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S. Chung, C. Dreisbach, W. Dünnweber, M. A. Faessler, J. M. Friedrich, S. Gerassimov, B. Grube,

S. Huber, F. Kaspar, I. Konorov, F. Krinner, S. Paul, D. Ryabchikov, J. Seyfried, D. Steffen, S. Uhl,
S. Wallner

Matrivani Institute of Experimental Research & Education, Calcutta, India
S. Dasgupta, L. Dhara, A. Roy, S. Sarkara, L. Sinha

Tel Aviv University, Tel Aviv, Israel
J. Lichtenstadt

INFN, Sezione di Torino, e Università di Torino, Turin, Italy
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Executive summary

As outlined in the proposal for the ongoing COMPASS-II programme, the research fields
of hadron spectroscopy and hadron structure are closely connected since their very be-
ginnings, leading to the establishment of Quantum Chromodynamics (QCD) of quarks
and gluons as the theory of strong interactions. It explains 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. Also the finite extension of
the hadrons, as encoded in the nucleon form factors, is connected to their inner dynamics
and thus a decisive test field for QCD.

The COMPASS-II proposal covers three important processes in that context, namely
deeply-virtual Compton scattering, Drell-Yan dimuon production off a polarised target,
and Primakoff reactions on nuclei giving access to soft pion-photon reactions. This pro-
gramme is foreseen to be completed in the end of the year 2018, after the second year
of data taking for polarised Drell-Yan processes, before the long shutdown period LS2 in
2019 and 2020.

The impressive scientific output of COMPASS and COMPASS-II and the rapid progress
in the fields of our investigation make us consider various future scenarios where we could
again make important contributions, further exploiting the capabilities of the M2 beam
line and of an upgraded spectrometer. They are currently being collected in a Letter of
Intent that is planned to be submitted within the coming months. It will contain, beyond
the usage of the conventional, by now available beams, longer-term perspectives with
radiofrequency-separated (kaon) beams, with a physics programme of about 10 years,
and is worked out within the CERN Physics Beyond Colliders initiative.

Since the CERN Research Board has approved in the memorandum DG-Dr-RCS-2017-
093 an early post-LS2 fixed-target programme and running, the COMPASS-II collabora-
tion has decided to propose two physics cases of the future programme, as an addendum
to the ongoing programme for data taking immediately after LS2.

The first programme, semi-inclusive DIS on transversely polarized deuterons, is the
“missing piece” in the COMPASS data sets on transverse target spin orientations. In
2010, a dedicated run was taken on a transversely polarised proton (NH3) target, which
provided pioneering and unique information on the transversity and Sivers functions, un-
derlining the importance of transverse spin in the QCD structure of the nucleon and the
correctness of conjectures put forward 25 years ago. On the contrary we provided only a
marginal (albeit unique) data set for the isoscalar deuteron target. The older deuteron
data have been taken only for short periods in the first years of COMPASS running and
with the small-aperture SMC target magnet so that the statistical uncertainties of the
deuteron transverse spin asymmetries are considerably larger than those of the corre-
sponding proton asymmetries. With one additional year of data taking, which is proposed
here, the statistical error of the deuteron measurements will be almost two times smaller
than those of the corresponding proton data in all Bjorken-x bins, allowing accurate
flavour separation for these two functions and measurements which will stay unique for
many years to come.

The second programme, elastic muon-proton scattering, represents a new physics case
for COMPASS. It was recognized recently that in the context of the currently debated
“proton radius puzzle”, high-energy muon-proton elastic scattering is a decisive exper-
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imental method that is complementary, in part even superior to the manifold of other
proposed or ongoing experiments. With a dedicated hydrogen gas target to be contributed
by the St. Petersburg group, who has developed a similar target for an experiment with
electron beams at Mainz, COMPASS-II is seen to be the ideal – in fact the only – place to
realize this experiment with multi-GeV muon beams. This very appealing perspective in-
cludes the incorporation of some new equipment, and also necessitates new developments
regarding the readout of the detectors, such that some testing will be indispensable.

In view of these preliminaries, the following running schedule is proposed:
2021: one year 1) semi-inclusive DIS data taking with the transversely polarised deuteron

target, and at an early stage test measurements for the proton radius measurement
2022: one year of data taking for the proton radius measurement (under the condition of

a successful testing phase in 2021)

1) by one year of data taking we intend 150 days of data taking with 2.5 × 1013 protons delivered to
the T6 target of the M2 beam line every 40.8 s. With an accelerator chain efficiency of 90% 6.1× 1018

protons at T6 are expected.

3
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1 Measurement of semi-inclusive deep inelastic scattering off transversely
polarised deuterons

1.1 Introduction
In collinear QCD, when the transverse momentum of the partons is neglected, three

parton distribution functions (PDFs) fully describe the nucleon at the twist-two level: the
momentum distributions f q1 (x), the helicity distributions gq1(x) and the transversity distri-
butions hq1(x), where x is the Bjorken variable. On the other hand, evidence for a sizable
transverse momentum of quarks was provided from the measured azimuthal asymmetries
of hadrons produced in unpolarised semi-inclusive deep inelastic scattering (SIDIS) and
of the lepton pairs produced in Drell-Yan (DY) processes. Taking into account a finite in-
trinsic transverse momentum kT , in total eight transverse momentum dependent (TMD)
distribution functions are required to fully describe the nucleon at leading twist [1, 2, 3].
Presently, PDFs that describe non-perturbative properties of hadrons are not calculable
in QCD from first principles, but their first moments can already be computed in lattice
QCD.

In the SIDIS cross-section the PDFs appear convoluted with fragmentation functions
(FFs) [4, 5], and can be extracted from the data using independent information on the FFs.
Particularly interesting is the measurement of the SIDIS cross-section when the target
nucleon is transversely polarised. In this case 8 (5 in case of unpolarised lepton beam)
different spin-dependent azimuthal modulations are expected, from which information on
the TMD PDFs can be extracted 2). In this domain the HERMES and the COMPASS
Collaborations have performed pioneering measurements at different beam energies (27
and 160 GeV/c respectively) and shown beyond any doubt the correctness of three most
interesting recent conjectures:

- The Sivers function f⊥1T : in a nucleon that is polarised transversely to its momen-
tum the quark distribution is not left-right symmetric with respect to the plane
defined by the directions of the nucleon spin and momentum. This asymmetry of
the distribution function is called the Sivers effect, and the asymmetric function is
known as the Sivers PDF [7].

- The transversity distribution function h1: the quarks in a transversely polarised
nucleon are transversely polarised. Their polarisation is described by the h1 PDFs
which a priori are different and have different properties from the helicity PDFs.

- The Collins function H⊥1 : the hadronization of a transversely polarised quark is
not left-right symmetric with respect to the plane defined by the direction of the
quark momentum and the quark spin [8]. This fact has been confirmed by the e+e−

measurements at Belle, BaBar and BES and has been exploited to measure both
the fragmentation function H⊥1 and the quark transversity PDFs.

These effects represent novel and interesting features, and one still believes that they
might explain the very large transverse spin asymmetries observed since forty years in
hadron-hadron scattering [9, 10].

The non-zero results for the Collins [11, 12, 13] and the Sivers [14, 12, 15] asymmetries
were obtained on proton targets. COMPASS has also measured transverse spin asymme-
tries using a deuteron target [16]. The accuracy of these data is definitely inferior to that
of the proton data, and all the results are compatible with zero, hinting at a possible can-
cellation between u and d quarks contributions. More recently data have been collected at

2) For a review of the notation we refer to the Appendix A of the memo CERN-SPSC-2009-025 SPSC-
M-769, SPSLC-P-297 Add.2 [6], which for completeness is also added to this document as section 1.7.
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Figure 1: The transversity and Sivers PDFs extracted point-by-point using the existing
COMPASS p and d data from Ref. [19] and [20]. The curves are the results of fits to the
COMPASS [12, 13, 15] and HERMES [11, 14] data and, for transversity, to the Belle [25]
data. For transversity, the full lines and the 90% bands refer to Q2 = 10 (GeV/c)2, while
the dashed curves are extracted at Q2 = 2 (GeV/c)2. Note that the uncertainty band for
the d-quark transversity would be larger if the Soffer bound was not imposed.

much lower energy at JLab on a 3He target, essentially a transversely polarised neutron
target: the measured asymmetries [17, 18] are also compatible with zero, but the error
bars are fairly large. The low statistics COMPASS data are still today the only SIDIS
data ever taken on a transversely polarised deuteron target, they are necessary to flavour
separate the PDFs and to provide constraints on the d-quark contribution.

From the present data several extractions of the transversity and of the Sivers PDFs
have been performed. As an example in Fig. 1 are shown the results of the point-by-
point extractions of the transversity (left plot) and the Sivers (right plot) PDFs using the
existing COMPASS p and d data [19, 20] compared to the extractions done using also the
HERMES data [21, 22]. More recent extractions [23, 24] did not improve substantially the
picture. It is immediately apparent that the accuracy of the d-quark PDFs is considerably
inferior to that of the u-quark because of the low statistics of the existing deuteron data,
and this is the straightforward motivation for the present proposal.

We propose to perform a standard one-year (150 days) measurement, scattering the
M2 muon beam with 160 GeV/c momentum on a transversely polarised deuteron target,
as soon as the LS2 will be over, using the COMPASS spectrometer. The polarised target
system has been reassembled at the end of the DVCS/SIDIS run, last fall, it will be used
for the Drell-Yan run of 2018, and will stay installed in Hall 888 for this new measurement.

