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 a b s t r a c t

A new and detailed measurement of the cross section for hard exclusive neutral-pion muoproduction on the pro-
ton was performed in a wide kinematic region, with the photon virtuality 𝑄2 ranging from 1 to 8 (GeV/𝑐) 2and 
the Bjorken variable 𝑥Bj ranging from 0.02 to 0.45. The data were collected at COMPASS at CERN using 160 
GeV/𝑐 longitudinally polarised µ+ and µ− beams scattering off a 2.5m long liquid hydrogen target. From the 
average of the measured µ+ and µ− cross sections, the virtual-photon–proton cross section is determined as 
a function of the squared four-momentum transfer between the initial and final state proton in the range 
0.08 (GeV/𝑐) 2< |𝑡| < 0.64 (GeV/𝑐) 2. From its angular distribution, the combined contribution of transversely and 
longitudinally polarised photons are determined, as well as transverse–transverse and longitudinal–transverse in-
terference contributions. They are studied as functions of four-momentum transfer |𝑡|, photon virtuality 𝑄2 and 
virtual-photon energy 𝜈. The longitudinal–transverse interference contribution is found to be compatible with 
zero. The significant transverse–transverse interference contribution reveals the existence of a dominant contri-
bution by transversely polarised photons. This could provide clear experimental evidence for the chiral-odd GPD 
𝐸𝑇 . In addition, the existence of a non-negligible contribution of longitudinally polarised photons is suggested 
by the |𝑡|-dependence of the cross section at 𝑥Bj < 0.1 . Altogether, these results provide valuable input for future 
modelling of GPDs and thus of cross sections for exclusive pseudo-scalar meson production. Furthermore, they 
can be expected to facilitate the study of next-to-leading order corrections and higher-twist contributions.

1.  Introduction

Generalised parton distributions (GPDs), as introduced in Refs. [1–
5], are non-perturbative objects, which describe the three-dimensional 
structure of the nucleon by correlating transverse spatial positions and 
longitudinal momentum fractions of the partons (quarks and gluons) of 
the nucleon. The GPDs contain also rich information about spin and an-
gular momentum at parton level. They can be accessed by hard exclusive 
pseudoscalar meson leptoproduction on the nucleon, for which the lead-
ing mechanism is presented in Fig. 1. Collinear factorisation theorems 
[6] can be applied to longitudinally polarised virtual photons and estab-
lish that the pseudoscalar meson production amplitude factorises into 
a hard perturbative part and soft components described by the chiral-
even GPDs 𝐻̃ , 𝐸 of the nucleon and the twist-2 part of the meson wave 
function. Contributions from transversely polarised virtual photons to 
the production of pseudoscalar mesons are expected to be suppressed in 
the production amplitude by 1∕𝑄 [6], where 𝑄2 is the virtuality of the 
photon that is exchanged between lepton and proton. However, exper-
imental data on exclusive 𝜋+ production from HERMES [7] and JLab 
CLAS [8,9] and on exclusive 𝜋0 production from JLab CLAS [10–13] 
and Hall A [14–17] suggest that such contributions are substantial. 

1 Authors are listed at the end of this paper.

In the collinear approximation, singularities occur for transversely po-
larised virtual photons and mesons. Regularisation is accomplished 
in the framework of phenomenological models as in Refs. [18–22] 
by including transverse degrees of freedom of quarks and antiquarks 
that make up the meson. In these models, such transversely polarised 
virtual-photon contributions are possible provided a quark helicity-flip 
GPD couples to a twist-3 helicity-flip meson wave function and thus
pseudoscalar meson production involves also the chiral-odd (transver-
sity) GPDs 𝐻T and 𝐸T.

The GPDs depend on the average longitudinal momentum fraction 
of the active quark 𝑥, half of the transferred longitudinal momentum 
fraction 𝜉, the squared four-momentum transfer between the initial and 
final proton 𝑡 and the virtual photon virtuality 𝑄2 = −𝑞2, see Fig. 1. 
The chiral-even GPD 𝐻̃ is related in the forward limit at 𝑡 = 0 to the 
quark helicity distribution Δ𝑞(𝑥) measured in deep inelastic scattering 
(DIS), while the chiral-even GPD 𝐸 has no such counterpart in DIS. Pion-
pole exchange is expected to give the main contribution to 𝐸 at small 𝑡
for 𝜋+ production, while for 𝜋0 production the pion pole is absent. The 
chiral-odd GPDs, 𝐻T and 𝐸T, which are well described in Refs. [23–26], 
are related to the transversity and the Boer–Mulders parton distribution 
functions measured in semi-inclusive DIS. The GPD 𝐻T describes the 
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Fig. 1. Leading-twist diagram for hard exclusive 𝜋0 leptoproduction off the pro-
ton. 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.

correlation between the transverse polarisations of quark and proton. 
It has been shown that in impact-parameter space 𝐸T is related to a 
sideways shift in the distribution of transversely polarised quarks in an 
unpolarised proton. It can be used to determine the correlation between 
transverse quark spin and quark angular momentum and is connected 
to the transverse anomalous magnetic moment of the proton at 𝑡 = 0. 
In contrast to 𝜋+ production, 𝜋0 production is dominated by 𝐸T due to 
the quark flavour decomposition of pions and the relative signs of the 
GPDs for 𝑢 and 𝑑 quarks, while the contributions from 𝐻̃ , 𝐸 and 𝐻T are 
significantly reduced.

