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Part II3

GPD program at COMPASS4

The COMPASS-II program [1] was accepted by the SPS scientific committee at CERN in5

2010. It is mainly focused on the studies of Generalised Parton Distributions (GPDs) and6

the Transverse Momentum Dependent parton distributions (TMD PDFs or TMDs). These7

two types of functions aim for the most complete description of the partonic structure of the8

nucleon. They can be considered as different projections of generalised parton correlation9

functions [2] which have a direct connection to the Wigner distributions - the quantum10

mechanical analogues of classical phase space distributions - of the hadron-parton system.11

While the standard PDFs give only information on the longitudinal nucleon momentum12

fraction carried by the parton, GPDs and TMDs provide a 3-dimensional information of the13

nucleon, either in a mixed (transverse) position - (longitudinal) momentum representation14

for the former or in a pure momentum representation for the latter. Moreover, they contain15

important information on the orbital motion of partons inside the nucleon.16

TMDs are studied at COMPASS in semi-inclusive deep inelastic scattering (SIDIS) using17

the 160 GeV high-energy muon beam scattered off polarized proton (NH3) and deuteron18

(6LiD) targets. They will be further investigated for the first time ever in the polarized Drell-19

Yan process in 2014-15 using the 190 GeV pion beam and a transversely polarized proton20

target.21

The GPD program, initiated by the SPhN team, aims to put experimental constraints22

on GPDs using hard exclusive reactions such as deeply virtual Compton scattering (DVCS)23

and hard exclusive meson production (HEMP) with the muon beam. The addition of a recoil24

proton detector to the existing COMPASS spectrometer is mandatory at these high energies25

to select only exclusive events.26

In the following sections, the goal of the accepted DVCS program using positive and27

negative polarized muon beams and an unpolarized proton (LH2) target is described. The28

different steps to achieve such a measurement with a recoil proton detection are outlined:29

first test measurements in 2008-09, a pilot run of four weeks in 2012 with the recoil detector30

CAMERA, and the preparation of the two years data taking in 2016-17. Next, results on31

the hard exclusive ρ production obtained during the SIDIS measurements with a transversely32

polarized target, but without recoil detection are also presented. Finally, first ideas for33

possible DVCS and HEMP measurements using a recoil detector surrounding a transversely34

polarized target for measurements at COMPASS beyond 2018 are given.35

1 The DVCS program with recoil detection and LH2 target36

1.1 Motivations37

With the 160 GeV muon beam available at CERN, the DVCS measurements cover a kinematic38

domain defined by the momentum fraction, xBj , ranging from 0.01 to 0.15 and by the photon39

virtuality, Q2, between 1 and 10 GeV2. A comparison with the domains covered by several40

other experiments is shown in Fig. 1. COMPASS will thus explore the uncharted xBj domain41

between the HERA collider experiments H1 [3] and ZEUS [4] and the fixed-target experiments42

as HERMES [5] and JLab [6, 7]. We note that JLab is presently the only other active43

laboratory.44

The DVCS process interferes with the Bethe-Heitler (BH) process due to identical final45
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Figure 1: The (Q2, xBj) kinematic domain (in green) covered by COMPASS for y = (Eµ −
Eµ′)/Eµ ranging from 0.9 to 0.05. The colored circles indicate each a different outgoing muon
angle.
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Figure 2: Top: Monte Carlo simulation of the exclusive muoproduction of a single real photon
at COMPASS-II with only the 2 existing calorimeters ECAL1 and ECAL2 showing the φ angle
distributions of reconstructed events for three bins in xB for Q2 > 1 GeV2. Bottom: φ angle
distributions measured in the DVCS 2009 test run. The solid lines represent the expected
BH yield.
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states. The cross-section for hard exclusive muoproduction of a single photon off an unpo-46

larized proton is written as:47

d4σ(µp→ µpγ)
dxBdQ2d|t|dφ

= dσBH + dσDV CS
0 + Pµ d∆σDV CS + eµRe I + eµPµ Im I, (1)

where Pµ and eµ are the polarization and the charge of the muon beam, and I denotes48

the DVCS-BH interference term. Here, t is the four-momentum transfer squared between49

the initial and final nucleon states and φ is the angle between the scattering plane and50

the photon production plane. Figure 2 (top) shows a Monte Carlo simulation with the51

different contributions for Q2 > 1 GeV2 based on the acceptance of the standard COMPASS52

spectrometer, i.e., using only the existing electromagnetic calorimeters ECAL1 and ECAL2.53