Due to the late delivery of the COMPASS polarised target (PT) magnet, a precise
measurement could not be carried through in the early years of data taking when the
low statistics sample on the deuteron target was collected. It is a matter of fact, however,
that the knowledge gained in the last few years thanks also to the SIDIS results has
by now made the physics case very clear and strong. We regard this measurement, which
complements the data sample collected in 2007 and 2010 on transversely polarised protons,
as necessary to complete the exploratory COMPASS programme on the transverse spin
nucleon structure.

The new SIDIS asymmetry data, combined with the good precision HERMES and
COMPASS proton data, and with the future high precision JLab12 data, will allow u and
d distribution functions to be extracted with comparable accuracy. The future EIC will

7
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Figure 2: The x − Q2 regions covered by the HERMES, COMPASS and JLab12 experi-
ments. Left: also indicated with dash lines are the (

√
s = 140 GeV , y = 0.9) and (

√
s = 40

GeV, y = 0.1) borders for a future EIC. Only the kinematic ranges are drawn, indepen-
dently of the luminosity. Right: the full lines indicate the y = 0.1 and y = 0.9 boundaries
for the three experiments, the dashed lines mark the corresponding low W 2 boundaries.

possibly supersede the existing and the proposed measurements, but the new COMPASS
contribution will stay there for several years.

1.2 Present COMPASS data and extrapolated uncertainties
The new deuteron data will provide larger Q2 results in the x-range covered by JLab12,

which is very important to investigate the Q2 evolution, and will provide lower-x data
(down to x = 0.003) which are essential both to evaluate the tensor charges and to access
the PDFs of the sea quarks. The phase space covered by the different experiments is
shown in Fig. 2. Clearly the experiment we propose is unique and complementary to the
JLab12 experiments. In the longer term the planned Electron Ion Collider (EIC) [26] will
provide high precision data over a wider kinematic range (running at

√
s = 20 GeV, it

could even remeasure in the COMPASS phase-space), but its start is not yet well defined
in time, and colliding polarised deuterons is not in the core program. The results of the
proposed deuteron measurement at CERN will stay as an important and unique result
for a couple of decades.

In order to quantify the relative accuracy of the existing COMPASS proton and
deuteron data, and the estimated impact of a future run on a transversely polarised
deuteron target, it is convenient to look at Fig. 3, where the Collins asymmetries for
positive and negative hadrons obtained from the 2010 data [27] collected using NH3 as
a polarised proton target, are shown as a function of x (left panel) and compared to the
results we obtained from the deuteron runs of 2002, 2003, and 2004 [16], when as target
we used 6LiD (right panel). It is clear that the accuracy of the data is considerably better
for the proton target, in particular at large x, where the Collins asymmetry is large. The
ratio of the statistical uncertainties on the asymmetries r = σAd

/σAp is shown in Fig. 4
as a function of x. In order to understand this plot, one has to remember that, for small
asymmetries, the statistical uncertainty is given by

σ ' 1

fP

1√
N

=
1

FOM

1√
N

(1)
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Figure 3: The Collins asymmetry AC obtained from the 2010 data with the polarised
proton NH3 target as a function of x (left plot) compared to the results we obtained from
the runs of 2002, 2003 and 2004 with polarised deuteron 6LiD target (right plot). The red
(black) points refer to positive (negative) hadrons. The full points at −0.06 in the right
plot show the extrapolated statistical error from the proposed deuteron run.

where N is the total number of hadrons in the sample, f the dilution factor of the target
material, P is the proton or deuteron polarisation and FOM(= fP ) is the figure of merit
of the polarised target. Using Nd,h = 15.5 · 106 and Np,h = 80 · 106 for the number of
hadrons collected on p and d, and the known FOM values for the two targets, one gets

r =
σAd

σAp

=
0.155 · 0.80

0.40 · 0.50

√
80√

15.5
= 0.62 · 2.3 = 1.4, (2)

under the assumption that the spectrometer acceptance was the same for the proton and
the deuteron runs. As a remark, it is interesting to note that in the ratio r the better
FOM of the deuteron target partly compensates the factor of 5 in statistics in favor of the
proton target run. In Fig. 4, at small x, where statistics is largest, the ratio r is constant,
an indication of the fact that the spectrometer acceptance was essentially the same in
the two data taking. The measured value of the ratio is 1.25, which indeed is close to the
expected value of 1.4. The 10% difference is due to the fact that the polarised target cells
diameter in the deuteron runs was 3 cm while for the proton runs it was 4 cm, which
resulted in a 20% larger muon beam acceptance in the proton runs. Our plan is to run
in 2021 with 4 cm target cells diameter as long as enough of the 6LiD material will be
available. The most important information provided by Fig. 4 is however the dramatic
increase of the ratio with x. This increase is due to the fact that there is a huge difference
between the acceptance of the COMPASS PT magnet utilized for the proton run and the
SMC PT magnet in operation in 2002, 2003 and 2004 for the measurements with the 6LiD
target. The COMPASS magnet has a polar angle acceptance of 180 mrad (as seen from
the upstream end of the target) while the SMC magnet has a corresponding acceptance
of 70 mrad. A reduced acceptance in scattering angle mainly translates into a reduced
acceptance at large x-Bjorken, thus Fig. 4 essentially gives the square root of the ratio of
the two acceptances as a function of x.

Since target material densities and packing factors are essentially identical for 6LiD
and NH3, we safely assume that in one year of deuteron run in the conditions of the

9



x

2−
10

1−
10

p
σ
/

D
σ

1

2

3

Figure 4: Ratio of the statistical uncertainties on deuteron and proton asymmetries for
charged hadrons as measured by COMPASS.

2010 proton run 80× 106 “good” hadrons will be collected, so that the errors on the new
deuteron asymmetries will be equal to the present errors for the 2010 proton asymmetries
scaled by the ratio of the FOM, namely they will be smaller by a factor of 0.62. The
projected errors for the deuteron Collins asymmetries are shown as closed points in the
right plot of Fig. 3. We neglect the systematic errors which were estimated to be at most
0.5 times the statistical errors in the 2010 data, so that they increase the total error by
less than 10%. From the past knowledge of the spectrometer we expect them to be about
the same for the new measurements.

1.3 The case for muon scattering off transversely polarised deuterons
The case for the Collins asymmetry will be detailed in the next section. Here we will

summarize the impact of the proposed deuteron run on some of the other measurements
which will be performed in parallel using the same data. Very much as for the Collins
asymmetry, all the target transverse spin asymmetries (TSA) are expected to be mea-
sured with a statistical uncertainty equal to 0.62 times the statistical uncertainties of the
corresponding asymmetries measured in the 2010 proton run which we use as a reference.

1.3.1 The two hadron asymmetries
The transverse polarisation of a fragmenting quark can also be assessed from the mod-

ulation of the distribution of the azimuthal angle of the plane containing two oppositely
charged hadrons of the current jet. This di-hadron asymmetry can be expressed as the
product of the quark transversity distribution and a chiral-odd di-hadron FF, H<)

1 , which
survives after integration over the two hadron momenta, and thus can be analyzed in
the framework of collinear factorization [28]. At variance with the Collins asymmetry,
no convolution over the transverse momenta appears in the expression of the di-hadron
asymmetry, and the evolution of H<)

1 is known.
The high energy of the beam and the large acceptance of the COMPASS spectrometer

have allowed us to collect in 2010 a large sample of hadron pairs. From the measured
di-hadron asymmetries and from the corresponding data of the Belle experiment fairly
precise estimates of the u-quark transversity distribution could be obtained [19, 28], while
the d-quark extraction has considerably larger uncertainties, very much as for the Collins
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asymmetry case. Also, an original comparison between the single-hadron Collins asym-
metry and the di-hadron asymmetry could be performed [29, 30]. The conclusion of this
investigation was that both the single hadron and the di-hadron transverse-spin depen-
dent fragmentation functions are driven by the same elementary mechanism, which is
well described in the 3P0 recursive string fragmentation model [31, 32]. A corresponding
analysis with the existing deuteron data is not possible because of the particularly small
statistics of the two hadron data sample due to the small acceptance PT magnet.

Exploiting the collinear factorisation framework, it has recently been possible [33, 34]
to search for the di-hadron asymmetry for semi-inclusive (π+π−) production in proton-
proton scattering. The new deuteron COMPASS data will provide more information both
on the transversity PDFs and on the di-hadron FF, allowing for more stringent tests of
the universality of the transversity PDF.

1.3.2 The Sivers function
As underlined in Ref. [20], and clear from Fig. 1, the dv Sivers function is poorly

determined from the present data, in spite of the fact that it should be constrained by the
identification of the final state hadrons. Moreover, the Sivers asymmetry exhibits strong
kinematic dependencies [35] which are not easy to be explained. For these reasons, the new
deuteron data which will allow to measure the Sivers asymmetries with a statistical error
0.62 times smaller than that of the existing COMPASS proton data, are highly needed.

Keeping in mind that the COMPASS kinematic coverage lays between JLab and the
future EIC, the proposed COMPASS measurements will stay as a unique bridge between
the two giving the opportunity to understand the confined motions of unpolarised quarks
inside of a transversely polarised nucleon.

The assessment of a non-zero Sivers function for the quarks and its possible connection
with the orbital angular momentum have stimulated a great interest in a possible non-
vanishing Sivers function for the gluon and considerable further theoretical work (see
e.g. [36]). A recent analysis of proton-proton data at RHIC has not evidenced a signal [37].
However, an analysis of all the COMPASS data has provided an indication that the
gluon Sivers function might be different from zero [38]. From the proton data a value
of −0.26 ± 0.09 ± 0.06 has been obtained for the measured asymmetry while from the
deuteron data the corresponding results is −0.14 ± 0.15 ± 0.10. The accuracy of the
deuteron asymmetry is worse by a factor of about 2 than that of the proton and the new
data would allow to have a measurement of the gluon Sivers asymmetry with an overall
statistical uncertainty of 0.06.