In this paper, we present results for exclusive 𝜋0 production in muon–
proton scattering, µp → µ′p′𝜋0, which complement the first COMPASS 
results published [27,28] with a comprehensive analysis of a new set of 
data in an extended kinematic domain, thus providing novel input for 
GPD models, in particular for the chiral-odd GPDs.

2.  Formalism

cross section reads 
The cross section for hard exclusive 𝜋0 production by scattering a 

polarised muon off an unpolarised proton is given as:
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-photon energy 𝜈 in the proton-target rest frame. 
The virtual-photon–proton cross section reads:
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 convention [30]. The virtual-photon polarisation 
parameter 𝜖 is defined as:

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 of transversely and longitudinally polarised 

virtual photons, respectively, and the subscripts TT, LT and LT′ denote 
interference terms. The sign ∓ of the lepton beam polarisation 𝑃𝑙 corre-
sponds to the negative and positive helicity of the incoming µ+ and µ−, 
respectively, which is denoted by ↔. The spin-independent cross section 
can be obtained by averaging the two spin-dependent cross sections as:
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, which leads to the expression:
d𝜎γ∗p

d𝑡d𝜙
= 1

2𝜋

[

𝜖
d𝜎L
d𝑡

+
d𝜎T
d𝑡

+ 𝜖 cos(2𝜙)
d𝜎TT
d𝑡

(5)

+
√

2𝜖(1 + 𝜖) cos(𝜙)
d𝜎LT
d𝑡

]

.

The cross sections in Eqs.  (2) and (5) are related to convolutions of 
GPDs and meson wave functions with individual hard scattering ampli-
tudes [18], denoted as ⟨𝐹 ⟩ for a GPD 𝐹 :
d𝜎L
d𝑡

∝
[

(1 − 𝜉2)||
|
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|

|
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2
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∗
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|

|

2]
, (6)
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|

2
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8𝑚2
p
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|

|
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|

|

|

2]
, (7)

d𝜎TT
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∝ 𝑡′

16𝑚2
p

|

|

|

⟨𝐸T⟩
|

|

|

2
, (8)

d𝜎LT
d𝑡

∝ 𝜉
√

1 − 𝜉2
√

−𝑡′ ℜ
[

⟨𝐻T⟩
∗
⟨𝐸⟩

]

, (9)

d𝜎LT′
d𝑡

∝ 𝜉
√

1 − 𝜉2
√

−𝑡′ ℑ
[

⟨𝐻T⟩
∗
⟨𝐸⟩

]

. (10)

Here, 𝑡′ = 𝑡 − 𝑡min with |𝑡min| being the kinematically smallest possible 
value of |𝑡|, and 𝑚p is the mass of the proton. The quantity 𝜉 defined 
in the previous section can be approximated at COMPASS kinematics as 
𝜉 ≈

𝑥Bj
2−𝑥Bj

, where 𝑥Bj = 𝑄2∕(2𝑚p𝜈).

3.  Experimental setup

The data were collected during twelve weeks in 2016 using 
the COMPASS setup, which was a fixed-target experiment located 
at the M2 beamline of the CERN Super Proton Synchrotron, using 
naturally polarised muon beams of both charges with energies of
160 GeV/𝑐 .

The incoming muons were detected in a beam momentum spectrom-
eter and a beam telescope. The final-state particles were detected in 
a two-stage magnetic spectrometer containing a large variety of track-
ing detectors, electromagnetic and hadron calorimeters, a ring-imaging 
Cherenkov detector and muon filters for particle identification. The elec-
tromagnetic calorimeter ECAL1 (ECAL2) was located in the large-angle 
(small-angle) part of the spectrometer, covering polar angles up to about 
9 (1.7) degrees around the beam axis. Detailed descriptions of the setup 
can be found in Refs. [31,32].

