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Abstract6

A new and detailed measurement of the cross section for hard exclusive neutral-pion muoproduction7

on the proton was performed in a wide kinematic region, with the photon virtuality Q2 ranging from8

1 to 8 (GeV/c)2 and the Bjorken variable xBj ranging from 0.02 to 0.45. The data were collected9

at COMPASS at CERN using 160 GeV/c longitudinally polarised µ+ and µ− beams scattering off10

a 2.5 m long liquid hydrogen target. From the average of the measured µ+ and µ− cross sections,11

the virtual-photon–proton cross section is determined as a function of the squared four-momentum12

transfer between the initial and final state proton in the range 0.08 (GeV/c)2 < |t|< 0.64 (GeV/c)2 .13

From its angular distribution, the combined contribution of transversely and longitudinally polarised14

photons are determined, as well as transverse–transverse and longitudinal–transverse interference15

contributions. They are studied as functions of four-momentum transfer |t|, photon virtuality Q2 and16

virtual-photon energy ν . The longitudinal–transverse interference contribution is found to be compat-17

ible with zero. The significant transverse–transverse interference contribution reveals the existence18

of a dominant contribution by transversely polarized photons. This provides clear experimental ev-19

idence for the chiral-odd GPD ET . In addition, the existence of a non-negligible contribution of20

longitudinally polarized photons is suggested by the |t|-dependence of the cross section at xBj < 0.1 .21

Altogether, these results provide valuable input for future modelling of GPDs and thus of cross sec-22

tions for exclusive pseudo-scalar meson production. Furthermore, they can be expected to facilitate23

the study of next-to-leading order corrections and higher-twist contributions.24

(to be submitted to Physics Letters B)25
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1 Introduction26

Generalized parton distributions (GPDs), as introduced in Refs [1–5], are non-perturbative objects, which27

describe the three-dimensional structure of the nucleon by correlating transverse spatial positions and28

longitudinal momentum fractions of the partons (quarks and gluons) of the nucleon. The GPDs contain29

also rich information about spin and angular momentum at parton level. They can be accessed by hard30

exclusive pseudoscalar meson leptoproduction on the nucleon, for which the leading mechanism is pre-31

sented in Fig. 1. Collinear factorization theorems [6] can be applied to longitudinally polarised virtual32

photons and establish that the pseudoscalar meson production amplitude factorizes into a hard perturba-33

tive part and soft components described by the chiral-even GPDs H̃, Ẽ of the nucleon and the twist-2 part34

of the meson wave function. Contributions from transversely polarised virtual photons to the production35

of pseudoscalar mesons are expected to be suppressed in the production amplitude by 1/Q [6], where36

Q2 is the virtuality of the photon that is exchanged between lepton and proton. However, experimental37

data on exclusive π+ production from HERMES [7] and JLab CLAS [8, 9] and on exclusive π0 produc-38

tion from JLab CLAS [10–13] and Hall A [14–17] suggest that such contributions are substantial. In39

the collinear approximation, singularities occur for transversely polarised virtual photons and mesons.40

Regularization is accomplished in the framework of phenomenological models as in Refs [18–22] by in-41

cluding transverse degrees of freedom of quarks and antiquarks that make up the meson. In these models,42

such transversely polarised virtual-photon contributions are possible provided a quark helicity-flip GPD43

couples to a twist-3 helicity-flip meson wave function and thus pseudoscalar meson production involves44

also the chiral-odd (transversity) GPDs HT and ET.45

Fig. 1: Leading-twist diagram for hard exclusive π0 leptoproduction off the proton. Here, k, k′, q, q′, p, p′ are the
four-momenta of incident and outgoing muon, virtual photon, outgoing π0 and of incident and outgoing proton.
The squared four-momentum transfer between initial and final proton is denoted by t, the average longitudinal
momentum fraction of the active quark by x and half of the transferred longitudinal momentum fraction by ξ .

The GPDs depend on the average longitudinal momentum fraction of the active quark x, half of the46

transferred longitudinal momentum fraction ξ , the squared four-momentum transfer between the initial47

and final proton t and the virtual photon virtuality Q2 =−q2, see Fig. 1. The chiral-even GPD H̃ is related48

in the forward limit at t = 0 to the quark helicity distribution ∆q(x) measured in deep inelastic scattering49

(DIS), while the chiral-even GPD Ẽ has no such counterpart in DIS. Pion-pole exchange is expected to50

give the main contribution to Ẽ at small t for π+ production, while for π0 production the pion pole is51

absent. The chiral-odd GPDs, HT and ET, which are well described in Refs. [23–26], are related to the52

transversity and the Boer–Mulders parton distribution functions measured in semi-inclusive DIS. The53

GPD HT describes the correlation between the transverse polarisations of quark and proton. It has been54



2 The COMPASS Collaboration

shown that in impact-parameter space ET is related to a sideways shift in the distribution of transversely55

polarised quarks in an unpolarised proton. It can be used to determine the correlation between transverse56

quark spin and quark angular momentum and is connected to the transverse anomalous magnetic moment57

of the proton at t = 0. In contrast to π+ production, π0 production is dominated by ET due to the58

quark flavour decomposition of pions and the relative signs of the GPDs for u and d quarks, while the59

contributions from H̃, Ẽ and HT are significantly reduced.60

In this paper, we present results for exclusive π0 production in muon–proton scattering, µp→ µ′p′π0,61

which complement the first COMPASS results published [27, 28] with a comprehensive analysis of a new62

set of data in an extended kinematic domain, thus providing novel input for GPD models, in particular63

for the chiral-odd GPDs.64

2 Formalism65

The cross section for hard exclusive π0 production by scattering a polarised muon off an unpolarised66

proton is given as:67

d4σ
⇆
µp

dQ2dνdtdφ
= Γ(Q2,ν ,Eµ)

d2σ
⇆
γ∗p

dtdφ
, (1)

where Γ(Q2,ν ,Eµ) is the transverse-virtual-photon flux [29] for muon energy Eµ and virtual-photon68

energy ν in the proton-target rest frame. The virtual-photon–proton cross section reads:69

d2σ
⇆
γ∗p

dtdφ
=

1
2π

[
ε

dσL

dt
+

dσT

dt
+ ε cos(2φ)

dσTT

dt
(2)

+
√

2ε (1+ ε)cosφ
dσLT

dt
∓|Pl|

√
2ε(1− ε)sinφ

dσLT′

dt

]
.

Here, φ is the angle between lepton-scattering and π0 production planes following the Trento conven-70

tion [30]. The virtual-photon polarisation parameter ε is defined as:71

ε =
1− y− y2γ2

4

1− y+ y2

2 + y2γ2

4

, y =
ν

Eµ
, γ =

Q2

ν2 , (3)

and σL,σT,σTT, σLT and σLT′ are cross sections. Here, the subscripts T and L denote the contributions of72

transversely and longitudinally polarised virtual photons, respectively, and the subscripts TT, LT and LT′73

denote interference terms. The sign ∓ of the lepton beam polarisation Pl corresponds to the negative and74

positive helicity of the incoming µ+ and µ−, respectively, which is denoted by ⇆. The spin-independent75

cross section can be obtained by averaging the two spin-dependent cross sections as:76

d2σγ∗p

dtdφ
=

1
2

(
d2σ←γ∗p
dtdφ

+
d2σ→γ∗p
dtdφ

)
. (4)

Using µ+ and µ− beams of exactly opposite polarisation, the last term in Eq. (2) cancels upon averaging,77

which leads to the expression:78

dσγ∗p

dtdφ
=

1
2π

[
ε

dσL

dt
+

dσT

dt
+ ε cos(2φ)

dσTT

dt
+
√

2ε(1+ ε)cos(φ)
dσLT

dt

]
. (5)

The cross sections in Eq. (2) and (5) are related to convolutions of GPDs and meson wave functions with79

individual hard scattering amplitudes [18], denoted as ⟨F⟩ for a GPD F :80

dσL

dt
∝

[
(1−ξ

2)
∣∣⟨H̃⟩

∣∣2−2ξ
2 Re

[
⟨H̃⟩∗⟨Ẽ⟩

]
− t

4m2
p

ξ
2∣∣⟨Ẽ⟩

∣∣2
]
, (6)
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dσT

dt
∝

[
(1−ξ

2)
∣∣⟨HT ⟩

∣∣2− t ′

8m2
p

∣∣⟨ET⟩
∣∣2
]
, (7)

dσTT

dt
∝

t ′

16m2
p

∣∣⟨ET⟩
∣∣2, (8)

dσLT

dt
∝ ξ

√
1−ξ 2

√
−t ′ Re

[
⟨HT⟩∗⟨Ẽ⟩

]
, (9)

dσLT′

dt
∝ ξ

√
1−ξ 2

√
−t ′ Im

[
⟨HT⟩∗⟨Ẽ⟩

]
. (10)