In a similar analysis the Sivers asymmetry for the J/Ψ has also been determined, which
in some models is related to the gluon Sivers asymmetry [39]. That analysis can also be
repeated and improved with the new deuteron data.

1.3.3 Projections for the Sivers function from global fits
In a fit of all the existing data on the Sivers asymmetry (HERMES, COMPASS and

JLab) the Torino group 3) has evaluated the impact of our proposed deuteron run on the
extraction of the first moment of the Sivers function when for the deuteron uncertainties

3) courtesy of M. Elena Boglione and J. Osvaldo Gonzalez
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they use the projected errors for the proposed 2021 deuteron run. In their model the
Sivers function is parametrized as

f q1T (x) = 4Nqx
αq (1− x)βq

Mp

〈k2
⊥〉S

k⊥
ek

2
⊥/〈k

2
⊥〉S

π〈k2
⊥〉S

(3)

and the expression of the Sivers asymmetry is

F
sin(φS−φh)
UT = 2zh

PhTMp

π〈P 2
hT 〉S

∑
q

e2
q

(
Nqx

αq (1− x)βq
)
Dh/q(z) (4)

The first moment of the Sivers PDF, which is the quantity one gets from the measured
Sivers asymmetry (both when the Gaussian approximation is used for the PDFs and when
the weighted Sivers asymmetries are extracted from the measured asymmetries) has thus
the simple expression

f
q(1)
1T (x) =

∫
d2k⊥

k⊥
4Mp

f q1T (x, k⊥) = Nqx
αq (1− x)βq (5)

The result of their fit is shown in Fig. 5. The 2σ error bands marking the 95% confi-
dence level for the first moment of Sivers function which they obtain with their reference
fit (labeled by “current”) when fitting all the existing data are shown in gray. The pro-
jected bands obtained when adding to the data set the projected asymmetries of the new
deuteron run are those in red, labeled “projected”.

The plots for the first moments (bottom pannels) show the relative spread of results,
i.e. the band widths divided by the value of its respective best-fit curve.

As expected, the new deuteron run will have a small impact on the u-quark first
moment of the Sivers function. On the contrary, the reduction in the error band for the
first moment of Sivers function for the d-quark is considerable, and for x < 0.1 is about
a factor of 2.

1.3.4 The g2 structure function
In the naive parton model g2 is expected to be zero, thus its measurement provides

information on the quark-gluon interaction. In COMPASS we have started an analysis to
extract g2 from the 2010 proton data, which will be repeated with the new deuteron data.
After the standard cuts we have slightly more than 108 DIS events. Compared to previous
measurements done by SLAC on proton and deuteron (E142, E143, E154 and E155 [40])
and by HERMES (proton [41]), COMPASS explores a larger kinematic range accessing
also the essentially unknown low-x region (0.003 < x < 0.05). So far the efforts are
concentrated on the extraction of the g2-related inclusive asymmetry, AcosφST (where the
angle φS is defined in the γ∗N -system as the azimuthal angle between the lepton scattering
plane and the target spin direction) and the virtual photon-absorption asymmetry A2. The
estimated statistical uncertainties of the AcosφST asymmetry in the different kinematic bins
are comparable with the corresponding uncertainties of the Sivers asymmetries extracted
from the 2010 proton SIDIS sample.

It is interesting to note that, from constraints imposed by Lorentz invariance relations,
g2 is expected to be linked to the first kT -moment of the g1T TMD PDF which is being
accessed in SIDIS through the measurement of A

cos(φh−φS)
LT asymmetry. This is yet another

effect we plan to address with the deuteron measurement and another piece of information
that can be acquired.
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Figure 5: The first moment of the Sivers function from the fit of the Torino Group (private
communication), which uses all the HERMES [14], COMPASS [16, 12, 15] and JLab [17,
18] data. The bands correspond to the “current” and “projected” uncertainties for the
deuteron asymmetries. Also shown (lower raw) are the relative spreds of the results (see
text).

1.3.5 Other SIDIS measurements
COMPASS has performed a multidimensional extraction of the whole set of tar-

get transverse spin-dependent azimuthal asymmetries using the proton data collected
in 2010 [42]. Various multi-differential configurations have been tested exploring the
x − Q2 − z − pT phase-space. This analysis is not possible with the existing deuteron
data, and will be done with the new data.

Finally, COMPASS has recently extracted the “pT -weighted” Sivers asymmetries from
the 2010 proton data [43]. These results allow to directly derive the first moment of the
Sivers function [44] avoiding the convolution over transverse momenta. Also this analysis
which cannot be done with the existing deuteron data, will be performed on the new data
set.

1.3.6 Exclusive vector meson production
In exclusive vector meson production COMPASS has produced several interesting re-

sults. In a first paper [45] we published the transverse target spin azimuthal asymmetry

A
sin(φ−φS)
UT in hard exclusive production of ρ0 mesons which we measured both on trans-

versely polarised protons and deuterons. The measured asymmetry is sensitive to the
nucleon helicity-flip generalized parton distributions Eq, which are related to the orbital
angular momentum of quarks in the nucleon. A second publication [46] used the high
statistics proton data collected in 2010, and presented results for all 8 possible transverse
target spin asymmetries. In particular a specific combination of two of these asymmetries
indicates a signal from the so called ”transversity GPD” (i.e. GPD with the helicity flip

of exchanged quark). Concerning deuterons, only the results on the A
sin(φ−φS)
UT asymmetry

are published [45], due to the poor statistics of the existing deuteron COMPASS data.
Given the expected small contribution of the gluons and sea quarks [47] very much as for
the SIDIS case, a combined analysis of both proton and deuteron data is necessary to dis-
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entangle the u and d quark GPDs, thus new accurate deuteron data are essential to carry
through this analysis. In parallel, the exclusive production of ω will also be measured. The
cross-section is smaller by about a factor 10 than for ρ0 mesons and the detection of the
two photons further reduces the ω event sample with respect to the ρ0, but a combined
analysis of ρ0 and ω mesons provide strong constrains in disentangling the u and d quark
contributions.

1.4 The case of transversity
In this section the impact of the new deuteron measurement for the Collins asymmetry

and for the extraction of transversity for the u and d quarks will be detailed.
The transversity PDF is chiral-odd and thus not directly observable in inclusive deep

inelastic lepton-nucleon scattering. In 1993 Collins suggested [8] that it could be measured
in SIDIS processes, where it is coupled to another chiral-odd function, which by now
is known as “Collins fragmentation function” H⊥h1q . It is the chiral-odd transverse-spin
dependent FF that describes the correlation of quark (q) transverse polarisation and
hadron (h) transverse momentum. This mechanism leads to a left-right asymmetry in the
distribution of hadrons produced in the fragmentation of transversely polarised quarks,
which in SIDIS shows up as an azimuthal transverse spin asymmetry AC (the “Collins
asymmetry”) in the distribution of produced hadrons. At leading order this asymmetry
can be written as

AhC =

∑
q e

2
qxh

q
1 ⊗H⊥h1q∑

q e
2
qxf

q
1 ⊗Dh

1q

(6)

where the sum is over all quark and antiquark flavours, Dh
1q is the usual FF and⊗ indicates

the convolutions (different for numerator and denominator) over the intrinsic transverse
momenta. The Collins effect shows up as a modulation [1 + aC sin(φh + φS − π)] in the
hadron azimuthal distribution. Here ΦC = φh+φS−π is the Collins angle, and φh and φS
are the azimuthal angles of the hadron transverse momentum PhT and of the spin direction
of the target nucleon with respect to the lepton scattering plane, in a reference system
in which the z axis is the virtual-photon direction. The amplitude of the modulation is
aC = DNNfPAC , where DNN is the transverse spin transfer coefficient from target quark
to struck quark, and the other quantities have been defined in section 1.2.

The measurement of the transversity distributions, which are defined in terms of the
nucleon matrix element of the quark tensor current, is particularly important because it
provides access to the tensor charges δq, or gqT , which are given by the integral

δq(Q2) =

∫ 1

0

dx[hq1(x,Q2)− hq̄1(x,Q2)] (7)

In a non-relativistic quark model, hq1 is equal to gq1, and δq is equal to the valence quark
contribution to the nucleon spin. The difference between hq1 and gq1 provides important
constraints to any model of the nucleon. Knowing the quark tensor charges one can
construct the isovector nucleon tensor charge gT = δu−δd, a fundamental property of the
nucleon which, together with the vector and axial charges, characterizes the nucleon as
a whole. Since many years the tensor charge is being calculated with steadily increasing
accuracy by lattice QCD [48]. More recently, its connection with possible novel tensor
interactions at the TeV scale in neutron and nuclear β-decays and its possible contribution
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Figure 6: A summary plot showing the current estimates of gT from Ref. [49]. Green and
red points come from lattice calculations while the blue points are from phenomenological
extractions from the data.

to the neutron electric dipole moment (EDM) have also been investigated [49], and possible
constraints on new physics beyond the standard model have also been derived [50].

The present knowledge on gT is well summarized in Fig. 6, from Ref. [49]. The huge
difference between the accuracy of the extractions from the existing data (blue points in
the lower part of the plot) and from the QCD lattice simulations (green and red points
in the upper part of the plot) is striking and more experimental data are needed. When
evaluating the tensor charge from the transversity data, hu1 and hd1 have the same weight,
so they must be known with a comparable accuracy. In SIDIS off protons, because of the
opposite sign of the favored and unfavored Collins FF, the Collins asymmetries of positive
and negative pions depend on almost on the same linear combination of hu1 and hd1, with
weights 4 and 1, so that it is not possible to precisely extract the d-quark transversity
without deuteron (or neutron) data. This means that most of the present uncertainty in
the tensor charge is due to the poor accuracy of the existing deuteron data, and that
remeasuring the deuteron is a priority issue.