An important feature of the calculation is the large dominance of the BH contribution for54

xBj < 0.01. Since this process is known, it provides an excellent reference for monitoring55

the detector acceptance and the luminosity measurement. The size of the interference term56

increases with rising xBj and offers via its characteristic φ modulation additional possibilities57

to access real and imaginary part of the complex DVCS amplitude. The DVCS process58

itself is dominant for xBj > 0.03. The distribution for DVCS is not flat in φ due to the59

limited acceptance at large photon angles if we use only ECAL1 and ECAL2. This justify60

the implementation of the new electromagnetic calorimeter ECAL0 to enlarge the photon61

acceptance.62

From the previous equation one can build the sum S and the difference D of the cross-63

sections for a simultaneous change of charge and polarization of the incoming lepton beam64

(+ to − and ← to →):65

D ≡ dσ
+← − dσ

−→ = 2[d∆σDV CS + Re I] L.T.−→ cI
0 + cI

1 cos φ (2)
66

S ≡ dσ
+← + dσ

−→ = 2[dσBH + dσDV CS
0 + Im I] L.T.−→ 2dσBH + cDV CS

0 + sI
1 sinφ (3)

The muon beam used at COMPASS has such a property: the negative muons have a polar-67

ization opposite to that of the positive muons. Eqs. 2 and 3 indicate also the harmonic terms68

in the azimuthal angular decomposition at twist-two level (or leading twist, noted L.T.).69

With a proton target in the COMPASS kinematics, the coefficients cj
i or sj

i are related to the70

dominant Compton form factor (CFF) H, which is a convolution of the GPD H with a hard71

kernel describing the photon-quark interaction [8].72

Upon integration over the azimuthal angle φ, the interference contribution to S vanishes.73

After subtraction of the BH contribution one obtains the pure DVCS cross-section. The latter74

depends on the squared momentum transfer t from the initial to the final nucleon. If the75

behavior dσDV CS
0 /dt ∝ exp(−B(xBj)|t|) is confirmed with the data, and using the relation76

< r2
⊥(xBj) >≈ 2B(xBj) valid at small xBj , the transverse distance, r⊥, between the struck77

quark and the center of mass of the spectator system can be extracted. The measurement78

of the transverse nucleon size obtained is thus independent of any GPD parametrization. A79

projection of the uncertainties expected after 280 days of data taking is displayed in Fig. 3.80

A comparison with the results obtained at HERA [3, 4] at similar 〈Q2〉 but lower xBj is also81

shown.82

The φ dependence of the difference D (Eq. 2), the sum S (Eq. 3), and the asymmetry83

A = D/S allow for the extraction of quantities related to the CFF H and thus constrain the84

GPD H. The statistics expected in two years of data taking will enable the measurement of85

six bins in xBj ranging from 0.005 to 0.3, six bins in t ranging from 0.06 to 0.7 GeV2 and86
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Figure 3: Left: Projections for measuring the xBj dependence of the t-slope parameter
B(xBj) of the DVCS cross section, calculated for 1 < Q2 < 8 GeV2. The left vertical bar on
each red data point indicates the projected statistical error, while the right one includes also
the systematic uncertainty. The parametrization B(xBj) = B0 +2 α′ log( x0

xBj
) is shown using

two values of α′, 0.125 GeV−2 and 0.26 GeV−2 corresponding respectively to the half and to
the total of the value of a Pomeron exchange in soft scattering processes. Right: Transverse
proton radius as a function of xBj .

four bins in Q2 from 1 to 16 GeV2. Figure 4 presents the cos φ modulation of the asymmetry,87

integrated over Q2 as a function of t in the six bins of xBj . This modulation is related to the88

real part of the CFF H. Note that the real and imaginary parts of the CFF are related by a89

dispersion relation requiring a subtraction D-term. The D-term, related to the confinement90

of partons in the nucleon, is not well constrained by the present data. The real part of the91