For the measurements to study GPDs, which are described in this 
paper, a 2.5 m long liquid-hydrogen target inserted in a recoil-proton 
detector CAMERA and a new electromagnetic calorimeter ECAL0 were 
added to the setup. The 4 m long recoil-proton detector consisted of 
two concentric barrels equipped with 24 scintillator slabs each. It mea-
sured time and distance of flight between the two barrels to determine 
momentum and angle of the recoil proton. The ECAL0 calorimeter, lo-
cated directly downstream of the target, allowed the detection of pho-
tons emitted at large polar angles up to 17 degrees, expanding the ac-
cessible kinematic domain towards higher values of 𝑥Bj. Compared to 
the previous measurement in 2012, the ECAL0 acceptance was enlarged 
allowing to cover a larger kinematic range than in Ref. [27]. The ac-
cessible kinematic domain of the COMPASS spectrometer for measuring 
exclusive 𝜋0 production ranges from 𝑥Bj ∼ 0.02 to 0.45, which is com-
plementary to other experimental facilities.

Physics Letters B 870 (2025) 139832 

2 



Data were recorded with both positively and negatively charged 
muon beams. Due to the natural polarisation of the muon beams, which 
originates from the parity-violating decay-in-flight of the parent mesons, 
µ+ and µ− beams have opposite polarisation. This enables us to measure 
the spin-independent cross section, see Eqs. (4) and  (5). The absolute 
value of the average polarisation for both beams is about 0.8 with an 
uncertainty of about 0.04.

In contrast to the four weeks long pilot run in 2012, for the 2016 data 
used in this analysis comparable beam intensities of about 4 ⋅ 106 µ/s 
were used. The incoming reconstructable muon flux was measured using 
a random trigger based on a radioactive decay [33]. A set of selection 
criteria was applied to ensure the quality of the muon tracks and to keep 
intensity variations below 10%. The integrated luminosity used in this 
analysis is 51.4 pb−1 for the µ+ beam and 44.5 pb−1 for the µ− beam, 
measured with a precision of 2%.

4.  Event selection

Event candidates for exclusive 𝜋0 production are selected from data 
taken in stable beam and spectrometer conditions. An interaction vertex 
associated with an incoming muon is required, and only one outgoing 
track of the same charge is allowed. The latter is identified as scattered 
muon by requiring that it traverses more than 15 radiation lengths in 
the spectrometer and is compatible with the trigger conditions. For in-
coming muons, the same selection criteria are used as in the flux deter-
mination.

The 𝜋0 is reconstructed using its dominant two-photon decay. The 
photons are detected in the electromagnetic calorimeters ECAL0 and 
ECAL1. About 68% of the 𝜋0 sample originates from 2 decay photons 
in ECAL0, 27% from 2 decay photons in ECAL1 and 5% from one de-
cay photon in ECAL0 and another one in ECAL1. The electromagnetic 
calorimeter ECAL2, placed in the small-angle part of the spectrometer, 
is not used in this analysis as it does not provide a significant increase in 
the statistics of the 𝜋0 sample. In ECAL1 only clusters not associated with 
a reconstructed charged track are used, while all clusters are included in 
ECAL0 as there is no tracking system in front of it. Thresholds of 2 GeV 
(2.5 GeV) for the higher-energy cluster and of 0.5 GeV (0.63 GeV) for 
the lower-energy cluster in ECAL0 (ECAL1) are used. Compared to the 
previous analysis of the 2012 data, the threshold of the lower energy 
cluster was increased to get a better signature of the photon in the elec-
tromagnetic calorimeters. Using the information from the interaction 
vertex and each combination of two clusters, the kinematics of the re-
coil proton can be predicted from the momentum balance of the reaction 
µp → µ′p′𝜋0, 𝜋0 → γγ. The properties of the recoil proton predicted by 
the spectrometer information are compared to the properties of each 
track candidate reconstructed with the CAMERA system assigning the 
proton mass.

These recoil-proton candidates are examined by using four so-called 
exclusivity variables in the further selection process. These are i) the 
difference Δ𝜑 between predicted and measured azimuthal angle of the 
recoil proton candidate, ii) the difference Δ𝑝T between predicted and 
measured transverse momentum 𝑝T of the recoil proton candidate with 
respect to the beam direction in the target rest frame, iii) the difference 
Δ𝑧 between predicted and measured hit position in the inner ring of 
CAMERA and iv) the undetected mass 𝑀2

X given by:
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 recoil proton respectively, while 𝑝γ1

 and 𝑝γ2
denote the four-momenta of the two produced photons. The same con-
straints as in the previous analysis of the 2012 data are applied to the 
exclusivity variables:
|Δ𝜑| < 0.4 rad,
|Δ𝑝T| < 0.3 GeV/𝑐 ,
|Δ𝑧| < 16 cm,

|𝑀2
𝑋 | < 0.3 (GeV/𝑐 2) 2.

In addition, the range
0.1061 < 𝑀𝛾𝛾∕(GeV/𝑐 2) < 0.1605

is selected for the invariant mass 𝑀𝛾𝛾 . If more than one combination 
of vertex, cluster pair and recoil-track candidate exist, which satisfy the 
aforementioned selection criteria for a given event, the event is excluded 
from further analysis.