In Fig. 1 we have shown the point-by-point extraction of the u- and d- transversity
PDF of Ref. [19] which clearly indicates the inadequacy of the existing data to extract hd1.
This is the case even for the most recent extractions, which utilize all existing SIDIS data
(from COMPASS, HERMES and JLab) and the constraints given by the Soffer bound.
Two very recent extractions, from Ref. [23] and from Ref. [24], are shown in Fig. 7, and
both give the same message, that new accurate SIDIS data on the deuteron are necessary
to improve on the d-quark transversity.

In the future the only approved experiments will run at JLab12 [51, 52], with both
proton and neutron targets, and very good statistics, but only in the region x > 0.05

15



)
2

(x
,Q

1
x
 h

u
d

x

0

0.1

0.2

0.3

0 0.2 0.4 0.6 0.8 1

-0.15

-0.1

-0.05

0

0.05

2 = 2.4 GeV2Q
2 = 10 GeV2Q

2 = 1000 GeV2Q

-0.4

-0.2

 0

 0.001  0.01  0.1  1

D
T
 d

2013

2015

 0

 0.2

 0.4

D
T
 u

Q2=2.4 GeV 2

x

Figure 7: The u and d quark transversity PDFs from recent global fits. The plots are from
Ref. [23] (left) and from Ref. [24] (right).

and at relatively small Q2 (maximum values is 8 (GeV/c)2. The main objective of our
proposal is to measure from x = 0.3 down to 0.003 and at larger Q2 (up to Q2 ∼ 100
(GeV/c)2, considerably improving the accuracy of the extraction of hdv1 , and improving
also the precision of huv1 and hq̄1.

1.4.1 Present and extrapolated uncertainties for transversity from
COMPASS data

In order to quantify the gain in statistical uncertainty in huv1 and hdv1 , we have first
extracted the u- and d-quark transversity using the 2010 proton data and the projections of
Fig. 3 for the statistical errors of the new deuteron data. To carry through this evaluation
we have followed the procedure of Ref. [19], a point by point extraction of transversity
directly from the measured SIDIS and e+e− → hadrons asymmetries.

The big advantage of this simple method is that

- it avoids the use of parametrizations for the unknown functions which introduce
systematic errors difficult to be estimated

- the transversity PDFs, their statistical uncertainties and their correlation coeffi-
cients can all be calculated algebraically from the measured asymmetries

- it allows to extract separately the valence quark transversity and the sea quark
transversity as different linear combinations of the four measured asymmetries
(positive/negative pions on proton/deuteron targets)

but

- it requires asymmetry measurements on different targets (p, d or n) performed at
the same x-values and in the same kinematic ranges.

This last point is the reason why in this first exercise we do not utilize all the available data
(i.e. the HERMES measurements). in Sect. 1.4.3 we will present results obtained using
all the existing data. A comparison between Fig. 1 (left) and Fig. 7 however shows that
the two procedures, i.e using the COMPASS data alone and the point-to-point extraction
method, or doing a global analysis on all the existing data, give the same message, namely
that the precision of the final result is limited by the present accuracy of the deuteron
data.

As in Ref. [19] we have used the Collins asymmetries for positive and negative hadrons
from the 2010 proton data and all the deuteron data assuming all the charged hadrons
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to be pions, while identified pions are about 70% of the “all hadron” sample. Using the
identified pion asymmetries, the statistical uncertainty would increase by about 20%.

In Fig. 8 we give the results of this first analysis. The figure shows both the values
of transversity (open points) extracted using the existing d data, and the correspond-
ing error bars (closed points) estimated using the projected errors of the new deuteron
measurement.

The impact of the proposed measurement is quantified in Fig. 9, which gives the ratio,
at each x value, of the present and projected errors on the extracted transversity PDFs.
The gain in precision for the d-quark ranges from a factor of 2 at small x to more than a
factor of 4 at large x, and is also important for the u-quark. Since in all our measurements
the systematic uncertainties are a small fraction of the statistical ones, here they are
neglected.

Since xhuv1 and xhdv1 are obtained as linear functions of the four measured asymmetries
(see Ref. [19]) their estimated values are correlated. Table 1 gives the correlation coeffi-
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x-bin ρ(xhuv1 , xh
dv
1 )

present projected
0.003-0.008 0.377 -0.166
0.008-0.013 0.385 -0.174
0.013-0.020 0.392 -0.179
0.020-0.032 0.446 -0.181
0.032-0.050 0.517 -0.179
0.050-0.080 0.561 -0.189
0.080-0.130 0.624 -0.209
0.130-0.210 0.701 -0.242
0.210-0.70 0.783 -0.308

Table 1: Correlation coefficient between xhuv1 and xhdv1 in the different x bins using the
2010 COMPASS data and present and projected deuteron data.

cients in the 9 x bins in which the asymmetries have been measured by COMPASS, both
for the existing deuteron data and when using the projections of the proposed deuteron
run. As it is clear from the table, the correlation coefficients strongly depend on the
relative statistics between the proton and the deuteron data.

1.4.2 Projections for the transversity of the sea quarks
The method of Ref. [19] allows to extract directly the xh1 functions of the ū and d̄

quarks as functions of the measured asymmetries for h+/h− on transversely polarised
proton/deuteron targets. This is important because from global fits it is difficult to dis-
tinguish the d-quark transversity from the q̄ contribution.

In Fig. 10 we compare the present extraction of the q̄ transversities, which used the
proton data COMPASS collected in 2010 and the existing COMPASS deuteron data with
the corresponding extraction using the projeted COMPASS data from the new deuteron
run.

1.4.3 Projections for the tensor charge from COMPASS data
To evaluate the tensor charge the transversity PDFs for the valence quarks have to

be integrated over x from 0 to 1. The usual procedure consists in choosing a parametric
function for the transversity PDFs and fitting the free parameters to the existing asym-
metry data. Unavoidably such a procedure introduces biases and arbitrariness, difficult
to be estimated.

In this Section, on the contrary, we just integrate numerically the measured valence
quark transversity values obtained as described in the previous section. The statistical
uncertainty is then evaluated by adding up the errors of the measurements in the various
x-bins, regarding them as totally independent.

COMPASS can give an important and unique contribution in a limited x-range, and
the evaluation of the tensor charge ultimately will rely on the measurements of many
experiments. In particular the SoLID Collaboration at JLab12 is expected to contribute
with very accurate measurements in the valence region, for 0.1 < x < 0.7, in the future.
In order to see where the contribution of COMPASS will be important it is useful to
look at Fig. 11, which shows, as a function of x, the standard deviation of the quantities
xih

q
1(xi)∆xi/xi for the u and the d valence quarks, namely the standard deviations of

18



x

2−

10
1−

10

1
x
 h

0.4−

0.2−

0.0

0.2

0.4

u

1
x h

x

2−

10
1−

10

0.4

0.2

0.0

0.2

0.4

d

1
x h
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huv1 (xi)∆xi and of hdv1 (xi)∆xi. The standard deviation of the contribution of each of the
nine x-bins to the tensor charge will be the square root of the quadratic sum of the
two standard deviations, minus twice the covariance. It is clear from the figure that, for
different reasons, the first and the ninth x-bins give a very large contribution, therefore
in the following we integrate the transversity PDFs over the central seven bins, skipping
the first and the last, namely in the range 0.008 < x < 0.21 (Ωx).

The values of δu, δd and gT in the selected x range are given in Table 2, both for the
present uncertainties and using the projected errors for the deuteron. The reduction of the
errors on the integral of the d-quark is considerable, from 0.110 to 0.043. This is the most
important outcome we expect from the new run we propose. However, also the knowledge
of the u-quark transversity integral improves, from 0.036 to 0.025. For the tensor charge
gT the uncertainty goes from 0.093 to 0.054. The gain is smaller than for the d-quark
case, for two reasons. First, the weights of the u and d quarks in the tensor charge are the
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δu =
∫

Ωx
dxhuv1 (x) δd =

∫
Ωx
dxhdv1 (x) gT = δu − δd

present 0.218 ± 0.036 -0.206 ± 0.110 0.424 ± 0.093
projected 0.218 ± 0.025 -0.206 ± 0.043 0.424 ± 0.054

Table 2: Truncated tensor charges from the 2010 proton and 2002, 2003 and 2004 deuteron
data (first line, “present”). The values in the second line (“projected”) have been obtained
with the projected uncertainties for the deuteron data.

same, thus the gain for the tensor charge is a sort of mean of the gains of the two PDFs.
Secondly, with the present data the statistics of the proton data is much larger than that
of the deuteron data, and, as a consequence, the correlation coefficients between the u-
and the d- transversity is large and positive, making the variance of the tensor charge
smaller than the quadratic sum of the variances of the δu and δd. On the contrary, the
correlation coefficient between xhuv1 and xhdv1 becomes small (and negative) when one adds
the new deuteron run, making the statistics of proton and deuteron asymmetries similar,
and the variance of the tensor charge is essentially the quadratic sum of the variances of
δu and δd. It has to be stressed however that a situation in which the extracted values
of xhuv1 and xhdv1 are almost uncorrelated is preferable to the one when xhdv1 is strongly
correlated to xhuv1 , which is the case presently.