CFF H was found positive at HERA and negative at HERMES. The kinematic domain of92

COMPASS, in particular the region 0.005 < xBj < 0.03 (see the top panels of Fig. 4) is93

expected to allow the determination of the xBj position of the node of this function, which94

is important for any global fitting procedure.95

1.2 2008-2009 DVCS test measurements96

In 2008 and 2009, test measurements were performed using the COMPASS spectrometer in a97

configuration optimized for the hadron spectroscopy program. A 40 cm long liquid hydrogen98

target surrounded by a 1 m long Recoil Proton Detector (RPD) was used. This setup provided99

the configuration of the future experiment but at a smaller scale (length of the target and100

the recoil detector reduced by a factor 6 and 4, respectively). In addition, the large angle101

electromagnetic calorimeter ECAL0 was not yet available.102

The first short run in 2008 has proved the capability of the apparatus to detect and re-103

construct exclusive single photon events. Approximately 10 times more events were collected104

in 2009. The exclusive single photon production reaction µp→ µ′γp′ is selected by applying105

cuts on the missing energy:106

Emiss = (M2
miss −M2

p )/2Mp (4)

and the differences:107

∆φ = φmiss − φRPD and ∆pT = |pmiss
T | − |pRPD

T |, (5)
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Figure 4: Projected statistical accuracy for the amplitude of the cosφ modulation of the
beam charge and spin asymmetry. Projections (red points) are calculated using the reggeized
variant of the VGG model [9]. The blue triangles show the HERMES results [5]. The green
curves show the latest predictions [10] based on the first fit on world data with (solid line),
or without (dotted line) JLab Hall A data.

where the missing particle defined by ~Pmiss = ~Pµ− ~Pµ′ − ~Pγ should be a proton of mass Mp,108

and where pT denotes the momentum in the transverse plane with respect to the incident109

muon direction and φ the azimuthal angle around this direction.110

This analysis gives access to the φ distributions in three bins in xBj presented in the111

lower part of the Fig. 2. The solid lines represent the expected BH contribution, while the112

histogram shows the measured single photon yields. The latter include both BH and pure113

DVCS events, as well as misidentified π0 events.114

The efficiency to detect muons in coincidence with a proton and a photon was evaluated115

to be 35% in the bin of the smallest xBj , where the BH contribution is dominant. After116

taking into account DAQ dead time, veto dead times, and SPS and spectrometer live times,117

the efficiency is further reduced by about a factor 0.84. Its final value is compatible with the118

global efficiency of 10% used in the predictions. Furthermore, a luminosity determination119

with a systematic accuracy of 5% was also obtained and cross checked with the known values120

of the F2 structure function which parametrizes the DIS cross section.121

The main background to DVCS is due to the detection of only one of the two photons122

from π0 decay (the other photon is undetected due to acceptance or absorption). Estimation123

of this background was done using a full chain MC with two generators: HEPGEN [11] for124

exclusive π0 production and LEPTO for semi-inclusive π0 production. The total background125

contamination at large xBj was estimated to be smaller than one third of the total number126

of events after BH subtraction.127

Seven internal COMPASS notes on exclusivity, φ distributions, luminosity, π0 contami-128

nation have been written between 2009 and 2013. This work is part of the PhD thesis of129

Marie Boer.130
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1.3 2012 DVCS pilot run131

A first measurement of the exclusive single photon production (µp → µ′γp′) was performed132

at the end of 2012 using the 160 GeV high-energy muon beam and the full scale setup,133

as it will be used in 2016-17. The full scale setup (see Fig. 5) comprises a 2.5 m long134

liquid Hydrogen (LH2) target, a new 4 m long recoil detector named CAMERA, and a135

new electromagnetic calorimeter ECAL0, which extends the angular acceptance for photon136

detection. The apparatus used in 2012 is shown in Fig. 6. The CAMERA detector was built137

swiftly in 18 months after the SPSC approval. After commissioning of the new detectors,138

four weeks of DVCS data were collected.139

1.3.1 Liquid hydrogen target140

The 2.5m long liquid Hydrogen (LH2) target was designed and constructed by the CERN141