Fig. 2 shows the Δ𝜑 and Δ𝑝T distributions for data obtained with µ+

and µ− beams. They are compared to Monte Carlo (MC) yields of the 
exclusive (signal) and non-exclusive (background) processes provided 
by the HEPGEN++ and LEPTO generators, respectively. This will be 
explained in more detail in Section 5. A very good agreement between 
the µ+ and µ− data is observed.

The purity of the selected events is enhanced by using the over-
constrained kinematics from the combined information coming from 
CAMERA and the spectrometer in a so-called kinematic fit assuming the 
reaction µp → µ′p′𝜋0. A value smaller than 7 is required for the reduced 
𝜒2 in order to minimise the non-exclusive background while keeping 
all events from exclusive 𝜋0 muoproduction. The kinematic fit also al-
lows to considerably improve the precision of the event kinematics, in 
particular for the variables 𝑡, 𝑄2, 𝜈 and 𝜙.

The data for further analysis are selected within the following kine-
matic range:
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 contribution

The main source of background to exclusive 𝜋0 production origi-
nates from non-exclusive DIS processes. In order to simulate this back-
ground process, the LEPTO 6.5.1 generator with the COMPASS tuning 
from Ref. [34] is used. Note that events with the topology of exclusive 𝜋0

production are removed from the LEPTO sample. For the simulation of 
signal events, i.e. exclusive 𝜋0 muoproduction, the HEPGEN++ genera-
tor [35,36] is used. The events from both generators are passed through 
a complete description of the COMPASS setup [37] and reconstructed 
in the same way as experimental data.

The simulated HEPGEN++ and LEPTO Monte Carlo data sets are 
used to obtain the yields of the exclusive (signal) and non-exclusive 
(background) processes, respectively. The procedure starts with the de-
termination of a normalisation factor of each MC data set, 𝑐L and 𝑐H, 
adjusted separately to the data in the studied range in 𝑡, 𝑄2 and 𝜈 us-
ing the distribution of the invariant mass 𝑀γγ around the 𝜋0 peak. The 
𝑀γγ distribution in the full kinematic range is shown in Fig. 3. Subse-
quently, the fraction 𝑟L of non-exclusive background is determined by 
adjusting the sum of the HEPGEN++ and the LEPTO MC data sets to 
the experimental data. For this purpose the variables Δ𝑝T and Δ𝜑 are 
used, which are sensitive to the exclusivity of the event. The resulting 
fraction of non-exclusive background, 𝑟L = (8 ± 5)%, is independent on 
the studied range in 𝑡, 𝑄2 and 𝜈. The background determination method 
yields one of the main contributions to the systematic uncertainties. The 
relative systematic uncertainties of the cross section originating from the 
background estimation vary from 6 to 16% depending on the kinematic 
region. The scaling factor 𝑓 = 𝑐L ⋅ 𝑟L is used to correct the data for non-
exclusive background, see Section 6.

In comparison to the previous analysis of the 2012 data, the LEPTO 
fraction was considerably reduced by two reasons. First, the kinematic 
fit with a 𝜒2 requirement has significantly reduced the non-exclusive 
background, and secondly the HEPGEN++ sample was improved by 
reweighting the 𝜙, 𝑡 and 𝜈 distributions, in order to obtain a better de-
scription of the data. For the 𝜙 reweighting an iterative process is used 
to include the extracted 𝜙 modulation from the data in the model used 
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Fig. 2. Measured and simulated distributions Δ𝜑 (top) and Δ𝑝T (bottom), shown 
for both µ+ (sub-top) and µ− (sub-bottom) beams. All the distributions are nor-
malised 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). (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)

Fig. 3. Measured and simulated distributions of 𝑀γγ for data obtained with µ+

(top) and µ− (bottom) 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). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

in HEPGEN++ according to Eq.  (5). The reweighting in 𝑡 and 𝜈 is also 
applied iteratively using two-dimensional data distributions in these two 
variables.

A very small background originates from the production of exclusive 
ω mesons with the decay ω → 𝜋0γ, where the photon is not detected. It 
is estimated by measuring the yield of visible ω mesons in the sample, 
when combining the exclusive 𝜋0 candidate with every neutral cluster 
of energy above the low threshold. These events are rejected, they rep-
resent only 2.7% of the selected events. They allow the normalisation of 
the HEPGEN++ MC for exclusive ω production. In this way, the con-
tamination of the remaining 𝜋0 sample with not detected ω mesons is 
evaluated to be about 2.4% and included in the systematic uncertain-
ties. A possible contribution of the ω → 𝜋0𝜋+𝜋− decay is found to be 
negligible, as well as from the η → 𝜋0𝜋+𝜋− or 𝜋0𝜋0𝜋0 decay.

The final data set for the analysis of exclusive 𝜋0 production com-
prises 1490 events, among which 792 events were collected with the µ+

beam and 698 events with the µ− beam.

