclusive diffraction pp — p+ (gap) + H + (gap) + p, which is being considered
as a clean channel for Higgs boson production at the LHC [27] (for a recent summary see
Ref. [28]. The parton momentum fraction probed in production of a Standard Model Higgs
boson of My ~ 10 GeV at the LHC at central rapidity are z; 5 ~ Mg /y/s ~ 1072, which
is exactly the region where their transverse distribution will be measured in exclusive
processes at COMPASS.

11



The transverse spatial distribution of partons measured in exclusive ep/up scatter-
ing is an essential ingredient in studies of the regime of high parton densities in high-energy
QCD (“saturation”) at RHIC, LHC and a future ep/eA collider [29]. The transverse dis-
tribution of quarks and gluons at x > 0.01 defines the initial conditions for the non-linear
QCD evolution equations [30H32] describing the approach to the saturation regime [33],134].
We note that the transverse profile of partons in the nucleon also figures in the estimates
of the nuclear enhancement of the saturation scale [35], which determines the region of
applicability of these concepts in AA collisions at RHIC and LHC. The dynamically gen-
erated saturation scale Qg is proportional to the density of small-z gluons in transverse
area, and thus directly sensitive to the spatial distribution of colour charges in the initial
condition at larger x. Present studies of saturation in the QCD dipole model [36], 37] rely
on the limited data from exclusive .J/v production at HERA [38, [39] for information on
the transverse distribution of partons at x < 0.01. Measurements of exclusive processes
with CoMPASS would map the spatial distribution of partons in the unknown region
x > 0.01, and separate the distributions of gluons and singlet quarks by comparing .J/v
and v production (DVCS), and thus provide new information about the initial conditions
for small-x evolution.

1.2 Kinematics and observables
1.2.1 Kinematic domains

The CoMPASS apparatus is located at the unique CERN SPS M2 beam line that is
able to deliver high-energy (50-280 GeV) and highly-polarised u* particles. It consists of
a high-resolution forward spectrometer and an unpolarised, longitudinally or transversely
polarised target. By installing a recoil proton detector around a liquid hydrogen target
to ensure exclusivity of the DVCS and DVMP events, COMPASS would become a facility
measuring exclusive reactions within a kinematic subspace ranging from xzg ~ 0.01 to
about 0.1, which cannot be explored by any other existing or planned facility in the near
future (Fig.[3). ComPAss would thus explore the uncharted 5 domain between the HERA
collider experiments H1 and ZEUS and the fixed-target experiments as HERMES and the
planned 11 GeV extension of the JLAB accelerator [13].

1.2.2 Deeply virtual Compton scattering

Deeply Virtual Compton Scattering has the same final state as the competing
Bethe—Heitler (BH) process, which is elastic lepton—nucleon scattering with a hard photon
emitted by either the incoming or outgoing lepton. The differential cross section for hard
exclusive muoproduction of real photons off an unpolarised proton target can be written

adl]

d*o(up — ppy) _ s

doPVCes 4 p doPVes Rel+ P, Im I 4
dzpdQ?d|t|d¢  (douper” + Pudoyol %) + e (Re I+ BIm D), (4)

unpol pol

where P, is the polarisation and e, the charge in units of the elementary charge, of the
polarised muon beam. The interference term [ arises as the DVCS and BH processes
interfere on the level of amplitudes. A characteristic feature of this cross section is its
dependence on ¢, the azimuthal angle between lepton scattering plane and photon pro-
duction plane (Fig. . Its integration over ¢ and an analysis of its angular dependence

in ¢, respectively, allows us to study the xp dependence of the DVCS cross section ﬁ

d*o(up—ppy)

1) For simplicity do is used in the following instead of T pdQTdfds
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Figure 3: Kinematic domains for measurements of hard exclusive processes shown for the
CoMmPASS (green area enclosed by the lines y = 0.9 and y = 0.05), HERMES and JLAB
fixed-target experiments and the HERA collider experiments H1 and ZEUS. COMPASS will
explore the uncharted territory in between the collider region and that of the lower-energy
fixed-target HERMES and JLAB experiments.

Figure 4: Azimuthal angle between lepton scattering plane (yellow, left) and photon pro-
duction plane (blue, right) in exclusive single-photon production, up — ppy. When both
planes coincide, the virtual photon defines two half-planes. For ¢ = 0, the real photon is
emitted in the same half-plane as the two muons.
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Figure 5: Monte Carlo simulation of the exclusive process utp — p/'tpy for Q> > 1 GeV?,
showing the ¢ angle distribution for three bins in zp: 0.005 < xp < 0.01 (left), 0.01 <
rp < 0.03 (middle) and 0.03 < zp (right). The event yield shown is normalised to
the integrated luminosity of the 2009 DVCS test run, as described in Sect. [1.5] It is
based on the acceptance of the presently existing COMPASS set-up, ¢.e., using the existing
calorimeters ECAL1 and ECAL2 (for more details see Sect. [1.3)).

at a given Q? and to isolate specific contributions that are sensitive to different linear
combinations of quark GPDs as explained in the following.

The relative abundance of the BH and DVCS processes varies strongly over the
Cowmpass kinematic domain, as can be seen from Fig. [5] In the lower-z  region, the almost
pure BH event sample is an excellent reference yield allowing precise monitoring of the
global efficiency of the apparatus, as the BH amplitude is well known (it relies only on the
knowledge of elastic nucleon form factors). The practically negligible contribution of the
DVCS process in this region is “amplified” by the BH process, leading to a non-negligible
contribution of the interference term, which grows with increasing xg. Only in the highest
accessible g region, DVCS events are produced at almost the same rate as BH events. In
spite of the DVCS-over-BH yield ratio being small in most of the CoOMPASS kinematics, the
study of the interference term through measurements of azimuthal dependencies of cross
section differences and asymmetries will allow us to constrain various linear combinations
of quark GPDs. When, in an alternative approach, the ¢ dependence is integrated over,
measuring the g dependence of the ¢ slope of the cross section over the full experimentally
accessible xg range will allow us to draw conclusions on the tomographic partonic image
of the nucleon. Both cases are described in more detail below and in Sect. [[.3

Compass is presently the only facility that operates polarised leptons of either
charge, namely polarised p* and = beams. The natural polarisation of the muon beam
produced from pion decay changes sign when the beam charge is reversed, i.e. u* and
1~ beams are polarised along opposite directions. As the BH process is independent of
beam charge and polarisation, its contribution is removed when subtracting the yields
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from two separate measurements performed using different beam charges. Hence with the
same apparatus the COMPASS experiment can perform separate measurements for the

two beam charge/polarisation states s and —, different combinations of which allow us
to calculate various observables:

(1)

(1a)

(1b)

The beam charge & spin sum of cross sections

Scsv = do™ +do— = 2(de®" + doly S + e, PIm ), (5)

contains both the mostly dominant BH contribution and the unpolarised DVCS
contribution. The subscript C'S indicates that both lepton charge and lepton spin
are reversed simultaneously when changing from p* to p~, while U denotes the
unpolarised target.
The DVCS process is considered to be the theoretically cleanest of the experimen-
tally accessible hard exclusive processes because effects of next-to-leading order
and subleading twist are under theoretical control. Its amplitude can be expanded
in 1/@Q beyond leading twist-2 including all twist-3 contributions [40], leading to

F(I‘B, Q2, t)
P1(0)P2(9)

6
+ 2 2€Q2 (c(?VCS + {C?Vcs cos ¢ + c2V cos 2q§}>
Y
b

+ 26“P“I3y3t731(¢)772(¢) (3{ sin ¢ + {sg sin 2¢}>

Scsy = 2 (coBH + P cos ¢ + P cos 2¢> (6)

Here, P1(¢) and Pa(¢) represent the well known ¢-dependence of the BH lepton
propagators. The coefficients ¢ are calculable in QED. The coefficients ¢2V¢S
and s! are related to certain combinations of Compton Form Factors (CFFs). A
CFF F is a sum over flavours f, of convolutions of the respective GPDs Ff with a
perturbatively calculable kernel describing the hard v*q interaction. Note that each
contribution in Eq. (6) and Eq. shown between a pair of braces corresponds
to higher-twist or higher-order effects.

When, on the one hand, the azimuthal dependence of S¢g 1 is integrated over, one
gets rid of the complete interference term and also of the ¢-dependent terms of
the DVCS contribution. Thus the DVCS leading twist-2 quantity ¢’V“ can be
isolated.

The t slope of the DVCS cross section

can be determined from this quantity as a function of x g, which leads to conclusions
on the dependence of the transverse size of the nucleon on the fraction of nucleon
momentum carried by the struck parton (“nucleon tomography”).

When, on the other hand, the azimuthal dependence of the sum or difference of
measurements with different beam charge and/or polarisation is analysed, it is
possible to select only the real or only the imaginary part of the complex DVCS
amplitude.

The analysis of the azimuthal angular dependence

of the beam charge & spin sum Scgp will provide the coefficients cbves

. and
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(2)

(3)

s from which constraints on GPDs can be derived. As an example, the leading

(twist-2) contribution s! is related to the imaginary part of a combination of CFFs

S{O(Im (F1H+§(F1+F2)7-{— 4M2F25> . (7)

In the kinematics of COMPASS (and even HERMES), the kinematic factors in front

of H and & are small, so that the contribution of H is dominant and therefore
sl oc Im (FyH). In leading order a;, (LO), Im H gives direct access to the GPD H
at particular kinematic conditions

Im H(E,6,Q%) 2 m Y ed (HI(6,6,1,Q%) F H (—£,6,1.Q%) 8)
f

which allows one to constrain parametric models for the GPD H/ in the subspace
(x = &,t) at a given Q2.

The beam charge & spin difference of cross sections

Desp = do™ —do~ = 2(P,doly) % + e,Re I), (9)

in which the BH contribution cancels, requires a precise control at the percent

level, of the overall incoming ,u‘i and p~ fluxes and of the corresponding detection
efficiencies for exclusive photon production. Here, the azimuthal expansion of the
cross section (Eq. (4))) yields

Desy = 2P, 2Q2 ({SDVCS sin ¢}> (10)
el

PP (0)Pa(9)

The analysis of the azimuthal angular dependence of D¢g iy will provide the leading
(twist-2) contributions ¢} and ¢, which are directly related to the real part of same
combination of Compton form factors as in Eq. ([7))

+ <Cé+c{cosgb+ {c} COSQ¢+C§COS3¢}>.

c{ocRe (F1H+§(F1+F2)ﬁ—4M2F28> . (11)

Again, as in Eq. (7)), the contribution of  is dominant and therefore ¢! o Re (Fy'H).
In leading order a,, Re (F1'H) is given by a convolution of the GPD H with a kernel
describing the hard photon interaction

reren ) 0[P [ wwenen (Aer )] 02

7 x—& x+¢

where P denotes Cauchy’s principal value. We note that also ¢} o Re (Fy'H).

The beam charge & spin asymmetry of cross sections

dO’i — dO'; o DCS,U
do* +do—  Scsu’

AC’S,U = (13)



(4)

where all the above mentioned quantities are involved, is i) easier to measure than
the difference as certain systematics cancel and ii) expected to be (at least partially)
less sensitive to theoretical corrections while it is less straightforward to interpret

(see explanations for Fig. [0 in Sect. [1.3.2)).

Transverse-target beam charge & spin difference, sum and asymmetry
require measurements of muoproduction of real photons off a transversely polarised
proton target (denoted by the subscript 7' below). In this case, there appears
an additional azimuthal dependence, namely on the azimuthal angle ¢g of the
transverse target spin vector relative to the lepton scattering plane. The single-
photon cross section can be decomposed as

do(¢, ¢s) = doy (@) + Srdor(s, ¢s), (14)

where doy is the cross section for the unpolarised target and St is the value of the
transverse target polarisation.

As both beam and target are polarised, the transverse beam charge & spin differ-
ence is defined as a double difference, namely between differences of cross sections
with the two opposite target spin orientations denoted by ¢g and ¢g + 7

Dosr = (407 (6,65) —do™ (6,65 + 7)) = (do™(6,65) = do™ (9,95 +) ). (15)

Correspondingly, the transverse beam charge & spin sum is given by

Sosr = (o™ (8, 85) = o™ (8, 65 +m)) + (Ao~ (6, 65) = do~ (¢, és +) ). (16)

The lepton-charge-average unpolarised cross section reads

Sunpol (17)
[(dai(qb, bs) + dU:(Q os + 7T)> + (dU;(Q ¢s) +do (¢, ¢s + W))

+ (do™(=6,65) +do™ (6,65 +m)) + (Ao~ (=6, 65) + do~ (~, 05 + )]

so that two asymmetries can be measured

T+ N | =

D, S
’ Eunpol ’ Zun;ool

As an example we give here the azimuthal expansion for the transverse beam charge
& spin difference

Desr = sin(¢ — ¢g)

6
€ I

X < 2e, TP () Pa(0) (o +cip cosd+ {chp cos2¢ + ciy cos3g})

6 . F aQ27 t .
+2P, ( ijQ {S{)T‘_/,_CS sing} + % sBsin2¢) >
+ cos(¢ — os)

66

% ( 2¢u 2ByPtPL(0)Pa(d

6
+ 2P, ( ¢ ( CETZCS + {C?Txics COS gb})

) ( s{ﬂ sin ¢ + {Sgﬂ sin 2¢ + 3§T+ sin 3¢})

y2Q?
['(zp, Q, t) ¢BH | BH ¢
P1<¢)P2(¢) ( oT =+ 1T (b ) ) ) (19)
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The analysis of the azimuthal angular dependence of Degr will provide the (lead-
I

ing) twist-2 contribution ¢j; which gets contributions from both £ and H on the
same level

t 11—z
I B
x ——Im | (2 — FE -4

ar 402 ( )i 2—1xp

M| . (20)

At leading twist, the dominant coefficients in the azimuthal expansion, see Eqs.
and , are related to Compton form factors that involve the quark GPDs E“
unsuppressed relative to the GPDs H/. This is in contrast to the case of an un-
polarised target, see Eqs. and , where the sensitivity to the GPD E/ was
seen to be strongly reduced. It demonstrates the particular usefulness of (possible
later) measurements of muoproduction of real photons off a transversely polarised
proton target.
The attainable sensitivity to E* and E¢ was recently studied by HERMES [41] comparing
data taken with a transversely polarised proton target to GPD-model-dependent predic-
tions where E* and E? were parametrised in a model-dependent way as functions of the
quark total angular momenta J* and J?, respectively.

1.2.3 Deeply virtual meson production

In DVMP, collinear factorisation was rigorously proven in the limit Q? — oo for
amplitudes with longitudinal polarisation of the virtual photon [4],[42]. Applying it to data
taken at moderate values of Q% may not completely be justified, however. Moreover, re-
cent data on the 7y transition form factor from BABAR [43] have cast serious doubts onto
the collinear factorisation as such [44]. For amplitudes with transverse virtual-photon po-
larisation, collinear factorisation does not hold because of infrared singularities. Although
there is no rigorous proof of &k, factorisation [45-48], it is perhaps an alternative appli-
cable for moderate values of Q% as it provides power corrections and also allows one to
compute the amplitudes for transverse photon polarisation.

In vector meson production (p, ¢, w, ...), the longitudinal component can be
isolated from the transverse one by using the self-analysing decay of the vector meson,
under the assumption of s-channel helicity conservation which was found experimentally
to be valid at the 10% level. We note that the production of p, w, ¢ vector mesons is
already under investigation at COMPASS.

Only the GPDs H/ and E’ are needed to describe the exclusive production of
longitudinally polarised vector mesons (p%i, wr, ¢r, ... ). In the description of exclusive
production of pseudo-scalar mesons (7%%, 5, ...) produced by longitudinally polarised
virtual photons, only the GPDs H’ and E7 are involved but here no straightforward
practical way is known to separate the transverse contribution.

Different vector mesons are described by different combinations of GPDs, for ex-
ample

1 (2 1 3 1 /2 1 1
Hy = —=(-H"+-H'+-HY), H,=—=(-H"—-H"+_-HY),
V2 \3 3 8 V2 \3 3 8
1 1
Hy = —-H*—-H".
3 8

Hard exclusive vector meson production can be considered complementary to DVCS as it
provides access to various other combinations of GPDs. Note that in DVMP there exists
no interference term and the corresponding CFF's appear in bilinear combinations as, e.g.
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HH*. In contrast to DVCS, where gluon contributions enter only beyond leading order
in ag, in DVMP both quark and gluon GPDs contribute at the same order, so that by
combining the results for various mesons even conclusions on HY may be extracted. It is
foreseen to measure cross sections for a large set of mesons (m, 1, p, w, ¢, J/1, ... ), which
are all sensitive to different combinations of quark and gluon GPDs. This rich data set
will make model-dependent determinations of a variety of GPDs possible. In parallel, the
xp dependence of the t slope will be determined for the meson production cross sections,
which will complement the information on the transverse size of the nucleon as obtained
from DVCS data.

It has been shown that the “transverse target spin asymmetry” measured in vector
meson production on a transversely polarised target is sensitive to the GPDs E/ [49]. A
first measurement of this observable in hard exclusive p° electroproduction by HERMES
shows insufficient precision to draw clear conclusions [50]. Such measurements are foreseen
for the envisaged extension of the GPD programme using a transversely polarised target.

1.3 Simulations and projections

In order to calculate projected statistical accuracies for the proposed measurements,
the following parameters and assumptions were used:

— a polarised muon beam with an energy of 160 GeV,

— a 48 s SPS period with a 9.6 s spill duration (flat top),

— a T beam intensity of 4.6 x 108 muons per spill,

— a three times lower intensity for the ;= beam,

— a new liquid hydrogen target of 2.5 m length (Sect. [6.1)), yielding a luminosity of
about 1032 cm~2s7! for the u* beam,

— a new Recoil Proton Detector (RPD) surrounding the target (Sect. [6.2)),

— an as continuous as possible polar and azimuthal photon detection coverage pro-
vided by the two existing electromagnetic calorimeters ECAL1 and ECAL2 (Sect. ,

— a new large-angle calorimeter ECALOQ (Sect. ,

— an overall “global” efficiency of €gope; = 0.1 including detection, tracking and re-
construction of events comprising an incoming and scattered muon, a high-energy
photon and a recoiling proton within the RPD acceptance as well as beam and
spectrometer availabilities (Sect. [1.4),

— a running time of 280 days (70 days with p™ and 210 days with x~, in order to
have as close as possible integrated luminosities for both data sets).

The acceptance for exclusive single-photon production is determined using the standard
ComPAss program for reconstructing the simulated DVCS and BH events. Hard exclusive
single-photon production, i.e. the interfering Bethe—Heitler and DVCS processes, is sim-
ulated employing two separate codes using two generators for the DVCS amplitude: one
is based on the VGG model [51] and the other one on the Frankfurt—Freund-Strikman
(FFS) model, which was modified for the proposed experiment [52].

The conditions listed above will allow for an accumulation of at least 300 DVCS
events for those bins, in which the number of DVCS events reaches at least 10% of the
number of BH events and for which Q? < 8 GeV?, as shown in Table . Such statistics are
sufficient to perform a 2-dimensional analysis of the t-slope measurement with 6 bins in ¢
and 5 bins in ¢ (Sect. . It is worth noting that an increase in the number of muons
per spill by a factor of 4 would extend the range in Q% up to about 16 GeV2.
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Table 1: Number of BH/DVCS events in 6 x 4 bins in 25 and Q? for 0.05 <y = E../E, <
0.9 projected for 280 days (70 days with u* and 210 days with ) with a global efficiency
of 0.1 and using ECALO, ECAL1 and ECAL2. The numbers of DVCS events are obtained
using the VGG model. The modified FFS model yields numbers of DVCS events smaller
by a factor 0.7. The geometrical acceptance for single-photon detection is indicated for
each bin between parentheses. Bins containing at least 300 DVCS events, which also have

to represent not less than 10% of the number of BH events, are marked by an asterisk.

Q) [0005<as | 001<zp | 0.02<zp | 003<zp | 0.07<zp | 013 < 2p
GeV? <0.01 <0.02 <0.03 <0.07 <0.13 <027
8< Q2 - - - 3280 /51 | 1032 /84 | 190 / 120
<16 (0.88) (0.91) (0.93)
1<Q? - 2512 /18 | 4176 /78 | 2371 /309" | 269 / 347* | 66 / 501°
<8 (0.86) (0.87) (0.90) (0.94) (0.94)
2< Q7 || 6577 /36 | 15258 / 368 | 1848 / 374" | 1050 / 1257 | 153 / 1466* | 20 / 933*
<4 (0.86) (0.86) (0.90) (0.93) (0.94) (0.97)
1< Q7 || 44749 / 627 | 7684 / 1338* | 1187 / 1270° | 771 / 4420° | 68 / 2000* -

<2 (0.86) (0.86) (0.90) (0.93) (0.94) -

The acceptance for single-photon detection is seen to be always larger than 86%.
It has to be noted that without ECALO the acceptance is smaller by a factor of two in
the bin 0.07 < zp < 0.13 and by a factor of seven in the bin 0.13 < xp < 0.27.

The choice of 160 GeV for the muon beam energy bears the advantage that there
will be a sufficiently large number of (zg,@?) bins where the DVCS contribution domi-
nates over the BH one. The price to pay is the relatively low intensity of the u~ beam at
this energy.

At a later date, measurements are envisaged using a transversely polarised NHj
target (Sect. which are planned to be described in more detail in an addendum to
this proposal.

1.3.1 The t-slope of the DVCS cross section

For the parametrisation of the zp dependence of the t-slope parameter B(zpg)
introduced in Sect. 1.1} the simple ansatz B(zp) = By + 20’ log(72) is sufficient when
disregarding the case xp — 1 that is of no interest here. In this parametrisation, the
xp-slope o is a measure for the decrease in nucleon size with increasing x .

The COMPASS xp region is uncharted territory also for the ¢-slope parameter
B(zp). Data on B(zp) exist only for smaller x5 values, namely for the HERA collider
range 107* < x5 < 1072 [18, K3, 54]. Above the COMPASS zp range, in the valence re-
gion, no experimental determinations of B(xp) exist. The only information comes from
fits adjusted to form factor data which give o/ ~ 1 GeV~? [55, 56]. In this situation, the
values By = 5.83 GeV 2, o/ = 0.125 GeV 2 and z, = 0.0012 are chosen for the simulation
of a t-slope measurement inspired by the HERA data.

In Figure [6] are shown the projected statistical and systematic uncertainties for a
measurement of the xp dependence of the t-slope parameter B(zp) for the range 1 <
Q* < 8 GeV2 As B(xp) is obtained from the ¢-integrated beam charge & spin sum
(Eq. (B])) after BH subtraction, it constitutes a direct measurement of the DVCS cross
section. The statistical error in a (zg, @Q?) bin is given by /Npg + Npycos/Npves where
Npg and Npycg are the numbers of BH and DVCS events collected in this bin (Table .
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Figure 6: Projections for measuring the zp dependence of the t-slope parameter B(xp)
of the DVCS cross section, calculated for 1 < Q* < 8 GeV?2. For comparison some HERA
results with similar (Q?) are shown [I8] 53, 54], for which the horizontal dashed lines
indicate their g range. The left vertical bar on each data point indicates the statistical
error only while the right one includes also the quadratically added systematic uncertainty,
using only ECAL1 and ECAL2 (first row) and also ECALO (second row). Two different
parametrisations are shown using o/ = 0.125 GeV~2 and 0.26 GeV 2.

For this purpose, only those bins indicated by an asterisk in Table [1| are used for which
Npveos > 0.1 x Npg is satisfied.

The dominant systematic uncertainty of the resulting DVCS contribution arises
from the subtraction of the BH contribution. The BH contribution dominates the one
of DVCS over a wide range in xp and Q% In this region, the BH yield is obtained
from the calculated BH cross section, taking into account radiative corrections, lumi-
nosity and detection efficiencies. Up to now, we assume that this BH yield will be known
within 3%. It turns out that in such a case the resulting systematic uncertainty, which
is 0.03 x Ny /Npycs, is of relevance only for the first selected point in zp for each Q?
domain where the BH contribution is more than twice as large as the DVCS contribution.
When extrapolating the BH yield into the kinematic region where it has to be used for
subtraction, an additional uncertainty can originate from possible kinematic-dependent
detector efficiencies.

As the DVCS cross section dominates the one of the BH process at larger values
of xp (Fig. [f), the accuracy of the ¢-slope measurement profits considerably from the
additional acceptance of a possible new large-angle calorimeter ECALQ. This becomes
evident when comparing the two sets of points in Fig. [6] which describe the projected
total uncertainties without and with ECALO.
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Figure 7: Projected statistical accuracy for a measurement of the ¢ dependence of the
beam charge & spin asymmetry. As an example, the 2-dimensional bin 0.03 < xg < 0.07
and 1 < Q? < 4 GeV? is shown. Predictions are calculated using the VGG model [51].
The black (solid) and blue (dash-dotted) curves correspond to two different variants of
the VGG model (see text). The green curves show predictions based on the first fit of
world data [21] including JLAB HALL A (dashed line) or not (dotted line).

Altogether, the measurement of the ¢-integrated beam charge & spin sum in DVCS
will lead to a model-independent determination of the ¢-slope parameter (B(zp)) with a
total accuracy of better than 0.1 GeV~2, when averaged over the COMPASS z p range. The
measurement of its xp dependence allows a direct determination of the x g slope o/ with a
total accuracy better than 2.5 sigma in the total projected uncertainty, should o/ possess
a value above 0.26 GeV~2 and only the existing calorimeters ECAL2 and ECALI be
used. With a new ECALO detector (Sect.[7.2), a 2.5-sigma determination of o is already
possible when its value is above 0.125 GeV~2. A visualisation of these two scenarios is
also given in Fig. [6] In any case, new and significant information will be obtained in this
uncharted xp region, further elucidating the issue of “nucleon tomography” as it was

described in Sect. [LL1]

1.3.2 Beam charge & spin asymmetry and difference

In Figures[7and [§] the projected statistical accuracies are shown for a measurement
of the azimuthal dependence of the beam charge & spin asymmetry Acsp (Eq. ) and
difference Degp (Eq. @) in a particular (zg,Q?) bin, calculated using the VGG GPD
model [51] that is meant to be applicable mostly in the valence region. Two choices exist for
the (z,t) dependence of GPDs, either factorised or reggeised’, the latter corresponding to
o' =~ 0.8 GeV 2. Recent evidence from phenomenology (see, e.g. Ref. [55]) and experiment
(see, e.g. Ref. [41]) indicates that the factorised ansatz is disfavoured. This favours larger
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Figure 8: Projected statistical accuracy for a measurement of the ¢ dependence of the
beam charge & spin difference. For further explanations see caption of Fig. [7]

values of the beam charge & spin asymmetry (and difference), as can be seen by comparing
the two VGG curves in the figures.

The statistics expected from the proposed two years of running with an unpolarised
LH target will permit us to study a 2-dimensional dependence with, e.g. 6 bins in xpg
combined with 6 bins in ¢ or with 4 bins in Q2. This choice is driven by the requirement
to have enough statistics in each of the about 10 ¢ bins for a stable fit of the azimuthal
dependence. In Figure [9] is shown the projected statistical accuracy for a measurement
of the 2-dimensional (xp,t) dependence of the cos ¢ azimuthal modulation of the beam
charge & spin asymmetry, leaning towards the analysis and interpretation techniques
developed for azimuthal asymmetries at HERMES and described, e.g. in Ref. [41]. The
asymmetry amplitude Ag’;% is related through the coefficient ¢! to the real part of the
CFF H (Eq. (11))). Such data will provide strong constraints for reliable future GPD
models that must be able to simultaneously and consistently describe the full range in
xp. Presently, no such model exists.

