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Abstract

A new and detailed measurement of the cross section for hard exclusive neutral-pion muoproduction
on the proton was performed in a wide kinematic region, with the photon virtuality Q* ranging from
1 to 8 (GeV/c)? and the Bjorken variable xp;j ranging from 0.02 to 0.45. The data were collected
at COMPASS at CERN using 160 GeV/clongitudinally polarised ut and u~ beams scattering off
a 2.5 m long liquid hydrogen target. From the average of the measured ut and p™ 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/e)? < |f| < 0.64 (GeV/c)?.
From its angular distribution, the combined contribution of transversely and longitudinally polarised
photons are determined, as well as transverse—transverse and longitudinal-transverse interference
contributions. They are studied as functions of four-momentum transfer |¢|, photon virtuality Q% and
virtual-photon energy v. The longitudinal—transverse interference contribution is found to be compat-
ible with zero. The significant transverse—transverse interference contribution reveals the existence
of a dominant contribution by transversely polarized photons. This provides clear experimental ev-
idence for the chiral-odd GPD E7. In addition, the existence of a non-negligible contribution of
longitudinally polarized photons is suggested by the |¢|-dependence of the cross section at xg; < 0.1 .
Altogether, these results provide valuable input for future modelling of GPDs and thus of cross sec-
tions 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.

(to be submitted to Physics Letters B)
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Measurement of the hard exclusive 7° muoproduction cross section at COMPASS 1

1 Introduction

Generalized 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 angular momentum at parton level. They can be accessed by hard
exclusive pseudoscalar meson leptoproduction on the nucleon, for which the leading mechanism is pre-
sented in Fig. 1. Collinear factorization theorems [6] can be applied to longitudinally polarised virtual
photons and establish that the pseudoscalar meson production amplitude factorizes into a hard perturba-
tive part and soft components described by the chiral-even GPDs H, 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
Q? is the virtuality of the photon that is exchanged between lepton and proton. However, experimental
data on exclusive 7" production from HERMES [7] and JLab CLAS [8, 9] and on exclusive 0 produc-
tion from JLab CLAS [10-13] and Hall A [14—17] suggest that such contributions are substantial. In
the collinear approximation, singularities occur for transversely polarised virtual photons and mesons.
Regularization is accomplished in the framework of phenomenological models as in Refs [18-22] by in-
cluding 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 (transversity) GPDs Hr and ET.

Fig. 1: Leading-twist diagram for hard exclusive 7 leptoproduction off the proton. Here, k, k', ¢, ¢, p, p’ are the
four-momenta of incident and outgoing muon, virtual photon, outgoing 7° and of incident and outgoing proton.
The squared four-momentum transfer between initial and final proton is denoted by ¢, the average longitudinal
momentum fraction of the active quark by x and half of the transferred longitudinal momentum fraction by &.

The GPDs depend on the average longitudinal momentum fraction of the active quark x, half of the
transferred longitudinal momentum fraction &, the squared four-momentum transfer between the initial
and final proton ¢ and the virtual photon virtuality Q> = —¢?, see Fig. 1. The chiral-even GPD H is related
in the forward limit at # = 0 to the quark helicity distribution Ag(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 ¢ for t+ production, while for 7 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 Hr describes the correlation between the transverse polarisations of quark and proton. It has been
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2 The COMPASS Collaboration

shown that in impact-parameter space Er 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 = 0. In contrast to 7t* production, 7 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 H, E and Hry are significantly reduced.

In this paper, we present results for exclusive 7° production in muon—proton scattering, up — p'p'n’,
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

The cross section for hard exclusive 7° production by scattering a polarised muon off an unpolarised
proton is given as:

4% ey g, SO
dQ2dvdrd¢ Vo By drdg

where F(Q2,V,EH) is the transverse-virtual-photon flux [29] for muon energy E|, and virtual-photon
energy V in the proton-target rest frame. The virtual-photon—proton cross section reads:

)

o, 1 do; do do

Y*p L or TT
=—|e—4+—+¢ 2¢

drd¢ 21 dr dr cos ( )

+ 28(1+8)cos¢—$|PI\\/281—8 sm(f) LT/

2

Here, ¢ is the angle between lepton-scattering and 7° production planes following the Trento conven-
tion [30]. The virtual-photon polarisation parameter € is defined as:

»r 2
e= YV, 2 3)
yr \%

and oy, oT, OrT, OLT and Oy 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 F of the lepton beam polarisation P; corresponds to the negative and
positive helicity of the incoming put and w, respectively, which is denoted by <. The spin-independent
cross section can be obtained by averaging the two spin-dependent cross sections as:

2 2
dz‘fv*p 1 do vp+d oy'p ' @)
drd¢ drd¢ drd¢
Using ut and pu~ beams of exactly opposite polarisation, the last term in Eq. (2) cancels upon averaging,
which leads to the expression:
do¥? 1 [ doy,

dot dorr dorr
= — |E——F+ —F—+E& 20)—— 2e(1+e¢ — . 5
adp xS ar T TECOs0) g TVl Fejeos(9) =y ] ©®)

The cross sections in Eq. (2) and (5) are related to convolutions of GPDs and meson wave functions with
individual hard scattering amplitudes [18], denoted as (F) for a GPD F:

dd% o< [(1 *52)‘<ﬁ>|2*2§2Re [<I‘~1>*<E>} - 4;1%52’@”2], (6)
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= (0= gl @l Q
Fie mtflng |En[ ®)
9T o 6\/1-82V7 Re [ (1) ()], ©)
dZ;T’ o E\/T—E2/= Im [<HT>*<E>} . (10)

s1 Here, 1’ =t — tyin With |fmin| being the kinematically smallest possible value of |¢|, and m,, is the mass of

s2 the proton. The quantity & defined in the previous section can be approximated at COMPASS kinematics
r B — 2

83 as & & el where xgj = Q°/(2MV).