6.  Cross section determination and systematics

The virtual-photon–proton cross section is obtained from the mea-
sured muon–proton cross section using:

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 according 
Ref. [29] by :
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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/𝑐 2] 𝑄2 [

GeV/𝑐 2] 𝜈 [GeV] 𝑄2 [

GeV/𝑐 2] 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

Δ𝜙 [rad] Δ|𝑡|
[

GeV/𝑐 2] Δ𝑄2 [

GeV/𝑐 2] Δ𝜈 [GeV] Δ𝑄2 [

GeV/𝑐 2] Δ𝜈 [GeV]

2𝜋  0.56  7.00  33.60  4.00  19.50

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

d|𝑡|
= d𝜎T

d|𝑡|
+ 𝜖 d𝜎L

d|𝑡|
 and d𝜎TT

d|𝑡|
 in the full kinematic 

range. The values are given as a percentage. Note that the uncertainty 𝜎↑ (𝜎↓) has to be used with positive 
(negative) sign.
 source 𝜎𝑡

↑ 𝜎𝑡
↓ 𝜎𝜙

↑ 𝜎𝜙
↓ 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

Γ(𝑄2, 𝜈, 𝐸µ) =
𝛼em(1 − 𝑥Bj)

2𝜋𝑄2𝑦𝐸µ

[

𝑦2
(

1 −
2𝑚2

µ

𝑄2

)

(13)

+ 2
1 +𝑄2∕𝜈2

(

1 − 𝑦 − 𝑄2

4𝐸2
µ

)

]

.

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

The cross section is calculated in a four-dimensional grid with 
a phase-space element given by ΔΩ𝑛𝑖𝑗𝑘 = Δ|𝑡|𝑛Δ𝜙𝑖Δ𝑄2

𝑗Δ𝜈𝑘. The bin-
ning of the four-dimensional grid is given in the first four columns of
Table 1, while the grid for the variables 𝑄2 and 𝜈 used in the previous 
publication [27] is reported in the last two columns for comparison.

The cross section can be calculated for each beam charge (denoted 
by ± in the following) in a bin ΔΩ𝑛𝑖𝑗𝑘 from the data by subtracting the 
LEPTO MC background:

⟨

d𝜎µp→µ′𝜋0p′

dΩ

⟩±

𝑛𝑖𝑗𝑘

=

⟨

d𝜎µp→µ′𝜋0p′

data
dΩ

⟩

±

𝑛𝑖𝑗𝑘

−

⟨d𝜎µp→µ′𝜋0p′

background

dΩ

⟩

±

𝑛𝑖𝑗𝑘

(14)

The cross section for each four-dimensional bin is calculated as:
⟨

d𝜎γ∗p→𝜋0p′

d|𝑡|d𝜙

⟩±

𝑛𝑖𝑗𝑘

= 1
±Δ𝑡𝑛Δ𝜙𝑖Δ𝑄2

𝑗Δ𝜈𝑘

(

𝑎±𝑛𝑖𝑗𝑘
)−1

(15)

×

⎛

⎜

⎜

⎜

⎝

𝑁data
𝑛𝑖𝑗𝑘 ±
∑

𝑙=1

1
Γ
(

𝑄2
𝑙 , 𝜈𝑙 , 𝐸𝜇 𝑙

) − 𝑓± ⋅

𝑁L
𝑛𝑖𝑗𝑘±
∑

𝑙=1

1
Γ
(

𝑄2
𝑙 , 𝜈𝑙 , 𝐸𝜇 𝑙

)

⎞

⎟

⎟

⎟

⎠

,

where  denotes the luminosity and 𝑓 the normalisation factor that was 
introduced in Section 5. The acceptance denoted as 𝑎𝑛𝑖𝑗𝑘 is determined 
for each four-dimensional phase-space element using the data simulated 
by HEPGEN++ as the number of reconstructed events divided by the 
number of generated events. Within the phase-space element ΔΩ𝑛𝑗𝑘𝑙, 
𝑁data

𝑛𝑗𝑘𝑙  is the number of measured events and 𝑁L
𝑛𝑗𝑘𝑙 the number of LEPTO 

events. The virtual-photon flux enters as a kinematic prefactor applied 
event by event.

The spin-dependent virtual-photon cross section measured with pos-
itively or negatively charged muons is obtained in each bin of (|𝑡|, 𝜙):

⟨

d𝜎γ∗p→𝜋0p′

d|𝑡|d𝜙

⟩±

𝑛𝑖

=

∑

𝑗,𝑘

⟨

d𝜎γ∗p→𝜋0p′

d|𝑡|d𝜙

⟩±

𝑛𝑖𝑗𝑘
Δ𝑄2

𝑗Δ𝜈𝑘
∑

𝑗 Δ𝑄
2
𝑗
∑

𝑘 Δ𝜈𝑘
. (16)
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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).