A recent theoretical development exploits dispersion relations for Compton form
factors. In this context, a fitting procedure including next-to-next-to-leading order (NNLO)
corrections was developed and successfully applied to describe DVCS observables at very
small values of zp, which are typical for the HERA collider [57]. This technique was very
recently extended [21] to include DVCS data from HERMES and JLAB (CLAS and HALL
A), the fit yielding the xp-dependence of xH (z,x,t) which was then used to predict the
¢-dependence of Acg shown as additional curves in Figs. and |§] (with and without
the impact of the JLAB HALL A data). The asymmetry amplitude ACCO;% is related via
the coefficient ¢! to the real part of the CFF H (Eq. ) This real part was found pos-
itive at HERA and negative at HERMES and JLAB. The kinematic domain of COMPASS,
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Figure 9: Projected statistical accuracy for the amplitude of the cos ¢ modulation of the
beam charge & spin asymmetry using ECAL24+ECAL14+ECALQ. Projections calculated
with the reggeised variant of the VGG model are shown for the ¢ dependence in each of
the six xzp bins. The blue triangles at large x5 show recent HERMES results [58]. The
curves show the latest predictions based on the first fit on world data [21] including JLAB
HALL A (solid line) or not (dotted line).

in particular the region 0.005 < zp < 0.03 (see the 3 first panels of Fig. E[), is expected to
allow the determination of the x g position of the node of this function, which is important
input for the fitting procedure.

The quantification of the systematic errors for the beam charge & spin difference
(Eq. (9)) is a major issue. This difference of cross sections is calculated as

Nt ON-
Fret  Fe

Desy =

where N* and N~ are the number of events recorded using p+ and g~ beams, F'™ and
F~ are the corresponding integrated luminosities, and €™ and e~ are the factors taking
into account acceptance and efficiencies for the two beam charges. The ™ and p~ mea-
surements will be done successively by changing as often as possible from one setting to
the other. The quantities F* and F~ will have to be kept as close as possible to one
another (F'* ~ F~), which means that the duration of a u~ measurement will be about
three times the duration of a u™ measurement in order to compensate for the different
maximum beam intensities available.

When calculating the systematic errors on D¢ one can distinguish between the
normalisation factors which are independent of the beam charge and those which depend
on it, the latter having more impact on the systematics than the former. For this purpose
we consider the factor at(™) = F+(5)et(2) and decompose the systematic errors on a*t
and a~ into i) an error common to a™ and a~, denoted as charge-independent error Aa,;,
and ii) an error which affects only the difference, denoted as charge-dependent error Aa.y
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(ADyye)* = (—=D)* + (—=8)"

ACLCZ‘
a
For simplicity, in this section the notation D is used for Degsy and S for Scgp. The
relative contributions of |BH|?, |[DVCS|? and interference terms were shown in Fig. [5|
Figures and [11] show for 12 bins in (zp, Q%) the ¢ variation of the sum S and the
difference D of the hard-exclusive single-photon cross section. It becomes apparent that
the ratio of D over S varies from below the percent level to values close to unity, so that

for small values the determination of D becomes more difficult.

The pu* and the p~ data are recorded during separate data taking periods, with
different beam intensities and different beam line and spectrometer settings (all mag-
netic fields are reversed). Presently, there is no information on the magnitude of the
charge-dependent error Aa.q. We therefore chose to estimate what we consider a tol-
erable level and define the specifications required to achieve this goal. For the pro-
posed running time and for most of the bins in (zp, Q% ¢), the statistical accuracy
ADyt = 1/v/Npy + Npyes X S is always above 3% x S. We therefore assume a value
of 3% for the relative accuracy % of the charge-dependent term, which results in the
systematic error ADy,; = AZCdS shown as the grey bands in Fig. . Except for small ¢
angles and this only in two (x5, Q?) bins, the charge-dependent systematic error does not
exceed the statistical one.

An illustration of the present understanding of systematic errors from existing data
on absolute SIDIS cross sections is shown in Table 2l The table lists the different correc-
tions with the corresponding errors which need to be applied to calculate the cross sections
for semi-inclusive high py hadron muo-production at ComMpPAss. Concerning acceptance
corrections, a present estimate for the muon detection (Source 7) gives a correction of
5-7%. Assuming a similar number for photon detection we expect for both a correction
of 7-10%. The quoted error of 50% is conservative.

Putting aside the acceptance correction, which is still preliminary and should not
depend on beam charge, the resulting systematics would reach a maximum of ~ 7%,
assuming it is similar for data taking in the GPD programme. Note that the dominant
contributions are Source 2 and 4 (Table . It is presently not possible to evaluate which
fraction of this systematics is beam-charge dependent. Therefore, an obvious goal is to
have this fraction equal (or less) to the 3% assumed for the charge dependent systematic
error %.

In addition to a precise monitoring of the above mentioned corrections, the follow-
ing quantities will need to be precisely controlled

— the beam position when using p+ or = beams,

— the symmetry of the two COMPASS spectrometer magnets with the two polarities,

— the Moller electron contamination which affect different parts of the detectors for
the two beam charges.

1.3.3 The t-slope of the p' cross section

Data on the exclusive production of vector mesons (p, @, . .. ), which will be recorded
simultaneously to the DVCS measurements, will be used to determine the corresponding
cross sections and t-slope parameters B(xp). As an example, we show here projections for
the p° vector meson. The simulations are based on a model developed for CoMPAss [60]
where the Q? and v dependencies are taken from the parametrisation of NMC data [61]
and the absolute normalisation is done according to predictions of Ref. [49]. The statistical
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Figure 10: Simulated results for the sum S (solid line), based on the reggeised variant
of the VGG model, shown for 12 bins in (zp,Q?). The error bars show the projected
statistical errors.

Table 2: The corrections and corresponding errors affecting absolute SIDIS cross sections.

Source Correction (relative error) Resulting systematics
1 Missing events

(errors in data processing) <10% (3%) <0.3%
2 Detector instabilities

(not full diagnostics) 5%
3 DAQ dead time 10% (4%) 0.4%
4 Beam Flux determination 20% (25%) 5%
5 Veto dead time

needs precise spill structure 20% (5-10%) 1-2%
6 Radiative corrections 10-20% (10%) 1-2%
7 Acceptance/Efficiency 7-10% (<50%) <3-5%
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3% for the charge-dependent errors (see text).

accuracy expected for 280 days (70 days with ™ and 210 days with x~)at 160 GeV muon
beam energy is shown in Fig. [12| for the x5 and Q? bins given in Table . The data from
ZEUs [59], which cover a lower x g range, are shown for comparison. The only existing data
in the COMPASS range are those from NMC, although with significantly lower precision.
The t-slope parameter B(zp) measured at HERA was found to decrease with increasing Q*
from B(xp) ~ 8 GeV 2 at Q% ~ 1 GeV? to B(zp) ~ 5.5 GeV 2 at Q? larger than 10 GeV?.
The present simulation was performed assuming B(zg) = 8 GeV™~?; a smaller value would
decrease the error bars. It can be seen that the future DVMP data from CoMPASS will
cover a xg range which is slightly shifted to lower values as compared to the DVCS data
shown in Fig. [0l At xp above 0.1, the statistics are reduced by the acceptance of the
first spectrometer magnet SM1 and the central hole of the ECALO calorimeter. Data
on exclusive production of heavier mesons, like ¢, are expected to provide additional
measurements of B(xpg) in a similar kinematic range. The virtue of other mesons is to
enhance the capability of disentangling not only different flavours, but also valence, sea
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Table 3: Number of DVMP events for p production, shown for 6 x 4 bins in zp and Q?
for 0.05 <y = E,-/E, < 0.9, using a global efficiency of 0.1 and the COMPASS set-
up comprising the new large-angle calorimeter ECALO with small central hole, located
directly behind the RPD. The acceptance for p detection is indicated for each bin between

parentheses.
QZ/ 0005<zp 001 <z |002<z|003<zp|007T<zp|0.13<zp
GeV? < 0.01 < 0.02 < 0.03 < 0.07 <0.13 < 0.27
8 < Q? - - - 538 569 103
<20 (0.87) (0.69) (0.10)
4 < QQ - 303 1140 3224 716 11
<3 (0.83) (0.86) (0.80) (0.21) (0.003)
2 < @Q? 1138 8427 6491 8148 308 0
<4 (0.82) (0.86) (0.86) (0.45) (0.02) (0.00)
1< Q? 31186 42496 18897 8763 38 -
<2 (0.84) (0.84) (0.57) (0.11) (0.002) -
|
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8- o o 0@
- A 4 T e
i 200N A | |
6 : A 4‘* """" 4* +
4 COMPASS 280 days at 160 GeV
i A ZEUS <Q*> =3.5GeV? ®<Q*> =1.4GeV?
B ZEUS <Q*> =11GeV? B<Q’> =26GeV’
2 A<Q’> =5GeV?
i Y <Q*> =10 GeV?
0 i | | ‘ | I ‘ | L1 1 | ‘
10 107 1072 107"

Xs

Figure 12: Projections for measuring the xp dependence of the ¢-slope parameter B(xp)
in p° vector meson production, calculated for 1 < @? < 20 GeV? and compared to ZEUS
results with similar (Q?) [59]. Only statistical uncertainties are shown.
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and gluons. In particular, for ¢ only sea and gluons contribute, whereas for p valence
quarks have also to be taken into account, as explained in Sect. [1.2.3]

1.3.4 Transverse target spin asymmetries

Measurements of transverse target spin asymmetries for the proton are foreseen at
a later stage. In this section, we present the corresponding projected statistical accuracies
for the DVCS process in order to illustrate the potential of such measurements. The
target will consist of transversely polarised ammonia, similar to the one used presently at
CoMPASS, with the density of the material in the target cells equal to 0.5 g/cm3, the total
length of the target cells equal to 120 cm and a diameter of up to 4 cm [62]. The target
cells will be surrounded by a recoil proton detector (RPD) of a length that matches the
length of the target. The present polarised target set-up based on the combination of two
superconducting magnets, i) a 2.5 T large-diameter highly uniform solenoid and ii) a 0.6 T
transverse dipole, leaves no space for a RPD of similar structure as the one foreseen for the
measurements with a 2.5 m length liquid hydrogen target, as described in Sect. Two
hypothetical configurations are therefore considered here for polarised target and RPD. In
configuration 1, a simplified and more compact version of an RPD could be installed inside
the solenoid of the existing COMPASS polarised target. In configuration 2, an RPD similar
to the new one but of shorter length would be used which necessitates a new technology
for the polarised target magnet(s). Possible solutions to integrate a transversely polarised
target into a complete RPD are under discussion [63]. They involve the construction of
thin superconducting coils needed to perform the dynamic nuclear polarisation and to
hold the transverse polarisation. Their structure would have to be compatible with that
of the cryogenic and microwave equipments. We note that configuration 1 will most likely
not provide the necessary resolution in recoil proton momentum P and consequently in
momentum transfer ¢ required for such measurements. Therefore it is very important to
soon initiate R&D activities for configuration 2 of polarised target and RPD.

In a later analysis of data on hard-exclusive single-photon production on a transversely-
polarised target, the transverse spin-dependent part of the DVCS cross section will be
obtained by calculating the difference of cross sections with opposite values of ¢, the
azimuthal angle between lepton scattering plane and target spin vector, i.e., with two
opposite orientations of the transverse target spin vector. In order to minimise systematic
effects the different target cells will have to be polarised in opposite directions and their
polarisation will be reversed periodically using the method of dynamic nuclear polarisa-
tion, as it was done at COMPASS in the past.

In order to disentangle the contributions of the [DVCS|? and the interference terms,
which have the same azimuthal dependence, data with both p* and p~ beams will have
to be taken and the difference and sum of pu* and p~ cross sections will be calculated
which permits to separate these contributions. The asymmetries for the difference and the
sum of p* and p~ transverse spin-dependent cross sections, Afgy and A2 (Egs.
to (18)), will be analysed separately.

Simulations were performed assuming the polarised ammonia target as described
in Ref. [62], in order to estimate the expected statistical accuracy of transverse target spin
asymmetries. The spectrometer set-up, parameters and fluxes of u* and p~ beams, as well
as the global efficiency were assumed to be the same as described earlier in this section.
The fraction of all protons in the target, both polarised and unpolarised, was estimated to
be equal to 0.57 and the dilution factor (fraction of polarised protons to all protons) equal
to 0.26. The value assumed for the target polarisation was 0.9. Simulations were performed
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Figure 13: Expected statistical accuracy of Ag;; 9=0:)059 s a function of —t, x5 and Q?

from a measurement in 280 days, using a 160 GeV muon beam and ECAL1+ECAL2. Solid
and open circles correspond to the simulations for the two hypothetical configurations of
the target region (see text). Also shown is the asymmetry ASln(¢ )00 1heasured at
HERMES [41] with its statistical errors.

for the two above assumed configurations of the target region. Due to the recoil-proton
energy loss in the target, in the microwave cavity and in addition for configuration 2 also
in the thin holding coil, the minimal value of |¢| measured by the RPD is 0.10 (0.14) GeV?
for configuration 1 (2). In the exclusive-photon event generator, the DVCS amplitude was
calculated according to the Frankfurt—Freund—Strikman (FFS) model which was modified
for the COMPASS experiment [52].

As an example of the results from the simulations, the expected statistical accuracy
of the asymmetry Ag’ssj;((b_‘z’s)mw is shown in Fig. [13|as a function of —t, x5 and @Q? for
the two hypothetical target/RPD configurations. This asymmetry is analogous to the
asymmetry A (0=02)c0s¢ 1 sasured with unpolarised electrons on a transversely polarised

proton target, Which is also shown in the figure. It is related to the leading (twist-2)

contribution ¢, (Eq. (20)).
Typical values for the statistical errors of Ag;l; 9=0s)cos? s well as of the seven

remaining asymmetries related to the twist-2 terms in the cross section, are expected to be
about 0.03. This projected statistical accuracy for possible future COMPASS measurements
of transverse target spin asymmetries represents a significant improvement compared to
existing results. One should also mention that using pt and g~ beams COMPASS can
measure the whole set of eight transverse-spin-dependent twist-2 terms, whereas only
four of them were previously determined by HERMES.

1.4 A first look at exclusive photon production in 2008
Simulations have been performed for the projected DVCS measurements. However,
for such complex apparatus like the COMPASS spectrometer, experience has shown that a
check with data (whenever available) is mandatory. The precision of the final results will
depend on:
— the achievable luminosity, which is a function of the LH target length and the
maximum reachable ™ and p~ beam intensities,
— the global detection efficiency, which includes all possible hardware losses (trigger
dead time etc.) and event reconstruction losses,
— the efficiency to identify and possibly reject background,
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— how accurately the Bethe-Heitler (BH) contribution, which dominates in certain
kinematic regions, can be subtracted,

— how accurately the measured yields can be translated into absolute cross sections.

There are common key issues to answer these questions quantitatively, namely:

— how accurately we know the detection efficiencies (absolute, and relative between
pt and ;) and how well we can monitor their stability versus time,

— what is the ultimate precision for the measurements of the incoming p* and p~
flux measurements, which will determine the systematic accurately arising from
the combination of both data sets.

The set-up used for a part of the CoMPASS hadron programme makes use of a
40 cm long LH target, surrounded by a Recoil Proton Detector (RPD). It includes all
detectors available including the ECAL1 and ECAL2 electromagnetic calorimeters for
photon detection. Apart from the target length and the corresponding RPD length, this
set-up has all the features of the one foreseen for the proposed future GPD programme,
where the LH target length will be 2.5 m with the RPD length correspondingly adapted.
The flexibility of the CERN/SPS M2 beam line allows one to tune either a hadron beam
or a polarised muon beam, reaching in both cases the optimum performance within a
few hours. This offered an excellent opportunity to perform DVCS test measurements
with minimum disturbance of the ongoing hadron programme. Such measurements were
performed in 2008 and 2009 using both p™ and p~ beams of 160 GeV energy, with an
intensity of about 1/3 of the maximum in 2008 and close to the maximum intensity in
2009. In 2008, due to the short time slot available, the Beam Momentum Station (BMS)
which determines with a precision of a few 1072 the incoming beam particle momentum
but needs to be removed for running with hadron beam, could not be reinstalled. For the
2009 test run the BMS was reinstalled.

1.4.1 Overall efficiency and performances to select BH and DVCS events

The first results from the 2008 test run on exclusive production of a high-energy
single-photon in coincidence with a recoiling proton are presented in Ref. [64]. The pres-
election towards exclusive up — p'py events is requiring that:

— there are only two charged tracks (i, y') at the primary vertex,
— there is only one proton candidate in the Recoil Proton Detector (RPD) and it has

a momentum of less than 1 GeV /¢,

— there is only one photon with energy £, > 5 GeV in ECAL1 and no other photon
with energy > 10 GeV in ECAL2, or

— there is only one photon with energy £, > 10 GeV in ECAL2 and no other photon
with energy > 5 GeV in ECALI. These conditions correspond to the kinematic

domain for DVCS displayed in Fig. [55]

We note that the events preselected in this way may have additional low-energy photons.
At this first step of the analysis, the precise photon timing provided by the ECALs readout
electronics to suppress the background was not available. The suppression of the main
part of additional photons in this first analysis was accomplished by an appropriate choice
of ECAL thresholds.

In Figure|l4|correlations are illustrated between quantities derived from the particle
detected in the RPD and those derived from the muon vertex reconstructed using the
incoming and the scattered muons. The left panel shows the time difference At = ¢, —tgrpp
between the incoming muon and the RPD particle both evaluated at the muon vertex.
The random noise in the 30 ns timing window is less than 2% and a Gaussian fit gives
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Figure 14: Differences in timing (left) and Z position along the beam direction (right)
between the reconstructed up’ vertex and the single proton detected in the RPD. The
resolutions of timing and position difference are better than 1 ns and 4 cm, respectively.

o, ~ 1 ns. The right panel shows AZ = Z,,/ertez — Zrpp, the difference between the
longitudinal position of the muon vertex and the RPD particle’s point of closest approach
to the beam axis. It shows a peak with an approximately 8 cm width at half maximum
and a tail present in the left part of the AZ distribution; a Gaussian fit gives o7 ~ 4 cm.
No cuts are applied yet since most of the events in this tail will be removed by the further
application of exclusivity cuts.

In the absence of the BMS, the momentum of the incoming muon is not precisely
known while its direction is well determined, hence it is relevant to work in the transverse
plane. One can build the missing momentum P,,;s, = P, — P, — P, and compare its
projection in the transverse plane with the projection of P,4t0,. This is shown in Fig.
together with correlation and difference between the azimuthal angles ¢,,;ss and ¢rpp.
Two exclusivity cuts, |[AP,| < 0.2 GeV and A¢ < 36° (i.e. 3 o), are derived using these
distribution and applied to improve the rejection of non-exclusive background. Assuming
now that the selected events have a pure 3-particle final state up — 1/py, one can calculate
the azimuthal angle ¢ between the lepton plane spanned by the incoming and scattered
muons and the “hadron” plane spanned by recoiling proton and produced photon, as
illustrated in Fig. [} Results are shown in Fig.[I6]where the peak at ¢ = 0 is a characteristic
feature of BH events which are dominant at small x5 (as shown in the left panel of Fig. [5)).
Applying the two previous exclusivity cuts |[AP,| < 0.2 GeV and A¢ < 36° reduces
significantly the constant (non-exclusive) background, as illustrated in the right panel of
Fig. |16}

Reliable simulations for the hard exclusive DVCS process are restricted to suffi-
ciently large photon virtualities, Q> > 1 GeV?. This restriction does not apply to the
BH bremsstrahlung process, which dominates this sample of events at low values of xpg.
Awaiting a simulation for BH production for this full kinematical phase space, a standard
“2-Gaussian + constant” fit is applied to the background, as shown in Fig. In order
to compare with available simulations, a cut @* > 1 GeV? is eventually applied. The
resulting ¢ distribution is shown in Fig. [I7, where 51 events are finally selected. We note
that among the 51 selected events, 36 have an additional cluster with energy below 1 GeV
in ECALIT or below 2 GeV in ECAL2. Calculating the M., for the corresponding photon
pair leads to an upper limit for a possible 7° contamination of the selected sample of
16 4+ 6%.
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Figure 16: Azimuthal distribution in ¢ of the measured exclusive up — u'py events before
(left) and after (right) exclusivity cuts. This angular distribution exhibits a peak at ¢ =
0, which is a characteristic feature of BH dominance at small zp.
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Figure 17: Azimuthal distribution in ¢ of the measured exclusive up — u'py events for
Q? > 1 GeV? and comparison with simulation. This distribution is rather similar to the

distribution dominated by the BH contribution at small x5 (left panel of Fig. . In total,
51 events are selected.

We can now compare to the prediction for single-photon production which is still
dominated, for this restricted kinematic region, by the BH process. The relative normali-
sation factor of the two distributions produced for equal luminosities provides the overall
detection efficiency € = 0.32 £ 0.13. The final global efficiency incorporates several ad-
ditional factors which amount to €449 ~ 0.4. Combining the two numbers provides the
global efficiency €gopqr = 0.13 £ 0.05. The value of 0.1 that was given in the Letter of
Intent [65] to the SPSC is in excellent agreement with this first direct estimate.

1.4.2 Improved analysis using ECAL timing information

Following the first analysis step described in the previous section, the 2008 DVCS
test data were reproduced providing an improved cluster reconstruction and a precise
cluster timing information from the ECALs. The issue of background from additional
photons was solved in the new production as described in Ref. [66].

The reduction of additional photons was accomplished by imposing a cut on the
ECALS’ timing information, and also by a general improvement of the ECAL reconstruc-
tion software and calibration algorithm. Given the timing resolution for all photons in the
ECAL:s, the optimum cut was found to be |t — t5] < 3.5 o, with o, ~ 1.5 ns and ¢, the
offset of the distribution from zero. This cut, which simultaneously maximises the num-
ber of selected events and drastically decreases the average multiplicities of the additional
clusters, is a major improvement that opened the way to select exclusive single-photon
events without applying any threshold on £, (besides the necessary hardware thresholds).

In Figure[18]is shown the azimuthal distribution of the final 52 exclusive up — u'py
events which are obtained for Q% > 1 GeV? from the improved analysis using the photon
timing information, i.e. without additional low-energy clusters. Possible reasons for any
remaining 7 contamination in this sample are that one of the two photons is not detected
in the ECALSs or has an energy below the hardware threshold.

1.5 A first hint of “pure” DVCS events from the 2009 test run
One of the main goals of the DVCS test run performed in 2009 was to provide a
first evaluation of the relative contributions of the |DV C'S|? and |BH|? terms, and of the
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Figure 18: Same distribution as shown in Fig. but from the new analysis with photon
timing. In total, 52 purely exclusive single-photon events are selected.

DVCS-BH interference term at CoOMPASS kinematics. In comparison to the shorter 2008
test run, the 2009 test run was improved in several aspects:

— higher statistics,

— the three inclusive triggers (Middle, Ladder and Outer) were added to the trigger

in coincidence with the RPD,
— the beam momentum station was reinstalled to measure the momentum of the
incoming muon,

— the p beam intensity was increased by a factor of three,

— the data were taken with both % and a pu~ beam.
The selection of exclusive single-photon production events and the use of the precise
photon timing were performed as for the 2008 data analysis (see Sects. [L.4.1f and [1.4.2)).
Figure |19 shows, for three bins in zp and after applying the cut @Q? > 1 GeV?, the ¢
distribution for a sample of exclusive single-photon events obtained with the p* beam.
In the low-xg bin we observe 278 events with a ¢ distribution compatible with a BH-
dominated sample. In the high-xg bin we observe 54 events. An extrapolation of the BH
yield from the low-zg bin to the high-zp bin leads to ~ 10 BH events, which suggests a
significant contribution of DVCS events in the high-x g bin. This figure has to be compared
to Fig.[5|that shows, in the same lay-out, a simulation of all contributions to hard exclusive
single-photon production, namely pure BH (|BH|?), pure DVCS (|DVCS|?), DVCS-BH
interference term and the resulting sum (|BH + DVCS|?).

Another goal of the 2009 DVCS test run is to learn about the possible limitations
to reach a level of accuracy of a few percent, to which the overall luminosity, including
acceptances and efficiencies, has to be controlled. This is a severe requirement for this
physics programme and the study involves the use of inclusive up — /X and semi-
inclusive up — /7" (77)(7%) X channels as well as exclusive channels with a recoil proton
detected, including up — p'py.
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Figure 19: Distribution in the azimuthal angle ¢ for measured exclusive single-photon
events, up — p'py with Q> > 1 GeV?, in the same three zp bins as in Fig. . Shown

here is a Monte Carlo simulation of only the BH process (|BH|?) and of both the BH and
DVCS processes (|BH + DVCS|?).
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2 Measurements of unpolarised PDFs and TMD effects in SIDIS

High-statistics data on semi-inclusive deep inelastic scattering (SIDIS) on the pro-
ton, up — ph X, will be recorded simultaneously with the DVCS and DVMP measure-
ments using the long liquid hydrogen target. Combined with existing CompAss SIDIS
data on the deuteron taken earlier with the SLiD target, they will permit quark flavour
separation. The new proton data will be obtained in a region of Bjorken-x (denoted by
z in the rest of this section), where measurements from other experiments are either not
available or have limited precision.

Studying polarisation effects in SIDIS, a NHj target could be used as proton target
and the background from unpolarised nucleons could be subtracted. This, however, is not
possible for the unpolarised case as the NH3 target is an almost isoscalar target with a
fraction of only 10/17 protons. In addition, nuclear effects in nitrogen can be sizable[67].
Therefore, a liquid hydrogen target is mandatory to study unpolarised effects in SIDIS on
the proton. As cross section measurements are foreseen, special attention will be devoted to
all systematic effects related to normalisation. Finally, the capability of identifying both
the charge and the nature of the outgoing hadrons is an advantage compared to some
previous experiments. This will be addressed more in detail in Sect. [[2] where upgrades
of the RICH system will be discussed.

With the statistics expected from two years of running with the long liquid hydro-
gen target described in Sect. [6.1], it will be possible to study simultaneously 4-dimensional
dependencies in the kinematic variables z, @2, p% and z. The SIDIS data to be taken on
the proton target will be used in global QCD analyses to constrain PDF's as well as quark
Fragmentation Functions (FFs), which describe quark fragmentation into a hadron. The
latter functions are a necessary ingredient for the determination of polarised parton dis-
tributions. Presently, FFs are still poorly known quantities which leads to ambiguities
and/or systematic uncertainties in such determinations. The new proton data will also
permit an LO determination of the unpolarised strange quark distribution function s(x)
in the region 0.001 < x < 0.2, where its shape is unknown.

In addition, using the same data, it will be possible to measure with high statis-
tics asymmetries in the azimuthal distributions of hadrons produced in SIDIS on an
unpolarised proton target. These measurements, already performed by COMPASS using
a deuteron (°LiD) target, are sensitive to the T-odd transverse-momentum-dependent
(TMD) Boer-Mulders function [68] and also to the Cahn effect [69], both depending on
the intrinsic transverse momentum of quarks k7. The Boer—Mulders function will also be
measured in the Drell-Yan process, thereby allowing for a test of (restricted) universality,
an important test of QCD (for more details see Sect. .

2.1 Strange quark distribution function and quark fragmentation functions

Hadron multiplicities can be measured at COMPASS for a large variety of produced
hadrons, 7F, 7, 7%, K+, K—, K° A and A as a function of z, z and Q2. Hadron multi-
plicities represent the number of hadrons of type h produced per DIS event. At LO, they
can be written as

AN"(z,2,Q%) > €2Q($,Q2)D3(zaQ2) 91
dNDIS o Zq egq(x’QQ) ) ( )

where g(z, Q?) is the unpolarised PDF for flavour ¢, DZ is the FF for a quark ¢ fragmenting
into a hadron h, and z is the fraction of virtual photon energy carried by the hadron. The
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Figure 20: Projected statistical errors for s(x) + s(x) for one week of data taking with a
2.5 m long liquid hydrogen target. Systematic errors are estimated to be of the order of
25% of the value of s. Also shown are the MSTW and CTEQ parametrisations at LO and
the HERMES result.

multiplicities involve a product of PDFs and FFs. The possibility to disentangle them
bases on factorisation, i.e., PDFs depend only on x and FF's only on z.