2« 3 Experimental setup

ss The data were collected during twelve weeks in 2016 using the COMPASS setup, which was a fixed-
s6 target experiment located at the M2 beamline of the CERN Super Proton Synchrotron, using naturally
&7 polarised muon beams of both charges with energies of 160 GeV/c.

ss The incoming muons were detected in a beam momentum spectrometer and a beam telescope. The final-
8o state particles were detected in a two-stage magnetic spectrometer containing a large variety of tracking
o0 detectors, electromagnetic and hadron calorimeters, a ring-imaging Cherenkov detector and muon filters
for particle identification. The electromagnetic calorimeter ECAL1 was located in the large-angle part
o2 of the spectrometer, while ECAL2 was placed in its small-angle part. Detailed descriptions of the setup
03 can be found in Refs. [31, 32].

9

s

o4 For the measurements to study GPDs, which are described in this paper, a 2.5 m long liquid-hydrogen
o5 target inserted in a recoil-proton detector CAMERA and a new electromagnetic calorimeter ECALO were
o6 added to the setup. The 4 m long recoil-proton detector consisted of two concentric barrels equipped with
o7 24 scintillator slabs each. It measured time and distance of flight between the two barrels to determine
os momentum and angle of the recoil proton. The ECALO calorimeter, located directly downstream of the
9 target, allowed the detection of photons emitted at large polar angles, expanding the accessible kinematic
100 domain towards higher values of xgj. Compared to the previous measurement in 2012, the ECALO
101 acceptance was enlarged allowing to cover a larger kinematic range than in Ref. [27]. The accessible
102 kinematic domain of the COMPASS spectrometer for measuring exclusive events ranges from xg;j ~ 0.02
103 to 0.45, which is complementary to other experimental facilities.

104 Data were recorded with both positively and negatively charged muon beams. Due to the natural po-
105 larisation of the muon beams, which originates from the parity-violating decay-in-flight of the parent
106 mesons, wt and i beams have opposite polarisation. This enables us to measure the spin-independent
107 cross section, see Egs. (4) and (5). The absolute value of the average polarisation for both beams is about
108 0.8 with an uncertainty of about 0.04.

100 In contrast to the four weeks long pilot run in 2012, for the 2016 data used in this analysis comparable
110 beam intensities of about 4 - 10° u/s were used. The incoming reconstructable muon flux was measured
111 using a random trigger based on a radioactive decay [33]. A set of selection criteria was applied to ensure
112 the quality of the muon tracks and to keep intensity variations below 10%. The integrated luminosity
113 used in this analysis is 51.4 pb~! for the u* beam and 44.5 pb~! for the u~ beam, measured with a

114 precision of 2%.

—



115

1

=

6

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

140

141

142

143

144

145

146

147

148

149

150

151

152

4 The COMPASS Collaboration

4 Event selection

Event candidates for exclusive 71 production are selected from data taken in stable beam and spec-
trometer 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 incoming muons, the same selection criteria are used as in the flux determination.

The 7 is reconstructed using its dominant two-photon decay. The photons are detected in the elec-
tromagnetic calorimeters ECALO and ECALI1. The electromagnetic calorimeter ECAL?2, placed in the
small-angle part of the spectrometer, is not used in this analysis as it does not provide a significant in-
crease in the statistics of the 7i° sample. In ECALI only clusters not associated with a reconstructed
charged track are used, while all clusters are included in ECALOQ 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 ECALO (ECALT) 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
electromagnetic calorimeters. Using the information from the interaction vertex and each combination
of two clusters, the kinematics of the recoil proton can be predicted from the momentum balance of the
reaction pp — wW'p/'n’, 1 — yy. The properties of the recoil proton predicted by the spectrometer infor-
mation 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 A between predicted and measured azimuthal angle of the
recoil proton candidate, ii) the difference Apt between predicted and measured transverse momentum pr
of the recoil proton candidate with respect to the beam direction in the target rest frame, iii) the difference
Az between predicted and measured hit position in the inner ring of CAMERA and iv) the undetected
mass M)z( given by:

Mg = (k+p—K —p' —py,—py,)* (11)

Here, k, k', p and p’ are the four-momenta of incident muon, outgoing muon, target proton and recoil
proton respectively, while p,, and py, denote the four-momenta of the two produced photons. The
following constraints are applied to the exclusivity variables:

|A@| < 0.4 rad,

|Apt| < 0.3 GeV/c,
|Az] < 16 cm,

IM%| < 0.3 (GeV/c?)?.

In addition, the range
0.1061 < MW/(GeV/CZ) < 0.1605

is selected for the invariant mass My,. 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.

Figure 2 shows the A@ and Apr distributions for data obtained with u* and w~ beams. They are com-
pared 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
Sect. 5. A very good agreement between the u* and u~ 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 pup — w'p'n’. A value smaller than 7 is required for the reduced ¥ in order to minimise the
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Fig. 2: Measured and simulated distributions A (top) and Apt (bottom), shown for both ut (left) and p™ (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 7 background is estimated using LEPTO (blue), while the total 7t°
distribution is expected to match the sum of LEPTO and HEPGEN (dark green).

non-exclusive background while keeping all events from exclusive 71° muoproduction. The kinematic fit
also allows to considerably improve the precision of the event kinematics, in particular for the variables
t, 0%, vand ¢.

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

0.08 (GeV/c)? < |t| < 0.64 (GeV/c)?,
1 (GeVie)? < Q* < 8 (GeV/c)?,
6.4 GeV < v < 40GeV.

5 Background contribution

The main source of background to exclusive 7° production originates from non-exclusive DIS processes.
In order to simulate this background process, the LEPTO 6.5.1 generator with the COMPASS tuning from
Ref. [34] is used. Note that events with the topology of exclusive 7 production are removed from the
LEPTO sample. For the simulation of signal events, i.e. exclusive 7’ muoproduction, the HEPGEN++
generator [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 ex-
clusive (signal) and non-exclusive (background) processes, respectively. The procedure starts with the
determination of a normalisation factor of each MC data set, cp. and cy, adjusted separately to the data
in the studied range in ¢, Q? and v using the distribution of the invariant mass M, around the 70 peak.
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6 The COMPASS Collaboration