Here, t ′ = t− tmin with |tmin| being the kinematically smallest possible value of |t|, and mp is the mass of81

the proton. The quantity ξ defined in the previous section can be approximated at COMPASS kinematics82

as ξ ≈ xBj
2−xBj

, where xBj = Q2/(2Mν).83

3 Experimental setup84

The data were collected during twelve weeks in 2016 using the COMPASS setup, which was a fixed-85

target experiment located at the M2 beamline of the CERN Super Proton Synchrotron, using naturally86

polarised muon beams of both charges with energies of 160 GeV/c .87

The incoming muons were detected in a beam momentum spectrometer and a beam telescope. The final-88

state particles were detected in a two-stage magnetic spectrometer containing a large variety of tracking89

detectors, electromagnetic and hadron calorimeters, a ring-imaging Cherenkov detector and muon filters90

for particle identification. The electromagnetic calorimeter ECAL1 was located in the large-angle part91

of the spectrometer, while ECAL2 was placed in its small-angle part. Detailed descriptions of the setup92

can be found in Refs. [31, 32] .93

For the measurements to study GPDs, which are described in this paper, a 2.5 m long liquid-hydrogen94

target inserted in a recoil-proton detector CAMERA and a new electromagnetic calorimeter ECAL0 were95

added to the setup. The 4 m long recoil-proton detector consisted of two concentric barrels equipped with96

24 scintillator slabs each. It measured time and distance of flight between the two barrels to determine97

momentum and angle of the recoil proton. The ECAL0 calorimeter, located directly downstream of the98

target, allowed the detection of photons emitted at large polar angles, expanding the accessible kinematic99

domain towards higher values of xBj. Compared to the previous measurement in 2012, the ECAL0100

acceptance was enlarged allowing to cover a larger kinematic range than in Ref. [27]. The accessible101

kinematic domain of the COMPASS spectrometer for measuring exclusive events ranges from xBj ∼ 0.02102

to 0.45, which is complementary to other experimental facilities.103

Data were recorded with both positively and negatively charged muon beams. Due to the natural po-104

larisation of the muon beams, which originates from the parity-violating decay-in-flight of the parent105

mesons, µ+ and µ− beams have opposite polarisation. This enables us to measure the spin-independent106

cross section, see Eqs. (4) and (5). The absolute value of the average polarisation for both beams is about107

0.8 with an uncertainty of about 0.04.108

In contrast to the four weeks long pilot run in 2012, for the 2016 data used in this analysis comparable109

beam intensities of about 4 ·106µ/s were used. The incoming reconstructable muon flux was measured110

using a random trigger based on a radioactive decay [33]. A set of selection criteria was applied to ensure111

the quality of the muon tracks and to keep intensity variations below 10%. The integrated luminosity112

used in this analysis is 51.4 pb−1 for the µ+ beam and 44.5 pb−1 for the µ− beam, measured with a113

precision of 2%.114
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4 Event selection115

Event candidates for exclusive π0 production are selected from data taken in stable beam and spec-116

trometer conditions. An interaction vertex associated with an incoming muon is required, and only one117

outgoing track of the same charge is allowed. The latter is identified as scattered muon by requiring118

that it traverses more than 15 radiation lengths in the spectrometer and is compatible with the trigger119

conditions. For incoming muons, the same selection criteria are used as in the flux determination.120

The π0 is reconstructed using its dominant two-photon decay. The photons are detected in the elec-121

tromagnetic calorimeters ECAL0 and ECAL1. The electromagnetic calorimeter ECAL2, placed in the122

small-angle part of the spectrometer, is not used in this analysis as it does not provide a significant in-123

crease in the statistics of the π0 sample. In ECAL1 only clusters not associated with a reconstructed124

charged track are used, while all clusters are included in ECAL0 as there is no tracking system in front125

of it. Thresholds of 2 GeV (2.5 GeV) for the higher-energy cluster and of 0.5 GeV (0.63 GeV) for the126

lower-energy cluster in ECAL0 (ECAL1) are used. Compared to the previous analysis of the 2012 data,127

the threshold of the lower energy cluster was increased to get a better signature of the photon in the128

electromagnetic calorimeters. Using the information from the interaction vertex and each combination129

of two clusters, the kinematics of the recoil proton can be predicted from the momentum balance of the130

reaction µp→ µ′p′π0, π0→ γγ. The properties of the recoil proton predicted by the spectrometer infor-131

mation are compared to the properties of each track candidate reconstructed with the CAMERA system132

assigning the proton mass.133

These recoil-proton candidates are examined by using four so-called exclusivity variables in the further134

selection process. These are i) the difference ∆ϕ between predicted and measured azimuthal angle of the135

recoil proton candidate, ii) the difference ∆pT between predicted and measured transverse momentum pT136

of the recoil proton candidate with respect to the beam direction in the target rest frame, iii) the difference137

∆z between predicted and measured hit position in the inner ring of CAMERA and iv) the undetected138

mass M2
X given by:139

M2
X = (k+ p− k′− p′− pγ1− pγ2)

2 . (11)

Here, k, k′, p and p′ are the four-momenta of incident muon, outgoing muon, target proton and recoil140

proton respectively, while pγ1 and pγ2 denote the four-momenta of the two produced photons. The141

following constraints are applied to the exclusivity variables:142

|∆ϕ| < 0.4 rad,

|∆pT| < 0.3 GeV/c ,

|∆z| < 16 cm,

|M2
X | < 0.3 (GeV/c2)2 .

In addition, the range
0.1061 < Mγγ/(GeV/c2 ) < 0.1605

is selected for the invariant mass Mγγ . If more than one combination of vertex, cluster pair and recoil-143

track candidate exist, which satisfy the aforementioned selection criteria for a given event, the event is144

excluded from further analysis.145

Figure 2 shows the ∆ϕ and ∆pT distributions for data obtained with µ+ and µ− beams. They are com-146

pared to Monte Carlo (MC) yields of the exclusive (signal) and non-exclusive (background) processes147

provided by the HEPGEN and LEPTO generators, respectively. This will be explained in more detail in148

Sect. 5. A very good agreement between the µ+ and µ− data is observed.149

The purity of the selected events is enhanced by using the over-constrained kinematics from the combined150

information coming from CAMERA and the spectrometer in a so-called kinematic fit assuming the151

reaction µp→ µ′p′π0. A value smaller than 7 is required for the reduced χ2 in order to minimise the152
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Fig. 2: Measured and simulated distributions ∆ϕ (top) and ∆pT (bottom), shown for both µ+ (left) and µ− (right)
beams. All the distributions are normalised to the same muon flux and the simulations are scaled as described in
the text. The two dashed vertical lines indicate the constraints applied for the selection of events. Error bars denote
statistical uncertainties. The non-exclusive π0 background is estimated using LEPTO (blue), while the total π0

distribution is expected to match the sum of LEPTO and HEPGEN (dark green).

non-exclusive background while keeping all events from exclusive π0 muoproduction. The kinematic fit153

also allows to considerably improve the precision of the event kinematics, in particular for the variables154

t, Q2, ν and φ .155

The data for further analysis are selected within the following kinematic range:156

0.08 (GeV/c)2 < |t|< 0.64 (GeV/c)2 ,

1 (GeV/c)2 < Q2 < 8 (GeV/c)2 ,

6.4 GeV < ν < 40 GeV.

5 Background contribution157

The main source of background to exclusive π0 production originates from non-exclusive DIS processes.158

In order to simulate this background process, the LEPTO 6.5.1 generator with the COMPASS tuning from159

Ref. [34] is used. Note that events with the topology of exclusive π0 production are removed from the160

LEPTO sample. For the simulation of signal events, i.e. exclusive π0 muoproduction, the HEPGEN++161

generator [35, 36] is used. The events from both generators are passed through a complete description of162

the COMPASS setup [37] and reconstructed in the same way as experimental data.163

The simulated HEPGEN++ and LEPTO Monte Carlo data sets are used to obtain the yields of the ex-164

clusive (signal) and non-exclusive (background) processes, respectively. The procedure starts with the165

determination of a normalisation factor of each MC data set, cL and cH, adjusted separately to the data166

in the studied range in t, Q2 and ν using the distribution of the invariant mass Mγγ around the π0 peak.167
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The Mγγ distribution in the full kinematic range is shown in Fig. 3. Subsequently, the fraction rL of non-168

exclusive background is determined by adjusting the sum of the HEPGEN++ and the LEPTO MC data169

sets to the experimental data. For this purpose the variables ∆pT and ∆ϕ are used, which are sensitive170

to the exclusivity of the event. The resulting fraction of non-exclusive background, rL = (8±5)%, is171

independent on the studied range in t, Q2 and ν . The background determination method yields one of the172

main contributions to the systematic uncertainties. The relative systematic uncertainties of the cross sec-173

tion originating from the background estimation vary from 6 to 16% depending on the kinematic region.174