An extensive and precise mapping of hadron multiplicities will be achieved for val-
ues of x as low as 0.004, i.e., to a value ten times smaller than the lower x limit of HERMES
which performed the only other SIDIS measurement. The data will be taken at higher
average values of Q? or W, which are a signature of the current fragmentation region.
The particle identification by the RICH detector and by electromagnetic calorimeters will
make it possible to identify various channels so that also the strange quark sector will be
covered, for example K, K~ and K°.

The data will provide input to global analyses of FFs such as the one by DSS[70].
The advantage of SIDIS data is that they are sensitive to individual quark and antiquark
flavours in the fragmentation process, which is not the case for e*e™ annihilation data.
In addition, the new data will be used on their own in a simple LO analysis to extract for
instance s(x) + 5(x) and some poorly known FFs, as described below.

2.1.1 Strange quark distribution function

While light quark PDF's are well constrained, this is not the case for the strange
quark and antiquark distribution functions s(z) and s(z), especially in the COMPASS x
range. A better knowledge of s(z) is needed for the extraction of As from the measured
quantity As(x)/s(x) and for physics issues relevant to LHC experiments.

Our present knowledge of PDFs comes from global analyses at NNLO (see Refs. [71]
72] and references therein) of inclusive data on hard scattering from fixed-target experi-
ments and the HERA and Tevatron colliders. No semi-inclusive data are included in these
analyses yet. The lack of knowledge on s(x) was reflected in the common practise of past
PDF analyses to adopt the simplifying ansatz of s + 5 being proportional to % + d. Only
recently, PDF analyses started to treat s and 5 separately including recent dimuon cross
section data from NuTeV, which are sensitive to s.
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HERMES [73] determined s(z) + 5(z) using SIDIS kaon data on a deuteron target
and a simplified formula for the multiplicities at LO. The results disagree substantially
with existing parametrisations. At x = 0.03, the HERMES value is twice higher than the
CTEQG6L one and at = = 0.1 it is close to zero, much below the CTEQG6L value (Fig. .
CoMPASS has taken similar data using the °LiD target covering the range 0.004 < x < 0.6
that extends considerably to lower values than explored before. However, the proposed
measurement on a pure hydrogen target will be substantially cleaner, as there will be no
additional material in the target and secondary interactions will be less important.

We note another interesting possibility to determine s(x) and 5(x) separately by a
measurement of the longitudinal spin transfer from polarised muons to A and A hyperons,
a measurement shown to be feasible at Compass [74].

2.1.2 Quark fragmentation functions

Our present knowledge on FF's is based on NLO analyses of single-inclusive hadron
production which combine data from e*e™ annihilation, pp collisions and deep inelas-
tic lepton-—proton scattering. The recent inclusion of SIDIS (HERMES) and pp (RHIC)
data with charge identification [70] leads to significant progress, permitting to disentangle
quark and antiquark fragmentation. However, there exist large discrepancies between var-
ious FF parametrisations. In particular, the huge uncertainties of FF's for fragmentation
of light quarks into kaons and s quarks into any hadron are presently a major obstacle
to the extraction of the strange-quark polarisation from polarised SIDIS data. An im-
portant piece of the nucleon spin puzzle is the contribution of strange quarks As to the
total nucleon spin of 1/2. The first z-moment of As(z) was estimated to be significantly
negative, of the order of —0.10, from inclusive polarised DIS measurements, while present
semi-inclusive data from CoMPASs and HERMES indicate values of the strange quark po-
larisation As(z)/s(z) that are very small or even compatible with zero in the measured
x ranges [75]. This dilemma already caused theoretical debates [76]. However, COMPASS
has shown that the SIDIS result on As(z) and the associated error can change by a factor
of three depending on the choice of the quark-to-kaon FFs. In the next section, we show
that with the proposed measurement on the hydrogen target kaon FFs can be determined
with high statistical precision and a systematic uncertainty of the order of 25% of the
signal value, already from a very short measurement. This will remove the above men-
tioned factor of three in the kaon FF uncertainty. Later, with the large data sets to be
collected in the two years of the GPD programme, a multidimensional mapping of FFs as
a function of (at least) = and z will be possible so that the systematic uncertainty will be
drastically reduced.

When included in combined NLO analyses, the future SIDIS data on the proton
for various identified hadrons will substantially increase the range in z, Q?, and z as well
as the sensitivity of the FF parametrisation to the partonic flavours. Several additional
results will be obtained on FFs. For instance, a model-independent method [77] can be
used to derive non-singlet FF's using cross section differences between hadrons of opposite
charges from a combination of proton and deuteron data.

Finally, it should be noted that the measurements of multiplicities are not limited
by statistics but by systematic uncertainties. The dominant error comes from the deter-
mination of the acceptance of the apparatus. There will be mutual benefits with the GPD
programme, for which an excellent understanding of the acceptance is mandatory.
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2.1.3 Expected statistical precision

The final goal is to combine the measurements of all hadron multiplicities as a func-
tion of x, z and Q? obtained during the two years of data taking for the GPD programme,
together with the existing deuteron data. The FFs and the PDFs will be extracted from
global analyses. Already from a first sample of data collected in one week and using some
reasonable assumptions, first physics results can be obtained. For instance, the unpo-
larised strange quark distribution function s(z) + 5(z) can be extracted from Eq.
using the charged kaon multiplicities as input and assuming that the non-strange PDFs
u, i, d and d and all FFs are known. The expected statistical errors on s(x) + 3(x) were
calculated using a Monte Carlo simulation based on LEPTO assuming one week of data
taking with the 2.5 m long liquid hydrogen target in parallel to the data taking for the
GPD programme. The values of the FFs DX DX and DX were taken from DSS [70] and
the non-strange PDFs u, @, d and d from MRST [78], all in LO. The resulting projections
are shown in Fig. 20| together with the MSTWO08 and CTEQ6L parametrisations and the
HERMES results [73] obtained from kaon multiplicities on a deuterium target. It can be
seen that COMPASS can reach small statistical errors already in one week. However, at
that moment the dominant uncertainties will be the systematic ones which are essentially
coming from the uncertainties on the fragmentation functions. If FFs will be known with
an uncertainty of, e.g., 25% as it will be discussed further below, this will affect the sys-
tematic uncertainty on s by the same amount. As a pure proton target will be used, no
systematic uncertainties from nuclear effects exist.

Using the same initial sample of data and integrating over the variable z, one can
extract the FFs at LO assuming that all PDFs are known. As an example, we show below
how to extract quark-to-kaon FFs from the measured kaon multiplicities on the proton.
In the following, D stands for [ DX (z)dz for simplicity. Using Eq. to describe
separately the K and the K~ multiplicities, we obtain two equations involving twelve
FFs. Assuming charge conjugation invariance in the fragmentation and assuming that all
unfavoured FFs are equal, we are left with only three unknown FFs, namely

D, = DE" = pK~

S S

Dy = D" = DX

Dy = DE" = DX" = DK — pK” — pK~ = pK~ = pK" = pK&~

Since FFs do not depend on x while the multiplicities and all PDFs do, the measured
multiplicities of K™ and K~ in 12 x bins provide 24 equations with 3 unknowns, Dy, D,
and Ds. Note that the known Q? dependence of the FFs can be taken into account in the
calculation.

In order to estimate the statistical errors obtained on FFs from one week of data
taking, the kaon multiplicities were calculated using a Monte Carlo simulation based on
LEPTO with non-strange FFs taken from DSS and all PDFs from MRST. The simulation
gives Dy = 0.39 + 0.03, Dy = 0.11 +0.002 and D3 = 0.03 + 0.012. As can be seen, very
small statistical errors will already be obtained in one week, especially for the favoured
FFs D; and D,. However, systematic errors on the acceptance determination are expected
to dominate here. As an example, an uncertainty of the order of 25% is expected for D,
if kaon multiplicities are determined with a precision of 5%. Nevertheless, the result of
such a short run has already an impact because presently the various predictions for D,
differ by a factor of three. The uncertainty on the unpolarised strange quark distribution
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function will propagate directly into that of D;. We note that a similar extraction can
be done for the s-to-pion FF. Once high-statistics data will be available after two years
of running, it will be possible to extract for the first time the FFs in a multidimensional
binning in z, z, and Q2. Combining the new proton data with the existing deuteron data,
more FFs will be determined in the analysis without assumptions.

2.2 Transverse-momentum-dependent effects in SIDIS
In SIDIS on an unpolarised target, hadron azimuthal asymmetries arise that give
access to the distribution of intrinsic quark transverse momentum as encoded in the T-odd
Boer-Mulders function (see also Sect. and also to higher-twist effects.
The cross section for hadron production in SIDIS of longitudinally polarised leptons
on unpolarised nucleons can be written as [79)
do o 14 (1—y)?

_ )3 Fcos bn
dxdydey, xyQQ? 2 [ vu + €1c0s kg

+e9 o8 205 Fin 2 4 Aue3sin ¢thi§¢h] :

where ¢, is the azimuthal angle of the outgoing hadron in the y*-nucleon system, A,
is the value of the longitudinal beam polarisation and the e; are kinematical factors
depending on y. In the three structure functions Fy; o Fi 2%1 and e 1 the first and
second subscripts denote beam and target polarisation, respectively, as earlier used in
this document. In cross section asymmetries corresponding azimuthal asymmetries arise
which can be extracted by fitting the ¢, distribution.

At COMPASS energies, the azimuthal asymmetry A% arises mainly due to the
Cahn effect [69] describing the non-collinear quark kinematics. It contains information
on the mean value on the intrinsic quark transverse momentum [80]. The Boer—Mulders
function is expected to yield an important contribution to the asymmetry A$2¢» in
which it appears coupled to the Collins fragmentation function that is now known to be
different from zero. At hadron transverse momenta smaller than 1 GeV /¢, the only other
relevant contribution to this asymmetry is that from the Cahn effect. The measurement
of A®%2%n and A would thus allow the extraction of the Boer-Mulders function, once
the Collins fragmentation function will be known sufficiently well. The third asymmetry
involved in this measurement, A% is expected to contain twist-3 TMDs.

In the past, these azimuthal asymmetries were measured by the EMC [81] 82],
E665 [83] and ZEUS [84] experiments. The precision of these measurements was limited
and all results were produced without separating hadrons according to their charge. Re-
cently, COMPASS has produced preliminary results [85] on A% As20r and ASmo» from
data collected with the 160 GeV muon beam and the °LiD target which consists essen-
tially of two deuterons and one « particle. For the first time, separate results were given
for positive and negative hadrons. The results for A°?» and A" as a function of x are
shown by the black filled points in Fig. 21| in the upper and lower rows, respectively. The
left (right) panels are for positive (negative) hadrons. The bands show the systematic un-
certainties, which are mainly due to the correction for the apparatus acceptance, which is
needed for these kind of asymmetries. As can be seen, the asymmetries are different from
zero and different for positive and negative hadrons, indicating Boer-Mulders functions
being different from zero. The asymmetry A" (not shown in Fig. [21]) is consistent with
zero. HERMES has recently produced preliminary results for charged pions from data col-
lected with p and d targets and a 27.5 GeV electron beam [86]. In their data, the measured
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Figure 21: Projected statistical errors (red open squares) for A.os (upper plots) and Acos 24
asymmetries (lower plots) for positive (left) and negative (right) hadrons for one week of
data with the LH target. The black closed spheres with the grey bands for systematic errors
correspond to preliminary results on SLiD [85]. For the new measurement the systematic
errors are expected to be considerably reduced.

values for A% and A°2%r are quite similar for proton and deuteron. They are different
from zero and differ between positive and negative pions. The results on A®%2%» from
Comprass and HERMES have already been used for a first, model-dependent extraction
of the Boer-Mulders functions [87].

Given the relevance of TMD effects for the understanding of nucleon structure,
measurements of all these azimuthal asymmetries in SIDIS on unpolarised protons at high
energies are highly desirable, and only CoMPASS could perform them in the near future.
The data already collected by CoMPASS with the polarised proton target can not be
used by averaging the polarisation, since the target material is NHs. In order to study the
feasibility of such a measurement in parallel with the GPD programme, we have estimated
the expected statistical error for one week of running (corresponding to 6 x 10'? integrated
muons on the target) with the 2.5 m long liquid hydrogen target. The result is shown as red
open squares in Fig. . The estimation is based on the previous analysis [85] and was done
assuming the same data selection. This includes the standard DIS cuts (Q* > 1 (GeV/¢)?,
mass of the hadronic final state W > 5 GeV/c?, 0.1 < y < 0.9) and the detection of at
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least one hadron in the final state with 0.2 < 2z < 0.85 and transverse momentum between
0.1 GeV/c and 1.5 GeV /c. For one week of running, the statistical errors are expected to be
larger than those in Ref. [85] by a factor of 1.8. The systematic uncertainties are expected
to be considerably reduced with respect to those shown in Fig. [21| because the geometrical
acceptance will be known much better than in the past runs. The new measurement will
thus produce accurate results for these azimuthal asymmetries, and the study of their
dependence on various kinematic variables will also be possible.

The use of the RICH detector for particle identification will allow the measurement
of these azimuthal asymmetries for charged pions and kaons separately, which is an im-
portant ingredient for flavour separation. Since the percentage of identified pions (kaons)
is of the order of 70% (10%), the statistical errors on the modulations shown in Fig.
will be larger by a factor of 1.2 and 3.2 for identified pions and kaons, respectively.
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3 Pion-induced Drell-Yan muon pair production
3.1 Transverse spin-dependent structure of the nucleon

Spin and transverse momentum dependent semi-inclusive hadronic processes have
attracted much interest from both experiment and theory in recent years. These processes
provide more opportunities than inclusive hadronic processes to study Quantum Chromo-
dynamics (QCD) and the internal structure of hadrons. Single transverse spin asymmetries
(SSAs) were observed in various reactions, such as H, + H, - H+ X, |+ H — H' + X,
H,+H, - l+1I'+ X and I +17 — H,+ Hy,+ X [88H99] where a hadron (lep-
ton) is indicated by H (I). This stimulated remarkable theoretical developments; among
them two approaches in the QCD framework have been most explored: the transverse
momentum dependent approach and the higher-twist collinear factorisation approach.
The first one deals with TMDs in the QCD transverse-momentum-dependent (QCD-
TMD) factorisation approach that is valid at small transverse momentum kyr < @ (see
Refs. [79, 100] and references therein). Such functions generalise Feynman’s original par-
ton picture, where the partons only carry a longitudinal momentum fraction of the parent
hadron’s momentum. In the second approach [I01] the spin-dependent differential cross
sections can be calculated in terms of collinear twist-3 quark—gluon correlation functions
in the formalism of collinear factorisation. This approach is applicable for large transverse
momentum kr > Agcep. Recently, it was shown that the above sketched two approaches
are consistent in the intermediate transverse momentum region Agep < kr < ), where
both apply [I0I]. Since Drell-Yan events are expected to occur at COMPASS mainly at
small transverse momentum we will discuss in the following only the first, namely the
QCD-TMD factorisation based approach.

At leading twist, the quark structure of the hadron is completely described by three
PDFs: the unpolarised distribution function fi(x) describing the probability of finding a
quark with a fraction z of the longitudinal momentum of the parent hadron regardless
of its spin orientation, the helicity distribution g;(x) describing the difference between
the number densities of quarks with spin parallel and antiparallel to the spin of the
longitudinally polarised parent hadron, and transversity h;(x), a function similar to g;(z)
but for transversely polarised hadrons. The latter is chiral-odd [102], i.e. it mixes left-
handed and right-handed partons, while QCD in massless and collinear approximation, as
it is actually calculable with perturbative methods, preserves helicity. There exist several
experimental observations of large azimuthal and spin asymmetries (also at beam energies
of 184 GeV and 252 GeV) which perturbative QCD at leading twist (twist-2) in collinear
approximation can not explain. In particular, large asymmetric azimuthal distributions of
final-state leptons measured in high-energy collisions of pions and antiprotons with nuclei
[T03HI05] show a striking deviation from the so-called Lam-Tung sum rule [106, [107] that
is based on collinear perturbative QCD, and seem to indicate the need to go beyond
the collinear approximation. When considering non-zero quark transverse momentum kg
with respect to the hadron momentum, the nucleon structure is described at leading
twist by eight PDFsP)] f1(z,k2), gi.(x,k3), hi(2,k3), gir(2, k2), hip(z,k2), hip(z,k3),
hi(z,k%) and fi5(x,k2). The first three functions, when integrated over k., yield fi(z),
g1(x) and hy(x), respectively. The last two are T-odd PDFs. The Boer-Mulders function
hi(z,k2) describes the correlation between transverse spin and transverse momentum
of the quark in an unpolarised nucleon. The Sivers function fir(z,k%) describes the
influence of the transverse spin of the nucleon onto the quark transverse momentum

2) We are using the so called Amsterdam notations [68]
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Figure 22: Feynman diagram of the Drell-Yan process: annihilation of a quark—antiquark
pair into a lepton pair.

distribution. A correlation between kr and the transverse polarisation of a parton/hadron
is intuitively possible only for non-vanishing orbital angular momentum of the quarks
themselves. Hence, determinations of hi and fi; as well as of h; are of great interest to
further reveal the partonic (spin) structure of hadrons (see, e.g. Ref. [102] for a review).
In this proposal, we concentrate mainly on transversity h;, and the T-odd Boer-Mulders
(hi) and Sivers (fi5) functions.

The Drell-Yan quark—antiquark annihilation process is an excellent tool to study
transversity and kp-dependent T-odd PDFs. In the DY process (Fig. quark and
antiquark annihilate into a lepton pair. Other kinds of hard processes can also access
chirally odd PDFs, like semi-inclusive deep-inelastic scattering (SIDIS) where chirality is
conserved through the convolution of PDFs with polarised quark fragmentation functions.
There exist no fragmentation process in DY. In order to access spin structure information a
high-intensity hadron beam and a large-acceptance set-up as well as a high-performance
polarised target are required. These features are provided by the multipurpose large-
acceptance COMPASS spectrometer in combination with the SPS M2 secondary beam line
and the large-acceptance polarised target. In more detail, the COMPASS experiment is
characterised by the availability of:

— a transversely polarised solid-state proton target with a high polarisation and a
long relaxation time in frozen-spin mode,

— intense secondary hadron beams of intensities up to 10 hadrons/spill,

— a detection system designed to stand high particle fluxes.

3.2  SIDIS contributions to transversity and TMDs

Much of the information that exists today about transversity and TMDs comes
from SIDIS measurements with unpolarised and polarised beams and targets. In the SIDIS
cross section, transversity and TMDs appear in azimuthal asymmetries which are convolu-
tions of PDF's and fragmentation functions (FFs) and which can be obtained from angular
distributions of final-state hadrons. Thus, if the FF's are known, one can access the PDFs
for different quark flavours from SIDIS measurements of identified hadrons, produced with
different polarised targets. As will become clear in the next sections, these measurements
are complementary to those by DY experiments which measure convolutions of only PDFs
without involving FF's.

In the past eight years, first measurements of SIDIS with transversely polarised
targets were performed by the CoMPASS and the HERMES Collaborations at beam ener-
gies of 160 GeV and 27.5 GeV, respectively. The measurements of the Collins asymmetry
on the deuteron (found compatible with zero) by Compass [93], [108] 109] and on the pro-
ton (found clearly different from zero both for positive and negative pions) by HERMES
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[92, 110], together with the results on azimuthal asymmetries in e*e™ — h*hTX pro-
duced by the BELLE Collaboration [98, 99] provide a consistent phenomenological picture
which permitted the extraction of the Collins FF and of the u and d quark transversity
functions [I11]. Compass [93] 108, 109] and HERMES [112] have also measured the Sivers
asymmetries on the deuteron and the proton. The asymmetries were found to be different
from zero only on the proton, for positive pions and kaons. From global fits to these data,
first extractions of the Sivers functions have been performed [I13].

Very recently, COMPASS has finalised the analysis of the entire set of data col-
lected in 2007 with transversely polarised protons and a 160 GeV muon beam [I14]. The
Collins asymmetry is found to be different from zero in the valence region both for positive
and negative hadrons also at this higher energy. Thus it is not a higher-twist effect. For
what concerns the Sivers asymmetry, the preliminary results [I15], based on about half
of the collected statistics, were found to be compatible with zero. The final results [114]
from the full sample are still compatible with zero for negative hadrons while for positive
hadrons they show a positive signal, smaller but still compatible with that measured by
HERMES, and suggest a possible dependence of the Sivers asymmetry on the invariant
mass of the hadronic final state. These open questions will be further elucidated by the
new, higher precision measurement COMPASS,/ will perform in 2010. When averaging over
the target polarisation, azimuthal asymmetries for an unpolarised target can also been
extracted. CoMPAss [85] and HERMES [86] have already produced preliminary results
for the cos2¢;, asymmetry, to which the Boer—-Mulders function contributes. From these
data a first model-dependent extraction of the Boer-Mulders function has been performed
[87]. For these spin-independent azimuthal asymmetries on the proton, significant mea-
surements will be performed in parallel with the DVCS measurement proposed earlier in
this document.

In summary, a lot of progress has been made in understanding the transverse spin
and momentum structure of the nucleon by SIDIS measurements. However, since in SIDIS
and DY the amplitudes of azimuthal modulations are convolutions of PDFs and FF's on
the one hand, and of only PDF's on the other, pursuing both types of measurements with
the same apparatus will be unique at COMPASS.

3.3 Drell-Yan formalism and observables
3.3.1 Kinematics of the Drell-Yan process

Here we describe notations, the choice of reference frames and the general expres-
sion for the Drell-Yan cross section closely following the article by Arnold, Metz and
Schlegel [100]. We only consider the reaction with an unpolarised beam (H,) and a po-
larised target (Hp)

Ho(Po) + Hy(Py, §) = 7" (@) + X = (1) +17(1) + X, (22)

where P, is the momentum of the beam (target) hadron; [, I’ and ¢ = [ + I’ are the
momenta of the lepton, the antilepton and of the virtual photon, respectively, and S is
the 4-vector of the target polarisation. Further, the following kinematical variables will
be used:

s = (P,+ B the total centre-of-mass energy squared,
Taw) = ¢*/ (2P - ), the momentum fraction carried by a parton from Hy),
Tp = Ty, — Tp, the Feynman variable,

M? = Q*=q¢" =5z, 2, the invariant mass squared of the dimuon.
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Figure 23: Definition of the azimuthal angle ¢g of transverse target spin S7 in the target
rest frame.

Figure 24: Definition of polar and azimuthal angles # and ¢ of the lepton momenta in the
Collins—Soper frame.

The dependence of the DY cross section on the target spin and on the polar and
azimuthal angles of the out-going leptons is commonly described using two coordinate
systems:

1. The target rest frame (TF) is defined by the unit vectors Z along the momentum
of the beam hadron,  along the transverse component qr of the virtual photon
momentum and finally g = 2 x & (Fig. , yielding

P:TF = (P(?,TF7 07 07 P;),TF) ) (23)
Plrg = (M, 0,0,0), (24)
qg"F = (Q%Fa qr, 07 qg"F) ) (25)
Shp = (O, St cos ¢g, Stsin ¢g, SL) , (26)

where the polarisation vector is normalised as S? = —1.

2. The Collins-Soper frame (CS) is the rest frame of the virtual photon. It is obtained
from the TF by boosting first along Z and then along & so that both the longitudinal
and the transverse momenta of the virtual photon vanish (Fig. . Neglecting the
lepton mass, the lepton and antilepton momenta in this frame are given as

ltg = %(1, sin @ cos ¢, sin @ sin ¢, cos @), (27)
It = %(1, —sin 6 cos ¢, —sinfsin ¢, —cosh). (28)
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In the following we shall use the azimuthal angle ¢g of the target polarisation vector St
in the TF (Fig. , and the polar and azimuthal angles 6 and ¢ of the lepton momentum
in the CS frame (Fig. 24)).

3.3.2 General expression for the Drell-Yan cross section

The general form for the Drell-Yan cross section with polarised nucleons in the
initial state, expressed in the above described angular variables, can be found in Ref. [100].
We are interested in the case when only the target nucleon is polarised. Then (for details
see Ref. [116]), the general expression looks simpler

—dO' Oézm 5 cos cos 2
d4q dQ - F q2 UU{ (1 + D[Sin 20] AU ¢ COS ¢ + D[Sin2 9] AU 4 coSs 2¢>

S1( Disnan A" sin ¢ + Digyg) A7 sin 20)

|ST| [(D[l] A;lvn ¢s + D[c052 0] A;{H¢S> sin gbg (29)
Digin 26 (ASTinwWS) sin(p + pg) + AP sin(¢ — ¢s))

Dy (AT 47 sin(26 + 6) + AT sin(26 - 65)) | }

+ o+ o+ o+

where F' = 4,/(P, - P,)2 — M2M} represents the flux of incoming hadrons, the solid angle
() specifies the orientation of the lepton and the depolarisation factor is given by

1(0)
Puon =174 coste (30)

In Eq. the part of the cross section which survives after integration over the azimuthal
angles ¢ and ¢g,

6y = (F} + F2)(1 + Af cos® ), (31)
is factored out. The azimuthal asymmetrie Agd)’d)s ) (ten in total) are given as ratios of

combinations of structure functions F ]J;(¢’¢S ) to Fl+ F2 with P = U, T, L. These structure
functions appear in the decomposition of the hadronic tensor characterising the process
of Eq. in the one-photon-exchange approximation. In general, they depend on three
independent variables, for example, on the Lorentz-invariant ones P, - q, P, - ¢, and ¢?,
ie. B = FYXP,-q, Py-q, ¢*) etc. and do not depend on the polar angle § and the
azimuthal angles ¢ and ¢g. In Egs. — the subscript of structure functions and
asymmetries corresponds to the polarisation state of the target nucleon (U for target-
polarisation-independent contributions, L and T for contributions from longitudinal and
transverse target polarisations, respectively) and the superscript describes the azimuthal
modulation. The relations between our notation and the structure functions introduced
in Ref. [100] are given in a separate note [116]. Explicit expressions for asymmetries in
the LO QCD parton model are given in Sect. [3.3.3]

We note that upon integration over the lepton azimuthal angle ¢ only one azimuthal
asymmetry survives in Eq. , namely the transverse spin-dependent sin ¢g asymmetry.

3) For unpolarised azimuthal asymmetries often another notation is used: A = A,lj, w o= A[CJOS¢ and
v = 2 A552¢ [106, 117).
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3.3.3 Asymmetries in the LO QCD parton model

According to the factorisation theorem, the structure functions of Drell-Yan pro-
cesses can be expressed at high energies (s, Q% > M?, M?) and small transverse momen-
tum of the virtual photon (g7 < ¢) as a convolution over TMDs [100]. These convolutions
are defined in intrinsic-transverse-momentum space as

- 1
C [U)(kaT, ka)flfQ] = F Z 62 /d2kaT d2ka (5(2) (CIT — kaT — ka) ’(U(kaT, ka) X
¢ q

|71 @ ) fi G, Kip) + o, ) fE (o, i) | (32)

where N, = 3 is the number of colours.
For the case of a transversely polarised target and keeping only terms surviving in
the LO QCD parton model, Eq. simplifies to

dO' LO azm ~ cos 2¢
m © S 6{ (1 + Dyt A" c0320)

+ [S7] [Airin %5 sin ¢s + Dign2 g <A§i~n(2¢+¢5) sin(2¢ + és) (33)

AP sin(26 - 0)) | |

where
bu 2 FA(1+ cos®0) (34)
and the depolarisation factor depends only on the lepton polar angle 6
o f(0)
D = —— 35
6] = T3 cos20 (35)

The non-vanishing asymmetries at LO are given as ratios of corresponding structure
functions to the unpolarised structure function

Fy 2 C[fufd] (36)
as
A 2 e [(2(b - Kar) (b Kor) = Ker - Kar ) BB [ MM, B (37)
A;in¢s LO A;inqss
2 Clhdar fifi] /My (38)
Asn@etes) 0 ¢ [(2 (h-kyr)[2(h - kar) (b k) — kar - ko] — kip(h- kaT)) hy BH

[ AMMEF, (39)
Asino=05) 1O _ 0 h K,p by / 2 M, Fl, (40)
where h = qr/gr. The arguments of the PDFs;
e 2
a — d = s 41
T 2P, 4 and x 2P (41)

can be interpreted as the fraction of the light-cone momentum carried by the interacting
parton in the incoming hadrons H, and Hy, respectively. We see from Egs. — that
the measurement of the asymmetry:
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— A}?S 29 gives access to the Boer—-Mulders functions of the incoming hadrons,
— ASM%S to the Sivers function of the target nucleon,

- A;{n(2¢+¢s ) to the Boer-Mulders function of the beam hadron and to hi, the pret-
zelosity function of the target nucleon,
— A;in(%_% ) to the Boer Mulders function of the beam hadron and h, the transver-
sity function of the target nucleon.
Within the QCD TMDs approach, the remaining asymmetries in the general expression
for the Drell-Yan cross section Eq. [29 can be interpreted as kinematic corrections of higher
order in gr/q or as contribution of non-leading twist PDFs.