The M, distribution in the full kinematic range is shown in Fig. 3. Subsequently, the fraction r 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 Apt and A¢ are used, which are sensitive
to the exclusivity of the event. The resulting fraction of non-exclusive background, ri, = (8 £5) %, is
independent on the studied range in ¢, O and v. The background determination method yields one of the
main contributions to the systematic uncertainties. The relative systematic uncertainties of the cross sec-
tion originating from the background estimation vary from 6 to 16% depending on the kinematic region.
The scaling factor f = cr - 11 is used to correct the data for non-exclusive background, see Sec. 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 y> requirement has significantly reduced the non-exclusive
background, and secondly the HEPGEN++ sample was improved by reweighting the ¢, ¢ and v distri-
butions, in order to obtain a better description of the data. For the ¢ reweighting an iterative process is
used to include the extracted ¢ modulation from the data in the model used in HEPGEN++ according to
Eq. (5). The reweighting in ¢ and Vv is also applied iteratively using two-dimensional data distributions in
these two variables.

n
31

n
&1

= C 3. C
o I o
= r V0, —e— COMPASS 2016 p* dat C C VO —e— COMPASS 2016 - dat
S+ up o H s S |+ wpounp w-data
S 20[ It —— HEPGEN (\T 20l [ ——— HEPGEN
< T l LEPTO < T LEPTO
> r > r
é) - ~——— HEPGEN+LEPTO % - ~——— HEPGEN+LEPTO
) 15 - LEPTO fraction: (8 + 5)% ™ 15 - LEPTO fraction: (8 + 5)%
~ ~
7] r »n r
.0 C 2 C
= r = r
c 10— c 10—
L F L -
5— 5—
ol e § LY PR L Fo I e o \
50 100 150 200 250 50 100 150 200 250
M., (MeV/c?) M., (MeV/c?)

Fig. 3: Measured and simulated distributions of M-, for data obtained with w™ (left) and p~ (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
7° background is estimated using LEPTO (blue), while the total 7t° distribution is expected to match the sum of
LEPTO and HEPGEN (dark green).

A very small background originates from the production of exclusive w mesons with the decay w — 7y,
where the photon is not detected. It is estimated by measuring the yield of visible w mesons in the sam-
ple, when combining the exclusive 7t candidate with every neutral cluster of energy between the low and
high thresholds. These events are rejected, they represent only 2.7% of the selected events. They allow
the normalization of the HEPGEN-++ MC for exclusive w production. In this way, the contamination of
the remaining 7t° sample with not detected w mesons is evaluated to be about 2.4% and included in the
systematic uncertainties. A possible contribution of the w — %7t 71~ decay is found to be negligible,
as well as from the 1 — "7t~ or M7 decay.

The final data set for the analysis of exclusive 7 production comprises 1490 events, among which
792 events were collected with the u beam and 698 events with the ™ beam.
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103 6 Cross section determination and systematics

104 The virtual-photon—proton cross section is obtained from the measured muon—proton cross section using:

©

do'P 1 do*P
= ) (12)
dirfdg — T(QZ,V,E,) dQ2dvd]r|d
105 where the transverse-virtual-photon flux F(Qz, v,E,) is given by:
F(QZVE):M 2 1_2mﬁ + 2 1— _Qiz (13)
I T onohE, | ) Tireep\C T a2

1

©

s Here, m,, denotes the mass of the muon and @, the electromagnetic fine-structure constant.

107 The cross section is calculated in a four-dimensional grid with a phase-space element given by AQ,; jx =
A|t\nA¢,~AQ§Avk. The binning of the four-dimensional grid is given in the first four columns of Table 1,
190 while the grid for the variables Q° and v used in the previous publication [27] is reported in the last two
200 columns for comparison.

1

©
<]

©

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]
¢ [rad]  |r| [GeVic?]  Q? [GeVic?] v [GeV] 0? [GeV/c?] v [GeV]
—n— ’T” 0.08 -0.15 1.00 - 1.50 6.40 - 8.50 1.00 - 1.50
_73” - _7” 0.15-0.22 1.50 - 2.24 8.50 - 11.45 1.50 - 2.24 8.50 — 11.45
_73” - _7” 0.22-0.36 2.24-3.34 11.45 - 15.43 2.24 -3.34 11.45-15.43
- 0 0.36-0.5 3.34-5.00 15.43 -20.78 3.34-5.00 15.43 -20.78
0- % 0.5 - 0.64 5.00 - 8.00 20.78 - 26.00 20.78 - 28.00
T T
15 26.00 — 40.00
T _3m
2 4
L
-
A¢ [rad] Alt| [GeVic?]  AQ* [GeVic?|  Av [GeV] AQ? [GeVic?]|  Av [GeV]
2 0.56 7.00 33.60 4.00 19.50

201 The cross section can be calculated for each beam charge (denoted by = in the following) in a bin AQ,;
202 from the data by subtracting the LEPTO MC background:

1.0/

;o0\ E 0\ +

i W v s W vt 14
dQ o dQ - dQ -
nijk nijk nijk
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The cross section for each four-dimensional bin is calculated as:

d‘t|d¢ nijk oC:‘:Al‘rlA¢)l'AQ§Avk nijk 1=1 F(leath[Jl) Q[ 7VI7E,LLI) ’
(15)

where L denotes the luminosity and f the normalisation factor that was introduced in Sec. 5. The
acceptance denoted as a,; i 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 A€, i, Nd“f} is the number of measured events and Nn ikl 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 positively or negatively charged muons
is obtained in each bin of (|¢],¢):

,\ £
d 'y*pﬁﬂop 2
vy \ Zj,k<“d|W>m,-kAQfAvk (16)
dido /T LAQLAw

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

cross sections:
dGY*pHnopl B 1 de*p*)T[Op/ ++ de*p%TEOp' - (17)
dlt|d¢ 2 dlr|d¢ . dlr|d¢ e

The cross section can be integrated over the full 27-range in ¢ in order to study its |¢|-dependence:

doY P=p doY P
(i) T ) "

Similar to the study of the ¢-modulation of the cross section, the |¢|-averaged cross section in the mea-
sured A|t| range is determined as:

1 /doYrony 1 doY PP
- - Y Altly { e ) (19)
Alt| d¢ i YAl & d|t|d¢ y

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

dGT + sd(;L, dorr and dgtLT, can be extracted.