Cryolab. The Carbon fiber vacuum chamber surrounding the target was provided by the Ya-142

magata group. The target is installed on a rail system fixed to the CAMERA structure. The143

hydrogen pressure stability is about 30 mbar around the operational pressure of 1130 mbar.144

The pressure stability results in a variation of the liquid hydrogen density below 0.1%.145

1.3.2 Electromagnetic calorimeters146

A new electromagnetic calorimeter, ECAL0, was designed in order to extend the available147

photon acceptance towards large angles. ECAL0 is under construction at JINR, Dubna. A148

part of it, consisting of 56 modules (about 25% of total), was placed 1.5 m downstream of the149

LH2 target for the data taking in 2012. The ECAL0 modules are equipped with multichannel150

avalanche photon detectors (MAPD), temperature stabilization, and a LED-based monitoring151

system. Prior to the data taking, the modules were tested with cosmic muons. An inter-152

calibration of the modules was performed using the wide muon beam halo. A calibration of153

ECAL0 was performed using the π0 produced by the 190 GeV/c π− beam impinging on the154

LH2 target. The calibration coefficients were determined by reconstructing the π0 mass peak155

from its two-photon decay, and comparing it to its nominal value, as illustrated in Fig. 7156

(top). The width of the peak is fully given by energy and spatial resolution of the calorimeter157

and it is about 10 MeV.158

In order to match the angular acceptance of ECAL1 to that of ECAL2, the size of the159

central hole of ECAL1 was reduced, both horizontally and vertically. To carry out this size160

reduction, 208 new, radiation-hard, Shashlik modules were installed in ECAL1. After π0
161

calibration, π0 widths of 10 and 5 MeV are observed in the invariant mass γγ spectrum of162

ECAL1 and ECAL2, respectively (see Fig. 7 (middle) and (bottom)).163

During the analysis of the data collected, many ECAL1 modules were found to be par-164

ticularly noisy. Figure 8 (left) shows the factor R, which is the ratio between the number165

of events correlated with the trigger time and the number of random events in each module166

of ECAL1. R varies from 4 for good cells to 0.1 for bad cells in the central part of ECAL1.167

As a comparison, typical values of R of 7 for ECAL0 and 9 for ECAL2 are obtained, even168

for photon energies as low as 1 GeV. An elaborated method based on a Fourier transform169

analysis of the pulse shape was developed in order to extract the precise amplitude and time170

of the signal. After Fourier analysis, the values of R increase to 45 and 13 for the good171

and bad cells, respectively. The impact of the Fourier analysis is illustrated in Fig. 8. This172

method is now being used to analyze all ECAL1 data collected in 2012.173
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Figure 5: A schema of the COMPASS setup around the target.

Figure 6: Picture taken on 2012-10-18 presenting the recoil proton detector CAMERA
installed around the 2.5m LH2 target just before ECAL0 and the complete COMPASS spec-
trometer.
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Figure 7: π0 peak in the invariant mass γγ spectrum (MeV) obtained after calibration with
the pion beam for ECAL0 (top), ECAL1 (middle), and ECAL2 (bottom).
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Figure 8: Factor R of number of correlated events over the number of random events in
each module of the central part of ECAL1, before and after the Fourier analysis of the pulse
shape.

1.3.3 Pixel Micromegas detectors174

Figure 19 shows the detectors between the target and the first dipole magnet SM1. In175

2012, they consisted in two large area trackers (drift chambers DC00 and DC01), 12 small176

area trackers (Micromegas stations MM01, MM02, MM03) and one very small area tracker177