The scaling factor f = cL · rL is used to correct the data for non-exclusive background, see Sec. 6.175

In comparison to the previous analysis of the 2012 data, the LEPTO fraction was considerably reduced176

by two reasons. First, the kinematic fit with a χ2 requirement has significantly reduced the non-exclusive177

background, and secondly the HEPGEN++ sample was improved by reweighting the φ , t and ν distri-178

butions, in order to obtain a better description of the data. For the φ reweighting an iterative process is179

used to include the extracted φ modulation from the data in the model used in HEPGEN++ according to180

Eq. (5). The reweighting in t and ν is also applied iteratively using two-dimensional data distributions in181

these two variables.182
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Fig. 3: Measured and simulated distributions of Mγγ for data obtained with µ+ (left) and µ− (right) beams. All
the distributions are normalised to the same muon flux and the simulations are scaled as described in the text. The
two dashed vertical lines indicate the interval applied for event selection and normalisation. The non-exclusive
π0 background is estimated using LEPTO (blue), while the total π0 distribution is expected to match the sum of
LEPTO and HEPGEN (dark green).

A very small background originates from the production of exclusive ω mesons with the decay ω→ π0γ,183

where the photon is not detected. It is estimated by measuring the yield of visible ω mesons in the sam-184

ple, when combining the exclusive π0 candidate with every neutral cluster of energy between the low and185

high thresholds. These events are rejected, they represent only 2.7% of the selected events. They allow186

the normalization of the HEPGEN++ MC for exclusive ω production. In this way, the contamination of187

the remaining π0 sample with not detected ω mesons is evaluated to be about 2.4% and included in the188

systematic uncertainties. A possible contribution of the ω→ π0π+π− decay is found to be negligible,189

as well as from the η→ π0π+π− or π0π0π0 decay.190

The final data set for the analysis of exclusive π0 production comprises 1490 events, among which191

792 events were collected with the µ+ beam and 698 events with the µ− beam.192
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6 Cross section determination and systematics193

The virtual-photon–proton cross section is obtained from the measured muon–proton cross section using:194

dσγ∗p

d|t|dφ
=

1
Γ(Q2,ν ,Eµ)

dσµp

dQ2dνd|t|dφ
, (12)

where the transverse-virtual-photon flux Γ(Q2,ν ,Eµ) is given by:195

Γ(Q2,ν ,Eµ) =
αem(1− xBj)

2πQ2yEµ

[
y2
(

1−
2m2

µ

Q2

)
+

2
1+Q2/ν2

(
1− y− Q2

4E2
µ

)]
. (13)

Here, mµ denotes the mass of the muon and αem the electromagnetic fine-structure constant.196

The cross section is calculated in a four-dimensional grid with a phase-space element given by ∆Ωni jk =197

∆|t|n∆φi∆Q2
j∆νk. The binning of the four-dimensional grid is given in the first four columns of Table 1,198

while the grid for the variables Q2 and ν used in the previous publication [27] is reported in the last two199

columns for comparison.200

Table 1: Four-dimensional grid used for the calculation of the cross section and acceptance. The full range for
each variable is given in the bottom row of the table.

this work Ref. [27]
φ [rad] |t|

[
GeV/c2

]
Q2
[
GeV/c2

]
ν [GeV] Q2

[
GeV/c2

]
ν [GeV]

−π –
−3π

4
0.08 – 0.15 1.00 – 1.50 6.40 – 8.50 1.00 – 1.50

−3π

4
–
−π

2
0.15 – 0.22 1.50 – 2.24 8.50 – 11.45 1.50 – 2.24 8.50 – 11.45

−3π

4
–
−π

2
0.22 – 0.36 2.24 – 3.34 11.45 – 15.43 2.24 – 3.34 11.45 – 15.43

−π

4
– 0 0.36 – 0.5 3.34 – 5.00 15.43 – 20.78 3.34 – 5.00 15.43 – 20.78

0 –
π

4
0.5 – 0.64 5.00 – 8.00 20.78 – 26.00 20.78 – 28.00

π

4
–

π

2
26.00 – 40.00

π

2
–

3π

4
3π

4
– π

∆φ [rad] ∆|t|
[
GeV/c2

]
∆Q2

[
GeV/c2

]
∆ν [GeV] ∆Q2

[
GeV/c2

]
∆ν [GeV]

2π 0.56 7.00 33.60 4.00 19.50

The cross section can be calculated for each beam charge (denoted by± in the following) in a bin ∆Ωni jk201

from the data by subtracting the LEPTO MC background:202

〈
dσµp→µ′π0p′

dΩ

〉±

ni jk

=

〈
dσ

µp→µ′π0p′
data

dΩ

〉±

ni jk

−
〈

dσ
µp→µ′π0p′
background

dΩ

〉±

ni jk

(14)
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The cross section for each four-dimensional bin is calculated as:203

〈
dσγ∗p→π0p′

d|t|dφ

〉±

ni jk

=
1

L±∆tn∆φi∆Q2
j∆νk

(
a±ni jk

)−1




Ndata
ni jk±

∑
l=1

1
Γ
(
Q2

l ,νl,Eµ l
) − f± ·

NL
ni jk±

∑
l=1

1
Γ
(
Q2

l ,νl,Eµ l
)


 ,

(15)

where L denotes the luminosity and f the normalisation factor that was introduced in Sec. 5. The204

acceptance denoted as ani jk is determined for each four-dimensional phase-space element using the data205

simulated by HEPGEN++ as the number of reconstructed events divided by the number of generated206

events. Within the phase-space element ∆Ωn jkl , Ndata
n jkl is the number of measured events and NL

n jkl the207

number of LEPTO events. The virtual-photon flux enters as a kinematic prefactor applied event by208

event.209

The spin-dependent virtual-photon cross section measured with positively or negatively charged muons210

is obtained in each bin of (|t|,φ):211

〈
dσγ∗p→π0p′

d|t|dφ

〉±

ni

=
∑ j,k

〈
dσγ∗p→π0p′

d|t|dφ

〉±
ni jk

∆Q2
j∆νk

∑ j ∆Q2
j ∑k ∆νk

. (16)

The spin-independent virtual-photon cross section is calculated as the average of the two spin-dependent212

cross sections:213 〈
dσγ∗p→π0p′

d|t|dφ

〉

ni

=
1
2

(〈
dσγ∗p→π0p′

d|t|dφ

〉+

ni

+

〈
dσγ∗p→π0p′

d|t|dφ

〉−

ni

)
. (17)

The cross section can be integrated over the full 2π-range in φ in order to study its |t|-dependence:214

〈
dσγ∗p→π0p′

d|t|

〉

n

= ∑
i

∆φi

〈
dσγ∗p→π0p′

d|t|dφ

〉

ni

. (18)

Similar to the study of the φ -modulation of the cross section, the |t|-averaged cross section in the mea-215

sured ∆|t| range is determined as:216

1
∆|t|

〈
dσγ∗p→π0p′

dφ

〉

i

=
1

∑n ∆|t|n ∑
n

∆|t|n
〈

dσγ∗p→π0p′

d|t|dφ

〉

ni

. (19)

Using this φ -distribution of the spin-independent cross section, the contributions to the cross section, i.e.217

dσT
dt + ε

dσL
dt , dσTT

dt and dσLT
dt , can be extracted.218

The systematic uncertainties are evaluated separately for each of the results presented below. Table 2219

shows the estimated relative systematic uncertainties on the measured |t| and φ -dependent cross sections220

in the full kinematic range. The systematic uncertainties are arranged in four groups. The first group221

contains the systematic uncertainties on the determination of the beam flux for both muon charges. The222

second group contains the systematic effects related to the uncertainties in the acceptance determination223

and in the energy thresholds for the lower-energy photon in ECAL0 and ECAL1. The third group con-224

tains the systematic uncertainties related to the selection of pure exclusive π0 events. Here, variations of225

the χ2 requirement for the kinematic fit from 4 to 10, of the fraction of non-exclusive background from 3226

to 13%, and of the LEPTO normalisation factor by 20% are evaluated using the data. The small system-227

atic uncertainty due to undetected ω-production is estimated by Monte Carlo in each kinematic range.228

Radiative corrections are not applied, but an estimate of their size was obtained by A. Afanasev [38]229

using the method discussed in Ref. [39]. It depends on the kinematic limits chosen and varies slightly230
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over the |t| and φ -ranges. The largest systematic effects come from the third group, mainly from the231

uncertainty related to the estimation of the non-exclusive background as described in Sect. 5.232