The systematic uncertainties are evaluated separately for each of the results presented below. Table 2
shows the estimated relative systematic uncertainties on the measured |¢| and ¢-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
second group contains the systematic effects related to the uncertainties in the acceptance determination
and in the energy thresholds for the lower-energy photon in ECALO and ECAL1. The third group con-
tains the systematic uncertainties related to the selection of pure exclusive 7° events. Here, variations of
the y? 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 system-
atic uncertainty due to undetected w-production is estimated by Monte Carlo in each kinematic range.
Radiative corrections are not applied, but an estimate of their size was obtained by A. Afanasev [38]

using the method discussed in Ref. [39]. It depends on the kinematic limits chosen and varies slightly
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over the || and ¢-ranges. The largest systematic effects come from the third group, mainly from the
uncertainty related to the estimation of the non-exclusive background as described in Sect. 5.

The extracted cross-section values dGT +e d(zL, dorr and dGLT are affected by the same systematic effects.

The value of dg% is found to be compatlble w1th Zero w1th1n statistical uncertainties and its systematic
uncertainty is estimated to be at least two-third of the absolute value of the systematic uncertainty on
dGTT . The extracted cross-section contributions could depend on the sin¢ term in the cross section (see
Eq (2)), if the opposite u* and w~ beam polarisations do not have equal magnitude. Including the
sin¢ term in the fit leads to a very small change in dgt”, which is compatible with zero within statistical
uncertainties, while there is no impact on the determination of dGT + ek ch and dGTT.

Table 2: Summary of the estimated relative systematic uncertainties on the measured |¢| and ¢-dependent cross
dg{u = dGT + edUL and dGTT in the full kinematic range.
The values are given as a percentage. Note that the unl—dlrectlonal uncertamty o (Gi) has to be used with positive

(negative) sign.

sections and on the extracted cross-section contributions

source O'% Gi O',;) Gf out oy, Ot OrTY

pt flux 2 2 2 2 2 2 2

- flux 2 2 2 2 2 2 2 2
acceptance 4 4 4 4 4 4 4 4
ECALO threshold 5-7 1 4-8 1 5 1 4 1
ECALI threshold 1-2 1 1-3 1 1 1 1 1
x? of kinematic fit 3 5 20-56 4.0-8.8 3 5 3 4
LEPTO background 6-10 6-10 6-16 6-16 83 83 1 1
LEPTO normalisation 2-3 2-3 2-5 2-5 26 2.6 2 2
w background 0 1.5-2.7 0 14-57 0 24 0 2.4
radiative corrections 6 3 6.3 3.6 6 3 2 2
Yy 12-16 10.1-13.1 11.6-224 9.6-20.1 133 11.7 7.7 7.1

7 Results for the spin-independent cross section

The dependences of the measured cross sections on [¢| and on ¢ are shown in Fig. 4, with the numerical
values given in Table 3. In order to obtain the |¢|-dependence, the cross section is integrated over ¢,
while for the ¢-dependence it is averaged over |¢|. The kinematic domain of the measurement is given
by 0.08 (GeV/c)? < [t| < 0.64 (GeV/c)?, 1 (GeVic)? < Q* < 8 (GeVic)?, 6.4 GeV < v < 40 GeV,
while the average kinematics are: (|t|) = 0.29 (GeV/c)?, (Q*) = 2.27 (GeV/c)?; (v) = 10.16 GeV,
(xgj) = 0.134, (W) = 4.1 GeV/c?, (y) = 0.064 and (¢) = 0.997.

The cross section (4% i %) shown in the left panel of Fig. 4 decreases with increasing |¢| for values of |¢| larger

than 0.2 GeV/c?, while at smaller |¢| 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 factorization in hard
parton subprocesses and GPDs. The latter are constructed from double distributions 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 ﬁ(‘g—ﬂ averaged over the full |¢|-range is shown in the right panel of Fig. 4. In
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‘ ‘ ‘ ‘ ‘ 3.5 ‘ ‘ ‘ ‘
P ® COMPASS 2016 data BN 7'p — 7'p’ ® COMPASS 2016 data
S 14¢ . E Q v € [6.4,40] GeV 1
o> —-A- Goloskokov-Kroll model (2016) o ) i , - f(¢)= =—[A + B cos(2¢ C cos(¢
=12 2|z 301 Q? e 18] (Gev/e)? (9)= 5 1A + B cos(20) + C cos(9)] 4
O 12t RN ) It] € [0.08,0.64] (GeV/e)? | Goloskokov-Kroll model (2016)

v € [6.4,40] GeV
Q% € [1,8] (GeV/c)?
|t] € [0.08,0.64] (GeV/c)?

do
W(

=
—0—

o
\
\
\
1
1
I
1
I
1
/.
——r—
1
1

0.1 0.2 0.3 0.4 05 0.6 03 2 i 0 1 2 3

(t]) (GeV/e)? (9} (rad)
Fig. 4: Left: spin-independent virtual-photon cross section integrated over the full 27-range in ¢, presented
as a function of |¢#|. Right: spin-independent virtual-photon cross section averaged over the measured |¢|-range,
presented as a function of ¢. 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 ¢
distribution using Eq. (5).

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

prnee () [Gevio?] (3 [t e @0 5i(%) [l
0.08-0.15 0.12 9.82 + 108t * 106,y —T- _TM 266 0.54 = 0100 Tl
0.15-0.22 0.18 TLST 4+ 1420, 18] R e
0.22-0.36 0.28 6.82 £ 056w * (5], To7 Tl LREolew i,
0.36 - 0.50 0.42 4.41 £ 0455 * 0%, 70 ~046 057 % 00%a ol
0.50  0.64 0.57 4.90 & 0.604u * 078 o_g 049 0.67 + 0.105 * 13 |

P 02
rz 121 179 4 0164 " 03]
0.08 - 0.64 0.29 6.72 % 0.32u * 3%, 5" %ﬂ 192138 & 010w 21,y
%ﬂ x 270 070 % 0204 * 13|,

255 order to extract the different contributions to the spin-independent cross section, a binned likelihood fit
256 1s applied to the data according to Eq. (5) using the integral of the fit function in each bin. The average
257 value of the virtual-photon polarisation parameter is used in the fit. The results are presented in Table 4.