(scintillating fiber station SCiFi04). In order to complete the very small area tracker, two178

new Micromegas detectors, equipped with pixels in the center, were installed. With only two179

active pixel MM detectors, the tracking suffers from a lack of redundancy needed to remove180

the combinatorial background. The impact of the additional angular coverage corresponding181

to outgoing muon angles smaller than 10 mrad can be observed in the DVCS kinematic182

domain as illustrated in Fig. 1.183

1.3.4 Recoil proton detector184

The new large recoil proton detector, CAMERA, is based on a Time of Flight (ToF) measure-185

ment between two barrels of 24 scintillators read at both ends. Figure 9 shows the insertion186

of the inner barrel inside the outer one. The outer barrel, noted B, with a diameter of 2.2 m187

is made of 3.6 m long and 5 cm thick scintillators. The inner barrel A has a diameter of188

50 cm. It is made of 2.75 m long and 4 mm thick scintillators. The design of CAMERA189

and of the target with its environment allows detection of proton momentum as low as 270190

MeV/c. The thin and long scintillating slabs of the inner barrel are equipped with long light191

guides on the downstream side in order to minimize the material budget in the forward ac-192

ceptance region, as illustrated in Fig. 5. This makes the project really challenging in order to193

achieve the expected timing resolution of 310 ps. Such a timing resolution provides a proton194

momentum resolution varying from 4% to 10% and equivalently a t resolution varying from195

8% to 20% when the proton momentum increases from 300 to 700 MeV/c. Such a resolution196

is mandatory to build six bins in t for an accurate determination of the t-dependence of the197

DVCS cross section.198

Accounting the weakness of the inner ring A and developing successful methods for the199

precise ToF determination are really more complex tasks than expected for different reasons200

which will be given below. Presently, final results are not yet available.201
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Table 1: Properties of the scintillators slabs of MUREX and CAMERA detectors.
MUREX CAMERA

A B A B
material BC408 BC408 BC408 BC408

thickness (cm) 0.4 5 0.4 5
length (cm) 284 400 275 360

PMT XP20H0 XP4512 ET9813B ET9823B
light guide twisted fish tail bend and twisted optimized bend shape

3D machining
attenuation length (cm) 210 320 70-120 265-305

time resolution (ps) 270 160 350 160
ToF resolution (ps) 310 not yet finalized

New readout with the GANDALF system. The event readout is done with the GAN-202

DALF system, developed in Freiburg University. GANDALF collects the signals from the203

Photo Multiplier Tubes (PMTs) with a sampling at 1 GHz and provides their amplitudes204

corrected for time and amplitude dependence, using a constant fraction algorithm imple-205

mented in its FPGA. The difference and the sum of the time information collected at both206

ends of a scintillator represent, after final calibration, the position and the time, respectively,207

of the particle track crossing the scintillator. The proton momentum is determined from the208

evaluated velocity β = DoF/(c · ToF ) where DoF and ToF are the distance and the time of209

flight of the proton between the inner and outer rings.210

GANDALF is used for the first time for a ToF measurement. In order to achieve the best211

possible time resolution, certain corrections have to be applied to the raw data. In particular,212

the effects of small deviations of the signal baseline as well as of the precise signal shape have213

been addressed very recently. Although this work is still in progress, the preliminary results214

are very encouraging.215

Bad attenuation length and poor timing resolution of the inner ring. Time reso-216

lution and attenuation length of each element were measured prior to the data taking, using217

cosmic rays. In Table 1, the properties of A and B elements used in CAMERA are compared218

to the properties of the prototypes of same size, MUREX, built in 2006. The attenuation219

lengths λ are close to 2.8 m for the scintillators B, while they are spread around 0.9 m for220

the scintillators A (see Figs. 10 and 11). The values for scintillators A compare unfavorably221

with the attenuation lengths of about 2 m, measured on the 4 mm thick MUREX prototypes222

used 6 years earlier. For the data taking in 2012, the best (with λ > 0.9 m) and worst (with223

λ < 0.9 m) scintillators A have been interleaved. The resulting negative impact (shown in the224

Table) is a timing resolution of 350 ps for the CAMERA inner ring significantly larger than225

the 270 ps measured for the 4 mm thick MUREX prototypes. This leads to a ToF resolution226

definitively larger than the expected 310 ps.227

Preference for small amplitudes due to PMT anode limitation. The commissioning228

of CAMERA was done using recoiling protons produced by a pion beam crossing the LH2229

target. Few hours were sufficient to collect enough protons in CAMERA. The final High230