The extracted cross-section values dσT
dt +ε

dσL
dt , dσTT

dt and dσLT
dt are affected by the same systematic effects.233

The value of dσLT
dt is found to be compatible with zero within statistical uncertainties and its systematic234

uncertainty is estimated to be at least two-third of the absolute value of the systematic uncertainty on235

dσTT
dt . The extracted cross-section contributions could depend on the sinφ term in the cross section (see236

Eq. (2)), if the opposite µ+ and µ− beam polarisations do not have equal magnitude. Including the237

sinφ term in the fit leads to a very small change in dσLT
dt , which is compatible with zero within statistical238

uncertainties, while there is no impact on the determination of dσT
dt + ε

dσL
dt and dσTT

dt .239

Table 2: Summary of the estimated relative systematic uncertainties on the measured |t| and φ -dependent cross
sections and on the extracted cross-section contributions dσU

dt = dσT
dt + ε

dσL
dt and dσTT

dt in the full kinematic range.
The values are given as a percentage. Note that the uni-directional uncertainty σ↑ (σ↓) has to be used with positive
(negative) sign.

source σ t
↑ σ t

↓ σ
φ

↑ σ
φ

↓ σU↑ σU↓ σTT↑ σTT↓

µ+ flux 2 2 2 2 2 2 2 2
µ− flux 2 2 2 2 2 2 2 2

acceptance 4 4 4 4 4 4 4 4
ECAL0 threshold 5 – 7 1 4 – 8 1 5 1 4 1
ECAL1 threshold 1 – 2 1 1 – 3 1 1 1 1 1

χ2 of kinematic fit 3 5 2.0 – 5.6 4.0 – 8.8 3 5 3 4
LEPTO background 6 – 10 6 – 10 6 – 16 6 – 16 8.3 8.3 1 1

LEPTO normalisation 2 – 3 2 – 3 2 – 5 2 – 5 2.6 2.6 2 2
ω background 0 1.5 – 2.7 0 1.4 – 5.7 0 2.4 0 2.4

radiative corrections 6 3 6.3 3.6 6 3 2 2

∑ 12 – 16 10.1 – 13.1 11.6 – 22.4 9.6 – 20.1 13.3 11.7 7.7 7.1

7 Results for the spin-independent cross section240

The dependences of the measured cross sections on |t| and on φ are shown in Fig. 4, with the numerical241

values given in Table 3. In order to obtain the |t|-dependence, the cross section is integrated over φ ,242

while for the φ -dependence it is averaged over |t|. The kinematic domain of the measurement is given243

by 0.08 (GeV/c)2 < |t| < 0.64 (GeV/c)2 , 1 (GeV/c)2 < Q2 < 8 (GeV/c)2 , 6.4 GeV < ν < 40 GeV,244

while the average kinematics are: ⟨|t|⟩ = 0.29 (GeV/c)2 , ⟨Q2⟩ = 2.27 (GeV/c)2 ; ⟨ν⟩ = 10.16 GeV,245

⟨xBj⟩= 0.134, ⟨W ⟩= 4.1 GeV/c2 , ⟨y⟩= 0.064 and ⟨ε⟩= 0.997.246

The cross section ⟨ dσ

d|t|⟩ shown in the left panel of Fig. 4 decreases with increasing |t| for values of |t| larger247

than 0.2 GeV/c2 , while at smaller |t| the trend seems to be the opposite. The measured cross section is248

reasonably well described by the predictions of the Goloskokov–Kroll (GK) model from 2016 [18, 19,249

40]. Cross sections are calculated within the handbag approach, which is based on factorization in hard250

parton subprocesses and GPDs. The latter are constructed from double distributions with parameters251

given in [28, 40]. The result of the GK model is obtained by integrating over the same kinematic range252

as for the data.253

The cross section 1
∆|t|⟨d2σ

dφ
⟩ averaged over the full |t|-range is shown in the right panel of Fig. 4. In254
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Fig. 4: Left: spin-independent virtual-photon cross section integrated over the full 2π-range in φ , presented
as a function of |t|. Right: spin-independent virtual-photon cross section averaged over the measured |t|-range,
presented as a function of φ . The inner error bars indicate the statistical uncertainty, the outer error bars the
quadratic sum of statistical and systematic uncertainties. The triangles connected by the dashed line represent
the Goloskokov–Kroll predictions [18, 19, 28, 40] for the experimental bins and the dotted line is a fit of the φ

distribution using Eq. (5).

Table 3: Numerical values of the cross sections shown in Fig. 4 with the mean values of |t| and φ in each bin.

|t|-range ⟨|t|⟩
[
(GeV/c)2

] 〈
dσ

d|t|

〉 [
nb

(GeV/c)2

]
φ -range ⟨φ⟩ [rad] 1

∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

0.08 – 0.15 0.12 9.82 ± 1.08stat
+ 1.18
− 1.00

∣∣
sys −π –

−3π

4
−2.66 0.54 ± 0.10stat

+ 0.10
− 0.09

∣∣
sys

0.15 – 0.22 0.18 11.51 ± 1.42stat
+ 1.38
− 1.16

∣∣
sys

−3π

4
–
−π

2
−1.95 1.39 ± 0.16stat

+ 0.16
− 0.13

∣∣
sys

0.22 – 0.36 0.28 6.82 ± 0.56stat
+ 1.06
− 0.89

∣∣
sys

−π

2
–
−π

4
−1.22 1.52 ± 0.16stat

+ 0.18
− 0.15

∣∣
sys

0.36 – 0.50 0.42 4.41 ± 0.45stat
+ 0.68
− 0.58

∣∣
sys

−π

4
– 0 −0.46 0.57 ± 0.09stat

+ 0.13
− 0.11

∣∣
sys

0.50 – 0.64 0.57 4.90 ± 0.60stat
+ 0.78
− 0.63

∣∣
sys 0 –

π

4
0.49 0.67 ± 0.10stat

+ 0.15
− 0.13

∣∣
sys

π

4
–

π

2
1.21 1.79 ± 0.16stat

+ 0.21
− 0.17

∣∣
sys

0.08 – 0.64 0.29 6.72 ± 0.32stat
+ 0.89
− 0.79

∣∣
sys

π

2
–

3π

4
1.92 1.38 ± 0.16stat

+ 0.16
− 0.13

∣∣
sys

3π

4
– π 2.70 0.70 ± 0.20stat

+ 0.13
− 0.12

∣∣
sys

order to extract the different contributions to the spin-independent cross section, a binned likelihood fit255

is applied to the data according to Eq. (5) using the integral of the fit function in each bin. The average256

value of the virtual-photon polarisation parameter is used in the fit. The results are presented in Table 4.257

Table 4: The contributions in nb
(GeV/c)2 to the spin-independent cross section.

〈
dσT
d|t| + ε

dσL
d|t|

〉 〈
dσTT
d|t|

〉 〈
dσLT
d|t|

〉

6.7 ± 0.3stat
+ 0.9
− 0.8

∣∣
sys −4.4 ± 0.5stat

+ 0.3
− 0.3

∣∣
sys 0.1 ± 0.2stat

+ 0.1
− 0.1

∣∣
sys
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We observe a longitudinal–transverse interference contribution compatible with zero within statistical258

uncertainties, while the transverse–transverse interference contribution is large and negative, and of the259

same order of magnitude as the sum of transverse and longitudinal contributions. The exclusive π0
260

production cross section depends on the GPDs H̃, Ẽ, HT and ET (see Eqs. (6–8)). As explained in the261

introduction, the contribution of the chiral-odd GPD ET is dominant due to the relative sign of u and262

d quark contributions for the π0 production, in contrast to the contributions to the other GPDs. Our263

observation of a large contribution from σTT and a slight dip in the differential cross section ⟨ dσ

d|t|⟩ as |t|264

decreases to zero supports this expectation, which is also described by the GK model [18, 19, 28, 40].265

8 Comparison to previously published results266

In order to check the compatibility with the results obtained using the COMPASS 2012 data [27],267

the analysis is also performed in the previously accessible kinematic domain: 0.08 (GeV/c)2 < |t| <268

0.64 (GeV/c)2 , 1 (GeV/c)2 < Q2 < 5 (GeV/c)2 , 8.5 GeV < ν < 28 GeV and the average kinematics269

for this comparison are ⟨|t|⟩ = 0.28 GeV/c2 , ⟨Q2⟩ = 2.16 GeV/c2 , ⟨ν⟩ = 12.34 GeV, ⟨xBj⟩ = 0.103,270

⟨W ⟩ = 4.61 GeV/c2 , ⟨y⟩ = 0.078, ⟨ε⟩ = 0.996. The differential cross sections of exclusive π0 produc-271

tion for the two sets of data are presented as a function of |t| and φ in Fig. 5 and the numerical values272

using the 2016 data set are given in Table 5.273
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Fig. 5: Left: spin-independent virtual-photon cross section integrated over the full 2π-range in φ , presented
as a function of |t|. Right: spin-independent virtual-photon cross section averaged over the measured |t|-range,
presented as a function of φ . The cross sections obtained in the present measurement using the 2016 data (in red)
are compared to the previous ones (in blue). The inner error bars indicate the statistical uncertainty, the outer
error bars the quadratic sum of statistical and systematic uncertainties. The 2016 data points are shown at the
corresponding bin centre. For better visibility the 2012 data points are shifted horizontally with respect to the
present results. The triangles connected by the dashed line represent the Goloskokov–Kroll predictions [18, 19,
28, 40] for the experimental bins and the dotted line is a fit to the φ distribution of the 2016 data using Eq. (5).