Table 4: The contributions in )2 to the spin-independent cross section.

nb
(GeV/c

dop dop dorr doir
< aif T € dp] > < dli] > < i >

0.1 & 024 * 91|

sys Llsys

6.7 + 033 09| —4.4 £ 0.54 * (3

sys
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255 We observe a longitudinal—transverse interference contribution compatible with zero within statistical
250 uncertainties, while the transverse—transverse interference contribution is large and negative, and of the
260 same order of magnitude as the sum of transverse and longitudinal contributions. The exclusive 7t
261 production cross section depends on the GPDs H , E , Hr and ET (see Egs. (6-8)). As explained in the
22 introduction, the contribution of the chiral-odd GPD Et is dominant due to the relative sign of u and
23 d quark contributions for the 7° production, in contrast to the contributions to the other GPDs. Our
264 observation of a large contribution from orr and a slight dip in the differential cross section (3‘—‘1’) as |t
265 decreases to zero supports this expectation, which is also described by the GK model [18, 19, 28, 40].

a

=)

6 8§ Comparison to previously published results

267 In order to check the compatibility with the results obtained using the COMPASS 2012 data [27],
265 the analysis is also performed in the previously accessible kinematic domain: 0.08 (GeV/c)? < [t| <
260 0.64 (GeV/c)?, 1 (GeVie)> < Q? < 5(GeV/c)?, 8.5 GeV < v < 28 GeV and the average kinematics
20 for this comparison are (|t|) = 0.28 GeV/c?, (Q*) = 2.16 GeV/c?, (v) = 12.34 GeV, (xg;) = 0.103,
on (W) = 4.61 GeV/c?, (y) = 0.078, (€) = 0.996. The differential cross sections of exclusive 7t produc-
272 tion for the two sets of data are presented as a function of |¢| and ¢ in Fig. 5 and the numerical values
273 using the 2016 data set are given in Table 5.

“@ ® COMPASS 2016 data (this work) o | yp—oalp ® COMPASS 2016 data (this work)
L b b 0

=) ; 20+ V2012 data (PLB 805 (2020) 135454) | o ; v € [8.5,28) GeV V' 2012 data (PLB 805 (2020) 135454)
= = o N N 0 3

- 5 - Goloskokov-Kroll model (2016) = :3 Srgre 1,5] (GeV/c)? -k Goloskokov-Kroll model (2016)

= = A (G /o) ) 1

= = | 1t1€[0.08,0.64] (GeV/c)? |- f(¢)= 57 [A + B cos(20) + C cos(0)]

P — =

o= 15 ¥p = p’ oS4
] ‘% 15 ! § S| ‘ S

1

Al
w

1™ v € [8.5,28) GeV ~
TR~ Q% € [1,5] (GeV/e)? )
i [t] € [0.08,0.64] (GeV /c)? r I

10

1
1
1
1
1
1
1
1
1
1
1
»
no
RN
oSN
s
H=SM —y
kY
]
1)
7
ey
=
-

01 0.2 0.3 0.1 05 0.6
[t| (GeV/e)® ¢ (rad)

Fig. 5: Left: spin-independent virtual-photon cross section integrated over the full 27-range in ¢, presented
as a function of |¢|. Right: spin-independent virtual-photon cross section averaged over the measured |¢|-range,
presented as a function of ¢. 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 ¢ distribution of the 2016 data using Eq. (5).

274 Our results are compared to the prediction of the GK model [18, 19, 28, 40]. The measured differential
275 CrOss sections <%> are found to be compatible. However, a milder decrease is observed in the present
276 data. Hence the new result is slightly closer to the predictions. The ¢-distributions of the cross sections
277 averaged over the |¢|-range are in good agreement for the two data sets and also with the GK prediction.
278 In conclusion, the measured cross sections and the extracted contributions from the fit using the present

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

drange (i) [(Gevie] (48 [ ] g @) lradl 5o (55) [l
0.08-0.15 0.12 15.92 + 1864 151, - —_73” ~264 059 + 0.134 " {13,
0.15-0.22 0.18 16.05 + 1.98gu * 139] . _73” - _7” —1.97 191+ 0260 * 35y,
0.22-0.36 0.28 1036 % 1.07ga * 133 T-F 123 176+ 025 (D,
0.36 - 0.50 0.42 5.32 £ 0.3 * 09,y ’T” -0 —0.40 076 = 015 ~ (13,
0.50 - 0.64 0.57 4.37 + 0.74ga * %), 0- g 049 113 £ 020 * 079/,

z-z 120 2.90 4 0.32u " 03],
0.08 - 0.64 0.28 9.04 £ 0.50sa 655 ., g - %” 190 1.86 + 027w = 013y,
%ﬂ _ 267 059 % 0160w 13|

Table 6: The contributions in

(Ge V/)

—>— to the spin-independent cross section in the kinematic domain of Ref. [27].

d d d d
(31 +esin) (%F) ()
2016 data 9.0 + O-SStat J_r %(1) sys —6.6 £ O'SStat j 82{”/5 0.7 £ 0'3Stat J—r 83 sys
2012 data 8.1 £ 0.9 © 1)y, —6.0 £ 133 (7], 14 £ 050 703y

20 9 Study of the ¢-dependent cross section in different |¢|-ranges

251 The ¢-modulation of the spin-independent cross section is studied in five |¢|-ranges using the full v and
22 Q°-ranges. The bin limits and the average kinematics are reported in Table 7. The corresponding five
23 differential cross sections of exclusive 7 production are presented as a function of ¢ in Fig. 6 and the
numerical values are given in Table A.8.