Voltage (gain) adjustment of the setting of the two PMTs (upstream and downstream) of231

each scintillator was achieved with the goal of matching the full dynamical range in proton232
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Figure 9: Picture taken on September 14, 2014, showing the insertion of the inner barrel A
inside the outer barrel B of CAMERA. The long light guides on the downstream side of the
inner barrel are visible on the left side of the picture.
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Figure 12: Distribution of the amplitudes collected by the PMTs placed upstream (left)
and downstream (right) for A0 (upper part) and for A1 (bottom part) as a function of the
position along the scintillator.

momentum. Due to large instantaneous PMT anode currents arising from an important233

50 Hz intensity modulation in the 2012 beam spill structure, the HV setting was chosen to234

minimize the output pulse height. For future running, the Warsaw group is designing an235

amplifier system on the PMT voltage divider, which will allow to lower the anode current236

keeping the output pulse height constant (to preserve the dynamical range and maximise the237

amplitude signal). Figure 12 shows an example of distributions of PMT amplitudes from two238

of the inner scintillators, a good A0 and a bad A1, versus the position of the hit along the239

slab. No loss in efficiency for the smallest amplitudes is directly visible. However a precise240

timing resolution is more difficult to achieve for the smallest amplitudes.241

Difficulty to set up a precise timing calibration. The tuning of the time calibration242

constants can be performed using reactions in which the detection of the forward outgoing243

particles in the spectrometer determines accurately the recoil proton kinematics. This is244

the case for either a two-body reaction such as πp → πp or a three-body reaction such245

as µp → µpρ0. Figure 13 shows the proton energy loss in the B barrel as a function of246

the velocity β of the proton for the two reactions. However, due to the poor resolution247

for the longitudinal vertex position in the case of two-body reactions at very small angles,248

and to a large combinatorial background, the elastic pion-proton reaction could not be used249

in 2012 as it was not able to provide a position accuracy close to 1 cm. Therefore, the250

µp → µpρ0 reaction has been chosen for the CAMERA calibration. A kinematic fitting251

procedure has also been developed for this three-body reaction, which greatly improves the252

accuracy in the determination of the recoiling proton kinematics. The timing calibration253

can also be performed using extra reference detectors that select relativistic particles (like254

electrons) crossing both scintillators of CAMERA. The time and position accuracy of the255
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Figure 13: Proton energy loss in the B barrel as a function of the proton velocity β for the
reactions πp→ πp (left) and µp→ µρ0p (right).

references should be of the order of 100 ps and 1 cm, respectively. This technique was used256

for the MUREX prototype, and an application to the CAMERA detector is under study (see257

Section 1.4).258

Present status on proton momentum resolution. The momentum resolution σ(dP/P )259

was significantly improved after applying recently the sophisticated time corrections previ-260

ously discussed in the GANDALF readout section. The corrected values of σ(dP/P ) vary261

from 6% at 300 MeV/c to about 13% at 700 MeV/c (Fig. 14 top), instead of the expected 4%262

at 300 MeV/c and 10% at 700 MeV/c. A small shift of the momentum of about 2% is still263

present after all corrections for energy losses in the target (Fig. 14 bottom) have been ap-264

plied. The proton momentum resolution presented in this report is the result of a very recent265

work, which provides a major step in the understanding of the precise timing determination.266

However, it has to be cross checked and maybe still improved.267

Impact of CAMERA and efficiency The impact of CAMERA on the exclusive reaction268

µp→ µρ0p is illustrated in Fig. 15. Without the use of CAMERA the exclusive reaction can269

be identified by detecting the incident and outgoing muons and the ρ0 meson using a cut on270

the missing energy (as Eq. 4). The contribution of non-exclusive events appears on the right271

of the missing energy peak and increases when the transfer t or the transverse momentum272

(with respect to the virtual photon direction) pT of the vector meson ρ0 increases. Detection273

of protons in CAMERA allows two additional cuts corresponding to differences between274

azimuthal angles and between transverse momenta (as Eq. 5). These cuts significantly reduce275

the non-exclusive background. The resulting efficiency of CAMERA, including the inner ring276

efficiency, seems reasonably good (about 70%) at low transverse momentum (smaller than277