3.3.4 Observables

The Sivers and Boer-Mulders TMDs are T-odd objects. Their field-theoretical
definition involves a non-local quark—quark correlator which contains the so-called gauge-
link operator. While ensuring the colour-gauge invariance of the correlator, this gauge-link
operator makes the Sivers and the Boer—-Mulders functions process dependent. In fact, on
general grounds it is possible to show that the fi; and the hi functions extracted from

Drell-Yan processes and those obtained from semi-inclusive DIS should have opposite sign
[118], i.e.

and hi| = —ht

Y
— —fi .

1
fiE]
It is important to note that sensitivity to the sign of the Boer—-Mulders function exists only
in the polarised Drell-Yan process. For the unpolarised Drell-Yan process the azimuthal
cos 2¢ asymmetry contains a convolution of two Boer—Mulders functions, while in the
polarised DY process the Boer-Mulders function appears also coupled to other TMDs,
e.g. transversity. A clear observation of a non-zero Sivers distribution has been reported

by the HERMES [91} [110] and CompAss [93] Collaborations. The global analysis of these

(42)

DIS DIS

data [I13] led to the extraction of fﬁT‘ . By measuring the asymmetry A" %S, which
DIS

is given by a convolution of the pion f; PDF and the nucleon Sivers function (Eq. (38)).
We shall perform the first experimental verification of the sign-reversal property of the
Sivers function.

Also the asymmetry related to transversity was rather well measured in polarised
SIDIS by HErMES [91], [110] and CompAss [93]. A global analysis combining those data
with that of BELLE [98], [09] already exists [119, [120]. Preliminary results on the SIDIS
asymmetry related to pretzelosity were reported by COMPASS for the polarised deuteron
[121]. As mentioned in the previous section, the measurement proposed in this document
will allow us to access the pretzelosity and transversity functions hi; and hy, respectively
(Eqgs. and (40)). To this end, the knowledge of the Boer-Mulders function of the pion
is needed. There are two different scenarios to evaluate this function:

1. measure the asymmetry A;m(%_‘z)s ) and use the parametrisation of h; from Refs. [119]
120] to extract the Boer-Mulders functions of the pion;

2. use the already existing information on A({JOS% and the information on the Boer—
Mulders function of the target nucleon. This asymmetry was measured in the un-
polarised m+ N Drell-Yan process by the NA10 and E615 Collaborations [103] 105,
122] two decades ago and recently by the E866 /NuSea Collaboration at FNAL [123]
124] in the p + N Drell-Yan reaction. Recently, the first extraction of the proton
Boer—Mulders function from the analysis of E866/NuSea data was reported [125].
Also in SIDIS, the nucleon Boer—-Mulders function is expected to generate the same
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kind of asymmetry and the recently released CoMpAss |85, [126] and HERMES [36]

data [68] confirm this expectation. The very recent analysis [87] of these data shows

that one can constrain the valence quark Boer—Mulders function of the proton.
By performing measurements of target-spin-(in)dependent asymmetries in the Drell-Yan
reaction and comparing the results with the ones measured in SIDIS we will be able to
verify the universality of the TMD approach for the description of these reactions. This
would constitute an important test of QCD in the non-perturbative regime.

3.3.5 Study of the J/v¢ production mechanism and J/¢¥-DY duality

In spite of the large amount of experimental data on J/1 production in various
reactions accumulated so far, the production mechanism is still unclear. The data on the
unpolarised J/v production cross sections in the process H,H, — J/¢ X — [TI™X,
integrated over the angles 6 and ¢ (polar and azimuthal angles of the positive lepton
in the dilepton centre of mass frame) allows one to construct models that use the usual
unpolarised quark and gluon PDFs ¢(z) and g(z). The most popular, widely used model
is the “gluon evaporation” model (see Ref. [127] and references therein). For the angle-
integrated cross section this model predicts for xr > 0

- O 43
7 HoHy—J/$hpX—=IT1-X Tqg T Tgg) (43)
b l_%2 Lol
= J . 47 / A 0100 =(Q%) s B, 44
94qa(gg) /4mg Q 0 FO (@ )QQ (Tq + 13) 9q(g9) (44)

where the quark—antiquark and gluon—gluon fluxes Fg“Hl’ and F ;;“Hb are given by

Flete = N7 (g1 (1) 3" () + @7 (22)g™ (w0)],  FHeMo = gfe () g™ (2y)  (45)

q:u’d7s

and the c¢¢ and open charm thresholds are 2m,. = 3.0 GeV and 2mp = 3.74 GeV, respec-
tively. The elementary cross sections 0?97 and 099~ are proportional to a,(Q?) and
can be found, e.g. in Ref. [127] (Egs. (3) and (4) therein). It is important to note that the
application of Eq. allows to quantitatively control the quark and gluon contributions
and to estimate when the former becomes dominant (which leads to the simple and very
useful “duality” model, see below). If the angular dependencies are included, the lack of
data does not allow to construct a model like Eq. and produce quantitative predic-
tions even in the purely unpolarised case. In the absence of a general theoretical model
that can quantitatively describe the J/1¢ production mechanism, a model based on the
close analogy (duality) between the Drell-Yan process H,H, — v*X — [TI~X and J/¢
production H,H, — J/1X — 71~ X attained much interest [I28-130]. It is assumed that
such an analogy/duality occurs at relatively low energies when the quark—antiquark (gq)
fusion mechanism dominates over the gluon—gluon (gg) fusion mechanism in J/v produc-
tion. Since the J/1 is a vector particle like the v and the helicity structure of gq(.J/v)
and (gq)y* couplings is the same, one can obtain the J/v¢ production cross section from
the DY cross section applying the simple replacements

1 1

—

16720262 —s (QJ/¢>2 (gJ/w)2, L ,
v e M (M= M) + My T

(46)

where M? = Q? is the squared mass of the dilepton pair, M7 1 =~ 9.59 GeV? is the squared
J /¢ mass and I'j/y is the full J/v width. It is believed that the duality model Eq.
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Figure 25: Phase space for the Drell-Yan process 7~ p! — p*p~X in the dimuon mass
range 4 GeV/c? < M, <9 GeV/c?, for different values of centre of mass energy squared:
s = 200 GeV?, s = 300 GeV?, s = 357 GeV? and s = 400 GeV? (corresponding to the
beam momenta of 106 GeV /¢, 160 GeV /¢, 190 GeV /c and 213 GeV /¢, respectively).

can be applied in both unpolarised [129] and polarised [128] cases. The latter is due to
the identical helicity and vector structure of the v* and J/i elementary channels (all
~* couplings). The duality model was exploited in particular in Ref. [128] in the double-
polarised case where both hadrons in the initial state are transversely polarised. The
important feature of the duality model is that in the region of u-quark dominance (large
Bjorken z) all couplings exactly cancel in the ratios of cross sections (like asymmetries),
so these ratios become the same for the DY and J/¢ production processes. Thus in this
kinematic region for the extraction of u quark PDF it does not matter where the dilepton
events come from, from the continuum or the J/¢ production region. Certainly, such a
possibility to use J/1 production for the extraction of PDFs is very attractive because
the dilepton production rate in the .J/v¢ production region is a factor of 30 higher than in
the continuum region above the J/1 mass.

3.4 Kinematic domain and spectrometer acceptance

The acceptance of the COMPASS spectrometer for Drell-Yan events with u* ™ pairs
in the final state was evaluated using a Monte Carlo simulation based on the PYTHIA 6.2
[131] generator and COMGEANT, the CoMPASS Monte Carlo simulation program based
on GEANT 3.21 [132]. Drell-Yan production proceeds via the annihilation of the valence u
quark from the proton and the u quark from the 7=. We generated events in the invariant
mass intervals 4 GeV/c? < M,+,- < 9 GeV/c? and 2 GeV/c? < M,+,- < 2.5 GeV /2,
which are considered to be the regions for Drell-Yan analysis, avoiding the large combi-
natorial background that shall dominate at lower dimuon masses, and excluding the ¢,
J/1 and YT vector-meson resonances. The higher-mass region provides a cleaner sample
of DY events because of the very small contribution from combinatorial and DD decay
background, while the DY cross section is almost a factor of 10 smaller than in the lower-
mass region. In order to minimise the systematic errors in the asymmetries, the target is
segmented into two identical cylindrical cells polarised in opposite directions, each 55 cm
long and with a diameter of 2 cm. The target material to be used in the experiment will
be ammonia (NHs).

The probability density functions for the sea quarks fall steeply with increasing
x1 and xy, which are the momentum fractions of the annihilating antiquark and quark
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Table 4: Average (second column) and partial acceptances (columns 3 to 5) of the spec-
trometer for dimuons belonging to the two mass ranges.

Mass range (GeV/c?) | Average acceptance (%) | LAS | LAS+SAS | SAS
4-9 35 64 40 4
2-2.5 43 32 o4 20

from the projectile 7~ and from the target proton, respectively. When both x; and x5 are
larger than 0.1, the valence quark contributions are dominant in the parton distribution
functions. In order to be sensitive to the transverse polarisation of the target proton
one has to stay in the region x5 > 0.1. We choose the momentum of the 7= beam in
order to select events falling into the valence (anti)quarks region but keeping at the same
time cross sections large enough to provide reasonable statistics in the dimuon mass
interval between 4 GeV/c? and 9 GeV /c?. Figure [25| presents the phase-space covered by
Drell-Yan events with dimuon masses of 4 GeV/c* < M, < 9 GeV/c?, generated by
PyTHIiAfor different 7~ beam energies. As the energy increases, the phase space coverage
extends to the low-z non-valence region. The value s = 357 GeV?, corresponding to a
pion beam momentum of 190 GeV /¢, seems to be a convenient choice. Hence, the studies
of the COMPASS spectrometer acceptance are presented for DY muons pairs generated at
s = 357 GeV2.

The simulated set-up includes a hadron absorber placed downstream of the po-
larised target. As will be discussed in more detail in Sect. [10] this absorber shall be made
of Al,O3 (150 cm) and stainless steel (60 cm). In the centre, along the beam direction,
it contains a conical beam stopper of tungsten (with 180 cm total length, starting 30 cm
downstream inside the absorber). We select pairs of oppositely charged reconstructed
muon tracks coming from the primary vertex. The identification of muons in COMPASS is
performed by two dedicated muon filters, the first one in the Large Angle Spectrometer
(LAS), the second one in the Small Angle Spectrometer (SAS). The LAS muon detector
(MW1) includes a 60 cm thick iron absorber placed in between the two tracking stations
with eight planes of Mini Drift Tubes (MDT) each. It covers the angular acceptance of the
first dipole magnet (SM1), which is about +165 mrad horizontally, and about £110 mrad
vertically, assuming that the upstream end of the target is 690 ¢cm upstream of the SM1
magnet. In the SAS the muon filtering system makes use of the tracking detectors behind
SM2 in combination with a concrete wall absorber (2.4 m thick) followed by two dedicated
muon wall stations (MW2) and three stations of Multi-Wire Proportional Chambers type
B (MWPC B) [133].

The spectrometer acceptance for the generated DY events is calculated requiring
that each muon in the pair is detected at least by one of the two muon filtering systems.
We assume that the muon is inside the LAS acceptance if the particle has produced at
least 5 hits in the second station of MW1. If the muon has produced at least 7 hits in MW2
or at least 5 hits in MWPC B then the particle is counted as being in the SAS acceptance.
As it was discussed above, two regions of the putp~ invariant mass are considered. The
average geometrical acceptance of dimuons in the mass range 4-9 GeV/c? is 35%. From
the pairs which are found to be inside the spectrometer acceptance, 64% are with both
muons in LAS, and 4% with both muons in SAS. In 40% of the cases, one of the muons
is accepted in the first spectrometer and the other in the second one. Note that there is
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Figure 26: Dimuon mass range 4-9 GeV/c?. The left upper panel shows the first kyp-
moment of the u-quark Sivers PDF calculated at Q* = 25 GeV? from Ref. [134]. The
left lower panel shows the covered kinematic region in x, versus z, (in red). In the right
upper and lower panels the COMPASS acceptance is shown as a function of z, and zp,
respectively.

a probability that the same muon was registered in both the SAS and the LAS, therefore
the sum of three contributions can exceed 100%.

The geometrical acceptance is calculated as the ratio between the number of events
inside the acceptance to the total number of generated events, in the same kinematic
window. In Figure , the acceptance is shown as a function of z,, =, versus z,, and
xp, where xp = x, — xp, for 4 GeV/c? < M,+,- < 9 GeV/c?. In the same figure the
x,-dependence of the first ky-moment of the Sivers function is also shown for comparison.
The CoMPASS kinematics is in the valence region of both the u quark from the proton
and the u antiquark from the pion. In the same figure, the z, dependence of the Sivers
function [I34] is also shown for comparison. Its value is expected to be largest where the
acceptance is largest.

The average acceptance for dimuons in the mass range 2-2.5 GeV /c? is 43%. Among
the pairs found inside the spectrometer acceptance, 32% are with both muons in LAS and
20% with both muons in SAS. In 54% of the cases, one of the muons is accepted in the first
spectrometer and the other in the second one. Also here there is a probability that the
same muon was registered in both COMPASS spectrometers. A summary on the apparatus
acceptance for dimuons belonging to two mass ranges is shown in Table

In Figure [27] the first ky-moment of the Sivers function and the COMPASS ac-
ceptance are shown as function of z,, z, versus z,, and 2y in the region 2 GeV/c* <
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Figure 27: Dimuon mass range 2-2.5 GeV/c?. The left upper panel shows the first kp
moment of the u-quark Sivers PDF calculated at Q* = 4 GeV? from Ref. [134]. The left
lower panel shows the covered kinematic region in xz, versus x, (in red). In the right
upper and lower panels the COMPASS acceptance is shown as a function of z, and zp,
respectively.

M,+,~ < 2.5 GeV/c*. The conclusions from the simulations in this mass region are sim-
ilar to those obtained for the high mass range: the maximal expected asymmetry value
nearly corresponds to the maximal acceptance of the spectrometer.

3.5 Event rate and projected statistical precision
3.5.1 Expected rate of Drell-Yan events

In this section we present detailed estimations of the achievable luminosity and
Drell-Yan event rates for the two dimuon mass regions of interest. In these estimations
a total NH3 target length of 110 cm is considered together with a 7= beam intensity of
Tyeam = 6 x 107 s71. The resulting expected instantaneous luminosity is given by

png Fy Na

Ibeam- (47)
The corresponding effective target length is only L.y = 90.36 cm due to consecutive
beam interactions along the target [135]. These calculations assume that the density
of the ammonia material is pxpg, = 0.85 g/cm3 and that the packing factor (i.e. the
correction factor to the density of the solid state target material per unit volume) is
F¢ = 0.50 (as measured by ComPASs in 2007). The effective mass number of ammonia is
Acrp = 11.71 g/mol, calculated as in Ref. [I32]. This leads to an expected luminosity of
L =118 x 103 cm~2s7 L,
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Table 5: The PyTHIA Drell-Yan 77 p and 7~ n cross sections for a proton and a neutron
target in the pu*p~ decay channel integrated over two regions of the p*pu~ invariant mass

(in GeV/c?) and given for various beam pion momenta.

Table 6: The PyTHIA Drell-Yan 7~ NHj cross sections for an ammonia target in the pu* ™
channel for two regions of the y*p~ invariant mass (in GeV/c?) and given for various pion

beam momenta.

DY —pp
7~ momentum 0., (ub) proton
(GeV/e) 2< M, <25|4< M, <9
106 0.537 0.082
160 0.605 0.126
190 0.631 0.145
213 0.647 0.159
af_}; " (ub) neutron
2< M, <25|4<M, <9
106 0.340 0.037
160 0.405 0.062
190 0.431 0.074
213 0.450 0.083

DY —pp
7~ momentum 0. nu, (1b) NH;
(GeV/c) 2< My, <25|4<M,, <9
106 5.147 0.702
160 5.922 1.109
190 6.231 1.291
213 6.428 1.419

The Drell-Yan cross sections in the two ranges of dimuon invariant mass and
for different energies of the incoming beam were calculated using the PYTHIA generator.
Fixed-target 7~ p and 7~ n collisions were simulated, using the GRV 98 LO PDF set for the
proton and GRV-L PDF set for the pion. The parameters controlling the ks distribution of
partons inside the hadrons were tuned in order to have the average transverse momentum
of high-mass reconstructed dimuons matching the pr distributions measured by the NA3
experiment in 7~ W collisions at 194 GeV /c [136], An average pr of 1.1 GeV /c was used
for dimuons in the mass range 4-9 GeV/c?. The results are shown in Table

The obtained hadron-hadron cross sections were then combined as

_ o
= Zaw,p

+ Nkt

T (48)

B
ONH;

where Z and N stand for the number of protons and neutrons in the ammonia molecule,
respectively. Nuclear effects in the nitrogen atom are neglected here. Nevertheless, we
take into account the fact that this is a compound material, and that there is a difference
between the protons inside the nitrogen nucleus and the quasi-free hydrogen atoms by
using Zesr and Negp = Aepr — Zepp as calculated in Ref. [135] instead of Z and N. The
estimated values for the 7= NH3 DY cross section in the dimuon channel are presented

in Table [6l
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Table 7: Summary of experimental factors entering the DY event rate calculation.

Lxn, (target) 110 cm
L.g¢(target) 90.36 cm
A.rr(NH3) 11.71 g/mol
PNy 0.85g/cm’
F(NH;) 0.50
Lpeam 6 x 10" 7~ /s
L 1.18 x 103 cm 257!
Esps 0.8

Q 0.4

Eree 0.8
Eivig 0.81
Eypec 0.85
Eio 0.17
dspill 9.6 s
Nespill 1800/day

As it is known since the 1980’s, the leading-order Drell-Yan cross section as calcu-
lated here by PYTHIA is underestimated with respect to the measured experimental value
by a so-called Kpy factor. This factor was measured to be about two. It must be applied
to the values in Table [0} in order to obtain the expected experimental cross section. A
cross-check of the PyTHIA-generated DY cross sections against experimental data has
also been performed and good agreement was found [135].

It is important to note that in the case of the NHj3 target only the fraction of DY
events originating from one of the polarised protons in the hydrogen atoms is polarisation-
sensitive while the remaining fraction (DY processes originating from one of the 7 protons
or 7 neutrons of the nitrogen nucleus) are background events which cannot be separated
on an event-by-event basis. For this reason, we will give in this section the total DY event
rates (polarisation sensitive or not) and then, as normally done in CoMPASS, we will take
into account the dilution factor f for the calculation of the expected statistical error on

asymmetries (Sect. [3.5.2)).

The event rate per day is calculated according to the expression

R =L 0r~uy Kpy dpin Nspiti Eiot, (49)
where £ is the luminosity as calculated above, o,-xp, the DY cross section for 7= — NHj
collisions in the dimuon decay channel as obtained from PYTHIA simulations, Kpy = 2
is the scaling factor as measured from previous experiments, d,,i; = 9.6 s is the duration
of the SPS spill, and ng,;; = 1800 is the maximum number of spills per day assuming the
typical SPS supercycle of 48 s. The overall efficiency of the measurement F,; is given by

Etot =0 Erec Etrig ESPS Especa (50)

where ) ~ 0.4 is the acceptance of the COMPASS apparatus in the dimuon mass range
4 GeV/c* < M,, <9 GeV/c?, E,.. = 0.8 is the reconstruction efficiency, Eiig = 0.9 x
0.9 = 0.81 is the dimuon trigger efficiency, Fsps =~ 0.8 is the accelerator efficiency, and
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Table 8: Number of Drell-Yan events per day (R), depending on the dimuon mass range
considered (in GeV/c?), and for different beam momenta (in GeV /c).

7~ momentum R (/day)
(GeV/e) 2< M, <25|4<M,, <9
106 4013 440
160 4617 695
190 4858 809
213 5012 889

Egpec = 0.85 the spectrometer availability. The latter estimate includes the trigger dead
time, the run start-stop procedure and the DAQ availability. Taking all these factors into
account, the estimated overall efficiency Ey.; is 17%.

Table[7]summarises all the factors that are used in the event rates estimate together
with the theoretical values on opy taken from Table[6] The Drell-Yan event rates expected
to be observed in the experiment per day are presented in Table [§] for the two mass regions
of interest. Thus considering a typical run of 140 days per year, in two years of data-taking
we can collect about 230 thousand Drell-Yan events in the dimuon high-mass range and
1.4 million events in the medium-mass range. A conservative pion beam intensity of 6 x 10
hadrons/spill was used for the estimation of the DY event yield. The possibility to increase
the beam intensity up to 10° pions/spill is presently under discussion.

3.5.2 Expected statistical precision and theory predictions for asymmetries
Here we present, as an example, a simple expressions for the Sivers asymmetry
extraction at LO (see for details Ref. [116])

d¢dgs
f ‘ST‘ N(%, xb)

i 9 dggde W (Ta2e:bds) i
A}m(ﬁs (Tg, ) = / )

The statistical accuracy in the assumption of a flat acceptance of the apparatus in the
azimuthal angles ¢g and ¢, and the polar angle @, is then given by

1 V2
FIStl /N, 20)

In our calculations of the projected statistical errors of asymmetries we use |Sr| =
90% for the polarisation of the target material and f = 0.22 for the dilution factor. Ta-
ble [9] presents the expected statistical errors for the unpolarised and the three transverse-
spin-dependent asymmetries that we can access, using only one bin in xp and a beam
momentum of 190 GeV /c. The statistical errors of the asymmetries are calculated inde-
pendently for the three mass ranges considered. For the J/i¢) mass region, the fraction of
gqq—produced J/1’s was assumed to be 60%, as will be discussed later, and the tail of the
open-charm contamination was neglected except in the lowest mass region.

For a measurement in the DY high-mass region of the four asymmetries discussed
above, the projected statistical errors are shown in Fig. [28 together with some theoretical
predictions. In the case of the Sivers asymmetry, all data are combined in one bin in order
to allow the best possible conclusion on its sign. T'wo error bars are shown with the smaller
one being the systematic error, together with the theoretical prediction [137] (the only

) A;in o5 (Tayxp) =
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Table 9: Expected statistical errors for various asymmetries assuming two years of data
taking and a beam momentum of 190 GeV//c.

Asymmetry Dimuon mass (GeV/c?)
2<M,, <25 | J/region | 4 < M,, <9
5 Age2? 0.0020 0.0013 0.0045
§ A os 0.0062 0.0040 0.0142
§ ASnE0T0s) 0.0123 0.008 0.0285
§ A o=0s) 0.0123 0.008 0.0285
o sinq>s . A:loszqy
o« B  SESREES ¥ R St X% S8 B
bl abesdidpdpdpaade bl
e 4 s
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Figure 28: Theoretical predictions and expected statistical errors on the Sivers (top-left),
Boer-Mulders (top-right), sin(2¢ + ¢g) (bottom-left) and sin(2¢ — ¢g) (bottom-right)
asymmetries for a DY measurement 7~ p — ptpu~ X with a 190 GeV/c 7~ beam in the
high-mass region 4 GeV/c? < M, <9 GeV/c?. In case of the Sivers asymmetry also the
systematic error is shown (smaller error bar).
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Figure 29: Theoretical predictions and expected statistical errors for the four asymmetries
in the DY process 7~ p — ptp~ X with 190 GeV /¢ beam momentum, for the intermediate
dimuon mass region 2 GeV/c* < M, < 2.5 GeV /%

existing prediction that is given together with its uncertainties, which are derived from
a fit to the experimental data). For the other three asymmetries, equipopulated bins in
zp are chosen. In the case of the Boer-Mulders (BM) asymmetry Ap;” 29 the theoretical
predictions were obtained using the Boer-Mulders function of the pion extracted from
NA10 data [I38] and a parametrisation of the Boer-Mulders function of the proton from
Ref. [I39]. These predictions were also produced for medium-mass and J/¢-mass ranges
and are shown in Figs. [29/and [30, respectively. In the case of the Boer-Mulders-transversity
asymmetry A?n(%*qss ), the theoretical predictions were obtained using the Boer-Mulders
model for the pion BM function [102] and the evolution model for the transversity function
[140]. The predictions for the BM-transversity asymmetry were also produced for both
lower mass ranges and are also shown in Figs. 29 and [30] respectively.

In Figure[31] all available theoretical predictions on the Sivers asymmetry are shown
in one graph, again together with the already shown projected statistical and systematic
errors of the proposed measurement. The solid blue line in the centre of the grey shaded
band of uncertainties is the same as in the previous figure. The predictions are evaluated
at (M,,) ~ 5 GeV. The black solid and dashed lines correspond to fits of the Sivers
function [I41] to a parametrisation of experimental data (Fit I and II below), while the
dot-dashed line shows a fit from Ref. [142] (Fit III). The fits are given by:
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Figure 30: Expected statistical errors for the Sivers (top-left), Boer-Mulders (top-right),
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the process 7~ p — ptp~ X with 190 GeV/c beam for the J/v¢ mass region 2.9 GeV /c? <
M, <32 GeV/c.
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Figure 31: Theoretical predictions and expected statistical (left) and systematic (right)
error for a measurement of the Sivers asymmetry in the high-mass region 4 < M, <
9 GeV/c?.
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Table 10: Expected statistical errors for the four asymmetries from events in the J/v
mass region events, shown for various fractions of the gqg process .

Asymmetry fraction of qq
a=01a=06]a=09

5ACU°SQ¢ 0.0060 | 0.0013 | 0.0009

SASROs 0.0188 | 0.0040 | 0.0027

SASMEOTs) [0 0375 | 0.0080 | 0.0054
SASME9=05) [ 0.0375 | 0.0080 | 0.0054

Fit I afiltV" = —x fi0 = 0.42(1 — 2)7,
Fit II: wfiV = —g 0 = 0.1293(1 — )5,
Fit I afi " = —afidV" = (0.17...0.18)2%66(1 — z)5,

The predictions from Refs. [143] [144] are shown by squares and as short-dashed line,
respectively. We note that, although the asymmetries estimated in Refs. [141], [142] are ¢r
integrated (as a factor ]\‘14—1 is present in the asymmetry), the ones used in Fig. were
given by the authors as gr non-integrated to facilitate the comparison of various models.
The abscissa value of the experimental points used to indicate the projected statistical
error is calculated from the xr distribution of Drell-Yan events simulated in the COMPASS
apparatus. The zp range covered (—0.2 < zr < 0.85) was divided into bins of almost
equal statistics and the weighted mean value of the corresponding bins in the generated
variable was computed.