284
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Table 7: Average values of the kinematic variables for the 5 |¢|-bins using the full v and Q*-ranges.

lt|-range  (Q?) [(GeV/c)?]  (v)[GeV]  (t]) [(GeVie)*] (W) [GeVic?] (xgj)  (¥) (€)

0.08-0.15 1.93 11.76 0.12 443 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
Q%< [1,8 v € [6.4,40]

Fits of the ¢ distributions in the five |f|-ranges are applied using Eq. (5). The extracted contributions

to the cross section

correspond to the fit of the three contrlbutlons
within the statistical uncertainties. A fit of only the two first contributions assuming
solid points. The results are given in Table 8. We observe large and opposite contrlbutlons of dGT + &5k

dGT
> dr

+ ek

dGL dGTT dGLT
dr > and dr >

The contribution

dGLT
dr

are presented as a function of |¢| in Fig.7. Open points
is found compatible with zero

dGLT _

=0 is shown as
dGL
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2= 6l | @ I1€008.015] (Gev/e)? A |t €[0.36,0.50] (GeV/c)® | ]
3 B[] €[0.15,0.22] (GeV/c)? @ [t| €[0.50,0.64] (GeV/c)?
T=5f oy @ €18 (GeV/e? 1
gle
S f(¢)= Z—[A + B cos(2¢) + C cos(¢)] v € [6.4,40] GeV
~ u
-5 ‘

-
B
7

3
(¢) (rad)

w A
no
—_
—_
no

Fig. 6: Spin-independent virtual-photon cross section in five |¢|-ranges presented as a function of ¢. 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 ¢ distributions using Eq. (5).
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E E Q" € 1,8 (GeV/c)? * o (G tea)
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‘ﬂa; E d|t|
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Fig. 7: Extracted contributions to the cross section, dd% + edd%, dz% and dg%, as a function of |¢|. Open points

correspond to the fit of all three contributions, solid points correspond to the fit of two contributions with the
assumption dg% = 0. The triangles connected by the dashed line represent the Goloskokov—Kroll predictions [18,
19, 28, 40] for the experimental bins.

and dg—l”. Their absolute values decrease with [¢| for |¢| > 0.2 GeV/c? and do not exclude a small decrease
towards smaller |¢f|. This confirms the dominance of the chiral-odd GPD E7 compared to the other
involved GPDs (see Eqgs. (6-8)).

10 Dependence of the cross section on photon virtuality 0> and photon energy v

The spin-independent cross section is also studied in four Q?-ranges using the full v and |¢|-ranges (see
Fig. 8 ), and in three v-ranges using the full Q? and |¢|-ranges (see Fig. 9 ). All numerical values are
given in Tables A.1 to A.4 and Tables A.5 to A.7. The corresponding kinematic variables are reported in
Tables 9 and 10.

The differential cross sections studied as a function of |¢| (left part of Fig. 8 and 9) show a maximum
around |¢t| = 0.2 (GeV/c)?, as it was already mentioned. However, no maximum is observed at small
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Table 8: The extracted contributions to the cross section in nb/(GeV/c)? for the five |t|-ranges.

- 2 dor dog dort
|t|-range [(GeV/c) } < ai[ T €] dfr]
+1.2 + 0.6
0.08 =0.15 9.8 + 1-1stat _ ]_()|Sys —-82 + 1'7Stat — 0.6}sys
+ 1.4 +0.5
0.15-0.22 115 £ Ldgy t 1| —6.3 £ 2.2 T 3y
+1.0 +03
0.22 - 0.36 6.8 & 0.65u * {0 s —4.1 £ 0.9 * 03
0.36 - 0.50 4.4 + 0-4‘stat i— 8g|sy —-3.8 £ 0'7Stat i— 8% }sys
+ 0.7 _ +0.2
0.50 - 0.64 49 + 0-6stat _ 0_7|Sys 28 £ 0'9Stat — 0.2}sys
—45 T T L I — T ! :
o 4p = 0! COMPASS 2016 data P COMPASS 2016 data
212 a0t v € [6.4,40] GeV o 0Yel0,15) (GeV/o)? ] - R ® (Q*c[1.0,15] (GeV/e)? Y Q?c[21,3.2] (GeV/e)?
El E [t] € [0.08,0.64] (GeV/c)? B Qe [15,2.1] (GeV/e)? A g 6l ™= Q% € [1.5,2.1] (GeV/c)? A Q?€[3.2,80] (GeV/c)?
=35y vV Q221,32 (Gev/e) || = TP l’rﬂp’
=~ . 5 o 1ev/e)? | Ta r L (@)= 5=[A + Bcos(29) + C cos(¢)]
i ‘:jj 30 4 @ cB280 (Gev/o _S\ng ° 1/; f6.4740] Gev ’
- o5l _ ‘E [t] € [0.08,0.64] (GeV/c)*
=
20t
15 I ;i
10
5 1 'Y % §
0591 0.2 0.3 04 05 0.6 :
(Il) (GeV/e)? (@) (rad)

Fig. 8: Left: spin-independent virtual-photon cross section integrated over the full 27-range in ¢, presented
as a function of |¢#|. Right: spin-independent virtual-photon cross section averaged over the measured |¢|-range,
presented as a function of ¢. Both figures show the results for the four Q-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 ¢ distributions using Eq. (5).

Table 9: Values of the kinematic variables for the four Q*-ranges using the full v and |¢|-ranges.

Q%range (0% [(GeV/c)?]  (v)[GeV]  ([t]) [(GeVie)?] (W) [GeVic?]  (xgj) () (€)

1.0-1.5 1.22 10.54 0.27 4.29 0.072 0.067 0.997
1.5-21 1.77 9.81 0.27 4.09 0.109 0.062 0.997
21-32 2.58 9.82 0.31 4.00 0.157 0.062 0.997
32-8.0 4.33 10.39 0.33 3.90 0.247 0.065 0.997

v €[6.4,40] |t]| €[0.08,0.64]

Table 10: Values of the kinematic variables for the three v-bins using the full || and Q*-ranges.

v-range (0%) [(GeVie)2]  (v) [GeV] (Jt]) [(GeVie)2] (W) [GeV/ic?] (xgj) () (€)

64— 85 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
0% € [1,8] |t| € [0.08,0.64]

200 Q% or large v, which corresponds to xgj < 0.1 (see Tables 9 and 10). Here, significant longitudinal
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Fig. 9: Left: spin-independent virtual-photon cross section integrated over the full 27-range in ¢, presented
as a function of |¢|. Right: spin-independent virtual-photon cross section averaged over the measured |¢|-range,
presented as a function of ¢. Both figures show the results for the three v-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 ¢ distributions using Eq. (5).