0.8 GeV/c). However this result is not yet reproduced by the sophisticated time analysis and278

has to be cross checked.279

1.3.5 Muon flux determination and stability of the detectors280

The DVCS experiment relies on the comparison between measurements made with positive281

and negative muon beams. An accurate measurement of the corresponding fluxes is therefore282

necessary. The task, part of the work of the post-doc in Saclay, Eric Fuchey, is somewhat283
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Figure 14: Top: Momentum resolution σ(dP/P ) as a function of the proton momentum.
Bottom: Shift of the evaluated momentum as a function of the proton momentum.
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Figure 15: Distribution of Eµp→µρ0X
miss = (M2

miss −m2
p)/2mp = Eγ∗ − Eρ0 + t/2mp presented

for three ranges in transverse momentum. The data in black represent exclusive events
without using CAMERA, after subtraction of the non-exclusive background. The data in red
represent the exclusive events as identified using CAMERA.
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complicated, since the positive muon flux is 2.6 times higher than the negative one. The flux284

determination is performed using beam tracks and a random trigger. The fluxes for both285

beam polarities are 4.1 108µ+/spill and 1.6 108µ−/spill. Such a high muon flux was never286

reached for the COMPASS experiment before; it is in perfect agreement with the expected287

values used in the predictions.288

Stability of the semi-inclusive π0 production yield using µ+ and µ− beams is presented in289

Fig. 16 for a sample of runs taken in one week. The dead times are 0.72 and 0.89 for the µ+
290

and µ− data, respectively. The resulting mean values of the π0 yield per run for the complete291

sample of runs along the 4 weeks of data taking are 118.7±1.9 and 119.9±1.9 for the µ+ and292

µ− beams, respectively. This agreement with an accuracy of 2% gives already a first idea of293

the quality of the monitoring of the experiment.

Figure 16: Stability of the semi-inclusive π0 production yield per run (indicated with the
numbers 108xxx) over one week of data taking with µ+ and µ− beams.

294

1.4 Data taking in 2016-17295

Due to the low quality of its scintillators, we do not know yet if the resolution and the296

efficiency of ring A fulfill our expectations. A final answer can only be given a couple of297

weeks after full 2012 data set will be produced and analyzed. A decision will then be taken.298

An additional Time of Flight (ToF) measurement, can be performed between a high-flux299

scintillating fiber station placed along the beam axis and the external B ring. Such solution,300

already partially prepared by the Bonn group during the DVCS2012 data taking, is being301

studied. Note that the Ring A is still necessary to provide the position resolution.302

The ToF resolution at large momentum, i.e. for protons going out of the external ring,303

should be considerably improved by a layer of Multigap Resistive Plate Chambers (RPC)304

surrounding the external ring. A prototype, consisting of two rings of 10 cm placed at two305

longitudinal positions around the external ring, is being considered. It could be made from 1306

cm Multigap RPC strips with an appropriate readout. The prototype should be tested during307

the next data taking and it will provide an excellent online constant calibration system. An308

European funding has been requested in the framework of the Hadron Physics Horizon 2020309

call.310
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2 Exclusive meson production311

Vector meson production provides a complementary tool for accessing the GPDs. Studies of312

exclusive production of ρ0 mesons from a transversely polarized target were initiated several313

years ago. In the absence of a dedicated recoil detector, exclusivity of the reaction µp→ µpρ0
314

is achieved by only a cut on the missing energy (as in Eq. 4), considering the momenta of315

the incident and scattered muons and the two pions from the ρ0 decay. The remaining316

background (about 20%) under the peak is evaluated using a Monte Carlo.317

The reaction µp→ µpρ0 gives access to the poorly known GPD E and to the chiral odd318

(or transversity) GPDs HT and ĒT , which cannot be reached in DVCS. Indeed, for the quark319

transversity GPDs the emitted and reabsorbed partons have opposite helicities. Since the320

interactions of light quarks with gluons or photons conserve helicity, the initial parton helicity321

flip can only be compensated by higher-twist meson wave functions. The GPDs E, HT and322