The impact of the proposed deuteron measurement on the statistical accuracy of the
tensor charge has been evaluated also with two other methods, namely

1. fitting with “reasonable” functions the extracted values of xhuv1 (x) and xhdv1 (x),
and then integrating the curves obtained in this way, and

2. using “replicas” of the measured asymmetries.
In the first method we neglect the Q2 dependence of h1 and take

xhqv1 (x) = aqx
bq(1− x)cq . (8)

Unfortunately, the present statistical accuracy on xhqv1 does not allow to safely determine
all the parameters aq, bq and cq and in particular their covariance matrix, needed for this
exercise. We thus assumed cq = 4, as suggested by the central values given by the fit
and in the literature. In the fitting procedure account has been taken of the correlation
between xhuv1 and xhdv1 in every x bin given in Table 1. For the free parameters we get

auv = 3.2± 1.2, buv = 1.28± 0.16, ; adv = −4.6± 4.5, bdv = 1.44± 0.42 (9)

with the existing deuteron data and

auv = 3.6± 1.0, buv = 1.34± 0.14, ; adv = −3.3± 1.2, bdv = 1.29± 0.17 (10)

using the projections for the future deuteron data. As a remark, the correlation between
aqv and bqv turns out to be important and causes a shrinking of the confidence level bands
for the fitted functions. To extract δu and δd the fitted functions divided by x have been
integrated in the range 0.008 < x < 0.21. The results are given in Table 3 (“method 1”)
together with the corresponding values of gT . To evaluate the uncertainty on gT we have
used a correlation coefficient of 0.70 for the present data and -0.20 for the projected ones.

In the second method (“method 2”), the so-called “replicas” methods, 80000 sets of
proton and deuteron asymmetries for h+ and h− have been generated twice with Gaussian
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δu =
∫

Ωx
dxhuv1 (x) δd =

∫
Ωx
dxhdv1 (x) gT = δu − δd

method 1 present 0.204 ± 0.036 -0.197 ± 0.104 0.401 ± 0.083
projected 0.202 ± 0.026 -0.203 ± 0.040 0.405 ± 0.052

method 2 present 0.205 ± 0.031 -0.200 ± 0.090 0.404 ± 0.076
projected 0.205 ± 0.023 -0.206 ± 0.034 0.411 ± 0.044

Table 3: Truncated tensor charges from the 2010 proton and 2002, 2003 and 2004 deuteron
data (“present”) and with the projected uncertainties for the deuteron data (“projected”)
from method 1 and method 2 (see text).

Figure 12: xhuv1 and xhdv1 68% and 90% confidence bands resulting from the replicas for the
present (left) and projected (right) deuteron errors. The points are the values extracted
from the measured asymmetry values.

distributions centered on the presently measured values, the first time using the errors of
the existing asymmetry data for the deuteron, and the second time using the projected
errors of the proposed 2021 run. For every generation xhuv1 and xhdv1 have been extracted
in the nine x-bins, and from the 80000 replicas mean values and covariance matrix have
been evaluated. It has thus been checked that the errors and the correlation coefficients
are the same as those from the algebraic calculations done in the previous methods.

For every generation the extracted values of xhuv1 and xhdv1 have been fitted with the
same function used in method 1. The resulting 68% and 90% confidence bands are shown
in Fig. 12 for the present (left) and projected (right) deuteron errors. The points are the
xhuv1 and xhdv1 values extracted from the measured asymmetry values. Finally, the curves
have been integrated in the range 0.008 < x < 0.21 and the mean values and RMS of the
distributions of δu, δd and gT have been calculated. Their values are given in Table 3.

Comparing Table 2 and 3, one can see that the numerical integration gives larger
uncertainties on δu, δd and gT than the other two methods which use parametrisations
for the transversity PDFs. Also the uncertainties from method 2 are smaller than those
from method 1. This could be due to the fact that for some replicas the fit does not
converge.

As previously stated, we regard method 1 and 2 just as cross-checks and take as
predictions the outcome of the numerical integration given in Table 2.
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Figure 13: The Collins asymmetry for positive (red) and negative (black) hadrons from
the existing proton data. In each x bin, the first point (left to right) is from the 2010
COMPASS run, the second point is from the combined 2007 and 2010 COMPASS data,
the third is obtained by adding also the HERMES data.

1.4.4 Projections for the tensor charge using all the proton data

All the previous work, reported in sections 1.4.1 and 1.4.3, has been repeated using all
the COMPASS and HERMES proton data. There has been no problem to add the results
from the COMPASS proton data collected in 2007 [13]: the data were taken with the
same experimental apparatus, at the same beam energy, have been binned in the same
x−intervals, and we had already merged them in the past and put the 2007 and 2010
combined results in HepData [53]. An approximation had to be done however to merge
the HERMES data with our data. For x > 0.032 the HERMES range overlaps with the
COMPASS range, but the x binning is different [11]. We have combined bins 2 and 3 and
5 and 6 of HERMES, reducing the original 7 HERMES points into 5 points which are
centered with good approximation in our bins 4, 5, 6, 7, 8, and 9. The HERMES data
have also been corrected by DNN while the cut z < 0.7 and the difference in energy have
been neglected. A weighted mean of HERMES and COMPASS data has been done, and
the transversity functions have been extracted point by point as if all the data would
have been taken by COMPASS. The overall situation is shown in Fig. 13. Using all the
existing proton data the statistical uncertainties are somewhat reduced but the effect is
small. The extracted values of xhuv1 and xhdv1 when using all the existing proton data
and the projections for the deuteron are shown in Fig. 14, together with the 68% and
90% confidence bands obtained from the replicas, and compared with the corresponding
quantities obtained with the existing deuteron data. Fig. 14 is very similar to Fig. 12. In
order to grasp the impact of using all the proton data it is useful to look at Fig. 15, which
shows the ratio of the statistical uncertainties of xhuv1 and xhdv1 with the 2010 proton data
only and all the existing proton data for the present deuteron data (closed points) and
for the projected deuteron data (open points). As expected there is a gain for xhuv1 but
the there is almost no effect on xhdv1 .

The correlation coefficients between xhuv1 and xhdv1 in the nine x-bins in the two cases
are given in Table 4. Since presently the statistics of the proton data is larger, the correla-
tion coefficients with the existing deuteron data are closer to 1 than in Table 1 while they
are close to zero with the new deuteron run. Integrating numerically the u− and d−quark
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Figure 14: xhuv1 and xhdv1 68% and 90% confidence bands resulting from the replicas for
the present (left) and projected (right) deuteron errors, while using all the existing proton
data. The points are the values extracted from the measured asymmetry values.
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2010 proton data only and all the existing proton data for the present deuteron data
(closed points) and for the projected deuteron data (open points).

transversities in the seven x−bins in the range 0.008 < x < 0.21, one gets the values given
in Table 5. The values obtained with methods 1 and 2 are also given. As expected, the
accuracy for the uv quark improved, while is almost the same for the dv quark. Again,
with the new deuteron run, in the considered x range, the gain in the d−quark tensor
charge is considerable: the errors goes from 0.108 to 0.40. We also gain for the u−quark,
from 0.032 to 0.019. The final error for the tensor charge should be ±0.044, namely again
a reduction of a factor 2 with the proposed deuteron run.

1.4.5 New COMPASS deuteron data vs JLab12 projections
In so far we have used all the existing data on transversely polarised protons and

compared the accuracy of the extracted transversity functions for the u and the d quark
when the existing COMPASS deuteron data are used, to the case when the projected set
of new deuteron data are used. In this section we will try to compare these projections
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x-bin ρ(xhuv1 , xh
dv
1 )

present projected
0.003-0.008 0.494 -0.029
0.008-0.013 0.507 -0.030
0.013-0.020 0.509 -0.042
0.020-0.032 0.553 -0.049
0.032-0.050 0.641 -0.009
0.050-0.080 0.743 0.099
0.080-0.130 0.764 0.033
0.130-0.210 0.867 0.142
0.210-0.70 0.863 -0.100

Table 4: Correlation coefficient between xhuv1 and xhdv1 in the different x bins from numer-
ical calculations, using the HERMES data, the 2007 and 2010 COMPASS proton data
and present and projected deuteron errors.

∫
dxhuv1 (x)

∫
dxhdv1 (x) gT

numerical present 0.201 ± 0.032 -0.189 ± 0.108 0.390 ± 0.087
integration projected 0.201 ± 0.019 -0.189 ± 0.040 0.390 ± 0.044
method 1 present 0.188 ± 0.031 -0.182 ± 0.102 0.370 ± 0.083

projected 0.184 ± 0.020 -0.190 ± 0.037 0.374 ± 0.041
method 2 present 0.187 ± 0.029 -0.183 ± 0.089 0.370 ± 0.071

projected 0.184 ± 0.018 -0.194 ± 0.031 0.378 ± 0.035

Table 5: Truncated tensor charges from the all existing proton and deuteron data
(“present”) and with the projected uncertainties for the deuteron data (“projected”) from
method 1 and method 2 (see text).

for the transversity PDFs with those which should be provided by the future JLab12
experiments.

As already stressed, the JLab12 measurements and our proposed measurement will
span different regions of x and Q2 and are thus complementary. Also, it is not clear when
those data will be available: it is possible that they will only be collected ten years from
now. Still, it is interesting to try to guess how the JLab12 data will project into the small
x region and assess how important it will be to have there an independent measurement
rather than just rely on extrapolations based on some more or less arbitrary function. As a
final exercise we have tried therefore to see the impact of our future deuteron data on the
extraction of the tensor charge in a scenario where at JLab12 accurate data should have
been obtained from both a proton and a neutron (3He) target. The SoLID projections
assume 120 days and 125 days of running respectively.