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

The differential cross section is shown as a function of ¢ in the right parts of Fig. 8 (in the four Q*-
ranges) and of Fig. 9 (in the three v-ranges) together with fits using Eq. (5). The contributions to the
cross section, dGT + edd‘?, dgt” and dGLT , obtained from the fits, are presented as a function of Q° and
v in Fig. 10. As in Fig. 7, results w1th two or three contributions in the fit are presented. Again no

differences are observed using the assumption d‘gtLT = 0. The numerical values are given in Table 11. A
strong decrease of the absolute values of dGT + sdGL and dGTT with increasing v is observed, while the
decrease is weaker with increasing Q. These results pr0V1de valuable input for modelling GPDs and
exclusive 7 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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Fig. 10: Extracted contributions to th tion, 491 4 g9 4O g 91 45 4 function of O (left) and
v (right). Open points correspond to the fit of the three contributions, solid points correspond to the fit of two
dopr _

contributions with the assumption =g =
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Table 11: The extracted contributions to the cross section in nb/ (GeV/c)? for the 4 Q2—ranges and for the 3

V-ranges

2 2 d d d
Q?-range [(GeV/c)? | <ﬁ +gﬁ> <ﬁ>
1.0-1.5 13.9 £ 0.9 * 164y ~9.8 + 1.2 * 07|,
15-2.1 117 % 0.8 © 15, —9.8 + 1.2 T 07|,
2.1-32 9.2 + 075 * 15y ~5.9 + L0 * 04,
32 - 80 46 i 0~4stat t 8:g|sys —31 :|: O-SStat t 8% sys
v-range [GeV]

64— 85 39.7 £ 2.5ga * 37| ~26.2 + 39 T 19,
85 - 139 171 :t 1~2stat ir %:Hsys —97 :|: 1-8stat t 8; sys
13.9 -40.0 2.2 4 024 © giglsys —1.7 &+ 0.dgq © 8:5 s

sn 11 Summary and conclusion

-

s12 We have measured the ¢ and ¢-dependence of the spin-independent virtual-photon—proton cross sec-
5 tion using hard exclusive 7° muoproduction with u* and u~ beams in a wide kinematic range with
+ the photon virtuality ranging from 1 to 8 (GeV/c)?and the photon energy from 6.4 to 40 GeV. Fit-
5 ting the azimuthal distribution in different |¢|-ranges from 0.08 to 0.64 (GeV/c)? shows a large negative
6 transverse-transverse interference contribution opposite to the sum of the transversely and longitudinally
7 polarised virtual-photon contributions. This is clear evidence of an impact of the chiral-odd GPD E7.
s The |t|-dependence at small values of xp; indicates that the longitudinally polarised virtual-photon contri-
310 bution is not negligible. The measured dependences of these contributions on Q% and v provide valuable

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

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

e () [Gevio?]  (d) [Gs] S L G ol
0.08 - 0.15 0.1 3140 + 4374 * 33| - _73” —2.67 161 + 035 "%
0.15-0.22 0.18 27.79 % 352 " 330y ’73” - ’7” —1.95  2.53 £ 036w © 03],
022-036 0.28 13.67 £ 1684 * 53], - L2l 299 £ 043 (3],
0.36 —0.50 0.42 7.01 + 104y 133, %ﬂ -0 045 1.22 % 0.29%u (s
0.50 — 0.64 0.58 542 £ 0.92ua © 493,y o_g 0.51 112 £ 0265 * 5],y

g_g 124 430 + 0.644 * 9]y,
0.08 — 0.64 0.27 13.91 £ 0.89%a 15, g- %” 196 3.00 + 0.45q © (3],
%’T _ 274 094 £ 02740 * 03]

Table A.2: Numerical values of the cross sections shown in Fig. 8 for 1.5 (GeV/c)? <

the mean values of |¢| and ¢ in each bin.

0% < 2.1(GeV/c)? with

tl-range  (J¢]) [(GeV/e)?] <3T(7\> [ﬁ} ¢-range (9) [rad] g <3%> [ﬁ}
0.08 - 0.15 0.12 27.65 + 3.9 " 3%, - S261 116 % 030 B3
0.15-0.22 0.18 19.87 + 2770 * 18, _73” - _7” —1.94 268 £ 0434 © (3],
0.22 - 0.36 0.28 1133 £ 1364~ 19, _7” - _T” —1.26  2.78 + 0360 * (3],
0.36 - 0.50 0.42 7.28 + 1.16g4 © {;gghys _T” -0 —0.47  0.79 £ 0.23 " 03 ws
0.50 — 0.64 0.57 4.55 % 0.9 * 145, 0- g 047 0.91 & 0.23u * §33]

g_g 126 323 + 0.5l 034
0.08 — 0.64 0.27 11.67 £ 0.79% © 135 s g - %’r 191 270 + 0444y © (33 sys
L 269 0.62 £ 021 * 02!

|
|

— 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)? < Q% < 3.2(GeV/c)? with
the mean values of |¢| and ¢ in each bin.

|¢|-range (Ie]) [(GeVie)? ] <%> [ﬁ] ¢-range (¢) [rad] ﬁ<g%> [(Ge‘:/ljc)z]

0.08 -0.15 0.12 12,59 = 2.20a * 154] —- _73” ~272 074 £ 0234 * 53]
0.15-0.22 0.19 15.76 = 242 * 193], _73” - _7” —1.97 178 £ 0.3Lg © g5
0.22-0.36 0.29 9.94 & 1305 * |31, %” - %ﬂ —122 1.56 & 0264 * §12],
0.36 - 0.50 0.43 6.06 + 1.054 * {;(1)§|Sys ’T” -0 —0.50  1.02 £ 0.27ga + g}g|sys
0.50 — 0.64 0.57 6.66 = 1.25wu * 063 s 0-§ 0.54 087 £ 024w * (1§l

-2 118 261 & 0404 03]
0.08 — 0.64 0.31 9.20 £ 0.665a * 599,y g- %’r 1.88 2.2 £ 0.384 © 575,