Our results are compared to the prediction of the GK model [18, 19, 28, 40]. The measured differential274

cross sections ⟨ dσ

d|t|⟩ are found to be compatible. However, a milder decrease is observed in the present275

data. Hence the new result is slightly closer to the predictions. The φ -distributions of the cross sections276

averaged over the |t|-range are in good agreement for the two data sets and also with the GK prediction.277

In conclusion, the measured cross sections and the extracted contributions from the fit using the present278

data (see Table 6) are statistically compatible with the results from Ref. [27].279
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Table 5: Numerical values of the cross sections shown in Fig. 5 with the mean values of |t| and φ in each bin.

|t|-range ⟨|t|⟩
[
(GeV/c)2

] 〈
dσ

d|t|

〉 [
nb

(GeV/c)2

]
φ -range ⟨φ⟩ [rad] 1

∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

0.08 – 0.15 0.12 15.92 ± 1.86stat
+ 1.69
− 1.51

∣∣
sys −π –

−3π

4
−2.64 0.59 ± 0.13stat

+ 0.12
− 0.11

∣∣
sys

0.15 – 0.22 0.18 16.05 ± 1.98stat
+ 1.70
− 1.49

∣∣
sys

−3π

4
–
−π

2
−1.97 1.91 ± 0.26stat

+ 0.21
− 0.19

∣∣
sys

0.22 – 0.36 0.28 10.36 ± 1.07stat
+ 1.34
− 1.12

∣∣
sys

−π

2
–
−π

4
−1.23 1.76 ± 0.25stat

+ 0.19
− 0.17

∣∣
sys

0.36 – 0.50 0.42 5.32 ± 0.73stat
+ 0.90
− 0.82

∣∣
sys

−π

4
– 0 −0.40 0.76 ± 0.15stat

+ 0.15
− 0.13

∣∣
sys

0.50 – 0.64 0.57 4.37 ± 0.74stat
+ 0.69
− 0.59

∣∣
sys 0 –

π

4
0.49 1.13 ± 0.20stat

+ 0.20
− 0.17

∣∣
sys

π

4
–

π

2
1.20 2.90 ± 0.32stat

+ 0.29
− 0.24

∣∣
sys

0.08 – 0.64 0.28 9.04 ± 0.50stat
+ 1.08
− 0.99

∣∣
sys

π

2
–

3π

4
1.90 1.86 ± 0.27stat

+ 0.19
− 0.17

∣∣
sys

3π

4
– π 2.67 0.59 ± 0.16stat

+ 0.12
− 0.12

∣∣
sys

Table 6: The contributions in nb
(GeV/c)2 to the spin-independent cross section in the kinematic domain of Ref. [27].

〈
dσT
d|t| + ε

dσL
d|t|

〉 〈
dσTT
d|t|

〉 〈
dσLT
d|t|

〉

2016 data 9.0 ± 0.5stat
+ 1.1
− 1.0

∣∣
sys −6.6 ± 0.8stat

+ 0.5
− 0.5

∣∣
sys 0.7 ± 0.3stat

+ 0.4
− 0.4

∣∣
sys

2012 data 8.1 ± 0.9stat
+ 1.1
− 1.0

∣∣
sys −6.0 ± 1.3stat

+ 0.7
− 0.7

∣∣
sys 1.4 ± 0.5stat

+ 0.3
− 0.2

∣∣
sys

9 Study of the φ -dependent cross section in different |t|-ranges280

The φ -modulation of the spin-independent cross section is studied in five |t|-ranges using the full ν and281

Q2-ranges. The bin limits and the average kinematics are reported in Table 7. The corresponding five282

differential cross sections of exclusive π0 production are presented as a function of φ in Fig. 6 and the283

numerical values are given in Table A.8.

Table 7: Average values of the kinematic variables for the 5 |t|-bins using the full ν and Q2-ranges.

|t|-range ⟨Q2⟩
[
(GeV/c)2

]
⟨ν⟩ [GeV] ⟨|t|⟩

[
(GeV/c)2

]
⟨W ⟩ [GeV/c2 ] ⟨xBj⟩ ⟨y⟩ ⟨ε⟩

0.08 – 0.15 1.93 11.76 0.12 4.43 0.104 0.074 0.996
0.15 – 0.22 2.11 10.32 0.18 4.16 0.123 0.065 0.997
0.22 – 0.36 2.33 9.86 0.28 4.04 0.140 0.062 0.997
0.36 – 0.50 2.41 9.29 0.42 3.92 0.150 0.059 0.998
0.50 – 0.64 2.65 9.35 0.57 3.89 0.165 0.059 0.998

Q2 ∈ [1,8] ν ∈ [6.4,40]

284

Fits of the φ distributions in the five |t|-ranges are applied using Eq. (5). The extracted contributions285

to the cross section, dσT
dt + ε

dσL
dt , dσTT

dt and dσLT
dt , are presented as a function of |t| in Fig.7. Open points286

correspond to the fit of the three contributions. The contribution dσLT
dt is found compatible with zero287

within the statistical uncertainties. A fit of only the two first contributions assuming dσLT
dt = 0 is shown as288

solid points. The results are given in Table 8. We observe large and opposite contributions of dσT
dt +ε

dσL
dt289
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Fig. 6: Spin-independent virtual-photon cross section in five |t|-ranges presented as a function of φ . The inner
error bars indicate the statistical uncertainty, the outer error bars the quadratic sum of statistical and systematic
uncertainties. The five curves are fits of the φ distributions using Eq. (5).
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Fig. 7: Extracted contributions to the cross section, dσT
dt + ε

dσL
dt , dσTT

dt and dσLT
dt , as a function of |t|. Open points

correspond to the fit of all three contributions, solid points correspond to the fit of two contributions with the
assumption dσLT

dt = 0. The triangles connected by the dashed line represent the Goloskokov–Kroll predictions [18,
19, 28, 40] for the experimental bins.

and dσTT
dt . Their absolute values decrease with |t| for |t|> 0.2 GeV/c2 and do not exclude a small decrease290

towards smaller |t|. This confirms the dominance of the chiral-odd GPD ET compared to the other291

involved GPDs (see Eqs. (6–8)).292

10 Dependence of the cross section on photon virtuality Q2 and photon energy ν293

The spin-independent cross section is also studied in four Q2-ranges using the full ν and |t|-ranges (see294

Fig. 8 ), and in three ν-ranges using the full Q2 and |t|-ranges (see Fig. 9 ). All numerical values are295

given in Tables A.1 to A.4 and Tables A.5 to A.7. The corresponding kinematic variables are reported in296

Tables 9 and 10.297

The differential cross sections studied as a function of |t| (left part of Fig. 8 and 9) show a maximum298

around |t| = 0.2 (GeV/c)2 , as it was already mentioned. However, no maximum is observed at small299
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Table 8: The extracted contributions to the cross section in nb/(GeV/c)2 for the five |t|-ranges.

|t|-range
[
(GeV/c)2

] 〈
dσT
d|t| + ε

dσL
d|t|

〉 〈
dσTT
d|t|

〉

0.08 – 0.15 9.8 ± 1.1stat
+ 1.2
− 1.0

∣∣
sys −8.2 ± 1.7stat

+ 0.6
− 0.6

∣∣
sys

0.15 – 0.22 11.5 ± 1.4stat
+ 1.4
− 1.2

∣∣
sys −6.3 ± 2.2stat

+ 0.5
− 0.5

∣∣
sys

0.22 – 0.36 6.8 ± 0.6stat
+ 1.0
− 0.9

∣∣
sys −4.1 ± 0.9stat

+ 0.3
− 0.3

∣∣
sys

0.36 – 0.50 4.4 ± 0.4stat
+ 0.7
− 0.6

∣∣
sys −3.8 ± 0.7stat

+ 0.3
− 0.3

∣∣
sys

0.50 – 0.64 4.9 ± 0.6stat
+ 0.7
− 0.7

∣∣
sys −2.8 ± 0.9stat

+ 0.2
− 0.2

∣∣
sys
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Fig. 8: Left: spin-independent virtual-photon cross section integrated over the full 2π-range in φ , presented
as a function of |t|. Right: spin-independent virtual-photon cross section averaged over the measured |t|-range,
presented as a function of φ . Both figures show the results for the four Q2-ranges. The inner error bars indicate the
statistical uncertainty, the outer error bars the quadratic sum of statistical and systematic uncertainties. The four
curves are fits of the φ distributions using Eq. (5).