Following Ref. [54], we assume that SoLID will measure in the range 0.06 < x < 0.6
600 Collins asymmetries for p(e, e′)π+,
600 Collins asymmetries for p(e, e′)π−,
600 Collins asymmetries for n(e, e′)π+,
600 Collins asymmetries for n(e, e′)π−,
each one with a statistical accuracy of 0.01.
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In order to evaluate the statistical significance of the future JLab12 data for xhqv1 we
have followed again the procedure of Ref. [12], which allows direct extraction of transver-
sity from measured Collins asymmetries, and an estimate of the uncertainties in xh1

from the asymmetry statistical errors. We have assumed that the quoted uncertainties
for the asymmetries have been evaluated taking into account the target polarisation and
the kinematic factor. We have used the same ratio of uncertainties going from the mea-
sured asymmetries to xhqv1 as for COMPASS. Also, we assumed no uncertainty due to
Q2 evolution and knowledge of the Collins functions. We obtain in this way that from all
the measured asymmetries we could expect SoLID to provide 50 values of xhuv1 and xhdv1

all with an accuracy of 0.013, which we have uniformly distributed in lnx in the range
0.1 < x < 0.6.

Since what matters presently and what will matter in the future is the extraction of the
d quark transversity, we have generated values for xhdv1 , assuming a parametric function
like that of Eq. 8, namely

a) we have first taken

xhdv1 = −2.5x1.5(1− x)4.0 (11)

i.e. a function with a minimum well centered in the middle of the x range explored
by SoLID. The function is drawn in red in Fig. 16 (left), where the generated points
are also plotted in red. In the figure we have also plotted, positioned on the red
curve, the projected errors from the new COMPASS deuteron data (open points),
with their projected errors. We have then compared the generated SoLID data with
two other functions, namely

xhdv1 = −0.57x0.80(1− x)2.38 (12)

xhdv1 = −x0.40(1.00− 4.75
√
x+ 3.70x)(1− x)2.95 (13)

also drawn in the figure as dotted and dash-dotted lines respectively. From the
figure it is apparent that both curves are acceptable: the χ2 for the first one, eval-
uated only on the SoLID projected points, is 60.8, corresponding to a p−value of
0.14, while the second gives a χ2 = 57.5, namely a p−value=0.22. And it is also
clear that the COMPASS data will allow to discriminate between the two functions.

b) we have repeated the exercise using a function with a minimum at smaller x than
in the previous example, namely

xhdv1 = −8.0x1.5(1− x)8.0 (14)

Both the function and the generated points are drawn in red in Fig. 16 (right).
Again, in the figure we have also plotted, positioned on the red curve, the new
COMPASS deuteron data, with their projected errors. We have then compared the
generated SoLID data with other two functions, namely

xhdv1 = −1.05x0.68(1− x)5.0 (15)

xhdv1 = −x0.21(1.00− 5.74
√
x+ 5.20x)(1− x)4.9 (16)

also drawn in the figure as dotted and dash-dotted lines respectively. Also in this
case both curves are acceptable: the χ2 for the first function, again evaluated only
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Figure 16: Left: MC generated values for xhdv1 in the range 0.1 < x < .6 (red points)
according to the function in Eq. 11 given by the red curve. The open square positioned
on the curve are the projections for the new xhdv1 values from COMPASS. Also shown are
two different fits with functions given in Eq. 12 and Eq. 13. Right: Same as in (Left), but
with a different function (Eq. 14) for the generation of the hdv1 values and the functions
of Eq. 15 and Eq. 16.

on the SoLID projected points, is 58.7 (p−value=0.19), while that for the second
function is 42.7 (p−value= 0.76). Note that the value 0.21 is close to the lowest
limit indicated in Ref. [34]. In this second exercise however it is clear that the
COMPASS data will be even more important to constrain the small x behaviour
of the d transversity.

To summarize, at large x, JLab12 will provide very accurate partial measurements for
gT . At smaller x (0.008 < x < 0.21) the COMPASS data will provide a contribution
to gT with an uncertainty of ±0.044. Without the new deuteron data from COMPASS,
the evaluation of the tensor charge from only the future high precision JLab data would
be affected by the error of the integration between 0 and 0.1, which is difficult to be
ascertained, and the result will anyhow be model dependent. As clear from our exercise
and stated in Ref. [54], “parametrizations of transversity that are substantially different in
the region not covered by experimental data but similar in the region covered by the data
lead to the growth of uncertainties of gT in the full kinematical region 0 < x < 1.” We
expect that, with the new COMPASS deuteron data, the uncertainty of the extrapolated
contribution of the integration from 0 to 0.003 will be much smaller, and the uncertainty
of the partial integration of the COMPASS data will be the resulting uncertainty on the
tensor charge gT .

1.5 Experimental Apparatus and Beam request
The apparatus to be used for the deuteron run is basically the COMPASS Spectrometer

as it was used in the 2010 muon run, shown schematically in Fig. 17. This implies removing
the absorber which will be used for the 2018 Drell-Yan run, moving the polarised target 2
m downstream to the position it had for the SIDIS runs, and reinstalling all the trackers
and all the counters which were used in 2010. The polarised target will be housed in the
large acceptance COMPASS PT magnet, and the target material will be the same which
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Figure 17: Schematic lay-out of the COMPASS spectrometer (top view) as it was used in
2010 and as it will be reassembled for the 2021 run.

was used in the years 2002, 2003, 2004 and 2006, namely 6LiD. For a better usage of
the muon beam, the target cells diameter will be increased from 3 to 4 cm. The average
polarisation of the target is expected to be the same as in the past deuteron runs (≤ 50%).

The beam request is the same as for the 2010 proton run, namely 2.5 × 1013 protons
delivered to the T6 target of the M2 beam line every 40.8 s. With an accelerator chain
efficiency of 90% and a running time of 150 days a total of 6.1 × 1018 protons at T6
is expected. This number of protons is the basis of all the projections presented in this
document, which are obtained from the number of reconstructed hadrons in the 2010 run.

The estimated uncertainties have been obtained assuming the COMPASS spectrometer
availability and efficiency to be the same as in the 2010 run, but several upgrades have
already been implemented over the past years and more upgrades are foreseen for running
after 2020. Tracking will profit of the addition of several trackers over the past ten years,
in particular the new large area DC5, the pixelized GEMs and Micromegas and several
scintillating fiber hodoscopes. At variance with the past deuteron runs, electromagnetic
calorimetry will also be available (ECAL1 and ECAL2). As in 2010, particle identification
will be provided by the RICH1 detector, for which the completion of the upgrade done
for the 2016 run is foreseen. In addition some increase in the collected data is expected
from hardware upgrades of the last years, in particular concerning the DAQ and trigger.
Since no major upgrades of the present spectrometer are necessary for this measurement,
it can start soon and take place in 2021.

1.6 Summary
We propose to improve our knowledge of the transverse spin structure of the nucleon

by measuring 160 GeV/c muon semi inclusive DIS on a transversely polarised deuteron
target. No major changes in the spectrometer are foreseen for this new measurement,
which will complete the exploratory investigation of the transverse spin structure of the
nucleon originally proposed by COMPASS 20 years ago. The measurement will be unique
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in the small x-Bjorken region, down to x = 0.003 and complementary to corresponding
measurements already approved at JLab, at x > 0.05. The proposed measurements will
have a profound impact on the field, and their combination with the already taken proton
data will allow to further clarify the properties of the up, down and sea quarks in the
nucleon. Moreover, a combined analysis of the transversity measurement at CERN and at
JLab will allow a determination of the isovector tensor charge with an accuracy of ±0.06.

Quoting from our last proposal for a polarised SIDIS measurement [6], “the high in-
tensity and polarisation of the muon beam together with the COMPASS polarised target
and spectrometer make CERN a unique place to perform such measurement. This will
not change until the construction of a high energy and luminosity polarised electron-ion
collider in the longer term future”.
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1.7 TMD PDFs and SIDIS scattering
(for ease of reference reproduced from [6], App. A)

The recent theoretical work on the nucleon structure points out the relevance of its
transverse structure. A good knowledge of the transverse intrinsic momentum kT carried
by the partons and of its connection with the spin is needed to understand the parton
orbital motion and to progress towards a more structured picture, beyond the collinear
partonic representation.

In the QCD parton model, at leading twist, the nucleon structure is described by eight
TMD PDFs: f1(x,k2

T ), g1L(x,k2
T ), h1(x,k2

T ), g1T (x,k2
T ), h⊥1T (x,k2

T ), h⊥1L(x,k2
T ), h⊥1 (x,k2

T )
and f⊥1T (x,k2

T ), using the so-called Amsterdam notation. After integrating over kT only
the first three PDFs survive, yielding the number distribution f1(x) (or q(x)), the helicity
distribution g1(x) (or ∆q(x)), and the transversity distribution h1(x) (or ∆T q(x) in the
usual COMPASS notation). These three functions fully specify the quark structure of the
nucleon at the twist-two level. Today, a lot of attention is put in particular on the TMD
functions f⊥1T , the Sivers function which gives the correlation between the nucleon trans-
verse spin and the quark intrinsic transverse momentum, h⊥1 , the Boer–Mulders function
which gives the correlation between the transverse spin and the intrinsic transverse mo-
mentum of a quark inside an unpolarised nucleon, and g1T , which is the only chiral-even
and T-even leading twist function in addition to f1 and g1.