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). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)

The spin-independent virtual-photon cross section is calculated as the 
average of the two spin-dependent cross sections:
⟨

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:
⟨

d𝜎γ∗p→𝜋0p′

d|𝑡|

⟩

𝑛

=
∑

𝑖
Δ𝜙𝑖

⟨

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 measured Δ|𝑡| range is determined as:

1
Δ|𝑡|

⟨

d𝜎γ∗p→𝜋0p′

d𝜙

⟩

𝑖

= 1
∑

𝑛 Δ|𝑡|𝑛

∑

𝑛
Δ|𝑡|𝑛

⟨

d𝜎γ∗p→𝜋0p′

d|𝑡|d𝜙

⟩

𝑛𝑖

. (19)

The systematic uncertainties are evaluated separately for each of the 
results presented below. Table 2 shows the estimated relative system-
atic uncertainties on the measured |𝑡| and 𝜙-dependent cross sections 
in the full kinematic range. The systematic uncertainties are arranged 
in four groups. The first group contains the systematic uncertainties on 
the determination of the beam flux for both muon charges. The sec-
ond group contains the systematic effects related to the uncertainties 
in the acceptance determination and in the energy thresholds for the 

lower-energy photon in ECAL0 and ECAL1. The third group contains 
the systematic uncertainties related to the selection of pure exclusive 𝜋0

events. Here, variations of the 𝜒2 requirement for the kinematic fit from 
4 to 10, of the fraction of non-exclusive background from 3 to 13%, 
and of the LEPTO normalisation factor by 20% are evaluated using the 
data. The small systematic uncertainty due to undetected 𝜔-production 
is estimated by Monte Carlo in each kinematic range. Radiative correc-
tions are not applied, but a maximum estimate of their size, obtained by 
A.Afanasev [38] using the method discussed in Ref. [39] was consid-
ered as the systematic uncertainty. It depends on the kinematic limits 
chosen and varies slightly over the |𝑡| and 𝜙-ranges. The largest sys-
tematic effects come from the third group, mainly from the uncertainty 
related to the estimation of the non-exclusive background as described 
in Section 5.

Using the 𝜙-distribution of the spin-independent cross section, the 
contributions, i.e. d𝜎Td|𝑡| + 𝜖 d𝜎Ld|𝑡| , 

d𝜎TT
d|𝑡|  and d𝜎LTd|𝑡| , can be extracted accord-

ing to Eq. (5). To determine the systematic uncertainties of these ob-
servables the following method was applied. Parameters characteriz-
ing each systematic effect given in Table 2 were varied, 1

Δ|𝑡| ⟨
d2𝜎
d𝜙 ⟩ was 

re-evaluated and d𝜎Td|𝑡| + 𝜖 d𝜎Ld|𝑡| , 
d𝜎TT
d|𝑡|  and d𝜎LTd|𝑡|  were extracted by fitting 

the corresponding angular distribution with only statistical uncertain-
ties and the largest variations of these observables yield the systematic 
uncertainties given in Table 2.
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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
Δ|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

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

Fig. 6. Spin-independent virtual-photon cross section in five |𝑡|-ranges pre-
sented 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).

Fig. 7. Extracted contributions to the cross section, d𝜎T
d|𝑡|

+ 𝜖 d𝜎L
d|𝑡|
, d𝜎TT

d|𝑡|
 and d𝜎LT

d|𝑡|
, 

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

d|𝑡|
=

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

The value of d𝜎LTd|𝑡|  is found to be compatible with zero within sta-
tistical uncertainties and its systematic uncertainty is estimated to be 
at least two-third of the absolute value of the systematic uncertainty on 
d𝜎TT
d|𝑡| . The extracted cross-section contributions could depend on the sin𝜙
term in the cross section (see Eq.  (2)), if the opposite µ+ and µ− beam 
polarisations do not have equal magnitude. Including the sin𝜙 term in 
the fit leads to a very small change in d𝜎LTd|𝑡| , which is compatible with 
zero within statistical uncertainties, while there is no impact on the de-
termination of d𝜎Td|𝑡| + 𝜖 d𝜎Ld|𝑡|  and 

d𝜎TT
d|𝑡| .

7.  Results for the spin-independent cross section

The dependences of the measured cross sections on |𝑡| and on 𝜙 are 
shown in Fig. 4, with the numerical values given in Table 3. In order to 
obtain the |𝑡|-dependence, the cross section is integrated over 𝜙, while 
for the 𝜙-dependence it is averaged over |𝑡|. The kinematic domain 
of the measurement is given 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, while the 
average kinematics are: ⟨|𝑡|⟩ = 0.29 (GeV/𝑐) 2, ⟨𝑄2

⟩ = 2.27 (GeV/𝑐) 2; 
⟨𝜈⟩ = 10.16 GeV, ⟨𝑥Bj⟩ = 0.134, ⟨𝑊 ⟩ = 4.1 GeV/𝑐 2, ⟨𝑦⟩ = 0.064 and 
⟨𝜖⟩ = 0.997.