Table 9: Values of the kinematic variables for the four Q2-ranges using the full ν and |t|-ranges.

Q2-range ⟨Q2⟩
[
(GeV/c)2

]
⟨ν⟩ [GeV] ⟨|t|⟩

[
(GeV/c)2

]
⟨W ⟩ [GeV/c2 ] ⟨xBj⟩ ⟨y⟩ ⟨ε⟩

1.0 – 1.5 1.22 10.54 0.27 4.29 0.072 0.067 0.997
1.5 – 2.1 1.77 9.81 0.27 4.09 0.109 0.062 0.997
2.1 – 3.2 2.58 9.82 0.31 4.00 0.157 0.062 0.997
3.2 – 8.0 4.33 10.39 0.33 3.90 0.247 0.065 0.997

ν ∈ [6.4,40] |t| ∈ [0.08,0.64]

Table 10: Values of the kinematic variables for the three ν-bins using the full |t| and Q2-ranges.

ν-range ⟨Q2⟩
[
(GeV/c)2

]
⟨ν⟩ [GeV] ⟨|t|⟩

[
(GeV/c)2

]
⟨W ⟩ [GeV/c2 ] ⟨xBj⟩ ⟨y⟩ ⟨ε⟩

6.4 – 8.5 2.15 7.35 0.31 3.53 0.156 0.046 0.999
8.5 – 13.9 2.50 10.32 0.29 4.20 0.131 0.065 0.998

13.9 – 40.0 2.09 21.08 0.24 6.12 0.057 0.133 0.989
Q2 ∈ [1,8] |t| ∈ [0.08,0.64]

Q2 or large ν , which corresponds to xBj < 0.1 (see Tables 9 and 10). Here, significant longitudinal300
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Fig. 9: Left: spin-independent virtual-photon cross section integrated over the full 2π-range in φ , presented
as a function of |t|. Right: spin-independent virtual-photon cross section averaged over the measured |t|-range,
presented as a function of φ . Both figures show the results for the three ν-ranges. The inner error bars indicate the
statistical uncertainty, the outer error bars the quadratic sum of statistical and systematic uncertainties. The three
curves are fits of the φ distributions using Eq. (5).

contributions are expected, which decrease with increasing |t|. This was already emphasised in Ref. [22].301

The differential cross section is shown as a function of φ in the right parts of Fig. 8 (in the four Q2-302

ranges) and of Fig. 9 (in the three ν-ranges) together with fits using Eq. (5). The contributions to the303

cross section, dσT
dt + ε

dσL
dt , dσTT

dt and dσLT
dt , obtained from the fits, are presented as a function of Q2 and304

ν in Fig. 10. As in Fig. 7, results with two or three contributions in the fit are presented. Again no305

differences are observed using the assumption dσLT
dt = 0. The numerical values are given in Table 11. A306

strong decrease of the absolute values of dσT
dt + ε

dσL
dt and dσTT

dt with increasing ν is observed, while the307

decrease is weaker with increasing Q2. These results provide valuable input for modelling GPDs and308

exclusive π0 production cross sections. Furthermore, they should facilitate the study of next-to-leading309

order corrections and higher-twist contributions (as proposed in Ref. [22]).310
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Fig. 10: Extracted contributions to the cross section, dσT
dt + ε

dσL
dt , dσTT

dt and dσLT
dt , as a function of Q2 (left) and

ν (right). Open points correspond to the fit of the three contributions, solid points correspond to the fit of two
contributions with the assumption dσLT

dt = 0.
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Table 11: The extracted contributions to the cross section in nb/(GeV/c)2 for the 4 Q2-ranges and for the 3
ν-ranges

Q2-range
[
(GeV/c)2

] 〈
dσT
d|t| + ε

dσL
d|t|

〉 〈
dσTT
d|t|

〉

1.0 – 1.5 13.9 ± 0.9stat
+ 1.8
− 1.6

∣∣
sys −9.8 ± 1.2stat

+ 0.7
− 0.7

∣∣
sys

1.5 – 2.1 11.7 ± 0.8stat
+ 1.6
− 1.4

∣∣
sys −9.8 ± 1.2stat

+ 0.7
− 0.7

∣∣
sys

2.1 – 3.2 9.2 ± 0.7stat
+ 1.2
− 1.0

∣∣
sys −5.9 ± 1.0stat

+ 0.4
− 0.4

∣∣
sys

3.2 – 8.0 4.6 ± 0.4stat
+ 0.6
− 0.5

∣∣
sys −3.1 ± 0.5stat

+ 0.2
− 0.2

∣∣
sys

ν-range [GeV]

6.4 – 8.5 39.7 ± 2.5stat
+ 4.7
− 3.7

∣∣
sys −26.2 ± 3.9stat

+ 2.0
− 1.7

∣∣
sys

8.5 – 13.9 17.1 ± 1.2stat
+ 2.1
− 1.7

∣∣
sys −9.7 ± 1.8stat

+ 0.7
− 0.7

∣∣
sys

13.9 – 40.0 2.2 ± 0.2stat
+ 0.3
− 0.3

∣∣
sys −1.7 ± 0.4stat

+ 0.1
− 0.2

∣∣
sys

11 Summary and conclusion311

We have measured the t and φ -dependence of the spin-independent virtual-photon–proton cross sec-312

tion using hard exclusive π0 muoproduction with µ+ and µ− beams in a wide kinematic range with313

the photon virtuality ranging from 1 to 8 (GeV/c)2 and the photon energy from 6.4 to 40 GeV. Fit-314

ting the azimuthal distribution in different |t|-ranges from 0.08 to 0.64 (GeV/c)2 shows a large negative315

transverse-transverse interference contribution opposite to the sum of the transversely and longitudinally316

polarised virtual-photon contributions. This is clear evidence of an impact of the chiral-odd GPD ET .317

The |t|-dependence at small values of xBj indicates that the longitudinally polarised virtual-photon contri-318

bution is not negligible. The measured dependences of these contributions on Q2 and ν provide valuable319

input for new model calculations including higher twists and next-to-leading order corrections.320
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A Appendix324

Table A.1: Numerical values of the cross sections shown in Fig. 8 for 1 (GeV/c)2 < Q2 < 1.5 (GeV/c)2 with the
mean values of |t| and φ in each bin.

|t|-range ⟨|t|⟩
[
(GeV/c)2

] 〈
dσ

d|t|

〉 [
nb

(GeV/c)2

]
φ -range ⟨φ⟩ [rad] 1

∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

0.08 – 0.15 0.11 31.40 ± 4.37stat
+ 3.20
− 2.89

∣∣
sys −π –

−3π

4
−2.67 1.61 ± 0.35stat

+ 0.28
− 0.27

∣∣
sys

0.15 – 0.22 0.18 27.79 ± 3.52stat
+ 2.97
− 2.67

∣∣
sys

−3π

4
–
−π

2
−1.95 2.53 ± 0.36stat

+ 0.30
− 0.27

∣∣
sys

0.22 – 0.36 0.28 13.67 ± 1.68stat
+ 1.98
− 1.72

∣∣
sys

−π

2
–
−π

4
−1.21 2.99 ± 0.43stat

+ 0.33
− 0.29

∣∣
sys

0.36 – 0.50 0.42 7.01 ± 1.04stat
+ 1.35
− 1.27

∣∣
sys

−π

4
– 0 −0.45 1.22 ± 0.29stat

+ 0.21
− 0.18

∣∣
sys

0.50 – 0.64 0.58 5.42 ± 0.92stat
+ 1.04
− 0.93

∣∣
sys 0 –

π

4
0.51 1.12 ± 0.26stat

+ 0.22
− 0.20

∣∣
sys

π

4
–

π

2
1.24 4.30 ± 0.64stat

+ 0.45
− 0.37

∣∣
sys

0.08 – 0.64 0.27 13.91 ± 0.89stat
+ 1.71
− 1.59

∣∣
sys

π

2
–

3π

4
1.96 3.00 ± 0.45stat

+ 0.33
− 0.30

∣∣
sys

3π

4
– π 2.74 0.94 ± 0.27stat

+ 0.20
− 0.21

∣∣
sys

Table A.2: Numerical values of the cross sections shown in Fig. 8 for 1.5 (GeV/c)2 < Q2 < 2.1 (GeV/c)2 with
the mean values of |t| and φ in each bin.