Tox 268 084+ 025 08

Table A.4: Numerical values of the cross sections shown in Fig. 8 for 3.2 (GeV/c)?> < Q% < 8.0(GeV/c)? with
the mean values of |¢| and ¢ in each bin.

e (1) [Gevio?] (4[] omee (h0ma () [ty
0.08 - 0.15 0.12 5.58 £ 129 " 074 meSp 260 035 %0k i,
0.15-0.22 0.19 6.8 & 1314 053], | %37: SSF 192 100 # 019 T 983
0.22-0.36 0.29 5.07 % 0704 * 0%, SE-E 116 121+ 0206 T O
0.36 - 0.50 0.42 342 4 058 T3] -0 042 038+ 010 T 980
0.50 - 0.64 0.57 3.86 %+ 064w (33, 0-§ 044 0.53 £ 0124 (o],

Tz 116 120 £ 0194 *§H]
0.08-0.64 0.33 4.65 £ 0365 81 g_ %ﬂ 193 082+ 0w ol
3 267 043 £ 0164 * 0

4 .
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Table A.5: Numerical values of the cross sections shown in Fig. 9 for 6.4GeV < v < 8.5GeV with the mean

values of |¢| and ¢ in each bin.

tlrange— (Jt]) [(GeV/e)? | <%> [(Ge%bxc-)z} prnee (00 [radl ﬁ<%> [ﬁ}
0.08-0.15 0.12 3422 + 4220 1), - —737: 267 3844 099 155y,
0.15-0.22 0.18 54.80 = 683 * $30)., —737: - _7” 193 75T 122 il
0.22-0.36 0.28 40.05 + 384 * 33|, 3o M2 9B La iR,
0.36 - 0.50 0.43 3511 £ 4815 430, _Tﬂ 0 —0.51 398 £ 0.68sa © 0
0.50 - 0.64 0.57 39.30 £ 6724 * ks 0 _g 049 416 = 091y * 084

£_2 123 9.55 + 118 T 4%,
0.08 - 0.64 0.31 39.75 = 249 T 40 - %” 194 9.40 % 179 " 03]
%” _ 274 273 & 0.64 " 03

Table A.6: Numerical values of the cross sections shown in Fig. 9 for 8.5GeV < v <
values of |¢| and ¢ in each bin.

13.9 GeV with the mean

g () [(Gevier?] (48 [an] e W1 di(8)
0.08-0.15 0.12 19.69 = 3.00su * 157,y ET 26T 176 0k e
0.15-0.22 0.18 29.78 + 4484 * 33| Wow 1 smEoawti,
0.22-0.36 0.29 19.63 + 243 * 390, . 2w T 608w TiE,
0.36 - 0.50 0.42 10.83 & 1.62 * 14, G0 0N 10w i,
0.50 - 0.64 0.57 12.66 + 2404 [, - 03 0 LELE 0T,

Tz 120 397 £ 0514 T 42
0.08 - 0.64 0.30 17.06 + 1164 * 5., 3 %Tn 1O 32 03l il
3 _ 260 1.88 % 0.624 © 03|

|
|

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

nge () [Gevior] () [ e O h(8) [t
0.08-0.15 0.12 5.92 % 1260 938, . —z- % ~2.56 0.1 & 0.055a * 53]
0.15-0.22 0.18 3.80 + 0.93 © O3], %ﬂ SENR R
0.22-0.36 0.27 2.06 + 04300 +§30 2 1 0B E0w g,
0.36 - 0.50 0.41 0.96 + 0304 © 3], %” - ~040  0.16 + 0064 * (03],
0.50 — 0.64 0.56 0.91 £ 029 (13 _g 036 023 & 00w Zogily,

g_ g 120 0.73 + 0.1y " 37|
0.08 — 0.64 0.24 221 #+ 0250 T30 - %n 189 041+ 0100 * Gy,
%ﬂ _ 259 0.23 % 013, * 90

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

0.08 (GeV/c)? < |t| < 0.15(GeV/c)? 0.15(GeV/c)? < |t| < 0.22(GeV/c)? 0.22(GeV/c)? < |t| < 0.36(GeV/c)?

() [rad] ﬁ < 3%> [(Ge%ljc)z }

0)ird) (38 [t

(¢) [rad] ﬁ<3%> [(Ger\lfb/cﬁ]

—2.61  0.59 £ 0.30sa {00 s =270 1.23 £ 049, " 74 s 2,65 0.66 £ 0.2 " 1% s
—1.94 127 £ 032 * gt —1.98  3.18 £ 074w © 03]y ~1.92 150 £ 0.29u 56y
—122 3.10 = 084y © 037y, —1.19 169 =+ 038 15y, —1.24 124 £ 0250 * 018
—047 088 £ 033 * g3, —0.51 113 = 0.3%u © 55y —043 078 £ 0.21gac 78y,
0.53 075 = 0265 * 013y, 0.52  0.56 % 0.26gu * ool 048 0.93 = 0.264 * 033,
116 3.22 £ 0.584a 03¢ s 126 2.68 + 0.48y, © 933 s 121 2.26 £ 0.38 " 038 s
189 1.95 £ 036w * 577,y 198 231 = 0.5 © 03]y 193 0.99 £ 021y * 51il,
273 0.74 = 0.59%u 517y 272 1.86 = 125w 03], 263 0.33 = 012 " 557

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

0.50(GeV/c)? < |t] < 0.64 (GeVi/c)?

O §i(E) [@r] 0w 58 [
—2.67  0.22 £ 0.09 © 003 s —2.66 035 £ 0174~ 307 s
—1.95 105 £ 0.30u * 51j,y ~1.96  0.74 £ 0.24u * 505,
—120 128 £ 027 * 518 —1.22 118 % 026 © 013
—0.43  0.19 £ 0.104 © 093 s —0.46  0.28 £ 0104 © 007 s

0.50 042 £ 0.14gu * gyg],, 042 0.68 = 0.20ua * 16y,
121 100 = 0.21ga * 517y, 125 0.94 = 026y * 015,y
191 LOL £ 0.23g * g1i,,, 188 139 £ 045 * 513y
272 0.44 £ 0.184, 0] 278 0.69 £ 0.324 * {13

sys

sys
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