The cross section ⟨ d𝜎
d|𝑡| ⟩ shown in the left panel of Fig. 4 decreases with 

increasing |𝑡| for values of |𝑡| larger than 0.2 GeV/𝑐 2, while at smaller 
|𝑡| the trend seems to be the opposite. The measured cross section is 
reasonably well described by the predictions of the Goloskokov–Kroll 
(GK) model from 2016 [18,19,40]. Cross sections are calculated within 
the handbag approach, which is based on factorisation in hard parton 
subprocesses and GPDs. The latter are constructed from double distri-
butions with parameters given in [28,40]. The result of the GK model is 
obtained by integrating over the same kinematic range as for the data.

The cross section 1
Δ|𝑡| ⟨

d2𝜎
d𝜙 ⟩ averaged over the full |𝑡|-range is shown 

in the right panel of Fig. 4. In order to extract the different contributions 
to the spin-independent cross section, a binned likelihood fit is applied 
to the data according to Eq.  (5) using the integral of the fit function in 
each bin. The average value of the virtual-photon polarisation parameter 
is used in the fit. The results are presented in Table 4.

We observe a longitudinal–transverse interference contribution com-
patible with zero within statistical uncertainties, while the transverse–
transverse interference contribution is large and negative, and of the 
same order of magnitude as the sum of transverse and longitudinal
contributions. The exclusive 𝜋0 production cross section depends on the 
GPDs 𝐻̃ , 𝐸, 𝐻T and 𝐸T (see Eqs.  (6)–(8)). As explained in the intro-
duction, the contribution of the chiral-odd GPD 𝐸T is dominant due to 
the relative sign of 𝑢 and 𝑑 quark contributions for the 𝜋0 production, 
in contrast to the contributions to the other GPDs. Our observation of 
a large contribution from 𝜎TT and a slight dip in the differential cross 
section ⟨ d𝜎

d|𝑡| ⟩ as |𝑡| decreases to zero supports this expectation, which is 
also described by the GK model [18,19,28,40].
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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
Δ|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

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).

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).
Table 6 
The contributions in nb

(GeV/𝑐) 2
 to the spin-independent cross section in the kine-

matic 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

8.  Comparison to previously published results

In order to check the compatibility with the results obtained 
using the COMPASS 2012 data [27], the analysis is also per-

formed in the previously accessible kinematic domain: 0.08 (GeV/𝑐) 2<
|𝑡| < 0.64 (GeV/𝑐) 2, 1 (GeV/𝑐) 2< 𝑄2 < 5 (GeV/𝑐) 2, 8.5 GeV 
< 𝜈 < 28 GeV and the average kinematics for this comparison 
are ⟨|𝑡|⟩ = 0.28 GeV/𝑐 2, ⟨𝑄2

⟩ = 2.16 GeV/𝑐 2, ⟨𝜈⟩ = 12.34 GeV, 
⟨𝑥Bj⟩ = 0.103, ⟨𝑊 ⟩ = 4.61 GeV/𝑐 2, ⟨𝑦⟩ = 0.078, ⟨𝜖⟩ = 0.996. The dif-
ferential cross sections of exclusive 𝜋0 production for the two in-
dependent sets of data are presented as a function of |𝑡| and 𝜙 in 
Fig. 5 and the numerical values using the 2016 data set are given in
Table 5.

Our results are compared to the prediction of the GK model [18,
19,28,40]. The measured differential cross sections ⟨ d𝜎

d|𝑡| ⟩ are found to 
be compatible. However, the decrease of ⟨ d𝜎

d|𝑡| ⟩ with |𝑡| observed in the 
present data is not as large as it was in [27]. Hence the new result is 
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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/𝑐 2] ⟨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]

Fig. 10. Extracted contributions to the cross section, d𝜎T
d|𝑡|

+ 𝜖 d𝜎L
d|𝑡|
, d𝜎TT
d|𝑡|

 and d𝜎LT
d|𝑡|

, 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

d|𝑡|
= 0.

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

slightly closer to the predictions. The 𝜙-distributions of the cross sec-
tions averaged over the |𝑡|-range are in good agreement for the two data 
sets and also with the GK prediction. In conclusion, the measured cross 
sections and the extracted contributions from the fit using the present 
data (see Table 6) are statistically compatible with the results from
Ref. [27].

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

The 𝜙-modulation of the spin-independent cross section is studied 
in five |𝑡|-ranges using the full 𝜈 and 𝑄2-ranges. The bin limits and 
the average kinematics are reported in Table 7. The corresponding 
five differential cross sections of exclusive 𝜋0 production are presented 
as a function of 𝜙 in Fig. 6 and the numerical values are given in
Table A.19.