ĒT are related to the famous Sivers, transversity and Boer-Mulders TMDs.323

A transverse polarization of the target allows measurements of the five transverse target324

single-spin asymmetries AUT , and of the three transverse target double-spin asymmetries325

ALT . Here, the subscripts U, L, and T mean unpolarized, longitudinally polarized, and326

transversely polarized respectively, the first subscript referring to the beam, and the second327

to the target. The angles involved are the azimuthal angle between the lepton scattering328

plane and the production plane, φ, and the azimuthal angle of the transverse target spin329

vector relative to the lepton scattering plane, φS . The values of all eight asymmetries depend330

on xBj , Q2 and P 2
T , integrated over the kinematic variables, are shown in Fig. 17.331

The asymmetry A
sin(φ−φS)
UT (already published, Ref. [12]) is of special interest as it mea-332

sures the interference term between the GPDs H and E. It is proportional to a weighted333

sum of convolutions of the GPD Eq,g with the distribution amplitude of the produced meson334

and a hard scattering kernel. The weights depend on the contributions of quarks of various335

flavors and gluons to the production of a given vector meson. The model of Goloskokov and336

Kroll [14] explains the small value of the asymmetry as due to an approximate cancellation337

of two sizable contributions of opposite signs for the GPDs Eu and Ed for the valence u338

and d quarks, respectively. In contrast, the model predicts larger asymmetries for exclusive339

production of ω and ρ+ mesons. Both processes are under study.340

The other asymmetries (published in Ref. [13]) are all found compatible with zero, except341

the asymmetry A
sin(φS)
UT which deviated from zero by about two standard deviations. This342

asymmetry is a sum of two interference terms H ·HT and ĒT ·E. The asymmetry A
sin(2φ−φS)
UT ,343

which arises from the interference term ĒT ·E is found to be zero with the same accuracy. The344

confirmation of a non-zero asymmetry A
sin(φS)
UT could provide the first experimental evidence345

for the chiral-odd (or transversity) GPD HT .346

The xBj , Q2 and P 2
T dependencies of the three target spin asymmetries A

sin(φ−φS)
UT ,347

A
sin(2φ−φS)
UT and A

sin(φS)
UT are shown in Fig. 18 and compared to the theoretical prediction348

from [14]. The agreement with the prediction is excellent as function of all three kinematic349

variables. These results are part of the work of the former PhD student, G. Jegou and350

post-doc H. Wollny.351
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Figure 17: Mean value < A > and the statistical error for every modulation. The error bars
(left bands) represent the statistical (systematic) uncertainties.

3 Outlook352

The present GPD program focuses on measurements of the GPD H functions only. The353

GPD E functions, which are of great interest for the Ji sum rule [15], are more difficult to354

measure. They can be accessed using exclusive reactions on a transversely polarized target.355

However, with the present COMPASS polarized target such measurements are not feasible.356

They require a new, or a greatly modified, design of the transversely polarized target.357

The new magnet must produce a strong polarizing field, surrounding a large-size target358

(typically 1.2 m long). In addition, it should also integrate a transverse holding field. More359

importantly, in order to preserve the recoiling proton detection capabilities, the material360

budget around the target should be kept extremely low. Such a project presents ambitious361

technological challenges. The first studies on the design of such superconducting magnet have362

already been initiated. Further R&D activities should continue within the CryPTA project363

in the framework of the Hadron Physics Horizon 2020 call.364

Besides the studies of a new superconducting magnet, an optimized recoil proton detector,365

if possible based on the present CAMERA detector, will also be considered. The new detector366

should provide a good enough momentum resolution and a good capability for low momentum367

detection. The detailed physics program related to the studies of GPD E is still to be368

developed. Simulation work on the DVCS and HEMP observables based on the last developed369

GPD models should start in the very near future.370
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Figure 18: Single-spin azimuthal asymmetries for a transversely (T) polarized target and
unpolarized (U) beam. The error bars (grey bands) represent the statistical (systematic)
uncertainties. The curves show the predictions of the GPD model [14]
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