The expected asymmetry values in the intermediate dimuon mass region 2 GeV/c? <
M, < 2.5 GeV/c* are presented in Fig. 29 together with projected statistical errors. In
the case of the Sivers asymmetry, the black solid and dashed lines correspond to fits of
the Sivers function in Ref. [141], while the dot-dashed line shows a fit from Ref. [142]
(see fit function parameters of Fit I-III above). Contrary to the high-mass region which
is practically free of background, we expect in this region a signal-to-background ratio of
about unity so that the expressions for the statistical error, like the one in Eq. [51] were

Npp+Ncomb
1 DD om
+ Npy

physics background in this region, namely the open-charm decays to muons as well as
combinatorial background, were taken into account.

As it was seen in Sect. single spin asymmetries can be extracted also from
J/1 events if the DY—J/¢ duality holds. In this case, the statistical error achievable
for asymmetries is much more favourable due to the higher J/1 cross section. On the
other hand, in the energy range of this experiment which is relatively low, one assumes
a dominance of the quark—antiquark mechanism over the gluon—gluon fusion mechanism
for J/1¢ production, but the exact fraction of one process with respect to the other is
unknown. We have assumed for Table [J] that this fraction is o = 0.6, while in Table [10] we
give the statistical errors also for the extreme cases @ = 0.1 and o = 0.9. The expected
number of J/1) events is estimated taking into account its production cross section in the
dimuon channel measured by the NA3 experiment. This experiment published results for
200 GeV/c m~ collisions with a Hy target [145], B,,0”/¥(xr) = 6.3 + 0.8 nb/proton. The
expected rate of J/1 events per day is give by

NJ/zZ} = O-J/w fabs L dspill Nspill Et0t7 (51)

corrected by a factor \/ = 1.4. Here, the two most important sources of
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where fus = A%9% takes into account the fact that some fraction of the produced J/v’s
is absorbed in the target. Thus the total cross section is not Ac”?/¥ but A%9%4//¥ [146].
On the other hand, the acceptance for dimuons in the J/1) mass range is estimated to be
47%, as obtained from Monte Carlo simulations. This results in an expected J/1 rate of
25180 events per day, or a total of 7.05 million J/9’s in two years of data taking.

A Drell-Yan contribution under the J/1 peak should also be considered as signal,
as according to the duality assumption it contains the same physics information as the
quark—antiquark generated J/1’s. On the other hand, the J/1’s generated by gluon—gluon
fusion constitute a background that must be taken into account. Thus a correction factor
of \/1 4 Nyjpos/(Nyjpes + Npy) = 1.274 must be applied. The expected number of Drell-
Yan events under the J/1 was calculated from the PYTHIA Drell-Yan cross section in the
mass range 2.9 GeV/c? < M, < 3.2 GeV/c?, and amounts to 291000 events in the two-
year period. Table presents the expected statistical precision for the four considered
asymmetries to be extracted from J/1 events in the three considered scenarios of a = 0.1,
a=0.6 and a = 0.9.

Figure shows the projected statistical precision for the four considered asym-
metries, extracted from events in the J/¢ mass region under the assumption that 60% of
the produced J/1 events result from a g process. In the case of the Sivers asymmetry,
the black solid lines correspond to fits of the Sivers function in Ref. [I41] (see fit function
parameters of Fit I above).

3.6 Feasibility of Drell-Yan measurements at COMPASS
3.6.1 Results of 2007-2008 beam tests

In order to establish the feasibility of the proposed polarised Drell-Yan programme
at CoMPASS and to evaluate in a realistic way the achievable statistical accuracies, short
beam tests were performed in 2007, 2008 and 2009.

In the 2007 beam test at COMPASS a negative pion beam of 160 GeV /¢ momentum
impinged on a NHj3 target and an open configuration of the spectrometer was used, i.e.
without hadron absorber downstream of the target. The beam intensity was 2 x 10° to
4 x 10% particles per second. The polarised-target system comprised three target cells
with a total length of 120 cm placed inside the superconducting solenoid. The cells were
longitudinally polarised during data taking. A simple dimuon trigger was set up with the
requirement of a coincidence between one muon detected in SAS (via identification in the
trigger hodoscopes) and one muon detected in LAS. The muon trigger in LAS is absent
in the standard running mode. For the purpose of this test, it was built from setting
two thresholds in the HCAL1 response, corresponding to 0.7 mip < signal < 2.5 mip.
According to the simulations performed, such trigger can only detect 40% of all the
dimuons in the acceptance. Additionally, its efficiency is estimated to be of only 50%. The
dimuon trigger was prescaled by a factor of five during the test.

The main goals of this test were to measure the radiation conditions inside the
experimental hall and the temperature raise of the polarised target when using an incident
hadron beam as well as to observe the behaviour of the spectrometer under “Drell-Yan
conditions”.

Dimuon trigger data were collected during approximately 12 effective hours corre-
sponding to 95 million events, from which about 90000 contained a p*u~ pair. In such
a short time interval, no Drell-Yan events are expected to be observed in the high mass
range 4 GeV /c? < M, < 9 GeV /2. Instead, the J/1 events having a cross section higher
than that of Drell-Yan by a factor 30, were used to judge about the experimental feasibil-
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Figure 32: Dimuon mass spectrum from the 2007 beam test obtained with the requirement
of a dimuon trigger. The number of fitted J/i¢’s is 14 + 5, compatible with the 20 4+ 8
expected.
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Figure 33: Dimuon transverse momentum distribution after all cuts are applied (white),
and with the additional requirement that M, > 2 GeV/c* (yellow).
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ity of the measurement. The analysis of the data after all cuts applied led to 14 £ 5 J/v
events with dimuon trigger present. The number expected on the basis of J/¢ — pu™pu~X
cross section measured by the NA3 experiment under similar conditions [I45], amounts
to 20 £ 8. Figure [32| shows the fitted dimuon mass spectrum. Figure |33|shows the dimuon
transverse momentum distribution after all cuts are applied but without the dimuon trig-
ger requirement and with the additional requirement of the invariant mass being larger
than 2 GeV/c?. By selecting higher dimuon masses, the pr distribution shifts to higher
values as expected, as both the J/¢ and DY events are known from past experiments to
have an average pr of about 1-1.1 GeV /c.

The 2007 beam test led to radiation conditions that were shown to be below the
CERN safety limits. The high-intensity beam causes multiple nuclear interactions in the
target with production of a large amount of secondary particles. This contributes to an
increase of the target temperature and shortens the spin relaxation time of the material.
The measurements of the target temperature during the test indicated no problems for
the beam intensities studied. Concerning the spectrometer behaviour, the analysed data
showed that, although the occupancy in the LAS detectors closest to the target was high,
there was no apparent loss of events in the tracking and reconstruction, as the physics
signal (number of J/1 events) obtained was in agreement with what was expected.

In 2008 a second beam test was performed, also with an open configuration of
the spectrometer, a 7~ beam of 190 GeV/c momentum, and a polyethylene target with
25% Aint. The goal of this test was to further clarify the occupancy of the detectors and
the DAQ capability to handle the high data rates produced. Data were collected with
a single muon trigger. Additionally, radiation measurements were performed again. By
increasing gradually the beam intensity up to 6.5 x 10 particles per second an increase
in the current drawn by various detectors was visible, approaching their trip limit. The
detectors placed closer to the target had occupancies above 5% even if the conditions of
the test correspond to only 1/3 of the instantaneous luminosity required for the Drell-Yan
measurement proposed in this document.

The overall conclusion from these two beam tests is that a configuration with
a hadron absorber placed immediately after the target is the best choice. Although the
universality of the spectrometer is lost, limiting the physics output to dimuons in the final
state has the important advantage of preserving the highest efficiency of the detectors.
In these conditions, the luminosity can be increased, while the combinatorial background
will be significantly reduced.

3.6.2 Preliminary results of 2009 beam test

A three-day Drell-Yan beam test was performed at the end of the data-taking
period of 2009. A 7~ beam with momentum 190 GeV /¢ was used. The small angle part of
the spectrometer comprising the SM2 magnet, the Muon Wall-1 and other tracking devices
was positioned 3 m downstream of its nominal position (hadron run configuration). The
polarised target cells were simulated by two cylinders of polyethylene (CHy) separated by
20 cm. The length of each cylinder was 40 cm and the diameter 5 cm. The total length of
the dummy target was equal to about one interaction length, which corresponds to that
of the polarised target. A hadron absorber was installed downstream of the target. The
upstream part the absorber consisted of 100 cm concrete, while the downstream part was
made of 100 cm stainless steel. The transverse dimensions of the absorber were 80x 80 cm?.
The main purpose of the hadron absorber was to suppress the flux of a secondary hadrons
produced in the interactions of the 7= beam with the polyethylene target. The choice of
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Figure 34: Vertex distribution along the beam direction for M, > 2.5 GeV /%

the material and the geometry of the absorber were constrained by the total cost as well
as by construction and assembly time. In the centre of the absorber, along the beam axis,
a beam plug made of tungsten was installed in order to stop the non-interacting beam.
The test set-up consisting of the dummy target and the hadron absorber replaced the
recoil proton detector, which was used during hadron spectroscopy data taking.

The beam intensity was 8 x 107 pions/spill (spill length of 9.6 s), except for two
runs when it was eventually increased to 1.5 x 108/spill. Two dimuon triggers were set
up, one using the hodoscopes in the SAS (Middle, Ladder and Outer hodoscopes) in
coincidence with a signal from the HCAL1 trigger in the LAS, the other using two signals
in coincidence from the HCALL trigger in the LAS. The latter used a window discriminator
with two sets of thresholds in order to select minimum ionising particles 0.7 mip < signal <
2.5 mip. All collected data were analysed leading to a total processed statistics of 4935
spills. The corresponding beam flux is 3.7 x 10! pions. In order to select events with a
dimuon in the final state the following cuts were applied:

— only events with one positive and one negative particle, marked as muons, were
accepted;

— the momentum of the negative muon is below 100 GeV/c. This cut rejects muons
from the decay of beam pions 7~ — p~ + 7,. The minimal energy of such muons
is approximately Epeam mi /m2 ~ 109 GeV;

— the position of the vertex reconstructed from the muon tracks is in the range
—253 cm to —113 cm along the nominal beam line (Fig. ;

— the distance from the nominal beam line is less than 5 cm;

— the minimal distance between the muon tracks is less than 4 cm;

— the difference between the values of the mean track time for muon tracks is below
12 ns. This cut is effective against background events induced by pile-up effects.
The expected yield of J/¢ and DY events can be estimated using the procedure
applied in the Sect.[3.3.5] It is based on the DY cross section, target length, beam intensity,
apparatus acceptance, reconstruction and trigger efficiencies and spectrometer availability.
The number of expected J/1 is 3600 £ 600, the number of DY events in the mass range
4 GeV/e? < My, < 9 GeV/c? is 110 £ 22. These numbers were obtained taking into
account three important factors:

— a correction for the trigger inefficiency (& 1.8),
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Figure 35: The measured p*p~ invariant mass distribution. The number of events is
obtained from the fit in the J/v region.
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Figure 36: pr (left) and zp (right) of the dilepton for M, > 2.7 GeV /%

— a correction of the apparatus acceptance correction as in 2009 the SM2 magnet
located 3 m downstream of its nominal position (=~ 15% events less for J/¢ and
~ 20% for DY dimuon mass range),

— a reduction of statistics by about 20% due to the applied cuts.

The number of found J/¢’s is 3170 £ 70 (Fig. B5), in good agreement with the
expected J/v yield (Sect. as is also the number of DY events of 84 4+ 10 found
in the range 4 GeV/c? < M, < 9 GeV/c?. Correspondingly the measured ratio of the
J/1p-to-DY event yield of 37.7 - 5.0 agrees well with the expectation of 33.3 +5.0. In the
further analysis only data from the two dedicated Drell-Yan triggers were used.

The pr and xx distributions for events with M, > 2.7 GeV/c? are shown in Fig. .
The mean value of py is about 1 GeV/c. This makes COMPASS sensitive to TMDs, which
are expected to be accessible up to pr ~ 2 GeV/c.

The z, versus x; distributions are shown in Fig. for the two considered mass
ranges of the dimuon. As one can see in the high-mass range of the dimuon, M,, >
4 GeV /%, both annihilating quarks belong to the valence quark range. In case of the J/1,
the contribution of valence quarks is also dominant.
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Figure 37: The (z,, ;) coverage for the J/¢ (left) and M,, > 4 GeV/c* (right) mass
range.

The high intensity of the incoming pion beam and the long exposition time prevents
us from using silicon detectors for the beam definition (beam telescope) in the future Drell-
Yan measurement. One possible alternative solution is to substitute them by scintillating
fibres (corresponding detectors are under development in the Erlangen—-Bonn group). They
offer a sufficiently high space resolution of =~ 300 ym and a time resolution of 500 ps will
allow a good rejection of pile-up events, a very important feature for beam intensities of
10° hadron/spill.

3.6.3 Background studies

According to the experience gained in several unpolarised Drell-Yan experiments
performed so far, two contributions can be identified as competing processes to Drell-Yan,
especially in the intermediate mass range 2-2.5 GeV /c*:

— uncorrelated combinatorial muon background, originating from pion and kaon de-
cays,
— open-charm semi-leptonic decays.
The combinatorial background can be minimised by optimising the hadron absorber lo-
cated downstream of the target, as described in Sect. [10.2] Of particular importance is
a proper dumping of the non-interacting beam particles in a heavy beam plug placed in
the central part of the absorber.

The measurement of the combinatorial background was one of the main goals of
the 2009 Drell-Yan beam test (Sect. [3.6.2). The conditions of the test (hadron absorber
and beam plug implemented in the set-up downstream of the target) allowed to increase
the beam intensity up to 1.5 x 10® 7~ per spill, which is a factor 4 lower than the beam
intensity of the proposed DY measurement. The combinatorial background was measured
by studying put ™ and g~ invariant mass distributions. The combinatorial background
in the ™ p~ invariant mass spectra is calculated according to the formula

Npc,. =2/ Ny Nyyr. (52)

A comparison of the ptp~ invariant mass spectra and the combinatorial background
is shown in Fig. It shows that the contribution of the combinatorial background is
suppressed by a factor of about 10 with respect to the pu*pu~ invariant mass spectrum at
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Figure 38: Upper points (red): invariant x4 p~ mass spectrum, lower points (blue): com-
binatorial background calculated according to Eq. .

M,,, =2 GeV? , so that even in the intermediate mass region 2 GeV /c? < M,,, < 2.5 GeV?
there is a good probability to have a rather clean DY signal when running at the full beam
intensity of 6 x 108 pions per spill.

Open-charm decays, i.e. D° and D° decays into muons, cannot be avoided or
suppressed by using the hadron absorber. They constitute a source of dimuons that
is correlated to some extent, as D° and D are produced from the partonic processes
qq — cc and gg — cc. The open-charm processes are simulated using PYTHIA and
the generated dimuon events are propagated through a GEANT 3 simulation of the ex-
perimental apparatus. These Monte Carlo events are then reconstructed and the ob-
tained distributions are compared with the corresponding ones for the Drell-Yan pro-
cess. The contamination from open-charm dimuon events is seen to be negligible in both
the high-mass region 4 GeV/c* < M, < 9 GeV/c* and the intermediate-mass region
2 GeV/c? < M, < 2.5 GeV/c*. The separation of open-charm and Drell-Yan events is
likely to be improved by proper muon angular cuts.

3.6.4 Systematic errors in the asymmetries
Various systematic effects have been considered. Here we discuss the contributions
from the most relevant ones:

1. The combinatorial background and the intrinsic charm contributions are negligible
in the region of the dimuon invariant mass between 4 GeV/c? < M,,, < 9 GeV /%
The data obtained from the 2009 beam test (Sect. and MC simulations show
that both are certainly not dominant in the intermediate dilepton mass range
2GeV/c? < M, <25 GeV/c*

2. The migration of events from one cell to another, which results in a dilution of the
asymmetries, depends on the experimental vertex resolution along the beam and on
the separation between the two target cells. The distance between the two cells has
been increased from the previous 10 cm to 20 cm in order to reduce this effect and
to compensate for the decrease in vertex resolution caused by multiple scattering
in the absorber. The final decision on the distance between the two target cells will
be taken after the analysis of the 2009 beam test data will have been finished. The
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final goal for the cell-to-cell distance optimisation is to keep the contribution to

the systematic error from the migration of events from one cell to another below
the 1% level.

. The resolution in ¢g (for the definition see Fig. determines the choice of the

number of ¢g bins to be used for the azimuthal asymmetries measurements. We
have to minimise the bin-to-bin migration, on the one hand, and to have a sufficient
number of bins in ¢g for the fit, on the other. Exploiting the COMPASS experience
in the azimuthal analysis of SIDIS data, where the resolution o4, ~ 70 mrad
and 16 bins in total were used with a bin width of ~ 390 mrad or ~ 5.6 oy,,
we conclude that for the DY analysis a bin width of 5 ¢ will be sufficient to
keep the bin-to-bin event migration under control. According to the experience
of a previous Drell-Yan experiment (E615) in the analysis of the cos2¢ or Boer-
Mulders asymmetry, 5 to 10 bins in ¢g will be sufficient to reliably extract the
modulations. The dependence of the resolution in ¢g on the transverse momentum
of the virtual photon is shown in Fig. [39 As one can see, the resolution is uniform
almost over the whole g7 momentum range covered by the COMPASS spectrometer
(0.3 —2.5 GeV). In Figure [39| also is shown the ¢g resolution averaged over this gr
region, as obtained in the Monte Carlo simulations with the hadron absorber (see
Sect. for a description of the absorber). The resulting o4, is ~ 150 mrad, thus
a safe bin width will be 750 mrad which corresponds to 8 bins in ¢g.

. The influence of acceptance variations on the measured asymmetries has been

checked in detail in the analysis of SIDIS data and a long list of tools has been built
in order to both use estimators minimising the effects and give upper limits to the
systematic error. The two cells of the COMPASS polarised target used for the Drell-
Yan measurements will allow us to collect data with both polarisations at the same
time. In transverse mode, the polarisation of a cell is reversed only every 3-5 days.
The small difference in the acceptance of the two cells, which have their centres
separated by 75 cm, does not allow the extraction of asymmetries from a single
period of data taking. Therefore the data from two periods have to be combined in
order to cancel acceptance and efficiency effects in the asymmetries. It is therefore
important to monitor and keep as constant as possible the experimental conditions



over two consecutive periods with reversed spin configurations. One has to keep in
mind that stability is also an essential ingredient for the DVCS and unpolarised DY
measurements. Many tools were developed in previous years to check this stability
of the data and the statistical compatibility of the results obtained in consecutive
periods is a powerful test to check the presence of small systematic effects. The
overall small upper limit for the systematic error obtained for the full data taking
period with the °LiD deuteron target proves that this systematics can be kept under
control. Based on previous experience, a level of about 1% can be assumed for the
systematic effects arising from potential instabilities of the data taking conditions.
5. For the unpolarised asymmetries, one needs to correct the measured distribution
for the experimental acceptance. This is done by using a full Monte Carlo sim-
ulation of the apparatus which starts from the event generation performed by
PyTHIA, simulates the experimental set-up and the particle interactions in the
passive and active material of the detectors (also including the detector response
done by COMGEANT), and ends with the reconstruction of the generated events
by the same program (CORAL) used to analyse the real data. The quality of this
chain is evaluated by comparing distributions of real data and of generated events.
Moreover, a modification of the parameters in the event generator allows us to
check the influence of the event phase space on the acceptance. Given the improve-
ments in the Monte Carlo description of the apparatus which are foreseen and the
improved stability of the apparatus over all the data taking periods, the expected
contribution to the systematic error is considerably smaller than in the past.
Altogether, it can be concluded that there is no reason to expect a larger systematic error
in asymmetry measurements using the DY reaction than in SIDIS measurements.
Two options are under discussion now to further reduce those systematic errors in
the Drell-Yan experiment which are connected with the hadron absorber:
— the hadron absorber can be constructed entirely from alumina (Al,O3);
— an additional tracking station can be installed in between the polarised target and
the hadron absorber.
What concerns the first option, the radiation length of the hadron absorber can be reduced
by almost factor of two (from 55.4 X, of the current design of 150 cm Al,O3 + 60 cm of
stainless steel, down to 35 X for 250 cm of only AlyO3) when a 40 ¢cm longer absorber is
used. Due to the reduced multiple scattering in the absorber this would allow us to improve
by a factor of about two the spatial, angular and mass resolution. The second option
was studied by simulating an additional tracking detector plane at about z = —100 cm
in the standard CoMPASS Monte Carlo program coordinate system, ¢.e. about 90 cm
downstream of the second polarised target cell and about 20 cm upstream of the front
edge of the absorber (Sect. . For simplicity, a standard MicroMega station was used as
additional tracking detector (pitch size of 0.04 cm, no dead region simulated). In Table ,
a preliminary comparison is shown of various kinematic characteristics of dimuon events
when reconstructed with or without such an additional tracking station. It appears that by
using an additional tracking station on can improve by a factor of about five the resolution
of the vertex reconstruction and significantly also the mass and angular resolutions.

3.7 Competition and complementarity

There are plans for future polarised Drell-Yan experiments at BNL, CERN, Fer-
milab, GsI, J-PARC and JINR. Some of them are presented in Table [I2 Only PAX at
FAIR Gsi-Darmstadt) and NIcA at JINR (Dubna) plan to measure transverse doubly-
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Table 11: Comparison of the resolution on various kinematical parameters in spectrometer
configuration with and without additional MicroMega-like tracking station downstream

of the target.

present geometry | with z-y, u-v planes
(preliminary)
Ovs 12.5 cm 1.8 cm
OV 0.6 cm 0.1 cm
oM 240 MeV 190 MeV
op, (lab) 200 MeV/c 140 MeV /c
o4, (lab) 148 mrad 90 mrad
oy, (lab) 2 mrad 1.4 mrad
0y, (lab) 34 mrad 14 mrad
o9, (lab) 3 mrad 1 mrad
% reconstructed events 32% 56%

Table 12: Future Drell-Yan experiments.

Facility Type s (GeV?) | Time-line
RHIC (STAR, PHENIX) [147] | collider, plpt 200%, 500° | > 2014
RHIC(internal target)  [148] | fixed target, pTp! 500 > 2015
E906 (Fermilab) [149] | fixed target, pp, 226 > 2010
J-PARC [150] | fixed target, pp" 60 =100 | > 2015
Gsi(Pax) [T51] | collider, pipt 200 > 2017
Gsr (Panda) [152] | fixed target, pp 30 > 2016
NICcA [153] | collider, phpt dtah 676 > 2014
COMPASS (this Paper) | fixed target, = p 300400 > 2012

polarised Drell-Yan processes, in the long-term future. In Dubna it is proposed to study
the Drell-Yan process in proton—proton or deuteron—deuteron polarised-beam collisions,
which give access only to interactions between valence quarks and sea antiquarks. The
Pax Collaboration plans to polarise antiprotons to study the interactions between va-
lence quarks and valence antiquarks. However, the possibility to get a beam of polarised
antiprotons still has to be demonstrated. Both collaborations plan to study e™e™ final
states. The Drell-Yan programmes at RHIC and J-PARC both foresee to measure single-
and double-spin asymmetries in the Drell-Yan process, but unlike COMPASS they have
only access to valence-quark—sea-quark interactions in pp collisions. The E906 project is
oriented to the study of the sea quark distribution in the proton and can be considered as
a complementary measurement with respect to the CompASs DY plans. The Panda exper-
iment is designed to study the J/v formation mechanism rather than Drell-Yan physics,
because of the very low antiproton beam energy (15 GeV). The future experiment that
is most similar to COMPASS, the PAX experiment, is designed to reach a luminosity of at
most 5 x 103* cm~2 s7!. Thus the COMPASS experiment would be the first one to perform
measurements of single-spin asymmetries in Drell- Yan processes to access spin-dependent
PDFs in the valence quark region with high statistical significance. The first-ever data
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on the J/v formation mechanism in 7~ p interactions will be also obtained, which is very
important for the understanding of hadron—hadron interaction dynamics.

73



4 Experimental studies of chiral perturbation theory

From the earliest attempts to understand the strong interaction more than 70
years ago, the pion and its properties have played a key role, first as an exchange particle
in the nucleon—nucleon interaction, and later as the lightest quark—gluon bound state of
Quantum Chromodynamics (QCD). Revealing and explaining the pion’s global properties
and the details of the internal structure, is still a challenge for experimental and theoretical
particle physics, specifically in verifying the validity of QCD for the dynamics of non-
perturbative bound states and low-energy reactions.

Exploiting the smallness of the u,d, s quark masses, the approximate chiral sym-
metry of the QCD Hamiltonian, SU(3)r, x SU(3)g, can be used to construct the low-energy
effective field theory, which allows to expand the strong interactions systematically in the
particle momenta. This approach is called Chiral Perturbation Theory (ChPT). Accord-
ing to the Goldstone theorem, the spontaneous breaking of the chiral symmetry in the
QCD vacuum manifests itself in the occurrence of (almost) massless pseudoscalar Nambu-
Goldstone bosons. These are identified with the observed pions and kaons (and the eta).
Within this theory, their small masses originate from the non-vanishing quark masses,
which break the chiral symmetry explicitly. The first complete treatment of ChPT up
to one-loop order has been presented by Gasser and Leutwyler in Ref. [I54], where also
references to earlier work can be found. For a recent overview of the current status of
ChPT in the meson sector, see Ref. [155].

The crucial feature of ChPT is to establish various connections between physical
observables as a consequence of the (approximate) chiral symmetry of QCD, often referred
to as low-energy theorems. Working out the systematic corrections, ChPT can give firm
predictions for the strong interaction dynamics of the Goldstone bosons, which is often
very difficult to determine experimentally. The most striking example concerns the long-
standing problem of the pion electromagnetic polarisabilities. In ChPT, the (dominant)
difference of the electric and magnetic polarisabilities is directly related to the strength
of the radiative pion decay. Beyond that, higher-order corrections and a theoretical error
estimate have been worked out recently in Ref. [I56]. The pion polarisabilities (together
with chiral loop contributions) give rise to deviations of the pion Compton cross sec-
tion o(my — 7y) from the QED expectation valid for a structureless spin-0 particle, as
discussed in detail in Sect. [4.1]

Moreover, within ChPT the coupling constants for reactions including more pions
in the final state are equally well controlled, e.g. the chiral anomaly driving the low-
energy behaviour of the reaction 7*+v — 7=7% The potential of measuring also those
reactions, closely related to the Compton reaction and consequently measurable in parallel
as reviewed in Ref. [I57], is addressed in Sect. [£.2]

4.1 Pion and kaon polarisability measurement

The pion electric and magnetic dipole polarisabilities o, and [, characterise the
response of a (charged) pion, as a composite ¢g system, to external electromagnetic fields
in the low-frequency limit. Clearly these are fundamental structure parameters of the pion,
and the comparison between theoretically predicted and directly measured values provides
a stringent test for various theoretical approaches, like ChPT, dispersion sum rules, QCD
sum rules and quark confinement models. The theoretical predictions disagree markedly
with each other and lie in the range (2 — 8) x 10~ fm® for the absolute values of o, and
B [I57HI50]. Several attempts were made in the past to measure these quantities (see,
e.g. Ref. [I60]) using different experimental approaches. The results obtained are affected
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Figure 40: Pion Compton reaction (right graph) embedded in the Primakoff reaction (left
graph) on a nucleus of charge Z. Kinematical quantities in the laboratory and the CM
scattering angle are indicated.

by large uncertainties and there are even large discrepancies between them. The ongoing
dispute about the compatibility of the ChPT results for the pion polarisabilities with the
those of the dispersion relation approach, as expressed in Refs. [161], [162], demonstrates
once more the urgent need for experimental clarification.