Fits of the 𝜙 distributions in the five |𝑡|-ranges are applied using 
Eq.  (5). The extracted contributions to the cross section, d𝜎Td|𝑡| + 𝜖 d𝜎Ld|𝑡| , 
d𝜎TT
d|𝑡|  and d𝜎LTd|𝑡| , are presented as a function of |𝑡| in Fig. 7. Open points 
correspond to the fit of the three contributions. The contribution d𝜎LTd|𝑡|
is found compatible with zero within the statistical uncertainties. A fit 
of only the two first contributions assuming d𝜎LTd|𝑡| = 0 is shown as solid 

points. The results are given in Table 8. We observe large and opposite 
contributions of d𝜎Td|𝑡| + 𝜖 d𝜎Ld|𝑡|  and 

d𝜎TT
d|𝑡| . Their absolute values decrease 

with |𝑡| for |𝑡| > 0.2 GeV/𝑐 2and do not exclude a small decrease towards 
smaller |𝑡|. This could indicate the dominance of the chiral-odd GPD 𝐸𝑇
compared to the other involved GPDs (see Eqs.  (6)–(8)).

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

The spin-independent cross section is also studied in four 𝑄2-ranges 
using the full 𝜈 and |𝑡|-ranges (see Fig. 8 ), and in three 𝜈-ranges using 
the full 𝑄2 and |𝑡|-ranges (see Fig. 9 ). All numerical values are given in 
Tables A.12–A.18. The corresponding kinematic variables are reported 
in Tables 9 and 10.

The differential cross sections studied as a function of |𝑡| (left part 
of Figs. 8 and 9) show a maximum around |𝑡| = 0.2 (GeV/𝑐) 2, as it was 
already mentioned. However, no maximum is observed at small 𝑄2 or 
large 𝜈, which corresponds to 𝑥Bj < 0.1 (see Tables 9 and 10). Here, 
significant longitudinal contributions are expected, which decrease with 
increasing |𝑡|. This was already emphasised in Ref.  [22].

The differential cross section is shown as a function of 𝜙 in the right 
parts of Fig. 8 (in the four 𝑄2-ranges) and of Fig. 9 (in the three 𝜈-
ranges) together with fits using Eq.  (5). The contributions to the cross 
section, d𝜎Td|𝑡| + 𝜖 d𝜎Ld|𝑡| , 

d𝜎TT
d|𝑡|  and d𝜎LTd|𝑡| , obtained from the fits, are presented 

as a function of 𝑄2 and 𝜈 in Fig. 10. As in Fig. 7, results with two or 
three contributions in the fit are presented. Again no differences are 
observed using the assumption d𝜎LTd|𝑡| = 0. The numerical values are given 
in Table 11. A strong decrease of the absolute values of d𝜎Td|𝑡| + 𝜖 d𝜎Ld|𝑡|  and 
d𝜎TT
d|𝑡|  with increasing 𝜈 is observed, while the decrease is weaker with 
increasing 𝑄2. These results provide valuable input for modelling GPDs 
and exclusive 𝜋0 production cross sections. Furthermore, they should 
facilitate the study of next-to-leading order corrections and higher-twist 
contributions (as proposed in Ref. [22]).
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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/𝑐 2] ⟨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/𝑐 2] ⟨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]

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 conclusion

We have measured the |𝑡| and 𝜙-dependence of the spin-independent 
virtual-photon–proton cross section using hard exclusive 𝜋0 muoproduc-
tion with µ+ and µ− beams in a wide kinematic range with the photon 
virtuality ranging from 1 to 8 (GeV/𝑐) 2and the photon energy from 6.4 
to 40GeV. Fitting the azimuthal distribution in different |𝑡|-ranges from 
0.08 to 0.64 (GeV/𝑐) 2shows a large negative transverse-transverse inter-
ference contribution opposite to the sum of the transversely and longitu-
dinally polarised virtual-photon contributions. This could indicate clear 
evidence of an impact of the chiral-odd GPD 𝐸𝑇 . The |𝑡|-dependence at 
small values of 𝑥Bj indicates that the longitudinally polarised virtual-
photon contribution is not negligible. The measured dependences of 
these contributions on 𝑄2 and 𝜈 provide valuable input for new model 
calculations including higher twists and next-to-leading order correc-
tions.
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Data will be made available on request.
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Table A.12 
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
Δ|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.13 
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
Δ|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

Table A.14 
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
Δ|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.15 
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
Δ|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.16 
Numerical values of the cross sections shown in Fig. 9 for 6.4GeV < 𝜈 < 8.5GeV 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
Δ|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.17 
Numerical values of the cross sections shown in Fig. 9 for 8.5GeV < 𝜈 < 13.9GeV 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
Δ|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

Table A.18 
Numerical values of the cross sections shown in Fig. 9 for 13.9GeV < 𝜈 < 40.0GeV 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
Δ|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
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Table A.19 
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
Δ|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
Δ|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
Δ|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
Δ|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
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