|t|-range ⟨|t|⟩
[
(GeV/c)2

] 〈
dσ

d|t|

〉 [
nb

(GeV/c)2

]
φ -range ⟨φ⟩ [rad] 1

∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

0.08 – 0.15 0.12 27.65 ± 3.99stat
+ 2.88
− 2.27

∣∣
sys −π –

−3π

4
−2.61 1.16 ± 0.31stat

+ 0.21
− 0.19

∣∣
sys

0.15 – 0.22 0.18 19.87 ± 2.77stat
+ 2.25
− 1.83

∣∣
sys

−3π

4
–
−π

2
−1.94 2.68 ± 0.43stat

+ 0.31
− 0.26

∣∣
sys

0.22 – 0.36 0.28 11.33 ± 1.36stat
+ 1.69
− 1.38

∣∣
sys

−π

2
–
−π

4
−1.26 2.78 ± 0.36stat

+ 0.31
− 0.26

∣∣
sys

0.36 – 0.50 0.42 7.28 ± 1.16stat
+ 1.51
− 1.38

∣∣
sys

−π

4
– 0 −0.47 0.79 ± 0.23stat

+ 0.21
− 0.20

∣∣
sys

0.50 – 0.64 0.57 4.55 ± 0.94stat
+ 1.46
− 1.39

∣∣
sys 0 –

π

4
0.47 0.91 ± 0.23stat

+ 0.24
− 0.22

∣∣
sys

π

4
–

π

2
1.26 3.23 ± 0.51stat

+ 0.34
− 0.27

∣∣
sys

0.08 – 0.64 0.27 11.67 ± 0.79stat
+ 1.56
− 1.37

∣∣
sys

π

2
–

3π

4
1.91 2.70 ± 0.44stat

+ 0.29
− 0.23

∣∣
sys

3π

4
– π 2.69 0.62 ± 0.21stat

+ 0.21
− 0.20

∣∣
sys
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Table A.3: Numerical values of the cross sections shown in Fig. 8 for 2.1 (GeV/c)2 < Q2 < 3.2 (GeV/c)2 with
the mean values of |t| and φ in each bin.

|t|-range ⟨|t|⟩
[
(GeV/c)2

] 〈
dσ

d|t|

〉 [
nb

(GeV/c)2

]
φ -range ⟨φ⟩ [rad] 1

∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

0.08 – 0.15 0.12 12.59 ± 2.21stat
+ 1.54
− 1.26

∣∣
sys −π –

−3π

4
−2.72 0.74 ± 0.23stat

+ 0.15
− 0.13

∣∣
sys

0.15 – 0.22 0.19 15.76 ± 2.42stat
+ 1.83
− 1.47

∣∣
sys

−3π

4
–
−π

2
−1.97 1.78 ± 0.31stat

+ 0.22
− 0.18

∣∣
sys

0.22 – 0.36 0.29 9.94 ± 1.30stat
+ 1.34
− 1.01

∣∣
sys

−π

2
–
−π

4
−1.22 1.56 ± 0.26stat

+ 0.19
− 0.16

∣∣
sys

0.36 – 0.50 0.43 6.06 ± 1.05stat
+ 1.18
− 1.05

∣∣
sys

−π

4
– 0 −0.50 1.02 ± 0.27stat

+ 0.19
− 0.16

∣∣
sys

0.50 – 0.64 0.57 6.66 ± 1.25stat
+ 0.92
− 0.65

∣∣
sys 0 –

π

4
0.54 0.87 ± 0.24stat

+ 0.18
− 0.16

∣∣
sys

π

4
–

π

2
1.18 2.61 ± 0.40stat

+ 0.27
− 0.21

∣∣
sys

0.08 – 0.64 0.31 9.20 ± 0.66stat
+ 1.18
− 0.99

∣∣
sys

π

2
–

3π

4
1.88 2.29 ± 0.38stat

+ 0.25
− 0.19

∣∣
sys

3π

4
– π 2.68 0.84 ± 0.25stat

+ 0.16
− 0.14

∣∣
sys

Table A.4: Numerical values of the cross sections shown in Fig. 8 for 3.2 (GeV/c)2 < Q2 < 8.0 (GeV/c)2 with
the mean values of |t| and φ in each bin.

|t|-range ⟨|t|⟩
[
(GeV/c)2

] 〈
dσ

d|t|

〉 [
nb

(GeV/c)2

]
φ -range ⟨φ⟩ [rad] 1

∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

0.08 – 0.15 0.12 5.58 ± 1.29stat
+ 0.74
− 0.62

∣∣
sys −π –

−3π

4
−2.60 0.35 ± 0.13stat

+ 0.07
− 0.06

∣∣
sys

0.15 – 0.22 0.19 6.88 ± 1.31stat
+ 0.89
− 0.73

∣∣
sys

−3π

4
–
−π

2
−1.92 1.00 ± 0.19stat

+ 0.12
− 0.09

∣∣
sys

0.22 – 0.36 0.29 5.07 ± 0.70stat
+ 0.79
− 0.63

∣∣
sys

−π

2
–
−π

4
−1.16 1.21 ± 0.21stat

+ 0.13
− 0.11

∣∣
sys

0.36 – 0.50 0.42 3.42 ± 0.58stat
+ 0.51
− 0.40

∣∣
sys

−π

4
– 0 −0.42 0.38 ± 0.10stat

+ 0.10
− 0.09

∣∣
sys

0.50 – 0.64 0.57 3.86 ± 0.64stat
+ 0.52
− 0.35

∣∣
sys 0 –

π

4
0.44 0.53 ± 0.12stat

+ 0.11
− 0.10

∣∣
sys

π

4
–

π

2
1.16 1.20 ± 0.19stat

+ 0.14
− 0.11

∣∣
sys

0.08-0.64 0.33 4.65 ± 0.36stat
+ 0.61
− 0.51

∣∣
sys

π

2
–

3π

4
1.93 0.82 ± 0.17stat

+ 0.09
− 0.07

∣∣
sys

3π

4
– π 2.67 0.43 ± 0.16stat

+ 0.08
− 0.06

∣∣
sys
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Table A.5: Numerical values of the cross sections shown in Fig. 9 for 6.4 GeV < ν < 8.5 GeV with the mean
values of |t| and φ in each bin.

|t|-range ⟨|t|⟩
[
(GeV/c)2

] 〈
dσ

d|t|

〉 [
nb

(GeV/c)2

]
φ -range ⟨φ⟩ [rad] 1

∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

0.08 – 0.15 0.12 34.22 ± 4.22stat
+ 5.13
− 4.48

∣∣
sys −π –

−3π

4
−2.67 3.84 ± 0.99stat

+ 0.64
− 0.50

∣∣
sys

0.15 – 0.22 0.18 54.80 ± 6.83stat
+ 6.80
− 5.48

∣∣
sys

−3π

4
–
−π

2
−1.93 7.57 ± 1.22stat

+ 0.79
− 0.61

∣∣
sys

0.22 – 0.36 0.28 40.05 ± 3.84stat
+ 5.25
− 3.72

∣∣
sys

−π

2
–
−π

4
−1.22 9.38 ± 1.14stat

+ 0.99
− 0.76

∣∣
sys

0.36 – 0.50 0.43 35.11 ± 4.81stat
+ 4.53
− 3.16

∣∣
sys

−π

4
– 0 −0.51 3.98 ± 0.68stat

+ 0.77
− 0.63

∣∣
sys

0.50 – 0.64 0.57 39.30 ± 6.72stat
+ 5.11
− 3.18

∣∣
sys 0 –

π

4
0.49 4.16 ± 0.91stat

+ 0.78
− 0.64

∣∣
sys

π

4
–

π

2
1.23 9.55 ± 1.18stat

+ 1.03
− 0.79

∣∣
sys

0.08 – 0.64 0.31 39.75 ± 2.49stat
+ 4.73
− 3.70

∣∣
sys

π

2
–

3π

4
1.94 9.40 ± 1.79stat

+ 0.98
− 0.74

∣∣
sys

3π

4
– π 2.74 2.73 ± 0.64stat

+ 0.46
− 0.37

∣∣
sys

Table A.6: Numerical values of the cross sections shown in Fig. 9 for 8.5 GeV < ν < 13.9 GeV with the mean
values of |t| and φ in each bin.