The COMPASS experiment provides unique tools to measure precisely the pion
polarisabilities in the Primakoff reaction

T Z -7 Zy (53)

embedding the pion Compton scattering reaction as depicted in Fig. [0} The cross section
for the Primakoff reaction (53)), treating the nuclear vertex in the equivalent photon
approximation [163] is given by

do «

_ 2 (N2
dsdtd@Q?  7(s —m32) Fal@)

2 2
. Q ~ <Ymin do—ﬂ"Y

Qi dt

(54)

where Quin = (s — m?2)/2E,cam, s and t are the Mandelstam variables in the 7y system.
Using the threshold expansion for the 7y subprocess, the polarisabilities are introduced
at the level of Compton amplitudes (following Ref. [156])

o t

—H —(t,s=m2) = (az £ B;) + —= (g £ 32) + ... (55)

My 12
where the leading Born terms are subtracted to obtain the reduced (spin-flip and spin-
nonflip) helicity amplitudes H,+. This leads (to linear order) to the pion polarisability
term P for the differential cross section

dory (5223 +mp2?) am; (s —m7)? (56)
dQen  s(szy +m22_)2  4s%(szy +m2z)
which is given by
52 (s —m2)?
P — Z%(Oﬁr - 6#) + Wz?t,.(aﬂ' + ﬁﬂ) - 248 ZE(OQ - 52) (57)

™

and zo = 1+ cosb.y,, 0., the scattering angle in the CM system of the outgoing 7y
pair. The last term accounts for the quadrupole polarisability difference ay — (35, which
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emerges in a consistent treatment in the same order as the dipole polarisability sum
.y + Br. The full expansion in s = mfw to the given order requires terms quadratic in the
polarisabilities. They are omitted here as they do not change the salient features given by
the linear terms.

The effect of the difference of electric and magnetic polarisability (a, — ;) is
strongest under backward angles (for this reason, this quantity is also called backward
polarisability), while the forward polarisability (a,;+03,) influences the cross section mostly
at large cos . While the latter forward polarisability is expected to assume small values,
it is enhanced in the cross section by the prefactor s?/m2. As a consequence, measuring
the energy and angular dependence of the cross section allows to extract the two dipole
polarisabilities separately. Furthermore, within ChPT the 1- and 2-loop contributions are
to be taken into account for a correct interpretation of the experimental cross section.

The effect of the polarisabilities as given by Eq. is depicted in Fig. , also
showing the kinematical relation with the laboratory quantities. The physically interesting
region includes photons with energies in the range from 20 to 180 GeV at angles from 0
to 8 mrad with respect to the incoming beam pion direction.

The study of Primakoff reactions in COMPASS was first started in the pilot hadron
run in 2004 using 190 GeV 7~ and p~ beams impinging on a solid Pb target, segmented
in longitudinal direction. Additional samples for Cu and C targets were also collected.
The total amount of pion Primakoff events from the lead target was about 60,000 events
with photon energies above 40 GeV. Instabilities in the amplification of many cells of the
electromagnetic calorimeter connected with saturation effects and some features of the
Primakoff trigger, including a missing row in the sensitive central region, turned out to
cause significant systematic uncertainties of the measurement and do not allow to extract a
reliable value for the pion polarisabilities from the 2004 data. However, the measurement
allowed to address the full measurement procedure and established the feasibility of a
much improved measurement.

The most important achievements of the present analysis are, on the one hand, the
selection of Primakoff reactions as exclusive my events (Fig. [42), the identification of the
Primakoff peak and the diffractive background in the Q? distribution (Fig. allowing
to confirm the Z? dependence of the Primakoff peak following the theoretical prediction
(Fig. . On the other hand, we determined important parameters of our setup such
as resolutions and Monte Carlo control of detector efficiencies and identified the main
sources of background, both, non separable physics processes (the ratio of Primakoff
signal to diffractive background for different targets is shown in Fig. and backgrounds
stemming from beam impurities for which a set of procedures for background reduction has
been developed. Corrections to the pure tree level Primakoff cross section come from the
Compton vertex, multiple photon exchange, vacuum polarisation, nuclear charge screening
by atomic electrons and contribution of nuclear form factor and have now also been
calculated [164], 165]. The full Q% dependence was also investigated within the Glauber
model in the work of [166, [167], incorporating the influence of the strong interaction.

In the recent Primakoff data taking in November 2009, several of the learnings from
the 2004 run have been taken into account, with the perspective of extracting a reliable
value for o, — 3, from a statistics of about a factor three larger than the one of 2004.
Those include

— Usage of an unsegmented target with the thickness of 0.3X,. This target provides
the opportunity to collect large statistics with high data quality (good resolution
for @2, low background from beam kaon decays due a shorter fiducial volume cut).
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Figure 41: Top: Pion Compton scattering cross section (continuous line: point-like case)
and polarisability effect (dashed line: prediction of chiral perturbation theory). Bottom:
relation to the photon kinematics (energy and production angle) in the laboratory. In
colour, the relative effect of the dipole polarisabilities (ChPT values) on the cross section
is shown (in light colour saturation, the region outside of the kinematical cuts is indicated).
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Replacing Pb by Ni as target material reduces the effect radiative corrections more
significantly for lead, and the correction related to the nuclear form factor. The
spin-0 55Ni nucleus simplifies the estimation of radiative corrections.

The layout of the target region was kept similar to the hadron run 2009, with the
hydrogen target being replaced by a solid target. The present geometrical positions
of silicon and Pixel GEM detectors allow to measure the scattering angle of pions
with the required precision of Apr < 10 MeV, and to also collect the statistics
for beam kaons decay up- and downstream of the target, which is important for
K~ — 7 7 background determination, though kaon background will be much
reduced owing to the CEDARs.

The new digital ECAL2 trigger on the Primakoff photons was installed. As these
photons are concentrated in the central part of ECAL2, it was sufficient to include
the 12x12 central cells. For the other processes of interest, as outlined in the next
section, will require a larger active ECAL area to be included in the trigger.

The trigger hodoscopes downstream of the concrete wall, used in the muon program
in order to provide particle identification in the range 15 GeV/c < p < 20 GeV /¢,
was activated in order to provide muon—pion separation.



Table 13: Proposed running time, the respective total beam flux for pions and muons,
and expected total errors on the pion polarisabilities (units 10~ fm?®, except quadrupole

polarisability values in units of 10~ fm®).

Days | m beam, | ;4 beam, | Flux Flux | oy — 0r | axr + Br | ag — (o
days days | m, 101 | p, 10 Ttot Ttot Ttot
120 90 30 59 12 +0.27 fixed fixed
+0.26 40.016 fixed
+0.66 +0.025 | £1.94
ChPT prediction
570 | 016 | 16

— CEDARs are required for beam kaon identification. Their performance in 2009 is
still to be studied.

— An optimised electron converter was installed on the beam line to decrease the
admixture of the electrons in the hadron beam. It is positioned close to the last
major bending dipoles or downstream of CEDAR 2.

— The VetoBox surrounding the target and used in 2004 was replaced by the new re-
coil proton detector, serving as veto system. The forward sandwich veto suppresses
reactions of particles under large angles.

One of the key features for this measurement within COMPASS is the study of sys-
tematic effects using a well known calibration process, Primakoff scattering by muons. In
the following we assume all of the systematic effects to be measured using muons, thereby
neglecting for the moment effects on beam shape and intensity, secondary interactions
and systematic effects based on concurring physics processes different for the two particle
species. In order to keep the systematic uncertainty below the statistical one, we need to
collect data shared between pion and muon beams as given in Table[13] Using a 0.3 X, Ni
target and beam intensities of 4 x 107 per spill for pions and 4 x 10® per spill for muons
we have calculated event rates and uncertainties, where we assume the geometrical ac-
ceptance for Primakoff events and the efficiency of our selecting cuts to be the same as
in 2004 (but which improved performance of ECAL 2 and trigger hodoscopes). Collecting
10 full runs (1000 spills) per day, as was realised in the previous beam times, we give the
corresponding values for beam fluxes and the total uncertainties for different periods of
data taking in Table subdivided into three different ways to fit the polarisabilities:
Fixing the subleading contributions «, + (3, and ay — (3 to some value decreases the
statistical uncertainty on the free parameter(s) as given in the first two rows. This, how-
ever, will lead to an unknown shift of the fitted value(s) due to the correlation between
them (especially o, — 3 and as — (32). Since none of the polarisability combinations is
constraint in principle, only the full 3-parameter fit (3™ row) is regarded as the goal for
this measurement. For the quadrupole contribution, the full 2-loop result is given [156].
If the 1-loop contribution (12 x 10~* fm®) is explicitly taken out, as has been done for the
dipole polarisability extraction in the Serpukhov data analysis [168], the ChPT prediction
reads 4 x 10~* fm®. In Table , time needed for detector commissioning is not included.
Small data samples with empty target which will help to study the systematic effects are
also not included, however their collection should take just a few hours.

So far all experiments performed have only been able to address a combination of
electric and magnetic polarisability (namely a, — ;). COMPASS can, for the first time,

79



Table 14: Expected precision of the kaon polarisability measurement obtained in parallel
with the proposed running time in Table 13| (units 10~ fm3).

7/K beam | Flux Flux | ax — Bk | ax + Bk | aka2 — Bk
days m, 10 | K, 10" Ttot Ttot Ttot
| 90 | 59 | 14 | +008 | fixed | fixed |
ChPT prediction
o | - -

also perform an independent measurement of o, and (3, using the information about both,
energy and scattering angle of Primakoff photons. Within the proposed data taking, we
can expect a statistical uncertainty on the level of 0.66 x 10~* fm® on the difference of
dipole polarisabilities, and 0.025 x 10~* fm® for their sum. Here, it should be stressed
that the investigation of the full s dependence includes to account for the 1- and 2-loop
contributions predicted by Chiral Perturbation Theory, which are also viewed as dynamic
polarisability a,(s), in contrast to the s-averaged measurements discussed so far. The
range of s accessible for COMPASS includes also the region of p meson decays, which
contains interesting information, as the radiative width of the p, by itself.

In addition to the precise measurement of the pion polarisabilities, we can observe
Primakoff scattering with charged kaons for the first time and thus obtain the kaon po-
larisability. For the proposed data taking, we expect about 4000 Primakoff events with
kaons in the sensitive range 0.5 < w < 0.9. Thus a first and coarse measurement of the
kaon polarisability can also be obtained in parallel to the high precision determination
of the pion polarisability outlined above due to the usage of CEDARs for separation of
kaons and pions in the beam (Table [14).

The experimental setup has to be optimised in the following ways for the proposed
data taking:

— In order to ensure high redundancy in the tracking of incoming and outgoing pions,
an additional tracking station will be installed downstream of the target. Precision
in the scattering angle requires distances smaller than 1 m between target and
closest tracking stations.

— The measurement of the kaon polarisabilities require an improvement in kaon iden-
tification by the CEDAR system, which has to be optimised or rebuilt.

— The RICH beam pipe has to be replaced by a solution which minimises the con-
version probability for photons and the multiple scattering for charged particles.

— The digital trigger electronics, which came as a very new installation to the 2009
data taking, has to be finalised.

4.2 Primakoff reactions with neutral pions in the final state

In parallel to the Primakoff Compton scattering Eq. CoMPASS also aims to
measure Primakoff reactions with neutral mesons in the final state, already been observed
in the 2004 pilot run:

7 — 1w Z7° (58)
7 — 7w Zn’n° (59)
T Z — wZn (60)
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nal state (no background subtraction, very  final state for Q* < 0.002 GeV? (no back-

coarse cut set). ground subtraction, very coarse cut set) is
dominated by a9(1320). Improving event
selection and subtraction of background is
expected to clear up the picture.

The measurement of Eq. allows to determine the chiral anomaly amplitude Fj,, for
which Chiral Perturbation Theory (ChPT) makes an accurate prediction by relating the
process to the 7 decay constant f, and the electric coupling constant a,,. This consti-
tutes a test of higher-order ChPT. The reaction Eq. is calculable directly at tree level
ChPT [157], using the pion scattering lengths ag, as, combined with the electromagnetic
coupling . Here, the ChPT expansion should be reliable on the percent level, and so,
the experiment constitutes a strong test of yPT at tree level and goes much beyond the
determination of low energy constants.

Reaction Eq. has already been examined by the Serpukhov experiment [169],
however in the relevant region of s < 10 m?2 only about 200 events were obtained. Reaction
Eq. has not been determined up to now.

Reaction Eq. allows the direct observation of 17(177) exotics created in pho-
toproduction as the selection of Primakoff events removes ag decaying to the same final
state (Figs. [46] and [47)).

All of these channels have been identified in the 2004 pilot run with effectively
three days of COMPASS beam on a segmented 2+1 mm Pb target. About 320 events with
exclusive single 7 production with s < 10 m?2 (Fig. , and 85 events with exclusive
double 7 in the interesting range s < 22 m?2 have been reconstructed (Fig. . The cut
on exclusivity was +10 GeV for the reaction of Eq. and +15 GeV for that of Eq.
around the nominal beam energy, obtained as exclusivity peak in the sum of the outgoing
pion energies. The quasi-real photon exchange was selected with cuts of Q* < 0.001 GeV?
and Q? < 0.005 GeV? for reactions of Eqs. (58) and , respectively. Background has
been subtracted using an adjacent Q? side band. A new measurement should aim for at
least 10,000 events in the s < 10 m?2 range for the 7° channel, as it was also originally
proposed for COMPASS. We expect about 2,500 events for the 7%7% channel at the same
time.
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Figure 50: Top view of the 2010 COMPASS spectrometer setup.

The 2010 lay-out of the CoMPASS apparatus

Except otherwise noted, all hardware upgrades described in this document refer
to the set-up used in 2010 with the muon beam and the polarised NHj target. The 2010
spectrometer is shown in Fig. [50| and a detailed discussion of most of the components can
be found in Ref. [133].

5 Muon trigger

For both DVCS and DY measurements the trigger relies on the detection of muons
with fast scintillator hodoscopes. In case of the DVCS measurement, the detection of the
scattered muon in a very large kinematic range of Q? and zp is mandatory, whereas for
the Drell-Yan programme triggering of pairs of oppositely charged muons is needed.

Muons are detected behind thick concrete or iron absorbers for muon identification
either by measuring their scattering angle in a plane perpendicular to the dipole bending
plane (target pointing trigger) or by measuring the energy loss using the deflection in the
dipole fields (energy loss trigger). Target pointing needs horizontal scintillator elements
with a width given by the distance to the target; the energy loss trigger has vertical strips
with a width determined by the distance to the dipole magnets.

5.1 Trigger hodoscopes
The measurements will make use of the existing hodoscope system selecting in-
clusive events which is operated since 2002 at the COMPASS experiment [I70] and which
was continuously improved during the recent years. A further upgrade is prepared for the
transverse data taking in 2010.
Due to the large variation of counting rates, different trigger systems are being
used for different kinematic regions. These parts are:
— the Ladder trigger covering low Q? and high v,
— the Middle trigger covering low Q2 and all v,
— the Outer trigger covering intermediate Q* and all v,
— the LAS trigger covering large (Q? and high xp.
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Figure 51: Location of the components relevant for the trigger (schematically), see also
Table The inner trigger system (H4I and H5I) will not be used for DVCS and DY
data taking.

In order to guarantee triggering on muons only, at least one of the two hodoscopes is
located behind an absorber (muon filter). In each case, the hodoscopes are put as close
as possible to the absorber to minimise effects due to multiple Coulomb scattering in the
absorber. Details on the hodoscopes are given in Table [15] and a sketch of their positions
is shown in Fig. 51

Ladder trigger (H4L, H5L): The ladder trigger selects muons with small scattering angles
but high energy losses. To achieve this selection, both hodoscopes are located behind the
spectrometer magnets bending particles in the horizontal plane. Both hodoscopes consist
of short vertical strips read out on both sides by PMTs. Using a coincidence of two
hodoscope strips in H4L, and H5L, muons with a large deflection in the magnets but very
small scattering angle are selected yielding events with a large energy loss, but small Q2.

Middle trigger (H4M, H5M): The middle trigger combines the features of an energy
loss trigger using vertical elements with a target pointing trigger using a second layer of
horizontal strips for each of the two hodoscopes. The vertical strips are readout on one
side by PMTs while the horizontal ones are read on both sides. The middle system covers
a relative energy transfer y from 0.1 to 0.7 at small scattering angles.

Outer trigger (H30, H40): The outer system consists of a horizontal hodoscope plane
at the exit of the second spectrometer magnet (H30) and a second one behind the hadron
absorber in the SAS (H40) to obtain vertical target pointing. It is divided into two halves
to avoid very long strips. The size of the second hodoscope is matched to the size of the
muon wall MW2 chambers used to reconstruct muon tracks. All strips are read out by
two PMTs. The outer system covers all y and large Q* up to 10 (GeV/c)?.
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Table 15: The trigger hodoscopes and their main parameters. The overlaps between neigh-
bouring strips guarantee high trigger efficiency.

system | hodoscope # of width | overlap | z-pos. | area (x X y)
strips | (mm) (mm) (m) (cm?)
ladder H4L 32 22 - 67 1-3| 40.65 128.2x40
H5L 32 27 — 87 1 -3 48.05 | 168.2x47.5
H4AMV (top) | 20 62 1.5 40.3
H4AMV (bot) | 20 62 1.5 40.3 120x102
middle H4MH 32 | 21525 1.5 40.4
H5MV (top) | 20 7 1.5 47.7
H5MV (bot) | 20 7 1.5 47.7 150x120
H5MH 32 25 - 30 1.5 47.8
outer H30 16 70 5 23 200x100
H40 2x16 150 10 | 40.0 480%225
LAS H1 32 60 0 5.5 230x192
H2 2x32 136 5 15.5 | 500x419.2

LAS trigger (H1, H2): The LAS trigger system will be set up for the 2010 transverse data
taking. It consists of two horizontal hodoscope planes, H1 in front of the RICH and H2
after the first hadron absorber and the muon wall MW1 modules. The size of the second
hodoscope is matched to the size of the MW1 chambers measuring the tracks behind the
first muon filter. The second hodoscope is split into two halves to avoid too long strips and
to allow an easy triggering on muon pairs in the DY programme. All scintillator elements
are read out by two PMTs. Similar to the outer system the LAS system makes use of
vertical target pointing. The main purpose of this system is the extension of the muon
trigger system to the largest Q% and high 5.

5.2 Veto system

Due to the sizable muon beam emittance and a (near plus far) halo fraction of
about 25% at 160 GeV beam energy many muons not interacting in the target would
cause a trigger. Those muons are rejected using a system of veto counters in front of the
target. It consists mainly of two segmented scintillation counters of about 30 cm diameter
upstream of the target, with a central hole of about 4 cm leaving the central beam region
uncovered. These counters veto tracks with a slope larger than 8 mrad. A third counter,
Vi, located 20 m upstream of the target (not shown in Fig. rejects halo muons having
smaller slopes. The first veto counter is supplemented by additional strips covering an area
of about 250 cm x 320 cm to veto also the far muon halo. Details of the counters are
summarised in Table [16]

The drawback of a veto system is the dead time associated to it. The dead time
of the full veto system which has to be applied to all inclusive triggers is about 25% at
the nominal beam intensity for a reasonably well debunched beam. For the future it is
desirable to run with a smaller veto dead time, also in view of the possibility to use a
100 GeV muon beam which has a larger halo fraction. For this case, a more modular veto
system is under study, which only will veto those regions in the vicinity of the muon that
cause an inclusive trigger. In order to achieve this goal the central veto counters need
a higher granularity and coincidence matrices similar to the ones used in the hodoscope
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Figure 52: Schematic layout of the veto system. The tracks p; and ps are vetoed, whereas
the track ps fulfils the inclusive trigger condition.

system. The new trigger electronics developed for the LAS trigger system can be used.
As the veto system is mainly needed for measurements with the muon beam due to its
large halo, the conditions can be relaxed for measurements with a pion beam.

5.3 Inclusive trigger

For the DVCS measurements a fully inclusive trigger is necessary, especially when
measurements of unpolarised PDFs and FFs are planned in parallel. Thus the detection of
a muon in one of the four hodoscope subsystems is required. For this purpose, the signals
of all hodoscopes are fed into constant-fraction discriminators followed by mean timers
for the elements read out on both sides. The signals are then distributed to F1 TDCs and
to custom-made coincidence matrices with adjustable delays to obtain a trigger signal

Table 16: Main components of the veto system. In the second column, the outer dimensions
and the diameters/sizes of the inner holes are given. The symbol o stands for a circular,
(] for a quadratic hole. Vy, is the additional veto hodoscope placed further upstream in
the beam line to veto tracks passing through both holes in Veto; and Veto,. The rates
were determined during the 2009 DVCS test beam.

dimensions/ | z-pos./ no. of rate/
cm cm | elements | 10°/spill
single hodoscopes
Veto; 250 x 320, o 4 —800 34 80
Vetoq 30 x 30,04 —300 4 o7
Vi 50 x 50, 0 10 x 10 | —2000 4 32
combination
Viot =Veto; + Vetog + Vi \ 90
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Figure 53: Vertex distribution for simulated Monte Carlo events with muon pairs without
and with a LAS trigger. Note the strong suppression of the absorber events.

from each of the subsystems. For the new hodoscopes H1 and H2 new mean timer and
a coincidence matrix based on FPGAs (see GANDALF module, Sect. are currently
being developed. This flexible system will allow to select at the trigger level either a single
scattered muon for the DVCS programme or an oppositely charged muon pair above a
selected invariant mass for the DY measurements.

5.4 Trigger for Drell-Yan measurements

For the DY measurements the selection of a pair of oppositely charged muons
stemming from the target region is mandatory. Among all muon pairs in the spectrometer
acceptance, 39% have one muon in LAS and one in SAS. Both muons are detected in the
LAS hodoscopes in 57% of all cases while for the remaining 4% both muons are crossing
the SAS hodoscopes.

Thus a trigger on muon pairs is needed for the LAS plus a trigger on a single muon
in the LAS and a single muon in the SAS. For the latter, the inclusive sub triggers discussed
in the previous subsection can be used requiring in addition a coincidence between the
LAS hodoscope trigger and an OR of the outer, ladder, and middles triggers.

The LAS hodoscope system was designed to enable triggering on muon pairs as the
second hodoscope H2 is split into parts. In addition, the distinction between muon pairs
from the target region and the hadron absorber is done with the help of target pointing.
The granularity of H2 was chosen such that only a small amount of muon pairs from the
absorber enters the trigger as illustrated in Fig. only 4% of the events in the absorber
cause a LAS trigger.
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Figure 55: Polar angle and momentum ranges in the lepton plane for DVCS photon
(left) and recoil proton (right), produced at [t| < 0.7 GeV? in the kinematics studied at
Cowmpass (pink for zp = 0.015, red for g = 0.025, blue for xz = 0.05, cyan for xp = 0.1
and green for g = 0.2). For each colour (i.e. xg) the curve thickness decreases as Q*
increases (Q* = 1.5, 3, 6 and 12 GeV?).

6 Target and proton recoil detector for the GPD programme

The laboratory kinematics for DVCS is illustrated in Fig. [54l The ranges for polar
angle and momenta of outgoing proton and photon (or meson) are displayed in Fig.
assuming an incident muon energy of 160 GeV. As can be seen from the left panel Fig. [55]
for values of xp below 107! the outgoing photon (or meson) is emitted at a polar angle
below 10°. This is for a photon within the angular acceptance of the two electromagnetic
calorimeters ECAL1 and ECAL2 and, similarly, for charged particles well within the
acceptance of all tracking and PID devices including the RICH detector. In order to
access higher x5 values for DVCS, a larger polar angular acceptance for photon detection
is required. For this purpose, a new ECALO is presently under study (Sect. .

At CoMPASS energies, the evaluation of the missing mass using the energy balance
of the incoming and scattered muons and the photon (or meson) has an uncertainty
of a few GeV, which is not sufficient to obtain a precise signature of exclusive events.
Therefore, the spectrometer will be equipped with a Recoil Proton Detector (RPD) that
has a large polar and full azimuthal angular acceptance. The projected uncertainties for

89



the proposed measurements, presented in Sect. [I.3] are based on the presently maximum
possible muon beam intensities and a liquid hydrogen (LH) target of 2.5 m length, resulting
in a luminosity of about 1032 cm~2s~!. In order to match the LH target length, an RPD of
about 4 m length is needed. Every possible increase in the maximum g™ and g~ fluxes will
increase the statistics correspondingly, thereby also extending the Q? range. Therefore all
existing or newly designed equipment should stand such an anticipated flux increase.

6.1 Liquid hydrogen target

The detection of recoil protons puts severe constraints on the structure of the target
and the amount of material to be traversed. The full target length is equivalent to 0.29
radiation length. The thickness of the cryostat wall has to be minimised in order to collect
low-momentum protons and, importantly, to minimise the absorption of produced (hard)
photons emitted under forward angles of a few degrees. On the other hand, a minimum
amount of material is needed to quench the flux of low energy d-ray electrons which, if
too large, generates high occupancy in the RPD detector. Simulations of §-ray flux and
absorption are ongoing to finalise certain critical target parameters.

The proposed physics programme to study nucleon tomography and generalised
parton distributions requires to combine data of separate measurements with p* and p~
beams, in order to be able to evaluate difference and sum of DVCS cross sections, and also
the asymmetry as their ratio. While it is not required to measure absolute cross sections
at the percent level, the evaluation of the key physics quantities requires to control the
relative normalisation at the percent level. In addition, when calculating the difference of
cross sections, all possible beam-charge-dependent effects, including the ones originating
from the large difference in the pu* and p~ beam intensities, have to be monitored at
the percent level. A relative precision of the order of 3% or better is required on the
luminosity, i.e. incoming flux times target density. This constraint enters directly the
technical specifications for the target.

In order to match the transverse size of the beam, the 2.5 m long LH2 target should
have a diameter of at least 40 mm. For such a long target, minimising the unavoidable
gas-phase volume present at the target top is not trivial. This requirement enters directly
into the specification for the cryogenic design and several options are presently envisaged.
One of them is a powerful cooling based on an exchanger with liquid “He which should
guarantee the required uniformity and stability of the target gas density.

Ongoing simulations (Sect. take as initial configuration the 40 cm long LH2
target that was used for COMPASS running with hadron beams in 2008 and 2009. It has
the following characteristics:

— a target cell of 35 mm diameter made of 125 pum Mylar foil,

— a 200 mm diameter Al cryostat of 1.8 mm thickness, and

— a global target thermal shield made of 250 pm Mylar foil.

The extrapolation to the envisaged new 2.5 m long target comes with two additional
requirements:

— threshold for proton momentum detection: the lowest value of the recoil pro-
ton momentum to be detected in the RPD is presently 262 MeV /c at 90° emission
angle. In order to decrease this value the thickness of the Al cryostat tube should
be reduced or lighter material should be used,

— detection of forward photons: given the 200 mm diameter of the present cryo-
stat, photons emitted above 1.8° will traverse a large amount of material in the
cryostat wall, resulting in significant absorption.
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Table 17: Transmission factors for a photon as a function of the photon angle 0,

CcERN Cjapan Al Scintillator A
0, H, @ 80 mm @ 80 mm @ 80 mm @ 500 mm
th=2mm |[th=1—-2mm |[th=1 — 15mm | th=4mm
0.45° | 0.80
0.88° | 0.90 0.75 0.81 — 0.67 0.57 — 0.43
1.1° | 0.91 0.80 0.85 — 0.73 0.64 — 0.51
2° 0.95 0.88 0.92 — 0.84 0.78 — 0.69
3° 0.97 0.92 0.94 — 0.89 0.85 — 0.78
4° 1 0.975 0.94 0.96 — 0.92 0.88 — 0.83
5.4° | 0.98 0.95 0.97 — 0.93 0.91 — 0.87 0.92
10° | 0.99 0.975 0.98 — 0.96 0.95 — 0.93 0.96
17° 1 0.995 0.99 0.99 — 0.98 0.97 — 0.96 0.975

Ongoing studies and simulations indicate that a small-diameter (< 100 mm) cryostat is
preferable. Three different options are being investigated:
— a cryostat of 80 mm diameter made of cellulose paper with phenolic resin of 2 mm
thickness (Ccgrn),
— a cryostat of 80 mm diameter made of carbon fibre of 1 mm to 2 mm thickness
(Cjapan) and
— a cryostat of 80 mm diameter made of 1 mm to 1.5 mm thickness aluminium (Al).
Table |17 shows the transmission factors for a photon as a function of the photon angle 0,
for these options. The options Ccgry and Cjapan appear as the preferred ones. We note that
on its path through the spectrometer the photon has to traverse additional material. The
main components and corresponding transmission factors are 0.76 for tracking devices,
0.9 to 0.8 for the RICH detector and 0.94 for air. This optimisation will need as input a
more precise knowledge of backgrounds, such as d-rays and also exclusive 7 background,
which depending on its amplitude may (or may not) impose severe constraints on the
photon absorption for measurements of DVCS.