A powerful method to access the poorly known TMD PDF is SIDIS on transversely
polarised targets. In fact, on the basis of general principles of quantum field theory in the
one photon exchange approximation, the SIDIS cross-section in the COMPASS kinematic
range can be written in a model independent way as:

dσ

dx dy dz dφS dφh dphT
=

α2

xyQ2

y2

2(1− ε)

{
FUU +

+
√

2ε(1 + ε) cosφhF
cosφh
UU + ε cos 2φh F

cos 2φh
UU +

+λ
√

2ε(1− ε) sinφhF
sinφh
LU +

+SL

[√
2ε(1 + ε) sinφhF

sinφh
UL + ε sin 2φhF

sin 2φh
UL +

+ λ
(√

1− ε2FLL +
√

2ε(1− ε) cosφhF
cosφh
LL

) ]
+

+ST

[
sin(φh − φS)F

sin(φh−φS)
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UT +

+ ε sin(3φh − φS)F
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√

2ε(1 + ε) sinφSF
sinφS
UT +

+
√

2ε(1 + ε) sin(2φh − φS)F
sin(2φh−φS)
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+ λ
(√

1− ε2 cos(φh − φS)F
cos(φh−φS)
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+
√

2ε(1− ε) cosφSF
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+
√

2ε(1− ε) cos(2φh − φS)F
cos(2φh−φS)
LT

)]}
. (17)

Here φS and φh are the azimuthal angles of the nucleon transverse spin and of the hadron
transverse momentum ph

T in the Gamma–Nucleon System, α is the fine structure constant,
λ is the lepton helicity, ST and SL are the nucleon transverse and longitudinal polarisation.
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Neglecting the terms in γ2 = (2Mx/Q)2, the quantity ε is given by ε = (1− y)/(1− y +
y2/2).

The r.h.s. structure functions F ’s in general depend on Q2, x, z and phT . Their su-
perscripts refer to the corresponding azimuthal asymmetries. The subscripts refer to the
beam and to the target polarisation (U means unpolarised, L longitudinally polarised,
and T transversely polarised). Since the modulations which appear in the cross-section
for unpolarised, longitudinally polarised and transversely polarised nucleons are indepen-
dent combinations of the azimuthal angles, all of them can be measured using data taken
with unpolarised, longitudinally polarised and transversely polarised targets.

In the ST -dependent part of the cross-section, only four of the eight structure functions
are of leading order. They are:

– F
sin(φh+φS)
UT ∝ h1 ⊗H⊥1 , where h1 is the transversity distribution, H⊥1 is the Collins

fragmentation function and ⊗ indicates the convolution over the quark intrinsic
transverse momentum summed over the quark flavours. When divided by FUU it
is the Collins asymmetry measured by COMPASS and HERMES;

– F
sin(φh−φS)
UT ∝ f⊥1T ⊗ D, where f⊥1T is the Sivers function and D is the unpolarised

fragmentation function. When divided by FUU it is the Sivers asymmetry measured
by COMPASS and HERMES;

– F
sin(3φh−φS)
UT ∝ h⊥1T ⊗H⊥1 , and

– F
cos(φh−φS)
LT ∝ g1T ⊗D.

A complete list of the TMD PDFs which appear in all the structure functions can be
found e.g. in Ref. [5]
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2 Determination of the proton radius using high-energy µp scattering
2.1 Electromagnetic form factors and radii of the proton

The physics of the proton as the charged nuclear building block of matter is at the core
of interest in the quest for understanding nature. As consequence of its inner structure,
the electromagnetic form factors GE and GM encode the response of the proton to outer
electric and magnetic fields, respectively. As worked out in the following chapter, the
squares G2

E and G2
M can be measured in non-polarized elastic lepton scattering off the

proton, which has been done extensively since the 1950’s with the pioneering work of
R. Hofstadter [55]. The gross feature of the form factors is a dependence on the squared
momentum transfer Q2 given by

GE(Q2) = GM(Q2)/µp =
1

(1 +Q2/a2)2
(18)

called the dipole approximation, which can be motivated by a substructure of the proton
consisting of three constituent quarks. The constant a has been determined in electron
scattering to be about a2 ≈ 0.71 GeV2/c2. The functional behavior with a2 = 0.71 GeV2/c2

is used as the standard reference dipole form GD(Q2).
The respective charge and magnetic moment distributions in space are obtained by

Fourier transformation of the form factors, and specifically the electric mean-square charge
radius is related to form factor by

〈r2
E〉 = −6~2 dGE(Q2)

dQ2

∣∣∣∣
Q2→0

dipole
=

12

a2
≈ (0.81fm)2 (19)

More refined fits to the measured shape of the form factors are often given as polynomials
or other analytic functions of Q2 multiplying the dipole approximation of Eq. 18. The so
far most elaborate measurement of the proton form factors by elastic electron scattering
have been carried out at the Mainz university accelerator MAMI [56, 57], and a param-
eterization of the results at small values Q2 < 0.2 GeV2/c2 is shown in the upper plot of
Fig. 18. Compared to earlier electron scattering data, the G2

M shows a positive deviation
with respect to G2

D, while G2
E starts with a steeper slope, corresponding to a charge radius,

with the systematic uncertainties summed up linearly, rrmsE =
√
〈r2
E〉=(0.879±0.011) fm. It

is at variance with the value found in laser spectroscopy of muonic hydrogen, which is a dif-
ferent way to measure the proton radius. The result is rrmsE,µH=(0.841±0.001) fm [58, 59],
and this discrepancy of more than three standard deviations triggered many efforts to
clarify its origin [60, 61, 62, 63, 64, 65, 66].

2.2 Experiments targeting the proton radius puzzle: the COMPASS case
The COMPASS collaboration proposes here to measure elastic muon-proton scat-

tering with a high-energetic muon beam on a hydrogen gas target over a momentum
transfer range particularly sensitive to the proton charge radius. This means, on the one
hand, to measure the cross-section to come as close as possible to Q2=0 as required by
Eg. 19, and on the other hand, to cover a sufficient range in momentum transfer in order
to constrain the slope of the cross-section on the desired level of precision. As illustrated
in Fig. 18, this range is approximately 0.001 < Q2/(GeV2/c2) < 0.02: At smaller values
of Q2, the deviation from a point-like proton is on the 10−3 level and thus smaller than
unavoidable systematic effects, as the variation of the detector efficiencies with Q2 that
can not be controlled more accurately with the currently available methods. At higher
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Figure 18: Upper plot: proton form factors GE and GM as measured at MAMI, pre-
sented relative to the dipole form GD as given in the text. Lower plot: corresponding
cross-section behavior, relative to the standard dipole form. The innermost uncertainty
band corresponds to the effect of the uncertainty of GE only, while for the (blue) middle
band the uncertainty from GM has been added linearly, and for the outer (gray) band the
contribution from ∆GM has been increased by a factor of five. The dots with error bars,
arbitarily placed at 1, represent the achievable statistical precision of the proposed mea-
surement, down to Q2=0.003 GeV2/c2, where the statistical uncertainties are expected to
dominate the systematic point-to-point uncertainty. There will be data from the proposed
experiment down to Q2 ≤0.001, with the statistical uncertainty further shrinking accord-
ing to the increasing cross-section with Q2 →0, cf. Eq. 20, which are omitted here for
conciseness. For a discussion of the uncertainty contributions at different Q2 regions, see
the text.
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Q2 > 0.02GeV2/c2, the non-linearity of the Q2 dependence becomes the predominant
source of uncertainty, and can not be used to determine the proton radius, unless more
elaborate theory input is assumed.

For reaching the required precision at small momentum transfers, it is relevant to
observe the recoil protons. Due to their small energy, this implies the target to be the
detector volume at the same time. This can be realized by a Time Projection Chamber
(TPC) operated with pure hydrogen gas. Such a target has been developed by PNPI [67,
68] and is in the testing phase for an analogous experiment using electron scattering at
Mainz.

Several experiments are currently ongoing or proposed for refining the knowledge on
electron-proton elastic scattering [60, 61, 69, 70]. This includes the mentioned TPC
experiment at MAMI [69], but also the inital-state radiation experiment of the A1 collab-
oration [70]. All experiments of electron scattering are challenged by the required QED
radiative corrections, which are as large as 20% due to the small electron mass. Currently,
it is unclear how the precision of those corrections can be controlled on the desired below-
1% level. Hence, independent of the outcome of any measurements done with electrons,
those with muons will test systematic effects related to radiative corrections, since they
are substantially smaller for muons due to their much larger mass.

Despite this obvious benefit, there are still significant systematic effects expected for
measurements for muon-proton elastic scattering at low muon beam energies, e.g.
discussed for the proposed MUSE experiment [64]. Apart from corrections for the pion
component in the beam and muon decays, there is a substantial correction for the Coulomb
distortion of the low-velocity muon wave function. The latter is estimated to be on the
level of one percent for larger scattering angles, however with an unclear relation to
the other radiative corrections, which introduces a systematic uncertainty for which an
experimental test is most convincing. Such a test is best realized with scattering at very
high energies, where the Feshbach correction reduces to a negligible level.

The highest precision on the proton radius is claimed by the the investigation of atomic
level splittings [58, 59, 62, 63] that are very accurately measured by laser spectroscopy.
From 1S transitions in muonic hydrogen, the above-mentioned value 0.841 fm has been
determined, by correcting the measured frequency for all known QED effects and attribut-
ing the remaining effect to the proton finite size. By starting with the measurement of the
single number, this approach is clearly less detailed than a measurement of the form factor
behaviour over an extended range in Q2, which allows for checking e.g. the assumption
made for the linear behaviour of the form factor in the studied Q2 range.

In summary, the proposed muon-proton scattering using a high-energy muon beam for
the determination of the proton radius we regard as an important and unique cornerstone
in the quest for solving the proton radius puzzle. It is seen very timely in view of the
highly competitive and dynamic ongoing research in the field, to realize the measurement
at COMPASS as soon as the scheduling and the required preparatory steps allow.

2.3 Elastic lepton-proton scattering
The cross-section for elastic muon-proton scattering to first order is

dσ
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=
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p p

2
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) 4E2
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where Q2 = −t = −(pµ− pµ′)2, τ = Q2/(4m2
p) and s = (pµ + pp)

2. The squared centre-of-
momentum energy s is given, in the laboratory system, by s = 2Eµmp+m2

p+m2
µ with Eµ

the energy, and pµ the three-momentum of the incoming muon colliding with a proton at
rest.