|t|-range ⟨|t|⟩
[
(GeV/c)2

] 〈
dσ

d|t|

〉 [
nb

(GeV/c)2

]
φ -range ⟨φ⟩ [rad] 1

∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

0.08 – 0.15 0.12 19.69 ± 3.00stat
+ 2.24
− 1.87

∣∣
sys −π –

−3π

4
−2.67 1.76 ± 0.49stat

+ 0.29
− 0.25

∣∣
sys

0.15 – 0.22 0.18 29.78 ± 4.48stat
+ 3.34
− 2.77

∣∣
sys

−3π

4
–
−π

2
−1.97 3.93 ± 0.62stat

+ 0.42
− 0.34

∣∣
sys

0.22 – 0.36 0.29 19.63 ± 2.43stat
+ 2.67
− 2.12

∣∣
sys

−π

2
–
−π

4
−1.20 3.76 ± 0.60stat

+ 0.39
− 0.32

∣∣
sys

0.36 – 0.50 0.42 10.83 ± 1.62stat
+ 1.61
− 1.34

∣∣
sys

−π

4
– 0 −0.40 1.49 ± 0.39stat

+ 0.31
− 0.27

∣∣
sys

0.50 – 0.64 0.57 12.66 ± 2.40stat
+ 1.65
− 1.16

∣∣
sys 0 –

π

4
0.46 1.81 ± 0.37stat

+ 0.36
− 0.32

∣∣
sys

π

4
–

π

2
1.20 3.97 ± 0.51stat

+ 0.42
− 0.33

∣∣
sys

0.08 – 0.64 0.30 17.06 ± 1.16stat
+ 2.05
− 1.74

∣∣
sys

π

2
–

3π

4
1.91 3.12 ± 0.51stat

+ 0.33
− 0.27

∣∣
sys

3π

4
– π 2.69 1.88 ± 0.62stat

+ 0.30
− 0.27

∣∣
sys



20 The COMPASS Collaboration

Table A.7: Numerical values of the cross sections shown in Fig. 9 for 13.9 GeV < ν < 40.0 GeV with the mean
values of |t| and φ in each bin.

|t|-range ⟨|t|⟩
[
(GeV/c)2

] 〈
dσ

d|t|

〉 [
nb

(GeV/c)2

]
φ -range ⟨φ⟩ [rad] 1

∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

0.08 – 0.15 0.12 5.92 ± 1.26stat
+ 0.56
− 0.73

∣∣
sys −π –

−3π

4
−2.56 0.11 ± 0.05stat

+ 0.02
− 0.03

∣∣
sys

0.15 – 0.22 0.18 3.80 ± 0.93stat
+ 0.38
− 0.48

∣∣
sys

−3π

4
–
−π

2
−1.94 0.42 ± 0.12stat

+ 0.05
− 0.05

∣∣
sys

0.22 – 0.36 0.27 2.06 ± 0.43stat
+ 0.30
− 0.32

∣∣
sys

−π

2
–
−π

4
−1.25 0.53 ± 0.15stat

+ 0.06
− 0.06

∣∣
sys

0.36 – 0.50 0.41 0.96 ± 0.30stat
+ 0.22
− 0.23

∣∣
sys

−π

4
– 0 −0.40 0.16 ± 0.06stat

+ 0.03
− 0.04

∣∣
sys

0.50 – 0.64 0.56 0.91 ± 0.29stat
+ 0.14
− 0.14

∣∣
sys 0 –

π

4
0.56 0.23 ± 0.08stat

+ 0.04
− 0.04

∣∣
sys

π

4
–

π

2
1.20 0.73 ± 0.14stat

+ 0.07
− 0.07

∣∣
sys

0.08 – 0.64 0.24 2.21 ± 0.25stat
+ 0.26
− 0.31

∣∣
sys

π

2
–

3π

4
1.89 0.41 ± 0.10stat

+ 0.04
− 0.05

∣∣
sys

3π

4
– π 2.59 0.23 ± 0.13stat

+ 0.04
− 0.06

∣∣
sys

Table A.8: Numerical values of the cross sections shown in Fig. 6 with the mean values of φ in each of the equally
spaced bins.

0.08 (GeV/c)2 < |t|< 0.15 (GeV/c)2

⟨φ⟩ [rad] 1
∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

−2.61 0.59 ± 0.30stat
+ 0.10
− 0.09

∣∣
sys

−1.94 1.27 ± 0.32stat
+ 0.14
− 0.11

∣∣
sys

−1.22 3.10 ± 0.84stat
+ 0.33
− 0.27

∣∣
sys

−0.47 0.88 ± 0.33stat
+ 0.17
− 0.15

∣∣
sys

0.53 0.75 ± 0.26stat
+ 0.15
− 0.13

∣∣
sys

1.16 3.22 ± 0.58stat
+ 0.34
− 0.28

∣∣
sys

1.89 1.95 ± 0.36stat
+ 0.21
− 0.17

∣∣
sys

2.73 0.74 ± 0.59stat
+ 0.12
− 0.11

∣∣
sys

0.15 (GeV/c)2 < |t|< 0.22 (GeV/c)2

⟨φ⟩ [rad] 1
∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

−2.70 1.23 ± 0.49stat
+ 0.21
− 0.18

∣∣
sys

−1.98 3.18 ± 0.74stat
+ 0.34
− 0.28

∣∣
sys

−1.19 1.69 ± 0.38stat
+ 0.18
− 0.15

∣∣
sys

−0.51 1.13 ± 0.39stat
+ 0.22
− 0.19

∣∣
sys

0.52 0.56 ± 0.26stat
+ 0.11
− 0.09

∣∣
sys

1.26 2.68 ± 0.48stat
+ 0.29
− 0.23

∣∣
sys

1.98 2.31 ± 0.55stat
+ 0.25
− 0.20

∣∣
sys

2.72 1.86 ± 1.25stat
+ 0.32
− 0.29

∣∣
sys

0.22 (GeV/c)2 < |t|< 0.36 (GeV/c)2

⟨φ⟩ [rad] 1
∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

−2.65 0.66 ± 0.22stat
+ 0.14
− 0.13

∣∣
sys

−1.92 1.50 ± 0.29stat
+ 0.19
− 0.16

∣∣
sys

−1.24 1.24 ± 0.25stat
+ 0.16
− 0.13

∣∣
sys

−0.43 0.78 ± 0.21stat
+ 0.20
− 0.18

∣∣
sys

0.48 0.93 ± 0.26stat
+ 0.24
− 0.22

∣∣
sys

1.21 2.26 ± 0.38stat
+ 0.28
− 0.24

∣∣
sys

1.93 0.99 ± 0.21stat
+ 0.12
− 0.11

∣∣
sys

2.63 0.33 ± 0.12stat
+ 0.07
− 0.07

∣∣
sys

0.36 (GeV/c)2 < |t|< 0.50 (GeV/c)2

⟨φ⟩ [rad] 1
∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

−2.67 0.22 ± 0.09stat
+ 0.05
− 0.04

∣∣
sys

−1.95 1.05 ± 0.30stat
+ 0.13
− 0.11

∣∣
sys

−1.20 1.28 ± 0.27stat
+ 0.16
− 0.14

∣∣
sys

−0.43 0.19 ± 0.10stat
+ 0.05
− 0.04

∣∣
sys

0.50 0.42 ± 0.14stat
+ 0.11
− 0.10

∣∣
sys

1.21 1.00 ± 0.21stat
+ 0.13
− 0.11

∣∣
sys

1.91 1.01 ± 0.23stat
+ 0.13
− 0.11

∣∣
sys

2.72 0.44 ± 0.18stat
+ 0.09
− 0.09

∣∣
sys

0.50 (GeV/c)2 < |t|< 0.64 (GeV/c)2

⟨φ⟩ [rad] 1
∆|t|

〈
dσ

dφ

〉 [
nb

(GeV/c)2

]

−2.66 0.35 ± 0.17stat
+ 0.07
− 0.07

∣∣
sys

−1.96 0.74 ± 0.24stat
+ 0.09
− 0.08

∣∣
sys

−1.22 1.18 ± 0.26stat
+ 0.15
− 0.13

∣∣
sys

−0.46 0.28 ± 0.10stat
+ 0.07
− 0.07

∣∣
sys

0.42 0.68 ± 0.20stat
+ 0.17
− 0.16

∣∣
sys

1.25 0.94 ± 0.26stat
+ 0.12
− 0.10

∣∣
sys

1.88 1.39 ± 0.45stat
+ 0.17
− 0.15

∣∣
sys

2.78 0.69 ± 0.32stat
+ 0.15
− 0.13

∣∣
sys
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