6.2 Recoil Proton Detector

For a precise signature of exclusive single-photon or DVMP events, the detection
of the recoiling proton is mandatory. Moreover, an accurate measurement of the mo-
mentum transfer ¢ is required, in particular for the cross section measurement to study
the transverse size of the nucleon. This requires to perform precise Time-of-Flight (ToF)
measurements of the recoiling proton with a precision of 300 ps or better.

For the proposed measurements with the 2.5 m long liquid hydrogen target, i.e. in
Phase-1 of the GPD programme, a 4 m long Recoil Proton Detector (RPD) is required
to fully cover the recoil-proton kinematics. Recoil proton detection is based on a ToF
measurement between two barrels of 24 scintillator slats read out at both ends. The inner
barrel (of 2.75 m length) with a diameter of 50 cm and surrounding directly the target,
is made of slats of 4 mm thickness to allow low-momentum-proton detection down to
about 260 MeV /c. The outer barrel is made of 3.6 m long and 5 cm thick slats and has a
diameter of 2.2 m. A preliminary sketch is shown in Fig. [56| and the available space and
the installation constraints are illustrated in Fig. [57]
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Figure 56: The 4 m long Recoil Proton Detector.
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Figure 57: Available space for RPD and LH2 target. The RPD can be displaced in the

transverse direction (garage position: target axis off by 1800 mm) allowing the target to
enter the RPD from the upstream side.
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Figure 58: The 4 m long 30° sector prototype, named MuRex. Left: schematic drawing.
Right: (photo) in the CompPASS hall during calibration using the muon beam halo. The
laser system for calibration is also visible.
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Figure 59: The 1 m long RPD used for COMPASS hadron running in 2008 and 2009 and
also for a feasibility test of hard exclusive single-photon production at CoOMPASS. Left:
schematic drawing of RPD with the cryogenic target and the silicon detectors. Right:
(photo) seen from downstream where the 2 rings of phototubes as well as the window of
the cryostat are visible.

Significant input to the expected performances and to the choice of certain critical
parameters for the proposed RPD came from two studies that were performed with:
— the 30° sector of a 4 m long prototype, named MuRex, shown in Fig. [58 and
— the 1 m long RPD shown in Fig. 59| which was used together with the COMPASS
spectrometer for 2008 and 2009 running with hadron beams. This RPD surrounded
the 40 cm long LH2 target and included a conical cryostat containing two cold
silicon stations. It was also used for dedicated tests of the capability of COMPASS
to measure hard exclusive single-photon production, as described in Sect. [T.4]
For this study using the hadron set-up, a recoil proton candidate is defined as a particle
crossing two facing scintillator slats from the inner and outer barrel, which is coincident
in time and position (at the vertex) with an outgoing pion of elastic scattering. Figure
(left) shows the energy loss AE in the outer barrel as a function of the reconstructed
velocity 3 of the particle, using the timing information collected at each end of the hit
scintillators. A very similar proton signature obtained in parallel with the first observation
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Figure 60: Proton identification in 2008 data using the present 1 m long RPD in elastic
scattering with a pion beam (left) and in exclusive single-photon production during the
DVCS tests (right).

of exclusive single-photon production during the 2008 DVCS test [64] is shown in the right
panel of Fig.[60] The ToF measurement in the present 1 m long RPD has shown to yield
an excellent selection of recoiling protons. Table 18 shows the timing resolutions achieved
in the two studies.

The scintillator for the MuRex A layer is long and thin, delivering only 60 photo-
electrons. This explains the worse resolution compared to the one obtained for the RPD
A layer. On the contrary, the resolution of the MuRex B layer is improved compared to
that of the RPD B since we deal with a thick element of material with a long attenuation
length. The larger thickness of the MuRex B layer is also important to better separate
proton and pion since the stopping power is higher.

The experimental resolution in recoil proton momentum AP/P obtained during
the 2008 hadron run is shown as open circles in the top left panel of Fig. It is in good
agreement with the estimate

AP_ 1 sin%é
P 11— dss

\/0032 O(AZ + AzZE) + B2ARR g, (61)

shown as filled circles in the same panel, where € is the polar angle of the track, dag
the distance between layers A and B and Az, Azg, Atap are the position resolutions
in layer A and B, and the ToF resolution (all these values are given in Table [L8}) The
bottom left panel shows the corresponding estimated resolution At/t

At APAM?—t AP

— ~ 2 62
t  P2M2-t P (62)

Estimations for the future RPD are also shown in the same figure, in the two right panels.
The improvement in resolution is mainly due to the larger distance between the A and B
barrels.

A preliminary simulation using Geant Monte Carlo shows high counting rates in all
elements of the RPD, in particular in ring A where the dominant source is the production
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Table 18: Key parameters of the MuRex prototype and the 2008 RPD.

MuRex (2006) RPD (2008)
A material BC408 BC404
A length 284 cm 50 cm
A thickness 0.4 cm 0.5 cm
PMT XP20HO EMI 9813B
attenuation length 2m 0.7 m
B material BC408 | IHEP production
B length 400 cm 106 cm
B thickness 5 cm 1 cm
PMT XP4512 EMI 9813B
attenuation length 4 m 0.7 m
dap = distance between A and B 85 cm 63 cm
Az, = position resol in A 3.5 cm 2.3 cm
Azp = position resol in B 2.5 cm 3.8 cm
At = timing resol in A 270 ps 180 ps
Atg = timing resol in B 200 ps 300 ps
Atap = ToF resolution 310 ps 350 ps

of —rays in target material and walls. Given the time window of about 150 ns dictated by
the dispersion in proton momentum, vertex position along the target and light propagation
in the scintillators, a high occupancy is expected. As a consequence, a high segmentation
(24 sectors) is mandatory for both the A and B scintillator layers of the RPD. Simulations
show that half of the elements receive at least one hit in this time window. A line-shape
analysis of the PMT signal is foreseen to obtain precise ToF information and improve
background rejection. Given the expected high counting rates, a dedicated readout called
GANDALF, based on a 1 GHz digitiser was proposed and is under study.

The GANDALF 6U VME/VXS system has been designed to perform multiple elec-
tronic readout tasks in high energy physics experiments such as analog or time-to-digital
conversions, coincidence matrix formation and fast trigger generation. As a transient
recorder the GANDALF module can digitise eight analog channels with 1 Giga-samples
per second and has a maximum dynamic range of 14 bit. Also 16 channels per module
are possible at half sampling rate. The extraction of timing information is performed for
both unipolar and bipolar signal shapes in a large dynamic range from a few millivolt up
to 4 V. A timing resolution of better than 50 ps is achieved even for fast pulses with rise
times down to 3 ns. The baselines of the 500 MHz bandwidth analog input circuits are
adjustable by 16 bit DACs independently.

Enormous numerical capabilities are provided by the implementation of a Virtex5-
SXT FPGA to perform algorithms for dead-time free timing measurements and pulse
shape integration. Pile-up pulses with a minimal time distance of twice the rise time can
be disentangled by numerical algorithms. A fast and deep memory extension provided by
QDRII+ (144 Mbit) and DDR2 (4 Gbit) devices buffer data for numerical processes and
output.

The modularity of the board design allows the implementation of a 128 channel
TDC module. Here the time digitisation process is done inside the V5 FPGA and reaches
timing resolution of up to 125 ps. The same hardware set-up can be used to implement
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Figure 61: Expectation for the resolution in P and ¢ for the RPD used in 2008, compared
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a fast 128 channel trigger matrix for complex trigger decisions. The VXS backplane bus
combines the information of up to 18 GANDALF modules. Every module has 16 high-
speed lines for the data transfer to a central VXS switch module, which can be used
to form fast global trigger decisions based on pulse shapes, time or logic patterns of the
individual channels from all GANDALF modules in a single crate. As illustrated in Fig. [62]
each GANDALF board has a variety of interfaces for physics data transfer, configuration

and monitoring like USB 2.0, VME64x, S-Link and Ethernet.

The tests of the full system performance during the 2009 DVCS test run are being

analysed.
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Figure 62: GANDALF board.

7 Upgrades of the electromagnetic calorimetry

The electromagnetic calorimetry has been initially developed for the COMPASS
hadron programme with the goal of accessing neutral channels for the search of exotic
meson production and also for the study of Primakoff reactions. The spectrometer is
presently equipped with two electromagnetic calorimeters, ECAL1 and ECAL2. The initial
position of ECAL1 (CoMPASS former proposal) was at z = 9.7 m but space necessary for
detectors required it to be moved to z = 11.1 m. ECAL?2 is positioned at z = 33.2 m. At
this position and given the size of the ECAL1 central hole of 1.06 x 0.59 m? (HxV) and
the ECAL2 overall size of 2.45 x 1.84 m? (HxV), there remains a significant mismatch in
the horizontal coordinate due to the reduced 2.45 m width of ECAL2.

Figure [63] illustrates the effect of such incomplete coverage for two particular kine-
matic situations in DVCS. It results in a significant variation in the acceptance for the
azimuthal angle ¢ between lepton plane and real-photon production plane (Fig. 4)), which
leads to unwanted systematic effects in the detection of single-photon events.

Similar effects were expected for the detection of photons from neutral channels in
the hadron spectroscopy measurements. In order to cure the poor matching of the ECAL1
and ECAL2 geometries, ECAL1 was moved downstream by 3 m prior to the 2008 hadron
run, which resulted in a major reshuffling of the set-up. This change led to a significant
acceptance loss for photons emitted at large 6.,. In addition, a significant shadowing effect
of the boundary of HCAL1 on ECAL2 (vertical coordinate) was also observed for this
not fully optimised setup. As illustrated in Sect. the programme proposed in this
document would strongly benefit from an increased angular acceptance for high-energy
photon detection, which also motivates the foreseen construction of the new large-angle
electromagnetic calorimeter ECALOQ. Note that ECALO will have a central hole matching
the ECALL acceptance (given its position), which will restrict the acceptance for charged
particles in the upstream part of the spectrometer. The more upstream ECAL1 will be
positioned, the larger the central hole of ECALO can be made. Hence further upgrades
of ECAL1 and ECAL2 will be based on the assumption that ECAL1 is at its nominal
position of 11.1 m.
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Figure 63: Effect of incomplete ¢ acceptance between ECAL1 and ECAL2, illustrated for
two particular kinematic situations in DVCS.

7.1 ECAL1 and ECAL2 upgrades
The present ECAL1 and ECAL2 positions are not optimised for the proposed
measurements of hard exclusive high-energy photoproduction. The two options for an
adequate electromagnetic calorimetry are:
1. Modification of ECAL2 size and structure, aiming at extending the horizontal width
to 3.6 m,
2. upstream shift of ECAL2 by a few meters (4 to 6 m) in order to better match the
size of ECAL1 while keeping the present size and structure of ECAL2.

Option 1 was already proposed for ECAL2 along with a new layout for ECAL1 keeping
its present size (Fig. .

Upgrade of ECAL2:

The ECAL2 width is presently 2.45 m. Ideally, a width of 4.4 m would provide the required
matching of the widths of ECAL2 and HCAL2 (downstream of ECAL2). However, the
need for such “width matching” has not been demonstrated and it was shown that an
ECAL2 width of 3.6 m is the optimum for photon detection. Given this, ECAL2 will
consist of (going from the centre to outer section): 1736 Shashlik modules (3.8 x 3.8 cm?),
400 GAMS Radiation Hard (GAMS RH) (idem size), 1400 GAMS normal (idem size) and
624 Mainz (7.5 x 7.5 cm?), which represent in total 4160 modules [I71].

New layout of ECALI:

The proposed change consists of removing the 572 Mainz modules (7.5 x 7.5 cm?) and
replacing them by 2296 GAMS modules (3.8 x 3.8 cm?) and also implementing Shashlik
and GAMS RH in the centre. The Olga modules (14.3x14.3 cm?) will stay. Repartition will
be as follows (going from the centre to outer section): 200 Shashlik modules (3.8 x 3.8 cm?),
2696 GAMS (i.e. 400 GAMS RH and 2296 GAMS modules (3.8 x 3.8 cm?)) and 320 Olga
modules (14.3 x 14.3 cm?), which represent in total 3216 modules, to be compared to the
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Figure 64: The new ECAL2 of 3.6 m full width (left). The new layout of ECAL1 (right).

1500 modules of the present ECALL. Finally, an optimisation of the HCAL1 central hole,
not properly matched to the ECAL1 hole, may be required to avoid the shadowing effect
mentioned above.

An estimate for the ECALs upgrade Option 1 was provided in 2009. A cost esti-
mate of about 1 MEuro was mentioned along with a planning requirement of about two
years. Option 2, which requires a displacement of ECAL2 and HCAL?2, implies a major
reshuffling of several tracking devices in the downstream section of the spectrometer. It
would result in a reduction of lever arm for tracking in this section. Preliminary estimates
show that an optimum positioning of the high-resolution straw trackers should compen-
sate this reduction. In addition, there would be a large gap of almost 7 m between HCAL?2
and the muon identifier. Studies are ongoing to evaluate the overall impact of such a mod-
ification. Finally, an Option 3 which consists of reducing the central hole of ECAL1 was
also proposed. A preliminary estimate shows that the addition of 3 vertical rows of GAMS
blocks on each side of ECAL1 hole would provide ECAL1/ECAL2 hermeticity without
having to displace ECAL2. The central hole of HCAL1 would also have to be adjusted to
the one of ECALI1 to prevent the already mentioned shadowing effect.

A significant upgrade of the readout electronics of ECAL1 and ECAL2 had been
launched and was already fully operational for the 2008 and 2009 hadron runs. It concerns
the replacement of previous (slow) analog-to-digital converters, the FIADC, by modern
converters, the SADCs (10 bits) and the MSADCs (12 bits) which permit sampling of
the ECALS signals and provide a precise timing information for the ECAL signal (an im-
portant feature to guarantee excellent single-photon selection and background rejection).
Additional channels of MSADCs will be needed given the proposed upgrade. A new laser
monitoring system was developed and installed for ECAL1. It was fully operational for the
2009 run. The extension of this monitoring system to ECAL2 is foreseen, also additional
channels will be needed for ECAL2 to match the new ECAL1 layout.

7.2 Large-angle electromagnetic calorimeter ECALO

An entirely new calorimeter ECALO covering larger photon angles is under devel-
opment at the JINR Dubna. It will increase the accessible domain in xp and therefore
provide a good overlap with the HERMES and JLAB experiments. An illustration of the
impact of ECALO is given in Fig. [6] which shows the projected improvement in the un-
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Figure 65: The two z positions envisaged for ECALO, z = 0.85 m and z = 2.15 m with
the corresponding overall sizes and also two options for the central hole: large hole (dark
yellow), small hole (blue).

certainty of the measurement of the ¢-slope parameter B(xg) at large xp values. ECALO
will also provide an improved hermeticity for detection of exclusive events and contribute
to reduce backgrounds from neutral pions and other decays. From Monte Carlo studies,
the following requirements have been defined for ECALO:
— The energy range for photon detection (DVCS and background) is 0.2 to 30 GeV.
— The maximum geometrical size is 3.6 x 3.6 m?. Assuming that it is located in front
of the SM1, such calorimeter will cover the polar angular range 0.3-0.6 rad. (At
another location the geometrical size of the calorimeter will be smaller, see below).
— ECALO should have a modular structure with the dimensions of a module cell
40 x 40 mm? in the region close to the beam (inner) and 60 x 60 mm? at the
periphery (outer), subject to optimisations.
— The required energy resolution is about 10% at 1 GeV or better.
— Taking into account the space limitations in the target region and the rather high
fringe field of the SM1 magnet, the total length of the calorimeter should be less
than 50 cm and the photodetector should be insensitive to the magnetic field.
Figure shows two possible options for the position and also the geometrical size of
ECALQ. Optimisation of the overall ECALO size and also of its central hole will result
from several compromises, among which are the tracking requirements. A small central
hole will guarantee good hermeticity between ECALO and ECAL1, however it will restrict
the acceptance for the charged hadrons detected in the first spectrometer section. A
preliminary illustration of the impact of ECALO is given in Fig. which shows the ¢
angle acceptance for DVCS events for a specific (Q?, zp) bin without and with ECALOQ at
z = 0.85 m.

This project uses a Multipixel Avalanche PhotoDiode (MAPD) as photodetector.
It is developed for particle physics and medical applications, in collaboration between
JINR/Dubna [I72] and the Zecotek company in Singapore. There are several types of
MAPDs. The novel type, MAPD-3A, with a microwell structure and high density of
pixels was tested for the first time. This device has a common p-n junction on the n-type
silicon substrate and a clear sensitive surface. Both, the matrix of avalanche channels
and individual passive quenching elements are placed inside the substrate. The avalanche
channels (vertical channels) with individual microwells for charge trapping/collection are
created at a depth of about 3-5 microns using a special distribution of the inner electric

100



Without ECALO With ECALO

%  — ar —_—
Sosl
I 06|
0.4 oaf
02 0z
o L L L L 1 L 1 [ I I I
-150 -0 50 0 50 00 150 05550 00 B0 0 50 100 150
i (deg) i (deg)

QZ=1.5 +/-0.5 GeV?
x = 0.06 +/- 0.005

Figure 66: Impact of ECALO on the DVCS ¢ angle acceptance: acceptance without ECALOQ
(left), acceptance with ECALO (right).

field. The MAPD-3A has a gain of 20000, photon detection efficiency of 10% in the green
region, density of 15000 pixels per mm? and an area of 3 x 3 mm?.

The ECALO module prototypes have been constructed and tested by the JINR/Dubna
group at the CERN East Hall T9 beam line (with electrons of 1 to 7 GeV). Results from
these tests are provided in the next section. The team is also pursuing tests at higher
energies at the North Area H2 beam line. Two items require more investigation:

— The gain of the MAPD is sensitive to temperature variations, thus a thermal sta-
bility (provided by a Peltier device) should be in the range of £0.2 degrees.

— The single pixel recovery time is of about 100 microseconds, therefore the optimum
pixel density depends on the instant rate on the photodetector. A test in situ
at COMPASS was performed during the DVCS test run in 2009 with the goal of
providing more definite answers to these questions. Also, more simulations are
needed to clarify certain aspects of the specifications like optimum geometry, given
the large photon incident angles.

7.3 Test of the new ECALO prototypes

Several prototypes for the electromagnetic calorimeter ECALO have been con-
structed by the JINR/Dubna team and tested at CERN in 2007-2009. The latest two
prototypes of modules, one for the outer part and one for the inner part of ECALO, have
the sampling ’shashlik’ structure. Each of them consists of a lead /scintillator stack, fibres,
a fibre protection cover on its front side, fibre bundles and a fibre protection cover on the
rear side. A module stack is constructed from the alternating layers of 2 mm thick lead,
white reflecting 120 pm thick TYVEK paper (DuPont TyvekR) and 4 mm thick scintil-
lator tiles. The total number of lead/scintillator elements of 12 x 12 cm? in cross section
is 66 corresponding to the total length of 42 cm equivalent to 25 radiation lengths. The
scintillator tiles are produced by molding under pressure of polystyrene-based PSM-115
with 2.5% p-terphenyl and 0.01% POPOP admixtures.

The two prototype modules differ from each other in scintillator tiles dimensions
and in the light collection systems. The light from scintillator tiles is collected, re-emitted
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Figure 67: Comparison of the energy resolutions (left) of the modules with PMT
EMI9814B and MAPD-3A read outs, response (middle) and resolution (right) of the
nine-tower module with MAPD-3A, versus electron beam energy.

and transported by 1.2 mm diameter WLS fibres penetrating the entire module. In the
first module (outer) the tiles are combined in a one-tower light collection system, while
in the second one (inner) in a nine-tower light collection system. The one-tower module
has the tile size of 12 x 12 cm?. It is read out by 64 fibres inserted in holes at the centre
of each 1.5 x 1.5 cm? square with a distance between centres of 15.25 mm. The fibres are
grouped in four bundles, 16 fibres per bundle, each equipped with the MAPD. The nine-
tower module has a common lead plates and 9 separated scintillator tiles in each pair. It
is read out by 144 fibres inserted in the holes at the centre of each 1.0 x 1.0 cm? square
with a distance between centres of 10.10 mm. The fibres are grouped in nine bundles,
16 fibres per bundle, each corresponding to the 4 x 4 cm? cell size of the tower. Each
bundle is equipped with an MAPD and read out separately. The same type of MAPD,
MAPD-3A, is used for both modules. They have a window 3 x 3 mm? in cross section
and contain 135000 pixels. The MAPDs of the module are fixed to the metal plate cooled
with the Peltier element. The response of the MAPDs and electronics is monitored with
a light from the LED, conveyed to the conical light guides between the ends of bundles
and MAPD through the optical connector on the rear face of module and clear fibres.
The prototype modules have been constructed by an outside firm in Vladimir town
near Moscow. Similar modules are constructed by this firm for the LHCb experiment. The
rear parts of the modules were modified at Dubna in order to use the MAPDs and the
Peltier coolers, instead of photomultipliers (PMT). Tests were performed in 2008 at the
T9 beam at the CERN PS [I73]. The results are summarised as follows (see also Fig. [67):

— The comparison of the module responses to the beam with the MAPD-3A and
PMT readouts has shown that MAPD-3A can be used in read-out of ECALOQ: the
performances of these two photodetectors are the same.

— The yield of the light is found to be in a linear part of the MAPD-3A responses
for the electron energies of 1-7 GeV.

— The energy resolution and its dependence on the beam energy for the nine-tower
module are found to be in agreement with the requirements for ECALO. The reso-
lution of the one-tower module is a bit worse, but also in agreement with require-
ments.
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Figure 68: The energy resolution (left) versus the electron beam energy and the time
resolution (right) at 4 GeV for the short module with MAPD-3B.

— The tests of the temperature stabilisation system based on Peltier elements were
performed and found to be important and necessary for the MAPD-3A gain sta-
bilisation.

— The system of the LED/PIN calibration and monitoring system was designed and
tested. It can be used for the whole ECALO.

The modules described above were too long to be installed at COMPASS (about 65 cm in-
cluding the light collection system, cooling elements and read out). A new shorter module
of 42 c¢m total length was constructed. It has the same structure as above, but the active
material corresponds to 15 radiation length. The light collection system was improved by
matching the bundle’s surface and the MAPD surface with a Winston-cone light guide
glued to the MAPD surface. The latest MAPD type, MAPD-3B, was used instead of
MAPD-3A. The MAPD-3B has a gain of 10000, photon detection efficiency of ~ 10% in
the green region, density of pixels 40000 per mm?, active area 3 x 3 mm? and total number
of pixels 360000.

Beam tests of this module have been done at DESY in the energy range 0.2-6 GeV.
The energy and time resolutions are shown in Fig [68]

At CoMPASS two modules, the old one with the MAPD-3A and the new one (short)
with the MAPD-3B, were tested in a real environment, close to the target, and have
shown similar behaviour. In summary, the short ECALO module prototype has satisfied
the COMPASS requirements for the design and characteristics.

One possible location of ECALOQ is just behind the RPD, as shown in Figure[65] In
that case the maximal geometrical size of the ECALQ is about 2.2 x 2.2 m? with a central
hole of about 0.5 x 0.5 m? and a distance from the centre of the target of about 2.7 m. The
energy range for photon detection is 0.15 to 30 GeV and the polar angle range is 0.15—
0.6 rad (upper limit is fixed by the RPD design). ECALO will have a modular structure
with only one type of module cell of 4 x 4 cm?, this cell being part of a 12 x 12 cm? module
with 9 towers, each of them equipped with an MAPD. The total number of modules is
less than 300. The module will consist of 109 lead-scintillator sandwiches, the thickness of
scintillator and lead is 1.5 and 0.8 mm, respectively. Monte Carlo studies yield an energy
resolution for this module of about (5-7)% at 1 GeV. The location of ECALO just behind
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Figure 69: Sketch of the COMPASS experimental hall (top view).

the RPD compared with the location of ECALO in the front of SM1, has the following
advantages:

— minimal material (from the frames of tracking detectors ),

— reduced cost of ECALO (only ~ 300 modules instead of ~ 800),

— single type of module cell,

— wider kinematical range,

— simplified installation.
The main disadvantage of this ECALO location is a higher background, which will be the
subject of further tests. An additional hodoscope in front of ECALO, as in the case of
ECALO in front of SM1, will be useful for the separation of photons and electrons.

In 2010 the JINR/Dubna team, with the help of other COMPASS institutions, will

construct a small prototype of the calorimeter ECALO consisting of a matrix of 3 x 3
modules and geometrically compatible with a location behind the RPD.

8 Radiation Protection issues for Drell-Yan measurements

Radiation aspects of the COMPASS facility were presented for the first time in the
Radiation Protection Committee (RPC) meeting on March 18, 1999. At that time, the
facility was approved for muon and hadron beam operation with the following limitations:
2 x 10® muons at 190 GeV /c per SPS supercycle of 16.8 seconds for the muon beam, and
1 x 10® hadrons at 190 GeV/c per SPS supercycle of 16.8 seconds for the hadron beam.
The maximum amount of material in the beam line had to be limited to about 5% of a
nuclear interaction length during hadron beam operation.

In the DY part of the proposal a beam intensity up to 6 x 10® hadrons per SPS su-
percycle (48 seconds) and a considerable longer target are requested. The hadron absorber
will be placed immediately downstream of the target to stop the hadron component of
the secondary particle’s flux. These are major changes with respect to the configuration
approved in 1999 and it requires new estimations of radiation levels in accessible areas
around the facility, especially at unshielded or weakly shielded locations.

The following four areas in the COMPASS experimental hall are of special interest:
the experimental barracks (A in Fig. ; an unshielded area in the downstream end of
the hall (B); the underground tunnel Jura—Saléve (C); and an area outside the door on
the Jura side (D). The experimental barracks (A) are located on the Saleve side, behind
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a 160 cm thick and 6.4 m high concrete shielding. Besides the radiation penetrating the
shielding, there is also a contribution that is reflected by the roof of the hall (“sky-shine”)
that has to be taken into account. The 11.5 m long gap in the concrete shielding (B)
at the downstream end of the hall on the Saleve side must also be considered, as this
area is separated from the beam line only by an interlocked gate (PPG 221.3) and an
interlocked door (PPX 221.2). There exists an underground tunnel (GHN22), five meters
downstream from the target centre, crossing the experimental hall from the Jura to the
Saleve side (C). This tunnel is connected with the experimental hall via a 2.5 m x 1 m
cable duct, which is partially covered by a 0.5 cm thick steel plate. Presently the tunnel
can be entered at any time. Radiation passing through the cable duct has to be estimated.
Finally, the area outside door PPX 221.1 (D) is presently accessible, even during beam
operation, thus requiring also particular studies.

Accessible areas in the CERN North Area in hall EHN2 (Building 888) are classified
as supervised radiation areas according to CERN’s classification of radiation areas [174].
Consequently, the ambient dose equivalent rate must not exceed 3 pSv/hour in perma-
nently used work areas like the control room and must stay below 15 pSv/hour in low
occupancy areas like passage ways.

Radiation levels are monitored in EHN2 by six permanently installed radiation
monitors. Four monitors are located in the accessible area of EHN2 and another two are
in the beam line area. The monitors in the accessible areas will trip the beam (during
beam operation) when exceeding the limits of supervised radiation areas.