The different dependence on the beam energy Eµ of the two terms in Eq. 20 that are
proportional to G2

M allows, in principle, for the “Rosenbluth separation” of the two form
factor contributions G2

E and G2
M , by measuring the cross-section at constant Q2 and, at

least, two different beam energies (or correspondingly at different muon scattering angles).
For small Q2 < m2

µ, the relative contribution of the second term is approximately m2
µ/E

2
µ,

and for beam energies Eµ > 50 GeV it is an effect of less than 10−5, which is unmeasurably
small and thus can be neglected.

Consequently, with the proposed high-energy muon beam, one effectively determines
the combination (GE+τGM), and at smallQ2 (i.e. small τ) this amounts to a measurement
of GE when the small expected contribution from GM is corrected for. Even with a
conservative estimate of the uncertainty from GM , a factor of five larger than the one
claimed in the MAMI analysis, the uncertainty on GE and thus on the charge radius stay
well below 0.1%, which is about a factor of 10 smaller than the precision of 1% that the
measurement aims at.

2.4 Measurement at COMPASS
We propose to measure elastic muon-proton scattering employing a 100 GeV muon

beam on a pressurized hydrogen gas target. For the core of the measurement aiming at
a precise measurement of the proton radius, the relevant momentum transfers 0.001 <
Q2/(GeV2/c2) < 0.02 are measured by operating the target as a TPC for detecting the
proton recoil tracks. The pressure of the gas is optimized for having on the one hand
sufficiently low stopping power such that the proton recoil tracks are detectable, and on
the other hand they still fit in the TPC volume. The pressure ranges from 4 to 20 bar.
The respective gas system has been developed and is in the test phase at MAMI. The
details of the readout are to be adapted to the COMPASS environment and are currently
under study. For higher recoil energies and thus the possibility to access a broader range
of the form factor evolution in Q2 a similar hydrogen cell is envisaged, with a cylindric
array of scintillating fiber (SciFi) rings surrounding the interaction region.

The muon scattering kinematics are measured with the COMPASS spectrometer in its
standard muon setup. To allow for the detection of the elastic, i.e. almost unscattered,
tracks the beam killer components are excluded from the trigger. The central parts of
the tracking detectors are activated, and the silicon telescopes surrounding the TPC
are used for measuring with high accuracy the muon scattering angle. In addition, the
electromagnetic calorimeters serve to control the (rare) radiative events.

Since triggering solely on the proton recoil implies Q2-dependent efficiency variations
that can not be controlled from the data themselves, a trigger component from the muon
trajectory is foreseen. The beam rate is too high to record all events. Therefore, the beam
trigger is extended by a new component that allows to veto muons with a scattering angle
below about 5µrad. This suppresses muons that have experienced multiple (small-angle)
scattering only, which amounts to 99% of the incoming muons. In contrast muons are
efficiently selected with a scattering angle in the target larger than 100µrad, corresponding
to momentum transfers larger than 10−4 GeV2/c2. A scenario could be realized with SciFi
components sandwiching the silicon detectors, however solutions with thinner detectors,
such as silicon pixel detectors with a readout sufficiently fast for the trigger would be
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desirable for minimizing the multiple scattering as a source of systematic uncertainty.
The respective topological trigger component is referred to as “kink trigger” in Tab. 6.
For the longer-range future, COMPASS aims at a triggerless readout, which can solve
current issues of rate capability and allows for realizing the described event selection in
an elegant and efficient manner for the proposed measurement. Regarding the higher-Q2

region, the full beam rate has to be used, in order to compensate for the 1/Q4 behaviour
of the Mott cross-section.

Since the TPC is tested to operate at a beam rate of 2 ·106/s, the proposal is currently
based on this intensity, which is however a factor of 25 below the full available muon beam
intensity. In that regard, the very different beam profile at COMPASS compared to the
MAMI electron “pencil” beam, the muon having a broad diameter of ∼ 20 mm, can be
used for dissolving ambiguities in associating muon and proton signals. For the purpose,
the new readout structure is foreseen to be sufficiently fine segmented in the range of
1×1 mm2.

The respective conservative estimates for the beam time in 2022 are given in Tab. 6,
assuming two pressure sets for the TPC at 4 and 20 bar, in order to cover the relevant
Q2 range, and 20 days of running for the higher-Q2 region.

Table 6: COMPASS muon beam parameters and typical numbers used to estimate total
count rates and accuracies. We assume a maximum trigger rate of 100 kHz. We apply
scaling by a factor 14 to convert the maximum beam intensity to a time-averaged inten-
sity including duty cycles, SPS and COMPASS efficiencies, as derived from experience.
Numbers denoted by (*) are used to derive the integrated luminosities.

beam energy 100 GeV
muons per spill (max) 2.7 · 108 µ/spill
spill length 4.8 s
mean duty cycle 18%
spills per minute 3.3
efficiency of SPS 0.8
DAQ, veto dead times* 0.5
instantaneous intensity µ/s 5 · 107 µ/s
effective maximum beam rate 4 · 106 µ/s
mean effective intensity* µ/min (max) 2.4 · 108 µ/min
instantaneous intensity µ/s (kink trigger) 2 · 106 µ/s
mean effective intensity* µ/min (kink trigger) 1.2 · 107 µ/min
beam spot size 8× 8 mm2

beam divergence 1 mrad
total days of beam time* 180
beam time for each TPC pressure setting* 80
beam time for SciFi recoil detection* 20
target length H2 target* 60 cm
integrated luminosity H2 @ 4bar 8.9 · 106/mb
integrated luminosity H2 @ 20bar 4.45 · 107/mb

The statistical uncertainties that can be achieved in the sketched experiment are shown
in Fig. 18 in a suitable segmentation of the data in Q2 bins. The data set is sufficient to
constrain the proton radius to better than 0.01 fm precision.

35



Figure 19: Drawing of the setup for the proposed test in EHN2 during the 2018 beam
time. The active-target TPC, also shown in the insert, will be sandwiched between silicon
telescopes.

2.5 Test Measurement at COMPASS in 2018 and 2021
For a successful running in 2022, it is indispenable to perform test measurements

beforehand, and test the various components for their readiness for the experiment.
The biggest challenge of the modified setup is the integration of the new TPC, that cur-

rently follows a different readout scheme not fitting the COMPASS electronics. Adaptions
on both sides are foreseen, and will take about two years of development, including a new
readout plane for the TPC. The principle of the measurement, specifically the observation
of recoils in the TPC in coincidence with muon tracks measured by a silicon telescope,
can however be shown already in a test beam phase in 2018. The full setup is foreseen
to be tested along the COMPASS beam time in 2021, including the new trigger. Several
options for integration of the TPC setup in the main setup for SIDIS on a transversely
polarized deuteron target are to be discussed.

The proposed setup for the test measurement in 2018 is foreseen at the test bench
downstream of the COMPASS experiment and sketched in Fig. 19. Two silicon telescopes
are foreseen to surround the TPC, in order to determine the incoming and the scattered
muon trajectory, respectively. Their readout is triggered by a scintillation counter placed
in front. The muon component of the pion beam, which will be used in this test, can be
assumed to be below 104 Hz and thus sufficiently small, such that all beam triggers can
be read out.

Issues to be investigated in the test measurement in 2018 include:

– How does the TPC operate in the muon beam, which is much wider than the pencil
beam at MAMI? How should the future readout structure be optimally segmented
and equipped with electronics?
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– Can the information of muons and protons be correlated and thus coindicences be
identified?

– Can the expected separation of the muon kinematics in scattered and unscattered
characeristics, as planned to be used in the described kink trigger, be achieved?

The setup is planned to be prepared prior to the start of the main experiment, such that
measurements with about two weeks of beam can be performed during the first three
weeks of the 2018 beam time.
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– HARDWARE –
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3 Experimental requirements
The apparatus needed for the transverse deuteron run is essentially the present one,

with some detector components refurbished or upgraded as detailed in Table 7. The
apparatus requirements imposed by the new measurement, namely the proton radius,
are rather modest, but do require additional detectors. Apart the target proton recoil
detectors, the determination of the muon scattering is vital and we have to refurbish at
least one silicon station. In addition, we need longer optical benches to achieve internal
stability for both silicon telescopes and minimise thermal displacements. The installation
of new detectors also imposes requirements on new electronics and their implementation
into the COMPASS DAQ scheme.

Detector Responsibility new/existing
µ Beam CERN existing
electron Beam CERN new
BMS Bonn HISKP existing
Luminosity measurement Freiburg, Mainz upgrade
polarised target Yamagata, Bochum, existing

Czech G., Dubna
Silicon telescopes TUM existing
Silicon station TUM new
TPC and pressure tank Gatchina new
TPC gas system Gatchina new
TPC RO Gatchina, Bonn HISKP, new

Freiburg, Saclay
SciFi target TUM new
SciFi tracker Bonn HISKP existing
SciFi TDC Freiburg new
GEM Bonn HISKP, TUM refurbish
Micromegas Saclay existing
Straws Illinios, Czech Group existing
MWPC Torino upgrade
DC Saclay, Illinios, Taipei existing
RICH Trieste, Calcutta, Czech Group upgrade
RICHWALL Torino existing
HCAL1 Dubna existing
HCAL2 Protvino existing
ECAL1 Protvino existing
ECAL2 Protvino existing
MW1 Dubna existing
MW2 Protvino existing
W45 CERN existing
DAQ TUM, Czech Group existing
Trigger Bonn PI, Mainz existing
TPC Trigger TUM, Mainz new
Slow control Lisbon upgrade
Infrastructure CERN existing

Table 7: Planned requirements and responsibilities for equipment
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