During the two Drell-Yan beam tests in 2007 and 2008 the radiation levels have
been calculated with the Monte Carlo particle transport code FLUKA [I75] [176] and
were compared with measurements [I77]. In addition to the fixed radiation monitors, also
portable monitors were placed around the facility. The radiation level was found low in
the areas of permanent occupancy (< 0.1 uSv/hour for the beam intensity of ~ 2 x 107
pions per spill) and very good agreement between the monitor readings and the calculated
radiation levels was found (the calculated value of the radiation level is &= 30% higher
with respect to the measured one).

For the 2009 DY beam test performed at a beam intensity up to 1.5 x 10® pions
per spill the shielding requirements were determined again with FLUKA and excellent
agreement between measurement and calculation was once more confirmed. The radiation
level in the test with the hadron absorber was found low, < 0.5 pSv/hour (the limit in
the area of permanent occupancy is < 3 uSv/hour).

The shielding configuration for future Drell-Yan data taking (pion beam intensity
is 6 x 10® pions per spill) is under study. Sufficient shielding will be installed around
the absorber and the target in order to stay below the radiation limits allowed in the
accessible areas of EHN2 during beam operation.

9 Transversely polarised target for Drell-Yan measurements

The proposed experiment requires a transversely polarised proton target. The ex-
isting COMPASS polarised-target system can be used for this purpose.

The longitudinal polarisation of the target is obtained by the Dynamic Nuclear Po-
larisation (DNP) method, with a high-cooling-power dilution refrigerator, a 2.5 T solenoid
magnet and two microwave systems of about 70 GHz corresponding to the Zeeman split-
ting for electrons [I78] [I79]. The polarisation value is measured by NMR techniques from
the integral of the NMR, absorption signal which is proportional to the polarisation [I80].
The spin can be oriented perpendicular to the beam direction by using a 0.6 T dipole
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magnet. Under this magnetic condition the polarisation can not be enhanced by the DNP
method but can be maintained at a lattice temperature below 100 mK. As time passes,
the polarisation decreases by the spin relaxation which depends on the magnetic field, the
lattice temperature and the target material (frozen spin mode).

Each polarised target is characterised by a figure of merit PTr,ys, defined as

PTroy = f* Pr? p Fy (63)

where f is the dilution factor, i.e. the fraction of polarisable nucleons in the target ma-
terial, Pr is the polarisation, p is the density of the polarised target material in g/cm3,
and F is its packing factor. The PTp,) is inversely proportional to the data taking time.
Ammonia (NHj3) as polarised proton material is well suited for the Drell-Yan measure-
ments. It reaches a polarisation of 80% after one day and a maximum of 90% after three
days. A spin relaxation time of about 4000 hours was measured at 0.6 T and 60 mK in
2007.

In order to obtain the highest possible luminosity as much target material as pos-
sible has to be used. A high polarisation requires to stay in the flat field region with
high homogeneity. For a better control of the systematical error of the asymmetry mea-
surements it is mandatory to have two consecutive target cells with opposite polarisation
simultaneously exposed to the beam.

Due to multiple scattering in the hadron absorber behind the target the vertex
resolution is worse than in previous COMPASS measurements. Thus it is more difficult to
associate the proper polarisation to each event due to event migration between the target
cells. A distance of more than 20 cm between them appears necessary. This would result
in a maximum length of 55 cm for each target cell.

The effects of the hadron beam and back scattering from the absorber to the target
material and the cryogenic system have to be controlled. The total heat input into the
mixing chamber caused by the pion beam is expected to be about 2 mW, which will not
affect the spin relaxation time because the refrigerator has a cooling power of 5 mW at
70 mK [I81]. Therefore, no modifications of the refrigerator are required. Note that in
order to monitor precisely the target polarisation the beam diameter should be of the
order of 1 cm FWHM.

The radiation load to the sensitive elements of the cryogenic system was calculated
using FLUKA simulations. The results appear to be far below the limits.

10 Absorber for Drell-Yan measurements
10.1 Concept and design

A spectrometer configuration with a hadron absorber downstream of the polarised
target has been chosen as a result of the Drell-Yan beam tests performed in 2007 and
2008. The installation of the hadron absorber will reduce the high secondary particle flux
produced by the interaction of the pion beam in the target and, consequently, the tracking
detector occupancies. This will make an increase in the intensity of the incident pion beam
possible.

The choice of materials for the absorber must follow two main criteria: maximise
the number of interaction lengths crossed by the hadrons produced in the collision in
order to stop them while minimising the radiation length in order to have energy loss and
multiple scattering of the muons as small as possible. In Table [19| one can find the basic
characteristics of the various hadron absorbers used in CERN Drell-Yan experiments so
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Table 19: Information relevant for the absorber design from past CERN Drell-Yan exper-
iments as compared to the proposed COMPASS DY experiment.

Experiment NA3 [145] | NA10 [103] NAS50 [146] CoMPASS

Beam mom. (GeV/c) | m, p 200 7, 200 p, 400 7, 150-200

Intensity (p/s) 4% 107 | 6.5x 108 1 % 107 6 x 107
Absorber length (m) | 1.5 (Fe) | 4.8 (C+Fe) | 5.4 (Al4+C+Fe) | 1.5 Al,O3+ 0.6 Fe

Beam dump (m) 1.5 (W) | 4. (W+U) 4. (W+U) 1.8 (W)

Number of A, 7 13 13 7.1
Mass resol. (MeV/c?) 130 100 100 ~ 100

2 cm gap for tungten beam plug

vertex detector

-

g

NH3 polarized target K

stainless steel

alumina cone plug
inside solenoid  alumina

Figure 70: Drawing of the hadron absorber. The two NHj3 target cells of 55 cm length and
4 c¢m radius each, are also shown. They are spaced by 20 cm and placed 30 cm upstream
of the absorber.

far. The best absorber configuration was found in the NA50 experiment for protons at an
intensity of 10° particles/s, achieving a particle reduction factor of I/l = 1.74 x 107°.
We selected a NA50-like absorber for our final design taking into account the lower beam
intensity of the CoMPASS Drell-Yan experiment, which will be 6 x 107 particles/s, i.e.
16.7 times less than for NA50. As the background increases quadratically with the beam
intensity, the particle reduction factor I/Iy could be increased by a factor of 16.7? in
CoMmPASS with respect to NA5SQ, i.e. I/ = 4.85x 1074, leading to a number of interaction
lengths of L/ A = 7.6.

The configuration proposed is an absorber of aluminium oxide (Al,O3) with a
total length of 150 cm, followed by a 65 c¢m long stainless steel absorber, corresponding
to a total number of interaction lengths of L/\;,; = 7.5. A schematic drawing of the
absorber is shown in Fig. together with the target cells. The two blocks of absorber
materials have a central hole, centred with respect to the beam line, for the installation
of the beam dump (plug), made of tungsten. The first 30 cm inside the aluminium oxide
absorber are left empty (filled with air), in order to minimise back-scattering of particles
produced by the beam interacting in the beginning of the plug. The plug itself is made
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Figure 71: Drawing of the hadron absorber built for the 2009 beam test: in green the
concrete part, in grey the stainless steel block. The two hollow aluminium cylinders are
in red; inside them, in black, the tungsten cylinders of the plug are shown. The two
polyethylene target cells of 40 cm length and 2.5 cm radius each are also shown. They are
spaced by 20 cm and placed 20 ¢cm upstream of the absorber.

of tungsten rods of increasing radius, covering a constant angle; it has to be optimised
in order to stop the incoming beam particles and, on the other hand, to limit shadowing
of the second spectrometer (SAS). The maximum transverse dimension of the absorber
must match the maximum acceptance of the spectrometer, namely of the Muon Wall 1
detector (140 mrad). An additional cone-shaped aluminium oxide piece is plugged into
the target solenoid with a 2 cm gap before the absorber itself for a possible installation of
vertex detectors. A concrete shielding will be placed around the whole structure to reduce
the dose rate.

10.2 Results from the beam test in 2009

In 2009 a Drell-Yan beam test was performed with a hadron absorber placed
downstream of the target. The absorber used for the beam test, which is very close to
the configuration described in Sect. [10.1] is shown in Figs. [71] and As a temporary
substitute for aluminium oxide concrete was used for the first block of the absorber while
the second block was made of non-magnetic stainless steel (AISI 316L). Both blocks were
of equal size, 80 x 80 x 100 cm®. Additional concrete shielding (80 ¢cm thick on top, 40 cm
thick on the sides) was placed around the absorber to reduce the dose rate. Radiation lev-
els were monitored in the COMPASS hall by five permanently installed radiations monitors
(Sect. . Figure |[73| shows the results of the measurements by the five monitors placed in
the beam line area (PAXN2111 and PAXN2113) or in the accessible areas. The measured
dose rate does not exceed 0.5 uSv/h in the permanently used areas, like the control room
and the experimental barracks (PAXN2112 and PAXN2212) where the allowed limit is
3 uSv/h.
The results of the two beam tests performed in 2007 and 2008 with an open configuration
of the spectrometer has shown that the occupancy was too high on the tracking detec-
tor stations immediately downstream of the target, in particular on the Micromegas and
drift chamber stations closest to the target, DCO0 and MMO1. The insertion of a hadron
absorber suppresses considerably the high secondary particle flux produced by the inter-
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Figure 72: Photograph of the absorber and target setup for the 2009 beam test: on the
right, inserted in two vertical supports, the two polyethylene target cells; on the left the
concrete part of the absorber, with a section of the hollow aluminium cylinder filled with
tungsten, followed by the stainless steel part on the very end of the picture. An additional
concrete shielding was placed around the absorber to reduce the dose rate.
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Figure 73: Dose rates measured in the COMPASS hall during the Drell-Yan beam test in
November 2009, with an average beam intensity of I =7 x 107 pions per spill (spill time
= 9.6 s, SPS supercycle time = 39.6 s). The beam intensity was increased up to about
1.5 x 10® during a short period on 22/11/2009. The different curves show measurements
taken by several radiation monitors placed in different positions in the hall.
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Figure 74: Occupancy of one plane of DCO0 for three different runs: muon run in 2007
(left); Drell-Yan beam test run in 2007 without absorber (centre, intensity 6.4 x 107 pion
per spill) and Drell-Yan beam test run in 2009 with absorber (right, intensity 1.5 x 108
pions per spill).
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Figure 75: Occupancy of one plane of MMO1 for three different runs: muon run in 2007
(left); Drell-Yan beam test run in 2007 without absorber (centre, beam intensity 6.4 x 107
pion per spill) and Drell-Yan beam test run in 2009 with absorber (right, intensity 1.5x 10%
pions per spill).

action of the pion beam in the target thus reducing, consequently, the tracking detector
occupancy. In Figures and a comparison is shown between the rates per channel
on one plane of DCO0 and MMO1 during a muon run in 2007 and two runs taken during
the Drell-Yan beam tests in 2007 (without absorber) and 2009 (with absorber). At the
maximum achieved beam intensity of 1.5 x 10® pions/spill the presence of the absorber sig-
nificantly reduced the occupancy on the drift chamber planes, which in the 2007 beam test
was higher than 1 MHz for the central channels at the maximum achievable intensity of
6.4 x 107 pions/spill (without absorber). The particle flux downstream of the absorber was
calculated with the Monte Carlo particle code FLUKA. In Figure [76] the charged particle
flux through the absorber is shown for a 190 GeV/c incident pion beam. The maximum
flux is confined inside the upstream part of the tungsten beam plug inserted in the 100 cm
long concrete block, which precedes the stainless steel block. The obtained mean-charged
particle flux immediately downstream of the absorber is 7.9 x 1075 particles/cm? /primary,
the total particles flux (charged + neutral) is 4.8 x 10~ particles/cm? /primary .
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Figure 76: Charged particle flux through the 2009 beam test absorber simulated with
FLUKA; z is along the beam axis, x is in the horizontal plane.

11 Pixelised Micromegas detectors

The physics programmes of this proposal deal with low cross section processes,
which require high intensity of the incident muons or hadrons beams. As little as possible
material should be introduced by the detectors which should also stand high hadron flux.
This poses new constraints on the tracking system. Since 2007/2008 five GEM stations
have been upgraded with new detectors offering a pixelised readout structure in the centre
using the APV-based readout system. They have been successfully operated in the hadron
beam runs 2008/2009. However, due to their overall size of 10 cm x 10 cm, they do not
fulfil the tracking requirements right downstream of the target region, presently equipped
with the large size 40 cm x 40 cm micro-pattern gaseous Micromegas detectors. The
Micromegas detectors are read by strips which cover the full length of the active area
and are prolonged in order to move the material of the front-end electronics (SFE16
amplifier cards and F1 TDC cards) out of the spectrometer acceptance. To avoid a too
high occupancy in the vicinity of the beam and to minimise the material in the beam
region, the detectors were designed with a 5 cm diameter central dead zone. In order to
cope with the new requirements, we plan to replace the Micromegas built ten years ago
by new ones of similar size and designed to:

— stand higher beam intensities and up to a factor of five higher rates of hadrons,
which are highly ionising particles, and

— detect particles in the centre of the detector without any extra cost in terms of
material budget.

The new detectors will also satisfy additional requirements: they will have improved ro-
bustness, and will be read out with light and integrated electronics. The central area will
be read by pixels. Since the present detectors measure a single coordinate per plane, a
rectangular shape of the pixels was chosen thus preserving the spatial resolution (Fig. .

Tracking of particles from the beam or scattered at very low angles will become
possible with high resolution. The non-central region of the detector will be read out
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via strips and the large size of the detector will be preserved. Special care is taken to
reduce the frequency of the discharges, which limit the performance of the detector for
high intensity hadron beams. A specific R&D program was initiated exploring two lines:

— use resistive layers in order to spread out the electrical charge,

— preamplify the signal using a GEM foil thus allowing for a reduction of the gain in

the amplification gap.

Two prototypes with 1 mm? pixels in the centre and 30 cm long strips in the periphery were
operated during several months in the hottest region of the COMPASS spectrometer with
both muon and hadron beams. The first prototype was built with the new robust “bulk”
technology, where a 20 yum woven stainless steel mesh is assembled with the board. This
prototype is the first Micromegas detector, in which a large size thin bulk structure was
glued to a honeycomb board. A second prototype was built with the standard techniques
using a thin 5 pum copper mesh for comparison. Pixels and strips were read out by a
compact and integrated electronics using APV chips (128 channels per chip) installed on
new cards with a specific protection circuit. The gas mixture was the one used for all
standard CoMPASS Micromegas, 80%/10%/10% of neon/ethane/CF}.

The prototypes operated well, validating both the use of the APV front-end readout
and the new technology bulk structure on a thin board. However, the issue of reducing
the discharge rate in presence of hadrons was not addressed here.

Several small (10 cm x 10 ecm) prototypes featuring different techniques of resistive
coating were tested in a dedicated set-up. Standard bulk Micromegas and a Micromegas
equipped with a GEM foil were tested in the same conditions for comparison. The dis-
charge rates of all the prototypes were monitored for various intensities of hadron and
muon beams in the SPS H4 test beam line. The preliminary results obtained with the
Micromegas equipped with a GEM foil show that the discharge rate can be reduced by
more than an order of magnitude (Fig. . For the resistive Micromegas prototypes,
the discharge amplitudes were so much reduced that the discharge rates could not be
measured as a signal on the mesh. Additional beam tests are ongoing to understand the
impact of this technology on the reduction of the discharge rate. All other performances
(efficiency, spatial resolution, cluster size) of the prototypes were similar to the standard
Micromegas ones. A final decision on the technology to be implemented will be taken in
the beginning of 2011. Before the production of the twelve new detectors a final prototype
will be built and validated in the beam.

12 Upgrade of the RICH-1 gaseous photon detectors

The large majority of the topics of the COMPASS physics programme performed so
far and presented in this proposal requires hadron identification. In the COMPASS spec-
trometer, it is provided by a large size Cherenkov imaging counter, RICH-1, operated in
its initial version since 2001 [I82] and in its upgraded version characterised by a more
powerful photon detection system since 2006 [I83], 184]. In RICH-1 particles cross 3 m of
gaseous radiator, C4F;o. During the years 2001-2004, RICH-1 photodetection has been
performed with Multi-Wire Proportional Chambers (MWPC) equipped with solid state
Csl photocathodes [I85HI8T]. One of the two cathode planes of the proportional chamber
is a Printed Circuit Board (PCB) segmented into 8 x 8 mm? pads coated with a CsI film.
The Cherenkov photons enter the chamber via a fused silica window and hit the photo-
cathode PCB. The photo-electrons produced by the converted photons are multiplied in
the MWPC. The detectors are operated at low gain (below 5 x 10%), as imposed by the
presence of the Csl photocathode. Since 2006 the peripheral region (75% of the surface)
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Figure 77: Board design of the pixelised Micromegas.
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Figure 78: Discharge rates per incident hadron for standard Micromegas and Micromegas
with an added GEM foil.

with the images of lower-momentum particles is read out by a system [I88] based on
the APV chip [I89]. The Cherenkov images produced by the high-momentum particles
are detected in the central photon detection area (25% of the surface), a region highly
populated by uncorrelated background images. This region is instrumented with a fast
detection system based on MultiAnode PhotoMultiplier Tubes (MAPMT) [183], 184] cou-
pled to individual telescopes of fused silica lenses (a prismatic field lens followed by a
concentrator lens) to enlarge the effective active area of the photon detectors. The effec-
tive pad size, resulting from the MAPMT pixel size and the lens telescope magnification
is about 12 x 12 mm?. Presently the resolution on the measured Cherenkov angle for
particles with § — 1 is 0.3 mrad for the central photon-detection area and 0.9 mrad for
the peripheral area.

The MWPCs in operation for RICH-1 are examples of the first generation of gaseous
photon detector with a solid state photoconverter. In spite of the remarkable success of
proving that solid state photoconverters can operate in gaseous atmospheres, MWPCs
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Figure 79: Detail of a THGEM PCB to scale).

with Csl photocathodes suffer because of some performance limitations: ageing, causing
a severe decrease of the quantum efficiency after a collected charge of the order of some
mC/cm? [190, 191] and long recovery time (about 1 day) after a detector discharge [182].
Therefore, they must be operated at low gain, reducing the single photo-electron detection
efficiency. These limitations are related to the bombardment of the CsI photocathode film
by the positive ions and photons generated in the multiplication process. In COMPASS
RICH-1, these features limit the number of detected photons and, at high beam rate,
cause instabilities of the photon detector performance related to the long recovery time
after a discharge. To overcome these limitations, a large-gain gaseous photon detector is
developed, characterised by a closed geometry architecture and based on the use of THick
GEM (THGEM) [192HI95] electron multipliers, coupled to a solid-state CsI photocathode.
In fact, in a multilayer structure of electron multipliers, a good fraction of the ions is
trapped in the intermediate layers, and no photons can reach the photocathode [192-
194, 196-19§].

The THGEM electron multiplier is derived from the GEM [199] one. The copper-
coated kapton foil of the GEM multipliers is replaced by a standard PCB and the holes are
produced by drilling. The conical shape of the GEM holes that forms uncoated polyamide
rings around the holes themselves are replaced by a clearance ring, the rim, surrounding
the hole and obtained by copper etching (Fig. . Typical values of the geometrical
parameters are PCB thicknesses of 0.4-1 mm, hole diameters ranging between 0.3 mm
and 1 mm, hole pitches of 0.7-1.2 mm and rim width values between 0 mm and 0.1 mm.
The electron multiplication is obtained applying an appropriate voltage between the two
conductive faces of the PCB, which are electrically insulated with respect to each other.
Large gains have been reported for detectors with single or double THGEM layers as well
as good rate capabilities.

The basic architecture of a THGEM-based photon detector (Fig. [80) comprises
a multiplication structure of three THGEM, where the first is coated with a CsI film
and acts as a reflective photocathode. The electrical field above and below the multiple
THGEM structure is defined by additional electrodes. A plane of metallic wires parallel to
the THGEM PCB to keep side from which the particles enter as transparent as possible. A
PCB segmented into pads, again parallel to the THGEM PCBs, is used both to define the
electric field at the exit side of the structure and to collect the signals. Its segmentation
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makes it possible to preserve the space information. The particles enter through an UV-
transparent window, closing the volume of the detector chamber.

We have performed a systematic study [200-203] of the properties of the THGEM
electron multipliers, in particular disentangling the role of the various geometrical, elec-
trical and production-related parameters to determine the optimal geometry for photon
detection applications. In particular, we have shown that stable gain can be obtained for
THGEM with no or small (10 gm) rim, while a large rim (~ 0.1 mm) causes severe gain
variations versus time (Fig. .

For single photon detection, both simulation studies and laboratory measurements
indicate that THGEM geometries for which the electric field at the Csl photocathode
surface is large enough to guarantee a good photo-electron extraction are those for which
the ratio between the hole diameter and the hole pitch is large (> 0.5). At the same
time the larger this ratio is the larger is the detector dead zone. Selecting a diameter
of 0.4 mm and a pitch of 0.8 mm a good compromise can be obtained. Gains up to
106 have been obtained with a triple layer detector employing THGEM PCBs with these
parameters (Fig. , to be compared with the gain of the present gaseous photon detectors
of 5 x 10*. The measured ion feedback rate is reduced to about 25%. Further reduction
can be obtained introducing one more wire plane electrode between the first and the
second THGEM layer. This improved geometry is presently under test. The measured
time resolution is about 10 ns. The intrinsic space resolution is of the order of 1 mm.

Small-size prototypes of THGEM-based photon detectors have been employed so
far. The engineering aspects related to the extension of the size to detectors of about 60 x
60 cm? is ongoing. Good quality THGEM PCB of this size have already been produced.
For these studies the digital read-out system presently used to read-out the MAPMTSs
employed in the centre of the RICH-1 detection area [I84] has been successfully used to
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detect with good efficiency the photo-electron signals, thanks to the large detector gain.
Alternatively, the present readout technology operated for the Csl-coated MPWC of the
RICH and based on the APV chip is envisaged. This system is sucessfully operated on all
thin GEM stations within COMPASS.

The proposed upgrade of the RICH-1 gaseous photon detectors consists in replacing
the MWPCs with CsI photocathode with THGEM-based detectors of large size, coupled to
CsI photocathodes. The pad size will remain the same of the MWPCs, namely, 8 x 8 mm?.
The major improvements of the new gaseous photon detectors are the larger gain, which
results in a larger efficiency of the single photo-electron detection, the reduced ion feed-
back allowing for more stable detector operation and better time resolution.

13 Cost estimate

The proposed measurements will make use of the existing COMPASS spectrometer as de-
scribed in Ref. [I33] and of the upgrades performed during the years 2005-2010. However,
the new physics programmes require a number of additions and modifications. Further-
more, some of the original equipments are by now 10 years old or more and need to be
refurbished or replaced. Typical cases are the DAQ, the pumps of the polarised target
(more than 25 years old) and the silicon trackers in the beam, which suffer from radiation
damage. The responsibility for maintenance and operation of an existing equipment will
in general stay with the same group as in the present COMPASS experiment. In Table
these responsibilities are summarised together with those for new equipment and a first
estimate of the necessary investment for construction, refurbishment or upgrade.

The major new equipments for the GPD programme are the new electromagnetic
calorimeter ECALO close to the target and the proton recoil detector RPD with its liquid
hydrogen target. For the DY programme the modified polarised target with the hadron
absorber are the new key elements. The considerable upgrade of ECALL is required for
the DVCS part of the GPD programme. Here, for the cost evaluation it was assumed
that ECAL2 remains unchanged and that the central holes of ECAL1 and HCAL1 are
somewhat reduced (“Option 3” on page . The upgrade of the peripheral part of the
RICH-1 photon detection is important for a stable operation of the RICH in a high-flux
environment. The RICH itself is essential for the exclusive meson production part of the
GPD programme as well as for the simultaneously performed measurements of unpolarised
SIDIS.

The cost estimate is in an early stage and numbers are very preliminary. The total
projected investment is roughly 7 MCHF', about one quarter of the total fresh CompAss-I
investment. COMPASS is inviting and actively searching for new collaborators. There-
fore changes in the responsibilities should be expected in the further development of the
project. The present sharing between the participating countries is shown in Fig. [83]
Within the German groups the sharing is still under discussion. The item concerned is
temporarily marked by “BMBF” in Table [20]

Apart from the requested contributions by CERN as collaborating institute listed
in Table [20] the new experiment would require from CERN as host laboratory the con-
tinuation of the services granted for the present COMPASS experiment, in particular in
cryogenics and central data recording. The question of cost for recording media should be
rediscussed. A major problem is the temperature in the experimental hall EHN2 (888).
In summer it grows well over 30 degree and causes severe problems for the chambers due
to thermal expansion as well as to the electronics. Before a new round of experiments is
started a refurbishment of the about 35 years old ventilation system is indispensable.
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Table 20: Tentative responsibilities in COMPASS-II for detector operation and maintenance
as well as estimated cost of repair, modification of existing and of construction of new
equipment in kCHF.

[tem Institution Invest Remarks
Beam Momentum Station Bonn HISKP
Scintillating Fibres Bonn HISKP/Erlangen 150 more det.
Silicon Beam Telescope TU Munich 100 new wafers
MicroMegas Saclay
Pixel MicroMegas Saclay 420 new
DC Drift Chambers Saclay
GEMs & Pixel GEMs TU Munich
Straws Freiburg/Munich LMU
MWPCs Turin
Rich Wall Turin
Muon Wall 1 JINR
W45 drift Chambers CERN 30 repair
Muon Wall 2 IHEP Protvino
Total trackers 700
ECALO new
Modules (250) JINR 372
Housing & Temp. Stab. JINR 100
LED Monitoring JINR 40
Readout (MSADCs) TU Munich 250
MAPD Saclay 60
Warsaw UT 90
Preamplifiers Warsaw SINS /WU 30
Frame CERN 50
ECAL1 upgrade
Shashlik Modules (600) BMBF 80
Mainz 50
Freiburg 50
Saclay 30
GAMs Modules (1700) ITHEP Protvino exist
PMs IHEP Protvino 270  exist
HV Bases Freiburg 106
Readout (MSADCs) & cables | Mainz 110
Saclay 50
TU Munich 70
Monitoring ext. Saclay 75
ECAL2 Monitoring Lisbon 50 new
HCALI1 Modification JINR 50
Total Calorimeters 1983
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Table 20: (cont’d) Tentative responsibilities in CoMPASS-II for detector operation and
maintenance as well as estimated cost of repair, modification of existing and of construc-

tion of new equipment in kCHF.
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[tem Institution Invest Remarks
RPD/LH Target new
RPD Structure Saclay 150
PMs Saclay 60
Warsaw SINS/WU 30
Calcutta 30
Scintillators/Lightguides | Saclay 210
Mainz/Bonn PI 70
Readout Freiburg 190
HV, Crates, Electronics | Saclay 80
Warsaw SINS/WU 50
Warsaw UT 20
LH Target Saclay 75
CERN 75
Yamagata 25
Total RPD&LH Target 1065
RICH-1 Upgrade upgrade
Peripheral Chambers Trieste/Turin 1080
Prague 20
Read-out (under study) | Trieste/Turin 700
CEDAR Upgrade Mainz 100 upgrade
Total RICH & CEDAR 1900
Polarised Target
Pumps refurbishment Yamagata 150 maintenance
EIO Microwave Tube Yamagata 100 replacement
Target material (NH3) Bochum 80 replacement
Target holder Bochum 50 modification
Cavity Bochum 20 modification
Prague 30
Hadron Absorber Turin 110 new
Lisbon 30 new
CERN 60 new
Total PT & Absorber 630
Veto/Matrices Mainz/Bonn PI 100 new
DAQ TU Munich 150 replacement
Turin/Trieste 150
Prague 60
Tel Aviv 25
DCS Lisbon 50 upgrade
Total DAQ/Trigger/DCS 535
Infrastructure CERN 250 modification
Total 7063




Figure 83: Tentative sharing of new investment cost between the participating countries
in per cent.
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